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Conductive hydrogels are critical for advanced bioelectronics and the repair of electroactive tissues.
However, developing conductive hydrogels into complex biomimetic shapes with good flexibility and
bioactivity poses a major biofabrication challenge. This study utilizes dual-component hydrogel inks
based on alginate incorporating conductive fCNT (acid-functionalized carbon nanotube) nanofillers, with
the composite gel exhibiting an electrical conductivity of 6.6 + 0.5 mS cmtat2 mg ml~ fCNT loading.
Owing to their good combination of electrical conductivity and mechanical properties, the (three-dimen-
sional) 3D-printed gels were successfully applied as strain sensors to sense subtle human motions, such
as finger and elbow bending. Bilayered hydrogels prepared through four-dimensional (4D) printing exhibi-
ted programmable shape changes owing to differential swelling post-printing to yield nerve guidance
conduits (NGCs) of intricate and tissue-adaptable designs, such as single and multichannel and bifurcated
designs, based on accurate prediction by finite element analysis. The proliferation of neural cells was
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enhanced on the fCNT-gel compared to the neat gel. Sutureless deployment and enhanced peripheral
nerve regeneration were established for the fCNT-gel in a rat sciatic nerve injury model. Overall, this work
presents the fabrication of 4D-printed multifunctional conductive hydrogels, which can find diverse appli-
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1. Introduction

Bioelectronics has emerged as a new field of research, repla-
cing traditional rigid devices with soft, flexible, and miniatur-
ized components.” Future bioelectronic devices warrant the
use of conductive hydrogels with superior flexibility, softness,
and biocompatibility. Multifunctional conductive hydrogels
have been extensively used in diverse fields, such as bio-
sensors,” tissue engineering,’ flexible electronics," human-
machine interaction,” health monitoring,® etc. However, most
conductive gels are limited by their processability by conven-
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cations ranging from implantable nerve conduits to strain sensing.

tional techniques, such as molding,” blending,® thermal
polymerization,” copolymerization,'® electrospinning,'* etc.
There are only a few reports on the successful fabrication of
conductive gels via additive manufacturing techniques into
complex biomimetic shapes. Other limitations include the
compromise between conductivity and mechanical compli-
ance, increased viscosities due to higher amounts of conduc-
tive nanofillers, and poor tissue adaptability."* Conductive gels
have previously been prepared by either using conducting poly-
mers, such as polypyrrole,'® polyaniline,"* and PEDOT"® (poly
(3,4-ethylene dioxythiophene)) or by incorporating conductive
fillers, such as gold nanoparticles,'® CNTs (carbon nano-
tubes),’” graphene,'® etc., into polymeric matrices. However,
there are significant challenges that preclude their use in the
final application. Conducting polymers exhibit wide variations
in conductivity with minor changes in their structures, and the
carbon-based nanofillers are prone to poor dispersion and,
hence, limited processability.

Conductive gels find use as flexible strain sensors to sense
subtle human motions™ and in the repair of electroactive
tissues, such as neural,®® cardiac,>® and skeletal muscles.>* In
recent times, neural tissue engineering has witnessed a paradigm
shift towards gel-based nerve guidance conduits (NGCs).>* An
ideal NGC should exhibit permeability, mechanical flexibility, a
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suitable degradation profile, tissue adaptability, and electrical
conductivity for improved peripheral nerve repair.>* Soft hydro-
gels have been recognized as multifunctional NGCs, as they meet
most of these requirements. However, even hydrogel-based NGCs
suffer from several drawbacks, including a lack of suturability,
limited designs to accommodate complex nerve defects, and the
absence of inherent biochemical or electrical cues that can accel-
erate nerve regeneration.>® The electroactive properties of NGCs
are crucial for the successful restoration of severed nerves, as
they allow electricity transmission and activation of critical intra-
cellular signaling pathways in electroactive neural tissues.*®
Considering the previous advantages of gel-based NGCs, conduc-
tive gels with biomimetic shapes could offer a viable solution for
treating peripheral nerve injury due to the synergistic effect of
electrical cues and the ability of gels to mimic the native neural
tissue.

