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New Concepts

This work reframes ion—protein coordination from a local crosslinking motif into a programmable design
principle for soft multifunctional materials. We show that a widely available, low-cost protein (sodium
caseinate) can be converted into a family of mechanically and structurally tunable hydrogels by changing
only the identity of the coordinating multivalent ions, without altering polymer chemistry or introducing
covalent crosslinks. In contrast to most ionic gels, which are dominated by polysaccharide systems or
isolated, case-specific chemistries, we establish protein-based ionic networks as a distinct and general
materials class. Crucially, we introduce an operational packing hierarchy that links ion coordination to
nanoscale organization and macroscopic function within a unified framework. The central conceptual
advance is that ion identity itself becomes an independent “programming variable”, enabling rational
control of network density, stiffness, and electromechanical response across orders of magnitude. This
work provides a transferable strategy for designing protein-based ionic soft matter, bridging molecular
coordination, multiscale structure, and emergent function, opening a new route to sustainable,
mechanically programmable materials for soft electronics and beyond.
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lon—protein coordination represents an underexploited design
principle to assemble multiresponsive, soft, sustainable materials.
Here, we harness sodium caseinate to construct programmable
ionically crosslinked hydrogels in which multivalent cation selection
governs the network architecture and enables a broad tunability of
mechanical and other functional properties. A systematic study of
cation types, including Ca?*, Sr2*, Ba%*, Mn?*, Cu?*, Zn%*, Fe3*, A3+,
and Zr*, revealed pronounced ion-specific control over mechanical
stiffness (1.5 kPa to 1.8 MPa), thermal stability, and hierarchical
architecture. Multimodal characterization of their compositional,
structural, morphological, thermal, spectroscopic, and mechanical
properties enabled the tailoring of an empirical packing hierarchy
for M**-caseinate networks (MCas). Leveraging this tunability, we
demonstrate proof-of-concept piezoresistive soft sensors in which
ionic crosslinking of caseinate modulates the mechanical properties
of caseinate—gelatin organohydrogel matrices. These matrices,
crosslinked with Sr2* and Zn?*, exhibit linear AR/R, responses with
gauge factors (1.84-2.20) competitive with state-of-the-art
organohydrogel Real-time measurements further
demonstrate their ability to detect bending angles and encode
dynamic inputs, such as Morse-code signals. These results position
MCas as a sustainable, ion-tunable platform for the rational design
of mechanically programmable protein hydrogels, opening
opportunities in bioinspired materials for soft electronics and
wearable sensing.

sensors.

New Concepts

This work reframes ion—protein coordination from a local
crosslinking motif into a programmable design principle for soft
multifunctional materials. We show that a widely available, low-
cost protein (sodium caseinate) can be converted into a family
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of mechanically and structurally tunable hydrogels by changing
only the identity of the coordinating multivalent ions, without
altering polymer chemistry or introducing covalent crosslinks. In
contrast to most ionic gels, which are dominated by
polysaccharide systems or isolated, case-specific chemistries,
we establish protein-based ionic networks as a distinct and
general materials class. Crucially, we introduce an operational
packing hierarchy that links ion coordination to nanoscale
organization and macroscopic function within a unified
framework. The central conceptual advance is that ion identity
itself becomes an independent “programming variable”,
enabling rational control of network density, stiffness, and
electromechanical response across orders of magnitude. This
work provides a transferable strategy for designing protein-
based ionic soft matter, bridging molecular coordination,
multiscale structure, and emergent function, opening a new
route to sustainable, mechanically programmable materials for
soft electronics and beyond.

