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4D Printed Programmable Shape-Morphing Hydrogels as
Intraoperative Self-Folding Nerve Conduits for Sutureless
Neurorrhaphy

Akshat Joshi, Saswat Choudhury, Vageesh Singh Baghel, Souvik Ghosh, Sumeet Gupta,
Debrupa Lahiri, G. K. Ananthasuresh, and Kaushik Chatterjee*

There are only a few reports of implantable 4D printed biomaterials, most of
which exhibit slow deformations rendering them unsuitable for in situ
surgical deployment. In this study, a hydrogel system is engineered with
defined swelling behaviors, which demonstrated excellent printability in
extrusion-based 3D printing and programmed shape deformations
post-printing. Shape deformations of the spatially patterned hydrogels with
defined infill angles are computationally predicted for a variety of 3D printed
structures, which are subsequently validated experimentally. The gels are
coated with gelatin-rich nanofibers to augment cell growth. 3D-printed
hydrogel sheets with pre-programmed infill patterns rapidly self-rolled into
tubes in vivo to serve as nerve-guiding conduits for repairing sciatic nerve
defects in a rat model. These 4D-printed hydrogels minimized the complexity
of surgeries by tightly clamping the resected ends of the nerves to assist in
the healing of peripheral nerve damage, as revealed by histological evaluation
and functional assessments for up to 45 days. This work demonstrates that
3D-printed hydrogels can be designed for programmed shape changes by
swelling in vivo to yield 4D-printed tissue constructs for the repair of
peripheral nerve damage with the potential to be extended in other areas of
regenerative medicine.

1. Introduction

4D printing is trending in the rapidly growing field of additive
manufacturing with the prospect of impact in several domains,
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including healthcare.[1,2] This emerging
technology enables the fabrication of
complex and dynamic structures, which
are otherwise difficult to realize using
conventional 3D printing.[3,4] 4D printing
utilizes either smart materials that re-
spond to specific stimuli,[5,6] programmed
design during printing,[7,8] or a com-
bination of both.[9–11] There is a wide
range of smart materials that respond to
stimuli,[12,13] such as changes in pH,[14,15]

temperature,[16] light,[17,18] moisture,[19,20]

magnetic field,[21,22] and so on. In recent
years, the rapid advancements in tissue
engineering combined with an expanded
choice of biomaterials have motivated
research in 4D printing for regenerative
medicine.[23–25] However, the fabrication of
complex constructs that faithfully mimic
tissue architecture persists as a challenge.
Hydrogels are the ideal candidates for engi-
neering tissue scaffolds,[26,27] owing to their
biocompatibility, high water-absorption
capacity, and chemical tunability. Neverthe-
less, the choice of hydrogels for 4D printing
is rather limited owing to their poor

printability and shape fidelity and the limited choice of stim-
uli that are physiologically relevant while exhibiting good
biocompatibility.[28,29] Moreover, controlling the time scale and
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Scheme 1. Process of fabrication of 4D printed nerve conduits with intraoperative shape deformation capability. i) 3D printing of multi-material bioinks
with precise patterning based on computational design. ii) 3D printed design encoded flat hydrogel sheets. iii) Intraoperative deformation of hydrogel
sheet into nerve conduits demonstrating capability for neurite extension and nerve regeneration.

tendency of deformation is often challenging, as it necessitates
smart design.[30]

A critical limitation of 3D printing is the static nature of the
fabricated hydrogels, requiring surgical implantation.[31] This
strategy demands inconvenient surgical sutures that are of-
ten accompanied by complications, including additional trau-
matic damage and severe inflammation around the injured
tissue.[32] 4D printing offers a promising route to generate dy-
namic shape-morphing geometries out of static parts while lever-
aging the benefits of near-near-net-shape manufacturing of com-
plex and patient-specific parts. Target designs are encoded during
the printing process, which governs the resulting shape defor-
mations post-printing. Hydrogels can swell in response to water
uptake and hence, are the material of choice by researchers devel-
oping 4D printed biomaterials. Few recent studies report shape
deformations of hydrogels, primarily governed by anisotropic
swelling, gradients in cross-linking densities, etc. However, their
applications in vivo are limited due to poor control on pro-
gramming specific shape deformations in constructs prepared
from a single material,[28,33] the prolonged time required for the
deformations,[29] complex bioink preparation,[34] and poor con-
trol on processes to impart anisotropy within the materials.[35–37]

These drawbacks hinder the widespread adoption of 4D printed
gels for applications necessitating intraoperative shape deforma-
tions of deployable devices in minimally-invasive procedures. In
vivo 3D printing of scaffolds for tissue regeneration has been
demonstrated,[38] but 4D printed hydrogels with in vivo shape-
morphing ability are yet to be realized. Among several potential
biomedical applications, self-folding nerve conduits that allevi-
ate tedious suturing could benefit the large patient population
requiring microsurgeries for nerve repair.[39]

Shape change of 3D printed hydrogels is primarily governed by
the material characteristics that induce differential swelling[23,34]

and through the programmed design of the printed parts for
predetermined controlled deformations.[7,8] Analytical models
to predict and elucidate the changes are challenging to for-
mulate, owing to the large and geometrically nonlinear defor-
mations. Computational models have been proposed to semi-
quantitatively elucidate the deformations for a designed part.[7]