To date, most conductive gel-based NGCs have been pre-
pared by traditional methods, such as molding,”” dip-
coating,”® and electrospinning.>® These hinder the possibility
of complex designs of NGCs and customization suiting the
individual needs of different patients. Advancements in addi-
tive manufacturing techniques, including four-dimensional
(4D) printing, have led to the development of more dynamic,
intricate, and tissue-adaptable medical devices.*® 4D printing
involves the use of stimuli-responsive materials, such as shape
memory polymers, composites,’® multi-component hydro-
gels,®® etc., often combined with anisotropic design prin-
ciples®® to realize programmable shape changes post-printing.
The shape changes are a consequence of the interaction of
stimuli with the 3D-printed part.** However, 4D fabrication
has been rarely explored to prepare conductive hydrogel-based
multifunctional NGCs.**> One study utilized a shape memory
polymer incorporated with conductive MXene nanosheets to
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prepare temperature-activated self-rolled NGCs;*® however, the
fabrication involves organic solvents and warrants multiple
post-printing steps, such as freeze-drying and wrapping
around a glass rod, and the stimulation relies solely on body
temperature, which makes it unreliable and limits translation.
We had earlier reported dual-component gels prepared by
extrusion-based 3D printing that could self-roll in situ due to
swelling gradients, forming hollow NGCs to clamp the distal
and proximal ends of the severed nerve, thereby guiding the
axons without the need for sutures.’’” However, no studies
have integrated electrical cues and complex tissue-adaptable
designs to imitate the neural architecture with the sutureless
neurorrhaphy technique. Such a synergistic technology will
make the surgical procedure easier and patient-compliant and
effectively enhance the functional recovery of neurons.

In the current study, multifunctional dual-component con-
ductive hydrogels were utilized to develop bioinks with ade-
quate printability through extrusion-based printing. The con-
figured bioink (composition was carefully chosen to create sig-
nificant swelling differences across the layers) was printed
using optimized parameters. Given its good mechanical pro-
perties and electrical conductivity, the f{CNT-gel was employed
as a strain sensor to detect subtle human motions, such as
elbow and finger bending. Coupled with predictive FEA simu-
lations, several structures were printed that can yield different
biomimetic designs of NGCs, such as single-channel, multi-
channel, and bifurcated hollow tubes post-printing (Fig. 1).
Owing to the high electrical conductivity of the gels, the NGCs
with fCNT revealed improved neural regeneration compared to
the pristine gel NGCs. Overall, the technique proposed in the
current research can open new avenues for diverse appli-
cations, including next-generation NGCs with improved peri-
pheral nerve regeneration and strain sensors.
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Fig. 1 Schematic demonstration of 3D printing of conductive hydrogel inks at two different concentrations and application in strain sensing and

different designs of self-folding NGCs.
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2. Results and discussion

Carbon nanotubes (CNTs) are known to have excellent electri-
cal conductivity owing to their electronic structure.*® However,
they tend to agglomerate, forming bundles due to strong van
der Waals interactions and minimal affinity towards non-car-
bonaceous materials. Acid functionalization of CNTs is a
popular technique to overcome this issue of poor dispersion in
polymeric matrices, especially in polar solvents, such as
water.*® In this work, CNTs were functionalized with carboxyl
end groups via acidic treatment in the liquid phase (Fig. S1af).
SEM micrographs indicate the fragmentation of CNTs upon
chemical oxidation to form carboxylic acid-functionalized
CNTs (referred to as fCNTs) (Fig. S1b-dt). f{CNTs also exhibited
higher oxygen content than the pristine CNTs in the EDX
(energy dispersive X-ray) analysis (Fig. Si(e and f)}). fCNTs
were used as nanofillers (2 mg mL™") in the hydrogels pre-
pared from alginate and methylcellulose. The fCNT loading
was optimized based on the electrical conductivity values and
processability. 2 mg mL ™" fCNT loading exhibited lower impe-
dance than 1 mg mL ™" (Fig. S21), and any loading higher than
2 mg mL™" led to frequent nozzle clogging during printing.
Two different gel compositions (3% alginate with 9% methyl
cellulose, i.e., 3/9 and 4% alginate with 6% methyl cellulose,
i.e., 4/6) were selected based on the optimization in our pre-
vious study®” to result in significant swelling differences. The
gels incorporating fCNTs (referred to as f{CNT-gel) were charac-
terized to assess their rheological properties. Viscosity flow
tests indicate the highly shear-thinning behavior of both com-
posite gels, rendering them highly printable through extru-
sion-based 3D printing (Fig. 2Aa). The viscoelastic properties
of the gels demonstrate that the storage moduli are higher
than the loss moduli in the linear viscoelastic region (LVR)
(Fig. 2Ab). Thixotropy tests of the gels of both compositions
indicate their viscosity recovery behavior in response to shear
stress. It can be seen that the viscosity of the gels drops under
the application of high shear forces and consequently recovers
to the original values upon withdrawal of the shear (Fig. 2Ac).
This is due to the polymeric chain disentanglements and re-
entanglements upon shear application and withdrawal,
respectively. Hence, the rheological properties of the compo-
site gels endow them with high printing accuracy and post-
printing stability. Morphological characterization of the gels
through SEM revealed larger pore sizes in the case of the
fCNT-gel of 3/9 composition than that of 4/6 (Fig. 2Ad). This
leads to considerable differences in the extent of swelling, with
3/9 exhibiting much higher % swelling (~2 times) than 4/6
(Fig. S37). The electrical conductivity of the fCNT-gels (6.6 +
0.5 mS cm ™) was significantly higher than their neat counter-
parts (3.1 + 0.4 mS cm™") (Fig. 2Af) owing to the highly con-
ductive fCNT fillers within the hydrogel matrix. Additionally,
the impedance values of neat gels are higher in the entire
tested frequency range (10-10° Hz), whereas the fCNT-gels
exhibited much lower values (Fig. 2Ae).