Introduction

Soft electronics use compliant, water-rich materials that convert
mechanical inputs into electrical signals without sacrificing
biocompatibility and mechanical conformity.! Hydrogels, with their
extreme stretchability, fast ion transport, and tissue-like softness,
have become key components in soft electronics, powering advances
in wearable sensors, biointerfaces, and soft robotics.! Within this
evolving landscape, biopolymer-based hydrogels are rapidly gaining
attention. Their intrinsic sustainability, structural diversity and
chemical functionality offer advantages over synthetic counterparts,
particularly for systems where environmental compatibility or
biological interfacing is crucial.’™ In addition, the increasing demand
for greener technologies has intensified the search for low-cost,
renewable biopolymers that can provide both mechanical
robustness and tunable functional responses.2>
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Unfortunately, the translation of biopolymers into functional
materials remains nontrivial. Many natural polymers exhibit inherent
batch-to-batch variability, limited structural uniformity, and
insufficient mechanical resilience under cyclic deformation.
Moreover, their complex molecular architectures often limit the
independent tuning of their properties, jeopardizing their
optimization and long-term reliability. These constraints underscore
the need for identifying biopolymers capable of forming
mechanically programmable networks via simple fabrication
strategies while retaining strong potential for functional property
tuning. In this context, alginate, a widely studied polyanionic
polysaccharide, has recently emerged as a prototypical system.
Alginate forms stable and robust ionic hydrogels with divalent or
trivalent cations and has been broadly applied in biomedical and
energy contexts, as the ions act not only as a source of specific
functionality, but also as structuring agents.®® However, alginate
lacks the chemical complexity and tunable secondary structure of
proteins.’%!l Proteins represent unique, versatile platforms for
advanced materials design, as their amino acid sequences encode a
rich array of functional groups that dictate conformational flexibility
and multivalent  interaction  motifs.2?71®  Their intrinsic
conformational adaptability and rich repertoire of reversible non-
covalent interactions further expand their self-assembly behavior,
making proteins attractive building blocks for smart hydrogels whose
network properties can be modulated by external stimuli.}” These
features rule the process of self-assembly, yielding a broadest variety
of supramolecular architectures, including liquids, gels, fibers, and
crystalline lattices. Despite these potentials, widely available natural
proteins from industrial byproducts are still rarely explored in
material design. Sodium caseinate, a milk-derived protein abundant
in dairy byproducts, offers an amphiphilic, polyelectrolytic matrix
rich in carboxylate and amine groups capable of coordinating
multivalent cations and forming supramolecular networks.1-22 The
coordination behavior of these functional groups depends on ion
charge density and coordination environment, determining whether
ion binding promotes network formation or protein collapse and
precipitation in dilute systems. Its amphiphilic character and
chemical versatility make caseinate an attractive candidate for
sustainable materials design. However, strategies for structuring it
into robust, water-insoluble materials remain limited.

To date, the structuring of caseinate has primarily relied on
enzymatic crosslinking via transglutaminase,?3?* or on ionic
complexation under dilute conditions.?>?” While the latter approach
has provided insights into protein—ion interactions, it has not been
used to produce physically crosslinked hydrogels with sufficient
mechanical integrity or practical utility. Consequently, caseinate
remains largely absent from the rapidly expanding field of ionic gels
for functional materials.628-33 The present work builds on the
hypothesis that concentrated sodium caseinate (NaCas), despite its
micellar nature and relatively low molecular weight, could form
cohesive hydrogels with useful functional performance via direct
coordination with multivalent cations, provided sufficient proximity
between chains is achieved. This approach would enable the
generation of programmable protein networks governed by ion
identity. Such control could allow precise modulation of hybrid
system functions with potential applications in fields such as tissue
engineering, bioelectronics, soft robotics, and energy storage.

2| J. Name., 2012, 00, 1-3

Here, we report the self-assembly-mediated synthesis, of iqnisally
crosslinked caseinate hydrogels (MCas) Usigl@lbToEPNiPary GoF
multivalent cations (Ca?*, Sr¥*, BaZ*, Mn?*, Cu?t, Zn?*, Fe3*, A3+, Zr%).
This ion library was selected to systematically probe the role of cation
valency, size, coordination geometry, and associated pH conditions
on protein assembly. We demonstrate that cation-caseinate
interaction drives network formation and directly governs structural
hierarchy and macroscopic properties. Small-angle X-ray scattering
(SAXS) reveals cation-dependent differences in the average spacing
between crosslinked domains, quantified as correlation lengths
ranging from 6.4 nm (loose networks) to 1.0 nm (densely packed).
These nanoscale features strongly correlate with the observed
porosity and mechanical properties (compressive modulus: 1.5 kPa
to 1.8 MPa) of the hydrogels.

