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We demonstrate a redox-switchable gelation system for unmodi-
fied cellulose nanocrystals (CNCs) driven by the oxidation of ferro-
cene (Fc). Upon oxidation of Fc to ferrocenium (Fc*), achieved
either chemically or electrochemically, the increased ionic strength
screens electrostatic repulsion between negatively charged CNC
rods, thereby inducing physical gelation. The gel strength can be
reversibly modulated: oxidation produces a strong gel, and subse-
quent reduction weakens it. Multiple redox cycles enable repeated
switching, although complete recovery of the initial fluidity is not
obtained. Rheological, spectroscopic, and electrochemical analyses
confirm that the gelation arises from Fc*-mediated electrostatic
screening without any chemical modification of CNCs. This simple,
additive-driven strategy provides a sustainable platform for electro-
responsive soft materials from renewable nanocrystals, with
potential applications in drug delivery, microfluidic valves, and
electro-assisted 3D printing.

Introduction

Stimuli-responsive gels are soft materials that show changes in
properties (e.g. viscosity, volume, and sol-gel state) in response
to external stimuli such as temperature, pH, light, and redox
inputs.’™ These “smart” gels have attracted significant atten-
tion for applications in drug delivery, sensing, soft actuators,
and self-healing materials.>” Among various stimuli, redox
control is particularly appealing because it enables on-
demand modulation of gel properties through the addition of
redox agents or the application of an electric potential.*** This
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approach offers spatially and temporally precise control over
gelation or dissolution, making it highly promising for tech-
nologies such as electro-assisted 3D printing and microfluidic
systems."> 8
Thermo-responsive gels undergo sol-gel transitions driven
by temperature-induced dehydration of polymer chains,"*"
while photo-responsive systems rely on photo-isomerization or
photo-cleavage to alter cross-linking density."**° pH-responsive
gels regulate electrostatic interactions through protonation/
deprotonation equilibria."**' Although these mechanisms
enable rapid gelation, they often require specific polymer archi-
tectures, covalent incorporation of functional groups, or defined
chemical environments. In contrast, redox reactions offer a
versatile approach that can be triggered chemically or electro-
chemically to reversibly modulate gel structure and properties.
Redox-responsive gels commonly incorporate redox-active
components such as ferrocene or iron ions within polymer
networks to induce reversible cross-linking or coordination.®™*
These systems exhibit tunable viscoelasticity and ionic conductivity
via electron-transfer-induced structural reorganization.””** How-
ever, most reported examples rely on covalent functionalization or
supramolecular host-guest interactions, necessitating tailored
molecular designs that limit material scope and scalability.
Ferrocene (Fc) is one of the most widely used redox-active
units for imparting redox-responsiveness to gels due to its
reversible Fc/ferrocenium (Fc') redox couple.”** Previous
approaches have primarily relied on covalent incorporation of
Fc units into polymer backbones or small molecules, or on
constructing redox-responsive supramolecular gels through
host-guest interactions with macrocycles such as f-
cyclodextrins and pillar[n]arenes, which exhibit distinct binding
affinities toward Fc and Fc'.'>*>?® While these systems can
achieve tunable mechanical properties, they often require
complex synthesis, covalent modification, or intricate molecular
designs, limiting their scalability and material diversity.
Cellulose nanocrystals (CNCs) are rod-like, renewable, and
biocompatible nanomaterials obtained from natural sources
such as wood pulp, cotton, and other biomass via acid
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hydrolysis of cellulose.”””*® CNC surfaces prepared by sulfuric
acid hydrolysis bear sulfate half-ester groups, imparting nega-
tive charges and enabling stable colloidal dispersions through
electrostatic repulsion. CNC suspensions can undergo physical
gelation via several pathways, including surface charge neutra-
lization, electrostatic screening, desulfation, and freeze-thaw-
ing.”*' Among these, pH-induced charge neutralization and
electrolyte-driven screening are commonly employed to sup-
press repulsion and enhance interparticle attraction among
CNCs.*>° Despite extensive research on CNC-based physical
gels, most examples exhibit irreversible gelation, and only a few
cases have demonstrated reversible property changes in
response to stimuli such as pH or temperature.**”~** Although
Fc derivatives have been combined with CNCs in prior studies,
their use to achieve redox-responsive CNC gelation has not
been reported.****