Next, the mechanical properties of the fCNT-gels were
determined to validate their suitability as strain sensors. The
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fCNT-gels demonstrated an elastic modulus of ~0.65 MPa and
were stretchable, with a strain of ~15% before failing
(Fig. 2Ba). Cyclic stress-strain plots indicate the robust fatigue
performance of the gels, with the final strain at the end of
every cycle close to that of the preceding cycle for up to four
consecutive cycles of loading and unloading without failure
(Fig. 2Bb). Furthermore, the shape recovery ability of the com-
posite gels was assessed at a stress of 0.02 MPa. There is no
prominent hysteresis, and the strain at the end of every cycle
was maintained at ~5.5%. The % strain recovery was ~100%
for up to twenty cycles (Fig. 1B(c and d)). The improved cyclic
mechanical properties can be attributed to the good dis-
persion and reinforcing effect of the f{CNT nanofillers in the
gel. There was no apparent deformation and stress reduction
with increasing strain for up to four loading-unloading cycles.
This is indicative of a robust interaction between the fCNTs
and polymeric chains of the hydrogel, aided by well-dispersed
fCNTs in the gel. The excellent electrical conductivity of the
fCNT-gel combined with its good mechanical properties offers
the opportunity to convert external stimuli, such as strain or
pressure, into detectable electrical signals.*® To determine the
efficacy of the conductive gels as strain sensors, AR/R, was
measured as a function of time and strain (Fig. 2B(e and f)).
As seen from the calibration curve, AR/R, increased monotoni-
cally with applied strain (till the strain at failure ~15%), imply-
ing the applicability of the fCNT-gel as a strain sensor in the
specified range. As a demonstration of monitoring human
motions, the gel was placed on the finger and elbow, and the
resulting AR/R, was recorded in real time upon suitable move-
ment of the finger and elbow. In the case of elbow flexing, a
stable and repetitive pattern of resistance change was observed
with the periodic movement of the elbow (Fig. 2Bg). Similarly,
for finger bending, AR/R, followed a stable trend with minimal
fluctuations as the finger was bent and unbent periodically
(Fig. 2Bh). The output AR/R, signals remained stable and
repeatable with minor fluctuations, which can be attributed to
water evaporation. When the finger was bent with a stepwise
increase in angles from 0 to 60°, 90°, and 150°, AR/R, was 86,
94, and 99%, respectively (Fig. 2Bi). This indicates that the gel
can sense different strain amplitudes.’’ Additionally, AR/R,
remained constant when the finger was held stable at a
specific angle. These results demonstrate the effectiveness of
the fCNT-gel as a potential strain sensor to detect subtle
human motions with sufficient stability and repeatability.
Next, the fCNT-gels of two distinct compositions (3/9 and 4/
6) were 3D-printed into flat sheets of suitable dimensions, air-
dried completely, and then exposed to barium chloride solu-
tion. The flat sheets could then self-morph into complete
hollow tubes due to the significant differences in the extent of
water uptake between the two gel layers (Fig. 3A(a-d) and S37).
A computational model was devised to predict the shape defor-
mations of the 4D-printed structures with encoded infill pat-
terns. A thermal expansion model was employed to simulate
the deformations of the hydrogels after establishing a quanti-
tative correlation between the swelling model. The details of
the model used are provided in the ESI (section 1.4, ESIY).

