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ABSTRACT

This study establishes a deterministic framework for designing 3D-printable, dynamically crosslinked hydrogel
inks for controlled drug delivery via Direct Ink Writing (DIW). By blending cysteine-S-sulfonated keratin with
1-carrageenan through Ca®" ionotropic gelation, shear-responsive networks were created. A Design of Experi-
ments (DoE) approach generated a predictive rheology-to-printability map correlating composition with storage
modulus (G), flow stress (75), and printability index (P;).

Advanced Large Amplitude Oscillatory Shear (LAOS) profiling revealed a transition from ductile,
entanglement-driven networks in keratin-rich blends to brittle yielding via cooperative ionic junction rupture in
crosslinked systems. Sequence of Physical Processes (SPP) analysis further identified an intracycle recovery loss
factor (tans..) that dictates post-deposition shape retention. Structural analyses verified that Ca%* drives
network compaction and crystalline f-sheet reorganization.

Crucially, dexamethasone (Dex) loading acts as a dual-functional modulator via supramolecular hydrogen
bonding: behaving as an interfacial sliding agent that reduces interchain friction within densely crosslinked
matrices, while acting as a secondary physical crosslinker in weakly crosslinked networks, which amplifies elastic
energy storage and induces viscous Lissajous-Bowditch loop expansions. Finally, mathematical modeling
confirmed that ionic crosslinking shifts drug transport from anomalous diffusion to a relaxation-controlled Super

Case II regime governed by the relaxation rate (k;).

1. Introduction

The introduction of 3D printing into tissue engineering has marked a
true revolution in the creation of customized and advanced drug de-
livery systems, offering innovative and highly precise solutions for
controlled and targeted therapeutic release. Among the most promising
materials for these applications are hydrogels made from innovative
blends of polysaccharides and proteins. These multicomponent net-
works emerge as frontrunners for next-generation drug delivery due to
their exceptional biocompatibility, high water-retention capacity, and
tunable structural integrity, all of which are critical to safeguard and
modulate the kinetics of therapeutic payloads (Iranmanesh et al., 2021;
H. Li et al., 2024; Nashchekina, et al., 2024; Roy Chowdhury et al.,
2025). While various formulations considered in this field involve
traditional combinations like of sodium alginate and gelatin (Huang

et al., 2024; Roy Chowdhury et al., 2025), chitosan and collagen (Suo
et al., 2021), or pectin and albumin (Agarwal et al., 2021), the syner-
gistic potential of keratin and i1-carrageenan remains untapped in the
design of next-generation bio-inks.

Keratin is the most abundant protein in nature featuring a unique
molecular architecture rich in reactive chemical sites, capable of
engaging in precise macromolecular and drug-matrix interactions
(Rajabi et al., 2020). High molecular weight a-Keratin from mammalian
sources possess a packed secondary structure stabilized by a dense
network of inter- and intramolecular disulfide bonds, rendering it
inherently water-insoluble and challenging for hydrogel processing
(Ranjit et al., 2022). To overcome this limitation, keratin can be func-
tionalized via a controlled sulphitolysis reaction using sodium sulphite
salts, yielding water-soluble cysteine-S-sulfonated keratin. This modi-
fied form unlocks new possibilities for formulating protein-based
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aqueous inks (Maurizii et al., 2024). Complementary, carrageenans are a
group of polysaccharides extracted from different species of red algae,
known for their physicochemical and stabilizing attributes
(Pourshahrestani et al., 2020). Depending on the degree of sulfation,
carrageenan is classified into the variants « (kappa), 1 (iota) and A
(lambda). In particular, the 1-Carrageenan, consists of repeating galac-
tose units with two sulfate groups per disaccharide and is widely used in
food and biomedical applications due to its gelling, stabilizing and hy-
drating properties (Wang et al., 2021).

From a processing perspective, the presence of strongly interacting
functional groups along both polymer chains can be exploited to
construct dynamically crosslinked hydrogels (DCHs) through divalent
ionotropic gelation with calcium ions (Ca%"). DCHs offer several ad-
vantages in Direct Ink Writing (DIW) 3D printing, as the transient nature
of ionic junctions allows them to dissociate and reform under external
stimuli. This reversibility allows the material to flow smoothly during
extrusion while maintaining its structural integrity after deposition,
resulting in more precise and stable prints (Eckman et al., 2025; Morgan
et al., 2022). Nevertheless, engineering these yield-stress inks requires
an extraordinarily precise optimization of their rheological landscapes.
In drug delivery systems, where strict control over the final geometry
directly dictates the dosage and release surface area, establishing pre-
dictive relationships between fundamental ink rheology and macro-
scopic printability is crucial (Garcia-Tunoén et al., 2023; Rau et al.,
2023).

Following the roadmap introduced by Garcia-Tunén et al. (Garcia-
Tunon et al., 2023), which relies on mapping a printability window
based on the linear viscoelastic storage modulus (G) and the large-
deformation flow stress (oy), it is hypothesized that a Design of Experi-
ments (DoE) approach can build a deterministic, predictive map. Rather
than relying on simple trial-and-error, the DoE model can correlate
initial ink composition directly to these fundamental rheological
markers (G' and o7), which are subsequently linked to the printability
index (P;) to accurately forecast structural fidelity.

Furthermore, a comprehensive optimization requires moving beyond
cycle-averaged parameters to capture the complex, transient physical
conditions experienced by the inks during extrusion. In this regard,
steady-shear flow modeling (such as the Herschel-Bulkley framework)
combined with Large Amplitude Oscillatory Shear (LAOS) coupled to
the Sequence of Physical Processes (SPP) analysis can provide an un-
matched, processing-relevant representation of the ink state. This
advanced characterization allows to evaluate the delicate boundary
between heterogeneous yielding/flow discontinuities and optimal vis-
coplastic flow, identifying specific intracycle parameters, such as the
recovery loss factor (tané.), that govern post-deposition shape reten-
tion.

In this work, the established predictive framework was used to
screen and select optimal ink formulations, which were subsequently
loaded with dexamethasone (Dex) as a model hydrophobic drug. To
unravel the underlying molecular mechanisms driving both the macro-
scopic printability and the therapeutic performance, the hydrogels were
systematically investigated using a combination of scanning electron
microscopy (SEM), macro-rheological modeling, and dual Fourier-
transform infrared spectroscopy (FTIR) / X-ray diffraction (XRD) ana-
lyses. Specifically, individual binary systems (polymer/cation and
polymer/drug) were analyzed to circumvent band overlapping, eluci-
dating how Ca?"coordination induces local network compaction and
crystalline S-sheet structural reorganization, and how Dex modulates
the network through neutral hydrogen bonding pathways, acting either
as a physical interlocking agent or an interfacial plasticizer. Finally, the
processed hydrogels were subjected to dissolution testing, and their
elution profiles were mathematically fitted via Korsmeyer-Peppas and
Peppas-Sahlin models to demonstrate how the ionic crosslinking density
and macromolecular relaxation kinetics (k2) govern the transition from
anomalous diffusion to a purely relaxation-controlled Super Case II
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transport regime.

Altogether, this study pioneers the synergistic engineering of
cysteine-S-sulfonated keratin and i-carrageenan blends for DIW 3D
printing, establishing a scalable, deterministic approach that translates
fundamental rheological, morphological, and spectroscopic insights into
optimized, highly functionalized drug delivery systems.

2. Materials and methods
2.1. Materials

The 1-carrageenan (Viscarin PC 209, molecular weight between 300
and 1000 kDa, ester sulfate content between 28% and 35% by weigh,
hereinafter referred to as 1-Car) was purchased by Biochim S.r.1 (Milano,
Italia); while the cysteine-S-sulphonated keratin at high molecular
weight (HMW-Ker, molecular weight between 45 and 65 kDa, ~4 mol %
of cysteine-S-sulphonated amino acid, hereinafter referred to as Ker)
was purchased by Kerline S.r.l. (Bologna, Italia). Dexamethasone (water
solubility ~0.089 mg/mL at room temperature and hereinafter referred
to as Dex) was purchased from TCI (Tokyo, Japan). The supplier of all
the other reagents was Sigma-Aldrich (Milano, Italia). All solvents used
were of analytical grade.

2.2. Design of experiments for hydrogels formulation

A Box Behnken DoE (BBD) was carried out considering the Ker/1-Car
blending ratio, the amount of crosslinker (% vs total polymer concen-
tration) and the temperature as input factors, while total polymer con-
centration was maintained constant at 8% w/V. The low (—1), medium
(0), and high (1) levels selected for each input factor are listed in
Table S1. The fixed total polymer concentration along with the high and
low factor levels, were selected based on preliminary trials and in order
to avoid both incomplete gelation (which resulted in a predominantly
liquid-like behaviour) or hydrogels too solid-like and unable to flow. The
elastic modulus in the linear viscoelastic region (G ;) and the flow
stress (o) intended as the crossover between G' and G" were considered
as output factors. This dynamic oscillatory flow stress serves as a key
indicator of the hydrogels' solid-to-liquid transition. The BBD was
implemented with three centre points, resulting in 15 experimental
conditions, each performed in triplicate (Table 1). The response surfaces
were elaborated using the Design Expert 13 Software (StatEase®). The
standard analysis of variance (ANOVA) was performed to select the
significant factors in a multi-factor model, considering a statistical sig-
nificance level of 5%. The model validation correlating the input factors
with the results (output data) was based on p-value and regression co-
efficients R2, adjusted R? (adj—Rz), and predicted R? (pred—Rz). The
regression model was considered significant if p-value < 0.05, and the
best-fitting model for each response was selected based on the highest
adj-R? and a difference between pred-R? and adj-R? of less than 0.2. For
each output, the coded equation (based on coded factor levels) was used
to identify the factors and the interactions that mainly influence the
results. Instead, the actual equation (based on actual factor levels) was
employed to generate response surface plots illustrating the relation-
ships between process factors and responses. In addition to the 15
experimental conditions of the DoE, two other conditions were consid-
ered (as shown in Table 1) to validate the developed response surfaces.

2.3. Hydrogel preparation

For the preparation of the inks, stock solutions of Ker (10% w/V) and
1-Car (10% w/V) were prepared by dissolving a proper amount of the
biopolymers in distilled water under magnetic stirring (400 rpm). Ker-
atin was dissolved at room temperature, whereas carrageenan was dis-
solved at 80 °C. After both biopolymers were fully solubilized, a volume
of keratin solution corresponding to the desired Ker/1-Car blending ratio
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Table 1

Experimental runs performed according to the Box-Behnken Design (BBD), runs
used to validate the response surfaces, and runs for testing the drug loaded
hydrogels. The column Std indicates the standard order of the runs.

