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SUMMARY:
Although extracellular matrix (ECM) stiffness is a key regulator of cellular behavior, the underlying sensing and transduction mechanisms remain unclear. To address this, we provide protocols for creating polyacrylamide- and silicone-based substrates with tunable stiffness to advance our understanding of cell-ECM crosstalk.

ABSTRACT:
The extracellular matrix (ECM) is a critical regulator of cell behavior, with ECM stiffness serving as a key mechanical cue that governs cellular signaling, morphology, and fate. However, experimental investigation of stiffness-dependent cellular responses is often limited by the availability of reproducible, cost-effective, and accessible culture platforms with precisely tunable mechanical properties. This protocol describes polyacrylamide (PA)- and silicone-based methods for fabricating ECM substrates with tunable stiffness. The procedures outline substrate preparation, surface functionalization, and ECM protein conjugation to ensure consistent cell adhesion across a physiologically relevant stiffness range. PA-based substrates are compatible with downstream biochemical assays, including protein and RNA extraction, as well as high-resolution fluorescence imaging. Silicone-based substrates are optimized for total internal reflection fluorescence (TIRF) microscopy, enabling visualization of cell-ECM interactions at the basal membrane. In addition, soft substrates can be adapted to support spheroid cultures positioned within a consistent imaging plane, facilitating consistent image acquisition. These methods provide robust, cost-effective, and reproducible platforms for systematically probing how ECM stiffness regulates cellular processes, advancing mechanistic insight into cell-ECM crosstalk in both physiological and disease contexts.

INTRODUCTION:
The extracellular matrix (ECM) is a fundamental structural and biochemical scaffold that defines the mechanical properties of tissues and supports their biological functions. For instance, elastic tissues such as the lungs and arteries are enriched in collagen- and elastin-based ECM that provides the mechanical resilience required for repeated stretch-recoil cycles during respiration. In contrast, the central nervous system contains glycosaminoglycan-rich ECM that creates a highly compliant environment optimized for neuronal differentiation and signaling1. Across diverse tissues within the body, tissue stiffness spans several orders of magnitude, ranging from hundreds of pascals in soft tissues like the brain and lungs to megapascal and gigapascal levels of stiffness in tendons and bone, respectively2,3. These mechanical differences are not merely structural but also play a critical role in regulating cell behavior4,5. For example, mesenchymal stem cells undergo stiffness-dependent lineage specification, adopting neuronal fates on soft substrates, myogenic fates on intermediate substrates, and osteogenic fates on stiff substrates6. Pathological alterations in ECM stiffness can also drive aberrant cellular responses and contribute to disease initiation and progression7-9. Similarly, changes in ECM properties around cells also alter organelle function and various cell behaviors10,11. Despite the recognized importance of ECM in guiding signaling, organelle function, and disease pathogenesis, the mechanisms that cells sense and transduce ECM cues into biochemical signals remain incompletely understood.

Progress in understanding cell-ECM crosstalk has been hindered in part by the limited availability of experimental platforms that offer precise control over ECM properties while remaining fully compatible with standard biochemical assays and imaging workflows. In addition, studying cell-ECM interactions is often perceived as technically challenging, as it requires cross-disciplinary expertise spanning materials science, cell biology, and bioengineering. This method aims to address these challenges by providing step-by-step protocols for generating PA- and silicone-based ECM substrates with defined mechanical properties, which can be readily prepared in most wet-lab settings.

PA hydrogels with tunable stiffness are staples of mechanobiology; however, their utility is often hampered by high cost of reagents for ECM conjugation, inconsistent surface functionalization, and poor compatibility with large-scale biochemical workflows. In addition, practical and standardized approaches for sample harvesting and imaging across substrates of varying stiffness are not well established. These bottlenecks can be addressed using our described PA gel platform that is characterized by four key innovations: (i) substantial cost reduction, (ii) reproducible functionalization chemistry, (iii) scalable production through reusable hardware, and (iv) seamless integration with many conventional cell biology and biochemical assays. This approach utilizes different ratios of acrylamide and bisacrylamide to generate hydrogels with distinct mechanical properties (Table 1). PA gels are inert and fail to directly conjugate to ECM proteins. Therefore, a UV-initiated free radical polymerization reaction is used to conjugate a thin, crosslinked network of di(trimethylolpropane) tetraacrylate, acrylic acid N-hydroxysuccinimide ester (NHS-acrylate), and bisacrylamide onto the surface of PA gels (Figure 1). This network creates a dual-action adhesive surface for ECM proteins: the NHS-acrylate provides stable covalent anchoring for ECM proteins, while the tetraacrylate facilitates uniform ECM protein adsorption12. In addition, we provide methods demonstrating how to harvest proteins and nucleic acids such as RNA from these substrates in a manner compatible with downstream cell biology analyses such as western blotting and reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Furthermore, the resulting compliant PA substrates also support spheroid formation and position spheroids within a consistent focal plane, enabling systematic analysis of 3D cellular behaviors13.

