[image: Frontiers Logo]Development of a biomimetic thyroid acellular scaffold as a 3D platform for modeling thyroid cancer aggressiveness and drug resistance

ORIGINAL RESEARCH
published: 12 November 2025
doi: 10.3389/fbioe.2025.1692549
[image: image2]
Development of a biomimetic thyroid acellular scaffold as a 3D platform for modeling thyroid cancer aggressiveness and drug resistance
Liang Zhang1,2, Rong Sun1,2, Shuheng Li1,2, Peng Zhang1,2, Houlong Long1,2*, Bin Liu1,2 and Feng Li1,2
1Department of Thyroid and Breast Surgery, Tengzhou Central People’s Hospital Affiliated to Xuzhou Medical University, Tengzhou, China, 2Department of Thyroid and Breast Surgery, Tengzhou Central People’s Hospital, Tengzhou, China
Edited by:
Kihoon Nam, University of Missouri, United States
Reviewed by:
Giacomo Miserocchi, Scientific Institute of Romagna for the Study and Treatment of Tumors (IRCCS), Italy
Maritza Londoño, Pontifical Bolivarian University, Colombia
*Correspondence:
 Houlong Long, longhoulong66@163.com
Received: 25 August 2025
Accepted: 28 October 2025
Published: 12 November 2025
Citation:
Zhang L, Sun R, Li S, Zhang P, Long H, Liu B and Li F (2025) Development of a biomimetic thyroid acellular scaffold as a 3D platform for modeling thyroid cancer aggressiveness and drug resistance. Front. Bioeng. Biotechnol. 13:1692549. doi: 10.3389/fbioe.2025.1692549
Traditional two-dimensional (2D) cell culture models for thyroid cancer research fail to recapitulate the complex tumor microenvironment (TME), leading to a significant gap between preclinical findings and clinical outcomes. To address this limitation, this study focuses on the development and characterization of a novel three-dimensional (3D) tumor model utilizing a thyroid acellular scaffold (TAS) derived from rat tissue. We prepared the TAS through an optimized decellularization protocol, followed by comprehensive histological, biochemical, proteomic, and mechanical evaluations. Human thyroid cancer cells were then seeded onto the TAS, and their biological behaviors, including proliferation, invasion, gene expression, and drug sensitivity to cisplatin and vemurafenib, were systematically compared to conventional 2D cultures. Our results demonstrate that the TAS provides a biomimetic microenvironment, successfully preserving the native extracellular matrix (ECM) architecture, key proteins, and a significant fraction of endogenous growth factors. Compared to 2D cultures, cells within the 3D TAS model exhibited significantly enhanced proliferation and time-dependent invasion. Critically, the 3D microenvironment induced a more aggressive phenotype, characterized by upregulated expression of the BRAF V600E oncogene and the induction of epithelial-mesenchymal transition (EMT), and conferred significantly increased resistance to both cisplatin and vemurafenib. These findings indicate that our tissue-specific, TAS-based 3D model successfully recapitulates key pathophysiological hallmarks of thyroid cancer, representing a more clinically relevant and predictive platform for investigating tumor mechanisms and for the preclinical evaluation of novel therapeutic agents.
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1 INTRODUCTION
Thyroid cancer is the most rapidly increasing endocrine malignancy worldwide, particularly among younger populations, posing a growing challenge to public health (Pizzato et al., 2022). According to the latest global cancer statistics, its incidence has continued to rise over the past few decades, constituting a major endocrine cancer burden (Sung et al., 2021). Differentiated thyroid cancer (DTC) is the predominant pathological type, accounting for approximately 95% of all cases. Although most DTC patients have a favorable prognosis, tumor recurrence, metastasis, and resistance to conventional therapies such as radioactive iodine (RAI) and chemotherapy remain key factors leading to treatment failure and mortality (Filetti et al., 2019). In particular, radioactive iodine-refractory (RAIR) thyroid cancer has limited treatment options and an extremely poor prognosis (Veschi et al., 2020). Therefore, a deeper understanding of the mechanisms of thyroid cancer progression and the development of more effective therapeutic strategies are urgent issues in current clinical and basic research.
Currently, cancer biology research and preclinical drug screening largely rely on traditional two-dimensional (2D) monolayer cell culture models. However, these models, where cells grow on flat, rigid plastic surfaces, greatly oversimplify the in vivo tumor environment. They completely neglect the complex three-dimensional (3D) topology, the dynamic and intimate interactions between cells and the extracellular matrix (ECM), and the rich biochemical signals and physical-mechanical cues within the tumor microenvironment (TME) (Kothari et al., 2016; Mao et al., 2021). This fundamental flaw in the model prevents it from accurately mimicking the true proliferation patterns, invasive potential, gene expression profiles, and drug responses of tumor cells in vivo (Langhans, 2018). This is considered one of the key reasons for the significant gap between preclinical research findings and clinical trial outcomes, known as the “preclinical-to-clinical” translation failure (Ishiguro et al., 2017). Consequently, developing 3D in vitro models that can highly mimic the in vivo tumor microenvironment has become a critical challenge in the field of oncology research (Jensen and Teng, 2020).
This need for more predictive in vitro systems is a challenge shared across oncology. In the analogous field of Head and Neck Squamous Cell Carcinoma (HNSCC), for example, it is well-defined that commercial cell lines on 2D supports fail to recapitulate the TME. Consequently, a strong emphasis has been placed on developing 3D preclinical models. These advanced systems, including patient-derived organoids, organotypic co-cultures, and collagen-based scaffolds, have been shown to be valuable resources that more faithfully reproduce the biological behaviors of HNC tumors and microenvironmental interactions (Engelmann et al., 2020; Millen et al., 2023; Miserocchi et al., 2021). The success of these models in HNSCC further underscores the critical importance of shifting from 2D to 3D platforms, a principle that this study now applies to the field of thyroid cancer.
Tissue engineering techniques, particularly the use of decellularized extracellular matrix (dECM) as a scaffold, offer a promising strategy for constructing high-fidelity 3D tumor models (Rodrigues et al., 2022). Compared to synthetic polymers (e.g., polyethylene glycol) or single-component natural polymers (e.g., collagen, gelatin) (Horder et al., 2021), dECM scaffolds derived from specific organs possess unparalleled advantages. They can maximally preserve the unique ECM components of the original tissue (such as different types of collagen, laminin, fibronectin), the nano-scale fibrous network topology, and the sequestered endogenous growth factor profile (Choi et al., 2023; Karamanos et al., 2021). This “tissue specificity” is crucial for simulating the microenvironment of a particular cancer, as it provides tumor cells with a “home” that is highly similar to their in vivo niche (Hinderer et al., 2016; Crouigneau et al., 2024).
However, a comprehensively characterized 3D in vitro model derived from thyroid tissue for thyroid cancer research is still lacking. This study aims to prepare and systematically characterize a thyroid acellular scaffold (TAS) derived from rat thyroid tissue through an optimized decellularization method, and to establish a novel human thyroid cancer 3D in vitro model based on it. We hypothesize that, compared to traditional 2D culture models, this tissue-specific scaffold-based 3D model can more realistically recapitulate the biological behaviors of thyroid cancer and reveal the critical role of the microenvironment in regulating tumor cell proliferation, invasion, and drug sensitivity.
To test this hypothesis, we first conducted a comprehensive characterization of the prepared TAS using histological, biochemical, proteomic, and mechanical testing methods to confirm the effective removal of cellular components and the preservation of key ECM components, growth factors, and mechanical properties. Subsequently, we seeded human thyroid cancer cells (BCPAP) onto the TAS to construct a 3D tumor model and compared them with cells cultured in 2D. We systematically evaluated the differences between the two models in terms of cell proliferation kinetics, invasion and penetration into the scaffold, and the expression of genes related to epithelial-mesenchymal transition (EMT). Finally, we assessed and compared the sensitivity of the two models to the commonly used chemotherapy drug cisplatin and the BRAF V600E targeted drug vemurafenib (Figure 1). The high-fidelity 3D model established in this study is intended to provide a more reliable and clinically predictive preclinical research platform for exploring the pathogenesis of thyroid cancer and developing more effective therapeutic strategies.
[image: Diagram illustrating a thyroid cancer model. Thyroid cancer cells are combined with an acellular scaffold to create a 3D model. Cells infiltrate the scaffold, represented by different infiltration depths: 10, 50, and 100 micrometers. The BRAF V600E mutation and EMT gene expression lead to epithelial-mesenchymal transition, shown with diagrams of cellular changes. Drug resistance is depicted by exposure to cisplatin and targeted drugs, highlighting treatment challenges.]FIGURE 1 | Schematic illustration of the experimental design and key findings for the 3D thyroid cancer model. Human thyroid cancer cells were seeded onto a prepared thyroid acellular scaffold to construct a 3D in vitro tumor model. This biomimetic model was subsequently used to investigate key cancer progression and treatment-related characteristics. The study revealed three main findings: (1) Cancer cells successfully infiltrated the scaffold, with progressive invasion observed at depths of 10, 50, and 100 µm over time. (2) The 3D microenvironment promoted cancer progression by upregulating BRAF V600E expression and inducing an epithelial-mesenchymal transition (EMT) phenotype. (3) The 3D model exhibited significantly increased resistance to both conventional chemotherapy (Cisplatin) and a targeted drug (Vemurafenib) compared to 2D cultures.2 MATERIALS AND METHODS
2.1 Preparation of thyroid acellular scaffold (TAS)
2.1.1 Experimental animals and thyroid tissue harvesting
Healthy adult Wistar rats (weighing approximately 250–300 g) were purchased from the Experimental Animal Center of Xuzhou Medical University. All animal experiments were conducted in accordance with the guidelines of and were approved by the Animal Ethics Committee of Xuzhou Medical University. Rats were anesthetized via intraperitoneal injection of sodium pentobarbital (40 mg/kg) to ensure a painless procedure. On a sterile operating table, the neck region of the rat was carefully dissected to expose, identify, and isolate the thyroid gland. Surrounding tissues were covered with saline-moistened gauze to prevent drying and damage. The thyroid gland was carefully separated from adjacent tissues using anatomical scissors and forceps to ensure its integrity. The harvested thyroid tissue was immediately placed in pre-chilled phosphate-buffered saline (PBS) to remove blood and adipose tissue.
2.1.2 Decellularization protocol
The thyroid tissue blocks were placed in deionized water and agitated at 4 °C for 24 h to remove soluble extracellular proteins and carbohydrates. The tissues were then rinsed three times with deionized water for 5 min each. The tissue blocks were subsequently immersed in a 0.5% sodium dodecyl sulfate (SDS, Sigma-Aldrich, L3771) solution and agitated at room temperature for 24 h. After treatment, the tissues were rinsed three times with deionized water for 5 min each. Next, the tissue blocks were placed in a 1% Triton X-100 (Sigma-Aldrich, T8787) solution and agitated at room temperature for 24 h. Following this step, the tissues were again rinsed three times with deionized water for 5 min each. Finally, to ensure the complete removal of detergent residues, the scaffolds were thoroughly rinsed in deionized water for 72 h with frequent changes (every 6 h). The conductivity and UV absorbance (at 280 nm) of the rinsing solution were monitored until they matched those of ultrapure water, indicating the effective elimination of SDS and Triton X-100. The purified thyroid acellular scaffolds were then freeze-dried, ground into a fine powder in liquid nitrogen, and stored at −80 °C for future use.
2.1.3 Standardization and reproducibility assurance
To ensure batch-to-batch reproducibility of the Thyroid Acellular Scaffold (TAS), a rigorous quality control strategy was implemented. This began by sourcing thyroid tissue exclusively from a homogenous population of adult Wistar rats (250–300 g) to minimize biological variability. A strictly standardized decellularization protocol was then applied to all tissues. For experimental consistency, all resulting scaffolds were trimmed to uniform dimensions (5 mm × 5 mm × 3 mm). Finally, comprehensive characterization of at least three independent batches via histology, SEM, and mechanical testing confirmed low inter-batch variability in decellularization efficacy, ECM architecture, porosity, and mechanical properties.
2.2 Characterization of the thyroid acellular scaffold
2.2.1 Assessment of decellularization efficacy
The efficiency of thyroid decellularization was systematically evaluated by measuring the content of DNA, sulfated glycosaminoglycans (sGAG), and collagen before and after decellularization. DNA Content Assay: 100 mg of thyroid tissue before and after decellularization was freeze-ground into powder. DNA was extracted and quantified using the PicoGreen DNA Quantitation Kit (Invitrogen, P7589). Fluorescence intensity was measured using a fluorescence microplate reader (SpectraMax i3x, Molecular Devices) at an excitation wavelength of 480 nm and an emission wavelength of 520 nm to calculate the DNA content. sGAG Content Assay: Tissues were digested with papain (Sigma-Aldrich, P4762) in a 60 °C water bath for 24 h. The sGAG content was then determined using the dimethylmethylene blue (DMMB) assay. The sGAG content before and after decellularization was calculated and compared based on a standard curve. Collagen Content Assay: Collagen was extracted and quantified using the Sircol Collagen Assay Kit (Biocolor, S1000). Absorbance was measured at 540 nm using a fluorescence microplate reader, and the content was calculated based on a standard curve.
2.2.2 Histological and morphological analysis