In this work, we present a dual-component hydrogel system
prepared from alginate and methyl cellulose (A/MC), wherein the
fractions of the two components were tuned to obtain gels of dif-
ferent swelling ratios. A model was developed to predict shape de-

formations for parts prepared using these hydrogel formulations.
Validation of the model was attempted by correlating the defor-
mations of a wide variety of gel constructs fabricated by extrusion-
based 3D printing. The cytocompatibility was assessed, and sur-
face modification by deposition of nanofibers was explored to
augment the cellular response to the 4D printed gel. Toward clin-
ical translation of the 4D-printed gel as sutureless nerve guid-
ing conduits (NGCs), the printed gel sheets were implanted to
form conduits by in situ shape change in a rat sciatic nerve de-
fect model (Scheme 1). Nerve regeneration mediated by the su-
tureless conduits was assessed up to ≈6 weeks post-implantation.
Overall, the study aimed to establish the promise of 4D printed
in vivo self-rolling conduits for peripheral nerve regeneration.

2. Results and Discussion

A dual-component hydrogel system was utilized in this work.
Two formulations of A/MC were prepared with different fractions
of A and MC such that one resulting gel (A/MC: 3/9 by mass pre-
pared in deionized [DI] water) exhibited a higher swelling rate,
and the other (A/MC: 4/6 in 5 mm CaCl2 solution) exhibited a
relatively lower swelling rate. These compositions were identi-
fied after careful evaluation of the printability and swelling rates
of several formulations. The physicochemical properties of the
individual gels were characterized initially. Morphological anal-
ysis by scanning electron microscopy (Figure 1a) revealed that
the gels were highly porous with interconnected pores. Notably,
A/MC:3/9 contained bigger pores than A/MC:4/6, as evident
from the cross-sectional SEM micrographs in Figure S2, Support-
ing Information. This trend corroborates the swelling measure-
ments (Figure 1b), which show that A/MC:3/9 swells consider-
ably more than A/MC:4/6.

Rheological characterization to assess the printability and vis-
coelastic behavior of the gels confirmed the shear-thinning be-
havior of both hydrogels (Figure 1c), rendering them suitable
for extrusion-based 3D printing.[40,41] Figure 1d reveals the vis-
coelastic properties of the gels with storage moduli values higher
than loss moduli in the entire linear viscoelastic (LVR) region.
Figure 1e shows that the gels were thixotropic such that the vis-
cosities of both the gels decrease under high shear rates and con-
sequently recover to the original values upon releasing the stress.
This property endows the gels with good printing fidelity and is
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Figure 1. Characterization of the A/MC: 3/9 and 4/6 hydrogels. a) SEM image revealing that both gels are porous (Scale bars are 100 μm); b) Swelling
ratios for the two gels; c–e) Rheological analysis of the gels; c) Shear-thinning behavior, d) viscoelastic properties of the two gels, and e) thixotropic
properties of the two gels. (*** denotes p < 0.001).

a consequence of chain disentanglements and re-entanglements
simultaneously under high and low shear rates, respectively.[42,43]

A computational model was formulated to reliably predict the
different shape deformations of the 3D printed structures with
defined infill patterns. We used a thermal expansion model to
simulate the deformations of the hydrogels after establishing a
quantitative correlation between the swelling model. The details
of the model used are provided in the Supporting Information
(Section S1, Supporting Information). We proceeded with mod-
eling the deformations of flat structures with different topogra-
phies.

At first, the effect of the topography of the top layer on the
shape deformation was evaluated by designing a simple tri-
layered trapezoidal geometry. The first layer was a solid base
material of higher expansion coefficient, which was decorated
with stripes of the second material of lower expansion coefficient
placed precisely at different orientations with respect to the base
layer (Figure 2a[i–iii]). The expansion coefficients for the two ma-
terials were calculated from the swelling ratios of the two gels.
FEA (finite element analysis) simulations (Figure 2a[iv–vi]) re-
vealed that a trapezoid could deform remarkably differently for
the varied arrangements between the two layers, namely, bend-
ing along the longer axis for stripes placed parallel (or at 0°) with
respect to the long axis of the base layer, twisting for stripes at
45°, and bending along the shorter axis for stripes at 90°. To val-
idate the results determined from the computational model, we
designed G-codes to match the computational design (refer to
Figure 2b[i–iii]) with details for each layer compiled in Figure S7,
Supporting Information. An extrusion-based 3D printer with two
nozzles for the two gel formulations was used to print the gels
following these G-codes for three different designs. The printed

structures were air-dried for 8–10 h and subsequently swelled in
200 mm CaCl2 solution to initiate the shape deformation. The
resultant deformations are compiled in Figure 2b(iv–vi), reveal-
ing that the deformations indeed occurred differently and closely
matched the computed results. The real-time deformations were
recorded (refer to Videos S1–S3, Supporting Information).