As a proof-of-concept application, we selected two representative
MCas systems for device integration: ZnCas, embodying the stiffest
and most compact network, and SrCas, representing the softer and
more compliant one. These hydrogels were combined with gelatin
and glycerol into hybrid organohydrogels (MGelCas), where the ionic
crosslinking of caseinate provides a direct and powerful handle to
program tensile stiffness, extensibility, and network packing. More
broadly, this hybrid strategy also provides a practical route to
mitigate the brittleness of densely crosslinked caseinate networks
while preserving their mechanical reinforcement. Such ion-
dependent mechanical tunability is particularly attractive for soft-
electronics applications, where strain sensitivity and deformation-
dependent transport emerge from the interplay between network
density and ionic mobility. Leveraging this tunability, we show that
caseinate-based organohydrogels can function as piezoresistive soft
sensors, translating mechanical deformation into reproducible
electrical signals. By transforming a widely available dairy-industry
by-product into a tunable, ion-responsive functional matrix, M**-
caseinate crosslinking expands the design space of protein-based
materials and introduces a previously unexplored route to
sustainable, mechanically programmable soft electronics.

Results and Discussion

lon-Driven Assembly of Caseinate Hydrogels

Concentrated sodium caseinate (20% w/v) undergoes rapid gelation
upon exposure to multivalent cations, yielding robust, shape-stable
hydrogels. The addition of a 0.5 M aqueous solution of the
corresponding metal chloride (MClx) to NaCas leads to the
immediate formation of cohesive, free-standing networks. Despite
the conceptual simplicity of this approach (Section S1.2, Sl), such
materials have remained underexplored and mostly limited to food
structuring and delivery of bioactives®**—likely because caseinate’s
relatively low molecular weight and micelle-like aggregation in dilute
media obscure its latent ability to form ion-bridged networks. In
contrast to prior work on dilute dispersions or enzymatic covalent
routes, we show that concentrated NaCas yields stable, percolated
ionic networks by simple coordination, provided chain proximity is
ensured. In the specific case of Fe3*, A3+, and Zr**, their salt solutions
are strongly acidic (pH < 3); under these conditions, partial
protonation of caseinate could accompany metal-ion coordination
(Section S1.2, Sl). Figure 1a illustrates the crosslinking mechanism
producing MCas hydrogels (M = Ca, Sr, Ba, Mn, Cu, Zn, Fe, Al, Zr) and
photographs of the resulting samples, prepared in molds and
portrayed after removal.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. a) Schematic of NaCas micelle formation in solution (left) and ionic crosslinking with multivalent metal ions (M** = Ca?*, Sr?*, Ba?*,
MnZ*, Cu?*, Zn?*, Fe3*, Al3*, Zr**), forming metal-caseinate (MCas) hydrogels with distinct appearances (right). b) FTIR spectra of NaCas and
MCas samples showing metal-dependent shifts. Enlarged regions highlighting changes in c) carboxylate asymmetric stretching and d) N-H
stretching, indicating coordination with carboxyl and amino groups. e) Casein peptide model in which residues involved in metal binding are
highlighted. High-resolution XPS spectra of NaCas and ZnCas: (f) C 1s, (g) O 1s, (h) N 1s. FTIR spectra are offset for clarity; the assignments of
the most significant bands are reported in Table S2. FTIR and XPS spectra are normalized with respect to the most intense peak.

Distinct ion-polymer coordination behaviors translate into
macroscopic differences in texture and appearance. ZnCas and AlCas
show pronounced volumetric contraction during gelation (Table S1),
consistent with higher effective crosslink density and coordination-

induced dehydration. Conversely, alkaline-earth-crosslinked gels

This journal is © The Royal Society of Chemistry 20xx

(Ca/Sr/Ba) appear softer and more elastic, indicating weaker
effective coordination.