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Physico-chemical characterization of fCNT-gels. (A) (a) Viscosity flow test, (b) viscoelastic properties, (c) thixotropy assessment of fCNT-gels
with 3:9 and 4:6 compositions; (d) cross-sectional SEM micrograph of the dual-component gel (scale: 500 pm) and the individual components
(scale: 50 pm); (e) impedance versus frequency plot; (f) electrical conductivity of neat and fCNT-gels. (B) (a) Stress—strain plot, (b) cyclic stress—
strain plot, (c) % strain and (d) % strain recovery of fCNT-gels; (e) calibration plot of f{CNT-gel as a strain sensor; (f) resistance versus time profile of
fCNT-gel; (g—i) fCNT-gels employed as strain sensors for detecting subtle human motions, such as (g) elbow bending, (h) finger bending, and (i)
different stages of finger bending.

With the aim of obtaining a bifurcated NGC, an initial design Videos V1 and V2t). Bifurcated or T-junction NGC designs are
of a T-shaped sheet was used, which later morphed into a per- posited to facilitate the separation of the growing axon
fusable, stable, and non-leaky T-junction (Fig. 3A(f-i) and bundles in a relatively biomimetic manner compared to
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Fig. 3 4D printing and in vitro cell studies on the fCNT-gels. (A) Programmable and predictable shape changes in fCNT-gels to realize different
designs of NGCs. (a and b) FEA simulation of a flat sheet (a) self-rolling into a hollow tube (b); (c and d) experimental demonstration of 3D-printed
flat sheets of fCNT-gel of different compositions into hollow tubes driven by differential swelling (scale: 4 mm); (e) micro-CT imaging of the fCNT-
gel NGC; (f and g) FEA simulation of a flat T structure transforming into a bifurcated T-junction; (h and i) experimental demonstration of a 3D-
printed flat T-like structure folding into a bifurcated and perfusable NGC (scale: 10 mm); (j) fabrication of a multichannel NGC (scale: 4 mm). (B) In
vitro cell culture on neat and fCNT-gels. (a) Alamar Blue assay of HT-22 cells cultured on 3D-printed fCNT-gels; (b and c) live—dead staining (b) and
NF160 (green)-DAPI (blue) staining (c) of cells seeded on fCNT-gels on day 3 post-seeding (TCP: tissue culture plate; scale: 100 pm).

simple hollow tubes.*> Similarly, multichannel NGCs were pre-
pared by placing the self-rolled tubes of smaller diameters over
a design-encoded flat sheet with a width similar to the lengths
of the tubes, following which the sheet self-rolled into a
hollow tube with the smaller tubes within its lumen (Fig. 3A(j)
and Video V3t). Multichannel NGCs have been proven to effec-
tively regenerate nerves by promoting the increased internal
surface area for increased cell attachment,*® limiting the dis-
persion of axons,** and offering higher mechanical stability
and neuronal fascicular microstructure mimicking native
nerves.”> To endow these NGCs with non-invasive imaging
capabilities, barium chloride was used to crosslink the printed
fCNT-gels. The barium ion crosslinked fCNT-gels display good
contrast in X-ray imaging owing to the inherent radiopacity of
barium ions*® (Fig. 3A(e)).

