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Abstract
The development of advanced hydrogel systems capable of precise three-
dimensional (3D) printing and controlled therapeutic delivery is critical for next-
generation biofabrication strategies. In this study, we present a laponite-reinforced 
gelatin methacryloyl (GelMA)/ionic liquid hydrogel engineered to simultaneously 
improve printability and sustained release of bioactive molecules. The incorporation 
of laponite nanoparticles markedly enhances rheological characteristics, including 
viscosity, shear-thinning behavior, and structural fidelity, facilitating high-resolution 
extrusion-based 3D printing. Specifically, the laponite concentration was limited to 
1% w/v to preserve the soft mechanical environment (<3 kPa) essential for neural 
tissue while sufficiently improving rheological properties for processing. Beyond 
its mechanical and processing advantages, the hydrogel enables the prolonged 
release of retinoic acid and glial cell line-derived neurotrophic factor, promoting the 
proliferation and neuronal differentiation of N2A cells. This dual-functional platform 
demonstrates significant potential for the fabrication of complex, cell-instructive 
scaffolds, offering a versatile approach for applications where structural precision 
and localized drug delivery are essential.
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1. Introduction
Three-dimensional (3D) printing has become a powerful tool in tissue engineering, 
regenerative medicine, and disease modeling, enabling the fabrication of complex, 
customizable structures.1−3 Among the various techniques, extrusion-based 3D 
printing is especially attractive due to its scalability, low cost, and suitability for in situ 
applications.4−6 Hydrogels are frequently employed as bioinks for this purpose, owing 
to their biocompatibility, excellent water retention, and structural similarity to the 
extracellular matrix (ECM).7 However, printing soft hydrogels requires fine-tuning of 
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their mechanical, rheological, and biological properties 
to fall within the “biofabrication window,” critical for 
achieving high-fidelity constructs without compromising 
cell viability.7−9 

Gelatin methacryloyl (GelMA), a photocrosslinkable 
hydrogel, is widely used due to its biocompatibility and 
tunable stiffness.10,11 While high-concentration GelMA 
(>10%) can be printed with reasonable fidelity, softer 
matrices (<10 kPa) based on low GelMA content remain 
difficult to extrude consistently due to insufficient 
viscosity.12 This limitation restricts the fabrication of soft, 
cell-instructive microenvironments, which are especially 
relevant for neural applications.

To address this, nanoparticles such as laponite have 
been incorporated into hydrogel formulations to enhance 
rheology without compromising biocompatibility.13−15 
Laponite is a synthetic silicate nanoplatelet (~25 nm 
diameter, 1 nm thickness) with charge heterogeneity that 
enables self-assembly into shear-thinning, thixotropic 
gels.16−20 Its anisotropic surface charges also enable 
interaction with diverse biomolecules, making it effective 
for sustained release of drugs and growth factors.21−23 These 
properties make laponite a versatile additive for improving 
both printability and biofunctionality of hydrogel systems. 
However, it is important to note that the biocompatibility 
of laponite is concentration-dependent. While low 
concentrations support cell survival, elevated levels can 
compromise the viability of encapsulated cells.24 

Nerve tissue engineering requires scaffolds that not 
only mimic the ECM but also support electrical signal 
conduction, a key aspect of neuronal function and 
regeneration.25 Current clinical treatments, including 
autografts, allografts, and direct coaptation, face challenges, 
such as donor site morbidity, immune rejection, and limited 
availability.26−29 Nerve guidance conduits offer a promising 
alternative, particularly when engineered to combine 
structural integrity, bioactivity, and electroconductivity.30,31 
Conductive biomaterials can promote neurite outgrowth, 
synaptic activity, and overall functional recovery.32 In this 
context, ionic liquids (ILs) have emerged as promising 
candidates due to their intrinsic ionic conductivity and 
tunable chemical structure.33,34

Ionic liquids are a class of liquid salts composed 
of ions with a melting point below 100 °C.35 ILs have 
gained significant attention as conductive additives in 
biomaterials, offering distinct advantages such as high 
ionic conductivity, thermal stability, negligible vapor 
pressure, and versatile solubility.33,36 To enhance clinical 
relevance, recent efforts have focused on bio-ILs designed 
for superior biocompatibility. Among these, choline-based 
formulations are especially promising; as a critical nutrient 

and integral cell membrane component, choline confers 
low toxicity and high biocompatibility.37 Consequently, 
prior studies have successfully incorporated choline-
based ILs into hydrogel matrices, such as GelMA and 
polyethylene glycol diacrylate, to engineer bioactive 
composite systems.38,39

Previously, we developed a multi-layered nerve 
guidance conduit combining a polycaprolactone shell with 
a GelMA hydrogel core to provide mechanical support and 
a biomimetic microenvironment.40 However, the system 
lacked sufficient conductivity, limiting its applicability in 
electrically responsive tissues.

In this study, we present a GelMA-based hydrogel 
system enhanced with ILs and laponite to address critical 
challenges in extrusion-based bioprinting, including print 
fidelity, sustained drug release, and electrical functionality. 
Laponite improves rheological performance, printability, 
and drug release, while ILs contribute to conductivity 
and biocompatibility. The hydrogel’s cytocompatibility 
was validated through N2A cell culture studies. Together, 
these advances establish the GelMA/IL/laponite hydrogel 
as a promising platform for 3D-printed electroconductive 
scaffolds for neural repair and regeneration.