To further validate the accuracy of the model in predicting the
shape deformations of the 3D printed gels, we designed a vari-
ety of complex geometries with varied infill patterns (G-codes
shown in Figure S8, Supporting Information). A cross (or plus
cross) construct was designed such that the stripes of the top layer
were placed at different angles with respect to the base layer, as
shown in Figure 3a(i,ii). As seen from simulations, the cross ge-
ometry can be predetermined to bend or twist by varying the ar-
rangement of the stripes (Figure 3a[iii,iv]). Gels were 3D printed
with corresponding G-codes (Figure 3b[v,vi]). When the dried gels
were allowed to swell in CaCl2 solution, observed deformations
closely matched the deformations determined computationally
(refer to Figure 3b[vii,viii] and Videos S4 and S5, Supporting In-
formation). We demonstrated different predetermined modes of
deformation in petals governed by defined infill patterns (refer
to Figure 3c[i,ii] computational design, [iii,iv] simulated deforma-
tion; Figure 3b[v,vi] corresponding G-codes, [vii,viii] correspond-
ing experimental deformation and Videos S6 and S7, Support-
ing Information). Finally, we investigated the deformation of gels
prepared in the shapes of a butterfly and a rectangle (refer to Fig-
ure 3e,f and Videos S8 and S9, Supporting Information for the
butterfly geometry and Figure 3g,h and Videos S10 and S11, Sup-
porting Information for the rectangular geometry). Toward en-
hancing the attachment and growth of cells on the gel surface,
the dried gel was coated by airbrushing a thin layer of nanofibers
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Figure 2. FEA simulations and experimental validation of shape deformations. a) Computational analysis wherein (i–iii) are the modeled geometries
and (iv–vi) are the corresponding simulated deformations. b) Experimental validation wherein (i–iii) are the modeled G-codes and (iv–vi) represent the
digital photographs of the deformed gels. Scale bars: 12 mm.

prepared by blending gelatin and polycaprolactone (PCL). It is to
be noted here that the time and tendency of shape deformations
were not impacted by nanofiber deposition, as demonstrated in
Supporting Information (Section S2, Supporting Information).

We confirmed that our hydrogels (both uncoated and
nanofiber-coated gels, hereafter termed uncoated and coated,
respectively) were biocompatible in vitro and in vivo (Section
S2, Supporting Information) and that nanofibers do not im-
pact shape deformation (Section S2, Supporting Information).
Next, we aimed to demonstrate the clinical benefit of the shape-
changing 4D printed hydrogel focusing on its utility as su-
tureless NGCs. Toward this goal, rectangular models were de-
signed for fabrication by 3D printing to self-roll into tubular
constructs of predetermined dimensions upon stimulation with
CaCl2 solution. Digital photographs of the tubular construct post-
deformation and its SEM image are compiled in Figure S9,
Supporting Information. Mechanical testing of the 4D-printed
nerve conduit was performed to assess the stability and durabil-
ity under cyclic loading. The stress response of the conduits was
marked by hysteresis for the first cycle (Figure S9, Supporting In-
formation) but not in the subsequent nine cycles of loading and
unloading, indicating good recovery of the stresses upon unload-
ing with minimal energy losses. Thus, the self-rolled gel matches
the biomechanics of soft tissues and is well-suited for engineer-
ing NGCs.

Several artificial conduits for nerve regeneration have been de-
veloped, some of which have been approved for clinical use by
the Food and Drug Administration (FDA).[44] In both preclin-

ical and clinical trials, the single tubular structure, NeuraGen
and Neurolac, derived from type I collagen and PCL, respec-
tively, showed promising outcomes.[45] However, both of these
commercially-available conduits require suturing. Even though
sutures are widely accepted as the standard therapy for periph-
eral nerve injury (PNI), they are not without risk, including fur-
ther traumatic injury and severe inflammation surrounding the
wounded nerve tissues, preventing effective regeneration of the
nerve.[46] Hence, in an attempt to establish a rapid and efficient
neurorrhaphy treatment for improving prognosis without any
severe inflammatory complications, the 4D printed conduit de-
signed in this study was assessed for potential sutureless neuror-
rhaphy in PNI treatment.

Owing to its biocompatibility, biomechanical properties, and
rapid self-rolling ability upon stimulation, we posited that the
4D-printed rectangular gel sheets could be placed at the injury
site to self-roll into a conduit in vivo for covering the severed ends
of the resected nerve. Such an intraoperative 4D-printed device
could offer a marked advantage over the current technology by
reducing the complexity and duration of surgeries to facilitate ax-
onal growth and eventual regeneration and restoration of nerve
function. The efficacy of 3D-printed gel sheets (with and without
the nanofiber coating) as intraoperative deployable implanted
nerve conduits was assessed in a well-established 2 mm sciatic
nerve defect model in Sprague–Dawley rats and evaluated for up
to 6 weeks (Figure 4a). The animals were randomly segregated
into four different groups, namely, sham, negative, and uncoated
and coated 4D printed gels. No surgical damage was done to the
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Figure 3. FEA simulations and corresponding experimental validation for different geometries. a) Computational evaluation for a cross-shaped ge-
ometry; i,ii) Design showing different stripe angles, and iii,iv) Effect of stripe angle on corresponding deformations determined computationally. b)
Experimental validation; v,vi) The G-codes created based on computational designs, and vii,viii) The resultant deformations validated experimentally. c)
Computational evaluation for a petal-shaped geometry; i,ii) Design showing different stripe angles and iii,iv) effect of stripe angle on the corresponding
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animals in the sham group. Self-healing damage served as the
negative control. The procedure of wound infliction and the in
vivo shape deformation are presented in Figure S10, Supporting
Information. The hydrogel-wrapped regions of the transected
sciatic nerves 6 weeks post-surgery are shown in Figure 4b.
No animals were lost during the test period. A combination of
functional and structural assessments was analyzed to deter-
mine the success of nerve regeneration. Functional assessments
such as the sciatic function index (SFI), hot plate latency, and
paw withdrawal threshold were performed at specific intervals
for 6 weeks, following which rats were sacrificed to assess the
restoration of motor function in the wound-inflicted leg.