Runs according to the Box-Behnken design

Run Std Ker/1-Car Crosslinker Temperature
(%) °C
1 3 10/90 6 35
2 13 50/50 3 35
3 11 50/50 0 45
4 8 90/10 3 45
5 4 90/10 6 35
6 9 50/50 0 25
7 2 90/10 0 35
8 12 50/50 6 45
9 1 10/90 0 35
10 14 50/50 3 35
11 15 50/50 3 35
12 7 10/90 3 45
13 6 90/10 3 25
14 10 50/50 6 25
15 5 10/90 3 25
Runs used to validate the response surfaces
Run Std Ker/1-Car Crosslinker Temperature
(%) °C
16 F1 60/40 3 25
17 F2 50/50 6 35
Runs used to test the drug loaded inks
Std Drug Ker/1-Car Crosslinker Temperature
(% w/w) (%) °C
Std2D 0.1 90/10 0 35
Std12D 0.1 50/50 6 45
Std11D 0.1 50/50 0 45
Std8D 0.1 90/10 3 45

was added to the carrageenan solution, and the mixture was maintained
under magnetic stirring (600 rpm) at 80 °C. For hydrogels containing the
crosslinker, 2 mL of a 0.1 M or 0.2 M CaCl. solution was added which
corresponds to a CaCl;, content of 3 or 6 wt% relative to the total mass of
polymers in the system, respectively. The crosslinker solution was added
dropwise under continuous stirring (600 rpm) to ensure homogeneous
crosslinking.

The inks loaded with Dex were prepared by using selected runs of the
BBD (Table 1) such as Std11, Std8, Std2, and Std12. Practically, Dex was
incorporated into the formulation using an aqueous drug solution of
0.08 mg/mL to achieve a final drug loading of 0.1% w/w relative to the
total polymer mass., corresponding to the concentration commonly used
in topical preparations for the treatment of wounds. The aqueous Dex
solutions were maintained under stirring (400 rpm) at room tempera-
ture for 2 h before being used for inks preparation. Once printed, the
samples were frozen at —80 °C and subsequently lyophilized using the
Lio 5P lyophilizer (Cinquepascal S.r.], Italy). These loaded hydrogels
were named as reported in Table 1.

2.4. Rheological analysis

LAOS rheology was performed with a strain amplitude test in a
transient data acquisition mode, using a MCR 302e (Anton Paar,
Austria) rheometer. The measurements were carried out with a plate-
plate geometry (PP, 25 mm @) using a 1 mm gap and at a controlled
temperature specific for each ink (according to the DoE Table 1). The
dynamic strain amplitude was varied in the 0.01% -1010% range,
maintaining a frequency of 1 Hz. These measurements were carried out
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in triplicate for each hydrogel, and the mean response was used. The first
harmonic storage (G') and loss (G") moduli were derived from the raw
waveform. Other considered rheological parameters were the storage
modulus (Gy;yz) and the strain (y;,z) within the linear viscosity region,
the flow stress (os) as well as the critical strain (y,) at the crossover (G' =
G”).

Moreover, the contributions of the higher third harmonic were
analyzed in the raw waveforms at different strains to construct the
Lissajous-Bowditch plots and to determine the strain-stiffening index (S)
and the shear-thickening index (T) (Insua et al., 2025). The Rheo-
Compass™ (Anton Paar, Austria) and Origin Pro 2022 (OriginLab Cor-
poration, Northampton, MA, USA) were used for the analysis. The
transient waveforms were further analyzed within the Sequence of
Physical Processes (SPP) framework. Specifically, the time-resolved
storage and loss moduli, (G|, G,) were calculated and represented as
Cole—Cole trajectories in order to obtain a more phenomenological
description of the yielding process and to visualize the evolution of
elastic- and viscous-dominated states during the oscillation cycle. This
SPP analysis was carried out using the software kindly provided by Prof.
S. A. Rogers (University of Illinois). Steady-shear flow curves were
recorded for the selected formulations, using the same plate-plate ge-
ometry and gap. The shear rate varied from 0.01 s™! to 100 s~! ac-
cording to a continuous logarithmic ramp protocol, and the resulting
shear stress and apparent viscosity were recorded.

2.5. Printing test

The hydrogels were 3D printed using a BioX printer (Cellink, Swe-
den) equipped with a pneumatic print head and loaded with a 3 mL
syringe fitted with a 22G plastic nozzle (0.4 mm diameter). The printed
scaffold designs were developed using Tinkercad® Computer-Aided
Design (CAD) software (Autodesk Inc., USA). For the printability, a
square design (23 mm length x 23 mm height x 2.8 mm thickness) was
used with an infill of 10%, a print speed of 5 mm/s, and a printhead
temperature between 25 and 45 °C, according to the BBD. To print the
Dex-loaded hydrogels, the infill was changed at 50% and the printhead
temperature was set to 35 or 45 °C according to the BBD. In all tests, the
print bed temperature was maintained at 25 °C, and the pressure was
adjusted according to the formulation (from 5 kPa to 550 kPa) in order
to have an almost continuous ejection. The printing conditions used for
each ink are summarized in Table S2. To define the geometric accuracy
of the printed object, the Crosshatch method was then adopted to
calculate the printability index Pr (Gillispie et al., 2023). Pr is a
parameter used to evaluate the resolution of the printed object, espe-
cially in the context of bioprinting. It is used to understand how closely
the actual shape of a printed object matches the shape predicted in the
model in the x-y plane by measuring the circularity of the pores and their
deviation from the ideal square shape. Pr is defined by the following
equation (Eq. 1):

z 1 Lﬁ
Pr=2"¢" 164, )

where C is the circularity of the pore, L, is the perimeter of the pore, and
A, is the area of the pore (Jongprasitkul et al., 2022). The perimeter and
area of the pores were determined by analysing images of the printed
objects using ImageJ software. Because pore shapes can vary slightly
within the printed structure, 8 pores were measured for each type of
printed ink, and the average values were then calculated.

2.6. Characterizations

The scanning electron micrographs were obtained with a microscope
SEM JEOL IT200LA (JEOL, Japan). Imaging was performed in low-
vacuum mode under a specimen chamber pressure of 10 Pa, with an
acceleration voltage of 20.0 kV and a standard probe current (Std-PC).
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Magnifications ranged from 30x to 2000 x, while the working distance
was maintained at 10.0 mm to ensure optimal resolution and depth of
field. The Fourier-transform infrared spectra (FTIR) were acquired using
a PerkinElmer Spectrum Two spectrometer (MA, USA) equipped with an
Attenuated Total Reflectance (ATR) accessory. Data were collected
using a spectral range 650-4000 cm ™!, a resolution of 4 cm™! and 64
scans. Following acquisition, the resulting spectra were normalized
within the 800-4000 cm ™! range to ensure consistency for comparison.
Powder x-ray diffraction (XRD) measurements were carried on a Mini-
flex benchtop diffractometer (Rigaku, Tokyo, Japan), using Cu-Ka irra-
diation (A = 1.5418 10\) with a D7teX Ultra 2 detector. All the
measurements were conducted in the 20 range of 3-50° with a step size
of 0.01° and a scan speed of 5°/min.

Mathematical deconvolution of the structural profiles was performed
to quantify individual domain fractions. For the FTIR Amide I band, the
1450-1800 cm~! region was analyzed after baseline correction using the
Peak Analyzer tool in OriginPro 2022 (OriginLab Corp., Northampton,
MA, USA). The number and initial positions of the underlying secondary
structure components were established by second-order derivative
analysis. For the XRD profiles, the broad amorphous halo and over-
lapping sharp crystalline reflections were resolved across the 3°-50° 26
range using Fityk software (version 1.3.1) after baseline correction.

In both methodologies, individual sub-peaks were resolved by fitting
wide and narrow Voigt functions. Peak parameters (center position,
FWHM, and height) were iteratively optimized via the Levenberg-
Marquardt algorithm until statistical convergence (R? > 0.99) was
achieved. The relative area percentage (Aq,) of each structural phase was
calculated as Ay, = (Ai/ D Atotal) X 100, where A; is the individual in-
tegrated peak area.

2.7. Swelling test

The water absorption and swelling behaviour of the crosslinked
matrices (6%Ca®*") were evaluated in PBS (pH 7.4) at controlled tem-
perature (37 °C) using a gravimetric approach. Dry samples were
accurately weighed and placed on filter paper previously soaked in the
medium. The filter paper was positioned on top of a sponge completely
saturated with the medium and placed in a Petri dish (@ 22 cm) filled
with the medium until soaking 2/3 of the sponge to maintain saturation
conditions of the sponge with PBS for the whole duration of the swelling
test. At predetermined time intervals (t), the filter paper with the
swollen sample was weighed and then replaced on top of the sponge.
The procedure was repeated until equilibrium swelling was obtained. All
measurements were performed in triplicate (n = 3).

To elucidate the swelling mechanism and water transport kinetics,
the experimental data were fitted to Schott's second-order kinetic model
and the Korsmeyer—Peppas model.

2.8. Drug release test

For the release test, about 80 mg of each lyophilized Dex hydrogel
were inserted into cellulose dialysis membranes (molecular cut-off of
12-14 kDa) and immersed in 100 mL of PBS (pH 7.4), which acted as the
release medium under strict sink conditions, defined as keeping the final
drug concentration (C) below 10% of its saturation solubility (C;). The
test was conducted at 37 °C under stirring (200 rpm) and in triplicate.
Drug release was evaluated at the following time points: 5, 10, 15, 30,
45, 60 min, 2, 4, and 24 h. To quantify the concentration of drug
released over time, the collected samples (1 mL) were analyzed by UV-
HPLC Agilent 1260 Infinity II (Agilent, USA) using an Agilent InfinityLab
Poroshell HPH-C18 column, 3.0 x 100 mm, 2.7 pm (USA). The mobile
phases used were 0.5% v/V trifluoroacetic acid (TFA) in water and
acetonitrile in a 60:40 ratio. The flow rate was set to 1 mL/min, while
the injection volume was 20 pL. Analyte detection was performed by a
diode array detector at a wavelength of 242 nm. A calibration curve (R
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3. Results and discussion
3.1. The rheology-to-printability map

For a formulation to be considered printable, it must accurately
reproduce the shape of the CAD-designed object and maintain its
structure throughout and after the printing process. In the case of
hydrogels, printability is evaluated based on established criteria in the
literature. An ink is deemed printable with the DIW technology if the
filament produced during extrusion is continuous, smooth, and homo-
geneous and the extrusion is steady and uninterrupted to ensure
consistent printing quality without nozzle clogging. Moreover, once
deposited on the print bed, the filament must retain its structure to
support the weight of subsequent layers. Effective layering is crucial for
the printed object to maintain its intended shape, without collapsing or
deforming (Insua et al., 2025). According to the printability criteria
outlined earlier, a non-printable hydrogel will display characteristics
such as a rough surface and excessively hard texture. These properties
make extrusion difficult, as they create high resistance to the hydrogel
passing through the narrow nozzle, increasing the risk of clogging and
interrupting the printing process. Additionally, non-continuous extru-
sion disrupts the uniform deposition of material, which compromises
both the precision and final shape of the printed object, leading to de-
formations or incomplete prints. Hydrogels that are too liquid also
struggle with printability, as they form drops instead of continuous fil-
aments. This behaviour interferes with proper layering and prevents the
formation of a stable, well-defined structure (Amorim et al., 2021). The
printability index Pr was here used to compare the printability of the
prepared inks. The evaluation was based on the following criteria: a)
Pr =1 indicates perfectly square pores, signifying excellent print qual-
ity; b) Pr > 1 represents deformed pores with sharp edges and narrow-
ing, caused by the irregularity of the filament shape; and c) Pr <1
indicates rounded pores, typically resulting from a more liquid filament
consistency (Gillispie et al., 2023). Therefore, the closer the Pr value is to
1, the better the ink's ability to produce a printed object with high
geometric accuracy.

