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Abstract
The development of mechanically tunable and cytocompatible hydrogels is 
critical for advancing three-dimensional (3D) bioprinting in tissue engineering. 
Here, we report a composite bioink composed of gelatin methacrylate (GelMA), 
methylcellulose, sodium alginate, and laponite-RDS. This formulation supports 
extrusion-based printing without ionic crosslinkers, mimics the extracellular matrix 
(ECM), and maintains stable viscoelasticity under physiological conditions (37°C, 
pH 7.4). Electrostatic and hydrogen bonding interactions among the charged 
polymers enhance pre-gel viscosity, shear-thinning behavior, and print fidelity. To 
evaluate its potential in disease modeling, patient-derived keloid fibroblasts were 
encapsulated in 3D-bioprinted constructs using two GelMA-based formulations 
with different stiffness levels, such as soft (G4A1M1R1, 2.1 kPa) and stiff (G5A1M1R1, 
7.9 kPa), chosen to replicate the mechanical properties of normal dermis and keloid 
tissue, respectively. Both constructs exhibited excellent cell viability after three days, 
confirming cytocompatibility. Furthermore, matrix stiffness significantly regulated 
fibrotic gene expression. The stiffer hydrogel induced higher expression of COL1, 
MMP2, and IL6, suggesting enhanced myofibroblast activation and ECM remodeling. 
Immunofluorescence staining further confirmed elevated protein levels of α-SMA, 
FSP1, and actin stress fibers (F-actin) in the stiff construct, consistent with keloid 
pathology. Taken together, these results demonstrate that the GelMA-based bioink 
enables stiffness-dependent modulation of fibrotic responses, offering a simplified 
yet relevant 3D model of fibrotic skin. This platform may provide a useful basis for 
future studies on keloid progression and preliminary antifibrotic drug screening. 
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1. Introduction
Three-dimensional (3D) bioprinting has emerged as a 
transformative technology in tissue engineering and 
regenerative medicine, enabling the fabrication of 
artificial tissues and organ-like constructs that replicate 
native biological structure and function.1,2 Among the 
various techniques, extrusion-based bioprinting allows 
for the precise deposition of cell-laden hydrogels within 
predesigned architectures to generate biomimetic 
platforms for tissue-specific applications.3 Central to the 
success of this approach is the development of suitable 
bioinks—composite materials that integrate living cells 
with tunable biomaterials—to ensure high print fidelity, 
mechanical stability, and cytocompatibility throughout the 
printing and maturation processes.

A range of natural polymers and nanomaterials have 
been explored as bioink constituents, including gelatin 
methacrylate (GelMA), alginate, methylcellulose (MC), 
and laponite-RDS.4,5 GelMA, a photo-crosslinkable gelatin 
derivative, is widely used for its cytocompatibility, cell-
adhesive motifs, and tunable mechanical properties, 
which can be modulated by its concentration and the 
degree of methacrylation.6–8 Alginate, a non-toxic 
polysaccharide, offers excellent printability through ion-
induced gelation with divalent cations such as Ca²+.9 
When blended with GelMA, it has been shown to enhance 
mechanical properties and improve matrix support for cell 
attachment.10 However, excessive crosslinking or increased 
polymer density can hinder extrusion, prompting the need 
for rheological modulators. 

MC serves as one such modifier. As a thermoresponsive 
polymer, MC enhances viscoelasticity and contributes to 
bioink cohesion by undergoing a sol–gel transition via 
hydrophobic interactions and reduced hydrogen bonding 
upon heating.11–13 Its incorporation enables improved 
extrusion performance and structural fidelity at ambient 
temperatures. Laponite-RDS, a synthetic nanoclay, forms 
electrostatic interactions with charged polymers, thereby 
increasing viscosity, enhancing shear-thinning behavior, 
and modulating pore structure within the hydrogel 
matrix.14 Beyond its physical reinforcement, laponite-
RDS has demonstrated the ability to support a range of 
biological functions, including stem cell differentiation, 
migration, and neural regeneration, making it a promising 
additive in bioactive bioinks.15–17 

Keloids are pathological fibrotic scars characterized 
by excessive collagen deposition, tissue stiffening, and 
abnormal extracellular matrix (ECM) remodeling. These 
lesions extend beyond the original wound site and are 
driven by aberrant fibroblast activation—primarily through 
TGF-β1 signaling—which leads to increased migratory 

activity, matrix production, and upregulation of fibrosis-
related genes, including the members of MMP, LOX, and 
LOXL gene families.18 The development of reliable in vitro 
models that recapitulate the keloid microenvironment 
is essential for understanding disease mechanisms and 
screening antifibrotic therapies. While several natural 
polymers such as collagen, gelatin, alginate, chitosan, 
and fibrin have been used to construct skin models,19 the 
need remains for bioinks that are both biocompatible and 
mechanically tunable—particularly for modeling stiffness-
sensitive fibrotic phenotypes. 

Recent advances in 3D bioprinting have enabled the 
fabrication of stiffness-tunable artificial keloid constructs 
capable of supporting cell viability, mimicking keloid-like 
ECM architecture, and recapitulating relevant signaling 
pathways.20 Building upon these advances, we developed 
a composite bioink system comprising GelMA, sodium 
alginate, MC, and laponite-RDS, designed to replicate 
the fibrotic microenvironment of keloid tissue through 
mechanical tuning and cell-instructive matrix design.