H&E and Masson’s Trichrome Staining: Thyroid tissues before and after decellularization were sectioned into 5 μm thick slices, fixed with 4% paraformaldehyde for 15 min, and then subjected to H&E and Masson’s trichrome staining. An optical microscope (Leica DM 2000, Leica Microsystems) was used to observe the tissue structure, the removal of cell nuclei, and the distribution and preservation of collagen fibers. DAPI Staining: To further confirm the removal of cell nuclei, tissue sections before and after decellularization were fixed with 4% paraformaldehyde for 10 min. They were then stained with DAPI solution (1:1,000, Thermo Fisher Scientific) for 5 min to visualize any residual nuclei. A fluorescence microscope (Leica DM 2000) was used to observe and capture images to confirm the complete removal of nuclei. Scanning Electron Microscopy (SEM): Tissue blocks before and after decellularization were cut into approximately 1–2 mm3 pieces, fixed with 2.5% glutaraldehyde at 4 °C for 2 h, and post-fixed with 1% osmium tetroxide for 1 h. After graded ethanol dehydration, critical point drying, and gold sputtering, a scanning electron microscope (Hitachi, S-4800) was used to observe the cellular structure, ECM preservation, and the integrity of the fibrous network.
2.2.3 Preservation of major extracellular matrix proteins
Immunofluorescence staining was used to assess the retention of key proteins, including Collagen I (Abcam, ab270993), Collagen IV (Abcam, ab6586), Fibronectin (Abcam, ab268020), and Laminin (Abcam, ab108536). Tissue sections were fixed, permeabilized, and blocked, followed by overnight incubation with primary antibodies at 4 °C. After washing, a fluorescent secondary antibody (Alexa Fluor 594, Abcam, ab150080) was added and incubated for 1 h at room temperature. Nuclei were counterstained with DAPI. A fluorescence microscope (Leica, DM 2000) was used to observe and compare staining intensity and distribution.
2.2.4 Assessment of residual detergents and cytotoxicity of TAS extracts
To confirm the biosafety of the decellularized scaffold, TAS extracts were prepared following the ISO 10993-5 standard. Briefly, 0.2 g of sterilized TAS samples were immersed in 1 mL of serum-free DMEM and incubated at 37 °C for 24 h. The supernatant was collected and filtered to obtain the extraction medium. BCPAP cells were seeded into 96-well plates (1 × 104 cells/well) and incubated with TAS extracts or control medium for 48 h. Cell viability was quantified using the CCK-8 assay. The viability of cells exposed to TAS extracts exceeded 95% compared with the control group, demonstrating negligible cytotoxicity. These results confirmed that residual SDS and Triton X-100 were effectively removed during the washing process.
2.3 Proteomic analysis of the thyroid acellular scaffold
To evaluate protein retention, mass spectrometry was employed. 100 mg each of thyroid tissue before and after decellularization was freeze-ground into powder. The powder was dissolved in lysis buffer (Sigma-Aldrich), sonicated (Branson Ultrasonics), and centrifuged (Eppendorf, Centrifuge 5417R) to collect the supernatant for total protein extraction. Protein concentration was determined using the BCA Protein Assay Kit (Thermo Fisher Scientific). Samples were incubated with 10 mM dithiothreitol (DTT, Sigma-Aldrich) at 37 °C for 1 h, then alkylated with 55 mM iodoacetamide (IAA, Sigma-Aldrich) in the dark for 30 min. Urea was diluted to 2 M, and trypsin (Promega, 1:50, w/w) was added for overnight digestion at 37 °C. The reaction was terminated and acidified with 0.1% formic acid (Thermo Fisher Scientific). Peptides were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) using a NanoLC system (Thermo Fisher Scientific) and a mass spectrometer (Thermo Fisher Scientific, Q-Exactive HF). A data-dependent acquisition (DDA) mode was used, selecting the top 20 most intense signals for fragmentation. Data analysis was performed using Proteome Discoverer software (Thermo Fisher Scientific), with peptide and protein identification and quantification conducted using a label-free quantification (LFQ) method. Protein abundance was calculated using intensity-based absolute quantification (iBAQ). The protein abundance in the decellularized scaffold was compared to that before decellularization to assess the retention of key proteins. Changes in protein abundance were expressed as log2 ratios (post-decellularization/pre-decellularization) to reveal the retention or loss trends of different proteins during the decellularization process.
2.4 Growth factor content assay of the thyroid acellular scaffold
Enzyme-linked immunosorbent assay (ELISA) was used to quantify the content of key growth factors in the scaffold. Samples of native thyroid tissue and decellularized scaffold were cut into small pieces and placed in lysis buffer containing protease inhibitors for growth factor extraction. The samples were sonicated, centrifuged, and the supernatant was collected. Specific ELISA kits were used to detect the content of vascular endothelial growth factor (VEGF, R&D Systems, RRV00), transforming growth factor-β (TGF-β, R&D Systems, RTB100B), hepatocyte growth factor (HGF, R&D Systems, MHG00), fibroblast growth factor (FGF, R&D Systems, MFB00), epidermal growth factor (EGF, R&D Systems, DY3214), and platelet-derived growth factor (PDGF, R&D Systems, MBB00). The procedure was performed according to the kit instructions, and absorbance was measured at 450 nm using a microplate reader. The concentration of each growth factor (pg/mL) was calculated from a standard curve. Each sample was tested in triplicate, and at least three independent experiments were performed.
2.5 Mechanical property testing of the thyroid acellular scaffold
The tensile properties of native rat thyroid and the thyroid acellular scaffold were evaluated using a TRAPEZIUM materials testing machine (Shimadzu, Japan). Test samples (15 mm × 10 mm × 2 mm) were cut from native rat thyroid tissue and the decellularized scaffold. Before testing, samples were immersed in PBS at room temperature for 1 h to simulate physiological conditions and maintain hydration. During the test, samples were fixed in the clamps of the materials testing machine with a gauge length set to 10 mm to standardize the test length and ensure uniform stress distribution during stretching. Uniaxial tensile testing was performed at a constant strain rate of 2 mm/min until the sample ruptured. The stress-strain curve was recorded in real-time. The maximum elastic modulus was calculated from the slope of the steepest part of the curve, and the maximum stress before rupture (defined as the ultimate tensile strength, UTS) was also recorded.
2.6 Construction and culture of the 3D in vitro tumor model
2.6.1 Cell culture
The human thyroid cancer cell line BCPAP (ATCC) was used in this study. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin-streptomycin solution (Gibco). The culture environment was maintained at 37 °C with 5% CO2 in a humidified incubator (Thermo Fisher Scientific). Cryopreserved cells were rapidly thawed in a 37 °C water bath. After thawing, cells were centrifuged to remove dimethyl sulfoxide (DMSO, Sigma-Aldrich) and resuspended in fresh complete medium. The cell suspension was transferred to a culture flask and incubated. When cells reached 80%–90% confluence, they were digested with 0.25% trypsin-EDTA solution (Gibco) for subculturing.
2.6.2 Construction and culture of the 3D tumor model
The thyroid acellular scaffold was trimmed into 5 mm × 5 mm × 3 mm blocks and hydrated in sterile PBS for 2 h to restore its softness. The hydrated scaffolds were then immersed in PBS containing 100 U/mL penicillin and 100 μg/mL streptomycin and gently agitated at 4 °C for 12 h for thorough sterilization. The sterilized scaffolds were rinsed 3 times with sterile PBS to remove residual antibiotics.
A cell suspension of human thyroid cancer cells BCPAP was prepared at a density of 2 × 10^6 cells/mL. 100 μL of the cell suspension was evenly dropped onto the surface of the thyroid acellular scaffold, which was then placed in a 24-well culture plate to construct the 3D in vitro tumor model. After seeding, the scaffolds were left undisturbed in the incubator for 2 h to allow for sufficient cell adhesion. After 2 h, 5 mL of fresh medium was added to each well to ensure the scaffold was fully submerged, and long-term culture was conducted at 37 °C with 5% CO2. The medium was changed every 2 days.
For the conventional 2D culture control group, the same volume (100 μL) of cell suspension was directly added to a 24-well plate to ensure the initial cell number in each well was consistent with the 3D group, and 5 mL of medium was added for culture. Samples were collected from both the 3D culture group and the 2D control group on days 5, 10, and 15 for subsequent analysis.
2.7 Cell proliferation and viability assays
2.7.1 Cell proliferation assessment
To quantify the number of thyroid cancer cells in the acellular scaffold, a standard curve was first established. BCPAP cell suspensions with known cell numbers (1 × 10^5, 2 × 10^5, 5 × 10^5, 1 × 10^6, 2 × 10^6, 4 × 10^6, 8 × 10^6, and 1.6 × 10^7 cells) were prepared. DNA was extracted from each group using a DNA extraction kit, and the DNA content was measured. A standard curve was plotted with cell number as the X-axis and DNA content as the Y-axis to obtain a linear equation representing the relationship between cell number and DNA content. On days 5, 10, and 15 of culture, samples were taken from the 3D scaffold group. DNA was extracted from the cells within the scaffold, and the DNA content was measured. The measured DNA content was substituted into the linear equation of the standard curve to calculate the number of cells in the scaffold, thereby assessing cell proliferation within the 3D scaffold.
2.7.2 Cell viability assay
On days 5, 10, and 15, cell viability was measured using the CCK-8 kit (Dojindo). 100 μL of culture medium was taken from both the experimental and control groups, and 10 μL of CCK-8 reagent was added. After mixing, the samples were incubated for 2 h. After incubation, 100 μL of the reaction solution was transferred to a 96-well plate, and the absorbance (OD value) was measured at 450 nm using a microplate reader. The experiment was repeated 3 times to ensure reliability.
2.7.3 Live/dead staining
To visually compare cell viability, both the 3D cell-laden scaffolds and the 2D control cultures were assessed on day 15 using a Live/Dead Viability/Cytotoxicity Kit (Thermo Fisher Scientific). Samples were washed with PBS and incubated in a solution containing 2 μM Calcein-AM and 4 μM Propidium Iodide (PI) in serum-free DMEM for 30 min at 37 °C in the dark. After incubation, the samples were gently washed again with PBS and immediately observed under a laser scanning confocal microscope (Leica, STELLARIS 5). Live cells with intact plasma membranes convert the non-fluorescent Calcein-AM into green fluorescent calcein. Dead cells with compromised membranes are permeable to PI, which binds to nucleic acids and emits red fluorescence. For quantitative analysis, three random fields of view were captured for each sample (n = 3). The number of live (green) and dead (red) cells was counted using ImageJ software (NIH, United States). Cell viability was calculated as: Viability (%) = [Number of live cells/(Number of live cells + Number of dead cells)] × 100%.
2.7.4 Apoptosis assay
To compare apoptosis rates, BCPAP cells were cultured in the 3D TAS model and standard 2D plates for 15 days. Cells were then harvested (trypsinization for 2D, and gentle agitation followed by collagenase digestion for 3D scaffolds) and washed with cold PBS. Apoptosis was assessed using the Annexin V-FITC/PI Apoptosis Detection Kit (BD Biosciences, United States) according to the manufacturer’s protocol. Briefly, cells were resuspended in 1X binding buffer, stained with Annexin V-FITC and Propidium Iodide (PI), and incubated in the dark for 15 min. Stained cells were immediately analyzed by flow cytometry (BD FACSCanto II, BD Biosciences). The percentages of viable (Annexin V-/PI-), early apoptotic (Annexin V+/PI-), late apoptotic (Annexin V+/PI+), and necrotic (Annexin V-/PI+) cells were quantified using FlowJo software (Tree Star, United States).
2.8 Spatial distribution and infiltration analysis of cells in the 3D scaffold
To evaluate the infiltration of thyroid cancer cells into the acellular scaffold, immunofluorescence staining was performed on days 5, 10, and 15. First, cell-laden scaffolds were fixed with 4% paraformaldehyde and permeabilized with a solution containing Triton X-100. To clearly visualize the scaffold’s microstructure, it was specifically labeled with an anti-Collagen I primary antibody, followed by incubation with a green fluorescent secondary antibody (Alexa Fluor 488). Finally, cell nuclei were counterstained with DAPI (5 μg/L) to show the spatial location of cells within the scaffold. The stained scaffolds were observed under a laser scanning confocal microscope (Leica, STELLARIS 5). Z-stack scanning was performed with a 10 μm interval to record cell distribution at different depths (10 μm, 50 μm, 100 μm), generating a cell distribution map within the scaffold. ImageJ software (NIH, United States) was used to analyze the images at each depth level and calculate the number of cells at depths of 10 μm, 50 μm, and 100 μm. To ensure counting accuracy, 5 random fields of view were selected at each depth level for cell counting, and the average cell number was calculated. The relative infiltration rates at 50 μm and 100 μm were then calculated by comparing them to the cell number at the surface layer (10 μm depth), using the formulas: Relative Infiltration Rate (50 μm) = (N50μm/N10μm) × 100%, and Relative Infiltration Rate (100 μm) = (N100μm/N10μm) × 100%. Finally, the relative infiltration rates at different time points and depths were compared and analyzed.
2.9 Gene expression analysis of thyroid cancer-related genes
To detect the expression levels of the BRAF V600E gene and the epithelial-mesenchymal transition (EMT)-related genes E-cadherin (CDH1), N-cadherin (CDH2), and Vimentin (VIM), thyroid cancer cells cultured on the decellularized thyroid scaffold were collected on days 5, 10, and 15. Total RNA was extracted using TRIzol reagent (Invitrogen), and its concentration and purity were measured with a Nanodrop 2000 (Thermo Fisher Scientific). After removing genomic DNA contamination with DNase I (Thermo Fisher Scientific), 1 μg of total RNA was reverse-transcribed into cDNA using a reverse transcription kit (Thermo Fisher Scientific). Real-time quantitative PCR (qPCR) was performed using SYBR Green Master Mix (Applied Biosystems) on a StepOnePlus™ Real-Time PCR System (Applied Biosystems). The qPCR program was: 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s. Relative gene expression was calculated using the 2^(−ΔΔCt) method, with GAPDH as the internal reference gene for normalization. The primer sequences for each gene are listed in Table 1. All experiments were repeated three times.
TABLE 1 | Primer sequences.	Gene	Forward primer (5′-3′)	Reverse primer (5′-3′)
	GAPDH	GCA​CCG​TCA​AGG​CTG​AGA​AC	TGG​TGA​AGA​CGC​CAG​TGG​A
	BRAF V600E	TGA​TTT​TGG​TCT​AGC​TAC​AGA​G	CCT​CAA​TTC​TTA​CCA​TCC​ACA
	E-cadherin	TGC​TCT​TCT​TCT​GCT​CAT​GTT​CCT​G	TCT​TCT​CCA​CCG​CCT​TCC​TCA​TC
	N-cadherin	AGG​AGT​CAG​TGA​AGG​AGT​CAG​CAG	TTC​TGG​CAA​GTT​GAT​TGG​AGG​GAT​G
	Vimentin	CCT​TCG​TGA​ATA​CCA​AGA​CCT​GCT​C	AAT​CCT​GCT​CTC​CTC​GCC​TTC​C