In Fig. 1a, the Pr values obtained for the inks of the first 15 runs were
here used to build the Ashby-type printability maps for the Ker/iCar
hydrogels as proposed by Garcia-Tunon et al (Garcia-Tunon et al., 2023).
This is a chart based on the coordinates Gy and oy serving as a useful
tool to guide formulation design for DIW 3D printing. The map estab-
lishes critical structural boundaries as as the ratio G, /of equal to 20

and and the vertical lines of the oy limits (20 Pa < oy < 320 Pa) for
printable formulations based on Ker/1Car hydrogels. Four different re-
gions associated with different levels of printability can be highlighted
in the map. The clogged/interrupted extrusion region (Gray) is charac-
terized by excessively high rheological values (Garyr > 1.2 x 10* Pa
and of > 320 Pa) resulting in an extrusion pressure exceeding the
operating limits of the printer; this causes discontinuous flow or nozzle
blockage (e.g., Std 3, which demands an exceptionally high extrusion
pressure of 550 kPa), making the formulations unprintable. In the over-
gelled/poor printability region (Purple), a decrease in yield stress below
320 Pa enables extrusion even at high elasticity (Garyg > 10* Pa, e.g.,
Std 7, requiring 63-70 kPa). However, within the range of 1.4 x
103 Pa < Glavr < 2.8 x 10* Pa where the ratio Garvr/of < 20, highly
elastic behaviour dominates. This mismatch yields a highly distorted,
rough filament with poor surface finish, leading to high printability
values (Pr > 1.1, e.g., Std 1, 5 which require elevated pressures of
72-74 kPa and 140-145 kPa, respectively, to force the overly stiff
network through the nozzle). The optimal printability region (Green) is
bounded by 2 % 10% Pa < Glagyr < 1.4 x 10° Pa and
20 Pa < 0f < 320 Pa, while strictly maintaining the ratio
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Fig. 1. a) Printability map based on an Ashby-type chart correlating the storage modulus in the linear viscoelastic region (Gj;yz) and the flow yield stress (o¢) with
the printability ratio Pr (Eq. 1). Critical boundaries are marked by the dashed line Gy /(sf = 20 and specific yield stress limits (20 Pa < of < 320 Pa), which

delineate the transition between successful extrusion and printing (green region) and bad extrusion (violet region), interrupted extrusion (gray region) or collapsed

structure (orange region).

b) SEM micrographs of the crosslinked Ker/1-Car formulations at different blending ratio.

G'arvr/of < 20. Formulations falling into this zone (e.g., Std 4, 6, 8, 9,
10, 11, 12, and validation runs F1, F2) exhibit highly manageable and
steady operating pressures ranging from a minimal 4 kPa (Std 4, 8) up to
a moderate 60 kPa (Std 9). These balanced viscoelastic profiles permit
smooth, continuous filament extrusion, highly defined, multi-layered
square grids, and highly reproducible printability parameters (Pr = 1).
Finally, in the under-gelled/collapsed structure region (Orange), the ink
possesses  insufficient mechanical properties (Glaryvr < 10% Pa,
of <20Pa, and Glarvr/of < 20). A smooth filament can still be
extruded, but it lacks the structural integrity to support consecutive
layers (e.g., Std 2, at just 2 kPa). Consequently, the extruded filaments

rapidly flow and merge post-deposition, causing the printed structure to
collapse and making the quantitative evaluation of Pr unfeasible.

To complement the oscillatory parameters used to construct the
printability map, the steady-shear flow curves of selected uncrosslinked
and Ca®"-crosslinked formulations are reported in Fig. $1. The formu-
lations showing good printability exhibited a clear viscoplastic response,
well described by the Herschel-Bulkley model, with a yield stress, oy us,
followed by pronounced shear-thinning behaviour. The fitted flow-
behaviour index, n, ranged from 0.20 to 0.50, confirming the pseudo-
plastic character of these inks. This rheological response is favorable for
DIW, since the yield stress limits uncontrolled flow and filament
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spreading at rest, whereas shear thinning reduces the apparent viscosity
under the high-shear conditions developed within the nozzle, thereby
facilitating continuous extrusion. However, some formulations located
in the high-Gjyy, high-o region of the map exhibited flow discontinu-
ities around the yielding transition. These features are consistent with
heterogeneous yielding and flow localization, possibly associated with
shear banding, indicating that excessively strong and elastic networks
may fail to develop a stable and homogeneous flow through the nozzle.

The internal microstructures of the lyophilized ker/i-Car hydrogel
blends were evaluated using SEM to investigate the influence of the
polymer blending ratio on network morphology (Fig. 1b). The keratin-
rich hydrogel (ker/1-Car 90/10) displays a highly irregular and dense
surface dominated by globular aggregation behaviour (Li et al., 2022).
In the balanced blend (ker/1-Car 50/50), a transitional, hybrid
morphology is observed. The structure opens into an interconnected
network, within which distinctive globular keratin aggregates remain
entrapped and dispersed along the main polymeric pathways (high-
lighted by the orange arrows). This configuration represents an inter-
mediate stage where the linear polysaccharide chains begin to template
and organize the self-assembling protein domains. Conversely, the 1-Car-
rich hydrogel (Ker/1-Car 10/90) exhibits a morphology characterized by
thin, smooth, sheet-like walls and highly defined, interconnected
macropores.

3.2. Response surfaces for G yp and o5

To better navigate the developed rheology-to-printability map,
response surfaces correlating the G, and the oy with the input factors
of Table S1 were determined. The mathematical models (Table 2) that
best correlate the factors with the outcomes were selected based on the
p-values from the ANOVA test and the fit statistics as described in the
experimental section (Table $3). Specifically, both the coded and actual
equations for each result are provided in Table 2. The coded equations
help identify the factors and their interactions that have the greatest
impact on the results. The actual equations, which underlie the response
surfaces (Fig. 2), can be used for predictive purposes (Matos et al.,
2025). As observed, the Log;(Gyz is significantly influenced (p-
values <0.05) by the Ker/1-Car blending ratio in a linear manner, by the
blending ratio/temperature interaction and by the crosslinker in a
quadratic manner. In general, the G,z increases as the Ker/1-Car
blending ratio decreases and the crosslinker amount increases. These
effects are significant only at blending ratios below 30/70 and they are
more pronounced at higher temperatures (Fig. 2a).

The , /G0y is significantly influenced in a linear quadratic manner by
all the factors, even though interactions among the factors do not appear
to have an effect. In general, the oy decreases with increasing the Ker/
1-Car blending ratio and for blending ratio it reaches maximum values
when the crosslinker is about 3%. This trend is more pronounced at a
temperature of 35 °C (Fig. 2b).

Table 2
Coded and actual equations of the refined mathematical models.

Response  Refined Mathematical Model
GLyr Coded Equation:

LogGryr = 3.35— 0.8516A + 0.2611B + 0.1033C — 0.2279AC +
0.1396BC — 0.1303A2 — 0,20120B>

Actual Equation:

LogG'LVR = 2.82923 — 0.006801A + 0.088156B + 0.024856C —
0.000570AC + 0.004654BC — 0.000081A2 — 0.022350B2

Gflow Coded Equation:
\/Oflow =19.09 —6.67A — 0.3160B — 1.04C — 4.02A% — 2.83B% — 3.41C?

Actual Equation:
\/Ofiow = — 19.48 — 0.085A + 1.78B + 2.28C — 0.0025A2 — 0.3148B% —

0.03407C?
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To validate the developed response surfaces, they were employed
predictively to identify the conditions necessary to obtain formulations
that occupy the desired regions on the printability map. To achieve this,
the G,z and opo, for the runs 16 and 17 (listed in Table 1) were
calculated using the actual equations provided in Table 2. The predicted
values were then compared to the experimentally determined ones.

As can be seen in Fig. 1, for both formulations, the predicted points
(empty circles) are close to the experimental ones (full circles),
demonstrating the goodness of the developed response surfaces. More-
over, both formulations fell in the green region and, as expected, they
showed a good printability characterized by continuous extrusion,
smooth filament and good layering, thereby demonstrating a good
functionality of the G,y Vs oy printability map.

3.3. Effect of the blending ratio and the crosslinker on the rheological
behaviour of the hydrogels

1-Carrageenan, along with the keratin, features negatively charged
functional groups (e.g. sulfate groups and/or carboxylate groups) that
can interact with positively charged ions, like calcium, promoting ionic
crosslinking. This crosslinking can occur either within the polysaccharide
and keratin chains and/or between the keratin and 1-Carrageenan chains
(Fig. 3a). However, this is a transient crosslinking that can be broken
under deformation, such as that occurring during extrusion in the DIW
printing process (Kopnar et al., 2025).

To gain deeper insight into the behaviour of the transient ionic
crosslinking under applied strain, the LAOS data were analyzed as
described in detail below. Specifically, for the sake of brevity, the study
focused on the impact of the blending ratio and the amount of cross-
linking agent on both the linear and nonlinear responses of the Ker/1-Car
hydrogels.

3.3.1. Response to large strain

In Fig. 4 a-c, the first harmonic derived dynamic moduli (G' and G")
of both uncrosslinked and crosslinked hydrogels with CaCl, 6%, at
different blending ratios and all at a temperature of 35 °C, are reported
as a function of the applied strain amplitude y,,. The yielding transition is
delimited by the y;yz and y.; while the flow transition occurs at y > y,.

At low strain level (up to 1.5%) G' remains rather constant for all the
uncrosslinked samples, signifying the gels are within the LVR region. In
this region, G' was higher than G" indicating that all the hydrogels
exhibit a viscoelastic solid-like behaviour. The uncrosslinked hydrogels
at higher keratin content show a lower G', a more extended LVR region
and a higher y, (Fig. 4 a-c). This data suggests that as keratin becomes
the dominant phase, the blend shifts from behaving like a rigid poly-
saccharide gel to behave like a viscoelastic protein network. In this
protein-rich network, the chains can unfold and rearrange when stress is
applied, allowing the material to deform more before it fails. As a result,
although the stiffness may decrease, the material becomes more capable
of withstanding large deformations before flow.

It is also worth noting that the uncrossliked Ker/i1-Car 10/90
hydrogel shows an overshoot in G" before the crossover between the
moduli (Fig. 4a). This Type III behaviour is typical of a rigid, junction-
zone-dominated gel: as strain increases, the carrageenan network un-
dergoes collective junction-zone rupture, leading to a peak in energy
dissipation (G" overshoot) just before losing elasticity, followed by a
rapid collapse of elasticity, characteristic of brittle and abrupt yielding
(Moraes & Hilliou, 2024). In the uncrosslinked Ker/1-Car 50/50 hydro-
gel, the G" overshoot falls at the crossover point (Fig. 4b). This indicates
a balanced, co-continuous network where maximum viscous dissipation
occurs at the point where elastic and viscous responses are equal. This
means that the structural breakdown and loss of elasticity happen
simultaneously. As a result, yielding is progressive, with gradual damage
accumulation and network fluidization, characteristic of ductile failure
(Moraes & Hilliou, 2024). Finally, the uncrosslinked Ker/1-Car 90/10
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Fig. 2. Response surfaces illustrating the influence of calcium chloride concentration (%) and the keratin/i-carrageenan ratio (Ker/1 — Car) on Gy and of.

hydrogel does not show a G" overshoot (Fig. 4c) indicating a Type I
behaviour, according to which the system behaves as an entanglement-
dominated viscoelastic network, where deformation occurs via chain
alignment, unfolding, slippage, and gradual disentanglement. There-
fore, the structure reorganizes continuously rather than failing through
abrupt bond breakage (Hyun et al., 2011). As also emerged from the
response surfaces analysis, the presence of the crosslinker increases the
G' of all the hydrogels. A G’ overshoot before its rapid decrease can be
observed in the crosslinked hydrogels, indicating a a strain-stiffening
effect preceding structural failure. As strain increases, the network
initially resists deformation, the polymer chains between crosslinks
become stretched and aligned. This stretching temporarily increases the
elastic response before breaking, reflecting a stretch-dominated, tightly
crosslinked network that ultimately fails once its structural limit is
exceeded (Hyun et al., 2011). Moreover, when the crosslinker is added,
the LVR becomes smaller in all the blends, meaning that the structure
departs from linear behaviour at lower strain. The deformation is
transferred directly to crosslinks points rather than dissipated by chain
mobility and the network becomes less able to rearrange under small
deformations (Fig. 3b). Therefore, the crosslinking makes the systems
more rigid and less strain-tolerant in the small-deformation regime.