In this study, we systematically evaluated the 
contributions of each bioink component to matrix stiffness, 
viscosity, viscoelasticity, degradation behavior, and cell 
compatibility. Using patient-derived keloid fibroblasts 
encapsulated in these hydrogels, we established a 
3D-bioprinted keloid model that supports cell viability and 
fibrosis-associated gene expression. This platform offers 
a robust and modular approach for engineering disease-
specific skin models and lays the groundwork for future 
applications in personalized medicine and antifibrotic 
drug screening.

2. Materials and methods
2.1. Bioink preparation
GelMA was synthesized as previously reported.21 Briefly, 
10% (w/v) gelatin (cat# G1890, Sigma-Aldrich, St. Louis, 
USA) was dissolved in deionized water under continuous 
stirring at 60°C. Next, 8 mL of methacrylic anhydride 
(# 276685, Sigma-Aldrich, USA) was added dropwise 
while stirring. After 2 h of reaction, deionized water 
was added, which was maintained for another 30 min. 
Subsequently, the solution was dialyzed using a dialysis 
membrane (MWCO; approximately 12–14 kDa; Spectrum 
Laboratories, USA) at 55°C for 7 days. Following dialysis, 
the solution was filtered and lyophilized. 

To prepare a bioink blend, lyophilized GelMA was 
dissolved in phosphate-buffered saline (PBS) and incubated 
at 60°C for 1 h to ensure proper GelMA dilution. Next, 
MC powder (cat# M7027-250G, Sigma-Aldrich, USA), 
alginate (cat# J61887-30, Alfa Aesar, USA), and laponite-
RDS (cat# LAPONITE-RDS, BYK, Germany) were added 
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to the GelMA solution. To induce photocrosslinking of 
the bioink after printing, 0.5% (w/v) Irgacure 2959 (cat# 
55047962; BASF, Germany) was added to the bioink blend. 
The final mixture was stirred at 25°C using a magnetic 
stirrer for 4 h at 120 rpm. This process yielded a composite 
bioink composed of GelMA (G), alginate (A), MC (M), 
and laponite-RDS (R), referred to as GxAxMxRx. The 
“x” determines the concentration (w/v) as described in 
Table S1.

2.2. Rheology testing of uncrosslinked hydrogel
The viscosity and viscoelasticity of the uncrosslinked 
bioinks were determined using a Kinexus rheometer 
(Kinexus Ultra+, Malvern Panalytical, England). First, 
the pre-gel of the bioink was loaded onto the rheometer 
plate, and the gap between the upper geometry and the 
plate was set to 0.5 mm. The sample was equilibrated 
to 37°C before testing. Viscosity was measured using 
a cone-plate geometry, with shear rates ranged from 
0.1 to 2 s−1 across a logarithmic scale with 20 intervals. 
Viscoelasticity was determined by amplitude and 
frequency sweeps using a parallel-plate cone. For the 
amplitude sweep, the applied shear strain ranged from 
0.01 to 5%, at a constant oscillation frequency of 1 Hz, 
with a sampling density of 20 points per logarithmic 
decade. The frequency sweep was measured from 0.01 to 
50 Hz at a constant strain of 2%. 

2.3. Mechanical testing of crosslinked hydrogel
Mechanical properties were measured using an Instron 
device (EZ-SX; SHIMADZU, Japan) in compressive 
mode. Digital calipers were used to measure the diameters 
and heights of the hydrogels. Compression was applied 
from 0 to 70% strain at a rate of 1 mm/min at room 
temperature. Data were recorded when the ramp head 
contacted the hydrogel and registered a force of 0.01 N. 
Testing was terminated when the hydrogel broke. To 
calculate the Young’s modulus (E), we used the linear 
region of the stress–strain curve with 10% strain. For each 
formulation, the average Young’s modulus was calculated 
from three replicates. Data analysis was performed using 
MATLAB (MathWorks, USA). A two-degree polynomial 
interpolation was used to determine the Young’s moduli 
at intermediate concentrations. Table S1 lists Young’s 
moduli measured at different concentrations. The Young’s 
moduli for each group are summarized in Figure S1.  
Table S4 summarizes the mechanical properties of each 
group, including toughness, stress, and strain at break.

2.4. Shape fidelity
The hydrogels were printed using the Inkredible+ 
Bioprinter (CellInk, Göteborg, Sweden) at room 
temperature. A square grid pattern (13.5 × 13.5 mm with 3 
× 3 = 9 pores) was printed on Petri dish. For printing, 2 mL 

of bioink solution was added to the cartridge. Printing was 
performed using 22G blunt conical bioprinting nozzles 
(ID: 410 μm). The applied pressure ranged from 3 to  
6 kPa, depending on the bioink formulation, as described 
in Table S2. The printing process was performed at a feed 
rate of 1500 mm/min and a layer height of 0.8 mm. After 
printing, the hydrogels were polymerized under ultraviolet 
(UV) light (365 nm; Blak-Ray XX-15L; UVP, Upland, 
USA) for 5 min. The hydrogels were then equilibrated in 
PBS for 24 h. Shape fidelity was assessed by comparing the 
measured pore size with the designed pore size using the 
following formula22: 

Shape fidelity =  
a b

b ’a’
 100%� (I)

where a and b are the designed dimensions of the pore 
base, and aʹ and bʹ are the corresponding dimensions of 
the actually printed pore base. 

Detailed information on the calculation of shape 
fidelity is provided in Figure S2 and Table S6.