SFI measures the level of activity in the sciatic nerve. SFI
was calculated by comparing the geometric representation of the
damaged hind paw of an injured rat and 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 1st, 15th, 30th, and 45th days (com-
piled in Figure 4c). In contrast to the negative control group,
both the conduit-treated groups showed significant increments
in SFI measurements 15th day onward post-surgery (Figure 4d).
The best SFI values for both the conduit groups were observed on
day 45. But among the two groups, the coated group showed a sig-
nificantly increased SFI, demonstrating the superiority of coated
nanofibers. (Figure 4d).

Atrophy of the gastrocnemius muscle (GA) is a common side
effect of sciatic nerve damage.[47] Muscle atrophy is reduced by
the regeneration of the sciatic nerve and reinnervation of the GA.
GA weight analysis was used to evaluate muscle atrophy and re-
generation. After the animals were sacrificed, 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 determined for all the groups (Fig-
ure 4e). After weighing, the lowest L/R ratio was observed for the
negative group, whereas it was markedly improved in the case of
conduit-treated groups. No significant difference in the L/R ra-
tio was observed among the two conduit groups (Figure 4e). This
observation was corroborated by the digital photographs of the
gastrocnemius muscles (Figure S11, Supporting Information).
Muscle atrophy and regeneration assessed by hematoxylin and
eosin (H&E) staining of the GA muscle (Figure 4f) indicated that
the mass, integrity, and morphology of the muscle were consider-
ably lost in the negative group (Figures 4f-ii,g). These parameters
were markedly improved in animals treated with the 4D printed
conduits following the sciatic nerve injury (Figures 4f [iii,iv], g),
which were comparable to the sham group. Thus, both conduits
(coated and uncoated) repaired the sciatic nerve, reinnervating
the gastrocnemius muscle and reducing muscular atrophy as a
result of regeneration.

The hot plate and Randall–Selitto tests were used to assess
the efficacy of conduits in restoring functional motor activity. In
the hot plate study, the amount of time that each animal was

able to withstand the heat or wait before displaying a reaction
was recorded. When the sciatic nerves of the animals are com-
promised, the animals have longer latency durations. This pe-
riod proportionally decreases as the sciatic nerve regenerates. Fig-
ure 4h reveals that the maximum latency period was observed
in the negative groups during the post-operative six weeks. The
heat latency period was significantly reduced in the 4D printed
conduit-treated groups, with maximum improvements observed
on day 45. On the 45th day, the heat latency period for the un-
coated and coated conduits was ≈13 and ≈11 s, respectively,
which were significantly lower than the negative group (≈24
s) (Figure 4h). Moreover, animals in the coated conduit group
showed a statistically significant reduction in the heat latency pe-
riod compared to animals in the uncoated group (Figure 4h). The
Randall–Selitto (Paw withdrawal threshold) test determines allo-
dynia or neuropathic pain in the animals. Allodynia, a hypersen-
sitivity to a pain signal, is induced by nerve damage as a result
of trauma or illness.[48] Weights provide quantifiable pressure on
the injured leg in the experimental and sham-operated groups.
The paw withdrawal threshold is a measure of the pressure at
which an animal withdraws its paw (PWT). Figure 4i reveals that
pain hypersensitivity was more successfully suppressed when the
damaged sciatic nerves were treated with coated or uncoated con-
duits. The PWT for uncoated and coated conduits were ≈15 and
≈16 g, respectively, on day 45 post-injury. The PWT for the nega-
tive group was ≈6 g. The 135% and 150% improvement observed
in the uncoated and coated conduits, respectively, compared to
the negative group, demonstrates the functional recovery of the
resected sciatic nerve with the 4D printed nerve conduit deployed
intraoperatively. However, no significant difference in PWT was
observed between the uncoated and coated groups.

The low levels of the biochemical marker, immunoglobulin
IgE, eliminated adverse immunogenic responses induced by the
implanted conduit (Table S3, Supporting Information). Histolog-
ical analysis of organs, including the liver and the kidney, further
confirmed the cytocompatibility of the implanted hydrogel (Fig-
ure S12, Supporting Information).

Histological investigation of the different groups revealed the
success of nerve tissue regeneration. Regenerated nerve tissue
was observed in the longitudinal slices of samples stained with
H&E six weeks post-surgery (Figure 5a,b). Here, the staining
of the negative control group is excluded, as no nerve con-
nection was established between the two resected ends. H&E
staining of the cross sections (Figure 5a[i-vi]) and longitudi-
nal sections (Figure 5A[vii–ix]) in the middle of the region cov-
ered by the conduit shows that nerves and Schwann cells (SCs)
were developing into the transplanted conduit, demonstrating
that the injured nerves were being regenerated at the proxi-
mal end. Quantification of the H&E-stained positive area of the
nerve from uncoated (Figures 5a[ii,v,viii],b) and coated conduit
groups (Figure 5a[iii,vi,ix],b) confirmed more regenerating nerve
fibers in the coated conduit group than in the uncoated group.