In phase-dominated hydrogels (Ker/1-Car 10/90 and 90/10 blends)
the crosslinker reinforces the already continuous network since more
strain is required to reach the crossover point. This means that the
dominant network becomes more resistant to macroscopic yielding.
While the crosslinked carrageenan-rich hydrogel becomes more resis-
tant to junction rupture, the crosslinked keratin-rich hydrogel gains
stronger inter-chain connectivity. The result is that the failure in the
crosslinked hydrogel is delayed to higher strain with respect to the
related uncrosslinked one (Fig. 4 a and c). In the balanced Ker/1-Car 50/

50 blend, crosslinking could introduce structural constraints and het-
erogeneity, since stress concentration points may form at phase in-
terfaces. Therefore, instead of reinforcing a single continuous network,
crosslinking may disrupts cooperative deformation, reduces network
flexibility, and promotes earlier mechanical decoupling, causing the
system to yield at lower strain (Fig. 4b).

3.3.2. Evaluation of non-linear rheological responses using elastic and
viscous Lissajous-Bowditch (L-B) plots

When a large-amplitude sinusoidal strain is applied, the resulting
stress response is no longer purely sinusoidal and instead contains sig-
nificant higher-order harmonics. To better understand the molecular
mechanisms involved in the yielding behaviour of the selected hydro-
gels, the 3rd harmonic analysis of the waveform deriving from the ma-
terials' response during the in dynamic deformation has been included.

In Fig. 4 d-i, the L-B plots from the elastic perspective (stress vs
strain) are shown. The normalized curves, in which %o is reported in

function of Yy, 2re useful to follow the evolution of the mechanical
0

response across the strain amplitude. In the elastic L-B plots, a perfect
elliptical curve indicates a linear viscoelastic behaviour of the material,
while distorted ellipses indicate a nonlinear viscoelastic regime. At
lower strain (yo < 1%), all the hydrogels show an intracycle curve as a
narrow ellipse, which becomes wider with increasing the amplitude
strain suggesting a progressive change from elastic to more viscous
properties. When the blend hydrogels experienced an increase of the
amplitude strain, the curves transitioned from an elliptical shape to a
slightly distorted ellipse, indicating that non-linear effects emerge
(Rogers et al., 2011). At higher strain the curve assumes a near paral-
lelogram shape (curves flattening at the top), where a constant value of
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Fig. 3. Comprehensive schematic representation of crosslinking mechanisms, large-strain network evolution, and matrix-dexamethasone interactions. a) Cross-
linking Mechanisms (Within / Between): Molecular illustration of the Ca®*-mediated coordination networks. Intrachain/interchain stabilization (Within) occurs via
electrostatic bridges targeting negatively charged groups of 1-carrageenan chains (blue) and of the keratin backbone (red). b) Network Evolution Under Large Strain
(LAOS): Four-stage progression of the hybrid gel under large-amplitude oscillatory shear: (I) Isotropy under quiescent/low-strain conditions (Random Network); (II)
Microstructural rearrangement and Strain-Induced Alignment within the yielding regime, marked by Transient Elastic Energy Storage and localized stress accu-
mulation; (III) Maximum network elongation upon reaching the Critical strain threshold; and (14) Macroscopic network rupture within the flow regime governed by a
Simultaneous Junction Failure. ¢) Dexamethasone Interactions: Dex acts as an interfacial sliding agent that reduces interchain friction within densely cross-linked
matrices, while acting as a secondary physical cross-linker in weakly cross-linked networks.
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Fig. 4. Rheological Properties and Nonlinear Deformation of Ker/1-Car Hydrogels. a—¢) Amplitude Sweeps: Storage modulus (G') and loss modulus (G") as a function
of strain amplitude (y0) for three Ker/1-Car ratios: 10/90 (a), 50/50 (b), and 90/10 (c). d-i) Elastic Lissajous-Bowditch Plots: Normalized stress (6/c60) vs. strain
(y/v0) loops for uncrosslinked samples (d-f) and crosslinked hydrogels (g-i) at various strain amplitudes (0.1% to 1010%).

stress for many values of strain was observed. Examining in detail this LB
curve at higher amplitude strain and beginning at zero shear stress
(Fig. 4d), the hydrogel first exhibited elastic strain as the sample is
sheared, highlighted by the curve segment 1- 2. In this stage, the
polymer chains align in the direction of shear. When the strain is
increased further, the maximum stress is reached (2) and at this point
the breakdown of the polymers' network induces plastic flow (2-3). At
this point, the shear stress relaxes (3) as the direction of strain is reversed
and the polymers' network reorganizes (3-1).

The uncrosslinked Ker/1-Car 10/90 hydrogel becomes nonlinear very
early (y, > 10%), confirming that the extended carrageenan domains in
this blend form junction zones which confer a significant physical ri-
gidity to the network, which tends to break or reorganize at relatively
low deformation. In this hydrogel, the nonlinearity starts at y, > 25%,
probably because keratin modifies the carrageenan network which be-
comes more tolerant to deformation before rearranging (Fig. 4d). The
uncrosslinked Ker/i1-Car 90/10 hydrogel is the highest strain-tolerant
since distorted ellipses occur only at y, > 100%. Keratin-rich blends
are more deformable and flexible, exhibiting the behaviour of a softer

and more ductile material (Fig. 4f). The crosslinked hydrogels show
more pronounced distortions than the uncrosslinked ones with sharp
stress upturns at maximum strain, in the 10%<y,<«100% amplitude
range (Fig. 4g-i). The sharp upturn within some cycles indicates a sud-
den increase in the material's resistance to further deformation and can
be interpreted as a pre-yield intracycle strain-stiffening response of the
ionic network. In line with recent LAOS/SPP analyses of crosslinked
biopolymer gels, this behaviour is consistent with increasing instanta-
neous nonlinear elasticity (Eckman et al., 2025). As the strain amplitude
increases, local configurational changes become increasingly restricted,
and the applied load is transferred more directly to polymer strands
constrained between ionic junctions. Their stretching and alignment
enhance the instantaneous resistance of the network to deformation,
leading to the observed rise in stress. Once a critical strain is reached,
however, the network can no longer redistribute the applied stress
efficiently, and yielding follows through junction rupture and/or
structural reorganization.

This suggests that the crosslinking prevents the chains from sliding
past one another easily, leading to more strain accumulation in the
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structure before deformation (Fig. 3b). The upturns are more pro-
nounced in the Ker/1-Car 10/90 and 90/10 blends (Fig. 4g and i) than in
the Ker/1-Car 50/50 one (Fig. 4h). Probably, when one component
dominates, there is a dominant continuous charged phase which allows
more effective crosslinking. The upturn effect is weaker in the cross-
linked Ker/1-Car 50/50 blends (Fig. 4 h), since the system may be more
heterogeneous and phases may be partially segregated. Therefore, the
crosslinking points may form locally but not create a fully cooperative
network.

This could lead to a more distributed stress accommodation. In the
crosslinked Ker/1-Car 90/10 blend (Fig. 4i), the upturns occur at lower
strains (10-25%). This suggests that crosslinked keratin domains are
stiffer at small deformation, and they may begin to reorganize, slip, or
partially break earlier. While normalized curves facilitate the compari-
son across the samples, plotting overlapped L-B curves without
normalization enables for a better understanding of the yielding and
flow transitions, thereby allowing the identification of differences be-
tween the selected hydrogels (Dahl et al., 2024). As shown in Fig. 5,
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while the strain increases, the area enclosed by the curves expands,
indicating a rise in dissipated energy. This is due to the growing influ-
ence of the viscous response and the onset of non-linear effects.

As observed, all the crosslinked blend hydrogels show a stress
overshoot as strain amplitude increased, since some of the intracycle
curves reached a higher stress value than the plateau stress observed in
the flow regime. In all the crosslinked hydrogels, the maximum stress is
of about 1.5 times higher than the stress at flow.

Particularly, these blend hydrogels exhibited a sudden transition
from the yielding region to the flow region, occurring between two
successive strain amplitudes (Fig. 5 b,e and h). The hydrogels' network
first resists deformation strongly and stores elastic energy (lower
entrapped area). Suddenly, it breaks and/or reorganizes thereby flowing
at a lower steady stress. Accordingly, the stress overshoot observed
across successive strain amplitudes can be regarded as the intercycle
counterpart of the intracycle upturn observed in the elastic L-B plots,
both reflecting transient elastic energy storage prior to cooperative
yielding. As reported by Eckman et al. (Eckman et al., 2025), this

Fig. 5. Nonlinear Viscoelastic Analysis of Ker/1-Car Hydrogels: Elastic Lissajous plots representing the total stress (c) as a function of instantaneous strain (y) across
various strain amplitudes (0.1% to 1010%) for uncrosslinked hydrogels (a,d,g) and for crosslinked hydrogels (b,e,h). S and T ratios for crosslinked and uncrosslinked

hydrogels for three distinct Ker/1-Car blends: 10/90 (c), 50/50 (f) and 90/10 (i).

10
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behaviour can be explained by the progressive orientation of polymer
chains as strain increases: the chains align with the direction of the
applied shear stress, and the cross-linked regions provide greater resis-
tance to flow, storing elastic energy (reduced enclosed area). At a critical
strain, the crosslinking points (junctions) undergo rupture almost
simultaneously dissipating energy (wider enclosed area). The sudden
transition between the yielding regime to flow regime occurring at two
successive strain amplitudes indicates that the yielding process is not
gradual, but it is cooperative. Instead of progressive bond breaking, a
collective rupture of the ionic junctions occurs at a critical strain
threshold and the network collapses. This behaviour is typical of phys-
ically crosslinked ionic hydrogels (Eckman et al., 2025) with coopera-
tive junction rupture. Carrageenan-rich blends (with their higher sulfate
density) create a more efficient ionic network for energy storage,
resulting in a higher stress overshoot. Keratin-rich blends have less
efficient crosslinking (due to weaker network formation or different
chain dynamics), which results in a lower stress overshoot.