In our previous work, we developed a CO,-responsive gela-
tion system for CNC suspensions triggered by imidazole
protonation.*> CO, lowers the pH through carbonic acid for-
mation, converting imidazole into imidazolium cations, which
increases ionic strength and screens electrostatic repulsion,
leading to gelation. Removing CO, by purging the gel with N,
restores the pH and reverses gelation. Inspired by this mecha-
nism, we hypothesized that a redox-active additive such as Fc,
which generates cationic Fc' species upon oxidation, could
similarly modulate ionic strength and enable reversible control
of CNC gel strength without chemical modification of the
CNCs. Preliminary observations of Fc-induced gelation of
CNC suspensions were reported in a PhD thesis,*® but rever-
sible redox cycling, electrochemical control, and mechanistic
elucidation were not addressed.

Here, we demonstrate a redox-responsive gelation system for
unmodified CNC suspensions in which oxidation of Fc to Fc*
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increases ionic strength, screens the surface charges of CNCs,
and induces aggregation and gel formation (Fig. 1(a) and (b)).
Gel strength can be reversibly modulated by chemical oxidation
and reduction, and electrochemical control of gelation is also
demonstrated. Rheological measurements confirmed the modu-
lation of gel strength through oxidation-reduction-re-oxidation
cycles, while complementary spectroscopic, { potential, and scan-
ning electron microscopy analyses were conducted to elucidate
the underlying mechanism. The system responds reproducibly to
redox cycling, representing a simple, sustainable, and additive-
driven strategy for developing redox-responsive soft materials
from renewable nanocrystals without covalent modification.

Materials and methods
Materials

All chemicals were obtained from Sigma-Aldrich, Tokyo
Chemical Industry (TCI), and Fisher Scientific, and used with-
out further purification. Ferrocene (Fc) was purified by sub-
limation before use. An aqueous CNC suspension was provided
by FPInnovations in acidic form (CNC-H', 5.1 wt%, pH = 2.2,
and conductivity = 1.9 mS cm™"). The average length of CNC
spindles was determined by transmission electron microscopy
(TEM) to be 280 + 90 nm (Fig. S1, SI). In addition to TEM, the
particle size was evaluated by dynamic light scattering (DLS),
showing an average hydrodynamic diameter of 274 + 18 nm
(PDI = 0.25). Moreover, the presence of sulfate half-ester groups
on the CNC surfaces was evaluated using zeta potential, yield-
ing a value of —57.6 &+ 0.8 mV. However, the sulfur content of
freeze-dried CNC-H" was below the detection limit (< 0.5 wt%)
of the elemental analysis (EA) performed with a Thermo Flash
2000 Elemental Analyzer. Indium tin oxide (ITO) glass
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Fig. 1 Redox-responsive gelation of CNC/Fc systems. (a) Schematic illustration of reversible transitions between dispersed and aggregated CNC states
induced by redox switching between Fc and Fc™. (b) Proposed mechanism of electrostatic interactions between sulfate half-ester groups on CNCs and
Fc or Fc* species. (c) Photographs showing visual changes in gel strength of a CNC/Fc suspension (3 wt% CNC, H,O-DMSO (1:1), Fc 3.2 mM) over five
redox cycles. Each cycle involved oxidation with aqueous H,O, solution (9.8 M, 20 pL, 20 equiv. for the first cycle and 50 equiv. for subsequent cycles) at
60 °C for 30 min, followed by reduction with aqueous ascorbic acid solution (1.5 M, 0.3 mL, 50 equiv.) at room temperature for 5 min.
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(thickness: 1.10 + 0.05 mm; resistance per sq: 10-15
transmittance: >85%) was purchased from Adafruit.