2.5. In situ hydrogel 
Patient-derived keloid tissue was obtained from the 
Soonchunhyang University of Bucheon Hospital, according 
to the protocols approved by the Institutional Review Board 
of Soonchunhang University Bucheon Hospital (SCHBC_
IRB_2017-08-010). This study was conducted in accordance 
with the 1964 Declaration of Helsinki and its subsequent 
amendments. The dermal layer was separated, and keloid 
dermal fibroblasts were isolated following a previous 
protocol.18 The cells were cultured in Dulbecco’s modified 
Eagle’s medium (10-013-CV, Corning, USA) supplemented 
with 10% fetal bovine serum (cat# 35-015-CV, Corning, 
USA), 1% l-glutamine (200 mM; cat# 25030081, Gibco-
BRL, USA), and 1% penicillin–streptomycin (15140122, 
Life Technologies, USA). The bioinks were prepared in 
PBS at 80% of the total volume. Next, the cell pellet was 
resuspended in PBS at 10% of the total hydrogel volume 
and added to the bioink blend. For hydrogel encapsulation, 
cells were suspended at a density of 1 × 106 cells/mL for 
real-time polymerase chain reaction (qPCR) analysis 
and at 2 × 106 cells/mL for immunofluorescence staining 
and live/dead assays to enhance signal detection and cell 
representation. The solution was stirred for 15 min. This 
formed a cell-laden hydrogel with a total dissolved volume 
of 90%. Considering the 10% volume loss during hydrogel 
blending, we dissolved the in situ hydrogel in 90% of the 
total volume of PBS to prevent further dilution upon cell 
addition. The hydrogel was printed as a grid-like structure 
and subsequently exposed to UV light (365 nm; Blak-
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Ray XX-15L; UVP, USA) for 5 min for crosslinking.  The 
hydrogel was kept in the growth medium for 3 days before 
further experiments.

2.6. Live/dead cell viability assay
Cell viability was assessed three days after the printing 
process using the Live/Dead Viability/Cytotoxicity 
Kit (cat# 3 L-3224, Invitrogen, USA), following the 
manufacturer’s instructions. After staining, the hydrogel 
was washed with PBS and imaged using a THUNDER 
Imager (Leica Microsystem, Germany) with 5× objective 
lens (N Plan; NA, 0.12; Cat# 11506303, Leica Microsystem, 
Germany) and an EVOS M700 imaging system (Thermo 
Fisher Scientific, Waltham, USA) equipped with a 10× 
water immersion objective lens (Fluorite; NA, 0.30), 
utilizing a stitching function to generate complete images 
of the hydrogel.

2.7. Real-time polymerase chain reaction 
Total RNA was isolated from the hydrogel using TRIzol 
reagent (Cat# 15596018, Ambion, USA), and cDNA synthesis 
was performed using ReverTra Ace qPCR RT Master Mix 
with gDNA Remover (Cat# KMM-101, TOYOBO, Japan), 
following the manufacturer’s instructions. Subsequently, 
qPCR was performed using a QuantStudio 1 Real-Time 
PCR System (Applied Biosystems, Foster City, USA) and 
SYBR Green Real-time PCR Master Mix (Cat# 4472918, 
TOYOBO, Japan). Table S3 lists the primers used for the 
qPCR. All experiments were performed in triplicate for 
each group. Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) served as a housekeeping gene. The ΔCt values 
were determined as Cttarget − CtGAPDH, and relative fold 
changes were calculated using the 2−ΔΔCt method.23

2.8. Immunofluorescence
In situ hydrogels were fixed in 4% paraformaldehyde (PFA, 
Cat# CNP015-0500, CellNest, Korea) for 30 min and 
permeabilized with 0.3% Triton X-100 (Cat# TRX777.500, 
Bioshop, Canada) solution for 30 min at room temperature. 
Subsequently, hydrogels were blocked in a solution of 5% 
BSA for 30 min at room temperature. Hydrogels were then 
incubated in primary antibodies for 48 h at 4°C, followed 
by secondary antibodies for 24h at 4°C. Antibodies are 
listed in Table S4. Confocal imaging was performed 
using an LSM 710 microscope (Carl Zeiss, Germany) at 
the Soonchunhyang Biomedical Research Core Facility 
of Korea Basic Science Institute with a 10× objective lens 
(Plan-Apochromat; NA, 0.45; Cat# 420640-9900-000, 
Carl Zeiss, Germany). Tiled images were acquired using a 
THUNDER Imager (Leica Microsystem, Germany) with a 
5× objective lens (N Plan; NA, 0.12; Cat# 11506303, Leica 
Microsystem, Germany).

2.9. Statistical analysis
Data were analyzed using GraphPad Prism version 10.3 
(GraphPad Software, Inc., USA). Bar graphs represent mean 
values, with error bars indicating standard deviations. The 
statistical significance between two groups was assessed 
using Student’s t-test, while comparisons among multiple 
groups were conducted using one-way analysis of variance 
followed by Tukey’s post hoc test. Statistical significance 
was set at *p < 0.05, **p < 0.01, and ***p < 0.001.

3. Results and discussion
3.1. GelMA concentration as a  
biocompatible crosslinker
The GxAxMxRx bioink system was formulated through 
polyelectrolyte complexation and covalent crosslinking 
among GelMA (G), alginate (A), MC (M), and laponite-
RDS (R), as illustrated in Figure 1. The variable “x” 
denotes the respective concentrations used (Table S1). 
Each component serves a distinct role: GelMA acts as a 
biocompatible crosslinker offering structural integrity and 
cell-adhesive moieties, while alginate, MC, and laponite-
RDS modulate viscoelasticity and printability.