In addition to the elastic Lissajous plots, the viscous L-B plots (shown
in Fig. S2) give information about the energy dissipation and flow
heterogeneity during LAOS. These shear stress—strain rate loops exhibit
a gradual transformation from an elliptical shape to a nearly S-shaped
curve, indicating a nonlinear viscoelastic response with pronounced
shear thinning at higher strains. As can be seen, the uncrosslinked
samples show secondary loops at 1010% strain, suggesting structurally
unstable flow associated with heterogeneous deformation, temporary
shear banding or local yielding, or the coexistence of elastic recoil and
viscous flow within the same oscillation cycle. These secondary loops
are less evident in the blends containing the same amount of keratin and
carrageenan. This could mean that neither polymer forms a fully
continuous dominant network and the blend results more inter-
penetrated or phase mixed.

3.3.3. S and T factors

To quantify the evolution of the elastic Lissajous curves, the
dimensionless strain-stiffening (S) and shear thickening (T) indexes of
nonlinearity were calculated (Fig. 5 ¢, f and i). All blend hydrogels
exhibited strain stiffening (S > 0) and shear thinning (T < 0) behaviour
at higher strain, which was in line with the L-B curves. In the case of
uncrosslinked hydrogels, both strain stiffening and shear thinning per-
sisted throughout the entire strain range. In agreement with the first
harmonic G' behaviour, for the carrageenan rich blend, elastic non-
linearities started at a lower strain and were more pronounced compared
to the other blend hydrogels, as evidenced by higher S values. Addi-
tionally, for all the blends, within the 1-100% strain range, the increase
in S was more rapid in the crosslinked hydrogels compared to the
uncrosslinked ones. However, at higher strain (y > 100%), this increase
became less pronounced.

For the Ker/1-Car 90/10 blend, S reached a maximum before
decreasing and then increasing again. The strain stiffening-softening-
stiffening behaviour corresponds to a shear thinning-thickening-
thinning response (Fig. 5c¢). These transitions are indicative of the
alignment of polymer chains in the direction of shear, which is more
pronounced in the crosslinked blends due to the enhanced energy stor-
age capability of the network before yielding. The network deforms
elastically until a certain strain amplitude, causing the dissociation of
crosslinks—likely through a combination of bond breakage and stress
redistribution—leading to strain-softening behaviour (Insua et al.,
2025). Notably, the strain at which S peaks or plateaus is lower in the
crosslinked Ker/1-Car 90/10 hydrogel, confirming that this blend yields
more easily than the others.

3.3.4. Cole—Cole analysis within the SPP framework

To gain a more phenomenological view of the yielding transition, the
time-resolved storage and loss moduli were represented as Cole-Cole
trajectories (G, vs G;) within the Sequence of Physical Processes (SPP)
framework. In the sense originally proposed by Rogers (Rogers et al.,
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2011), the nonlinear LAOS response can be interpreted as a sequence
of transient elastic- and viscous-dominated states whose relative con-
tributions evolve continuously throughout the oscillation cycle, rather
than as a single cycle-averaged response. Thus, in the present work, the
Cole—Cole representation is used as a geometrical complement to the
Lissajous and S/T analyses, aimed at visualizing how the balance be-
tween elastic energy storage and viscous dissipation evolves during
yielding. Fig. 6 shows that, at low strain amplitudes, all formulations
display relatively compact trajectories located in the linear viscoelastic
response with G'¢ > G, consistent with a predominantly elastic
behaviour. As the strain amplitude increases, the trajectories progres-
sively expand and distort into deltoid-like shapes, indicating the onset of
intracycle nonlinearity. The uncrosslinked hydrogels show a more
gradual evolution of the Cole—Cole paths, with the keratin-rich Ker/1-Car
90/10 blend maintaining the most compact trajectories over the widest
strain range, in agreement with its higher strain tolerance. By contrast,
the Ca?*-crosslinked hydrogels exhibit much larger deltoids, indicating
a broader separation between elastic-dominant and viscous-dominant
states within each cycle. This behaviour is consistent with a network
that initially stores elastic energy efficiently but then redistributes stress
more abruptly as the ionic junctions approach their limit of stability.

The weaker symmetry and more distributed trajectories of the
crosslinked 50/50 blend further suggest a more heterogeneous response,
whereas the marked distortion already observed at intermediate strain
amplitudes for the crosslinked 90/10 formulation is consistent with an
earlier onset of intracycle rearrangement. Additionally, for the cross-
linked formulations, part of the trajectory extends into the G; < O re-
gion, interpreted as a signature of viscous backflow (Park & Rogers,
2020).

Accordingly, the stress upturn observed in the elastic Lissa-
jous-Bowditch curves is associated with the pre-yield build-up of elastic
stress, whereas negative G| reflects the onset of flow reversal within the
viscous contribution and therefore marks a later stage of the yielding
process, in which the network can no longer sustain the imposed
deformation in a purely recoverable manner. In this sense, the Cole-Cole
plots suggest that pre-yield strain stiffening and viscous backflow are
sequentially connected features of the same yielding dynamics: first, the
network transiently stiffens and accumulates elastic stress; then, as
structural constraints are exceeded, viscous backflow and cooperative
rearrangement emerge. This behaviour is also reported by Fontaine-
Seiler et al. for composite biopolymer network composed of co-poly-
merized fibrin and gelatin networks (Fontaine-Seiler & G. J. D. E. D. G.
D. L. B., 2025).

In this context, LAOS coupled with SPP analysis provides a
processing-relevant rheological representation of the repeated flow and
rest conditions experienced by hydrogel inks during DIW. Within each
oscillation cycle, the material evolves from a highly structured state at
low strain rate, through initial yielding and high-strain-rate flow, and
subsequently undergoes structural recovery and relaxation as the strain
rate decreases. These transient states can be related, respectively, to ink
storage in the reservoir, flow initiation through the contraction region,
viscoplastic flow during nozzle passage, and post-extrusion recovery
after deposition. Therefore, the transient elastic and viscous moduli
obtained from SPP analysis complement the conventional cycle-
averaged moduli, providing information on the rheological transitions
that govern extrusion and post-deposition shape retention (Insua et al.,
2025). Therefore, the Cole-Cole trajectories were further analyzed to
obtain a quantitative information of the structure recovered within the
LAOS cycle. During the recovery trajectory, as the strain rate decreases
after the flow-dominated part of the cycle, the hydrogel network re-
organizes and the transient elastic modulus increases. Accordingly,
G, max Was taken as a measure of the maximum elastic response recov-
ered within the cycle [(Insua et al., 2025)]. The transient viscous
modulus evaluated at the same point, G| G, WS used to define, in the

. G“G’ .
present work, an intracycle recovery loss factor: tandre. = —=*. This
t,max



C. Fratini et al.

Carbohydrate Polymers 391 (2026) 125842

Fig. 6. Time-dependent Cole-Cole plots (G;vs G;) of uncrosslinked (a-c) and Ca*'-crosslinked Ker/1-Car hydrogels (d-f) at Ker/1-Car ratios of 10/90, 50/50 and 90/
10, obtained at increasing strain amplitudes. The line G; = G;marks the transition between elastic- and viscous-dominated transient states. The progressive expansion
and distortion of the trajectories with increasing strain amplitude reflect the development of intracycle nonlinear viscoelasticity.

parameter describes the balance between the viscous and elastic con-
tributions at the point of maximum recovered elasticity. Lower tandye.
values therefore indicate a more elastic recovered state, whereas higher
values indicate that viscous dissipation remains more relevant after
network reorganization. It should be noted that tand,e. characterises the
elastic—viscous balance of intracycle recovery at the timescale imposed
by LAOS. The values obtained for the selected formulations are reported
in Fig. S3. Focusing on the recovery parameter evaluated in the strain-
amplitude range y, = 100-400%, in which the Cole-Cole trajectories
encompassed both viscous-dominated (G, > G,) and elastic-dominated
(G, > G) states within a single oscillation cycle, we observed the
following: Std8 exhibited the lowest tand..values (0.40-0.60) and a
printability index closest to the ideal value (Pr=1.001 ). Std11 also
showed a predominantly elastic recovered state, with tandye. = 0.5 —
0.6 and Pr = 0.994, whereas values of tand,.. = 0.70 and 0.85 were
obtained for Std12 (Pr=1.020) and Std4 (Pr = 0.989), respectively.
Thus, all formulations producing well-defined printed structures
exhibited the lowest tande. values, indicating that the structure recov-
ered within the cycle remained predominantly elastic. By contrast, Std2,
which underwent excessive flow and could not be printed, showed a
pronounced increase in tand. over the same strain range. Although the
relationship was not strictly monotonic across all printable formula-
tions, the overall trend indicates that P, values closer to unity were
associated with a more elastic recovered state. These results support the
relevance of recovering an elastic-dominated structure after yielding for
limiting filament spreading and preserving shape after deposition. In
this respect, tandr. complements Gy, and oy by describing the elas-
tic-viscous balance re-established after yielding. Taken together, the
first-harmonic moduli, the Lissajous-Bowditch plots, the S and T
indices, and the SPP analysis provide complementary information on the
rheological states relevant to DIW. In this framework, G}y reflects the
solid-like strength of the undisturbed ink, oridentifies the stress required
to reach macroscopic flow, and tané.. describes the elastic-viscous
balance re-established after yielding. The uncrosslinked hydrogels
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generally undergo a more gradual structural rearrangement; however,
when the network lacks sufficient strength, as observed for Std2, the ink
undergoes excessive flow and cannot retain the deposited geometry. By
contrast, Ca" crosslinking increases the elastic strength of the hydrogels
and leads to a more pronounced nonlinear yielding response, while the
dynamic nature of the ionic junctions still permits partial network
reorganization. Thus, Ca?*-mediated interactions act as effective con-
straints at small deformation but remain dynamic under the larger de-
formations associated with extrusion. Nevertheless, the effect of
increasing network elasticity is not necessarily beneficial beyond a
certain level. An insufficiently elastic network may show poor structural
recovery and excessive filament spreading after deposition, whereas an
excessively strong network may resist yielding, resulting in difficult or
discontinuous extrusion. Optimal printability therefore requires a
compromise between sufficient elasticity for post-deposition shape
retention, adequate flowability through the nozzle, and the ability to re-
establish an elastic-dominated structure after yielding.

3.4. Effect of the drug on the rheological behaviour of the hydrogels

Initially only std12, std11 and std8 blends were considered for
loading with dexamethasone, since they fell into the printability green
zone (Table 1). As observed in Fig. 7, the addition of the dexamethasone
caused a significant increase of the G, 5. Moreover, with the exception
of Std12, the addition of Dex increased also the or. Consequently, it was
decided to also consider the Std2 hydrogel, which is in the orange zone
of the printability map. Although adding the drug to the Std2 hydrogel
increased both Gy, and oy, the loaded hydrogel (Std2D) still did not
exhibit rheological properties sufficient to fall within the printable zone.
Indeed, as illustrated in the Fig. 7, the freeze-dried Std2D sample
exhibited an irregular morphology, attributable to the collapse of the
printed architecture. On the other hand, upon incorporation of the drug,
the Std11 hydrogel transitioned into the gray zone and became non-
extrudable, mirroring the extrusion behaviour of Std3 (Fig. 7). This
finding further substantiates the practical relevance of the developed
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Fig. 7. Ashby-type chart correlating the storage modulus in the linear viscoelastic region (Gy;y) and the flow yield stress (of): comparison between unloaded and

Dex loaded hydrogels.

printability map.