Preparation of CNC suspensions

An aqueous CNC suspension (CNC-H', 5.1 wt%, pH = 2.2, and
conductivity = 1.9 mS em ™) was diluted with deionized water to
obtain a 3.0 wt% aqueous CNC suspension. To prepare a CNC
suspension in dimethyl sulfoxide (DMSO), water was removed
from the 5.1 wt% aqueous CNC suspension using a rotary
evaporator, while gradually adding DMSO. The resulting CNC
suspension was adjusted to a concentration of 3.0 wt% in
DMSO. A mixed CNC suspension in 1:1 (v/v) H,O-DMSO was
prepared by combining equal volumes of the 3.0 wt% aqueous
CNC and the 3.0 wt% CNC-in-DMSO suspensions, followed by
sonication for 2 min.

Redox-controlled CNC/Fc systems

A 0.1 M Fe solution in DMSO (0.1 mL, 0.01 mmol) was added to
a CNC suspension (3.0 wt%, 3.0 mL) in 1:1 (v/v) H,O-DMSO in
a 20 mL vial. Oxidation was induced by adding aqueous
hydrogen peroxide solution (H,0,) (30 wt%, 20 uL, 0.2 mmol)
and heating the sample at 60 °C for 30 min without agitation,
producing a gel. Reduction was carried out by adding aqueous
ascorbic acid solution (1.5 M, 0.3 mL, 0.5 mmol) and gently
mixing, resulting in a weak gel. Re-oxidation was carried out by
adding aqueous H,0, solution (30 wt%, 50 pL, 0.5 mmol) and
heating under the same conditions to restore the strong gel.

Electro-induced gelation of CNC/Fc systems

A 0.1 M Fc solution in DMSO (0.1 mL, 0.01 mmol) and a 1.0 M
aqueous NaCl solution (30 pL, 0.03 mmol) were added to a CNC
suspension (3.0 wt%, 3.0 mL) in 1:1 (v/v) H,O-DMSO in a
20 mL vial. An ITO glass working electrode (submerged area:
1.0 x 1.0 cm?), Pt mesh counter electrode, and Ag/AgCl refer-
ence electrode were immersed in the mixture. Electrochemical
gelation was performed using a bipotentiostat (model AFCBP1,
Pine Instrument Company) by applying +1.0 V for 1 h, resulting
in gel formation.

Results and discussion
Optimization of redox-responsive gelation conditions

To optimize redox-responsive gelation, several key factors
influencing CNC/Fc suspensions were investigated using the
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inversion test to evaluate gel strength (Table 1). Gelation
occurred only when hydrogen peroxide (H,0,) was added to a
3 wt% CNC suspension in DMSO containing Fc (Table 1, entries
1 vs. 2). Under these conditions, a strong gel formed and
remained stable upon vial inversion for at least 30 minutes.
Ina1:1 (v/v) H,O-DMSO mixture, oxidation produced a strong
gel, chemical reduction weakened it, and re-oxidation restored
its strength (Table 1, entry 3 and Video S1). This reversible
behavior is only observed in the H,O-DMSO system and not in
neat DMSO (Table 1, entries 2 vs. 3). This difference is attrib-
uted to the dielectric permittivity of the solvent.”” DMSO has a
lower dielectric constant than the H,O-DMSO mixture, which
shortens the Debye length and maintains strong electrostatic
screening between CNCs even after Fc" is reduced back to Fc.*®
As a result, gel strength remains high in DMSO. In contrast, the
higher dielectric environment in the mixed solvent allows the
electrostatic repulsion to be restored upon reduction, leading
to a decrease in gel strength, while re-oxidation again induces
gelation. This reversible switching was maintained for at least
five cycles despite progressive dilution caused by repeated
addition of aqueous oxidant and reductant solutions, and no
visible phase separation was observed during inversion tests
(Fig. 1(c)). The Fc content in the CNC suspension (3 wt% CNC in
H,0-DMSO (1:1)) was varied from 0.3 to 6.3 mM. No gelation
was observed at 0.3 mM after oxidation, and only weak gelation
occurred at 1.6 mM (Table 1, entry 4 and Table S1, entry 6). In
contrast, concentrations of 3.2-6.3 mM enabled strong and
reversible gel formation, although a turbid suspension was
observed at 6.3 mM due to the limited solubility of Fc (Table
S1, entry 7). For aqueous systems, Fc was solubilized via hydro-
xypropyl-B-cyclodextrin  (HP-B-CD) inclusion complexes,**>°
enabling similar redox behavior without the use of DMSO
(Table 1, entry 5). Owing to the simplicity of the additive system,
the H,O-DMSO mixed-solvent CNC/Fc gel was adopted as the
primary model in this study. At CNC concentrations of 2 wt% or
lower, oxidation produced only weak gels or no gelation (Table
S1, entries 8 and 9). At least 10 equiv. of H,O, were required for
gelation and, without heating, gel formation at room tempera-
ture required approximately 18 h (Table S1, entries 10-12).
Glutathione could replace ascorbic acid as a reductant (Table
S1, entry 13). In contrast, FeCl;,”* NaOCl, or Na,S,0, induced
irreversible gelation even in the absence of Fc (Table S1, entries
14 and 15; Fig. S2, SI) likely due to their direct enhancement of
the ionic strength of the system. HP-B-CD itself had little effect

