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Abstract: Background: Thyroid cancer remains the most common endocrine malignancy, and a subset
of patients exhibit aggressive invasion and recurrence. Conventional two-dimensional culture models fail
to replicate the three-dimensional (3D) tumor microenvironment, underscoring the need for biomimetic
scaffolds to study invasion and therapy response. Methods: GelMA/SA double-network hydrogels with
different ratios (3:1, 1:1, 1:3) were fabricated by sequential photocrosslinking and ionic crosslinking.
Their swelling, degradation, and mechanical properties were characterized, and microstructures were
examined by scanning electron microscopy. Human papillary thyroid carcinoma cell lines (TPC-1
and BCPAP) were encapsulated to evaluate viability, morphology, and invasive behavior. Results:
The hydrogel composition strongly influenced structural and biological performance. SA-rich gels
showed excessive swelling, rapid degradation, and poor pore formation, while GelMA-rich gels were
stable but less porous. The intermediate 1:1 formulation exhibited balanced swelling and degradation,
uniform pores, and enhanced tensile and compressive strength. Encapsulated cells in the 1:1 gels
displayed robust viability, extended pseudopodia, and maintained expression of invasion-related markers
(N-cadherin, MMP-9). Conclusion: The GelMA: SA = 1:1 double-network hydrogel provides the most
favorable microenvironment for thyroid cancer cell invasion modeling, combining porosity, stability, and
bioactivity. This 3D platform offers a reliable tool for mechanistic studies and therapeutic evaluation in
thyroid cancer.

Keywords: Thyroid cancer, GelMA/alginate hydrogel, double-network hydrogel, three-dimensional
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1. Introduction
Thyroid cancer is the most common malignancy of the endocrine system, with papillary thyroid

carcinoma representing the predominant subtype [1–3]. Although the majority of patients have
favorable outcomes after surgery and radioiodine therapy, a subset of cases exhibit aggressive local
invasion and recurrence, which poses a major clinical challenge [4,5]. To elucidate the mechanisms of
invasion and evaluate novel therapeutic approaches, in vitro models that accurately mimic the tumor
microenvironment are required [6–8]. Conventional two-dimensional (2D) culture systems, however,
fail to capture the spatial organization, extracellular matrix (ECM) cues, and biochemical gradients that
influence tumor progression in vivo, resulting in discrepancies between in vitro observations and patient
pathology [9]. This limitation has driven increasing interest in the development of three-dimensional
(3D) culture models for cancer research [10,11].

Hydrogels are widely employed as 3D scaffolds due to their high water content, tunable mechanical
properties, and structural similarity to native ECM [12,13]. Gelatin methacryloyl (GelMA) provides
bioactive motifs that facilitate cell attachment and spreading, but its networks are mechanically weak
and prone to collapse during long-term culture [14,15]. Sodium alginate (SA), in contrast, readily forms
ionically crosslinked networks with calcium ions, conferring good mechanical stability but lacking
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intrinsic cell adhesion sites, rendering it biologically inert [16,17]. To overcome the limitations of single-
component systems, hybrid DN hydrogels (DN-hydrogels) composed of GelMA and SA have been
proposed [18]. This design integrates GelMA’s bioactivity with SA’s structural reinforcement, potentially
achieving a more physiologically relevant balance of porosity, stability, and biofunctionality [19].
However, the impact of different GelMA/SA ratios on microstructure, mechanical strength, and their
ability to support thyroid cancer cell invasion remains largely unexplored [8,20].

In this study, GelMA/SA DN DN hydrogels with ratios of 3:1, 1:1, and 1:3 were fabricated and
systematically evaluated. Their swelling, degradation, and mechanical properties were characterized,
and morphological differences were examined by scanning electron microscopy. Human papillary
thyroid carcinoma cell lines (TPC-1 and BCPAP) were encapsulated within these hydrogels to assess cell
viability, cytoskeletal organization, and invasive potential, including the expression of invasion-related
genes such as N-cadherin and MMP-9. We hypothesized that the intermediate 1:1 composition would
provide the most favorable microenvironment, combining sufficient porosity and mechanical stability
with appropriate bioactivity to sustain cell proliferation and invasion. This work establishes a biomimetic
3D thyroid cancer invasion model and provides a foundation for future applications in mechanistic
studies, drug screening, and personalized therapeutic strategies.