deformations determined computationally. d) Experimental validation; v,vi) The G-codes created based on computational designs, and vii,viii) The re-
sultant deformations validated experimentally. e) Computational evaluation for a butterfly-shaped geometry. i—iv) Stripes placed at different angles can
control the wing movement. f) (i–viii) Corresponding G-codes and deformed outcomes of the butterfly wing movement. g) Rectangle-shaped geometry
can be designed to deform into complex geometries by varying the arrangement of stripes; i–iv) Computational design and deformations. h) Deformed
gel of rectangular shape geometry; v–viii) G-codes and corresponding to deformations observed experimentally. Scale bars: 5 mm.
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Figure 4. Direct and indirect functional assays to assess the regeneration capability of the scaffolds. a) Schematic diagram of implanting scaffolds into
sciatic nerve transected SD rat model. b) Digital images of scaffold implantation site taken on 45th day after the surgery in different groups (Scale bar:
1 cm). Yellow arrow indicates the area of wrapped scaffolds. Red dotted circle indicates the non-regenerated damaged nerve in the negative group. c)
Digital images of the footprints of the left and right hind foot. 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-coloured paw print: Right hind leg. d) Quantitative estimation of
SFI of different groups at each time point. (*** denotes p < 0.001 vs negative; @ denotes p < 0.05 vs uncoated). e) Measurements of the gastrocnemius
muscle (GA) wet weight ratio (left/right). (*** denotes p < 0.001 vs sham; ### denotes p < 0.001 vs negative). f) (i–iv) H&E-stained images of the GA
muscle of the left hind leg (operated limb) of rats from different experimental and sham groups. (Scale bar: 200 μm). The degenerated muscle fibrils (in
the negative group) and the regenerated muscle fibrils (Uncoated and coated groups) have now been indicated with red and black arrows respectively.
g) Quantification of H&E-stained area of the GA muscle. Data are presented as mean ± SD. (n = 4). (*, **, and *** represent p < 0.05, p < 0.01, and
p < 0.001, respectively vs sham; ### denotes p < 0.001 vs negative). h) Graph representing the hot plate latency periods of the animal from different
groups. Data are presented as mean ± SD. (n = 4). (*** denotes p < 0.001 vs negative; @ denotes p < 0.05 vs uncoated) i) Graph representing the paw
withdrawal threshold (PWT) of the animal from different groups. Data are presented as mean ± SD. (n = 4). (*** denotes p < 0.001 vs negative). (ns:
non-significant).
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Figure 5. Assessment of the nerve regeneration potential of conduits (coated and uncoated) through histological analysis. a) Bright-field pictures of
H&E-stained transverse slices of sciatic nerves of rats belonging to various groups: i,iv,vii) sham, ii,v,viii) uncoated, and iii,vi,ix) coated group. Scale bar
for (i–iii) and (vii–ix): 200 μm; Scale bar for (iv–vi): 50 μm. Yellow arrows indicate the regenerated nerve area; red arrows indicate the remnant scaffolds.
b) Quantification of H&E stained positive area. Data are presented as mean ± SD. (n = 4). (*** denotes p < 0.001 vs sham; @ denotes p < 0.05 vs
uncoated). c) H&E-stained sections of the remnant of the wrapped scaffolds in the nerve injury area. Black arrows indicated the blood vessels. Scale bar:
50 μm.

The integrity of the regenerated nerve was also better in the
coated group (Figure 5a[iii,vi,ix]) compared to the uncoated (Fig-
ure 5a[ii,v,viii]) groups. This enhancement in the coated group
was possibly due to the biocompatible fibrous coating in the
lumen of the formed tube, which mimics the natural extra-
cellular matrix of the tissue. This fibrous coating provided the
ideal environment for the Schwann cells to grow on the fibers
to utilize them as tracks on which the axon could be regener-
ated. The findings of the H&E staining demonstrated that the

sham-operated group had intact nerve fibers (Figure 5a[i,iv,vii]).
These results confirm that the surface topography of tissue scaf-
folds played a critical and essential role in guiding the recon-
struction of nerves. Furthermore, Figure 5c(i,ii) indicates that
blood vessels were formed in both conduits. Blood vessels pro-
vide material exchange and enable nourishment to regenerated
nerve tissues and SCs, which are essential components for nerve
regeneration.[49–52] Therefore, both coated and uncoated gels can
aid in the healing of damaged peripheral nerves, as they promote

Adv. Healthcare Mater. 2023, 2300701 © 2023 Wiley-VCH GmbH2300701 (8 of 13)
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Figure 6. Assessment of the nerve regeneration potential of 4D printed conduits through histology. a) Cross-section and longitudinal sections of sciatic
nerves were stained for NF-160 (green) (a marker for neurofilaments), S-100𝛽 (red) (Schwann cell marker), and nuclei (blue). Scale bar (cross-sections):
100 μm; Scale bar (longitudinal sections): 200 μm. Yellow arrows indicate the regenerated nerve area; white arrows indicate the remnant scaffolds. Plots
of fluorescence intensity for b) NF-160 (*** denotes p < 0.001 vs sham; @ denotes p < 0.05 vs uncoated) and c) S-100𝛽 (* and ** denotes p < 0.05
and p < 0.01 respectively vs sham; @ denotes p < 0.05 vs uncoated). Data are presented as mean ± SD. (n = 4).
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neovascularization. Nevertheless, further research is warranted
to elucidate the underlying mechanisms.