GelMA is an ampholytic polymer carrying both 
negative and positive charges. At acidic pH values below its 
isoelectric point, its amine groups are protonated, rendering 
it positively charged and enabling electrostatic interactions 
with the negatively charged MC to form polyelectrolyte 
complexes.24 Concurrently, alginate contributes to the 
polymer network through nucleophilic attack by its 
carboxylic acid groups on the hydroxyl functionalities 
of MC, leading to ring-opening of the pyranose 
structure and formation of aldehyde intermediates.25 
These intermediates react with GelMA’s amine groups, 
generating nitrogen-containing intermediate rings. 
Additionally, primary amines on GelMA can form stable 
amide bonds with carboxylic or ester groups on alginate, 
enhancing both intra- and inter-molecular crosslinking 
and improving hydrogel stability.26 Furthermore, alginate 
and MC primarily interact with GelMA through physical 
entanglement and hydrogen bonding, which increase 
viscosity and enhance viscoelasticity. These interactions 
also promote shear-thinning behavior, thereby improving 
the printability of the hydrogel system.27

Laponite-RDS, a synthetic nanoclay composed of disc-
like platelets (~15 nm diameter, ~1 nm thickness), features 
alternating trioctahedral and tetrahedral layers with 
interspersed magnesium and lithium ions surrounded 
by negatively charged silicate surfaces. This high charge 
density and surface area render it suitable for biomedical 
applications. In bioink formulations, laponite-RDS 
enhances mechanical stiffness, shear-thinning behavior, 
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Figure 1. Preparation of gelatin methacrylate (GelMA), methylcellulose (M), alginate (A), and laponite-RDS (R) blended bioink (GxMxAxRx).
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and surface roughness through interparticle interactions 
and water intercalation.28 Its negatively charged surfaces 
can form ionic interactions with the positively charged 
amine groups of GelMA, thereby improving network 
stability and mechanical reinforcement.29

To investigate GelMA’s role as a mechanical crosslinker, 
we compared bioinks with 4% (G4A1M1R1) and 5% 
(G5A1M1R1) GelMA content, representing soft and 
stiff hydrogels, respectively (Figure 2A). Despite the 
25% increase in GelMA concentration, no statistically 
significant differences in viscosity or viscoelastic moduli 
were observed between the groups (Figure 2B–G). 
Both exhibited typical non-Newtonian, shear-thinning 
behavior, with viscosity decreasing as shear rate increased 
(Figure 2B–C). This property supports extrusion-based 
bioprinting, where low viscosity under shear facilitates 
flow and high viscosity post-extrusion maintains structural 
fidelity.30 Frequency sweep analysis indicated stable 
viscoelastic behavior across both groups (Figure 2D, G), but 
compression testing revealed significantly higher stiffness 

in G5A1M1R1, with a Young’s modulus of 7.9 ± 1.3 kPa 
compared to 2.1 ± 0.92 kPa in G4A1M1R1 (Figure 2H–I).  
These findings suggest that mechanical reinforcement 
primarily arises from enhanced GelMA crosslinking, 
rather than bulk rheological differences. Since GelMA 
relies on chemical crosslinking via photopolymerization 
rather than ionic or physical interactions, the resulting 
hydrogel remains stable under physiological ionic 
conditions, which might otherwise affect electrostatic 
interactions and compromise structural integrity  
(Figure 2J–K). Furthermore, slower degradation was 
observed in G5A1M1R1 (Figure S1C), indicative of a 
denser and more stable polymer network. Enhanced 
mechanical resilience and matrix stability are likely due 
to the increased density of covalent and non-covalent 
crosslinks formed at higher GelMA concentrations.24,31 
In summary, increasing GelMA concentration improves 
the mechanical performance, degradation resistance, 
and printability of the hydrogel, which are essential for 
supporting cellular viability and long-term culture in 

Figure 2. Effect of GelMA as a crosslinker on the rheological and mechanical properties of bioink. (A) Crosslinked hydrogel blend consists of GelMA 
(4 and 5% w/v), alginate (1% w/v), methylcellulose (MC) (1% w/v), and laponite-RDS (1% w/v). Scale bar: 5 mm. (B) Viscosity and (C–G) rheological 
properties of hydrogel blends with varying concentrations of GelMA. (H–I) Higher mechanical properties observed with higher crosslinker concentration. 
*p < 0.05, ***p < 0.001. (J–K) Printability and structural shape fidelity of a hydrogel blend. Scale bar: 2.5 mm.
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3D-bioprinted constructs. Although higher GelMA content 
can hinder extrusion due to nozzle clogging, this limitation 
can be overcome by co-formulating with alginate, MC, 
and laponite-RDS to preserve flow characteristics while 
maintaining structural fidelity. 

3.2. Alginate as an elasticity enhancer
In extrusion-based bioprinting, viscosity and shear-
thinning behavior are critical for achieving high-resolution 
structures while maintaining mechanical stability during 
and after deposition. Building on previous studies, 
we investigated the role of alginate as a viscoelasticity 
enhancer by comparing formulations containing different 
alginate concentrations: 0.5% (G5A0.5M1R1) and 1% 
(G5A1M1R1), without the use of multivalent cation 
crosslinkers (Figure 3A). As expected, the bioink with 
higher alginate concentration exhibited a substantial 
increase in viscosity (~76%) and more pronounced 

shear-thinning behavior (Figure 3B–C). This increase in 
viscosity reflects alginate’s concentration-dependent chain 
entanglement, which improves printability by supporting 
controlled extrusion and better shape retention. Higher 
viscosity also enables faster structural recovery post-
printing, a key parameter for high-fidelity bioprinting.