2. Materials and methods
2.1. Materials

Gelatin methacryloyl (GelMA, degree of substitution ~80%) was purchased from EFL Biotechnol-
ogy, Suzhou, China (Cat. No. GM-80). Sodium alginate (medium viscosity, from brown algae) was
obtained from Sigma-Aldrich, St. Louis, MO, USA (Cat. No. A2033). Calcium chloride dihydrate
(CaCl2·2H2O, analytical grade) was purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China (Cat. No. 10017318). Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) photoinitiator
was purchased from Aladdin Biochemical Technology Co., Ltd., Shanghai, China (Cat. No. L174853).
Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), and penicillin–streptomycin
(P/S) were obtained from Gibco, Thermo Fisher Scientific, Waltham, MA, USA. TRIzol reagent for
RNA extraction was purchased from Invitrogen, Thermo Fisher Scientific, USA. The CCK-8 cell
viability kit was purchased from Dojindo Laboratories, Kumamoto, Japan (Cat. No. CK04). Antibodies
for immunofluorescence, including anti-F-actin (Phalloidin-iFluor 594, Cat. No. ab176757) and DAPI
nuclear stain (Cat. No. ab228549), were purchased from Abcam, Cambridge, UK. qPCR reagents
(PrimeScript RT reagent kit, SYBR Premix Ex Taq II) were obtained from Takara Bio, Shiga, Japan. All
reagents were used without further purification.

Human papillary thyroid carcinoma cell lines TPC-1 and BCPAP were purchased from the Cell Bank
of the Chinese Academy of Sciences, Shanghai, China. Cells were authenticated by STR profiling and
tested free of mycoplasma contamination prior to experiments.

2.2. Methods
2.2.1 Preparation of hydrogels

GelMA (5% w/v) was dissolved in PBS at 60◦C and mixed with LAP photoinitiator (0.25% w/v).
Sodium alginate (1.5% w/v) was dissolved in PBS at room temperature. To prepare DN DN hydrogels,
GelMA and SA precursor solutions were mixed at defined weight ratios (GelMA:SA = 3:1, 1:1, or
1:3). The mixture was pipetted into custom cylindrical molds (diameter 6 mm, height 2 mm). GelMA
was photocrosslinked under 405 nm light (10 mW/cm2, 60 s), followed by immersion in 100 mM CaCl2
solution for 30 min to achieve SA ionic crosslinking. Single GelMA or SA hydrogels were prepared in
parallel as controls.
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2.2.2 Swelling and degradation assays
For swelling tests, hydrogels (n = 3 per group) were lyophilized, weighed (Wd), and immersed in

PBS at 37◦C. At predetermined time points (1, 3, 6, 12, and 24 h), samples were blotted and weighed
(Ws). Swelling ratio was calculated as (Ws–Wd)/Wd.

For degradation tests, hydrogels were incubated in PBS (37◦C) for 24 h. Samples were collected,
lyophilized, and weighed (Wt). Remaining mass ratio was determined as Wt/W0, where W0 is the initial
dry weight.

2.2.3 Mechanical testing
Tensile and compressive properties were tested using a universal testing machine (Instron 5943,

Norwood, MA, USA) at room temperature. For tensile testing, dumbbell-shaped hydrogel samples
(length 15 mm, width 5 mm, thickness 2 mm) were stretched at 5 mm/min until failure. For compression
testing, cylindrical hydrogels (diameter 8 mm, height 6 mm) were compressed at 1 mm/min up to 80%
strain. Stress–strain curves were recorded, and maximum stress values were calculated. All mechanical
tests were performed using the GelMA:SA = 1:1 DN DN hydrogel compared with single GelMA and
SA hydrogels.

2.2.4 Scanning electron microscopy (SEM)
Hydrogels were frozen at −80◦C, lyophilized, and fractured to expose cross-sections. Samples

were sputter-coated with gold and imaged using a Hitachi SU8020 SEM (Tokyo, Japan) at 5 kV. Pore
morphology, pore size distribution, and wall thickness were analyzed qualitatively.

2.2.5 Cell culture and encapsulation
TPC-1 and BCPAP cells were cultured in DMEM supplemented with 10% FBS and 1% P/S in a

humidified incubator at 37◦C with 5% CO2. For encapsulation, cell suspensions (1 × 106 cells/mL) were
mixed with precursor GelMA/SA solutions before crosslinking. Constructs were cultured in 24-well
plates, and medium was refreshed every 2 days.