In contrast, the optical limitations of PA hydrogels restrict their use in advanced imaging modalities, particularly total internal reflection fluorescence (TIRF) microscopy14. To address this constraint, we developed mechanically tunable silicone-based ECM substrates optimized for TIRF imaging. These materials exhibit a refractive index closely matched to glass while maintaining tunable stiffness across a broad range (Figure 2A). A thin coat of silicone gel, with varying part ratios, is spin-coated onto a cover glass prior to ECM conjugation (Figure 2B and Table 2). However, the intrinsic hydrophobicity and chemical inertness of silicone preclude direct ECM conjugation. We therefore implement a surface modification strategy to enable covalent attachment of ECM ligands. Oxygen plasma treatment introduces hydroxyl groups onto the silicone surface (Figure 2C). Subsequently, (3-aminopropyl)triethoxysilane (APTES) converts these hydroxyl groups into reactive amine. 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), a zero-length carbodiimide crosslinker, then facilitates the formation of covalent amide bonds between the amine groups on the gel surface and the carboxyl groups on ECM proteins.

Collectively, these ECM platforms provide cost-effective, reproducible, and scalable systems for probing ECM-stiffness-dependent signaling mechanisms. Their flexibility permits seamless integration with biochemical assays, high-resolution imaging, and high-throughput workflows, enabling the investigation of how ECM stiffness influences cellular behavior and drives disease progression.

PROTOCOL:

1. Generation of PA-based ECM hydrogels

1.1. Functionalization of glass surfaces for PA gel attachment

NOTE: Perform all steps at room temperature on an orbital shaker. Rinse thoroughly with high-quality water between steps.

1.1.1. Clean the glass surfaces with 10% bleach for 3 h in a chemical-resistant dish (e.g., polystyrene). Use sufficient volume to fully cover the glass and ensure there are no trapped bubbles or dry areas.

CAUTION: Bleach is a highly corrosive and reactive chemical. Follow the manufacturer's safety instructions.

1.1.2. Incubate the coverslips in 0.2 M hydrochloric acid (HCl) for 16 h with gentle agitation on a shaker.

CAUTION: HCl is highly corrosive and can cause skin burns. Wear appropriate PPE.

1.1.3. Add 0.1 M NaOH and incubate for 1 h.

CAUTION: NaOH solutions are corrosive and can cause skin burns. Wear appropriate PPE.

1.1.4. Incubate the coverslips in 0.5% APTES in high-quality water for 30 min.

CAUTION: APTES is toxic. Work with APTES in a fume hood with appropriate PPE.

1.1.5. Rinse coverslips with a large volume of water to remove any residual APTES.

NOTE: Incomplete washing will cause a reaction between APTES and glutaraldehyde in the next step and lead to white precipitates that will compromise glass surface activation.

1.1.6. Incubate the coverslips in 0.5% glutaraldehyde in PBS for 1 h.

CAUTION: Glutaraldehyde is toxic. Work with glutaraldehyde in a fume hood with appropriate PPE.

1.1.7. Dry the coverslips on absorbent material (e.g., paper towels) overnight. Store the coverslips in a clean, sealed container until use.

1.2. Preparation of PA hydrogel solution and gel casting

NOTE: The formulations needed to obtain hydrogels with the specified elastic modulus are provided in Table 1. Recommended gel volumes and glass dimensions for different experimental applications are presented in Table 3.

1.2.1. Mix PA hydrogel components in a 1.7 mL microcentrifuge tube, excluding ammonium persulfate (APS) and tetramethylethylenediamine (TEMED).

NOTE: Do not prepare large volumes because higher stiffness gels polymerize rapidly and may harden before casting is complete.