Both formulations displayed solid-like viscoelastic 
characteristics, with storage modulus (Gʹ) consistently 
exceeding loss modulus (G˝) over increasing frequencies 
(Figure 3D). Notably, the Gʹ of the 1% alginate group 
(G5A1M1R1: 50.17 ± 8.59 Pa) was more than twice that 
of the 0.5% group (G5A0.5M1R1: 19.50 ± 12.52 Pa), 
suggesting a significant enhancement in network stiffness 
(Figure 3D–E). This finding supports the role of alginate 
as a structural modifier that promotes stronger elastic 
responses within the composite hydrogel. Although the 
increase in G˝ was not statistically significant (Figure 3F), 
it followed a similar upward trend.

Figure 3. Role of alginate as a viscoelasticity enhancer. (A) Crosslinked hydrogel blend consists of GelMA (5% w/v), alginate (0.5 and 1% w/v), MC (1% 
w/v), and laponite-RDS (1% w/v). Scale bar: 5 mm. (B) Viscosity and (C–G) rheological properties of hydrogel blends with varying alginate concentrations. 
(H–I) Mechanical properties with varying concentration of alginate. *p < 0.05, **p < 0.01, ***p < 0.001. (J–K) Printability and shape structural fidelity of 
a hydrogel blend. Scale bar: 2.5 mm.
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The damping factor (tan δ), defined as G˝/Gʹ, 
decreased in the G5A1M1R1 group (Figure 3G), indicating 
reduced viscous dissipation and a more dominant elastic 
component. This aligns with previous studies suggesting 
that gelatin–alginate hydrogels with tan δ values between 
0.25 and 0.45 yield optimal print fidelity.32 Interestingly, 
mechanical testing revealed slightly higher toughness 
in the lower alginate concentration group (Figure 3H,  
Table S5). This may be attributed to more efficient 
integration of alginate into the polymer matrix at lower 
concentrations, enhancing the load distribution within 
the hydrogel network. Although the difference in Young’s 
modulus between groups was not statistically significant 
(Figure 3I), a slight increase was observed with higher 
alginate content, consistent with steric hindrance and 
chain entanglement effects.

In the absence of ionic crosslinkers, alginate’s influence 
appears to arise primarily from physical entanglement 
with GelMA and MC chains, rather than stable ionic 
or covalent interactions. This physical contribution 
nonetheless improved the structural fidelity and reduced 
the degradation rate of the hydrogel, likely by shielding 
gelatin cleavage sites from enzymatic degradation  
(Figure S1C). Bioprinting trials demonstrated that 
incorporating 1% alginate, along with GelMA, MC, and 
laponite-RDS, enabled the formation of robust, well-
defined structures at 25°C (Figure 3J), producing better 
printability properties (Figure 3K). These results confirm 
that alginate serves as an effective viscosity and elasticity 
enhancer, contributing to the mechanical performance, 
printability, and biological utility of the GxAxMxRx 
bioink formulation.

3.3. Enhancing viscosity by methylcellulose 
One of the key limitations in extrusion-based bioprinting 
is the need to balance high-resolution printing with 
minimal shear-induced cellular damage. MC, a hydrophilic 
cellulose derivative, is widely used to increase viscosity 
and improve print fidelity while supporting cell viability. 
To evaluate the role of MC in our bioink system, we 
compared two concentrations—0.5% (G5A1M0.5R1) 
and 1% (G5A1M1R1)—while maintaining constant 
concentrations of GelMA, alginate, and laponite-RDS 
(Figure 4A).

Although increasing the MC concentration led to a 
33% increase in viscosity, this enhancement was modest 
compared to that observed with alginate (Figure 4B). Both 
formulations retained a clear shear-thinning profile, which 
is critical for facilitating bioink flow during extrusion and 
maintaining structural integrity post-deposition.

Rheological analysis demonstrated improved 
viscoelasticity in the higher MC concentration group, 
though the changes were not statistically significant 
(Figure 4C–G). The increase in Gʹ and G˝ suggests that 
MC modulates the hydrogel’s mechanical response under 
deformation. Unlike previous reports that have described 
a Newtonian plateau at low to intermediate shear rates 
in MC-only solutions,33 our composite formulation 
exhibited continuous shear-thinning behavior across all 
shear rates. This likely results from the combined effects 
of GelMA, alginate, and laponite-RDS, which modify the 
microstructural dynamics of the hydrogel network.

The 1% MC formulation also demonstrated enhanced 
mechanical integrity, as shown by a steeper stress–strain 
curve (Figure 4H) and improved toughness (Table S5). 
Moreover, the elastic modulus increased from 5.53 ± 1.03 
kPa (G5A1M0.5R1) to 7.91 ± 1.26 kPa (G5A1M1R1), a 
1.4-fold enhancement (Figure 4I). These improvements 
reflect the role of MC in reinforcing the hydrogel network 
and increasing resistance to deformation. In addition, 
the degradation rate was slower in the higher MC group 
(Figure S1C), which is consistent with MC-induced 
steric hindrance that reduces enzymatic accessibility to 
cleavage sites.

However, increased MC concentration could reduce 
the printability (Figure 4K) as the MC controlled shape 
fidelity and reduced spreading observed in the 1% MC 
group (Figure 4J). The combination of MC with alginate 
and GelMA allows for controlled deposition of even low-
viscosity formulations by modulating the composite’s 
viscoelastic response. Furthermore, MC is known to alter 
the hydrogel’s microstructure and act as a rheological 
modifier, thereby slowing release rates and improving 
long-term stability.34 Overall, increasing MC concentration 
enhanced viscosity, mechanical stiffness, and structural 
integrity, without compromising biocompatibility. The 
addition of MC also increased the loss modulus and 
yield stress of the hydrogel blend,35 contributing to the 
robustness of printed constructs—especially when fine 
structural features and cell protection during printing 
are required.