The in vitro cytocompatibility of neat and fCNT-gels was
assessed using HT-22 (mouse hippocampal neuronal) cells. As
seen from the Alamar Blue assay and live-dead staining, cellu-
lar viability was enhanced on fCNT-gels compared to neat gels
owing to the presence of CNTs that are known to augment
neuronal cell proliferation (Fig. 3B(a and b)). NF160 and
nuclear staining revealed healthy morphology of cells in both
neat and fCNT-gels, with more elongated cells observed on the
fCNT-gels (Fig. 3Bc and Fig. S41). This observation results

4710 | Bjomater. Sci., 2025,13, 4706-4716

from the favorable role of CNTs in promoting neurite exten-
sion.*” Neurite outgrowth, or extension, is crucial for neuronal
migration, differentiation, and synaptic plasticity. Facilitating
neurite outgrowth is essential for enhancing nerve regener-
ation and attaining functional recovery in instances of neuro-
logical impairment or disease. It is well reported that carbon-
aceous nanomaterials facilitate direct electronic current flow,
which leads to the redistribution of charge along the cell mem-
brane surface and direct electrical coupling between neuronal
cells.*® Additionally, CNTs are also known to modulate down-
stream signaling by stimulating nerve growth factors and
hence contribute to neurite outgrowth.*’

The potential of neural regeneration of 4D-printed fCNT-gel
conduits was estimated in vivo in a well-established 5 mm
sciatic nerve defect in rats and monitored for up to 2 months
and compared with neat polymeric (mentioned as gel) con-
duits (Fig. 4(A and B)). Both the gel and fCNT-gel conduits
were able to intraoperatively self-wrap, thereby clamping the
severed ends of the nerves upon exposure to barium chloride
(Fig. S51). The animals were randomly segregated into four
groups: sham (no surgical damage), negative (no conduit at
the injury site), neat (referred to as gel), and fCNT-gel. All
experiments were carried out at the Chitkara College of
Pharmacy, Chitkara University, India (approval number IAEC/

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 In vivo assessment of neural regeneration in neat and fCNT-gels. (A) Demonstration of the sciatic nerve defect creation in the rat model; (B)
digital images of the four groups (yellow arrow indicates the area of wrapped gels; red dotted circle indicates the non-regenerated area in the nega-
tive control); (C) digital images of the footprints of the left and right hind feet. Individual photos of left and right paw prints of animals from different
groups at each time point were assembled to create the image. Red-colored paw print: left hind leg; blue-colored paw print: right hind leg; (D)
quantitative estimation of SFI of different groups at each time point (*** denotes p < 0.001 and ns denotes non-significant); (E) H&E-stained images
of the GA muscle of the left hind leg (operated limb) of rats from different experimental and sham groups (the degenerated muscle fibrils (in the
negative group) and the regenerated muscle fibrils (gel and fCNT-gel groups) have been indicated with red and black arrows, respectively); (F)
quantification of the H&E-stained area of the GA muscle. Data are presented as mean + SD (n = 4); (G) digital images of the gastrocnemius muscle
(GA) of different groups; (H) measurements of the GA wet weight ratio (left/right).
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CCP/23/02/PR-16) and followed CCSEA (Committee for Control
and Supervision of Experiments on Animals) guidelines. A
combination of functional and structural assessments was
used to quantitatively assess the nerve regeneration.
Functional assessment, such as the sciatic function index
(SFI), was performed at specific intervals for 2 months, after
which rats were sacrificed to assess the restoration of motor
function in the wound-inflicted leg.

SFI is a measure of the activity in the sciatic nerve. SFI was
calculated by comparing the geometric representation of the
damaged hind paw of an injured rat with the representation of
the contralateral paw. Herein, the paw prints of the operated
legs and their corresponding contralateral paws of the animals
from all the groups were taken on the 7, 15®, 30™, 45™ and
60™ days (compiled in Fig. 4C). In contrast to the negative
control group, both the NGC-treated groups exhibited signifi-
cant increments in SFI measurements on all the days post-
surgery (Fig. 4D). The best SFI values for both the treated
groups were observed on Day 60. However, between the two
groups, the fCNT-gel group consistently exhibited a marked
increase in SFI, demonstrating the superiority of conductive
fCNT nanofillers in the gels compared to their neat
counterpart.