2.10 Immunofluorescence staining for EMT markers and HIF-1α
After 15 days of culture, 2D cultured cells (on glass coverslips) and 3D cell-laden scaffolds were fixed with 4% paraformaldehyde for 30 min 3D scaffolds were then cryopreserved in sucrose gradients before being embedded in OCT compound and sectioned into 10 μm thick slices. 2D coverslips and 3D sections were permeabilized with 0.2% Triton X-100 for 15 min and blocked with 5% goat serum for 1 h. Samples were then incubated overnight at 4 °C with primary antibodies: anti-E-cadherin (1:200, Cell Signaling Technology, #3195), anti-N-cadherin (1:200, Cell Signaling Technology, #13116), anti-Vimentin (1:200, Cell Signaling Technology, #5741), or anti-HIF-1α (1:200, Abcam, ab179483). After washing, samples were incubated with appropriate Alexa Fluor-conjugated secondary antibodies (1:500, Thermo Fisher Scientific) for 1 h at room temperature. Nuclei were counterstained with DAPI (5 μg/L). Images were captured using a laser scanning confocal microscope (Leica, STELLARIS 5). For quantitative analysis, the Mean Fluorescence Intensity (MFI, in arbitrary units, A.U.) of E-cadherin, N-cadherin, and Vimentin, and the nuclear fluorescence intensity of HIF-1α were measured from at least five independent fields of view per condition using ImageJ software (NIH, United States). Background-subtracted intensities were calculated and compared between 2D and 3D groups.
2.11 Drug sensitivity evaluation of the 3D tumor model
2.11.1 Drug treatment
On day 10 of culture, the drug resistance of cells in 2D and 3D cultures was tested against cisplatin (Sigma) and Vemurafenib (Selleck Chemicals). For cisplatin treatment, different concentrations of cisplatin solution were added to the culture medium to achieve final concentrations of 5, 10, 20, 40, and 80 μM. For Vemurafenib treatment, the final concentrations were 0.5, 1, 2, 5, and 10 μM. The drugs were dissolved in sterile PBS and diluted to the target concentrations. The control group received an equal volume of PBS. After treatment, the samples were incubated for an additional 48 h at 37 °C with 5% CO2.
2.11.2 Cell viability assay and IC50 calculation
After 48 h of drug treatment, the viability of cells in each group was measured using the CCK-8 reagent (Dojindo, Japan). 10% volume of CCK-8 reagent was added to each culture well, and the plates were incubated for 2 h at 37 °C with 5% CO2. The absorbance (OD450 value) of each sample was then measured at a wavelength of 450 nm using a microplate reader. Each sample was tested in triplicate. The OD450 values of all concentration groups were normalized to the percentage of viability relative to the control group (no drug treatment), calculated as: Viability (%) = (OD450 of experimental group/OD450 of control group) × 100%. A dose-response curve was plotted with drug concentration (x-axis) versus viability (y-axis). A non-linear fit was performed using the Boltzmann equation: y = (A1 - A2)/(1 + e^((x - x0)/dx)) + A2, where y is viability and x is the log of the drug concentration. The IC50 value (the drug concentration corresponding to 50% viability) was obtained from the fitted curve to evaluate and compare the drug resistance of cells under different culture conditions.
2.11.3 Combination therapy for overcoming drug resistance
To test the hypothesis that drug resistance in the 3D model was mediated by bypass signaling pathways, combination drug treatments were performed on day 10 of 3D culture. The following inhibitors were used: Vemurafenib (BRAF inhibitor, Selleck Chemicals), Trametinib (MEK inhibitor, Selleck Chemicals), and Defactinib (FAK inhibitor, Selleck Chemicals). Based on the IC50 value determined in Section 2.11.2, a concentration of 5 µM Vemurafenib was used. Four treatment groups were established: 1. Vehicle control (DMSO); 2. Vemurafenib (5 µM) alone; 3. Vemurafenib (5 µM) + Trametinib (2 µM); 4. Vemurafenib (5 µM) + Defactinib (2 µM). Cells were treated for 48 h. Cell viability was measured using the CCK-8 kit as determined in Section 2.11.2, and viability was expressed as a percentage relative to the vehicle control group.
3 RESULTS
3.1 Successful preparation and characterization of the thyroid acellular scaffold (TAS)
3.1.1 Histological and morphological analysis
As shown in Figure 2A, after decellularization, the originally pinkish thyroid tissue turned into a translucent white scaffold, macroscopically indicating that cellular components had been removed. H&E staining results showed that, compared to the native thyroid tissue which contained a large number of cell nuclei, no nuclear structures were observed in the decellularized scaffold, with only the outline of the extracellular matrix (ECM) remaining (Figure 2B). Masson’s trichrome staining further confirmed that the blue-stained areas representing collagen were well-preserved and evenly distributed in the scaffold, indicating that the main collagen network structure was not damaged during the decellularization process (Figure 2B). DAPI staining provided the most direct evidence for the removal of nuclei. While numerous bright blue fluorescent nuclei were visible in the native tissue, there was a complete absence of fluorescent signals in the decellularized scaffold, confirming the thorough removal of nuclei (Figure 2B). Scanning electron microscopy (SEM) images visually demonstrated the 3D porous fibrous network structure of the scaffold, which mimics the native tissue microenvironment and is conducive to subsequent cell adhesion and growth (Figure 2B).
[image: Panel A shows a sample over 0, 48, and 96 hours, losing color and becoming translucent. Panel B depicts histological images of native and TAS tissues using H&E, Masson's trichrome, DAPI, and SEM. Native tissues show dense structures, whereas TAS tissues appear porous. Panel C presents a bar graph of DNA content, showing a decrease in TAS. Panel D shows collagen content with an increase in TAS. Panel E illustrates a decrease in GAGs content in TAS.]FIGURE 2 | Characterization of the Thyroid Acellular Scaffold (TAS). (A) Macroscopic appearance of the rat thyroid tissue throughout the decellularization process, showing the transition from native tissue (0 h) to a translucent scaffold (96 h). (B) Histological and morphological comparison between native thyroid tissue and the TAS. H&E and Masson’s trichrome staining demonstrate the preservation of the extracellular matrix structure and collagen fibers (blue) after cell removal. DAPI staining confirms the complete removal of cell nuclei in the TAS. Scanning electron microscopy (SEM) images reveal the porous, interconnected fibrous network of the TAS compared to the cellular surface of the native tissue. Scale bars: 100 µm. (C–E) Quantitative biochemical analysis of the native tissue and TAS. Bar graphs show a significant reduction in (C) DNA content, a relative increase in (D) collagen content, and the retention of (E) glycosaminoglycans (GAGs) after decellularization. Data are presented as mean ± standard deviation. **p < 0.01 compared to native tissue.3.1.2 Biochemical component quantitative analysis
Quantitative analysis results showed that, compared to native thyroid tissue (3,438 ± 354 ng/mg), the residual DNA content in the decellularized scaffold was significantly reduced to 49 ± 23 ng/mg (p < 0.01), which is below the biomaterial safety standard of 50 ng/mg, demonstrating the thoroughness of decellularization (Figure 2C). Due to the removal of cellular components, the relative content of collagen in the scaffold increased from 45.33 ± 11.60 μg/mg in native tissue to 70.17 ± 10.83 μg/mg (p < 0.01), indicating that the main structural protein was effectively preserved (Figure 2D). Meanwhile, the scaffold retained approximately 71% of sulfated glycosaminoglycans (sGAG), with its content decreasing from 10.33 ± 2.34 μg/mg in native tissue to 7.33 ± 1.51 μg/mg after decellularization (Figure 2E).
3.2 Analysis of key ECM proteins and proteomics
3.2.1 Preservation of major ECM proteins
Immunofluorescence staining results showed that key ECM proteins widely expressed in native thyroid tissue, such as Collagen I, Collagen IV, Fibronectin, and Laminin, were well-preserved in the decellularized scaffold (Figure 3). These proteins exhibited a network-like distribution pattern in the scaffold, similar to that in native tissue, providing a structural and functional basis for constructing a biomimetic microenvironment.
[image: Fluorescence microscopy images showing the distribution of Collagen I, Collagen IV, Fibronectin, and Laminin. The top row presents native tissue stained with DAPI in blue and extracellular matrix proteins in red. The bottom row shows tissue-aligned scaffolds (TAS) with red stains for each protein. Scale bars are present in each image.]FIGURE 3 | Preservation of key extracellular matrix (ECM) proteins in the Thyroid Acellular Scaffold (TAS). Immunofluorescence staining for major ECM components in native thyroid tissue (top row) and the TAS (bottom row). Staining shows the retention of Collagen I, Collagen IV, Fibronectin, and Laminin (all shown in red) after the decellularization process. In the native tissue, cell nuclei are counterstained with DAPI (blue). The absence of DAPI staining in the TAS confirms the successful removal of cells, while the preserved network structure of the ECM proteins indicates that the scaffold maintains its essential biochemical composition. Scale bars: 100 µm.3.2.2 Proteomic analysis
To comprehensively understand the changes in protein components during the decellularization process, we performed LC-MS/MS analysis. The results showed that the protein profile of the decellularized scaffold was significantly altered compared to native thyroid tissue (Figure 4). The analysis indicated that major extracellular matrix structural proteins were effectively preserved. For example, various types of collagen (e.g., COL1A1, COL3A1, COL4A1), laminin subunits (e.g., LAMA4, LAMB1, LAMC1), and fibronectin (FN1) had positive log2 ratios, indicating their abundance was stable or relatively increased after decellularization. Additionally, various proteoglycans (e.g., HSPG2, BGN, DCN) were also well-preserved.
[image: Bar graph showing protein expression post-decellularization relative to pre-decellularization across various protein categories: adhesion molecules, cytoskeletal proteins, proteoglycans, fibronectins, laminins, and collagens. Blue bars indicate decreased expression, and red bars indicate increased expression. Each protein category lists specific proteins with corresponding expression data. The x-axis represents the logarithmic scale of expression change.]FIGURE 4 | Proteomic analysis of the Thyroid Acellular Scaffold (TAS). The bar chart displays the log2 fold change of protein abundance in the TAS compared to native thyroid tissue, as determined by mass spectrometry. Proteins are categorized by function. Red bars indicate proteins that were retained or relatively enriched after decellularization (positive log2 fold change), while blue bars represent proteins that were significantly depleted or removed (negative log2 fold change). The analysis confirms the effective removal of cellular components, such as adhesion molecules (e.g., VCAM1, ICAM1) and cytoskeletal proteins (e.g., Vimentin), while demonstrating the excellent preservation of major extracellular matrix (ECM) structural proteins, including multiple subtypes of collagens, laminins, proteoglycans, and fibronectins. This proteomic profile underscores the successful creation of an ECM-rich scaffold suitable for 3D cell culture.Conversely, the vast majority of intracellular proteins were successfully removed. Intracellular cytoskeletal proteins (e.g., vimentin VIM, tubulin TUBA1B) and cell adhesion molecules (e.g., VCAM1, ICAM1) had large negative log2 ratios, indicating a significant decrease in their abundance after decellularization. These results confirm at the molecular level that our decellularization method effectively removes cellular components while maximally preserving the extracellular matrix components crucial for constructing tissue engineering models.
3.3 Growth factor retention in the decellularized scaffold
ELISA quantitative detection results showed that native thyroid tissue is rich in endogenous growth factors. After the decellularization process, although some growth factors were lost, a considerable amount of key growth factors was retained in the decellularized scaffold (Figure 5). Specifically, compared to native tissue, the decellularized scaffold retained approximately 67% of VEGF, 78% of TGF-β, 89% of HGF, 69% of FGF, 76% of EGF, and 78% of PDGF. These preserved growth factors can provide necessary biological signals to the seeded tumor cells, stimulating their proliferation and functional activities, thereby better mimicking the in vivo tumor growth microenvironment.
[image: Bar chart comparing the concentrations of various growth factors: VEGF, TGF-β, HGF, FGF, EGF, and PDGF in two groups: Native and TAS. Native is represented by black bars, and TAS by white. Most factors show higher concentrations in the Native group, with statistically significant differences indicated by asterisks. Concentrations are measured in picograms per milliliter, ranging from 0 to 1000.]FIGURE 5 | Retention of endogenous growth factors in the Thyroid Acellular Scaffold (TAS). The bar chart shows the concentrations (pg/mL) of key growth factors—Vascular Endothelial Growth Factor (VEGF), Transforming Growth Factor-β (TGF-β), Hepatocyte Growth Factor (HGF), Fibroblast Growth Factor (FGF), Epidermal Growth Factor (EGF), and Platelet-Derived Growth Factor (PDGF)—in native thyroid tissue and the TAS, as quantified by ELISA. Although the decellularization process resulted in a significant reduction in the concentration of all measured growth factors, the TAS successfully retained a substantial amount of these bioactive molecules. Data are presented as mean ± standard deviation. **p < 0.01 compared to native tissue.3.4 Mechanical properties of the thyroid acellular scaffold
In mechanical property testing, the elastic modulus of the native thyroid tissue group ranged from 723 to 976 Pa, with an average of 853 Pa. The elastic modulus of the decellularized scaffold group ranged from 664 to 883 Pa, with an average of 786 Pa. Although the elastic modulus slightly decreased after decellularization, the difference between the two groups was not statistically significant (p > 0.05) (Figure 6A). Furthermore, the ultimate tensile strength of the native thyroid tissue group ranged from 113 to 183 Pa, with an average of 142 Pa, while that of the decellularized scaffold group ranged from 110 to 145 Pa, with an average of 126 Pa. Similarly, the difference in ultimate tensile strength between the two groups was not statistically significant (p > 0.05) (Figure 6B). Comprehensive analysis indicates that while the decellularization process had some effect on the mechanical properties (including elastic modulus and ultimate tensile strength) of the thyroid scaffold, its mechanical performance remained at a high level, sufficient to meet the requirements for cell culture and tissue engineering applications.