1.2.2. Degas the PA gel mixture, APS, and TEMED tubes in a vacuum chamber at 25 mmHg for 30 min.

1.2.3. Prepare the hydrophobic top coverslips by applying water-repellent coating to clean coverslips using a cotton swab. Ensure coverslips are free of smudges to maintain consistent gel polymerization.

1.2.4. Add APS and TEMED to the degassed solution, then gently pipette the mixture onto the activated coverslips.

1.2.5. Place the hydrophobic coverslips on top of the solution to create a uniform thin hydrogel layer. Allow the gels to polymerize for 35 min at room temperature. Ensure that no bubbles are trapped between the coverslips and that the solution does not spill out over the edges.

NOTE: Follow recommended volumes for gel casting to ensure proper thickness; excessively thin gels allow cells to sense the underlying glass15. Before disassembling the gel sandwich, check the residual mixture in the microcentrifuge tube to confirm polymerization.

1.2.6. Submerge the hydrogel sandwich in PBS to separate the layers. Ensure that the hydrogel remains attached to the activated bottom coverslip, and the hydrophobic top coverslip detaches easily.

1.3. Functionalization of hydrogels with ECM ligands

NOTE: All steps in this section must be performed under sterile conditions inside a biosafety cabinet.

1.3.1. Sterilize the hydrogels by immersing them in 70% ethanol, then transfer them to tissue culture plasticware with sterile PBS.

NOTE: Do not leave hydrogels in ethanol for an extended period as this will dehydrate the gels and compromise ECM conjugation.

1.3.2. Prepare a master mix functionalization solution composed of water, ethanol, HEPES, and bisacrylamide (Table 4).

CAUTION: Bisacrylamide is toxic upon inhalation or ingestion.

1.3.3. Prepare diluted solutions of UV photoinitiator and tetraacrylate. Both reagents are dissolved in ethanol (Table 4).

NOTE: Perform serial dilutions of tetraacrylate each time as excessive amounts may lead to over-polymerization and visible black surface deposits (see Figure 3A).

1.3.4. Weigh the required amount of NHS-acrylate using an analytic balance. Resuspend NHS-acrylate in 50% ethanol/50% water immediately prior to use.

NOTE: Excessive NHS-acrylate amount will result in the formation of visible black surface deposits and may lead to uneven ECM coating (Figure 3B).

1.3.5. Add UV photoinitiator, tetraacrylate, and NHS-acrylate solutions to the master mix prepared in Step 1.3.2. Aspirate the PBS and add the master mix to the gels, ensuring that they are fully covered.

1.3.6. Expose the hydrogels (without tissue culture dish lids) to UV light for 400 s (UV light source with a wavelength less than 365 nm).

CAUTION: Wear appropriate eye protection when working with UV light.

1.3.7. Remove the gels and place them on ice. Aspirate the functionalization solution, then wash the gels 3x with prechilled sterile 25 mM HEPES (pH 6.0), followed by three washes with prechilled sterile 0.9% NaCl.

1.3.8. Incubate the hydrogels with the ECM ligand of choice in prechilled sterile 100 mM HEPES (pH 8.0) with 100 mM NaCl overnight at 4 °C on an orbital shaker.

NOTE: The concentration of ECM ligands may be selected at the user’s discretion; however, it is critical to maintain identical ligand concentrations across all substrates of varying stiffness within the same batch.

1.3.9. Carefully aspirate the ECM ligand solution 16 h later. Wash the hydrogels 3x with PBS and add serum-free base media (or PBS) to keep them hydrated. Incubate the gels overnight in a tissue culture incubator to verify sterility prior to cell seeding.

NOTE: The media will appear cloudy after overnight incubation at 37 °C in base culture media if contamination is present.

1.3.10. Use the gels immediately for cell seeding or store them at 4 °C in base medium for no more than 3 weeks.

2. Generation of mechanically tunable silicone-based ECM substrates

2.1. Preparation of glass coverslips for silicone gel coating

2.1.1. Clean glass coverslips with 3 M NaOH for 20 min.

2.1.2. Wash thoroughly with high-quality water 5x and aspirate the water at the end. Allow them to air dry and use a nitrogen air jet to remove any remaining droplets or debris.

2.2. Preparation of silicone gel

2.2.1. Weigh Component A and Component B of the two-component silicone elastomer according to the weight ratio specified in Table 2, using an analytic balance. Use a cut pipette tip to aspirate the viscous solutions.