2. Materials and methods
2.1. Materials

Gelatin from porcine skin (Type A, 300 bloom), 
methacrylic anhydride (MA), collagenase type II 
(C2-22-1G), 4’,6-diamidino-2-phenylindole (D9542; 5 
mg), penicillin–streptomycin solution (P4333, 100 mL), 
lithium phenyl (2,4,6-trimethylbenzoyl) phosphinate 
(LAP; 5 g), and laponite nanoclay (500 g) were obtained 
from Sigma Aldrich (United States of America [USA]). 
AlamarBlueTM HS Cell Viability Reagent and LIVE/
DEADTM Viability/Cytotoxicity Kit for mammalian cells 
were purchased from Invitrogen (USA). Dulbecco’s 
Modified Eagle Medium (DMEM), Dulbecco’s phosphate-
buffered saline (DPBS), fetal bovine serum (FBS), and 
trypsin–ethylenediaminetetraacetic acid were obtained 
from Gibco (USA). All-trans-retinoic acid (97%; 5 g) was 
purchased from Thermo Scientific (USA). Human glial cell 
line-derived neurotrophic factor (GDNF) enzyme-linked 
immunosorbent assay kit was purchased from Abcam 
(United Kingdom). N2A cells were kindly supplied by 
Prof. Dan Ohtan Wang (NYU Abu Dhabi, United Arab 
Emirates).

2.2. Gelatin methacryloyl synthesis

Gelatin methacryloyl was synthesized following a 
previously reported protocol.41 In brief, 10% w/v of gelatin 
was dissolved in DPBS at 50 °C. MA was then added 
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gradually (0.125 mL/g), while maintaining constant 
stirring at 50 °C for two hours. To halt the reaction, twice 
the volume of pre-warmed DPBS (40 °C) was added. The 
resulting mixture was placed in dialysis tubing with a 
molecular weight cutoff of 12–14 kDa and dialyzed at 50 
°C against deionized water to eliminate excess MA. The 
water was changed twice a day for seven days. The solution 
was passed through a 0.2 μm filter, freeze-dried, and stored 
at 4 °C until further use.

2.3. Gelatin methacryloyl/ionic liquid/laponite 
synthesis and hydrogel fabrication

To prepare the hydrogel solution, GelMA (5% w/v), 
choline–bicarbonate (IL, 20% v/v), and LAP (0.25% 
w/v) were dissolved at a temperature of 37 °C in DPBS. 
This solution was then mixed with laponite powder at 
varying concentrations of 0.5% and 1% w/v. To prepare 
the hydrogels, the hydrogel precursor solution was 
subsequently cross-linked using ultraviolet light (Form 
Cure, light-emitting diode [LED] power: 39 W; Formlabs 
Inc., USA) for two minutes at 405 nm.

2.4. Rheological analysis

Dynamic mechanical analysis (MCR 702e MultiDrive, 
Anton Paar Inc., Austria) was used to perform the 
rheology test of 5% w/v GelMA/20% v/v IL solution with 
different concentrations of laponite (before cross-linking). 
Parallel plates with 25 mm and 50 mm diameters were 
used. All tests were performed at room temperature, 
around 22 °C. The linear viscoelasticity range (LVER) was 
first established through an amplitude sweep spanning 
from 0.1% to 1,000%. Subsequently, 3-interval thixotropy 
tests (3TT) were performed at a high shear rate of 100 Hz 
and a low shear rate of 0.1 Hz within each sample’s LVER 
range. Photorheology was performed using an LED light 
(405 nm) source placed at a set distance of 3 cm from the 
rheometer plate for two minutes. Finally, the maximum 
linear viscosity value was identified, and a frequency sweep 
ranging from 0.1 Hz to 100 Hz was conducted, employing 
a strain level below the LVER range, to determine the 
shear storage modulus, shear loss modulus, and complex 
viscosity. The shear thinning properties were further 
evaluated using a power law (Equation (1)) to define the 
flow behavior index and the flow consistency index:

nK= σ γ 	 (1)

where K (mPa·s) is the flow consistency index, and n is the 
flow behavior index.

2.5. Scanning electron microscopy

The GelMA/IL/laponite samples were frozen overnight 
at −80 °C, followed by lyophilization for 72 h. The dried 

samples were then sectioned to expose the cross-sectional 
area and were imaged at 5 kV. The mean sizes of the 
GelMA/IL/laponite hydrogel pores were analyzed from a 
group of three samples (n = 50 across three samples). The 
scanning electron microscopy (SEM; FEI Quanta 3D FEG 
Dual Beam Electron Microscope Hillsboro, USA) images 
of the hydrogel samples were obtained at 10 kV. Sputter 
gold coating was performed before image capture to 
increase the electron density of all samples.

2.6. Conductivity test of gelatin methacryloyl/ionic 
liquid/laponite pre-solution and hydrogel

Electrical conductivity tests were conducted on GelMA/
IL/laponite hydrogels with varying concentrations of 
laponite. A volume of 0.8 mL of the GelMA/IL/laponite 
hydrogel solution was dispensed into a rectangular mold, 
which had been fabricated using a Form 3 3D printer 
(FormLabs Inc., USA). Conductivity measurements were 
carried out using a four-probe electrical station. Probes 
were strategically placed within the hydrogel precursor 
at consistent inter-probe distances. Subsequently, in situ 
cross-linking was performed using an LED light for two 
minutes at a wavelength of 405 nm. A current ranging from 
0.01 mA to 0.2 mA was applied using the outer two probes, 
while the voltage response was recorded by the inner two 
probes. The conductivity of the hydrogel precursor was 
determined using Equation (2):

L
RA

=σ 	 (2)

where L is the probe-to-probe distance, R is the resistance, 
and A is the conductor cross-sectional area.