Table 1 Redox-responsive behavior of CNC/Fc suspensions under select conditions. Gel states upon oxidation (Ox.), reduction (Red.), and re-oxidation

(Re-Ox.) were evaluated by inspection®

Entry Solv. Fc/mM Additive/mM Ox. Red. Re-Ox.

1 DMSO — — Sol Sol —

2 DMSO 3.2 — Strong gel Strong gel —

3 H,0-DMSO (1:1) 3.2 — Strong gel Weak gel Strong gel
4 H,0-DMSO (1:1) 1.6 — Weak gel Weak gel —

5 H,0 3.2 HP-B-CD/10 Strong gel Weak gel Strong gel

“ CNC concentration = 3 wt%. Sol: non-gelled liquid; strong gel: self-standing gel with no flow upon vial inversion for at least 30 min; weak gel: soft
gel flowing upon mild shaking. Oxidation: H,0O, aq. (9.8 M, 20 equiv.), 60 °C, 30 min. Reduction: ascorbic acid aq. (1.5 M, 50 equiv.), RT, 5 min. Re-

oxidation: H,0, aq. (9.8 M, 50 equiv.), 60 °C, 30 min.

This journal is © The Royal Society of Chemistry 2025
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on gelation; NaCl up to 10 mM was inactive, while 20 mM NaCl or
10 mM KCl produced weak gels (Table S1, entries 16 and 17).
Methyl-B-cyclodextrin (Me-B-CD) could also replace HP-B-CD (Table
S1, entry 18), with no obvious difference in the strength of
resulting gels. Without cyclodextrins, Fc was insoluble in water;
however, oxidation of its suspension still induced gelation,
although strength recovery upon reduction was not observed
(Table S1, entry 19). Finally, replacing Fc with ferrocenecarboxylic
acid yielded similar redox responsiveness (Table S1, entry 20),
suggesting the potential to tailor solubility and functionality by
using ferrocene derivatives, as well as the versatility of our strategy.

Properties of redox-responsive CNC/Fc gels

The redox-responsive gelation behavior was examined under
optimized conditions (3 wt% CNC, 3.2 mM Fc, H,0-DMSO
(1:1, v/v)). Rheological measurements were performed using an
oscillatory rheometer with a parallel plate geometry (Fig. 2(a) and
(b)). Dynamic frequency sweeps (0.1-100 rad s~ ') showed that in
the oxidized state, the storage modulus (G’) is significantly higher
than the loss modulus (G”) throughout the entire tested frequency
range, with the complex modulus (G*) reaching ~1.6-2.2 x 10°
Pa, indicative of a strong gel. Upon reduction, both G’ and G*
dropped markedly (~2.5-3.1 x 10> Pa), reflecting substantial
network weakening. Re-oxidation restored G* to ~ 1.5-2.0 X
10® Pa, close to the initial oxidized state.