[image: Bar charts comparing mechanical properties. Chart A shows elastic modulus in pascals, with the native material having a higher value than TAS. Chart B shows ultimate tensile strength in pascals, with the native material again exhibiting a higher value than TAS. Both charts display error bars.]FIGURE 6 | Mechanical properties of the Thyroid Acellular Scaffold (TAS). Bar charts comparing the (A) Elastic Modulus and (B) Ultimate Tensile Strength of native thyroid tissue and the TAS. The results indicate that while there was a slight decrease in both elastic modulus and ultimate tensile strength after decellularization, these differences were not statistically significant (p > 0.05). This demonstrates that the TAS retains mechanical properties comparable to the native tissue, ensuring its structural integrity for use as a 3D culture scaffold. Data are presented as mean ± standard deviation.3.5 Construction and culture of the 3D in vitro tumor model
In this study, we systematically evaluated the proliferation of BCPAP thyroid cancer cells in the 3D thyroid acellular scaffold versus a 2D culture environment using both CCK-8 and DNA quantification methods. The results showed that the 3D scaffold has a significant advantage in promoting cell proliferation, although the proliferation rate tends to stabilize during long-term culture.
The CCK-8 assay revealed that the cell viability in the 3D scaffold group was significantly higher than in the 2D group throughout the culture period (P < 0.05). In the first 10 days of culture, the cell proliferation activity in the 3D scaffold group increased rapidly, with the OD value rising from 0.67 ± 0.17 to 1.36 ± 0.29, which was significantly higher than the increase in the 2D group during the same period (from 0.38 ± 0.15 to 0.67 ± 0.12). However, between day 10 and day 15, the cell viability in the 3D group remained stable, with no significant change in the OD value (P > 0.05), indicating that the cells had entered a proliferation plateau phase. In contrast, the cell viability in the 2D group remained at a low level throughout the culture period and also showed no significant change between day 10 and day 15 (Figure 7A).
[image: Graphs and images compare 2D and 3D cell cultures. Graph A shows increased OD values over time in 3D cultures. Graph B presents higher cell numbers in 3D over 2D. Image C depicts fluorescent microscopy, with more structure in 3D. Graph D indicates higher cell viability in 3D. Graph F shows fewer apoptotic cells in 3D. Scatter plots E display Annexin V-FITC results, with less PI staining in 3D culture.]FIGURE 7 | Enhanced proliferation, viability, and reduced apoptosis of thyroid cancer cells in the 3D tumor model. (A) Cell viability measured by CCK-8 assay at 5, 10, and 15 days. The optical density (OD) at 450 nm is significantly higher in the 3D culture group compared to the 2D group at all time points. (B) Cell number quantified by DNA content at 5, 10, and 15 days. The 3D scaffold supports a significantly higher number of cells compared to the 2D culture. Both groups show a plateau in proliferation after day 10. (C) Representative Live/Dead staining images of cells in 2D and 3D cultures on day 15. Live cells are stained green (Calcein-AM) and dead cells are stained red (Propidium Iodide). (D) Quantification of cell viability from Live/Dead staining, showing significantly higher viability in the 3D model. (E) Representative flow cytometry plots showing Annexin V-FITC and Propidium Iodide (PI) staining for cells cultured in 2D and 3D environments for 15 days. In each panel the lower left quadrant shows live cells, which are negative for both PI and annexin V-FITC, the upper left quadrant shows only PI positive cells, which are necrotic. The lower right quadrant shows annexin positive cells (early apoptotic) and the upper right quadrants shows annexin and PI positive cells (late apoptosis cells). (F) Quantification of the total percentage of apoptotic and necrotic cells (early apoptosis + late apoptosis + necrosis). The 3D model shows a significantly lower total cell death rate compared to the 2D control. Data are presented as mean ± standard deviation. Scale bars: 50 µm. **p < 0.01 compared to the 2D group.DNA quantification analysis further validated these findings. The cell number in the 3D scaffold group increased rapidly in the first 10 days, from (2.49 ± 0.68) × 106 to (6.32 ± 0.76) × 106, significantly higher than the increase in the 2D group during the same period, from (1.25 ± 0.21) × 106 to (3.86 ± 0.40) × 106 (P < 0.01). However, between day 10 and day 15, the cell number in the 3D group did not change significantly (P > 0.05), indicating that cell proliferation had reached a plateau. In contrast, the increase in cell number in the 2D group was smaller throughout the culture period and also tended to stabilize between day 10 and day 15 (Figure 7B).
To directly assess cell viability and further investigate the cellular state during the proliferation plateau phase, a Live/Dead staining assay was performed on both 2D and 3D cultures on day 15. The results revealed a significant advantage of the 3D microenvironment in maintaining long-term cell survival. As shown in Figure 7C, while both models contained viable cells, the 2D culture exhibited a noticeably higher proportion of dead cells (red fluorescence) compared to the 3D model. Critically, cells within the core of the 3D scaffold displayed robust viability, with a dense population of live cells (green fluorescence) and only sporadic dead cells. Quantitative analysis (Figure 7D) confirmed this observation, demonstrating that the cell viability in the 3D group (92.7% ± 5.3%) was significantly higher than in the 2D group (83.9% ± 7.5%) (p < 0.05). This provides strong evidence that the TAS provides a superior, pro-survival microenvironment that actively enhances the long-term health and viability of cancer cells.
To further investigate the mechanism behind this enhanced viability, we directly quantified apoptosis and necrosis using Annexin V-FITC/PI flow cytometry. The results clearly demonstrated that cells cultured in the 3D TAS model exhibit a significantly lower rate of spontaneous cell death compared to those in the 2D model (Figure 7E). Quantitative analysis (Figure 7F) showed that the total percentage of apoptotic and necrotic cells (including early apoptosis, late apoptosis, and necrosis) was significantly lower in the 3D group (10.4% ± 3.6%) compared to the 2D group (21.4% ± 4.8%) (p < 0.01). This new finding strongly supports our central hypothesis that the TAS provides a more biomimetic, pro-survival microenvironment, shielding cancer cells from the stress typically associated with artificial 2D culture conditions.
3.6 Spatial distribution and infiltration analysis of cells in the 3D scaffold
On days 5, 10, and 15, the infiltration of BPCAP thyroid cancer cells into the thyroid acellular scaffold was analyzed using a laser scanning confocal microscope, and the relative infiltration rates at different depths were calculated. On day 5, BPCAP cells were mainly concentrated on the surface layer of the scaffold (10 μm depth), with relatively less infiltration into deeper layers (50 μm and 100 μm). Specifically, the relative infiltration rate at 50 μm depth was 50.6%, while at 100 μm depth it was 23.4%. This indicates that on day 5, most cells remained on the surface and in the shallow layers of the scaffold, with limited deep infiltration. On day 10, the infiltration ability of BPCAP cells into the scaffold was significantly enhanced. Although the cell density at the 10 μm depth remained high, the relative infiltration rates at 50 μm and 100 μm depths increased to 71.5% and 44.3%, respectively. Compared to day 5, the relative infiltration rates at 50 μm and 100 μm depths on day 10 were significantly increased (p < 0.01), indicating that cells gradually infiltrated deeper into the scaffold over time. By day 15, the cell infiltration situation showed no significant change compared to day 10. The relative infiltration rate at 50 μm depth was approximately 72.1%, and at 100 μm depth, it was about 45.4%. This suggests that from day 10 to day 15, the distribution of cells in the deeper layers of the scaffold tended to stabilize, and the infiltration ability reached a plateau phase (Figures 8A,B).
[image: Panel A shows a series of microscopic images of cell infiltration over 5, 10, and 15 days, labeled at 10 micrometers, 50 micrometers, and 100 micrometers. Cells are shown in blue against a green-stained matrix. Panel B is a bar graph displaying relative cell infiltration percentages for each time point, with separate bars for 50 micrometers and 100 micrometers.]FIGURE 8 | Time-dependent infiltration of thyroid cancer cells into the 3D scaffold. (A) Representative confocal microscopy images showing the spatial distribution of thyroid cancer cells within the scaffold at depths of 10, 50, and 100 µm after 5, 10, and 15 days of culture. The scaffold’s extracellular matrix was visualized by immunofluorescence staining for Collagen I (green), and cell nuclei were counterstained blue with DAPI. The images illustrate that cells progressively penetrate deeper into the scaffold over time. Scale bars: 100 µm. (B) Quantification of relative cell infiltration at 50 μm and 100 µm depths. The percentage is calculated relative to the cell population at the 10 µm surface layer. The data show a significant increase in cell penetration into the scaffold’s interior over the 15-day culture period, indicating the model supports cancer cell invasion. Data are presented as mean ± standard deviation.Statistical analysis shows that the infiltration ability of BPCAP thyroid cancer cells in the thyroid acellular scaffold increased with culture time, reaching a peak on day 10 and then stabilizing. Infiltration into the deeper layers of the scaffold (50 μm and 100 μm) was particularly significant. This result indicates that by days 10–15, the migration and diffusion abilities of the cells within the scaffold reached a relatively ideal and stable state, which is conducive to constructing a more uniform and mature in vitro thyroid cancer tumor model.
3.7 Gene expression analysis of thyroid cancer-related genes
3.7.1 BRAF V600E gene expression level
In the analysis of BRAF V600E gene expression, the expression of the BRAF V600E gene in thyroid cancer cells in the 3D scaffold group was significantly higher than in the 2D group. Specifically, the relative expression level of the BRAF V600E gene in the 3D scaffold group was 4.2 ± 0.4, whereas in the 2D group it was only 1.8 ± 0.3, resulting in a 2.3-fold expression ratio, a statistically significant difference (P < 0.01) (Figure 9A). This result indicates that thyroid cancer cells exhibit stronger BRAF V600E gene expression activity in the three-dimensional decellularized scaffold environment compared to the two-dimensional flat culture environment, suggesting that the 3D scaffold may more effectively mimic the gene regulatory characteristics of the tumor microenvironment.
[image: Panel A shows a bar graph comparing relative gene expression of BRAF, E-cadherin, N-cadherin, and Vimentin between 2D and 3D cultures. Panel B displays immunofluorescence images of E-cadherin, N-cadherin, and Vimentin in 2D and 3D cultures, with blue nuclei and green markers. Panel C features a bar graph of fluorescence intensity for E-cadherin, N-cadherin, and Vimentin in 2D versus 3D. Panel D presents HIF-1α immunofluorescence in 2D and 3D cultures, with red markers. Panel E shows a bar graph of fluorescence intensity for HIF-1α, highlighting significant differences.]FIGURE 9 | 3D Model Induces EMT and Hypoxia at Gene and Protein Levels. (A) Relative gene expression of BRAF V600E and EMT markers (E-cadherin, N-cadherin, Vimentin) by qPCR. 3D culture upregulates BRAF V600E and induces an EMT-like gene signature. (B) Representative confocal immunofluorescence images for EMT markers (E-cadherin, N-cadherin, Vimentin; all in green) in 2D vs. 3D. 3D culture induces a protein-level switch from epithelial (E-cad high) to mesenchymal (N-cad/Vim high). (C) Quantitative analysis of the mean fluorescence intensity (MFI, in A.U.) for EMT markers from (B). (D) Representative immunofluorescence images of HIF-1α (red) in 2D vs. 3D. Strong HIF-1α accumulation is seen only in the 3D model. All images are counterstained with DAPI (blue, nuclei). (E) Quantitative analysis of HIF-1α fluorescence intensity (MFI, in A.U.) from (D). Data are presented as mean ± standard deviation. Scale bars: 50 µm. *p < 0.05, **p < 0.01 compared to the 2D group.3.7.2 Epithelial-mesenchymal transition (EMT)-Related gene expression levels
In the analysis of EMT-related gene expression, there were significant differences between the 3D scaffold group and the 2D group. Specifically, in the 3D scaffold group, the expression of the epithelial marker E-cadherin (CDH1) gene was significantly reduced, with a relative expression level of 0.8 ± 0.2, whereas in the 2D group, the expression level of this gene was 2.5 ± 0.4, showing a significant inhibitory effect (P < 0.05). Conversely, the expression of the mesenchymal markers N-cadherin (CDH2) and Vimentin (VIM) genes was significantly upregulated in the 3D scaffold group, at 3.2 ± 0.4 and 3.8 ± 0.4, respectively, while the expression levels of these genes were relatively low in the 2D group, at 2.0 ± 0.2 and 1.7 ± 0.3, respectively (P < 0.05) (Figure 9A). These results indicate that the three-dimensional decellularized thyroid scaffold can significantly influence the phenotypic transition of thyroid cancer cells, inhibiting epithelial characteristics while promoting the enhancement of mesenchymal phenotypes. The activation of this EMT phenomenon was particularly significant in the 3D scaffold group, further supporting the potential advantages of the 3D scaffold in simulating the tumor microenvironment.
3.8 Protein-level validation of EMT and confirmation of a hypoxic microenvironment
To confirm that the gene-level changes in EMT markers translated to the protein level, we performed immunofluorescence staining on cells cultured for 15 days. As shown in Figure 9B, cells in 2D culture exhibited strong E-cadherin staining at cell junctions, with weak expression of N-cadherin and Vimentin. In stark contrast, cells within the 3D TAS model showed a clear phenotypic switch: E-cadherin expression was markedly reduced, while the expression of mesenchymal markers N-cadherin and Vimentin was significantly upregulated. Quantitative analysis of the mean fluorescence intensity (MFI) robustly confirmed these visual observations (Figure 9C). The MFI for E-cadherin in the 2D group (145.4 ± 18.7 A.U.) was significantly higher than in the 3D group (65.7 ± 11.0 A.U., p < 0.01). Conversely, the MFIs for N-cadherin (42.1 ± 7.7 A.U.) and Vimentin (35.7 ± 7.2 A.U.) in the 2D group were significantly lower than those in the 3D group (118.4 ± 14.4 A.U. and 121.4 ± 15.9 A.U., respectively, p < 0.01). This provides direct quantitative and visual evidence that the 3D microenvironment drives a complete EMT.
Furthermore, we investigated our hypothesis that the 3D model develops a hypoxic microenvironment. We stained for hypoxia-inducible factor 1-alpha (HIF-1α), a master regulator of the hypoxic response (Figure 9D). In the 2D control group, no significant HIF-1α nuclear signal was detected, indicating a fully oxygenated environment. However, within the 3D scaffold, a strong and distinct accumulation of HIF-1α in the cell nuclei was observed. Quantitative analysis of the nuclear signal intensity (Figure 9E) confirmed this finding, showing a significantly higher nuclear MFI in the 3D group (83.0 ± 13.3 A.U.) compared to the 2D controls (25.3 ± 4.7 A.U., p < 0.01). This provides direct evidence of a hypoxic microenvironment that is absent in the 2D model.