2.7. Mechanical characterization of the gelatin 
methacryloyl/ionic liquid/laponite hydrogel

Mach-1 v500cs (Biomomentum Inc., Canada) was used to 
perform the compression test with a 17 N load cell. The 
GelMA/IL/laponite hydrogel cylinder with a flat surface 
finish was fabricated and cross-linked using ultraviolet 
light. The hydrogel thickness was assessed using the Mach-1 
machine. All samples were subjected to a total compressive 
strain of 70% at a rate of 10% strain per second. For 
modulus evaluation, data within the 10–20% strain range 
were analyzed. Throughout the testing process, hydrogels 
were maintained in a hydrated condition.

2.8. Collagenase degradation

Degradation tests on GelMA/IL/laponite hydrogels with 
laponite concentrations of 0%, 0.5%, and 1% were conducted 
at intervals of 0, 6, 12, 24, and 48 h. The hydrogels were cross-
linked for two minutes at 405 nm (Form Cure, LED power: 
39 W; Formlabs Inc., USA) and subsequently kept at 37 °C 
overnight in PBS before undergoing the degradation tests. 
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Subsequently, the PBS was replaced with the collagenase 
solution (5 U/mL solution that corresponds to 125 U/mg), 
and the hydrogels were collected, lyophilized, and weighed 
at each specified time point. The average mass at each time 
point was normalized to the initial (0-h) value and plotted 
to illustrate changes over time.

2.9. Extrusion-based three-dimensional printing of 
hydrogel

Grids measuring 10 mm × 10 mm and 15 mm × 15 mm, 
circles with diameters of 5 mm, 10 mm, and 20 mm, and 
the letters “NYU” were designed and printed using a 
RegenHu Discovery bioprinter (Swiss) with an extrusion-
based printhead. A hydrogel composed of 5% GelMA and 
20% IL was used as a control to compare the printability 
with a hydrogel consisting of 5% GelMA, 20% IL, and 
1% laponite. The nozzle diameter was 0.61 mm, and the 
optimized pressures were 0.01 MPa for the control and 
0.02 MPa for the GelMA/IL/laponite hydrogel. The printed 
structures were immediately cross-linked under 405 nm 
for two minutes. All procedures were performed at room 
temperature. The printing of a 2 cm equilateral triangle 
and 10 mm thickness was achieved by photocrosslinking 
each layer for one minute.

2.10. Printability analysis of various structures

The images of the printed structures were captured under 
bright light. Line width was measured using ImageJ 
(version 1.54h) (n = 10 per structure). Relative line length 
was normalized to the nozzle diameter (0.61 mm).

2.11. Drug release of glial cell line-derived 
neurotrophic factor and retinoic acid

To evaluate the release kinetics of retinoic acid from 
GelMA/IL/laponite hydrogels, 18 µg of retinoic acid was 
mixed with GelMA/IL hydrogel and GelMA/IL/laponite 
hydrogel at laponite concentrations of 0.5% and 1%. For 
the retinoic acid release test, 300 µL of the hydrogel pre-
solution was injected into a 1.5 mL Eppendorf tube and 
cross-linked as previously described. One mL of PBS 
solution was added to the tube, which was then incubated 
at 37 °C. At specified time points (1, 3, 6, 12, 24, 48, and 96 
h), the supernatant was collected and replaced with fresh 
normal saline. The concentration of released retinoic acid 
in the supernatant was measured using a microplate reader 
(BioTek Instruments, Inc., USA) at 432 nm. The net drug 
release at each time point was calculated by multiplying 
the drug concentration by the supernatant volume. The 
accumulated drug release was calculated by summing the 
net drug release at each time point.

A similar method was applied for the GDNF release 
analysis. At specified time points (3, 6, 12, 24, 48, 96, and 

168 h), the supernatant was collected and replaced with 
fresh normal saline. The concentration of GDNF was 
measured using an enzyme-linked immunosorbent assay 
kit according to the manufacturer’s instructions. The net 
drug release and accumulated drug release were calculated 
based on the method mentioned above.

2.12. Two-dimensional cell culture of N2A cells

N2A cells were cultured in T25 flasks, each initially seeded 
with 250,000 cells. The cell culture medium, comprising 
DMEM supplemented with 10% FBS and 1% penicillin–
streptomycin, was prepared and refreshed bi-daily. The 
cells were maintained at 37 °C in a 5% carbon dioxide 
incubator and were harvested on Day 3 for subsequent 
two-dimensional (2D) N2A cells seeding on GelMA/IL/
laponite hydrogels.

2.13. N2A cells seeding onto gelatin methacryloyl/
ionic liquid/laponite hydrogel

A volume of 0.3 mL of the GelMA/IL/laponite hydrogel 
solution was pipetted into each well of a 24-well plate and 
subsequently cross-linked for two minutes at 405 nm. 
Following cross-linking, 1 mL of pre-warmed PBS was 
added to each well, and the plate was incubated overnight 
at 37 °C to allow the hydrogel to swell. Prior to cell seeding, 
the PBS was removed, and 10,000 cells were seeded per 
well. Each well then received 1 mL of cell culture medium, 
which was refreshed bi-daily. The 24-well plate was 
maintained in a 5% carbon dioxide incubator at 37 °C.