These mechanical trends correlate well with microstructural
observations by scanning electron microscopy (SEM) (Fig. 2(c)
and Fig. S3, SI). Aerogels were prepared from oxidized and
reduced CNC/Fc gels via ethanol solvent exchange followed by
supercritical CO, drying. The oxidized-gel-derived aerogel
exhibited a dense, homogeneous, and highly interconnected
CNC network, whereas the reduced-gel-derived aerogel showed
a looser structure with larger voids and greater heterogeneity.
These morphological differences align with the gel-softening
behavior, supporting the notion that redox cycling induces
reversible rearrangements within the CNC/Fc network.
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Polarized optical microscopy (POM) images of CNC/Fc gels
in the initial, oxidized, and reduced states (Fig. S4, SI) showed
no birefringence, indicating the absence of long-range ordered
domains. In the initial state, crystalline Fc precipitates were
evident; however, they disappeared upon oxidation and did not
reappear after reduction. This suggests an irreversible micro-
scopic redistribution of Fc, which may contribute to the incom-
plete recovery of the original fluidity after the redox cycle.

Electro-induced gelation of CNC/Fc suspensions

Having established that chemical redox reactions can reversibly
tune the strength of CNC/Fc gels, we next explored electroche-
mical control. Cyclic voltammetry (CV) of the CNC/Fc suspen-
sion in the presence of NaCl (10 mM) to enhance conductivity
revealed a quasi-reversible one-electron redox couple character-
istic of the Fc/Fc' pair, with an anodic peak at approximately
+0.46 V and a cathodic peak at +0.17 V vs. Ag/AgCl at a scan rate
of 50 mV s (AE, ~ 290 mV) (Fig. 3(a)). The anodic peak
current (7, ,) corresponded to Fc oxidation, while the cathodic
peak current (i, .) reflected the reverse reduction. Peak currents
increased linearly with the square root of the scan rate (Fig. S5,
SI), indicating a diffusion-controlled process. A solution of Fc
only in 1:1 H,O-DMSO displayed a similar voltammogram,
whereas a suspension of only CNCs in the same solvent mixture
showed no detectable redox peaks (Fig. S6, SI).

Applying a constant potential of +1.0 V vs. Ag/AgCl to the
CNC/Fc suspension for 1 h induced gelation, converting it from
a free-flowing liquid to a self-supporting gel (Fig. 3(b)). Similar
results were obtained when the suspension was confined
between two ITO glass plates with a 1.0 x 1.0 x 0.2 cm® spacer,
one plate serving as the working electrode (Fig. 3(c) and Fig. S7,
SI). Without an applied potential, the suspension remained
fluid and readily flowed under gravity. To demonstrate spatial
control, the working electrode was partially covered with a PET
stencil patterned with the letters “UBC” (Fig. 3(d) and Fig. S8,
SI). After 1 h at +1.0 V vs. Ag wire, gelation of the CNC/Fc

—a— Oxidized
—s— Reduced
—u— Re-Oxidized

"

1 10 100
Angular Frequency (rad/s)

(a) Frequency dependence of the complex modulus (G*, black), storage modulus (G, red), and loss modulus (G”, blue) of CNC/Fc gels (3.0 wt%