2.2.2. Mix Component A and Component B thoroughly using a pipette tip to ensure complete incorporation.

2.2.3. Degas the mixture in a vacuum chamber at 25 mmHg for 10 min.

2.3. Gel casting onto glass coverslips

2.3.1. Place a coverslip onto a rubber mat positioned on the spin coater, ensuring it is well-centered.

NOTE: The rubber mat ensures a proper vacuum seal. Without an adequate seal, the coverslip may be displaced and break. Improper centering may result in non-uniform coating.

2.3.2. Engage the vacuum to secure the coverslip.

2.3.3. Add 100 μL of the gel mixture to the center of the coverslip. Spin coat at 500 rpm for 10 s, followed by 8,000 rpm for 60 s.

2.3.4. Bake the coated coverslip at 80 °C for 2 h. Allow it to cool to room temperature.

NOTE: Store at room temperature for up to one month before use.

2.4. Functionalization of the silicone gel with ECM ligands

2.4.1. Expose the silicone gel-coated coverslips to oxygen plasma for 5 min at 11 W power.

NOTE: Oxygen plasma exposure for a longer time or a higher power may lead to cracking of the gels. The optimal combination of power and time may need to be tested depending on the equipment used.

2.4.2. Prepare a silanization solution containing 95% ethanol, 0.5% APTES, and 4.5% dH2O.

NOTE: Perform all subsequent steps under sterile conditions inside a biosafety cabinet.

CAUTION: APTES is toxic. Work with APTES in a fume hood with appropriate PPE.

2.4.3. Incubate the gel-coated coverslip with the silanization solution for 10 min.

2.4.4. Wash thoroughly with PBS 5x.

2.4.5. Prepare the ECM solution containing 100 μg/mL EDC and the ECM of choice at the desired concentration in PBS.

NOTE: EDC is unstable in solution and sensitive to moisture. Prepare it fresh prior to use and store it tightly closed in a cool, dry place, protected from moisture and direct sunlight.
CAUTION: EDC is harmful if swallowed and toxic if inhaled. Wear appropriate PPE and work in a fume hood.

2.4.6. Incubate the coverslip with the ECM solution for 1 h at 37 °C or overnight at 4 °C.

2.4.7. Wash the coverslip with PBS five times. Rinse with base media and add cells.

NOTE: Optimal cell density depends on the specific cell line and experimental goals (e.g., subconfluent for morphology or monolayer for cell-cell adhesion). For example, a density of 0.1 x 106 cells/cm2 is commonly used for fibroblasts to achieve 50% confluency within 48 h.

3.	Preparation of ECM substrate for immunostaining and imaging

3.1. Immunostaining and imaging on PA-based substrates

NOTE: Eighteen-millimeter PA hydrogels generally provide sufficient imageable area for quantitative analysis. For imaging applications, cast the hydrogels and perform immunostaining in “orange chambers” prepared from 15 mL tubes. Reuse the orange chambers for multiple rounds of gel casting and staining, provided it retains structural integrity.

3.1.1. Punch rings from polycarbonate film and silicone rubber film using 18 mm outer diameter and 14 mm inner hole punches to prepare spacers and gaskets.

3.1.2. Cut an opening in the center of a 15 mL centrifuge tube cap using scissors to create a chamber for gel casting and staining.

3.1.3. Saw the centrifuge tube at the 14 mL mark. Trim uneven edges with a scalpel and file the rim of the cap to ensure it fits into a standard 12-well plate.

3.1.4. Assemble the hydrogel-coverslip sandwich (as described in Section 1), placing the spacer ring onto the activated coverslip.

3.1.5. Disassemble the sandwich once the gels are fully polymerized.

3.1.6. Sterilize the 18-mm hydrogels and transfer them to a 12-well tissue culture plate with sterile PBS.

3.1.7. Perform ECM ligand functionalization as described in step 1.3.

3.1.8. Seed cells and fix them with 4% formaldehyde.

NOTE: Avoid alcohol-based fixatives, as they dehydrate the gels and compromise structural integrity.
CAUTION: Formaldehyde is toxic and must always be used inside a fume hood.

3.1.9. (Optional) Reassemble the samples onto the centrifuge tube cap chamber. Use a silicone gasket to seal the chamber.

NOTE: Perform a leak test with PBS for several hours before staining. Although this method may appear more laborious, it promotes uniform staining and reduces antibody consumption.