2.14. Cell viability of N2A cells seeded in hydrogels

Cell viability of N2A cells cultured on GelMA/IL/laponite 
hydrogels was evaluated on Day 1 and Day 3 using the 
LIVE/DEAD cell viability assay. The staining solution was 
prepared by mixing 1 µL of calcein acetoxymethyl ester and 
4 µL of ethidium homodimer-1 with 2 mL of PBS. Prior to 
staining, the hydrogel was rinsed with pre-warmed PBS. 
Subsequently, the staining solution was applied to the 
scaffolds within the well plate and incubated for 30 min 
at 37 °C. After incubation, the hydrogels were transferred 
from the well plate onto a glass slide and imaged using a 
ZOE Fluorescent Cell Imager (Bio-Rad Laboratories Inc., 
USA). ImageJ software was used to analyze the images to 
assess cell viability, employing Equation (3):

Cell viability Live cells
Live cells dead cells

 
 

  
�

�
�100 	 (3)

2.15. Two-dimensional cell differentiation of N2A 
cells into neurons

N2A cells were cultured using cell culture medium in T25 
flasks as described in Section 2.14 on Day 1. At the end of 
Day 1, the medium was replaced with a cell differentiation 
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medium, consisting of DMEM supplemented with 0.1% 
FBS, 20 µM retinoic acid, and 1% penicillin–streptomycin. 
The cell differentiation medium was changed every two 
days. The cells were maintained at 37 °C in a 5% carbon 
dioxide incubator and were harvested on Day 3 after 
induction for the 2D neurons seeding on GelMA/IL/
laponite hydrogels.

2.16. Neurite length measurement and relative cell 
quantity measurements

N2A cells were initially cultured in 6-well plates and 
differentiated as previously described. Brightfield images 
were captured on Day 1 before differentiation and on Day 3 
after differentiation, using the ZOE Fluorescent Cell Imager 
(Bio-Rad Laboratories Inc., USA). Neurite length was 
measured using ImageJ (n = 10 per sample). Relative cell 
quantity was also measured using ImageJ and normalized 
to the cell quantity on Day 1 before differentiation.

2.17. Seeding of differentiated neurons onto gelatin 
methacryloyl/ionic liquid/laponite hydrogel

Differentiated neurons were seeded onto the GelMA/IL/
laponite hydrogel as described in Section 2.13. Subsequently, 
1 mL of cell differentiation medium was added to each well 
in place of the cell culture medium, which was refreshed 
bi-daily. The 24-well plate was maintained in a 5% carbon 
dioxide incubator at 37 °C. A volume of 0.3 mL of the 
GelMA/IL/laponite hydrogel solution was pipetted into 
each well of a 24-well plate and subsequently cross-linked 
for two minutes at 405 nm. Following cross-linking, 1 mL 
of pre-warmed PBS was added to each well, and the plate 
was incubated overnight at 37 °C to allow the hydrogel 
to swell. Prior to cell seeding, the PBS was removed, and 
10,000 cells were seeded per well. Each well then received 
1 mL of cell differentiation medium, which was refreshed 
bi-daily. The 24-well plate was maintained in a 5% carbon 
dioxide incubator at 37 °C.

2.18. Cell proliferation in the cell-seeded hydrogel

Cell viability and proliferation of N2A cells and 
differentiated neurons on GelMA/IL/laponite hydrogels 
were assessed using the Alamar Blue assay, with 
measurements taken on Day 1 and Day 3. Initially, the 
culture medium was removed from each well containing 
the GelMA/IL/laponite hydrogel, and a pre-warmed 
mixture of fresh medium and Alamar Blue reagent, in a 
10:1 ratio, was added. The hydrogels were then incubated 
in darkness for four hours. Subsequently, 100 µL aliquots 
were extracted three times from this mixture and stored 
at −80 °C until analysis at all designated time points. 
Absorbance readings were obtained using a microplate 
reader (BioTek Instruments, Inc., USA) at a primary 

wavelength of 570 nm and a reference wavelength of 600 
nm. The percentage reduction of Alamar Blue, indicative of 
cell culture proliferation, was calculated using colorimetric 
equations provided by BioRad (USA).

2.19. Statistical analysis

All results are presented as mean ± standard deviation. 
Statistical significance was assessed using one-way or two-
way analysis of variance, as appropriate. Differences were 
considered significant based on the following criteria: p < 
0.05 (*), p < 0.01 (**), and p < 0.001 (***). Results that were 
not statistically significant are denoted as ns.

3. Results
3.1. Rheological characterizations of gelatin 
methacryloyl/ionic liquid/laponite solution

Hydrogel formulations consisting of 5% GelMA/20% 
IL with laponite concentrations of 0%, 0.5%, and 1% 
(Figure 1A) were thoroughly mixed and assessed for their 
rheological properties.

Figure 1B displays the frequency sweep results for the 
hydrogels, covering a range from 100 Hz to 0.1 Hz. All 
groups exhibited shear-thinning behavior, as indicated by 
the decrease in complex viscosity with increasing shear 
rate. Each group displayed a flow behavior index below 
1, characteristic of non-Newtonian fluids (Figure 1C). 
Notably, the flow behavior index decreased from 0.38 
to 0.30 as the laponite concentration increased from 0% 
to 1%. A flow behavior index below 0.33 is considered 
ideal for materials used in extrusion-based 3D printing. 
Furthermore, the flow consistency index for the 5% 
GelMA/20% IL/1% laponite hydrogel was 10 times higher 
than that of the 5% GelMA/20% IL control, indicating 
a significantly higher initial viscosity at low shear rates 
(Figure 1D).