Damage to a peripheral nerve initiates a complex chain of
molecular events leading to nerve regeneration. These events in-
clude Wallerian degeneration, the axonal response for phagocy-
tosis, chromatolysis, Schwann cell proliferation, axonal growth,
and target reinnervation.[53] NF160 (Neurofilament 160), a
marker for neurofilaments, is typically seen in cells or tissues
of neuronal origin. Axonal regeneration requires the presence
of SCs. S100𝛽 (S100 calcium-binding protein B) is a character-
istic marker for SCs. Thus, both the crosssections and the lon-
gitudinal sections of the tissues were immunostained for NF-
160 (green) and S100𝛽 (red), and the nuclei were counterstained
with DAPI (Figure 6a). NF-160 and S-100𝛽 proteins were ex-
pressed in all the study groups, confirming the formation of
myelin sheaths composed of SCs and the ingrowth of new ax-
ons in the 4D printed conduit. The mean fluorescence intensities
of both NF-160 and S-100𝛽 were calculated by image process-
ing. 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 nanofiber-coated conduits than in the
uncoated conduits (Figures 6a [green panels] and 6b). For S-100𝛽,
the sham group showed the least expression as no regeneration
occurred, whereas the uncoated and coated conduits showed in-
creased S-100𝛽 expression due to tissue regeneration (Figures 6a
[red panels] and 6c). Notably, the coated group exhibited more ex-
pression of S-100𝛽 as compared to the uncoated conduit group.
Thus, the nanofibrous coating augmented the efficacy of the 4D-
printed nerve conduit.

Taken together, the programmable shape-changing hydrogel
developed in this work was effective as a 4D-printed NGC. The
internal nanofibrous structure further enhanced the conduit per-
formance by altering the gel architecture at both the macroscale
and the nanoscale.[54] The presence of gelatin in the nanofibers
augments cellular interactions, as observed in vitro, and could en-
able the attachment of SCs to the conduit.[55] Nanofibers mimic
the architectures of extracellular matrices to effectively direct cell
fates and functions. Therefore, this fiber-coated gel has the po-
tential to enhance the healing capacity of large-scale lesions in
thick nerves.

In a few recent studies, 4D printing has been explored for a
few biomaterials, such as silk fibroin methacrylate (SF-MA) and
oxidized and methacrylated alginate (OMA). Some of these de-
scribe the applicability of the 4D-printed gels in vivo. SF-MA was
bioprinted into biomimetic trachea-like structures to heal dam-
aged trachea in rabbits.[23] However, the utility of these systems is
limited by extremely slow shape deformations (the time required
was up to 1 h) and poor control of the deformations. Moreover,
only one type of bending was observed in a given structure. In
stark contrast, we demonstrate the ability to realize several defor-
mations in a single structure by varying infill angles, which can
yield a wide range of customized tissue-like structures. Moreover,
the shape deformations are much faster in our gels (time scales
of a few seconds) which is a vital consideration for intraoperative
deployment. Ding et al. 4D printed jammed microflake hydro-
gels (MFH) into cartilage constructs.[34] However, the synthesis
of bioinks is complex and is accompanied by prolonged shape
deformations (≈2 h) and the absence of in vivo demonstrations.
In particular, cellulose-based bioinks have been recently explored

for 3D/4D printing due to their highly thixotropic properties and
ease of synthesis.[28] For instance, A/MC gels were shown to ex-
hibit shape changes by varying infill angles,[8] however, the sys-
tem being a single component was not very structurally stable.
Moreover, there was no biocompatibility study to support any tis-
sue function, the shape changes were not predicted by any com-
putational model. The multi-component gel system fabricated in
this study exhibited differential swelling in addition to design en-
coded printing paths, which makes the shape changes predictive
through modeling, and the resultant structures are robust. Addi-
tionally, the gels were surface-modified with nanofibers to make
them conducive for cells.

We focused on demonstrating the utility of the 4D-printed
multi-component gels for engineering NGCs, which are primar-
ily used to bridge the gap of a severed nerve while guiding the ax-
ons to grow and avoiding scar tissue formation.[56] So far, most re-
search has focused on 3D-printed gels, such as gelatin methacry-
loyl (GelMA),[57] GelMA/PEGDA,[58] and so on., for preparing
NGCs. However, 3D-printed NGCs need suturing with the two
nerve ends to secure the NGC at the damaged site, which requires
highly skilled surgical techniques. The 4D printed NGCs devel-
oped here can be placed intraoperatively over the resected nerve
ends to self-roll in vivo, thereby avoiding the need for suturing.
This offers a marked potential clinical advancement over the cur-
rent techniques. 4D printing can be leveraged to personalize the
NGC to customize the diameters and lengths to match patient
needs and incorporate complex design features such as branch-
ing, which would be otherwise difficult to realize.

3. Conclusion

This study presents 4D printable hydrogels that can be pro-
grammed to undergo predetermined shape changes in vivo af-
ter 3D printing for the repair and regeneration of tissues. Dual-
component A/MC hydrogels with varied A/MC ratios were 3D
printed along different layers with defined infill patterns to spon-
taneously change their original as-printed shapes when stimu-
lated by water uptake. The shape changes initially computed from
FEA simulations were validated experimentally to generate a va-
riety of complex geometries. The gels were coated with gelatin-
rich nanofibers for enhanced cell adhesion. 4D printed tubular
geometries were obtained by controlled shape deformations in
vivo of the 3D printed gels to serve as intraoperative self-folding
NGCs. The 4D-printed conduits clamped the ends of a resected
sciatic nerve in a rat model, eliminating the need for suturing.
A combination of histological and functional assays established
the capability of the 4D-printed conduits for regenerating periph-
eral nerves following injury. Overall, this study demonstrates the
potential of 4D-printed tissue constructs for the repair and regen-
eration of peripheral nerves and underscores the promise of 4D
printing for other applications in regenerative medicine.