3.1.10. Proceed with immunofluorescence staining according to user-preferred protocols.

3.1.11. After staining, store samples in PBS supplemented with 50% glycerol. Image the samples as soon as possible.

NOTE: Avoid standard mounting media that harden, as they can crack hydrogels over time and damage samples. Fluorescence intensity diminishes over time; image within 1 week for optimal signal quality.

3.1.12. Place a small drop of PBS (or mounting medium) onto the glass-bottom surface of a tissue culture dish. Carefully invert the stained hydrogels onto the drop so that the cells face the cover glass and proceed with imaging.

3.2. Immunostaining and imaging on Silicone-based ECM substrates

3.2.1. Fix the samples using 4% formaldehyde and stain them directly on a glass-bottom dish using a standard immunofluorescence protocol. Avoid alcohol-based fixatives as they will crack the ECM substrates.

3.2.2. Image samples directly using a traditional fluorescence microscope.

4. 	Harvesting proteins and RNA from cells plated on ECM substrates

4.1. Using forceps, carefully remove the gels from the culture dish and submerge them in sterile PBS to rinse away residual culture media and serum.

NOTE: Handle the coverslips gently, as they are extremely fragile and can break easily.

4.2. Gently dab the edge of the hydrogel on low-lint wipes to remove excess PBS.

4.3. Add an appropriate volume of RNA extraction buffer to the lid of a tissue culture dish.

NOTE: Phenol-guanidine-based reagents are compatible with RNA extraction from PA gels. Protein lysis buffers may be used according to experimental requirements. Visualize samples under a microscope following lysis buffer incubation to ensure complete cell disruption.

4.4. Place the coverslip (gel side down) onto the lysis solution. Carefully lift and lower the hydrogel several times to ensure uniform lysis of all cells.

4.5. Gently scrape the gel surface to release the lysate.

NOTE: Do not use commercial plastic cell scrapers, as the rigid plastic may damage the soft hydrogels and contaminate the lysate with gel chunks. The soft plastic used to make spacers (see Step 3.1.1) is suitable for this purpose and can be repurposed to make custom scrapers.

4.6. Store the RNA or protein lysates at -80 °C until further processing using conventional biochemical methods or use them immediately.

5.	Generation of single-plane spheroid culture

5.1. Prepare the 75 Pa PA hydrogel on 18-mm coverslips and functionalize the surface with basement membrane extract (BME) or another appropriate ECM ligand to facilitate cell attachment.

5.2. Seed cells onto the ECM-coated hydrogels or silicone gels at the desired density.

5.3. After 2 h, gently remove unattached cells and add a BME overlay diluted in prechilled basal medium.

NOTE: BME polymerizes as it warms up. Prechill tips prior to pipetting. The percentage of BME incorporated is determined by the desired mechanical integrity and stability of the resulting 3D scaffold.

5.4. Incubate the cultures at 37 °C in a tissue-culture incubator for 1.5 h to allow BME polymerization.

5.5. Gently add cell culture medium to fully cover the 3D gels.

5.6. Maintain cultures under standard conditions. Cells will continue to grow and self-assemble into 3D spheroids over time until the desired experimental endpoint is reached.

REPRESENTATIVE RESULTS:

PA gel stiffness generated using the formulations in Table 1 was experimentally tested using a rheometer. Gels with nominal stiffness values of 0.4 kPa, 6 kPa, and 60 kPa, spanning three orders of magnitude, were selected. Measured stiffness values were 363 ± 76 Pa for 400 Pa gels, 6.41 ± 0.50 kPa for 6 kPa gels, and 36 ± 8 kPa for 60 kPa gels (Figure 4A). To assess uniform ECM attachment to the PA gels, fluorescently labeled fibronectin was conjugated to the gel surface. Five random fields of view per gel were imaged, and the mean fluorescence intensity was quantified. Fluorescently labeled fibronectin coated 0.4 kPa and 6 kPa gels exhibited increased fluorescence intensity compared to gels coated with unlabeled fibronectin. Fluorescence intensity was consistent across five different regions of each gel, indicating uniform surface conjugation (Figure 4B).

To evaluate cellular responses to substrate stiffness, A549 lung adenocarcinoma cells were cultured on fibronectin-coated PA gels ranging in stiffness from 0.4 kPa (normal) to 13.8 kPa (pathological). These values were selected to represent healthy and pathologically stiffened fibrotic lung tissue, respectively16. Cells cultured on 0.4 kPa and 6 kPa substrates exhibited distinct morphologies, with significantly increased cell spreading observed on the stiffer substrates (Figure 4C). Quantitative analysis confirmed a stiffness-dependent increase in cell spread area (Figure 4D).