In Fig. 8, the first harmonic derived moduli (G' and G"), as well as the
elastic L-B plots in the yielding and flow regions of the drug loaded
hydrogels were compared with the related unloaded ones. As observed,
the incorporation of the drug reduces the LVR across all hydrogels.
However, this effect is only marginal in the Std12D hydrogel (Fig. 8g),
whereas it is markedly more pronounced in the Std11D hydrogel
(Fig. 81). Moreover, it is worth noting that the two formulations falling in
the not printable region such as Std3 (crosslinked Ker/1-Car 10/90) and
Std8D have in common an extended yielding region characterized by a
7¢ is 100 times higher than y;yx (Figs. 7a and 81).

Examining the elastic L-B curves, it can be observed that in the
yielding region (Fig. 8 e,h,m), the area enclosed by the curves for the
drug-loaded hydrogels is larger than that of the unloaded hydrogels,
indicating an increased energy dissipation.

Moreover, except for the Std2D blend, all other blends exhibited a
sharp upturn at the maximum strain within each cycle of the yielding
region, suggesting that the drug enhances resistance to flow during
amplitude cycles. In addition, Std8D and Std11D showed an abrupt
transition between cycles, whereas Std12D displayed a more ductile
intercycle transition. In Fig. S4 the viscous L-B plots of the yielding
region are shown (Fig. S4 a,c,e,g). The drug-loaded hydrogel exhibited
a much larger loop area and significantly higher peak stress compared to
the drug-free control (green). This indicates that the drug molecules do
not merely act as fillers but actively reinforce the network, increasing
the material's ability to store elastic energy during flow. The “bow-tie”
expansion in the curves of drug loaded hydrogels signifies a transition to
a highly non-linear regime. The high stress at low shear rates, followed
by the narrowing of the loops at higher rates, confirms a robust shear-
thinning behaviour.

In the flow region (Fig. 8 f,I,n), except for the Std8D, all the other
drug loaded hydrogels showed elastic LB curves characterized by a
higher stress and higher enclosed area, compared to the related unloa-
ded ones. Moreover, it is possible to observe stress overshoots in the
cycles at higher y,, slightly accentuated in Std2 and even more accen-
tuated in Std12 and Std11. Instead, in the Std8 blends, for y, > 400%, no
differences were observed in the elastic L-B cycles between the drug
loaded and unloaded hydrogels.

The viscous L-B plots (Fig. S4 b, d, f, h) demonstrates that drug
loading significantly increases the elastic energy storage during flow
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compared to the unloaded hydrogel (larger loops area), suggesting a
more resilient dynamic network that promotes superior shape-fidelity
under shear rate.

Dexamethasone can interact with the keratin-carrageenan matrix
primarily through non-covalent interactions, including hydrogen
bonding between its hydroxyl and carbonyl groups and the polar func-
tional groups of both polymers, alongside hydrophobic interactions with
its steroid group and lipophilic regions of keratin. Nevertheless, in an
aqueous environment, the hydrophobic interactions are likely hindered,
as the protein's lipophilic domains spontaneously self-assemble into
shielded internal cores to minimize water exposure. In the Std12
formulation (6% Ca?"), the high concentration of divalent cations pro-
motes a densely crosslinked, compact iota-carrageenan network and a
reduced availability of polar groups for binding the drug via hydrogen
bonds. This results in the significantly more ductile intercycle transition
observed in the drug-loaded Std12 sample compared to the other drug
loaded formulations as Std8D and Std11D (Fig. 8 d, g and 1). Conversely,
the Std8 formulation is characterized by a network with a lower amount
of crosslinker (3% Ca?") and a higher availability of polar groups
accessible for drug binding. Under these conditions, the drug reduces the
chain sliding during deformation, leading to a stark increase in shear
resistance (higher stress values) that surpasses that of the drug-free
related formulation (Fig. 8e). However, as the stress amplitude in-
creases into the large deformation zone, these stabilizing hydrogen-
bonded networks progressively weaken and rupture under the esca-
lating shear. This mechanical breakdown eventually triggers a structural
collapse, leading to the observed convergence and reduced rheological
differences between the drug-loaded and drug-free hydrogels in the
continuous flow regime (Fig. 8f). On the contrary, the Std11D hydrogel
features the highest carrageenan content formulated without ionic
crosslinkers, thereby maximizing the number of free functional sites
available for drug-polymer hydrogen bonding. In the absence of divalent
cations, dexamethasone effectively takes over as a secondary physical
crosslinker, establishing an extensive network of interchain hydrogen
bonds. The pronounced stress overshoot observed in the viscous
Lissajous-Bowditch (L-B) curves within the flow regime provides clear
evidence of significant structural rearrangements during the strain
cycle. This specific non-linear fingerprint is directly associated with the
dynamic, shear-induced rupture and subsequent re-formation of these
drug-matrix hydrogen bonds, which temporarily resist deformation
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Fig. 8. Nonlinear viscoelastic analysis of selected unloaded and dexamethasone loaded hydrogels: Storage modulus (G') and loss modulus (G") as a function of strain
amplitude y, (a,d,g,]); Elastic L-B curves of the yielding region (b,e,h,n) and of the flow region (c,f,I,n).

before yielding under escalating strain (Fig. 8 m and n).

The Cole-Cole/SPP analysis of the unloaded and drug-loaded for-
mulations (Fig. S5) supports the trends already inferred from the
amplitude sweeps and Lissajous-Bowditch plots. In general, dexameth-
asone enlarged deltoid-like trajectories, indicating a greater transient
build-up of elastic stress before yielding.
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This effect was strongest in Std11D, which also showed a clearer
extension into the G; < 0 region, consistent with viscous backflow and a
more abrupt cooperative rearrangement of the network. Std8D exhibited
more moderate changes, as a result of reduced drug/polymer matrix
interactions, whereas Std12D showed an intermediate and more
balanced response. In contrast, the enlargement observed for Std2D
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remained insufficient to confer the transient network strength required
for printable behaviour.

3.5. FTIR study of polymer Interactions with the crosslinker and
dexamethasone

To investigate the molecular interactions between keratin and
1-carrageenan chains, as well as the effect of their ionic interactions with
Ca?* and Dex Fourier-transform infrared (FTIR) spectroscopy was per-
formed (Fig. 9). Fig. 9a shows the FTIR spectra of the pure Ker and 1-Car,
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as well as their uncrosslinked and crosslinked blends. As observed,
carrageenan-rich blends exhibit strong absorption bands at approxi-
mately 3400 cm ™! and 1650 cm ™ lassociated with O—H stretching and
bending vibrations, respectively. The bands at 1215, 1025 cm ™, are
attributed to sulphate ester groups (S=0=S) and glycosidic bands of the
saccharide moiety, respectively. Finally, the adsorptions at 930 cm ™},
845 cm™! and 805 cm™! are associated to the C-O-C vibration of 3,6-
anhydro-D-galactose, C-O-S axial stretching at C-4 of galactose and C-
O-S stretching at C-2 of 3,6-anhydro-D-galactose, respectively (Pereira

et al., 2013).

Fig. 9. ATR-FTIR spectra. a) spectra of uncorsslinked and crosslinked Ker/1-Car hydrogels at different blending ratio and crosslinked Ker Ker/1-Car hydrogel 90/10
containing dexamethasone. b) uncrosslinked Ker/1-Car hydrogels at different blending ratio normalized in the spectral ranges of (I) 2500-3000 cm ™Y (1) 1350-1753
cm ! and (III) 750-950 cm ™. ¢) spectra of (I) pure keratin, keratin/calcium ions (Ker/Ca®") and keratin/dexamethasone (Ker/Dex) binary systems, normalized in
the 800-1800 cm ™! range; (II) 1-carrageenan/calcium ions (1-Car/Ca®*) and 1-carrageenan/dexamethasone (1-Car/Dex) binary systems normalized in the 800-1800
em™! range and (IIT) pure keratin, pure i-carrageenan and all the binary systems normalized in the 2500-4000 cm™! range.
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In contrast, keratin-rich blends displayed the characteristic absorp-
tion bands of keratin, including Amide A cantered at 3284 cm ™}, due to
N—H stretching vibrations, and Amide I (1650 cm ) and Amide II
(1514 cm™Y), corresponding to G=0 and C—N stretching vibrations of
the peptide bonds, respectively. Additional, less intense keratin-related
bands including Amide IIT (1230 cm’l) and absorptions at 1190 cm !
and 1025 cm™! associated to the S=O asymmetric and symmetric
stretching vibration, respectively, of the sulphonate groups were
observed (Aluigi et al., 2007).

The FTIR spectra of the uncrosslinked blends exhibited characteristic
absorptions reflecting changes in the hydrogen-bonding environment of
the polymer matrix. Specifically, in the high-wavenumber region
(3000-3500 cm ™}, Fig. 9b-I), the hydroxyl (O—H) peak of carrageenan
at 3413 cm™! undergoes a red shift as the keratin (Ker) content in-
creases. Concurrently, the amine/amide (N—H) peak of keratin exhibits
a red shift from 3284 cm™! to 3273 em ™! with increasing the carra-
geenan content. These shifts indicate an intensification of intermolec-
ular hydrogen bonding between the hydroxyl groups of carrageenan and
the amide groups of keratins. This hypothesis is further supported by
structural alterations in the keratin amide II band (Fig. 9b-II), a region
free of overlapping carrageenan absorptions that is highly sensitive to
out-of-phase C—N stretching and N—H bending vibrations. Notably, an
increase in carrageenan content induces a significant intensity increase
of the component at 1515 cm ™! relative to the peak at 1539 cm ™},
confirming that the N—H chemical environment is altered due to direct
binding with the carrageenan matrix. Finally, looking to the 950-750
cm ! region, which contains characteristic absorption bands 1-carra-
geenan, the peak corresponding to the C-O-S axial sulfate stretch re-
mains essentially unchanged at 845 cm ™! in the presence of keratin. This
stability indicates that the primary sulfate ester backbone of i-carra-
geenan is preserved within the polymer blend matrix without major
structural disruption. (Fig. 9b-III).

To investigate the specific interactions of Ca®" and dexamethasone
within the keratin and carrageenan domains, FTIR analysis will be
conducted on the individual binary systems keratin/Ca?", keratin/Dex,
carrageenan/Ca®", and carrageenan/Dex. This approach effectively
circumvents the issue of overlapping bands in the complex blend spectra
(Fig. 9¢).

For the Ker/Ca®" binary system, the addition of Ca®" ions induces a
net red shift in the Amide A (Fig. 9c-I), Amide I and Amide II bands
(Fig. 9c-II). This shift reflects alterations in the protein's secondary
structure and hydrogen-bonding network, likely driven by electrostatic
interactions between Ca®* and acidic side chains, which induce local
conformational rearrangements in the keratin matrix.