2.2.6 Confocal immunofluorescence
Cells encapsulated in hydrogels were fixed with 4% paraformaldehyde (15 min), permeabilized with

0.1% Triton X-100 (10 min), and blocked with 5% BSA (1 h). Samples were stained with Phalloidin-
iFluor 594 (1:200, 1 h) and counterstained with DAPI (1 μg/mL, 5 min). Images were acquired with a
Leica TCS SP8 confocal microscope (Wetzlar, Germany) using 40× oil immersion objectives.

2.2.7 Cell viability assay (CCK-8)
Cell viability was evaluated at days 0, 1, 2, and 3. Hydrogels were incubated in 10% CCK-8 solution

(v/v in DMEM) for 2 h at 37◦C. Supernatants were transferred to 96-well plates, and absorbance was
measured at 450 nm using a microplate reader (BioTek Synergy H1, Winooski, VT, USA). Results were
normalized to day 0.

2.2.8 qPCR analysis
After 3 days of culture, total RNA was extracted from hydrogels using TRIzol reagent following

manufacturer’s protocol. RNA concentration and purity were assessed by NanoDrop 2000 spectropho-
tometer (Thermo Fisher, USA). Reverse transcription was carried out using the PrimeScript RT reagent
kit. qPCR was performed with SYBR Premix Ex Taq II on a LightCycler 480 system (Roche,
Switzerland). Primers were as follows:

N-cadherin (CDH2): F-5′-AGGCTTCTGGTGAAATGGAA-3′, R-5′-TGCAGTTGCTAAACTTG
CTG-3′

MMP-9: F-5′-TGTACCGCTATGGTTACACTCG-3′, R-5′-GGCAGGGACAGTTGCTTCT-3′
GAPDH: F-5′-GGAGCGAGATCCCTCCAAAAT-3′, R-5′-GGCTGTTGTCATACTTCTCATGG-3′
Relative expression was calculated by the ��Ct method normalized to GAPDH.
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2.2.9 Statistical analysis
All quantitative data are presented as mean ± standard deviation (SD). Unless otherwise specified,

each experimental condition was repeated independently at least three times (n = 3). For comparisons
among the three hydrogel formulations (GelMA:SA = 3:1, 1:1, and 1:3), one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test was performed. For pairwise comparisons between two
groups, an unpaired two-tailed Student’s t-test was used. Statistical analyses were carried out using
GraphPad Prism (GraphPad Software, San Diego, CA, USA). A p value < 0.05 was considered
statistically significant (*p < 0.05, **p < 0.01).

3. Results
As shown in Figure 1, the designed GelMA/Calcium Alginate DN DN hydrogel was successfully

prepared by sequential photocrosslinking of GelMA and ionic crosslinking of sodium alginate with
calcium ions. The incorporation of thyroid cancer cells (TPC-1/BCPAP) into the hydrogel matrix
resulted in a stable 3D construct with well-distributed cells throughout the scaffold. The presence of
interconnected pores was evident, providing a structural framework that facilitated nutrient and oxygen
diffusion, thereby supporting long-term cell survival. Compared with conventional two-dimensional
cultures, the 3D hydrogel system established here provided a spatial environment that more closely
resembled the in vivo tumor niche. Importantly, the obtained 3D constructs remained structurally stable
under culture conditions, indicating that the dual-network design imparted both mechanical robustness
and biocompatibility.

Figure 1. Schematic illustration of the preparation of GelMA/Calcium Alginate DN hydrogel and its
application in constructing a 3D thyroid cancer cell invasion model. Sodium alginate and GelMA were
combined, followed by photocrosslinking and Ca2+ ionic crosslinking to form a porous DN hydrogel
that encapsulated thyroid cancer cells, thereby mimicking the extracellular environment for invasion
studies

As shown in Figure 2A, the swelling behavior of the hydrogels was clearly influenced by the
GelMA/SA ratio. Hydrogels with higher SA content (GelMA:SA = 1:3) exhibited the largest swelling,
reaching nearly threefold within 24 h, while the GelMA-rich group (3:1) swelled only modestly,
stabilizing around 2.0. The 1:1 group demonstrated intermediate and balanced swelling behavior, with
a final swelling ratio of approximately 2.5. Figure 2B further shows that the degradation rates were
composition-dependent: the 1:3 gels degraded fastest, retaining only ~60% of their mass at 24 h, whereas
the 3:1 gels maintained over 85% of their initial weight. The 1:1 group again fell between these extremes,
retaining about 70% of its weight, suggesting moderate stability. Mechanical testing was then performed
specifically on the 1:1 GelMA/SA DN hydrogel. As shown in Figure 2C, its tensile stress–strain curve
revealed a marked enhancement in mechanical strength, with stress values surpassing 500 kPa at 70%
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strain, significantly higher than those of single GelMA or SA gels. Similarly, Figure 2D illustrates the
compressive behavior of the 1:1 DN hydrogel, which reached over 300 kPa, again outperforming the
single-component hydrogels that remained below 250 kPa. Together, these results indicate that the 1:1
composition provides both balanced swelling/degradation and superior mechanical reinforcement.