Inductively coupled plasma atomic emission spectroscopy (ICP-AES)
(Table S1) shows that the ion retention spans from around 0.4 to 1.5
millimoles per gram of caseinate. These differences reflect a

J. Name., 2013, 00, 1-3 | 3
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multivariate interplay of ionic radius, charge density, hydration
energy, and specific affinity for caseinate functional groups,
providing a tunable handle to modulate network architecture and
properties.

Fourier-transform infrared spectroscopy (Figure 1b) unveils the
coordinating motifs. Across all MCas samples, the symmetric
carboxylate stretching [vs,m(COO")] near 1398 cm! shifts to higher
wavenumbers (Figure 1c; Table S2), highlighting carboxylate
participation in coordination. For CuCas, ZnCas, FeCas, and AlCas, this
band shifts enough to overlap with the 6N-H mode (near 1446 cm™),
preventing separate resolution of the two features. In addition, all
MCas samples show perturbations in the N-H stretching region
(~3280 cm; Figure 1d; Table S2). In Zn?*-crosslinked gels, a
pronounced downshift (3291 - 3252 c¢cm™) points to stronger
interactions of nitrogen-containing groups and/or reinforced
hydrogen bonding within the coordinated network—coherent with
the tight network formation and volumetric contraction observed for
ZnCas.

a b

To further probe the coordination environment, X-ray phetoelectrop
spectroscopy (XPS) is performed on all MCa&$samples{Pepridritative
spectra for NaCas and ZnCas in Figure 1f-h; full datasets in Figure S1-
S9). In ZnCas, the C 1s region (Figure 1f) shows increased intensity
and broadening of both the C=0 and C-O/C-N components,
consistent with coordination to carboxylate, amide oxygen, and
amine-linked carbon atoms. The O 1s region (Figure 1g) exhibits
analogous broadening of the carbonyl contribution. In the N 1s
region (Figure 1h), a higher-binding-energy N* component (~402 eV)
emerges alongside a slight upshift of the amide-N peak, indicating
partial involvement of nitrogen sites and the appearance of
positively polarized/protonated nitrogen. The other MCas systems
display similar spectral signatures, emerging as component
broadening, noticeable chemical-shift, and N* varying in intensity.
CaCas deviates only in the latter, highlighting calcium preferential
interaction with C=0 and C-O moieties. These XPS results fully align
with FTIR findings, confirming that multivalent cations interact with
both carboxylate and amide/amine functionalities.
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Figure 2. a) DSC thermograms and (b) SAXS curves of NaCas and MCas gels. The fitting curves are shown as continuous black lines, except for
NaCas, whose fit is shown in white. c) Extracted T, values and d) correlation lengths (§) for NaCas and MCas, highlighting how ionic crosslinking
governs polymer chain assembly. e) Schematic illustration of the transition from micellar dispersions to ionically crosslinked networks via
MX** coordination. f) Conceptual visualization of the influence of cation identity on nanostructural packing and correlation length.

lon-Dependent Segmental Dynamics and Nanoscale Packing

To directly correlate ionic coordination to macroscopic function, we
probe the segmental dynamics of the networks by differential
scanning calorimetry (DSC). (Figure 2a). Glass-transition temperature
(Tg) is a sensitive gauge of chain mobility and network rigidity, and
therefore crucial to understanding how ion identity governs the
structural and mechanical response of MCas hydrogels. As
summarized in Figure 2c and Table S3, gels crosslinked with alkaline-
earth ions (Ca%*, SrZ*, Ba?*) exhibit glass-transition temperatures
comparable to native NaCas (~72.2 °C), indicating only minor
restrictions of chain mobility. In contrast, interactions with transition
metal and high-valent ions (Mn?*, Cu®*, Zn?*, Fe3*, AI3*, Zr*) shift T,
upward—up to 76.6 °C for AlCas—consistent with tighter interchain
coordination and suppressed segmental dynamics.83536