The 3TT was conducted to emulate the extrusion 
process and evaluate the ink’s shape recovery post-
extrusion at both low (0.1 Hz) and high (100 Hz) shear 
rate cycles (Figure 1E). With the addition of laponite, the 
hydrogel demonstrated faster recovery from high to low 
shear rates. This stability and rapid recovery, along with 
the increased flow consistency index, indicate that the 
addition of laponite significantly enhanced the ability of 
the hydrogel to maintain shape fidelity after printing.

To evaluate the cross-linking kinetics of GelMA/
IL-based hydrogels with and without laponite, oscillatory 
rheological tests were conducted under LED light at 405 
nm (Figure 1F). The hydrogel solutions were allowed 
to stabilize for three minutes on the parallel plate before 
being cross-linked for two minutes, followed by an 
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additional five minutes of stabilization. Across all groups, 
the storage modulus increased upon light activation. 
Although increasing the concentration of laponite raised 
the hydrogel’s viscosity both before and after cross-linking, 
the photocrosslinkable nature of the hydrogel remained 
unaffected.

3.2. Morphological and mechanical 
characterization of gelatin methacryloyl/ionic 
liquid/laponite hydrogel
The SEM images of freeze-dried GelMA/IL hydrogels with 
varying laponite concentrations are presented in Figure 
2A, illustrating their inherently porous structure. The 

Figure 1. Rheological characterization of hydrogels. (A) Schematic representation of the GelMA/IL/laponite formulation. Created in BioRender. Elkhoury, 
K. (2026) https://BioRender.com/2u9y1d1. (B) Complex viscosity of 5% GelMA/20% IL/0–1% laponite solution at a shear rate from 0.1 Hz to 100 Hz. 
Shear-thinning behavior calculated using the power law model. (C) n index and (D) K index for 5% GelMA/20% IL/0–1% laponite solution. (E) Three-
interval thixotropy test from low shear (0.1 Hz) to high shear rate (100 Hz) cycles of 30-s intervals for 5% GelMA/20% IL/0–1% laponite solutions. (F) 
Oscillatory-time sweeps of 5% GelMA/20% IL/0–1% laponite measuring storage modulus G’ during cross-linking of precursor solutions using visible light 
under 405 nm for two minutes. All data are expressed as mean ± standard deviation. Significance is indicated as * (p < 0.05), *** (p < 0.001), and ns (not 
significant).
Abbreviations: GelMA: Gelatin methacryloyl; IL: Ionic liquid; UV: Ultraviolet. 
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incorporation of laponite did not cause significant variance 
in the average pore size (Figure 2B).

Mechanical compression tests were conducted to 
determine the Young’s modulus from the elastic region 
of the stress–strain curves depicted in Figure 2C,D. The 
Young’s modulus progressively increased from 2.21 ± 
0.07 kPa to 2.56 ± 0.18 kPa as the laponite concentration 
increased from 0% to 1%. All test groups recorded a 
Young’s modulus below 10 kPa, which is considered ideal 
for applications in soft tissue engineering.42−44

3.3. Biodegradability, conductivity, and drug release 
ability of gelatin methacryloyl/ionic liquid/laponite 
hydrogel

Figure 3A illustrates the enzymatic degradation rates 
among all test groups. The degradation trends for the 
GelMA/IL control and the GelMA/IL/0.5% laponite were 
similar. However, the 5% GelMA/20% IL/1% laponite 
group exhibited a significant decrease in mass loss 
percentage compared to the other groups. Specifically, at 
the final time point, the mass loss for the 5% GelMA/20% 
IL/1% laponite group was reduced by 39% compared to the 

5% GelMA/20% IL control, indicating enhanced stability 
against enzymatic degradation with higher laponite 
concentration.

The conductivity measurements of GelMA/IL, GelMA/
IL/0.5% laponite, and GelMA/IL/1% laponite samples 
showed no significant differences among the groups 
(Figure 3B). All formulations exhibited a conductivity value 
around 30 mS/cm, indicating that the addition of laponite 
at concentrations of 0.5% and 1% did not noticeably affect 
the overall ionic conductivity of the gels.

The in vitro release profiles of GDNF and retinoic acid 
are shown in Figure 3C,D. For GDNF, there was minimal 
difference in cumulative release within the first 24 h, with 
an average of 9.7 pg released by that time. On Day 2, the 
5% GelMA/20% IL control released an average of 13.3 
pg, while the 5% GelMA/20% IL/1% laponite hydrogel 
released 12.5 pg. By Day 7, the cumulative drug release for 
the 5% GelMA/20% IL/1% laponite hydrogel was 17.5% 
lower than that of the 5% GelMA/20% IL control.

A similar trend was observed for the retinoic acid 
release experiment. At the last time point (Day 3), the 
cumulative drug release for the 5% GelMA/20% IL/1% 

Figure 2. Morphological and mechanical characterization of hydrogels. (A) SEM images of 5% GelMA/20% IL/0–1% laponite hydrogel. Scale bar: 500 
µm; magnification: 100×. (B) Average pore sizes of 5% GelMA/20% IL/0–1% laponite hydrogel. (C) Stress–strain curves for 5% GelMA/20% IL/0–1% 
laponite hydrogel. (D) Young’s modulus of 5% GelMA/20% IL/0–1% laponite hydrogel. All data are expressed as mean ± standard deviation. Significance 
is indicated as *(p < 0.05) and ns (not significant).
Abbreviations: GelMA: Gelatin methacryloyl; IL: Ionic liquid; SEM: Scanning electron microscopy.
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laponite hydrogel was 6.32 µg, which was 19.4% lower 
than the 7.84 µg released by the 5% GelMA/20% IL 
control. Notably, the cumulative release profile of the 5% 
GelMA/20% IL/1% laponite hydrogel began to deviate 
from the 5% GelMA/20% IL control after six hours and 
continued to release more slowly until Day 3.