3.9 Drug sensitivity evaluation of the 3D tumor model
In this study, we seeded thyroid cancer cells onto a thyroid acellular scaffold to construct an in vitro thyroid cancer tumor model and evaluated its drug tolerance. The 3D scaffold group consisted of thyroid cancer cells seeded onto the scaffold, while the 2D group consisted of flat-cultured thyroid cancer cells. On day 10, we treated both the 3D and 2D groups with different concentrations of Cisplatin and Vemurafenib and measured cell viability using the CCK-8 method. By fitting the dose-response curves with the Boltzmann equation, we obtained the IC50 values for each group to assess drug tolerance.
3.9.1 Cisplatin drug resistance results
In the 2D group, cell viability decreased significantly with increasing concentrations of cisplatin. Specifically, at a cisplatin concentration of 5 μM, cell viability was 82.7% ± 12.1%. As the drug concentration increased, viability gradually decreased to 46.1% ± 11.3% at 20 μM and further to 29.8% ± 3.2% at 40 μM. At the highest concentration of 80 μM, cell viability dropped to its lowest at 15.4% ± 4.8%. Non-linear fitting of the viability curve yielded an IC50 value of 17.2 ± 2.7 μM for the 2D group, indicating that cisplatin has a strong cytotoxic effect on flat-cultured thyroid cancer cells.
Compared to the 2D group, the 3D scaffold group (thyroid cancer cells seeded on the scaffold) exhibited higher resistance to cisplatin. At a low concentration (5 μM) of cisplatin, the viability of the 3D scaffold group was 90.7% ± 5.7%, significantly higher than the 2D group. When the cisplatin concentration was increased to 20 μM, cell viability decreased to 70.4% ± 4.1%, but was still higher than the 2D group at the same concentration. As the cisplatin concentration further increased, viability was 43.4% ± 8.2% at 40 μM and dropped to 26.9% ± 5.8% at 80 μM. The fitted curve yielded an IC50 value of 38.9 ± 5.4 μM for the 3D scaffold group, which is higher than that of the 2D group, suggesting that the protective effect of the thyroid acellular scaffold may enhance the cells’ resistance to cisplatin (Figures 10A, C).
[image: Charts A and B show cell viability decreases with increasing cisplatin and vemurafenib concentrations in 2D and 3D cultures, with lower viability in 2D. Chart C compares IC50 values, showing higher resistance in 3D cultures. Chart D illustrates reduced viability with combination treatments compared to vemurafenib alone. Statistical significance is indicated by asterisks.]FIGURE 10 | Increased drug resistance of the 3D tumor model and its reversal by combination therapy. (A,B) Dose-response curves showing the cell viability of thyroid cancer cells in 2D and 3D cultures after 48 h of treatment with varying concentrations of (A) Cisplatin and (B) Vemurafenib. At all tested concentrations, cells cultured in the 3D model demonstrated significantly higher viability compared to those in the 2D monolayer culture. (C) Comparison of the half-maximal inhibitory concentration (IC50) values for Vemurafenib and Cisplatin. The 3D tumor model exhibited significantly higher IC50 values for both drugs, confirming its enhanced resistance to both conventional chemotherapy and targeted therapy. (D) Combination therapy to overcome Vemurafenib resistance in the 3D model. Cells were treated for 48 h with Vehicle (Control), Vemurafenib (Vem, 5 μM) alone, or in combination with either Trametinib (MEKi, 2 µM) or Defactinib (FAKi, 2 µM). The combination therapies significantly reduced cell viability compared to Vemurafenib alone. Data are presented as mean ± standard deviation. **p < 0.01 (compared to the 2D group in (A–C); compared to the Vemurafenib-only group in (D)).3.9.2 Vemurafenib drug resistance results
In the 2D group, Vemurafenib also showed a significant inhibitory effect on flat-cultured thyroid cancer cells. As the Vemurafenib concentration increased from 0.5 μM to 10 μM, cell viability decreased from 88.2% ± 7.8% to 20.1% ± 4.1%. At 1 μM, viability was 73.7% ± 5.7%, and at 2 μM and 5 μM, viability was 53.6% ± 5.3% and 31.6% ± 3.9%, respectively. Curve fitting yielded an IC50 value of 2.2 ± 0.5 μM for the 2D group, indicating that Vemurafenib has a strong inhibitory effect on flat-cultured thyroid cancer cells at low concentrations.
The 3D scaffold group cells showed significant resistance to Vemurafenib treatment. At the lowest concentration (0.5 μM), the viability of the 3D scaffold group was 92.7% ± 4.6%, almost unaffected by the drug. When the concentration was increased to 1 μM, viability decreased to 87.4% ± 7.1%, but was still significantly higher than the 2D group. Similarly, as the Vemurafenib concentration increased, the viability of the 3D scaffold group gradually decreased to 72.6% ± 9.7%, 53.9% ± 5.8%, and 38.6% ± 5.7% at concentrations of 2, 5, and 10 μM, respectively. Non-linear fitting yielded an IC50 value of 5.4 ± 0.8 μM for the 3D scaffold group, significantly higher than the 2D group, indicating that the thyroid acellular scaffold has a protective effect on BRAFV600E-mutated thyroid cancer cells, thereby increasing their resistance to Vemurafenib (Figures 10B, C).
3.9.3 Combination therapy with MEK or FAK inhibitors overcomes vemurafenib resistance in the 3D model
To investigate the mechanism of this acquired resistance, we explored combination therapies. We hypothesized that the 3D microenvironment activated bypass signaling pathways, such as the MEK/ERK pathway or the FAK-mediated integrin signaling pathway. We treated the 3D cultures with Vemurafenib (5 µM) alone or in combination with a MEK inhibitor (Trametinib, 2 µM) or a FAK inhibitor (Defactinib, 2 µM). As shown in the Figure 10D, treatment with Vemurafenib (5 µM) alone confirmed our previous findings, reducing cell viability to only 53.9% ± 5.8%. Critically, the combination of Vemurafenib with the MEK inhibitor (Trametinib, 2 µM) resulted in a dramatic and significant reduction in cell viability to 31.2% ± 3.3% (p < 0.01 vs. Vemurafenib alone). Similarly, the combination of Vemurafenib with the FAK inhibitor (Defactinib, 2 µM) also led to a significant enhanced cell kill, reducing viability to 35.8% ± 4.0% (p < 0.01 vs. Vemurafenib alone). These results strongly suggest that the CAM-DR observed in our 3D model is co-driven by the activation of both the MEK/ERK and FAK signaling pathways, and that co-targeting these pathways can effectively overcome the resistance.
4 DISCUSSION
The global incidence of thyroid cancer continues to rise, making it the most common endocrine malignancy and posing a significant challenge to clinical diagnosis, treatment, and basic research (Pizzato et al., 2022). For a long time, our understanding of thyroid cancer biology and the development of anti-tumor drugs have largely relied on two-dimensional (2D) monolayer cell culture models. However, cells grown on these flat, rigid plastic surfaces lose the complex three-dimensional (3D) topology, close intercellular communication, and dynamic interactions with the extracellular matrix (ECM) that they experience in their native tissue (Langhans, 2018). This fundamental simplification in the model leads to inherent deficiencies in mimicking the true proliferation patterns, invasive potential, gene expression profiles, and drug responses of tumor cells (Jensen and Teng, 2020). This results in a significant gap between preclinical research and clinical trial outcomes, known as the “preclinical-to-clinical” translation failure (Millen et al., 2023). Therefore, developing 3D in vitro models that can highly mimic the in vivo tumor microenvironment (TME) has become a critical bottleneck to overcome in oncology research (Miserocchi et al., 2021; Brandenberg et al., 2020). In this study, we focused on the core component of the TME—the ECM. We innovatively used rat thyroid tissue and, through a refined decellularization technique, successfully prepared a thyroid acellular scaffold (TAS) that retains its native structure and bioactivity. Based on this, we constructed a 3D in vitro model of human thyroid cancer cells (BCPAP). This study systematically verified the significant superiority of this model over traditional 2D models in terms of morphology, biological function, and drug sensitivity, demonstrating its great potential as a high-fidelity research platform.
The first step of our study, and the foundation for building a highly biomimetic 3D model, was the preparation of a high-quality acellular scaffold. An ideal tissue engineering scaffold must not only provide structural support for cells but, more importantly, must offer a microenvironment rich in complex biochemical signals and physical cues to guide cell behavior (Chaudhuri et al., 2020). Compared to synthetic or semi-synthetic scaffolds made from one or a few purified ECM proteins, dECM scaffolds derived from the target organ itself have unparalleled advantages (Choi et al., 2023; A et al., 2020). They can maximally preserve the unique ECM components of a specific tissue, the nano-scale fibrous network topology, and the sequestered profile of growth factors and cytokines. This “tissue specificity” is crucial for simulating the microenvironment of a particular cancer (Crouigneau et al., 2024). This study employed a gentle chemical treatment method (a combination of SDS and Triton X-100) aimed at efficiently removing cellular components while maximally preserving the integrity of the ECM (Belviso et al., 2022). Our histological (H&E, Masson’s staining), immunofluorescence (DAPI), and biochemical quantitative analysis results collectively confirmed the success of this strategy. The residual DNA content was effectively controlled below the recognized safety standard for biomaterials (<50 ng/mg dry weight), virtually eliminating the risk of host immune rejection triggered by xenogeneic DNA and cellular antigens (Gilpin and Yang, 2017; Fazel et al., 2024). Furthermore, the absence of detectable detergent residues and the high cell viability (>95%) observed in TAS extract tests confirmed the excellent biocompatibility and biosafety of the prepared scaffold, further validating the robustness of the decellularization process. More importantly, through multi-level characterization, we comprehensively revealed the superiority of the TAS. Scanning electron microscopy (SEM) visually demonstrated the interconnected porous network structure inside the scaffold, providing a physical basis for cell adhesion, growth, and nutrient exchange. Proteomic analysis provided the strongest evidence for the scaffold’s bioactivity at the molecular level. Our LC-MS/MS results showed that various key structural and functional ECM proteins were effectively preserved, such as multiple types of collagen (COL1A1, COL3A1, COL4A1), laminin subunits (LAMA4, LAMB1, LAMC1), and fibronectin (FN1). These proteins collectively form the “skeleton” of the scaffold, not only providing mechanical support for cells but also exposing binding sites that are crucial for mediating cell adhesion, migration, and signal transduction (Stearns-Reider et al., 2023; Sun AR. et al., 2025). In particular, the retention of various proteoglycans such as HSPG2 (Perlecan), BGN (Biglycan), and DCN (Decorin) is vital for maintaining the homeostasis and function of the TME, as they can regulate the bioavailability of growth factors, participate in the assembly of collagen fibers, and directly influence cell behavior (Samaržija et al., 2024; Mongiat et al., 2024). In stark contrast, the vast majority of intracellular proteins, such as vimentin (VIM) and tubulin (TUBA1B), as well as intercellular adhesion molecules (VCAM1, ICAM1), were successfully removed. This result confirms that our decellularization method precisely removed potentially immunogenic cellular components while completely preserving the “biochemical fingerprint” that constitutes the tissue-specific microenvironment.
Furthermore, through ELISA quantitative detection, we found that the decellularized scaffold still retained a considerable amount of endogenous growth factors, including VEGF,TGF-β, HGF, FGF, EGF, and PDGF. These growth factors, naturally sequestered by the ECM, provide a continuous and physiological biological signal stimulus for the constructed 3D model (Zhang et al., 2021). Vascular endothelial growth factor (VEGF) is a key molecule regulating tumor angiogenesis (Apte et al., 2019); fibroblast growth factor (FGF) and platelet-derived growth factor (PDGF) are potent mitogens that can stimulate cell proliferation (Jung et al., 2025); and transforming growth factor-β (TGF-β) is a multifunctional cytokine that, in the later stages of tumor progression, acts as a key driver, strongly inducing epithelial-mesenchymal transition (EMT), promoting invasion, and mediating immune suppression (Shi et al., 2022; Chan et al., 2023). The retention of these growth factors in the scaffold, especially the presence of TGF-β, provides a direct molecular mechanism explanation for the EMT phenomenon (downregulation of E-cadherin, upregulation of N-cadherin and Vimentin) we observed in subsequent experiments with BCPAP cells. This endogenous, complex “cocktail” of growth factors, in synergy with the preserved ECM proteins, constitutes a signaling network that can authentically simulate the survival environment of thyroid cancer cells in vivo. At the same time, mechanical testing showed that the decellularization process did not significantly weaken the scaffold’s elastic modulus and ultimate tensile strength, and its mechanical properties remained in the same order of magnitude as native thyroid tissue. This high fidelity of biochemical signals and physical-mechanical cues is the core of the superiority of the 3D model constructed in this study.
Regarding cell proliferation, significant differences in proliferation kinetics were observed between the two culture methods, although both ultimately entered a plateau phase due to spatial or nutritional constraints. During the initial 10-day culture period, the 3D model demonstrated a significantly higher proliferation rate and total cell count compared to the 2D group. This enhanced viability was further substantiated by Live/Dead staining on day 15, which revealed a significantly greater proportion of viable cells within the 3D scaffold. Our findings on apoptosis provide a direct explanation for this pro-survival state. Flow cytometry analysis confirmed a significantly reduced rate of spontaneous apoptosis in the 3D TAS mode, indicating that the 3D microenvironment functions as an active, protective niche rather than a passive support. This reduction in baseline apoptosis likely contributes directly to the superior net proliferation observed. Collectively, these data indicate that the biomimetic microenvironment of the TAS, characterized by its 3D architecture, abundant adhesion sites, and bioactive molecules, robustly promotes cell growth and survival. Furthermore, the proliferation plateau observed in the 3D culture more accurately simulates the growth dynamics of solid tumors in vivo, which typically exhibit decelerated growth following an initial rapid expansion due to internal cell crowding and limited nutrient/oxygen diffusion (Barbosa et al., 2021; Zhu et al., 2023). In contrast, the 2D culture plateau is predominantly an artifact of contact inhibition upon reaching confluency, occurring at a substantially lower overall cell density. This demonstrates that our 3D model more faithfully recapitulates the macroscopic growth patterns of tumors.