Atrophy of the gastrocnemius muscle (GA) is a common
complication following sciatic nerve damage. The regeneration
of the sciatic nerve and reinnervation of the GA reduce muscle
atrophy. GA weight analysis was used to evaluate muscle
atrophy and neural regeneration. Post-sacrifice of the animals,
the gastrocnemius muscles of both hind legs were removed
and weighed. The left (L) (muscle weight of operated left leg)/
right (R) (muscle weight of normal right leg) ratio was deter-
mined for all the groups (Fig. 4(G and H)). The lowest L/R ratio
was observed for the negative group, whereas it was substan-
tially improved in the case of conduit-treated groups. No sig-
nificant difference in the L/R ratio was observed between the
two treated groups (Fig. 4H). This observation was corrobo-
rated by the digital photographs of the gastrocnemius muscles
(Fig. 4G). Muscle atrophy and regeneration were further
assessed by hematoxylin and eosin (H&E) staining of the GA
muscle (Fig. 4E), which revealed that the mass, integrity, and
morphology of the muscle were considerably lost in the nega-
tive group. These parameters were markedly improved in
animals treated with the 4D-printed NGCs (Fig. 4F), which
were comparable to the sham group. Thus, both NGCs (gel
and fCNT-gel) were successful in restoring the sciatic nerve,
thereby reinnervating the gastrocnemius muscle and reducing
muscular atrophy as a consequence of regeneration.

Histological investigation of the nerves in different groups
revealed the success of neural tissue regeneration in the f{CNT-
gel groups. Regenerated nerve tissue was observed in the longi-
tudinal slices of samples stained with H&E 2 months post-
surgery (Fig. 5A). Here, the staining of the negative control
group is excluded, as no nerve connection was established
between the two resected ends. H&E staining of the cross sec-
tions (Fig. 5A[i-iii]) and longitudinal sections (Fig. 5A[iv-vi]) in
the middle of the region covered by the gel-based NGC indi-
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cates the development of nerves and Schwann cells (SCs) into
the implanted conduit, highlighting the restoration of injured
nerves at the proximal end. Quantification of the H&E-stained
positive area of the nerve from the gel and fCNT-gel groups
(Fig. 5C) confirmed a higher amount of regenerating nerve
fibers in the fCNT-gel group than in the former. Additionally,
the integrity and morphology of the regenerated nerve were
superior in the fCNT-gel group compared to the gel (Fig. 5(A
and B)). This enhancement in the fCNT-gel group was possibly
due to the conductive fCNT fillers in the lumen of the formed
tube, which promote axon sprouting and nerve restoration.
The electrical conductivity of the fCNT-gel provided an ideal
environment for Schwann cells to grow on the fibers to utilize
them as tracks on which the axon could be regenerated. The
findings of the H&E staining demonstrated that the sham-
operated group had intact nerve fibers. Nevertheless, further
research is warranted to elucidate the underlying mechanisms.

Injury to peripheral nerves initiates a complex cascade of
molecular events, eventually leading to nerve regeneration.
These events include Wallerian degeneration, the axonal
response for phagocytosis, chromatolysis, Schwann cell pro-
liferation, axonal growth, and target reinnervation. NF160
(Neurofilament 160), a marker for neurofilaments, is typically
seen in cells or tissues of neuronal origin. S1008 (S100
calcium-binding protein B) is a characteristic marker for SCs.
Thus, both the cross-sections and the longitudinal sections of
the tissues were immunostained for NF-160 (green) and S100p
(red), and the nuclei were counterstained with DAPI (Fig. 6A).
NF-160 and S-100f proteins were expressed in all the groups,
confirming the formation of myelin sheaths composed of SCs
and the ingrowth of new axons in the 4D-printed gel and
fCNT-gel. The highest NF-160 expression was observed in the
sham group containing intact nerve fibers. Notably, the
expression of NF-160 was higher in the fCNT-gel conduits than
in the gel conduits (Fig. 6(A and B)). For S-100B, the sham
group showed the least expression due to the absence of any
regeneration, whereas the gel and fCNT-gel conduits exhibited
increased S-100f expression due to neo-tissue formation
(Fig. 6(A and C)). Notably, the fCNT-gel exhibited higher
expression of S-100p when compared to the gel-NGC group.
Thus, the conductive fCNT fillers augmented the efficacy of
the 4D-printed gel conduit.

Histology of the vital organs, including the brain, spleen,
kidneys, and liver, in gel and fCNT-gel implanted NGC groups
revealed minimal inflammation in response to the implanted
materials (Fig. S61). These observations further underscore the
superior biocompatibility of the 4D-printed NGCs.