3.4. Printability of gelatin methacryloyl/ionic liquid/
laponite hydrogel

The printed structures using both control (GelMA/IL) and 
GelMA/IL/laponite hydrogels under different designs are 
shown in Figure 4A,B. Structures printed with the GelMA/
IL/laponite hydrogel maintained better structural integrity, 

displaying clear voids in the grid structure and distinct 
separation between the circles. In contrast, structures 
printed with the control hydrogel (GelMA/IL) were either 
partially or fully merged.

The normalized line width of the control hydrogel 
was more than twice that of the GelMA/IL/laponite 
hydrogel (Figure 4C). Furthermore, when comparing the 
normalized line width within the same design but with 
different dimensions, we observed that the normalized 
line width decreased as the structure dimension decreased 
(Figure 4D,E). The printing of a stable multi-layered 
triangular prism composed of 20 layers with a height of 
~10 mm was achieved, as shown in Figure 4F,G, using the 

Figure 3. Degradative, conductive and drug release properties. (A) Enzymatic (5 U/mL collagenase) degradation rate of 5% GelMA/20% IL/0–1% laponite 
hydrogel. (B) Conductivity of 5% GelMA/20% IL/0–1% laponite hydrogel. The cumulative release of (C) GDNF and (D) retinoic acid (RA) from GelMA/
IL/laponite hydrogels. All data are expressed as mean ± standard deviation. Significance is indicated as *(p < 0.05), **(p < 0.01), ***(p < 0.001), and ns (not 
significant).
Abbreviations: GDNF: Glial cell line-derived neurotrophic factor; GelMA: Gelatin methacryloyl; IL: Ionic liquid.
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strategy of photocrosslinking of each printed layer for one 
minute.

3.5. Cell viability and cell proliferation of 
two-dimensional N2A cells seeded in gelatin 
methacryloyl/ionic liquid/laponite hydrogel

Cell viability on the hydrogel was evaluated on Days 1 
and 3. Figure 5A depicts the distribution of live cells on 
the hydrogel surface. N2A cells successfully adhered to the 
hydrogel on Day 1 across all groups, formed colonies, and 
continued to grow until Day 3. All groups maintained a 
high live cell viability ratio exceeding 90% by Day 3 (Figure 
5B). Cell proliferation was assessed using the Alamar 
Blue assay, which showed a significant increase in cell 
proliferation from Day 1 to Day 3 across all groups (Figure 

5C).

3.6. N2A differentiation to neurons and cell 
proliferation of two-dimensional seeded neurons on 
gelatin methacryloyl/ionic liquid/laponite hydrogel

The morphology of N2A cells on Day 3, both with and 
without differentiation, is shown in Figure 5D. The neurite 
outgrowth length of the differentiated neurons was six 
times greater than that of the undifferentiated N2A cells 
(Figure 5E). The relative cell density remained stable from 
Day 1 to Day 3 for the differentiated neurons. In contrast, 
the relative cell density of the undifferentiated N2A cells 
increased by 4.8 times on Day 3 compared to Day 1 (Figure 
5F).

Cells activated to differentiate were harvested on Day 

Figure 4. Extrusion printing of hydrogels. Three-dimensional-printed structures with (A) GelMA/IL hydrogel and (B) GelMA/IL/laponite hydrogel under 
various designs: (i) 10 mm × 10 mm grid; (ii) 15 mm × 15 mm grid; (iii) circle with diameters of 5 mm and 10 mm; (iv) circles with diameters of 10 mm 
and 20 mm; and (v) letters of “NYU.” Scale bar: 10 mm. (C) The normalized line width of control and GelMA/IL/laponite hydrogel. The normalized line 
width within the same designs but different dimensions: (D) grid design and (E) circle design. (F) Computer-aided design model and (G) photographs of 
a 2 cm equilateral triangular printed prism with a ~10 mm thickness. Scale bar: 1 cm. All data are expressed as mean ± standard deviation. Significance is 
indicated as ***(p < 0.001).
Abbreviations: GelMA: Gelatin methacryloyl; IL: Ionic liquid.
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3 and seeded onto GelMA/IL hydrogels with laponite 
concentrations ranging from 0% to 1%. The Alamar 
Blue assay was used to evaluate the proliferation of the 
differentiated neurons, and there was a significant increase 
in cell proliferation from Day 1 to Day 3 across all groups 
(Figure 5G).

4. Discussion
Extrusion 3D printing of GelMA without a rheological 
additive is possible10,12,16; however, achieving consistent 
shape fidelity is dependent on printing conditions and 
GelMA concentration. The primary challenge lies in 
fabricating an injectable and extrudable soft hydrogel 
(Young’s modulus < 10 kPa) suitable for nerve tissue 
engineering applications. Our research indicates that 
incorporating laponite into 5% GelMA/20% IL does 
not compromise the hydrogel’s inherent softness but 
significantly enhances its rheological properties and 
printability.