At the microscopic level, the results from laser scanning confocal microscopy revealed the dynamic invasive behavior of the cells. Our results show that this invasion is a time-dependent process. On day 5 of culture, BCPAP cells were mainly enriched on the surface and in the shallow layers (10 μm) of the scaffold, with relatively low infiltration rates into deeper layers (50 μm and 100 μm), at 48.9% and 23.4%, respectively. However, by day 10, the cells’ infiltration ability was significantly enhanced, with the relative infiltration rates at 50 μm and 100 μm depths jumping to 71.3% and 42.7%, respectively (p < 0.01). This gradual infiltration from the surface to the interior is not a passive diffusion of cells but an active biological process. It indicates that tumor cells, in the biomimetic microenvironment provided by the TAS, can perceive and respond to ECM signals, activating their intrinsic migration and invasion programs (Hill et al., 2022). The preserved porous fibrous network of the scaffold provides physical channels for cell migration, while the rich ECM components (such as collagen and fibronectin) provide adhesion sites and “tracks” for cells to crawl on. More importantly, this functional enhancement of invasive ability is highly consistent with the molecular phenotype changes we observed. In the 3D environment, the cells underwent epithelial-mesenchymal transition (EMT)—downregulating E-cadherin and upregulating N-cadherin and Vimentin. EMT endows tumor cells with the ability to degrade the matrix, disrupt cell-cell junctions, and acquire high migratory capacity, which is precisely the functional manifestation of the enhanced infiltration phenomenon we observed on day 10 (Abuwatfa et al., 2024). Therefore, this infiltration process from the surface to the interior visually and quantitatively simulates the key early steps of metastasis, where tumor cells break through the basement membrane and invade the surrounding stroma, providing a highly valuable platform for studying the dynamic process and molecular mechanisms of tumor invasion (Nazari et al., 2023).
Particularly noteworthy is that the 3D culture environment profoundly reshaped the gene expression profile of thyroid cancer cells and induced their transformation towards a more aggressive malignant phenotype. Our qPCR results showed that, compared to the 2D group, the expression level of the BRAF V600E gene in the 3D model was significantly upregulated. As the core driving gene mutation in papillary thyroid carcinoma, the continuous activation of the BRAF V600E signaling pathway is key to tumorigenesis, development, and the maintenance of the malignant phenotype (Sun D. et al., 2025; Alnwisser et al., 2025). In traditional 2D culture, cells are detached from their original microenvironment, and their gene expression patterns may drift, failing to fully reflect their true state in vivo. Our findings suggest that the tissue-specific ECM microenvironment provided by the TAS may, through specific signaling pathways such as integrin-mediated mechanotransduction or signals from sequestered growth factors (like TGF-β), retroactively enhance the activity of the MAPK signaling pathway, thereby upregulating the expression of BRAF V600E (Fröhlich et al., 2023; Yuan et al., 2023). This indicates that our 3D model may more accurately reflect the functional state of this driver gene in real tumor tissue. Correspondingly, we observed a very clear phenomenon of Epithelial-Mesenchymal Transition (EMT). EMT is a key cellular biological process in which epithelial cells lose their polarity and tight cell-cell junctions, acquiring the morphology and migratory ability of mesenchymal cells. It is considered a core mechanism by which tumor cells acquire invasive and metastatic capabilities, generate stem cell properties, and induce drug resistance (Abuwatfa et al., 2024; Liaghat et al., 2024). In our 3D model, we observed a clear EMT phenomenon at the gene level. We have now confirmed this critical phenotypic switch at the protein level via immunofluorescence. Cells in the 3D model demonstrated a significant loss of E-cadherin and a concurrent gain of N-cadherin and Vimentin expression, both visually and quantitatively. This classic “cadherin switch” phenomenon strongly proves the initiation of the EMT process (Yang et al., 2020). This phenotypic transformation is likely driven by the complex signals within the TAS. For example, the TGF-β retained in the scaffold is one of the most potent known inducers of EMT (Chan et al., 2023); at the same time, the interaction of cells with ECM components (such as collagen and fibronectin) can activate various signaling pathways, including FAK, Src, and Rho/ROCK, all of which can promote cytoskeletal remodeling and the activation of EMT-related transcription factors (such as Snail, Slug, Twist) (Li et al., 2023; Tomecka et al., 2024). This finding is significant as it indicates that the natural ECM microenvironment provided by the TAS can effectively “push” tumor cells towards a more invasive and metastatic state, which is highly consistent with the process of tumor progression observed clinically.
Drug screening and drug resistance studies are among the most important application areas for in vitro tumor models and are a key criterion for judging their clinical predictive value. This study systematically evaluated the response of BCPAP cells in 2D and 3D models to two clinically common drugs—the broad-spectrum chemotherapy drug cisplatin and the BRAF V600E targeted drug Vemurafenib. The results clearly showed that, compared to cells that were extremely sensitive on a 2D plane, cells grown in the 3D scaffold exhibited significantly enhanced resistance to both drugs, with their half-maximal inhibitory concentration (IC50) values increasing by approximately 2.2-fold and 2.4-fold, respectively. This result profoundly reveals the major flaw of traditional 2D drug sensitivity tests—they systematically overestimate the efficacy of drugs, leading to the failure of many drugs that appear effective in vitro in clinical trials (Engelmann et al., 2020; Millen et al., 2023).
The drug resistance demonstrated by our 3D model can be attributed to multiple complex mechanisms that coexist in real tumors. First, the dense ECM fibrous network of the scaffold forms the first “physical barrier.” It can not only delay the penetration and diffusion of drug molecules through steric hindrance but may also non-specifically bind with drug molecules through its abundant functional groups, thereby reducing the effective drug concentration that reaches the tumor cells (Henke et al., 2020; Huang et al., 2021). Second, and more importantly, is “Cell Adhesion-Mediated Drug Resistance” (CAM-DR). Tumor cells bind to ligands in the ECM (such as fibronectin, collagen) through their surface integrin family receptors. This adhesion itself can activate a series of powerful pro-survival signaling pathways, such as the FAK/PI3K/Akt and Ras/MEK/ERK pathways (Jakubzig et al., 2018; Pang et al., 2023). These pathways can upregulate the expression of anti-apoptotic proteins (e.g., Bcl-2, Mcl-1) and downregulate the activity of pro-apoptotic proteins (e.g., Bax, Bad), thereby directly antagonizing the apoptosis program induced by chemotherapy drugs like cisplatin. For the targeted drug Vemurafenib, ECM-mediated signals may bypass the inhibited BRAF V600E target by activating parallel signaling pathways (e.g., activating other receptor tyrosine kinases, RTKs) or downstream pathway nodes, leading to adaptive resistance (Nocquet et al., 2024; Diazzi et al., 2023). Our new findings provide strong experimental support for this hypothesis. We demonstrated that the resistance to Vemurafenib in the 3D model is not permanent. By co-administering either a MEK inhibitor (Trametinib) or a FAK inhibitor (Defactinib), we successfully re-sensitized the 3D-cultured cells to Vemurafenib, resulting in significant enhanced cell death. This strongly suggests that the 3D microenvironment provided by TAS actively confers resistance by activating these parallel FAK and MEK signaling cascades, a mechanism that is completely absent in 2D culture. This highlights the critical importance of our 3D model as a platform for identifying and testing rational drug combinations designed to overcome resistance.
In addition, cells in the interior of the 3D culture may enter a slow-growing or dormant state (G0 phase) due to insufficient nutrient and oxygen supply. Since most chemotherapy drugs and some targeted drugs primarily act on rapidly proliferating cells, these quiescent cells are naturally insensitive to drugs and become seeds for tumor recurrence (Lv et al., 2016). At the same time, the 3D culture model is prone to forming a hypoxic microenvironment. We have now experimentally validated this hypothesis. Immunofluorescence staining confirmed a strong nuclear accumulation of HIF-1α in cells within the 3D scaffold, a phenomenon absent in 2D culture. This direct evidence of a hypoxic microenvironment is a key finding. The resulting induction of HIF-1α is known to further promote EMT, angiogenesis, and upregulate the expression of multi-drug efflux pumps (e.g., P-glycoprotein), exacerbating the drug resistance (Aggarwal et al., 2020; Chen Z. et al., 2023). Finally, as mentioned earlier, the EMT process induced by the 3D environment is itself an important drug resistance mechanism. Cells that have acquired a mesenchymal phenotype generally have stronger survival capabilities and resistance to apoptosis (Liaghat et al., 2024). In summary, our 3D model can integrate physical, biochemical, and cellular state factors to comprehensively reproduce the drug-resistant microenvironment of tumors. Therefore, it can serve as a more reliable and clinically predictive platform for screening truly effective anti-cancer drug combinations and for in-depth research into the molecular mechanisms of drug resistance.
Although this study successfully constructed and validated a functional 3D thyroid cancer model, demonstrating great application potential, we must also be aware of its limitations and use them as a basis for future research directions. First, the current model uses only a single, immortalized human thyroid cancer cell line, BCPAP. Although BCPAP is a classic tool for studying BRAF V600E mutation-positive thyroid cancer, it cannot represent the high heterogeneity of thyroid cancer, including different pathological subtypes (such as follicular carcinoma, anaplastic carcinoma) and individual differences between patients. To make the model more clinically representative, future research must aim to incorporate a wider variety of thyroid cancer cell lines, and more ideally, to use primary tumor cells isolated from patient surgical specimens (Patient-Derived Cells, PDCs) or to establish patient-derived tumor organoids (PDOs) (Chen D. et al., 2023; Yang et al., 2023). By seeding a patient’s own tumor cells onto the TAS, we hope to construct “personalized” tumor models (Avatar models) for screening postoperative adjuvant therapy regimens and predicting the efficacy of new drugs, thereby truly achieving precision medicine (Liu et al., 2023). Second, the current 3D model is a relatively simplified system. Although it includes the core ECM components and tumor cells, it still lacks other crucial cellular components of the TME. In a real tumor, tumor cells engage in complex and dynamic “dialogues” with cancer-associated fibroblasts (CAFs), various immune cells (such as tumor-associated macrophages, regulatory T cells), and vascular endothelial cells. These interactions profoundly affect tumor growth, invasion, angiogenesis, and immune evasion (Zhao et al., 2023; Wright et al., 2023). Therefore, an important future research direction will be to conduct multi-cell co-cultures on the TAS to construct more complex “organoid-like” models that can more completely simulate the TME ecosystem. Finally, this study utilized rat tissue to prepare the scaffold, as it is a standardized model suitable for our proof-of-concept research. However, we acknowledge the translational limitations of this xenogeneic approach. Species-specific differences in the ECM and potential immunogenicity could influence cell behavior and limit future in vivo applications. Therefore, our next step is to apply this validated protocol to human thyroid tissue. By using discarded surgical samples to create patient-specific models, we aim to significantly enhance the clinical relevance of our platform, moving closer to personalized medicine.
5 CONCLUSION
In conclusion, this study, through an optimized decellularization method, successfully prepared a thyroid acellular scaffold that retains the native tissue-specific structure and bioactivity. The 3D in vitro thyroid cancer model constructed based on this scaffold more closely simulates the biological characteristics of in vivo tumors than traditional 2D culture models in multiple dimensions, including cell proliferation kinetics, invasive behavior, key oncogene expression, EMT phenotype transformation, and drug response. The establishment of this model not only provides an unprecedented high-fidelity research platform for in-depth investigation into the pathogenesis, invasion and metastasis patterns, and drug resistance mechanisms of thyroid cancer, but also offers a more reliable and clinically predictive preclinical evaluation tool for developing new anti-cancer drugs, screening effective treatment regimens, and ultimately achieving personalized precision medicine. This work represents a solid and meaningful step forward in advancing the in vitro research paradigm for thyroid cancer and other solid tumors, moving from “flat” to “three-dimensional” and from “simplified” to “biomimetic.”
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
Ethical approval was not required for the studies on humans in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used. The animal study was approved by the Animal Ethics Committee of Xuzhou Medical University. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
LZ: Writing – review and editing, Project administration, Writing – original draft, Funding acquisition. RS: Data curation, Investigation, Writing – original draft, Software. SL: Writing – original draft, Methodology. PZ: Writing – original draft, Supervision. HL: Project administration, Supervision, Funding acquisition, Writing – review and editing. BL: Writing – original draft. FL: Writing – original draft, Formal Analysis.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by the Development Fund Project of the Affiliated Hospital of Xuzhou Medical University (No. XYFY202339, No. XYFY202412, No. XYFM202417).
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
REFERENCES
	Abaci, A., and Guvendiren, M. (2020). Designing decellularized extracellular matrix-based bioinks for 3D bioprinting. Adv. Healthc. Mater 9 (24), e2000734. doi:10.1002/adhm.202000734