3.4. Laponite-RDS controls rheological properties
Rapid degradation of hydrogels remains a key limitation 
for long-term applications in tissue engineering. To address 
this, laponite-RDS—a synthetic, discotic nanoclay—was 
incorporated into the bioink formulation to enhance 
rheological and mechanical properties. Laponite-RDS 
consists of alternating silicate layers with embedded 
magnesium and lithium ions, forming a charged, plate-like 
structure (~15 nm in diameter, ~1 nm in thickness) that 
imparts thixotropic behavior and high surface reactivity.36 
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To evaluate its contribution, we compared formulations 
with (G5A1M1R1) and without (G5A1M1) laponite-
RDS (Figure 5A). The inclusion of laponite-RDS 
increased viscosity by approximately 75%, contributing 
to the formation of a thicker and more cohesive bioink 
(Figure 5B). Both groups exhibited clear shear-thinning 
behavior, but the addition of laponite-RDS enhanced 
this effect, facilitating improved extrusion performance 
during printing.

Rheological profiling showed increased storage (Gʹ) 
and loss (G˝) moduli in the presence of laponite-RDS, 
with 62 and 47% increases, respectively (Figure 5C–G). 
Although the enhancement in elastic behavior was 
modest, the overall viscoelastic balance shifted toward 
greater rigidity. These effects are attributed to electrostatic 
interactions between the cationic amine groups of GelMA 
and the negatively charged silicate surfaces of laponite-

RDS.29 The disc-shaped laponite particles possess a net 
negative charge on their faces due to exposed silicate 
(SiO₄⁴–) groups, while their edges carry a slight positive 
charge from divalent cations such as Mg²+ and monovalent 
Li+. These charge distributions enable reversible ionic 
interactions with the amphoteric side chains of GelMA, 
contributing to increased pre-gel viscosity and enhanced 
network stabilization prior to photopolymerization. 
Interestingly, while the impact of laponite-RDS on Gʹ and 
G˝ was consistent, the differences did not reach statistical 
significance (Figure 5G), suggesting that its primary 
function may be to fine-tune rather than drastically 
alter bulk viscoelasticity. Nevertheless, mechanical 
testing revealed a lower stress response and reduced 
toughness in the absence of laponite-RDS (Figure 5H,  
Table S5), indicating compromised structural integrity. 
The degradation rate was also higher in laponite-RDS-free 

Figure 4. Tuning the viscoelasticity by increasing MC concentration. (A) Crosslinked hydrogel blend consists of GelMA (5% w/v), alginate (1% w/v), 
MC (0.5 and 1% w/v), and laponite-RDS (1% w/v). Scale bar: 5 mm. (B) Viscosity and (C–G) viscoelastic properties of hydrogel blends with varying 
concentrations of MC. (H–I) Increased viscoelasticity with a higher concentration of MC content. *p < 0.05. (J–K) Printability and structural shape fidelity 
of a hydrogel blend. Scale bar: 2.5 mm.
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bioinks (Figure S1C), supporting the role of laponite in 
stabilizing the hydrogel network.

Laponite’s contribution to mechanical reinforcement 
is further supported by Young’s modulus measurements, 
which increased from 4.59 ± 0.79 kPa in the laponite-
free group (G5A1M1) to 7.91 ± 1.26 kPa in the laponite-
containing group (G5A1M1R1) (Figure 5I). These findings 
confirm that laponite-RDS enhances the elastic modulus, 
likely through increased crosslinking density and network 
entanglement.37 Finally, printing performance analysis 
showed that laponite-RDS improved print fidelity by 
minimizing spreading and maintaining the printed 
geometry post-extrusion (Figure 5J–K). This improvement 
is attributed to physical crosslinking effects that influence 
key mechanical and rheological properties—including 
elastic modulus, swelling behavior, viscosity, and 
flowability—through electrostatic interactions, hydrogen 
bonding, hydrophobic interactions, and van der Waals 

forces. The locally charged polymers in the bioink—
GelMA, MC, and alginate—can also interact with charged 
biomolecules such as antifibrotic drugs, potentially 
modulating cell behavior depending on the net surface 
charge.38,39 Similarly, alginate (rich in COO– groups) and 
carboxymethylated MC interact with GelMA via hydrogen 
bonding and ionic entanglement involving amine and 
hydroxyl side chains.35,40 While weaker than covalent 
crosslinking, these interactions contribute to shear-
thinning behavior, increased yield stress, and enhanced 
pre-gel viscosity. 

Upon UV-induced photopolymerization of GelMA, 
covalent crosslinks become the dominant contributors 
to the hydrogel’s structural integrity. Nevertheless, 
pre-existing physical interactions such as hydrogen 
bonding, electrostatic entanglement, and polymer chain 
entanglement among GelMA, alginate, and MC remain 
important for modulating the viscoelastic behavior, 

Figure 5. Incorporation of laponite-RDS enhances printability of bioink. (A) Crosslinked hydrogel blend consists of GelMA (5% w/v), alginate (1% w/v), 
MC (1% w/v), and laponite-RDS (0 and 1% w/v). Scale bar: 5 mm. (B) Viscosity and (C–G) rheological properties of hydrogel blends with and without 
laponite-RDS. (H–I) Laponite-RDS increases mechanical properties and (J–K) the structural shape fidelity of the hydrogel blend as a bioink. *p < 0.05, 
***p < 0.001. Scale bar: 2.5 mm.
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particularly under physiological conditions (pH 7.4, 
37°C).27,41,42 The hydrogel system exhibits rapid gelation, 
high yield stress, and prolonged stress relaxation, enabling 
efficient transitions between flow and solid states. These 
properties contribute to reliable extrusion, improved 
print fidelity, and stable construct formation during 3D 
bioprinting. 