While DSC provides crucial information on segmental dynamics, SAXS
allows to gain a deeper structural insight by resolving how ion
identity dictates nanoscale packing within the hydrated networks.
(Figure 2b; Section S6, Sl). Dispersions of NaCas display a broad peak
atq=0.031 Al(d= 21/q = 20.3 nm), indicative of a weak structure-
factor arising from short-range correlations (i.e., center-to-center
distance) among micelle-like caseinate aggregates. Upon ionic
crosslinking, this correlation peak disappears, and the profiles are

Microscale

Nanoscale

well described by a Porod-Lorentzian model (Eq. S2), consistent with
a percolated, disordered polymer network lacking inter-aggregate
order (Figure 2e). For cross-sample comparison, we refer to the
primary correlation length (&), i.e., the dominant low-q Lorentzian
term, corresponding to the average spacing between crosslinked
domains (Figure 2d).83537-%0 |n a subset of samples, an additional
high-q feature (§) was found, which reflects a shorter-range
substructure but does not alter the §i-based ranking (Table S4).
Based on &3, BaCas, SrCas, MnCas, and CaCas exhibit long values (4.7-
6.4 nm), indicating relatively loosely-packed structures. CuCas,
FeCas, AlCas, and ZrCas show intermediate densities (§ ~ 2.3-2.9
nm), while ZnCas stands out with the shortest £ (1.0 nm), consistent
with its ultracompact nanoarchitecture and marked volumetric
shrinkage at the macroscale. Importantly, this §;-based structural
hierarchy mirrors the mechanical stiffness trends shown below,
indicating that ion identity governs nanoscale packing and
compaction. Together, the DSC and SAXS results establish that cation
identity dictates network packing, which hierarchically propagates to
govern macroscopic properties, ranging from structural rigidity to
electrochemical performance.

Please do not adjust margins
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Figure 3. a) Schematic representation of the relationship between nanoscale packing density (left) and resulting. micrescale
porosity (right), as modulated by cation identity. Loosely packed nanonetworks (e.g. Ca2*, Sr2*, Ba2*, Mn2*)35Nid ¢is& IV ORRaI=
defined pores, whereas densely crosslinked systems (e.g. Zn?*, Fe3*, Zr**) form compact architectures with minimal porosity. AlCas
is not included, due to its irregular morphology. b,c) SEM images of freeze-dried CaCas hydrogels, representative of SrCas, BaCas,
and MnCas. d,e) SEM images of freeze-dried ZnCas hydrogels, representative of FeCas, and ZrCas. Scale bars: 8 um (b,d); 2 um

Open Access Article. Published on 20 April 2026. Downloaded on 4/21/2026 11:39:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

(c,e).

From Nanoscale Packing to Microscale Architecture

Having established the nanoscale packing hierarchy of MCas
hydrogels, we next investigate how internal organization governs the
microscale architecture of the dried materials. Scanning electron
microscopy (SEM) of freeze-dried gels reveals marked differences in
porosity and structural texture that directly reflect the identity of the
coordinating ion (Figure 3). Notably, variations in & report on ion-
dependent nanoscale density fluctuations within the hydrated
network, whereas the similar morphologies observed by SEM arise
from the mesoscale topology of the dried skeleton and therefore do
not mirror these local structural differences.*'42

Hydrogels crosslinked with the alkaline-earth Ca?*, Sr?*, and Ba?*
form highly porous, interconnected networks with well-defined
macropores (Figure 3b, ¢ and Figure S11-S13). MnCas displays a
similar morphology, suggesting that despite its distinct chemical
nature, Mn?* enables a comparably open network (Figure $14), likely
due to its lower charge density and weaker coordination affinity.