Specifically, the downshift of the Amide I band (primarily C=0
stretching) and Amide A band (N—H stretching) indicates that these
groups act as electron donors to the metal cation, weakening the original
covalent bonds and altering the local hydrogen-bonding network.
Furthermore, a relative reduction of the peak at 1198 cm™! compared to
the peak at 1235 cm ! is observed, alongside a distinct intensity increase
of the 1411 cm ™! peak relative to the 1390 cm ™! peak (Fig. 9¢c-I). These
specific alterations point to conformational adjustments in the side-
chain groups (such as carboxylate or C—O environments) involved in
chelating the calcium ions. This behaviour aligns with previous FTIR
characterizations of calcium-bound albumin (Patel et al., 2022) and
crosslinked caseinate networks (Zhao et al., 2025), where divalent
cation coordination to protein side chains drives local structural
compaction and matrix stabilization. This chelation process is driven by
a mechanism of competitive ion exchange and deprotonation, macro-
scopically evidenced by a distinct drop in the solution pH from 5.5 to
4.6. As the incoming divalent Ca?* cations actively coordinate with the
protein matrix, they displace bound protons from the partially proton-
ated carboxylic acid groups on the acidic amino acid side chains, con-
verting them into fully coordinated carboxylate groups and shifting the
local spectral balance.
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Curve fitting and deconvolution of the Amide I band (1600 —
1700 cm™1) were conducted to monitor relative structural transitions in
the keratin/i-carrageenan backbone across different ratios (Fig. S6-a). It
is worth noting that peak deconvolution of ATR-FTIR spectra provides
semi-quantitative estimation of relative secondary structure trends
rather than absolute conformational quantification. As shown in Fig. S6-
a, Amide I band deconvolution revealed a relative decrease in the pro-
portion of a-helical structures upon calcium addition. This trend sug-
gests a local destabilization and loss of native intramolecular hydrogen
bonding within the helical domains (Atri et al., 2015).

This structural disruption is also corroborated by the complementary
XRD data, where the characteristic a-helix reflection not only decreases
in relative area but also shifts toward a lower scattering angle, moving
from 10.0° to 9.7° in 20 (Fig. S6-b). This downshift directly indicates an
expansion of the interplanar d-spacing between the coiled-coil helical
chains, probably associated to the Ca®" intercalation which partially
alters the native helical framework. Conversely, the random coil and
p-sheet structures undergo a red shift from 1640 cm ™! to 1635 cm ™+ and
from 1624 cm™! to 1618 cm™?, respectively. These downshifts are an
indicator of matrix compaction, where the electrostatic crosslinking
shorten and strengthen the interchain hydrogen bonds (Byler & Susi,
1986). This compaction mechanism is validated by the complemen-
tary XRD data (Fig. S6-b), where the primary p-sheet crystalline
reflection undergoes a significant shift to a higher scattering angle (from
21.80° to 22.1°), directly confirming a reduction in interplanar d-spacing
(Murthy, 2016). Furthermore, while FTIR suggests the absolute number
of p-sheet carbonyl bonds remains stable, XRD registers a notable in-
crease in the relative f-sheet peak area at the expense of the amorphous
halo. Taken together, these dual-technique observations reveal that
Ca?* incorporation does not induce the neoformation of s-sheets; rather,
it drives the spatial reorganization and tight packing of pre-existing,
structurally semi-disordered p-strands into highly ordered, long-range
crystalline g-sheet lattices (Murthy, 2016).

In contrast, the keratin/Dex binary system displays a distinct inter-
action profile. A slight redshift is observed across the Amide A, I, and II
bands (Fig. 9¢-I and II) upon addition of the drug, confirming localized
hydrogen bonding directly along the protein backbone. Furthermore, a
distinct alteration in the 1198/1235 cm~! peak ratio is observed, while
no detectable changes or shifts are registered for the 1025 cm™! band
(Fig. 9c¢-II). This suggests that the drug does not engage in direct coor-
dination or hydrogen bonding with the bulk sulphonate groups; rather,
the observed perturbation of this intensity ratio is most likely driven by a
supramolecular rearrangement of the keratin matrix induced by the
drug. Conversely, the absence of major spectral variations in the
aliphatic C—H region confirms that the drug does not deeply penetrate
or chemically disrupt the primary internal hydrophobic cores of the
protein folds (Fig. 9c-I). It is worth noting that despite the slightly
alkaline pH of the added drug formulation (pH 8.2), the overall pH of the
binary system remains entirely unaltered. This behaviour indicates that
the drug associates primarily via neutral hydrogen bonding rather than
electrostatic ion-exchange mechanisms that would alter proton equi-
libria. These spectroscopic findings contextualize the rheological
models: they suggest that while dexamethasone possesses a chemical
affinity for accessible polar regions along the protein backbone (driving
the bridging effect seen in Std8), it leaves the tightly packed hydro-
phobic folds largely unperturbed. Consequently, in formulations like
Std12, where dense ionic crosslinking of carrageenan sterically excludes
the drug from these polar backbone sites, Dex is forced to localize at the
macro-domain interfaces, reducing interchain friction without altering
native hydrophobic assemblies.

Deconvolution of the Amide I region upon Dex incorporation reveals
a significant increase in the random coil band area at 1641 cm™!At the
same time, XRD shows that the relative contribution of the broad
“amorphous halo” is substantially reduced. This means the drug acts like
a wedge, locally disrupting some parts of the matrix, while forcing other



C. Fratini et al.

disordered segments to pack together more tightly.

Furthermore, FTIR Amide I deconvolution revealed a relative
reduction in both the g-turn and total g-sheet band areas, accompanied
by a redshift from 1668 cm™ to 1665 cm™! and from 1624 cm™! to
1618 cm™}, respectively.

The sharp red shift of the -sheet and f-turn signal implies that the
drug favors a tighter, more strongly hydrogen-bonded compaction.

Interestingly, while FTIR tracks a net decrease in the relative
contribution of g-sheet vibrational conformations, XRD registers an in-
crease in the relative f-sheet crystalline reflection. This operational
distinction highlights the different structural scales probed by the two
techniques: FTIR reflects local, short-range chemical bond environ-
ments, whereas XRD reflects longer-range spatial periodicity.

A plausible explanation for this behaviour is that Dex incorporation
induces local steric perturbations that disrupt loosely organized or pe-
ripheral p-sheet segments (reflected in the increased random coil con-
tent in FTIR). Concurrently, the localized spatial constraints introduced
by the drug matrix may facilitate the closer alignment of the remaining,
stable f-strands into better-ordered domains that scatter X-rays more
constructively. Thus, the observed reduction in the XRD amorphous halo
likely reflects the spatial reorganization and packing of pre-existing
segments rather than the net de novo formation of chemical g-sheet
bonds.

Both techniques confirm that the a-helix content remains virtually
unchanged. The drug does not destroy or unfold these helices. Instead,
Dex sterically shields the helices from water, which causes a blue shift in
the FTIR signal (1652 cm™! to 1658 cm™!) due to reduced hydration
(Fig. S6).

Regarding the Ca?'/1-Car binary system, the introduction of Ca?*
induces a clear red shift of the broad hydroxyl band at 3407 cm™!
(Fig. 9¢-I), indicating that the metal coordination disrupts the existing
intra- and intermolecular hydrogen-bonding networks of the poly-
saccharide, establishing a new, more constrained coordinated matrix. In
the skeletal region (Fig. 9¢-III), a slight decrease in the intensity of the
shoulder at 1040 cm™! relative to the peak 1020 cm™! is observed,
alongside a similar reduction of the 904 cm™! shoulder compared to the
930 cm™! peak. These relative intensity alterations suggest that Ca2*
binding affects the local conformation and orientation of the carra-
geenan polymeric chain. Meanwhile, the characteristic C-O-S sulfate
peak at 847 cm~! remains positionally unaltered, confirming that the
primary sulfate groups maintain their structural identity during Ca%*
crosslinking.

Moreover, a pH increases from 4.6 to 6.3 is registered upon addition
of Ca?* into carrageenan solutions. This shifts toward neutrality implies
that the macrostructural condensation and the electrostatic pairing be-
tween Ca?* and the sulphate groups screens the anionic backbone which
alters the local pKa or availability of acidic protons. Interestingly, the
spectral transitions observed for Ca%*/1-Car systems, are mirrored in the
1-Car/Dex binary system (Fig. 9c-III), even if less pronounced. This
suggests that Dex interacts via non-ionic hydrogen bonding pathways
rather than rigid electrostatic bridges. This interaction profile is further
supported by a rise in the solution pH from 4.6 to 7.8 upon adding the
dexamethasone formulation. This shift indicates that as the drug locks
across the polymer chains, it restricts the availability of the carrageenan
matrix's acidic protons. Because the carrageenan matrix loses its ability
to resist pH changes, the alkaline components of the incoming drug
formulation easily neutralize the bulk phase.

Notably, these spectroscopic findings provide a direct molecular
explanation for the macroscopic behaviour observed in the rheological
characterization of the uncrosslinked Std11D formulation. Because this
system lacks divalent calcium ions, the free sulfate and hydroxyl sites
remain entirely unblocked. This allows dexamethasone to efficiently
anchor itself across the carrageenan chains, acting as a secondary
physical crosslinker through these very same hydrogen-bonding net-
works and sulfate interactions. This extensive, highly dynamic drug-
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polymer interlocking network is what ultimately gives rise to the pro-
nounced stress overshoots and non-linear energy dissipation fingerprints
recorded during large-amplitude shear flow.

3.6. Swelling and rehydration kinetics

The water absorption capacity and swelling kinetics of the cross-
linked matrices (6% wt, relative to the total mass of polymers) were
investigated to elucidate to elucidate the intrinsic hydration capacity
and network mesh relaxation of the biopolymer backbone across
different Ker/1-Car ratios. Table 3 summarizes the kinetic parameters
obtained by fitting the experimental data to the Schott's second order
(Schott, 1992) and Korsmeyer—Peppas kinetic models (S, ks, o, and n).
The equilibrium swelling capacity (S, ) exhibited a strong dependence
on the formulation composition, significantly increasing with higher
carrageenan content. Std3 (Ker/i1-Car 10/90) achieved the highest
swelling capacity (S, = 26.11), which was more than double that of
Std10 (Ker/1-Car 50/50) and Std4 (Ker/i1-Car 90/10). This pronounced
water-holding capacity is attributed to the polyanionic nature of
i1-carrageenan, whose abundant negatively charged sulfate groups (—
SO3) induce electrostatic repulsion, opening the network mesh and
facilitating solvent penetration. Conversely, higher proportions of ker-
atin (Std4) yielded a denser, more hydrophobic polymeric framework,
that sterically constrained hydrogel expansion.

Interestingly, evaluating the second order swelling constant (k;) and
the initial swelling rate (ro = k;-S2) revealed a non-linear trend indic-
ative of synergistic polymer interactions. While Std3 demonstrated rapid
hydration kinetics (r; = 24.57 min™!) driven by strong hydrophilic af-
finity, Std10 exhibited a substantial decline in both k; (0.02 min~!) and
ro (3.08 min~1). This kinetic retardation suggests the formation of a
tightly interpenetrated complex network between domains of keratin
and the moieties of carrageenan at equal ratios, resulting in enhanced
network density and increased tortuosity for water uptake.

The diffusion exponent (n) obtained from the drug-free swelling
profiles reflects the intrinsic water penetration mechanism into the
blank matrix: Std10 n = 0.52 exhibited anomalous (non-Fickian)
transport governed simultaneously by diffusion and viscoelastic chain
relaxation, whereas Std3 (n = 0.32) and Std4 (n = 0.10) displayed
pseudo-Fickian behaviour. While these measurements provide baseline
insight into the structural hydration dynamics of the blank hydrogel
network, the presence of loaded dexamethasone, which acts as a struc-
tural modulator, further alters the matrix relaxation and drug release
kinetics discussed in Section 3.7.

3.7. Drug release

In Fig. 10, the drug release profiles of the selected formulations have
been reported. As observed, all the formulations release the 100% of the
drug in the first 1400 min. However, the rate of drug release in the first
20 min is different in different formulations (Fig. 10, detail in the box).
Practically, a lag time of 5 min is observed for all formulations except for
Std2D.