4. Experimental Section
Gel Preparation: The hydrogels were prepared as reported previously

with modifications.[59] Briefly, for preparing the Alg/MC:3/9 hydrogels, 3%
(w/v) alginic acid sodium (Alg; Sigma Aldrich) was added to 4 ml of deion-
ized (DI) water with constant stirring at 60 °C to obtain a clear solution.
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Next, 9% (w/v) MC (Viscosity 4000 cP; Sigma Aldrich) was added slowly
with continuous stirring at 60 °C until MC dissolved completely, and a ho-
mogenous solution was obtained. The resulting solution was then filled in
a cartridge used for 3D printing and was kept at 4 °C for 30 min for com-
plete hydration of MC, following which the cartridge was stored at room
temperature (RT, ≈25 °C) until further use. For preparing the Alg/MC:4/6
gels, a similar procedure was adopted with 5 mm CaCl2 solution as the
medium.

Gel Characterization: The pore morphology of both the gels
(Alg/MC:3/9 and Alg/MC:4/6) was characterized using a scanning
electron microscope (SEM, JEOL iT 300). The gels were lyophilized
and sputter-coated with gold before observation. Swelling studies were
performed after drying the gels overnight. The initial dry weight (W0) of
the gels was measured and then soaked in 200 mm CaCl2 solution. The
weight (Wt) of the gels was monitored at regular intervals. The extent of
swelling was calculated using the equation.

Swelling (%) =
Wt − W0

Wt
× 100 (1)

The viscoelasticity of the gels was characterized using a rotational
rheometer (Anton Paar Modular Compact Rheometer- 302) with a 10 mm
parallel plate and a 1 mm gap. For the viscosity flow test, the viscosity of
the gels was measured at shear rates ranging from 1 to 100 s−1. For the
angular frequency sweep, a constant strain of 1% was chosen from the
linear viscoelastic region (LVR), and angular frequency was varied from 1
to 100 rad s−1. Thixotropy characterization was performed in three steps:
a low shear rate of 0.1 s−1 was applied to the gels for 60 s, the shear rate
was increased to 100 s−1 for 10 s, and finally, the shear rate was lowered
to 0.1 s−1 for 60 s.

Finite Element Analysis (FEA) Theory and Simulations: Different 3D
models were prepared in Solidworks (Dassault Systems), which were then
imported into the commercially available FEA software package Abaqus
2017 (Simulia 2017) to predict the deformation of the hydrogel designs
experimentally.

4D Printing of Multi-Component Hydrogels: To enable the process of
4D printing, the 3D models were designed in Solidworks (Dassault Sys-
tem), which were converted to StereoLithography (.Stl) format for slicing
to generate G-codes (Repetier Host, Cellink). For creating the G-codes,
the print paths were defined as per computational designs, wherein a first
solid layer of Alg/MC:3/9 was overlaid by stripes of Alg/MC-4/6 placed
at different angles on the second and third layers with respect to the first
layer. For creating stripes, 40% aligned rectilinear infill patterns with de-
fined fill angles were used, as per computational design. The resulting G-
codes were then input to an extrusion-based 3D bioprinter (BioX, Cellink)
for 3D printing of the gels independently from two nozzles. The printed
constructs were air-dried for 8 h at RT and immersed in 200 mm CaCl2
solution. The resulting shape changes were recorded digitally

In Vivo Studies on Sciatic Nerve Transected Model: All the animal stud-
ies were performed in accordance with 86/609/EEC Act with approvals
(numbers MMCP-IAEC-120 and MMCP-IAEC-121) from the Institute Ani-
mal Ethical Committee of Maharshi Markandeshwar University, Mullana,
following globally-accepted norms (NIH Publications no. 8023, revised
1978). Specifically, adult Sprague-Dawley male rats (between 250–270
grams at the time of surgery) were selected to estimate the efficacy of
fabricated scaffolds in the regeneration of PNS involving the earlier de-
scribed sciatic nerve injury model, as described earlier.[60] A total of 16
animals were arbitrarily divided into four groups – sham-operated (op-
erational control), negative control (injury without any treatment given),
uncoated (4D printed rectangular sheets without any fibers coating), and
coated (4D printed rectangular sheets with fibers coating). The resulting
dimensions of the self-folding sheets were calculated using simulations
to yield conduits to sufficiently cover the defect. Each group contained
four animals. Sciatic nerve regeneration was investigated in this work us-
ing an injury model with a 2 mm transection. Both the coated and un-
coated sheets were sterilized through UV irradiation. Before transplan-
tation, the sheets, including coated and uncoated, were stimulated with
200 mm of CaCl2 solution and placed at the defect site. Thereafter, 5 mm

Scheme 2. Schematic diagram of paw indicating the PL, TS, and IT.