Collectively, these multiscale interactions, including 
ionic bonding, hydrogen bonding, and polymer network 
entanglement, synergistically regulate the rheological 
performance of the bioink. This cooperative behavior 
enhances the pre-print stability and post-print mechanical 
integrity, enabling the formation of cell-laden constructs 
with clinically relevant stiffness. Prior studies involving 
GelMA–clay–alginate systems have demonstrated similar 
synergistic effects,43-45 supporting the design rationale and 
functional benefits of our composite formulation.

3.5. Biocompatibility of GxAxMxRx as a keloid 
skin model
Keloids are fibrotic skin disorders characterized by 
excessive ECM deposition, particularly collagen types I, 
and abnormal fibroblast behavior, leading to stiff, nodular 
lesions that extend beyond the original wound. A hallmark 
of keloid pathology is the activation of dermal fibroblasts 
into myofibroblasts, marked by elevated expression of 
fibrosis-related proteins such as α-SMA and FSP-1.18,46 
To model this pathophysiology in vitro, we encapsulated 
patient-derived keloid dermal fibroblasts within two 
GelMA-based bioink formulations: G4A1M1R1 (soft) 
and G5A1M1R1 (stiff). These compositions represented 
the lowest and highest stiffness values among all tested 
hydrogels (Figure S1A), enabling us to assess the impact of 
matrix stiffness on keloid fibroblast behavior. Importantly, 
the concentrations of MC, alginate, and laponite-RDS were 
held constant across both groups to minimize compositional 
variability and isolate stiffness as the primary variable. The 
selected formulations were specifically chosen to closely 
match the microscale elastic moduli of normal dermis 
(~2.4 ± 1.0 kPa) and keloid tissue (~14.2 ± 1.0 kPa), as 
previously reported.47 Thus, this design allowed us to 
mimic physiologically relevant mechanical cues and assess 
mechanotransduction in a 3D-printed skin fibrosis model. 

Live/dead assays performed 3 days post-encapsulation 
showed strong calcein-AM fluorescence, confirming 
high cell survival within the 3D-printed constructs  
(Figure 6A). These findings demonstrate the low cytotoxicity 
and excellent biocompatibility of the GxAxMxRx hydrogel 
system. Notably, key functional motifs such as RGD 
sequences and MMP-sensitive linkages are preserved 
during GelMA photopolymerization, facilitating cell 
adhesion and matrix remodeling.8 Furthermore, the 

natural origin and known biocompatibility of alginate and 
MC, along with laponite-RDS at non-toxic concentrations, 
support the formulation’s safety for tissue engineering. 
The consistent cell viability also suggests the stability of 
the hydrogel under physiological ionic conditions. Thus, 
despite the presence of charged polymers such as GelMA, 
MC, and alginate, no detrimental effects on cell viability 
were observed.

We next characterized fibrotic responses of the 
encapsulated keloid fibroblasts. Compared to normal 
dermal fibroblasts, patient-derived keloid fibroblasts 
showed significantly higher expression of ECM remodeling 
genes (COL1, MMP2, LOX), myofibroblast markers 
(ACTA2, Vimentin), the fibrosis-associated marker FSP1, 
and the inflammatory cytokine IL6 (Figure S3A and B). To 
assess the potential of the GxAxMxRx bioink for modeling 
fibrotic skin, we further examined gene expression 
responses to matrix stiffness. The stiffer G5A1M1R1 
formulation induced markedly higher expression of COL1 
(~90%), MMP2 (~70%), and IL6 (~85%) compared to the 
softer G4A1M1R1 formulation (Figure 6B), demonstrating 
that even modest differences in stiffness can enhance the 
fibrotic and inflammatory phenotype of keloid fibroblasts 
in 3D culture. Additional upregulation of FSP1 (~18%) and 
LOX (~20%) was also observed in G5A1M1R1, consistent 
with fibroblast activation and increased ECM crosslinking 
activity. These findings are consistent with prior reports 
that increased matrix stiffness promotes mechanosensitive 
signaling, fibroblast-to-myofibroblast differentiation, and 
excessive ECM remodeling, which are the hallmarks of 
fibrotic tissue pathology.18,48,49

To confirm these changes at the protein level, we 
performed immunofluorescence staining on single square-
shaped 3D-printed constructs (adapted from a 3 × 3 
grid pattern; Figure S2A). Positive expression of MTS1 
(FSP1), F-actin, and α-SMA was observed in encapsulated 
keloid fibroblasts (Figure 6C–D), with substantially 
stronger signal intensity and greater cell aggregation in 
G5A1M1R1. These findings support the activation of 
myofibroblasts under stiff microenvironmental conditions. 
The transition of fibroblasts to myofibroblasts is a hallmark 
of skin fibrosis, characterized by elevated expression of 
α-SMA and FSP1, along with prominent actin stress fiber 
formation (F-actin).50 Together, these findings suggest that 
the GxAxMxRx bioink provides a mechanically tunable 
and biocompatible platform for constructing simplified 3D 
models that recapitulate key features of fibrotic skin tissue. 
By integrating GelMA, alginate, MC, and laponite-RDS, 
we developed a structurally stable scaffold that supports 
cell viability and enables stiffness-dependent modulation 
of fibrotic gene expression. While preliminary, this system 
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offers a foundational tool for future in vitro studies of keloid-
associated fibroblast behavior. With further development, 
it may be adapted to include additional skin-resident cell 
types, such as keratinocytes, for the fabrication of more 
complex, multilayered tissue constructs.51 