	Abuwatfa, W. H., Pitt, W. G., and Husseini, G. A. (2024). Scaffold-based 3D cell culture models in cancer research. J. Biomed. Sci. 31 (1), 7. doi:10.1186/s12929-024-00994-y

	Aggarwal, V., Miranda, O., Johnston, P. A., and Sant, S. (2020). Three dimensional engineered models to study hypoxia biology in breast cancer. Cancer Lett. 490, 124–142. doi:10.1016/j.canlet.2020.05.030

	Alnwisser, B., Alshehri, S., Qattan, A., Zou, M., Aboussekhra, A., Alzahrani, A. S., et al. (2025). Identification of novel prognostic biomarkers for thyroid cancer by integrated transcriptome analysis of metastasis-associated genes. Front. Oncol. 15, 1536270. doi:10.3389/fonc.2025.1536270

	Apte, R. S., Chen, D. S., and Ferrara, N. (2019). VEGF in signaling and disease: beyond discovery and development. Cell 176 (6), 1248–1264. doi:10.1016/j.cell.2019.01.021

	Barbosa, M. A. G., Xavier, C. P. R., Pereira, R. F., Petrikaitė, V., and Vasconcelos, M. H. (2021). 3D cell culture models as recapitulators of the tumor microenvironment for the screening of anti-cancer drugs. Cancers (Basel) 14 (1), 190. doi:10.3390/cancers14010190

	Belviso, I., Sacco, A. M., Cozzolino, D., Nurzynska, D., Di Meglio, F., Castaldo, C., et al. (2022). Cardiac-derived extracellular matrix: a decellularization protocol for heart regeneration. PLoS One 17 (10), e0276224. doi:10.1371/journal.pone.0276224

	Brandenberg, N., Hoehnel, S., Kuttler, F., Homicsko, K., Ceroni, C., Ringel, T., et al. (2020). High-throughput automated organoid culture via stem-cell aggregation in microcavity arrays. Nat. Biomed. Eng. 4 (9), 863–874. doi:10.1038/s41551-020-0565-2

	Chan, M. K., Chan, E. L., Ji, Z. Z., Chan, A. S. W., Li, C., Leung, K. T., et al. (2023). Transforming growth factor-β signaling: from tumor microenvironment to anticancer therapy. Explor Target Antitumor Ther. 4 (2), 316–343. doi:10.37349/etat.2023.00137

	Chaudhuri, O., Cooper-White, J., Janmey, P. A., Mooney, D. J., and Shenoy, V. B. (2020). Effects of extracellular matrix viscoelasticity on cellular behaviour. Nature 584 (7822), 535–546. doi:10.1038/s41586-020-2612-2

	Chen, Z., Han, F., Du, Y., Shi, H., and Zhou, W. (2023a). Hypoxic microenvironment in cancer: molecular mechanisms and therapeutic interventions. Signal Transduct. Target Ther. 8 (1), 70. doi:10.1038/s41392-023-01332-8

	Chen, D., Su, X., Zhu, L., Jia, H., Han, B., Chen, H., et al. (2023b). Papillary thyroid cancer organoids harboring BRAFV600E mutation reveal potentially beneficial effects of BRAF inhibitor-based combination therapies. J. Transl. Med. 21 (1), 9. doi:10.1186/s12967-022-03848-z

	Choi, Y. M., Lee, H., Ann, M., Song, M., Rheey, J., and Jang, J. (2023). 3D bioprinted vascularized lung cancer organoid models with underlying disease capable of more precise drug evaluation. Biofabrication 15 (3), 034104. doi:10.1088/1758-5090/acd95f

	Crouigneau, R., Li, Y. F., Auxillos, J., Goncalves-Alves, E., Marie, R., Sandelin, A., et al. (2024). Mimicking and analyzing the tumor microenvironment. Cell Rep. Methods 4 (10), 100866. doi:10.1016/j.crmeth.2024.100866

	Diazzi, S., Tartare-Deckert, S., and Deckert, M. (2023). The mechanical phenotypic plasticity of melanoma cell: an emerging driver of therapy cross-resistance. Oncogenesis 12 (1), 7. doi:10.1038/s41389-023-00452-8

	Engelmann, L., Thierauf, J., Koerich Laureano, N., Stark, H. J., Prigge, E. S., Horn, D., et al. (2020). Organotypic Co-Cultures as a novel 3D model for head and neck squamous cell carcinoma. Cancers (Basel) 12 (8), 2330. doi:10.3390/cancers12082330

	Fazel, A. Y. A., Tahermanesh, K., Ejlali, M., Babaei-Ghazvini, A., Acharya, B., Badea, I., et al. (2024). Comparative analysis of porcine-uterine decellularization for bioactive-molecule preservation and DNA removal. Front. Bioeng. Biotechnol. 12, 1418034. doi:10.3389/fbioe.2024.1418034

	Filetti, S., Durante, C., Hartl, D., Leboulleux, S., Locati, L., Newbold, K., et al. (2019). Thyroid cancer: ESMO clinical practice guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 30 (12), 1856–1883. doi:10.1093/annonc/mdz400

	Fröhlich, F., Gerosa, L., Muhlich, J., and Sorger, P. K. (2023). Mechanistic model of MAPK signaling reveals how allostery and rewiring contribute to drug resistance. Mol. Syst. Biol. 19 (2), e10988. doi:10.15252/msb.202210988

	Gilpin, A., and Yang, Y. (2017). Decellularization strategies for regenerative medicine: from processing techniques to applications. Biomed. Res. Int. 2017, 1–13. doi:10.1155/2017/9831534

	Henke, E., Nandigama, R., and Ergün, S. (2020). Extracellular matrix in the tumor microenvironment and its impact on cancer therapy. Front. Mol. Biosci. 6, 160. doi:10.3389/fmolb.2019.00160

	Hill, S. M., Padilla-Rodriguez, M., Clements, A., Sweetland, J. A., Parker, S. S., Warfel, N. A., et al. (2022). Optimized in vitro three-dimensional invasion assay for quantifying a wide range of cancer cell invasive behavior. Star. Protoc. 3 (3), 101516. doi:10.1016/j.xpro.2022.101516

	Hinderer, S., Layland, S. L., and Schenke-Layland, K. (2016). ECM and ECM-like materials - biomaterials for applications in regenerative medicine and cancer therapy. Adv. Drug Deliv. Rev. 97, 260–269. doi:10.1016/j.addr.2015.11.019

	Horder, H., Guaza Lasheras, M., Grummel, N., Nadernezhad, A., Herbig, J., Ergün, S., et al. (2021). Bioprinting and differentiation of adipose-derived stromal cell spheroids for a 3D breast cancer-adipose tissue model. Cells 10 (4), 803. doi:10.3390/cells10040803

	Huang, J., Zhang, L., Wan, D., Zhou, L., Zheng, S., Lin, S., et al. (2021). Extracellular matrix and its therapeutic potential for cancer treatment. Signal Transduct. Target Ther. 6 (1), 153. doi:10.1038/s41392-021-00544-0

	Ishiguro, T., Ohata, H., Sato, A., Yamawaki, K., Enomoto, T., and Okamoto, K. (2017). Tumor-derived spheroids: relevance to cancer stem cells and clinical applications. Cancer Sci. 108 (3), 283–289. doi:10.1111/cas.13155

	Jakubzig, B., Baltes, F., Henze, S., Schlesinger, M., and Bendas, G. (2018). Mechanisms of matrix-induced chemoresistance of breast cancer cells-deciphering novel potential targets for a cell sensitization. Cancers (Basel) 10 (12), 495. doi:10.3390/cancers10120495

	Jensen, C., and Teng, Y. (2020). Is it time to start transitioning from 2D to 3D cell culture?Front. Mol. Biosci. 7, 33. doi:10.3389/fmolb.2020.00033

	Jung, S. C., Kang, D., and Ko, E. A. (2025). Roles of PDGF/PDGFR signaling in various organs. Korean J. Physiol. Pharmacol. 29 (2), 139–155. doi:10.4196/kjpp.24.309

	Karamanos, N. K., Piperigkou, Z., Passi, A., Götte, M., Rousselle, P., and Vlodavsky, I. (2021). Extracellular matrix-based cancer targeting. Trends Mol. Med. 27 (10), 1000–1013. doi:10.1016/j.molmed.2021.07.009

	Kothari, A. N., Arffa, M. L., Chang, V., Blackwell, R., Syn, W. K., Zhang, J., et al. (2016). Osteopontin-A master regulator of epithelial-mesenchymal transition. J. Clin. Med. 5 (4), 39. doi:10.3390/jcm5040039

	Langhans, S. A. (2018). Three-dimensional in vitro cell culture models in drug discovery and drug repositioning. Front. Pharmacol. 9, 6. doi:10.3389/fphar.2018.00006

	Li, S., Sampson, C., Liu, C., Piao, H. L., and Liu, H. X. (2023). Integrin signaling in cancer: bidirectional mechanisms and therapeutic opportunities. Cell Commun. Signal 21 (1), 266. doi:10.1186/s12964-023-01264-4

	Liaghat, M., Ferdousmakan, S., Mortazavi, S. H., Yahyazadeh, S., Irani, A., Banihashemi, S., et al. (2024). The impact of epithelial-mesenchymal transition (EMT) induced by metabolic processes and intracellular signaling pathways on chemo-resistance, metastasis, and recurrence in solid tumors. Cell Commun. Signal 22 (1), 575. doi:10.1186/s12964-024-01957-4

	Liu, Y., Wu, W., Cai, C., Zhang, H., Shen, H., and Han, Y. (2023). Patient-derived xenograft models in cancer therapy: technologies and applications. Signal Transduct. Target Ther. 8 (1), 160. doi:10.1038/s41392-023-01419-2

	Lv, D., Yu, S. C., Ping, Y. F., Wu, H., Zhao, X., Zhang, H., et al. (2016). A three-dimensional collagen scaffold cell culture system for screening anti-glioma therapeutics. Oncotarget 7 (35), 56904–56914. doi:10.18632/oncotarget.10885

	Mao, X., Xu, J., Wang, W., Liang, C., Hua, J., Liu, J., et al. (2021). Crosstalk between cancer-associated fibroblasts and immune cells in the tumor microenvironment: new findings and future perspectives. Mol. Cancer 20 (1), 131. doi:10.1186/s12943-021-01428-1

	Millen, R., De Kort, W. W. B., Koomen, M., van Son, G. J., Gobits, R., Penning de Vries, B., et al. (2023). Patient-derived head and neck cancer organoids allow treatment stratification and serve as a tool for biomarker validation and identification. Med 4 (5), 290–310.e12. doi:10.1016/j.medj.2023.04.003

	Miserocchi, G., Cocchi, C., De Vita, A., Liverani, C., Spadazzi, C., Calpona, S., et al. (2021). Three-dimensional collagen-based scaffold model to study the microenvironment and drug-resistance mechanisms of oropharyngeal squamous cell carcinomas. Cancer Biol. Med. 18 (2), 502–516. doi:10.20892/j.issn.2095-3941.2020.0482

	Mongiat, M., Pascal, G., Poletto, E., Williams, D. M., and Iozzo, R. V. (2024). Proteoglycans of basement membranes: crucial controllers of angiogenesis, neurogenesis, and autophagy. Proteoglycan Res. 2 (3), e22. doi:10.1002/pgr2.22

	Nazari, S. S., Doyle, A. D., Bleck, C. K. E., and Yamada, K. M. (2023). Long prehensile protrusions can facilitate cancer cell invasion through the basement membrane. Cells 12 (20), 2474. doi:10.3390/cells12202474

	Nocquet, L., Roul, J., Lefebvre, C. C., Duarte, L., Campone, M., Juin, P. P., et al. (2024). Low BCL-xL expression in triple-negative breast cancer cells favors chemotherapy efficacy, and this effect is limited by cancer-associated fibroblasts. Sci. Rep. 14 (1), 14177. doi:10.1038/s41598-024-64696-z

	Pang, X., He, X., Qiu, Z., Zhang, H., Xie, R., Liu, Z., et al. (2023). Targeting integrin pathways: mechanisms and advances in therapy. Signal Transduct. Target Ther. 8 (1), 1. doi:10.1038/s41392-022-01259-6

	Pizzato, M., Li, M., Vignat, J., Laversanne, M., Singh, D., La Vecchia, C., et al. (2022). The epidemiological landscape of thyroid cancer worldwide: GLOBOCAN estimates for incidence and mortality rates in 2020. Lancet Diabetes Endocrinol. 10 (4), 264–272. doi:10.1016/s2213-8587(22)00035-3