In contrast, ZnCas, FeCas, and ZrCas yield compact, finely textured
architectures with small porosities and high uniformity (Figure 3d,e
and Figure S16-S17, $19), indicative of densely coordinated polymer
networks. AlCas also forms a compact network, but with irregular
features—alternating domains of pronounced porosity and nearly
pore-free regions (Figure $18). This heterogeneous pattern suggests
uneven local crosslinking and phase separation during gelation.
CuCas instead exhibits an intermediate morphology, combining
characteristics of both regimes (Figure S15). This structure aligns
with a moderate coordination affinity and crosslinking density.
These observations confirm that the coordinating ion governs not
only nanoscale packing but also emergent microscale architecture.
The ability to modulate porosity and morphological density through
ionic crosslinking offers a versatile, bioinspired route to tailor
material properties across hierarchical length scales. We
demonstrate that this morphological hierarchy directly governs bulk
properties, including mechanical stiffness and, potentially, solvent
transport.

a b
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Figure 4. a) Compressive stress-strain curves showing cation-dependent stiffness; Full range curves in Figure S20. b) Compressive modulus
(CM) values, with ZnCas as the stiffest and CaCas, SrCas, BaCas and MnCas as the softest. CuCas shows intermediate stiffness. Inset: expanded

view of the soft MCas hydrogels’ CM values.

Mechanical Performance and Operational Packing Hierarchy

Compressive testing (Figures 4 and S20, Table S5) underscores how
crosslinking cations rule the mechanical performance of MCas
hydrogels, yielding networks that vary widely in stiffness—with
compressive moduli spanning over two orders of magnitude across
the series. ZnCas exhibits the highest stiffness (1.8 MPa), followed by
FeCas (844 kPa), AlCas (557 kPa), and ZrCas (359 kPa). These values
are in excellent agreement with the densest nanostructures and
most compact morphologies observed via SAXS and SEM. In contrast,
CaCas, SrCas, BaCas, and MnCas form the softest gels (CM

6 | J. Name., 2012, 00, 1-3

< 11.4 kPa), consistent with their loosely packed networks and open
porosity. CuCas occupies an intermediate regime (76 kPa), further
supporting its transitional coordination behavior.

These results establish a direct correlation between ionic interaction
strength, nanoscale packing, and bulk mechanical response. lon
identity serves as a powerful design lever to tune mechanical
performance without altering the protein backbone—enabling
application-specific tailoring.

Upon integrating DSC, SAXS, SEM, and compressive mechanics, we
define an operational packing hierarchy for MCas hydrogels (20%

This journal is © The Royal Society of Chemistry 20xx
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w/v NaCas; 0.5 M MCly; hydrated): Zn?* > Fe3* ~ AP* ~ Zr** > Cu?* >
Mn?2* > Ca?* ~ Sr#* ~ Ba?*. The ranking combines systematic Ty shifts
progressive shortening of &
densification (SEM), and rising CM (mechanical testing), and captures
network compaction rather than intrinsic binding affinity. Crucially,
this multi-technique hierarchy establishes a practical design rule for
and porosity—providing a
generalizable guideline for tailoring protein-based hydrogels.

Taken together, these results position MCas hydrogels as versatile
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can impart antimicrobial activity, while Fe3* and Zn?* may introduce
redox or catalytic functionality, further broadening the application
landscape. Consistently, MCas hydrogels retain mobile ions that form
percolated aqueous pathways, yielding measurable ion-dependent
ionic conductivity even after extensive washing (Table S6),
underscoring the sustained ion retention and mobility within the
protein network.

microstructural
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Figure 5. a) Tensile stress—strain curves of ZnGelCas and SrGelCas hydrogels, highlighting the strong ion-dependent modulation of stiffness.
b) Relative resistance variation (AR/Ro) under tensile strain for SrGelCas and ZnGelCas, showing linear piezoresistive behavior with gauge
factors (GF) of 1.84 and 2.20, respectively. c) Stepwise strain-dependent AR/R, response under cyclic tensile deformation at increasing strain
amplitudes (5.0-12.5%), demonstrating reproducible and strain-amplitude-dependent electrical signals for both systems. The slowly varying
baseline due to ionic current relaxation was subtracted for clarity. d) Long-term cyclic response of SrGelCas and ZnGelCas under repeated
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deformation at fixed strain (7.5%); the 8000 s duration corresponds to approximately 800 deformation cycles. ZnGelCas exhibitsa mere
stable signal amplitude over prolonged cycling, indicating enhanced mechanical and electrical robustness under repé¥ted déféPivstion) WhRh
is advantageous for more demanding sensing applications. e) Benchmarking plot comparing the gauge factor and working strain range of
MGelCas sensors (this work) with reported organohydrogel stretchable sensors. Reference entries 43-46 correspond to fully biopolymer-
based scaffolds, whereas entries 47-67 represent synthetic or hybrid organohydrogels. ZnGelCas and SrGelCas occupy a competitive regime
among sustainable materials. f) Proof-of-concept real-time strain sensing using SrGelCas, including bending-angle tracking (0°-90°) and
Morse-code transmission (“SOS”), evidencing rapid, reversible, and high-contrast signal output during repeated deformation.