Figure 2. Characterization of GelMA/SA hydrogels with different compositions. (A) Swelling ratio of
hydrogels with GelMA:SA = 3:1, 1:1, and 1:3 over 24 h. (B) Degradation profiles represented by the
remaining mass ratio of the hydrogels during incubation. (C) Tensile stress–strain curves of GelMA, SA,
and GelMA/SA DN hydrogels. (D) Compressive stress–strain curves of GelMA, SA, and GelMA/SA
DN hydrogels

As shown in Figure 3, the three types of hydrogels displayed markedly different internal architectures
depending on their composition. In the SA hydrogel (Figure 3A), the SEM image revealed a relatively
dense and featureless morphology with only faint depressions rather than well-defined pores. This can
be attributed to the intrinsic softness of the SA network and its reliance on reversible ionic crosslinks,
which are prone to collapse during lyophilization and SEM preparation, resulting in the disappearance
of stable pores. In contrast, the GelMA hydrogel (Figure 3B) exhibited a more pronounced porous
structure, with larger and interconnected voids visible throughout the matrix. However, the pore walls
in this group appeared thin and somewhat fragile, suggesting that although covalent photocrosslinking
provided an open framework, the network lacked reinforcement and could deform under mechanical
stress. Most notably, the GelMA:SA = 1:1 DN hydrogel (Figure 3C) showed a well-developed and
uniformly distributed porous structure, characterized by rounded pores of relatively consistent size and
thicker pore walls. The presence of both covalent GelMA chains and ionic SA crosslinks appears to have
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generated a synergistic architecture that prevented collapse during drying and preserved a regular pore
distribution. Collectively, these observations confirm that the DN design produces the most structurally
stable and biologically favorable microenvironment. The pore architecture of the three hydrogels was
further evaluated by quantitative image analysis of the SEM micrographs using ImageJ. For each
formulation, at least five randomly selected fields from three independent samples were analyzed (n = 5
fields per sample). In the SA hydrogels, only few small, shallow depressions could be identified, yielding
an apparent equivalent pore diameter of 8.4 ± 3.2 µm and an apparent porosity below 10%, consistent
with the visually collapsed and compact morphology. In contrast, GelMA hydrogels exhibited a well-
developed porous structure with interconnected voids; the equivalent pore diameter was 61.7 ± 19.5 µm
and the pore area fraction reached 44.3 ± 7.8%. The GelMA:SA = 1:1 DN hydrogels showed the
highest level of structural regularity, with pores of comparable size (72.9 ± 15.1 µm) and a significantly
higher pore area fraction of 55.6 ± 6.9% compared with the single-component hydrogels (p < 0.05).
These results confirm that the DN formulation generates a more open and homogeneous pore network,
in agreement with its superior swelling and mechanical performance.

Figure 3. Representative scanning electron microscopy (SEM) images of hydrogel microstructures.
(A) SA hydrogel, (B) GelMA hydrogel, and (C) GelMA:SA = 1:1 DN hydrogel. Scale bar = 100 μm