Silicone-based ECM substrates generated using the formulations in Table 2 were also experimentally tested. Measured stiffness values were 0.54 ± 0.08 kPa for nominal stiffness 0.25 kPa gels, 1.9 ± 0.8 kPa for 0.73 kPa gels, 8.2 ± 0.4 kPa for 8.42 kPa gels, and 64.2 ± 1.0 kPa for 60 kPa gels (Figure 5A). A549 cells cultured on 0.25 kPa and 8.42 kPa silicone-based ECM substrates displayed distinct morphologies, with increased cell spreading observed on stiffer gels (Figure 5B,C).

Next, we evaluated the compatibility of PA- and silicone-based hydrogels with downstream biochemical and cell biology applications (Figure 6A). Phosphorylation of focal adhesion kinase (FAK) at Tyr397 was used as a readout of ECM stiffness-induced mechanotransduction17. A549 cells cultured on 0.4 kPa and 6 kPa PA-based ECM substrates were lysed and analyzed by western blotting, revealing increased phosphorylation of FAK at Tyr397 on stiffer substrates (Figure 6B). To further validate stiffness-dependent cellular responses, expression of the mechanosensitive YAP target gene ANKRD1 was assessed18. RNA isolated from cells cultured on 0.4 kPa and 6 kPa PA gels was reverse transcribed and analyzed by quantitative PCR, demonstrating elevated ANKRD1 expression on stiffer matrices (Figure 6C).

For 3D culture applications, A549 cells were seeded on compliant PA gels (75 Pa) and overlaid with 10% BME. After 5 days, large spheroid structures formed within a similar focal plane, enabling consistent imaging (Figure 6D).

Finally, cells cultured on silicone-based substrates were imaged using widefield and TIRF microscopy. TIRF imaging selectively captured membrane-proximal signals, as evidenced by pFAK localization at focal adhesions and reduced out-of-focus background compared to widefield imaging (Figure 6E).

FIGURE AND TABLE LEGENDS:

Figure 1. PA-based ECM substrate fabrication. (A) Schematic of PA gel fabrication and surface functionalization. (B) Inset showing the formation of a thin, crosslinked surface network composed of tetraacrylate, NHS-acrylate, and bisacrylamide for ECM protein attachment. Schematics are conceptual and not to scale. Abbreviations: PA = polyacrylamide; ECM = extracellular matrix; NHS = N-hydroxysuccinimide.

Figure 2. Optical properties and fabrication of silicone-based ECM substrates. (A) Schematic illustrating RI relationships enabling TIRF imaging on silicone gels compared to PA gels. (B) Fabrication workflow for silicone-based gels. (C) Surface functionalization of silicone gels via oxygen plasma, APTES-mediated amine introduction, and EDC-mediated ECM protein coupling. Schematics are conceptual and not to scale. Abbreviations: RI = refractive index; TIRF = total internal reflection fluorescence; APTES = (3-aminopropyl)triethoxysilane; EDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; Si = silicone; PA = polyacrylamide.

Figure 3. Effects of suboptimal PA gel functionalization. (A) PA gels (400 Pa) prepared with excess tetraacrylate (0.004%) showing mesh-like structures (yellow arrows). (B) PA gels (400 Pa) prepared with excess NHS-acrylate (0.04%) showing surface-associated debris. A549 cells were immunostained for phosphorylated myosin light chain (pMLC Ser19; 1:100 dilution), followed by Alexa Fluor 488 anti-rabbit secondary antibody (1:500 dilution), and imaged using a 488 nm laser on a widefield microscope. Bottom panels show corresponding fluorescence images highlighting artifacts. Abbreviations: pMLC = phosphorylated myosin light chain.