CNC, 3.2 mM Fc, H,O-DMSO (1:1)); (a1) legend, (a,) oxidized, (az) reduced, and (a4) re-oxidized states. Error bars represent the standard deviations from
triplicate measurements for samples under each state. (b) Summary plot compiling the complex moduli (G*) from (a,)—(a4), directly comparing oxidized
(black), reduced (red), and re-oxidized (blue) states. Data shown are limited to the frequency range of 1-100 rad s~* for clarity. (c) SEM images of the cross
sections of aerogels prepared from oxidized (c;) and reduced (c,) CNC/Fc gels.
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(a) Cyclic voltammograms of the CNC/Fc suspension (3 wt% CNC, H,O-DMSO (1:1), 3.2 mM Fc, 10 mM NaCl) at various scan rates, measured

using a three-electrode system with ITO glass (1.0 x 1.0 cm?) as the working electrode, Pt mesh as the counter electrode, and Ag/AgCl as the reference
electrode. (b) Photographs of the CNC/Fc suspension before and after applying +1.0 V vs. Ag/AgCl for 1 h, showing the change from an initial fluid state to
a gelled state. (c) Photographs of the device consisting of the CNC/Fc suspension sealed between two ITO glass plates with a 1.0 x 1.0 x 0.2 cm? spacer,
before, after and without voltage application at +1.0 V vs. Ag wire for 1 h. (d) Patterned gelation of the CNC/Fc suspension on an ITO substrate using a
stencil mask (“UBC" pattern) under +1.0 V vs. Ag wire for 1 h, demonstrating spatially controlled gel formation. In the top photograph, the “"UBC" printed
paper placed beneath the device serves only as a visual background for photographic clarity and is not part of the device.

suspension occurred selectively in the exposed regions, repro-
ducing the stencil pattern with high fidelity. Although slight
discontinuities were observed in the visible pattern due to
removal of the non-gelled CNC/Fc suspension during visualiza-
tion and inherent variations in stencil features and gel thick-
ness, the selective gelation confined to the electrode-exposed
regions demonstrates the proof-of-concept of spatially con-
trolled electrochemical gelation.

Whereas chemical reduction softened the gels and enabled
reversible modulation of gel strength, the application of nega-
tive potentials (e.g., -1.0 V, 1 h) did not reproduce this weak-
ening effect. This asymmetry likely stems from differences in
reduction pathways. Ascorbic acid diffuses throughout the gel
and uniformly reduces Fc', disrupting ionic crosslinks and
softening the entire network. In contrast, electrochemical
reduction is confined to regions near the electrode surface
and may be limited by slow Fc¢' diffusion and strong ion-
pairing with anionic CNC surfaces, thereby preventing full
reduction of Fc¢* within the bulk gel.>® As a result, the overall
gel strength remains largely unchanged. Nevertheless, the
demonstrated ability to trigger and spatially control gelation
electrochemically highlights the versatility of this system and
suggests opportunities for applications such as electrically
driven 3D printing and spatially controlled fabrication.

Mechanistic insights into redox-induced gelation

To elucidate the mechanism of redox-induced gelation in the
CNC/Fc suspension, spectroscopic analyses (UV-vis, 'H NMR, FT-
IR) were performed over oxidation-reduction cycles. UV-vis spec-
tra revealed the appearance of a broad absorption band at
~620 nm upon oxidation with H,0,, corresponding to the
ligand-to-metal charge transfer transition of the Fc' cation, which
disappeared after reduction with ascorbic acid (Fig. S9, SI).

This journal is © The Royal Society of Chemistry 2025

Electrochemical oxidation at +1.0 V vs. Ag wire produced a similar
absorption band at ~620 nm corresponding to the Fc¢' cation
(Fig. S10, SI). The absorption band obtained after chemical
oxidation appeared broader than that produced by electrochemi-
cal oxidation. This broadening may result from side reactions of
Fc with H,0,,>® and could contribute to the difference in gel
responsiveness between chemical and electrochemical oxidation.
In the "H NMR spectrum, the cyclopentadienyl proton signal of Fc
at 0 &~ 4.1 ppm disappeared upon oxidation, indicative of con-
version to the paramagnetic Fc' species; reduction restored the
original Fc signal (Fig. S11, SI). FT-IR spectra showed no discern-
ible changes, indicating that CNCs themselves were unaffected by
the redox treatments (Fig. S12, SI).