	Rodrigues, J., Sarmento, B., and Pereira, C. L. (2022). Osteosarcoma tumor microenvironment: the key for the successful development of biologically relevant 3D in vitro models. Vitro Model 1 (1), 5–27. doi:10.1007/s44164-022-00008-x

	Samaržija, I., Lukiyanchuk, V., Lončarić, M., Rac-Justament, A., Stojanović, N., Gorodetska, I., et al. (2024). The extracellular matrix component perlecan/HSPG2 regulates radioresistance in prostate cancer cells. Front. Cell Dev. Biol. 12, 1452463. doi:10.3389/fcell.2024.1452463

	Shi, X., Yang, J., Deng, S., Xu, H., Wu, D., Zeng, Q., et al. (2022). TGF-β signaling in the tumor metabolic microenvironment and targeted therapies. J. Hematol. Oncol. 15 (1), 135. doi:10.1186/s13045-022-01349-6

	Stearns-Reider, K. M., Hicks, M. R., Hammond, K. G., Reynolds, J. C., Maity, A., Kurmangaliyev, Y. Z., et al. (2023). Myoscaffolds reveal laminin scarring is detrimental for stem cell function while sarcospan induces compensatory fibrosis. NPJ Regen. Med. 8 (1), 16. doi:10.1038/s41536-023-00287-2

	Sun, A. R., Ramli, M. F. H., Shen, X., Kannivadi Ramakanth, K., Chen, D., Hu, Y., et al. (2025a). Hybrid hydrogel-extracellular matrix scaffolds identify biochemical and mechanical signatures of cardiac ageing. Nat. Mater 24, 1489–1501. doi:10.1038/s41563-025-02234-6

	Sun, D., Zhang, X., Jin, X., Shi, C., Sun, Y., Zhang, Y., et al. (2025b). BRAFV600E mutation is associated with better prognoses in radioactive iodine refractory thyroid cancer patients treated with multi-kinase inhibitors: a retrospective analysis of registered clinical trials. Thyroid. Res. 18 (1), 5. doi:10.1186/s13044-025-00223-0

	Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 71 (3), 209–249. doi:10.3322/caac.21660

	Tomecka, P., Kunachowicz, D., Górczyńska, J., Gebuza, M., Kuźnicki, J., Skinderowicz, K., et al. (2024). Factors determining epithelial-mesenchymal transition in cancer progression. Int. J. Mol. Sci. 25 (16), 8972. doi:10.3390/ijms25168972

	Veschi, V., Verona, F., Lo, I. M., D'Accardo, C., Porcelli, G., Turdo, A., et al. (2020). Cancer stem cells in thyroid tumors: from the origin to metastasis. Front. Endocrinol. (Lausanne) 11, 566. doi:10.3389/fendo.2020.00566

	Wright, K., Ly, T., Kriet, M., Czirok, A., and Thomas, S. M. (2023). Cancer-associated fibroblasts: master tumor microenvironment modifiers. Cancers (Basel) 15 (6), 1899. doi:10.3390/cancers15061899

	Yang, J., Antin, P., Berx, G., Blanpain, C., Brabletz, T., Bronner, M., et al. (2020). Guidelines and definitions for research on epithelial-mesenchymal transition. Nat. Rev. Mol. Cell Biol. 21 (6), 341–352. doi:10.1038/s41580-020-0237-9

	Yang, H., Liang, Q., Zhang, J., Liu, J., Wei, H., Chen, H., et al. (2023). Establishment of papillary thyroid cancer organoid lines from clinical specimens. Front. Endocrinol. (Lausanne) 14, 1140888. doi:10.3389/fendo.2023.1140888

	Yuan, Z., Li, Y., Zhang, S., Wang, X., Dou, H., Yu, X., et al. (2023). Extracellular matrix remodeling in tumor progression and immune escape: from mechanisms to treatments. Mol. Cancer 22 (1), 48. doi:10.1186/s12943-023-01744-8

	Zhang, R., Jiang, J., Yu, Y., Wang, F., Gao, N., Zhou, Y., et al. (2021). Analysis of structural components of decellularized scaffolds in renal fibrosis. Bioact. Mater 6 (7), 2187–2197. doi:10.1016/j.bioactmat.2020.12.028

	Zhao, Y., Shen, M., Wu, L., Yang, H., Yao, Y., Yang, Q., et al. (2023). Stromal cells in the tumor microenvironment: accomplices of tumor progression?Cell Death Dis. 14 (9), 587. doi:10.1038/s41419-023-06110-6

	Zhu, L., Cheng, C., Liu, S., Yang, L., Han, P., Cui, T., et al. (2023). Advancements and application prospects of three-dimensional models for primary liver cancer: a comprehensive review. Front. Bioeng. Biotechnol. 11, 1343177. doi:10.3389/fbioe.2023.1343177


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Zhang, Sun, Li, Zhang, Long, Liu and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-13-1692549-g005.jpg
Hl Native
TGF-8 HGF FGF EGF PDGF

VEGF

(jw/Bd) uonesuasuon





OPS/images/fbioe-13-1692549-g006.jpg
(a1]

<

200

1000

o (=3 (=
w o wn
-~ -

(ed)pbuang ajisua) slewnin

(=3 (=3
(=3 (=]
© <

(ed)sninpoj onse|3

800
200

TAS

Native

TAS

Native





OPS/images/fbioe-13-1692549-g003.jpg
Laminin /






OPS/images/fbioe-13-1692549-g004.jpg
Vascular cell adhesion molecule 1 (VCAM1
Intercellular adhesion molecule 1 (ICAM1
Desmin (DES

Vimentin (VIM

Tubulin beta-4B chain (TUBB4B

Tubulin alpha-1B chain (TUBA1B
Proteoglycan 4 (PRG4

Decorin (DCN
Biglycan (BGN
Agrin (AGRN

Heparan sulfate proteoglycan core protein (HSPG2

)

)

)

)

)

)

)

)

)

)

)

Fibronectin domain-containing protein 1 (FND1)

Fibronectin 1 (FN1)

Laminin subunit gamma-4 (LAMC4)

Laminin subunit gamma-1 (LAMC1)

Laminin subunit gamma-2 (LAMC2)

Laminin subunit beta-3 )

Laminin subunit alpha-4 (LAMA4)

Laminin subunit alpha-3 (LAMA3)

Laminin subunit gamma-3 (LAMC3)
Laminin subunit beta-1 (LAMB1) 1

)

)

)

)

)

)

)

)

)

)

)

)

)

)

)

)

)

)

)

)

LAMB2
Laminin subunit alpha-5 (LAMA5
Laminin subunit alpha-2 (LAMA2

Collagen alpha-6(VI) chain (COL6A6

Collagen alpha-1(XVI) chain (COL16A1l

Collagen alpha-2(VI) chain (COL6A2

Collagen alpha-1(XVIII) chain (COL18A1

Collagen alpha-2(XIl) chain (COL12A2
Collagen alpha-1(XV) chain (COL15A1

Collagen alpha-1(Il) chain (COL2A1

agen alpha-1(XIV) chain (COL14A1

Laminin subunit beta-2

(
(
(
(
(
(
(LA
(
(LA
(

Co

Collagen alpha-3(VI) chain (COL6A3

Collagen alpha-2(1V) chain (COL4A2
Collagen alpha-1(VIl) chain (COL7A1

)
)
)
Collagen alpha-1(VIIl) chain (COL8AL
)
)
)

Collagen alpha-1(lll) chain (COL3A1
chain (COL6A1
Collagen alpha-1(IV) chain (COL4Al
Collagen alpha-1(XI) chain (COL11A1
Collagen alpha-1(l) chain (COL1A1
Collagen alpha-3(V) chain (COL5A3) 1

Collagen alpha-1(V!

of
N
IN

Adhesion
Molecules

Cytoskeletal
Proteins

Proteoglycans

Fibronectins

Laminins

Collagens

Log- (Post-decellularization /Pre-decellularization)





OPS/images/fbioe-13-1692549-g009.jpg
>
@)

s il = 2D T m 2D
g T *% -
- 3D < 3D
@ 4 - > 160 »
- T (3 *%
3 g T T
o3 .g 120
% ; *%
52 2 80
o @ T
2 8
= *% o -
°© 1 ol )
(14 =

L

o

BRAF E-cadherin N-cadherin  Vimentin E-cadherin N-cadherin Vimentin

o

E-cadherin
i $

Vimentin

°INnd Adc

SJn1|nQ ag¢

O

Ol-4IH

Fluorescence Intensity (A.U.)






OPS/images/fbioe-13-1692549-g007.jpg
OD value (450nm)

2.0

1.5

-
=]

Cod
@

0.0

@ 20
g ® *%
5 day 10 day
2D Culture

*%

15 day

Cell Number (x10°)
F'S

N

o

5 day 10 day 15 day

3D Culture

Pl

Cell viability (%)

103 10* 105

102

80

40

20

2D 3D

2D Culture

102

103 104
Annexin V-FITC

10°

Pl

103 104 105

102

Total Apoptotic and Necrotic Cells (%)

-
o
o

(=
o

(=2}
o

S
o

N
o

*%

o

2D 3D

3D Culture

102 103 104 105
Annexin V-FITC





OPS/images/fbioe-13-1692549-g008.jpg
Relative Cell Infiltration (%)

5 day

10 day

15 day





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Development of a biomimetic thyroid acellular scaffold as a 3D platform for modeling thyroid cancer aggressiveness and drug resistance		1 INTRODUCTION

		2 MATERIALS AND METHODS		2.1 Preparation of thyroid acellular scaffold (TAS)		2.1.1 Experimental animals and thyroid tissue harvesting

		2.1.2 Decellularization protocol

		2.1.3 Standardization and reproducibility assurance





		2.2 Characterization of the thyroid acellular scaffold		2.2.1 Assessment of decellularization efficacy

		2.2.2 Histological and morphological analysis

		2.2.3 Preservation of major extracellular matrix proteins

		2.2.4 Assessment of residual detergents and cytotoxicity of TAS extracts





		2.3 Proteomic analysis of the thyroid acellular scaffold

		2.4 Growth factor content assay of the thyroid acellular scaffold

		2.5 Mechanical property testing of the thyroid acellular scaffold

		2.6 Construction and culture of the 3D in vitro tumor model		2.6.1 Cell culture

		2.6.2 Construction and culture of the 3D tumor model





		2.7 Cell proliferation and viability assays		2.7.1 Cell proliferation assessment

		2.7.2 Cell viability assay

		2.7.3 Live/dead staining

		2.7.4 Apoptosis assay





		2.8 Spatial distribution and infiltration analysis of cells in the 3D scaffold

		2.9 Gene expression analysis of thyroid cancer-related genes

		2.10 Immunofluorescence staining for EMT markers and HIF-1α

		2.11 Drug sensitivity evaluation of the 3D tumor model		2.11.1 Drug treatment

		2.11.2 Cell viability assay and IC50 calculation

		2.11.3 Combination therapy for overcoming drug resistance









		3 RESULTS		3.1 Successful preparation and characterization of the thyroid acellular scaffold (TAS)		3.1.1 Histological and morphological analysis

		3.1.2 Biochemical component quantitative analysis





		3.2 Analysis of key ECM proteins and proteomics		3.2.1 Preservation of major ECM proteins

		3.2.2 Proteomic analysis





		3.3 Growth factor retention in the decellularized scaffold

		3.4 Mechanical properties of the thyroid acellular scaffold

		3.5 Construction and culture of the 3D in vitro tumor model

		3.6 Spatial distribution and infiltration analysis of cells in the 3D scaffold

		3.7 Gene expression analysis of thyroid cancer-related genes		3.7.1 BRAF V600E gene expression level

		3.7.2 Epithelial-mesenchymal transition (EMT)-Related gene expression levels





		3.8 Protein-level validation of EMT and confirmation of a hypoxic microenvironment

		3.9 Drug sensitivity evaluation of the 3D tumor model		3.9.1 Cisplatin drug resistance results

		3.9.2 Vemurafenib drug resistance results

		3.9.3 Combination therapy with MEK or FAK inhibitors overcomes vemurafenib resistance in the 3D model









		4 DISCUSSION

		5 CONCLUSION

		DATA AVAILABILITY STATEMENT

		ETHICS STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES









OPS/images/cover.jpg
’ frontiers | Frontiersin Bioengineering and Biotechnology

Development of a biomimetic
thyroid acellular scaffold as a 3D
platform for modeling thyroid
cancer aggressiveness and drug

resistance





OPS/images/fbioe-13-1692549-g001.jpg
Thyroid Cancer Cells
Cell infiltration

BRAF V600E

EMT gene expression |

Thyroid Cancer 3D Model

Cisplatin  Targeted drug

Drug resistance





OPS/images/fbioe-13-1692549-g002.jpg
TAS

DNA content (ng/mg tissue)

4000

3500

3000

2500

2000
100

o
o

Native

*%*

TAS

Collagen content (ug/mg tissue)

100

60

40

20

S

A S TR Ty
%kﬁw?ﬂtxmal

Native

*%*

TAS

GAGs content (ug/mg tissue)

14

- -
o N

Native

*%*

TAS






OPS/images/fbioe-13-1692549-g010.jpg
100

IC50 (um) Cell viability (%)

= N N W
(5]

=}
o

[2}
o

N
o

N
o

50
45
40

w
S O

-
o U1 © o ©

510 20 30 40 50 60 70
Cisplatin concentration (um)
I 2D
3D *%*

=

*%*

Vemurafenib Cisplatin

80

Cell viability (%)

80

60

40

20

*%

**

**

**

Cell viability (%)

0519 2 3 4 5 6 7 8 9
Vemurafenib concentration (um)

10

100

80

60

**

40 *%

20









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