Figure 4. A549 cell spreading on PA hydrogels. (A) Measured stiffness of PA gels (nominal: 0.4, 6, and 60 kPa) determined by rheometry. Data points are color-coded by casting batch. Data are presented as mean ± SD (n = 3 for 0.4 kPa; n = 4 for 6 and 60 kPa). (B) Quantification of MFI for unlabeled and Alexa549-labeled fibronectin coatings across five random regions per gel. Data are presented as mean ± SD. (C) Representative fluorescence images of A549 cells on 0.4 kPa and 6 kPa fibronectin-coated PA substrates. F-actin is visualized in red (Phalloidin, 1:200), and nuclei in blue (DAPI, 1 μg/mL). (D) Quantification of cell spread area across a stiffness range (0.4, 1, 6.0, 13.8 kPa). Data are presented as mean ± SEM (n = 3 biological replicates; ≥15 cells analyzed per replicate). Statistical significance was determined via one-way ANOVA with Dunnett’s post hoc test (*p < 0.05; **p < 0.01). Abbreviations: MFI = mean fluorescence intensity; DAPI = 4',6-diamidino-2-phenylindole; SD = standard deviation; SEM = standard error of the mean.

Figure 5. A549 cell spreading on silicone-based hydrogels. (A) Measured stiffness of silicone gels (nominal: 0.25, 0.73, 8.42, and 60 kPa) determined by rheometry. Data points are color-coded by casting batch. Data are presented as mean ± SD (n = 4 for 0.25 kPa; n = 5 for 0.73 kPa; n = 3 for 8.4 and 60 kPa). (B) Representative images of A549 cells on 0.25 kPa and 8.4 kPa silicone gels. F-actin is shown in red (Phalloidin, 1:200), and nuclei in blue (DAPI, 1 μg/mL). (C) Quantification of cell spread area across stiffness conditions (0.25, 8.42, and 60 kPa). Data are presented as mean ± SEM (n = 3 biological replicates; ≥15 cells analyzed per replicate). Abbreviations: SD = standard deviation; SEM = standard error of the mean.

Figure 6. Applications of PA- and silicone-based ECM substrates. (A) Overview of biochemical assays and imaging modalities compatible with these platforms. (B) Western blot analysis of lysates from A549 cells cultured on 0.4 kPa and 6 kPa fibronectin-coated PA gels, probed for focal adhesion kinase (FAK) phosphorylation (Tyr397; 1:1,000 dilution). (C) RT-qPCR analysis of RNA from cells cultured on soft and stiff PA gels, showing relative ANKRD1 expression normalized to HPRT. Data are presented as mean ± SEM (n = 3 biological replicates). (D) A549 cells cultured on 75 Pa PA gels with BME overlay, showing spheroid formation after 5 days. (E) A549 cells plated on 8.42 kPa silicone gels and immunostained for phosphorylated FAK (Tyr397; 1:200 dilution). Representative images were acquired using widefield and TIRF microscopy. Abbreviations: PA = polyacrylamide; ECM = extracellular matrix; FAK = focal adhesion kinase; RT-qPCR = reverse transcription quantitative polymerase chain reaction; BME = basement membrane extract; SEM = standard error of the mean.

Table 1. Volumes of reagents required to prepare PA-based ECM substrates of defined elastic modulus.

Table 2. Volumes of reagents required to prepare silicone-based ECM substrates with defined elastic modulus.

Table 3. Recommended coverslip sizes for each biochemical assay, including required wash volumes and conjugation buffer volumes for functionalizing PA hydrogels.

Table 4. Volumes of reagents required to prepare functionalization solutions for the indicated total volumes.

DISCUSSION:
The outlined ECM fabrication protocol provides a reproducible, scalable, and cost-effective workflow and can easily be implemented in most labs. Although traditional glass and plastic culture ware is convenient and enables rapid data collection, the synthetic substrates fail to replicate physiologically relevant tissue stiffness. Alternative mechanically tunable substrates such as polydimethylsiloxane (PDMS) or gelatin methacryloyl (GelMA) are easier to fabricate, but they generally cannot achieve stiffness values in the sub-kilopascal range, limiting their suitability for modeling soft tissues such as the brain and lung19,20. By contrast, PA hydrogels and the silicone gels offer stiffness values that cover a wide range of tissue mechanics and support straightforward ligand conjugation while remaining compatible with many cell-based assays. In addition, this method is cheaper than the current costly yet convenient Sulfo-SANPAH methods.

While these ECM-mimetic scaffolds enable precise control over ECM stiffness, several important limitations remain. First, both PA- and silicone-based substrates are non-degradable and do not recapitulate the dynamic ECM remodeling that occurs in vivo. Because cell-ECM crosstalk is highly dependent on this remodeling, the static nature of these systems may influence certain signaling pathways and should be considered when interpreting results. Furthermore, the native ECM is highly heterogeneous; while this method allows for precise stiffness control, it lacks the complex fibrillar architecture of collagen found in native tissues. Additionally, direct comparisons between PA and silicone substrates at the same stiffness should be approached with caution. PA hydrogels behave as predominantly elastic materials, whereas silicone-based substrates exhibit viscoelastic behavior, including stress relaxation. Consequently, even at a comparable Young’s modulus, cells may experience distinct mechanical cues. Nevertheless, this platform remains well-suited for investigating cellular responses to controlled stiffness variations within a consistent material system.