CaCl2 was poured over the sheets to induce self-folding into tubular struc-
tures spontaneously around the injured nerve due to the pre-programmed
deformation. Intraperitoneal injections of ketamine (90 mg kg−1) and xy-
lazine (10 mg kg−1) were used to anesthetize the animals, followed by a
bilateral incision at the left lateral thigh. The sciatic nerve was uncovered by
cutting through the bicep femoris and gluteus superficial muscles. Each
rat had a 2 mm nerve deficit, which was then bridged utilizing different
neural scaffolds. Nerve conduits were used to connect the proximal and
distal ends of the damaged nerve. As the conduits were wrapped automat-
ically around the wound, thus no suturing was required. A 2-mm segment
of the sciatic nerve was removed, and the two ends were left untreated
for the negative group. The muscle and skin layers were appropriately su-
tured with 30 nylon sutures after the implant site had been cleaned and
disinfected. To avoid infection, each rat was administered 800 000 units of
penicillin immediately following surgery.

Functional Recovery Tests: The functional recovery of the animals was
assessed at the 1st, 15th, 30th, and 45th days post-operatively using the
hot plate test and Randall-Selitto test to assess thermal reactivity and me-
chanical threshold, respectively. For thermal reactivity assessment, each
rat was individually placed on a metal hot plate of 30 × 30 cm held at 45
± 1 °C. The frequency with which the left paw was lifted in order to bal-
ance the weight on the right paw, which was not damaged, was carefully
observed as a reaction to thermal allodynia. The lifting of paws as a result
of regular movement was disregarded.[60]

The Randall–Selitto paw pressure test was performed using an analgesy
meter. Increasing mechanical pressure was administered to the experi-
mental rat leg on the medical section of the plantar surface of the left
hind paws as late as observing a withdrawal response. For each animal,
the amount of pressure that caused a withdrawal reaction was recorded.

Sciatic Functional Index (SFI): SFI was determined from this formula.

SFI = −38.3 × EPL − NPL
NPL

+ 109.5 × ETS − NTS
NTS

+ 13.3

× EIT − NIT
NIT

− 8.8 (2)

where PL indicates the footprint length, TS denotes the total toe spread,
IT stands for intermediate toe spread, E is the injured side, and N repre-
sents the distance on the contralateral side.[61] Scheme 2 represents the
schematic diagram of the paw indicating PL, TS, and IT for a better under-
standing.

Tissue Collection: The animals were sacrificed after 6 weeks post-
implantation via dislocation of the cervical vertebrae to harvest the tissues.
The surgical site was opened up to isolate the scaffold-wrapped area of the
resected sciatic nerve in each rat. After separation, the nerve conduits con-
taining the regenerated neural tissues were fixed with 10% neutral-buffered
formalin (NBF) at RT for 24 h. The fixed tissues were used for immunohis-
tochemistry (IHC) and H&E staining. Gastrocnemius muscles of the oper-
ated left legs were collected for wet weight measurement and HE staining.

H&E and IHC Staining: Six weeks post-implantation, the regener-
ated nerves in the conduits were examined histologically. 5 μm thick
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longitudinal and cross sections were cut from the fixed samples using
a microtome (Leica) and embedded in paraffin wax. The sections were
deparaffinized with xylene and with a gradient of diluted ethanol (100%,
90%, 70%, and 50%). They were further rehydrated, which was followed
by gentle rinsing in tap water and stained with freshly prepared HE.[62]

The sections were dried and mounted on coverslips in DPX (di-styrene, a
plasticizer, and xylene) (SRL, India). A microscope with RGB (Red, Green,
Blue) filters (Lionheart LX, BioTek, USA) was used to image the stained
sections to observe the morphology of regenerated nerve tissues.

Immunofluorescence was performed on cross-sections and longitudi-
nal sections taken from the central portion of the regenerated tissues in
the conduit after staining for NF200 and S-100. The procedure described
above for IHC staining was used. After rehydration, antigen retrieval was
carried out by incubating for 3 min under moist pressure in sodium cit-
rate buffer (pH 6). After rinsing in Tris-buffered saline (pH 7.6), the sec-
tions were dried. 1% BSA was used for 2 h as a blocking agent, followed
by overnight incubation with mouse monoclonal NF-160 (Sigma-Aldrich,
USA) and rabbit polyclonal S100 (Invitrogen, USA) at 4 °C. The sections
were washed with Tris-buffered saline containing 0.1% Tween® 20 Deter-
gent (TBST) and incubated with rabbit anti-mouse IgG (H + L) − fluores-
cein isothiocyanate conjugate (Thermo, USA) secondary antibody for NF-
160 and the goat antirabbit IgG (H + L) −tetramethylrhodamine isothio-
cyanate conjugate (Thermo, USA) secondary antibody for S100 for 2 h fol-
lowed by washing with TBST. The sections were counterstained with DAPI
(HiMedia). Finally, the samples were observed using an epi-fluorescence
microscope (Lionheart LX, BioTek, USA). At least three areas were sam-
pled for each section/group.

Statistical Analysis: The results are presented as mean ± standard
error for each group. GraphPad Prism 5.04 was used for the statisti-
cal analysis (GraphPad Software, USA). One-way ANOVA was used for
the statistical analysis, which was then followed by Dunnett and Tukey
tests for significance. All analyses were carried out at a 95% confidence
level and were considered to be significant at statistical probability p <

0.05. Statistical significances were denoted as (*/#/@), (**/##/@@)
and (***/###/@@@) for p < 0.05, p < 0.01, and p < 0.001, respectively.
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