As shown in Figure 4A, confocal microscopy revealed that thyroid cancer cells encapsulated
within the GelMA:SA = 1:1 hydrogel displayed a well-spread morphology with extended cytoskeletal
filaments and visible pseudopodia, indicating strong cell–matrix interactions. In contrast, cells in high-
SA matrices were more rounded with fewer protrusions (data not shown), consistent with a less
supportive environment. Cell viability assays (Figure 4B) further confirmed that hydrogel composition
directly influenced cellular proliferation. Over the 3-day culture, cells in the 1:1 group showed steady
and robust growth, reaching OD450 values above 0.9, which was lower than the GelMA-rich 3:1 group
but significantly higher than the SA-rich 1:3 group. The 3:1 gels supported the highest proliferation but
exhibited reduced cell spreading in morphology, while the 1:3 gels restricted both viability and growth,
stabilizing at OD450 around 0.6. Gene expression analysis (Figure 4C) showed that cells in the 1:1 gels
exhibited balanced expression of invasion-associated markers. N-cadherin and MMP-9 were moderately
expressed, whereas cells in 1:3 gels displayed marked downregulation of both markers, and cells in 3:1
gels maintained expression levels comparable to the 1:1 condition. Statistical analysis indicated that the
differences between 1:1 and 1:3 groups were significant (p < 0.01), while the differences between 1:1
and 3:1 were not significant.
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Figure 4. Biological performance of thyroid cancer cells cultured in GelMA/SA hydrogels with
different compositions. (A) Representative confocal image showing a thyroid cancer cell encapsulated
in the GelMA:SA = 1:1 hydrogel, stained for F-actin (red) and nuclei (blue), revealing extended
morphology and pseudopodia. (B) Cell viability of TPC-1/BCPAP cells encapsulated in GelMA:SA =
3:1, 1:1, and 1:3 hydrogels over 3 days measured by CCK-8 assay. (C) Relative mRNA expression of
N-cadherin and MMP-9 in cells after culture in the three hydrogel formulations, normalized to the 1:1
group (ns: not significant, **p < 0.01)

4. Discussion
As illustrated in Figure 1, the integration of GelMA and calcium alginate allowed the creation of a

porous, biocompatible, and mechanically supportive matrix for thyroid cancer cells. This DN hydrogel
combines the tunable bioactivity of GelMA with the ionic crosslinking and stability offered by alginate,
leading to a platform capable of recapitulating the key features of the tumor extracellular matrix.
The porous architecture, highlighted schematically, is critical for supporting cancer cell invasion and
migration, as it provides physical pathways and biochemical cues resembling those in native tissues [21].
Notably, such a 3D invasion model enables the study of epithelial–mesenchymal transition (EMT),
extracellular matrix degradation, and drug responses under conditions closer to physiological reality
than flat cultures [22]. Therefore, this model not only serves as a foundation for mechanistic studies of
thyroid cancer progression but also provides a promising tool for evaluating therapeutic strategies in a
biomimetic microenvironment.

As illustrated in Figure 2, the GelMA/SA ratio strongly dictates hydrogel performance, and the
1:1 DN composition shows the most desirable overall profile. Excess SA (1:3) confers high swelling
capacity but leads to rapid degradation and weak mechanical integrity, making it unsuitable for sustained
cell culture. Conversely, GelMA-rich gels (3:1) are structurally stable but exhibit limited swelling,
which may reduce nutrient transport and cellular activity. The 1:1 group provides a balanced swelling
ratio with moderate degradation, ensuring hydration and structural maintenance during long-term
incubation. Importantly, the mechanical analysis was carried out on the 1:1 GelMA/SA hydrogel,
which demonstrated pronounced improvements in both tensile and compressive properties compared
to the single-component gels. This reflects the synergistic contribution of GelMA’s covalent crosslinks
and alginate’s ionic network. The enhanced strength ensures the hydrogel maintains integrity under
deformation and culture stress, which is particularly advantageous for supporting three-dimensional
thyroid cancer invasion models. Therefore, the data suggest that the 1:1 GelMA/SA hydrogel is the
optimal choice, offering a favorable balance of swelling, degradation, and mechanical performance for
biological applications [23,24].

As illustrated in Figure 3, the observed microstructural differences directly explain the functional
variations among the hydrogel groups. The SA hydrogel, though hydrophilic and able to swell, forms
a mechanically weak matrix due to its soft and easily deformable ionic crosslinks. During dehydration
and SEM preparation, this weak framework tends to collapse, which is why only faint or poorly defined
pores are observed. Such a structure restricts nutrient diffusion and reduces its ability to support cell

Mater. Plast., 63 (2), 2026, 118–128 124 https://doi.org/10.37358/MP.26.2.73505

https://revmaterialeplastice.ro
https://doi.org/10.37358/Mat.Plast.1964
https://doi.org/10.37358/MP.26.2.73505


MATERIALE PLASTICE
https://revmaterialeplastice.ro
https://doi.org/10.37358/Mat.Plast.1964

infiltration, consistent with the limited biological activity seen in SA-rich gels. GelMA hydrogels, by
contrast, rely on covalent photocrosslinking to form a more stable backbone, which allows the network
to maintain larger and more open pores. However, because GelMA alone lacks the additional ionic
reinforcement, its pore walls appear thin and less resistant to collapse, leading to structural fragility
over extended culture [25]. The DN hydrogel (1:1) integrates these two mechanisms: the GelMA
component provides rigidity and shape fidelity, while the SA component contributes ionic crosslinks
that distribute stress and prevent wall collapse. As a result, this hybrid structure not only maintains
uniform pores but also exhibits thicker and more resilient walls [26]. Such a morphology is particularly
advantageous for building three-dimensional thyroid cancer invasion models, as it permits efficient
nutrient and oxygen transport while maintaining a robust scaffold for cell adhesion, proliferation, and
invasion. Thus, the SEM data strongly support the conclusion that the 1:1 GelMA/SA DN hydrogel
achieves an optimal balance between porosity and mechanical stability, making it superior to either
single-component system [27].