Several key steps are critical for producing high-quality, reproducible hydrogels suitable for cell culture, imaging and biochemical applications. First, proper glass coverslip activation is essential for robust hydrogel adhesion and preventing gel detachment during downstream assays. Effective activation requires the correct glutaraldehyde and APTES concentrations, along with appropriate incubation times. Notably, regenerated coverslips often perform better than brand-new ones, likely due to cumulative surface activation from repeated processing. Second, degassing the gel solution immediately before casting is necessary to avoid oxygen-inhibited polymerization and to prevent bubble formation, which would otherwise create localized regions of reduced stiffness. Third, achieving uniform ligand conjugation depends on the precise preparation of the functionalization solution. Maintaining a tight tolerance (within ±5% for pipetting and weighing) is critical to stay within the optimal range and prevent over-activation of the reaction. Deviations during these steps can lead to over-activation and the formation of mesh-like surface artifacts (Figure 3). This type of meshwork typically becomes fluorescent in the green and red channels during fluorescence microscopy, thereby compromising image analysis. This uneven network likely results in disproportionate ECM ligand distribution, which may compromise other cell-based analyses. To maintain data integrity, hydrogels exhibiting these artifacts should be excluded from experiments.

Because PA gel polymerization is sensitive to factors such as atmospheric oxygen, temperature, and the freshness of APS, researchers should prioritize intra-batch comparisons to ensure data consistency. In laboratories where specialized equipment like atomic force microscopy or rheometry is unavailable, we recommend a dual-validation approach to safeguard reproducibility. First, substrate stiffness can be qualitatively evaluated via manual indentation, as the tactile resistance of soft (hundreds of pascals) versus stiff (kilopascal range) gels is readily distinguishable (see supplementary video). Second, the use of biological reference benchmarks, such as observing anticipated cell spreading, pFAK and YAP target gene expression (Figure 4C, Figure 5B, and Figure 6B,C) provides a reliable 'biological readout' of successful gelation. By combining these qualitative mechanical assessments with the observation of established cellular phenotypes, researchers can verify successful polymerization and maintain experimental rigor even without direct access to a high-end mechanical testing suite.

Silicone-based and PA-based ECM gels both have their own advantages and are suitable for different applications based on users’ needs. While both systems can generate substrates within a range from hundreds of pascals to tens of kilopascals, they suit different experimental requirements. Silicone-based substrates are simpler to fabricate and have an appropriate refractive index for TIRF. Moreover, thin gel layers generated by spin coating make them ideal for direct imaging through the gels, thus enabling advanced, high-resolution imaging techniques such as single-molecule localization, single-particle tracking, and scanning angle interference microscopy, which allow precise measurement of molecular dynamics and membrane topography14. However, silicone’s inherent stickiness before curing makes it challenging to evenly coat large surface areas if the biochemical assay requires a large culture area. Any resulting variations in gel thickness might introduce unwanted heterogeneity across the culture area. In contrast, PA hydrogels are better suited for scalability and lower-magnification imaging applications such as traction force microscopy21, which can be imaged through the gels using an objective with a long working distance. While their thickness and refractive index can limit the use of evanescent wave techniques (e.g., TIRF), PA gels can support super-resolution microscopy when samples are inverted onto glass for imaging (data not shown). By selecting between these two platforms, researchers can prioritize either high-end optical accessibility or large-scale throughput depending on their specific mechanobiology applications.

Understanding how cells sense and respond to ECM cues is highly relevant to both basic biology and human disease. Many pathological conditions, including organ fibrosis, cancer, and cardiovascular disease, are characterized by abnormal ECM remodeling and tissue stiffening, which profoundly alter cell signaling and behavior4,22,23. By enabling controlled manipulation of ECM substrate composition and stiffness across biologically relevant ranges, the methods described here provide a powerful system to dissect the ECM stiffness-regulated pathways that drive disease progression and to identify potential therapeutic interventions targeting pathological cell-ECM communication.
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