From lon-Controlled Mechanics to Piezoresistive Soft Sensors
Building on this multi-technique structural and mechanical hierarchy,
we next examined how ion-directed network compaction translates
into piezoresistive performance, a key functional response in soft-
material sensing. While MCas hydrogels inherently retain mobile
counterions (Table S6), enabling moderate ionic conductivity, their
distinct mechanical regimes suggest that strain-dependent
perturbations of percolated aqueous pathways could be harnessed
to realize wearable biopolymer-based sensors.

To evaluate this concept, we prepared hybrid caseinate—gelatin—
glycerol organohydrogels (MGelCas) crosslinked with representative
stiff (Zn?*) and soft (Sr?*) ions (see Section S1.3 for preparation
details). Gelatin—glycerol organohydrogels have been recently
established as effective platforms for soft electronic materials,
combining high flexibility with enhanced stability against
environmental fluctuations.*® Here, the introduction of caseinate
serves as a mechanical design lever, extending the strategy we
previously established with alginate—gelatin organohydrogels, where
biopolymer blending and ion coordination were used synergistically
to modulate stiffness for functional flexible materials.* The resulting
transparent MGelCas strips (Figure S21) retain the ion-specific
mechanical contrast observed in aqueous MCas systems and display
well-defined tensile behavior suitable for repeated deformation.
Consistent with their position in the packing hierarchy, ZnGelCas
exhibits a markedly higher Young’s modulus/ultimate tensile
strength (UTS) and a lower extensibility than SrGelCas (Figure 5a,
Table S7), confirming that Zn?*-driven network compaction persists
even within the organohydrogel environment. This compaction also
manifests as a pronounced difference in final sample thickness:
ZnGelCas shrinks to ~630 um, whereas SrGelCas remains thicker
(~930 um), reflecting the higher packing density of the Zn-
coordinated network (Table S7).

Under uniaxial traction, both materials exhibit linear, reversible
resistance variations (AR/Ro), reflecting strain-induced modulation of
ionic pathways. ZnGelCas reaches a gauge factor (GF) of 2.20,
whereas SrGelCas shows 1.84 (Figure 5b). The higher sensitivity of
the Zn-crosslinked network reflects its denser microstructure, where
small geometric perturbations more strongly influence channel
tortuosity and ion mobility. These results demonstrate that ionic
coordination dictates both tensile stiffness and electromechanical
transduction, establishing a practical route for tuning strain
sensitivity in protein-based soft materials.

To assess signal reproducibility under dynamic operation, the
piezoresistive response of MGelCas was examined under cyclic
tensile deformation. Stepwise strain tests (5.0-12.5%) reveal stable,
repeatable AR/Ro oscillations with amplitudes that increase

8| J. Name., 2012, 00, 1-3

systematically with strain for both SrGelCas and ZnGelCas (Figure 5c),
confirming reversible electromechanical transduction within the
operational window. Long-term cycling at fixed strain (7.5%)
demonstrates sustained signal modulation over ~800 deformation
cycles (8000 s), with ZnGelCas exhibiting a more stable response
amplitude than SrGelCas (Figure 5d). Extended cycling tests further
confirm the high operational stability of ZnGelCas under prolonged
deformation, highlighting its suitability for more demanding sensing
conditions (Figure S22). This behavior is consistent with the higher
packing density and mechanical robustness of the Zn?*-crosslinked
network, underscoring the role of ion-directed compaction in
enhancing durability under repeated deformation.