The shear-thinning properties, critical for extrusion-
based printing, were significantly improved with the 
addition of laponite, as evidenced by the increasing flow 
behavior index. This enhancement makes the hydrogel 
well-suited for extrusion-based 3D printing, indicated 
by an n index of less than 0.33.45 Additionally, the 
increasing flow consistency index signifies a rise in the 
initial viscosity of the hydrogel at low shear rates, which 
is essential for maintaining shape fidelity post-printing. 
Shape recoverability, evaluated through 3TT, was assessed 
by measuring viscosity recovery at high and low shear 
rates. All groups exhibited similar viscosity stability at high 
shear rates. However, the addition of laponite significantly 
increased viscosity stability at low shear rates, indicating 
faster recovery and better maintenance of shape fidelity after 
printing. Structures that were 3D-printed with GelMA/IL/
laponite retained better structural integrity post-printing, 
exhibiting a lower normalized line width compared to 
the GelMA/IL hydrogel. This finding, correlated with the 
increased stability at low shear rate and flow consistency 
index, further validates the suitability of GelMA/IL/
laponite as a hydrogel for extrusion 3D printing.

The porosity of hydrogels plays a crucial role in 
modulating interactions between cells and tissues and 
facilitating cellular penetration into the scaffold during 
both 2D culture and 3D cell encapsulation.46,47 Our study 
found that adding laponite does not alter the porous nature 
of the GelMA-based hydrogel. The large pore size remains 
suitable for cell penetration and growth, essential for 
effective tissue engineering.47−49

Previous studies have demonstrated that there is 
no significant difference in the Young’s modulus of the 

hydrogel until the laponite concentration reaches 2% or 
more.45 Our study corroborates these findings, showing 
that the addition of laponite did not compromise the 
hydrogel’s inherent softness. While previous studies only 
examined the printability aspects of laponite addition to 
GelMA, our study used laponite as a drug release system 
in a conductive hydrogel for nerve tissue engineering. 
Furthermore, it has been proven that hydrogel stiffness 
below 10 kPa is beneficial for neuronal and astrocyte 
differentiation, aligning with the Young’s modulus of many 
human soft tissues, which ranges from 1 to 10 kPa.42−44

In vitro degradation tests are reliable indicators of 
in vivo performance under physiological conditions. 
Controllable degradation is beneficial for long-term tissue 
regeneration and sustained drug release.50,51 The addition 
of laponite attenuated the degradation rate, likely due to 
the electrostatic force between the nanoclay particles, 
which consolidates the polymer network of the hydrogel 
over time.

Previously, we investigated the effect of different IL 
concentrations on 5% GelMA hydrogel, identifying 5% 
GelMA/20% IL as the most conductive formulation while 
retaining softness, flexibility, and biocompatibility. In this 
study, we further explored the impact of laponite on the 
hydrogel’s conductivity. Our results show that laponite 
does not affect the hydrogel’s conductivity, likely because 
the laponite nanoclay already forms clusters that do not 
hinder the motion of free ions in the hydrogel. Moreover, 
the ionic conductivity of the optimized hydrogel was 
measured at approximately 30 mS/cm. This value is highly 
relevant for neural interface applications, as it matches and 
slightly exceeds the native tissues, including nerves, with 
an electrical conductivity that ranges up to 6 mS/cm.52 
By matching the native electrical microenvironment, the 
hydrogel minimizes impedance mismatch at the tissue–
scaffold interface, which is critical for effective signal 
integration.

Laponite’s high drug adsorption capacity is primarily 
attributed to laponite–drug ionic interactions, which can 
vary depending on the charge distribution within the 
nanoplates.53,54 Owing to the anisotropic surface charges 
of laponite, positively charged drugs tend to be more 
easily adsorbed onto the negatively charged surface of 
the nanoplates. Additionally, the size of the drugs can 
affect their adsorption based on the matrix’s porosity. 
Laponite nanoparticles can spatially localize drugs on the 
surface of the charged nanodiscs, a method extensively 
studied for in situ delivery of chemotherapeutics, wound 
healing, and nerve regeneration.17,55−60 Recent studies have 
confirmed the efficacy of GDNF-loaded hydrogels in 
nerve regeneration.61,62 However, these hydrogels are often 
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Figure 5. Biological characterization of hydrogels. (A) Live staining of two-dimensional seeded N2A cells on 5% GelMA/20% IL/0–1% on laponite, Days 
1 and 3. (B) Quantification of live N2A cell ratio on Days 1 and 3. (C) Relative N2A cell proliferation ratio on 5% GelMA/20% IL/0–1% laponite from Day 
1 to Day 3. (D) Brightfield images of the control (undifferentiated) and differentiated N2A cells on Day 3. Scale bar: 100 µm;. (E) Neurite length analysis 
and (F) relative cell density calculation of the undifferentiated and differentiated N2A cells. (G) Relative neuron proliferation ratio on 5% GelMA/20% 
IL/0–1% laponite from Day 1 to Day 3. All data are expressed as mean ± standard deviation. Significance is indicated as **(p < 0.01), **(p < 0.001) and ns 
(not significant).
Abbreviations: GelMA: Gelatin methacryloyl; IL: Ionic liquid.

limited by rapid in vivo degradation, which restricts their 
long-term effectiveness.63,64

Alternative approaches, such as fabricating GDNF-
loaded microspheres and seeding them into GelMA-based 
hydrogels, have been explored to prolong sustained release 
up to 32 days.65 However, fabrication of polymeric-based 
microspheres and encapsulation of growth factors into 
microspheres are not trivial and expensive.66 Furthermore, 
this method faces challenges, including high initial burst 
rates, low encapsulation efficiency, migration away from 
the injection site, incomplete release, and instability of the 
encapsulated proteins.67−71 By simply blending laponite 
with a biocompatible hydrogel, Wang et al.57 fabricated a 
laponite/heparin hydrogel loaded with fibroblast growth 
factor 4, which has been shown to achieve a sustained 
release of fibroblast growth factor 4 over 35 days and 
enhance spinal cord injury recovery in vivo.