As illustrated in Figure 4, the biological response of thyroid cancer cells to the hydrogel microen-
vironment was strongly influenced by the GelMA/SA ratio. The confocal image (Figure 4A) highlights
how the intermediate 1:1 hydrogel composition provided a balanced environment, enabling cells to
extend pseudopodia and establish strong interactions with the surrounding matrix. This behavior
suggests that the porous yet mechanically stable DN scaffold at this ratio can effectively transmit
adhesion cues and promote cytoskeletal reorganization. The CCK-8 assay results (Figure 4B) further
demonstrate the differential proliferative capacities: while the 3:1 gels promoted higher proliferation,
this was associated with a denser matrix that limited spreading, potentially leading to more compact
cell clusters rather than invasive morphology. On the other hand, the SA-rich 1:3 gels provided a soft
but biologically inert environment, resulting in poor cell proliferation and rounded morphologies [28].
The gene expression data (Figure 4C) reinforce this interpretation. Cells in 1:1 gels retained moderate
expression of N-cadherin and MMP-9, indicating the capacity for migration and extracellular matrix
remodeling, both of which are essential for invasion studies. The suppression of these genes in the 1:3
group reflects the inability of cells to activate invasive programs in a highly inert network, while the
similar expression levels between 1:1 and 3:1 suggest that both environments allow partial maintenance
of invasive markers, though with different implications for morphology and viability [23]. Collectively,
these findings underscore that the 1:1 hydrogel composition provides the most favorable compromise,
supporting both cell viability and functional phenotype, thereby offering the most physiologically
relevant platform for constructing thyroid cancer invasion models.

5. Conclusion
In this study, we established a GelMA/SA DN hydrogel system as a three-dimensional platform

for modeling thyroid cancer cell invasion. Through systematic evaluation of swelling, degradation,
and mechanical properties, we demonstrated that the hydrogel composition critically determines both
physicochemical stability and biological performance. SA-rich gels exhibited excessive swelling and
rapid degradation, accompanied by poor pore formation and reduced cellular support, while GelMA-rich
gels provided mechanical stability but limited porosity and restricted cell spreading. Importantly, the
intermediate GelMA:SA = 1:1 formulation achieved a balanced profile, combining adequate swelling
with moderate degradation, uniform porous morphology, and enhanced tensile and compressive strength.
When thyroid cancer cells (TPC-1/BCPAP) were encapsulated, the 1:1 hydrogel supported well-spread
morphology with pseudopodia formation, robust viability, and maintenance of invasion-associated
markers such as N-cadherin and MMP-9. These results collectively indicate that the GelMA:SA= 1:1
hydrogel provides the most favorable microenvironment for simulating the invasive behavior of thyroid
cancer cells. This work highlights the potential of optimized DN hydrogels to serve as reliable
biomimetic scaffolds for cancer biology studies and therapeutic evaluation.
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Abbreviations
BCPAP Bonn Cancer Papillary thyroid carcinoma cell line
BSA Bovine Serum Albumin
CCK-8 Cell Counting Kit-8
cDNA Complementary Deoxyribonucleic Acid
DAPI 4′,6-Diamidino-2-Phenylindole
DMEM Dulbecco’s Modified Eagle Medium
ECM Extracellular Matrix
FBS Fetal Bovine Serum
GelMA Gelatin Methacryloyl
IF Immunofluorescence
LAP Lithium Phenyl-2,4,6-trimethylbenzoylphosphinate
OD Optical Density
PBS Phosphate-Buffered Saline
P/S Penicillin–Streptomycin
qPCR Quantitative Polymerase Chain Reaction
RNA Ribonucleic Acid
RT Room Temperature
SA Sodium Alginate
SEM Scanning Electron Microscopy
STR Short Tandem Repeat
TPC-1 Thyroid Papillary Carcinoma-1 cell line
TRIzol Total RNA Isolation Reagent
UV Ultraviolet
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