To contextualize performance, we compared MGelCas with reported
biopolymer-based and synthetic hydrogel sensors (Figure 5e). Both
ZnGelCas and SrGelCas occupy a competitive region of the GF—strain
landscape for organohydrogels and represent one of the few fully
biopolymer-based scaffolds reported in this field.*3-%7 At the same
time, normalization of the gauge factor by the Young’s modulus
(GF/YM, Table S7) reveals a substantially higher effective
electromechanical sensitivity for SrGelCas (=24.2 MPa) than for
ZnGelCas (=9.5 MPa?), highlighting the crucial role of network
compliance in strain transduction. This positions caseinate
(previously absent from soft-electronics research) as a highly
tunable, sustainable platform for strain sensing. More broadly, the
present results suggest that caseinate-based organohydrogels could
also be extended in the future toward structured or printed soft-
sensing platforms, as explored in other hydrogel-based systems.%8
Finally, SrGelCas, representative of the softer and more compliant
regime within the MGelCas platform, was integrated into a simple
wearable-sensor configuration to demonstrate real-time operation
under gentle mechanical inputs. Owing to its lower stiffness and
higher deformability, SrGelCas accurately tracks bending angles from
0° to 90° with high signal fidelity and can encode temporal inputs
such as Morse-code sequences (“S0OS”), yielding sharp and
reproducible AR/Ro responses during operation (Figure 5f). These
results highlight how ion identity enables access to distinct
operational regimes within the same material platform, with softer
networks favoring low-demand, highly conformable wearable
sensing, while denser networks are better suited for mechanically
demanding applications. In light of our previous demonstration that
analogous ionically crosslinked biopolymer organohydrogels
respond to temperature and humidity, the present MGelCas systems
are also promising candidates for multimodal sensing beyond
strain.** Collectively, this versatility confirms MCas and MGelCas as
programmable building blocks for soft, biocompatible sensing
technologies.

This journal is © The Royal Society of Chemistry 20xx
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Conclusions

This work introduces a previously unexplored class of ionically
crosslinked hydrogels based on sodium caseinate, a renewable,
amphiphilic protein widely available as a by-product of the food
industry and endowed with a rich landscape of coordination-active
functional groups. By leveraging its coordination properties towards
multivalent metal cations, we demonstrate that high-concentration
NaCas solutions can undergo rapid gelation, forming robust,
freestanding hydrogels through non-covalent ionic crosslinking. A
broad series of cations (Ca?*, Sr2*, BaZ*, MnZ*, Cu?*, Zn?*, Fe3*, Al3,
Zr**) was systematically investigated, revealing strong ion-specific
modulation of the resulting hydrogels’ physicochemical properties.
Comprehensive characterization using FTIR, XPS, SAXS, DSC, SEM,
and mechanical testing revealed a direct link between ion identity,
network density, and mechanical stiffness—culminating in an
empirical operational packing scale that offers a foundational design
tool for future caseinate-based materials.

Building on these insights, we translated the ion-programmed
mechanical properties of MCas into functional soft-electronic
behavior. Caseinate—gelatin—glycerol organohydrogels (MGelCas)
formulated with representative soft (Sr?*) and stiff (Zn2*) crosslinkers
were shown to operate as reproducible piezoresistive soft sensors,
where tensile deformation generates stable, linear resistance
variations. The two systems display gauge factors of 1.84 and 2.20
(SrGelCas and ZnGelCas), placing them toward the upper side of the
typical performance range of state-of-the-art organohydrogel strain
sensors, which generally span gauge factors of ~0.5-3. Their ability to
detect bending angles and encode temporal input patterns further
highlights their suitability for wearable and human—motion sensing.
Allin all, this study positions ionically crosslinked caseinate hydrogels
as a versatile and sustainable platform for programmable soft
materials. By bridging protein chemistry with ionic coordination, we
establish a general route to mechanically tunable, bio-derived
hydrogels and organohydrogels, opening new opportunities in soft
electronics, wearable sensing, and bioinspired materials design.
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