The mechanism of GDNF in nerve repair is well-
established.72,73 GDNF is upregulated by Schwann cells 
of the distal sciatic motor nerve stump immediately after 
peripheral nerve injury, but decreases after long-term 
denervation.74,75 GDNF acts as a mitogen and attractant 
for Schwann cells and also reduces neuronal apoptosis.76,77 
Schwann cells, recruited by GDNF, aid neurite outgrowth 

by physically and chemically guiding the growth cone 
toward its target motor unit. Retinoic acid, a metabolite 
of vitamin A, is a common inducer of cell differentiation 
and can induce various types of cells to differentiate into 
neurons.78−81

In this study, both GDNF and retinoic acid were 
utilized. These molecules are positively charged, which 
strengthens their interaction with laponite.82−84 Positively 
charged proteins, such as ribonuclease A and lysozyme, 
tend to form larger and more stable complexes with 
laponite, resulting in a slower release profile compared to 
negatively charged proteins like bovine serum albumin.85 
Laponite can effectively reduce the initial burst release 
of both proteins and extracellular vesicles, allowing for 
tunable release times.86,87 GDNF drug release test was 
analyzed up to 168 h (seven days) as the doubling time 
for most cell types is between 24 and 72 h.88 The retinoic 
acid drug release test was performed only up to 72 h (three 
days), as N2A cells differentiate into neurons in less than 
two days.78,89 In our study, both GDNF and retinoic acid 
achieved a slower release rate with 1% laponite compared 
to the control group. This demonstrates laponite’s potential 
to attract positively charged molecules and maintain 
steady and prolonged electrostatic interactions during 
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drug release.

Enhancing cell attachment to the matrix is critically 
important for cell survival. Without appropriate attachment, 
cells may undergo anoikis, a form of programmed cell 
death.90 GelMA hydrogels closely resemble some essential 
properties of the ECM due to the presence of cell-attaching 
and matrix metalloproteinase-responsive peptide motifs, 
which allow cells to attach, proliferate, and spread within 
GelMA-based scaffolds.91 Neuro-2a, also known as N2A, 
are mouse neuroblastoma cells. They are neuron precursors 
and can be differentiated into neurons.89 In this study, N2A 
cells continued to proliferate from Day 1 to Day 3 across all 
groups. The addition of laponite did not affect the ECM-
mimicking nature of GelMA, with all groups achieving a 
live cell ratio higher than 90% on Day 3.

Neuronal damage or degeneration is a hallmark of 
neurological diseases. Regulating neurogenesis and 
neuronal differentiation is vital for developing therapies 
that promote neuronal regeneration or synaptic network 
reconstruction.92 N2A cells possess the ability to 
differentiate into both immature and mature neurons, 
which enhances neuronal regeneration and synaptic 
network reconstruction, thereby promoting nerve 
regeneration in tissue engineering applications.79,92 Cell 
proliferation and differentiation exhibited a notable inverse 
relationship.93 After switching to differentiation medium, 
N2A cell proliferation decreased, resulting in lower cell 
density compared to the control group. Neurite outgrowth 
began on Day 1, with elongation and branching essential 
for developing functional networks and promoting nerve 
regeneration.

Neurite extension and branching are key cellular 
activities for creating functional networks and facilitating 
nerve regeneration.94−97 Differentiated neurons were 
harvested on Day 3 and transferred to GelMA/IL/laponite 
hydrogel for continued growth over three additional days. 
Alamar Blue assay results indicated a positive trend in 
neuron growth across all groups, confirming that the 
GelMA/IL/laponite hydrogel supports neuron growth 
and maturation effectively. Altogether, these results 
indicate that the GelMA/IL/laponite hydrogel offers a 
multifunctional platform with enhanced printability, 
sustained drug delivery, and biocompatibility, making it a 
strong candidate for biofabricated scaffolds in neural tissue 
engineering and related applications.

5. Conclusion
In conclusion, the incorporation of laponite into GelMA/
IL hydrogels significantly enhanced their rheological 
properties without compromising softness or porosity, 
making them highly suitable for in situ extrusion-based 3D 

printing. Crucially, by limiting the laponite content to 1% 
w/v, we successfully engineered a construct that mimics 
the softness of native neural tissue to support neuronal 
differentiation, while simultaneously ensuring the 
structural fidelity required for high-resolution 3D printing. 
Laponite-modified hydrogels improved shear-thinning 
behavior while supporting cell viability and proliferation. 
Additionally, these hydrogels enabled sustained release of 
retinoic acid and GDNF, essential for neuron differentiation 
and nerve regeneration. These findings indicate that 
laponite-enhanced GelMA/IL hydrogels address current 
limitations in 3D printing for nerve tissue engineering 
by providing matched electromechanical properties and 
improved shape fidelity. This advancement paves the 
way for developing more effective hydrogel-based drug 
delivery systems and biomimetic scaffolds for regenerative 
medicine and nerve tissue engineering applications.
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