As observed in the XRD spectra of drug loaded Ker and i-Car (Fig. S6
and S7), a highly attenuated, narrow peak remained visible at 15.1°,
indicating the presence of a minor, residual crystalline fraction of Dex,
co-existing alongside the dominant amorphous phase.

To elucidate the physical transport mechanisms governing dexa-
methasone release, the release profiles of formulations Std2D, Std11D,
Std8D, and Std12D were fitted using both the Korsmeyer-Peppas and
Peppas-Sahlin kinetic models. The Korsmeyer-Peppas model is
described by the eq. 2:

M,

- = kpt"

ML (2)

where M, denotes the mass of drug released over time t, M, is the mass
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Table 3
Kinetic parameters of the swelling profiles evaluated using the Schott and Korsmeyer-Peppas mathematical models.
SCHOTT KORSMEYER-PEPPAS
Sample Seo K, (min™1) ro (min™1) R2 n R2
Std3 26.11 & 1.21 0.17 £ 0.02 2457 +1.96 0.999 0.32 £ 0.07 0.990
Std10 12.85 + 0.97 0.02 £ 0.01 3.08 £ 0.74 0.995 0.52 £ 0.05 0.930
Std4 10.87 + 1.09 0.10 + 0.03 11.38 £ 1.13 0.999 0.10 £+ 0.02 0.890

Fig. 10. Drug release profiles of the dexamethasone loaded hydrogels. Detail of
the profile in the first 30 min of the release.

of drug released when t approaches infinity (its upper limit should be the
total mass of drug carried by the delivery system), and kgp is the kinetic
constant. The exponent of release n provides information on the possible
mechanism(s) of drug release at play. To determine the exponent n, it is
recommended to use the portion of release curve until the point where
M[/MDo < 60%. For planar films, n = 0.5 indicates Fickian diffusion

(Case I), 0.5 < n < 1.0 corresponds to non-Fickian (anomalous) trans-
port governed by coupled diffusion and polymer relaxation, and n = 1.0
indicates Case II (zero-order) transport driven predominantly by poly-
mer chain relaxation and swelling.

To further decouple the relative contributions of diffusion and
polymer relaxation, the release profiles were fitted with the Peppas-
Sahlin model (Eq.3)

M, m
IW_kl "+ kzlz 3

©

where kj represent the kinetic constant related to the diffusional Fickian

Table 4

contribution and k-, the kinetic constant related to the Case II relaxa-
tional contribution (Peppas & Sahlin, 1989). To exclude mathematical
overparameterization the Fickian exponent m was fixed to its theoretical
value for film-type film-type geometrical shape (m = 0.5) and boundary
constraints for the kinetic constants (k; > 0;k; > 0) were applied.

The resulting fitting parameters (n, Kxp, K1, K>, and R?) are summa-
rized in Table 4. The Korsmeyer-Peppas release exponent (n) varied
significantly across hydrogel compositions. Formulations Std2D (n =
0.86 +0.02) and Std11D (n = 0.7 +0.1) displayed exponents falling
within the classic range for cylindrical geometries (0.45 < n < 0.89),
indicating anomalous (non-Fickian) transport. In these systems, drug
release is driven by the coupled contribution of Fickian solvent pene-
tration and macromolecular chain relaxation. This dual mechanism is
strongly supported by the Peppas-Sahlin fitting parameters, where the
Fickian diffusion rate constants (k; = 0.8 & 0.2 for Std2D and 1.9 + 0.8
for Std11D) predominated over their respective relaxation rate constants
(ko =0.334+0.02 and 0.14 +0.07). Nevertheless, the relaxation
contribution (ky) is substantially higher in Std2D than in Std11D, which
aligns with their distinct rheological fingerprints (Fig. 8). Std11D forms
a remarkably dense and rigid network (Fig. 81), strongly constraining
physical chain relaxation during hydration. Conversely, Std2D exhibits a
far more compliant network (Fig. 8a), offering lower resistance to chain
relaxation upon contact with water.

Conversely, the crosslinked matrices Std8D (n = 1.4+ 0.1) and
Std12D (n = 1.32 £+ 0.05) yielded diffusion exponents exceeding unity
(n > 1.0). Exponents above the upper theoretical bound of the Kors-
meyer—Peppas model (n = 0.89) indicate that drug movement is no
longer governed by standard Fickian diffusion dynamics. When these
profiles were evaluated using the Peppas-Sahlin model with a fixed
Fickian exponent (m = 0.5), the diffusion contribution collapsed to
zero,; while, the relaxation term (kt'®) completely dominated the
release kinetics (ko = 1.0 + 0.3 and 0.7 + 0.2, respectively).

These combined model outputs demonstrate clear physical conver-
gence: Fickian diffusion plays a negligible role in Std8D and Std12D.
Instead, drug release in these formulations is governed almost exclu-
sively by rapid polymer network relaxation, matrix disentanglement,
and progressive hydrogel erosion (Mady & Donia, 2015). The shift from
anomalous transport in uncrosslinked formulations (Std2D, Std11D) to
relaxation-dominated Case II transport in ionic crosslinked matrices
(Std8D, Std12D) stems from structural reorganization induced by Ca?t
ions. In uncrosslinked matrices, a loose network permits rapid water
penetration and immediate Fickian diffusion. In crosslinked

Kinetic parameters of the release profiles evaluated by using the Korsmeyer-Peppas and Peppas-Sahlin mathematical models.

KORSMEYER-PEPPAS PEPPAS-SAHLIN Inferred Mechanism*
Sample kgp (min™) n R? k1 (min®°) ks (min~1) R?
Std2D 0.76 £ 0.06 0.86 + 0.02 0.998 0.8 £0.2 0.33 £0.02 0.997 Anomalous (Non-Fickian)
Std12D 0.11 + 0.02 1.32 £+ 0.05 0.996 0 0.7 £ 0.2 0.94 Anomalous (Non-Fickian)
Std11D 1.3+0.7 0.7 £ 0.1 0.916 1.9+0.8 0.14 £ 0.07 0.901 Relaxation/Erosion-dominated
Std8D 0.20 + 0.08 1.44+0.1 0.992 0 1.0+ 0.3 0.91 Relaxation/Erosion-dominated

* Evaluated for cylindrical geometry. For n < 0.45, mechanism is Fickian diffusion; 0.45 < n < 0.89 indicates anomalous (non-Fickian) transport; n = 0.89 cor-
responds to Case II transport. Values of n > 1.0 exceed the classical upper validity boundary of the Korsmeyer—Peppas model (n = 0.89). When evaluated alongside
Peppas-Sahlin parameters (k; ~ 0 and k, > 0, fixed m = 0.5), this behaviour indicates release driven predominantly by macromolecular polymer chain relaxation,
network disentanglement, and hydrogel matrix erosion rather than standard Fickian diffusion.
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formulations, dense gel-vitreous domains act as physical barriers that
suppress free diffusion (k; = 0), making release dependent on front-like
hydration and mechanical chain relaxation. Furthermore, k, was higher
for Std8D than for Std12D. Std12D possesses a rigid, tightly crosslinked
network characterized by a narrow linear viscoelastic region and a low
critical yield strain (y., Fig. 8), limiting macromolecular mobility and
slowing water penetration. Conversely, Std8D displays a lower storage
modulus and higher critical yield strain, yielding a more compliant
matrix that undergoes rapid hydration and relaxation, yielding a higher
relaxation rate constant (k»).

4. Conclusion

In this work a design of experiments approach was successfully used
for mapping the printability of Ker/iCar hydrogels using an Ashby-type
chart (G yg Vs 0fow) By integrating response surfaces with this rheo-
logical map, this study established a predictive framework that accu-
rately identifies the optimal blending ratios and crosslinker
concentrations required to achieve high-fidelity 3D printing of Ker/i-Car
hydrogels via Direct Ink Writing (DIW).

The Ashby-type printability map successfully established critical
boundaries (G, and of) for Ker/1-Car hydrogels, demonstrating that
2% 10? Pa < Garvg < 1.4 x 10® Pa and 20 Pa < oy < 320 Pa, while
strictly maintaining the ratio G'azvr /0y < 20 are essential conditions to
avoid nozzle clogging or structural collapse during direct ink writing.
Predictive response surfaces effectively mapped the complex de-
pendencies of hydrogel elasticity and yield stress on input factors. The
close agreement between the predicted and experimental validation
runs confirms the robustness of this optimization strategy for engi-
neering reliable DIW 3D printing inks.

Time-resolved Cole-Cole trajectories and Lissajous—Bowditch curves
successfully mapped the transient structural transitions—spanning pre-
yield strain stiffening, cooperative junction rupture, and viscous
backflow—that mirror the real-world extrusion and deposition phases of
DIW. Specifically, the characterization of the first derived moduli re-
veals that uncrosslinked blends transition from a rigid, junction-zone-
dominated carrageenan network to a more strain-tolerant entangle-
ment-driven system as the keratin content increases. Conversely, the
addition of a calcium crosslinker shifts the yielding mechanism toward a
brittle, cooperative rupture of ionic junctions, which eliminates flow
heterogeneities (secondary loops) but results in a sudden, collective
structural collapse at critical strain thresholds. The strain-stiffening (S)
and shear-thinning (T) indices confirm that while ionic crosslinking
accelerates the onset of nonlinear elasticity, the complex ‘stiffening-
softening-stiffening' profile observed in keratin-rich blends highlights a
highly tunable network where chain alignment and cooperative junction
dissociation dictate the material's failure threshold. The validation of the
intracycle recovery loss factor (tané,,.) provides a robust, processing-
relevant metric to screen hydrogel formulations for rapid elasticity re-
covery and geometric fidelity. Drug loading narrowed the linear visco-
elastic region and significantly enhanced transient elastic energy storage
before yielding, causing key formulations to shift into a different posi-
tion in the printability map. Concurrently, multi-technique spectro-
scopic and structural analyses successfully elucidated the molecular
mechanisms driving hydrogel assembly and drug integration. FTIR and
XRD characterizations confirmed that while divalent calcium (Ca?")
ions establish robust ionic crosslinking through direct coordination with
the keratin backbone and carrageenan sulfate groups, inducing matrix
compaction and highly ordered p-sheet crystalline registries. The
dexamethasone interacts primarily via non-ionic, supramolecular
hydrogen bonding. Crucially, these molecular insights provide a defin-
itive rationale for the system's macroscopic rheological performance. In
the absence of ionic crosslinkers, Dex effectively acts as a dynamic
physical crosslinker by anchoring across open polymer sites, resulting in
pronounced non-linear viscoelastic responses. Conversely, in densely
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crosslinked networks, steric exclusion forces the drug to localize at
macro-domain interfaces. Finally, mathematical modeling of the drug
release kinetics confirmed a profound transition from diffusion-
controlled anomalous transport in loose, uncrosslinked formulations to
a purely relaxation-driven Super Case II transport mechanism in
Ca*"-crosslinked matrices. This kinetic shift was beautifully validated
by experimental swelling rates and viscoelastic signatures, showing that
while dense ionic crosslinking suppresses Fickian diffusion to zero (k; =
0), the absolute rate of relaxation-driven release (kz) can be finely
regulated by adjusting the biopolymer ratio to modulate network ri-
gidity and hydration dynamics.
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