There are few reports on 3D-printed multifunctional con-
ductive hydrogels for applications in diverse areas.’® In this
study, nanofillers of high electrical conductivity, namely,
CNTs, were functionalized with carboxylic acid groups to
improve their dispersion and interaction with the hydrogel
matrix of alginate and methylcellulose. The composite gel
(fCNT-gel) exhibited excellent electrical conductivity and
mechanical stability and exhibited good sensing capabilities
while detecting human movements, such as elbow and finger

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Assessment of the nerve regeneration potential of 4D-printed conduits (gel and fCNT-gel) through histological analysis. (A) Bright-field
images of H&E-stained transverse and longitudinal slices of sciatic nerves of rats belonging to various groups: (i and iv) Sham, (ii and v) gel, and (iii
and vi) fCNT-gel groups (scale: 200 pm) (the yellow arrow indicates regenerated nerve fibers, the red arrow identifies the remnants of the scaffold,
and the black arrow signifies the blood vessel within the regenerated nerve fibers); (B) bright-field images of Mason trichrome-stained longitudinal
slices of sciatic nerves of rats belonging to (i) sham, (ii) gel, and (iii) f{CNT-gel groups; (C) and (D) quantification of (C) H&E-stained and (D) Masson's

trichrome-stained positive area. Data are presented as mean + SD (n = 4).

bending. Conductive hydrogels used for strain sensing are
usually stretchable, with some of them exhibiting tensile strain
as high as x140%. The conductivity varies from 0.018 mS
cm™ ' to 180 mS cm ™, depending on whether it is ionic or elec-
tronic conductivity, the kind of nanofiller, interaction with the
polymer matrix, etc. However, they lack multifunctional attri-
butes, such as printability, self-folding features, and biocom-
patibility. While the fCNT-gel prepared in this study had a
tensile strain of ~15%, it was sufficient to sense subtle human
motions, such as finger bending. Moreover, it retained its
printability and self-folding ability due to significant swelling

This journal is © The Royal Society of Chemistry 2025

differences between the layers. Most conductive gels for NGCs
are limited to simple designs®’ and require complex chem-
istries to synthesize.”’ NGCs with self-wrapping abilities have
been demonstrated in a few studies by using chitosan films
with an encapsulated cryogel®” and a bi-layered gel of poly(N-
isopropylacrylamide) (PNIPAm) and alginate.”® Currently, there
are no reports of NGCs that can integrate electrical cues with
self-folding ability, which can give rise to new avenues in
designing next-generation NGCs with superior neural regener-
ation capabilities. In this study, complex designs of NGCs were
prepared, including multichannel and bifurcated, which
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Fig. 6 Assessment of the nerve regeneration potential of 4D-printed conduits through histology. (A) Cross-sectional and longitudinal sections of
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would be highly useful in regenerating large nerve defects in
thicker fascicular nerves. While the current multi-channel
NGCs have diameters (in the range of 5-6 mm) larger than
that of the sciatic nerve of rodent models, further optimization
can enhance the extent of bending in the printed structures to
achieve smaller diameter multi-channel NGCs suitable for
in vivo implantation. Additionally, the fCNT-gels exhibited
superior neural regeneration potential compared to sham and
gel groups in sciatic nerve defects of rats.

3. Conclusion

This study demonstrates the potential of multifunctional con-
ductive hydrogels prepared by additive manufacturing for
diverse applications. fCNT-gels exhibited excellent electrical
conductivities (6.6 = 0.5 mS cm™") and mechanical properties.
They were employed as flexible strain sensors to detect subtle
human motions, such as elbow and finger bending, with excel-
lent reproducibility and accuracy. Physiologically mimetic and
complex NGC designs, such as multichannel and bifurcated,
were prepared using design-aided additive manufacturing.
fCNT-gels were also endowed with non-invasive imaging capa-
bilities, such as X-ray imaging. f{CNT-gels exhibited higher cell
proliferation and adhesion in vitro compared to neat gels. The
synergistic effect of electrical cues and the in situ self-folding
ability of hydrogels enabled sutureless neurorrhaphy and
superior neural regeneration. f{CNT-gels led to excellent in vivo
peripheral nerve regeneration in rat models when compared to
neat gels and sham groups. The 4D-printed conductive hydro-
gels can open newer avenues to develop next-generation NGCs
and other applications, such as strain sensors.
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