The { potential of the CNC/Fc suspension was initially -22 mV
(Fig. 4(a)). Oxidation increased it to -15 mV (less negative),
whereas subsequent reduction restored it to —21 mV. This
reversible trend was reproducible over at least three cycles. In
contrast, CNC suspensions without Fc showed no significant
change (—21 to —20 mV) when exposed to oxidizing or reducing
agents (Fig. 4(b)). Addition of ferrocenium hexafluorophosphate
(FcPF) to a control suspension of 3 wt% CNCs produced similar
effects (Fig. 4(c) and Fig. S13, SI): gelation occurred, the {
potential increased to —16 mV, and reduction decreased it back
to —23 mV. Conductivity increased markedly upon oxidation in
CNC/Fc suspensions but not in a CNC suspension alone, while
pH changes were attributed solely to the acidity of ascorbic acid
(Fig. S14 and S15, SI).

Taken together, these results indicate that redox-induced
gelation is not driven by chemical changes of CNCs or by pH
variation, but by ionic effects of Fc' (Fig. 1(a) and (b)). Oxidation
generates cationic Fc', which increases conductivity and
screens the negativity charged sulfate half-ester groups on
CNC surfaces, reducing electrostatic repulsion and enabling

J. Mater. Chem. C, 2025, 13, 23371-23378 | 23375
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Fig. 4 (-potential measurements of CNC suspensions under different

redox conditions. (a) CNC/Fc gels (3.0 wt’% CNC, 3.2 mM Fc, H,O-DMSO
(1:1)) over three redox cycles. Each cycle involved oxidation with aqueous
H,0O, solution (9.8 M, 20 uL, 20 equiv. for the first cycle and 50 equiv.
thereafter) at 60 °C for 30 min, followed by reduction with aqueous
ascorbic acid solution (1.5 M, 0.3 mL, 50 equiv.) at room temperature for
5 min. (b) CNC suspension (3.0 wt% CNC, H,O-DMSO (1:1)) subjected to
oxidation, reduction, and re-oxidation under the same conditions. (c) CNC
suspension (3.0 wt% CNC, H,O-DMSO (1:1)) after addition of FcPFg
(3.2 mM), heating at 60 °C for 30 min, and subsequent reduction with
ascorbic acid. Samples (25 mg) were diluted with Milli-Q water (10 mL)
prior to measurement. Error bars represent standard deviations from
replicate measurements.

network formation. Reduction restores neutral Fc and thus
partially recovers electrostatic stabilization, leading to partial
gel dissolution. The similar responses observed upon FcPFg
addition further support this electrostatic screening mechanism.

Although gelation proceeds on a timescale of several min-
utes under chemical redox conditions, this kinetic behavior is
consistent with diffusion-controlled ionic screening and gra-
dual network assembly of CNC nanoparticles, rather than rapid
chain conformational changes typical of polymer-based
stimuli-responsive gels. Despite this slower response, this
additive-based approach offers advantages in molecular sim-
plicity and the gelation rate may be further enhanced by
optimizing redox efficiency or employing more soluble or
structurally optimized Fc derivatives, potentially enabling its
use in future applications such as 3D printing, drug delivery, or
microfluidic control.
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Conclusions

We have developed a simple, additive-driven strategy to achieve
redox-responsive gelation of unmodified CNC suspensions by
Fc/Fe' cycling. Oxidation of Fc to Fe' increases ionic strength
and screens CNC surface charges, inducing aggregation and gel
formation, while subsequent chemical reduction partially
restores fluidity. This mechanism enables reversible tuning of
gel strength without chemical modification of CNCs, as con-
firmed by rheology, microscopy, and spectroscopic analyses.
The ability to trigger and spatially control gelation electroche-
mically further expands the versatility of this system, offering a
sustainable platform for developing electro-responsive soft
materials with potential applications in drug delivery, micro-
fluidic control, and electro-assisted 3D printing.
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