Although the current study focuses on the development 
and characterization of a mechanically tunable GelMA-
based bioink for modeling fibrotic skin, the translational 
potential of this system could be further expanded through 
its drug delivery capability. GelMA hydrogels have been 
widely reported as promising platforms for localized and 
sustained drug release due to their tunable mesh size, 

physicochemical properties, and biocompatibility.52,53 
For instance, a GelMA-based drug delivery system has 
been shown to encapsulate albumin-bound paclitaxel 
(Abraxane®) with high efficiency (up to 96%) and achieve 
sustained release over several weeks by modulating 
GelMA concentration and enzymatic degradation 
kinetics, without compromising mechanical integrity.54 
Furthermore, systematic studies have demonstrated 
that drug loading, ionic strength, and environmental 
pH can significantly influence water states and hydrogel 
mesh size, thereby tuning drug retention and release 
behavior.26 These findings suggest that the rheological and 

Figure 6. Fabrication of a keloid biomimetic disease model via encapsulation of keloid dermal fibroblasts in stiffness-controlled bioinks. (A) The 
biocompatibility of the hydrogel blend, comprising GelMA (4 and 5% w/v), alginate (1% w/v), MC (1% w/v), and laponite-RDS (1% w/v), is demonstrated 
by high cell viability, as indicated by Calcein-AM staining. Scale bars: 5 mm (magnified: 200×). (B) Keloid dermal fibroblasts remain functionally active 
when encapsulated in the hydrogel blend, maintaining their characteristic behavior. n = 3. **p < 0.01, ***p < 0.001. (C, D) Pro-fibrotic response of keloid 
dermal fibroblasts was demonstrated by elevated expression of MTS1, α-SMA, and F-actin, as shown by immunofluorescence staining. Scale bars: 1 mm 
(magnified: 200×).
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crosslinking features of GelMA, well-preserved in our 
GxAxMxRx formulation, could support incorporation 
of antifibrotic therapeutics in future applications. 
Additionally, the high batch-to-batch reproducibility and 
controllability of GelMA production further enhance its 
clinical feasibility for biofabrication and drug screening 
platforms.55 Therefore, while drug delivery was not directly 
addressed in this study, our bioink formulation may offer 
a dual-function system for stiffness-regulated disease 
modeling and therapeutic testing, warranting further 
investigation. Moreover, although degradation rates were 
evaluated and found to differ modestly across formulations  
(Figure S1C), other potentially influential parameters, 
including porosity and mesh size, which may impact both 
cellular responses and drug loading or release behavior, 
were not quantitatively characterized and should be 
systematically explored in future work.

Despite these promising results, several limitations 
should be acknowledged. First, the biological effects 
of individual bioink components, including alginate, 
MC, and laponite-RDS, were not independently 
assessed under stiffness-matched conditions, and thus 
compositional influences beyond mechanical cues cannot 
be fully excluded. Second, although the bioink formulation 
includes electrostatic interactions among charged 
polymers, its structural stability is primarily governed by 
GelMA photopolymerization. The impact of physiological 
ions or charged biomolecules, especially in the context 
of long-term culture or drug screening, remains to be 
investigated. Lastly, as this study focused on short-
term fibrotic responses, future work should investigate 
long-term ECM remodeling, protein-level signaling 
pathways, and the incorporation of co-culture systems 
to more accurately model the complex pathophysiology 
of keloid disease. In particular, the current model is 
limited to fibroblast-only constructs, and future studies 
incorporating additional skin-resident cell types, such as 
keratinocytes, will be essential to more faithfully replicate 
the cellular heterogeneity and structural complexity of 
fibrotic skin tissue.

4. Conclusion
The 3D bioprinting has emerged as a transformative 
technology for fabricating complex, functional, and 
biomimetic tissue constructs by integrating living cells 
with tailored biomaterials and biochemical cues. In this 
study, we developed a composite bioink composed of 
GelMA, alginate, MC, and laponite-RDS, designed to 
achieve tunable mechanical properties, robust printability, 
and high biocompatibility. GelMA served as the primary 
crosslinkable backbone, forming stable networks upon UV 
exposure and providing cell-adhesive motifs essential for 

tissue integration. While alginate is conventionally used 
as an ionically crosslinked matrix, we leveraged it here as 
a viscoelasticity enhancer, demonstrating its utility even 
in the absence of calcium. The addition of MC improved 
mechanical resilience and contributed to the formation 
of a cohesive hydrogel network, while laponite-RDS, 
a nanoclay with high surface reactivity, significantly 
enhanced the rheological profile by boosting viscosity, 
shear-thinning behavior, and elastic modulus. This work 
establishes a mechanically tunable and cytocompatible 
bioink capable of supporting 3D bioprinting of keloid-
like fibrotic tissue constructs. By maintaining constant 
bioink composition and modulating stiffness via GelMA 
concentration, we demonstrated that matrix mechanics 
alone can significantly influence the activation of patient-
derived keloid fibroblasts. The platform holds promise for 
disease modeling and future applications in drug screening 
and regenerative medicine. While this study demonstrates 
proof-of-concept for stiffness-regulated fibrosis modeling, 
further work is needed to explore long-term culture 
responses, matrix remodeling, and the independent 
biological roles of individual hydrogel components under 
stiffness-matched conditions. Additionally, the impact 
of physiological ions or charged therapeutic molecules 
on bioink stability and drug-release behavior warrants 
investigation in future applications. 
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