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SUMMARY:
Decellularization and solubilization/gelation of human amniotic membrane produce acellular scaffolds in mesh or gel states, on which a uniform epithelial coating forms within a short culture period, while discrete cell clusters form during prolonged culture. 

ABSTRACT:
The human amniotic membrane (hAM) is a promising biomaterial for regenerative medicine, owing to its low immunogenicity and its content of structural and bioactive extracellular matrix components. However, its clinical application is limited by the persistence of cellular components and by the inherent variability of its natural properties. Here, a hAM decellularization protocol is described, based on a non-ionic detergent combined with reversible alkaline swelling and nuclease activity, which yields an acellular mesh scaffold while preserving the fibrillar architecture of the native matrix. In parallel, a method is described to convert the decellularized tissue into a soft gel scaffold, whose gelation kinetics and viscoelastic behavior were assessed. Using both scaffold formats, the culture of a human vaginal epithelial cell line was shown to be governed by surface topography in the case of mesh scaffolds, and by mechanical properties and culture duration in the case of gel scaffolds, promoting either a uniform epithelial coating within a short culture time or the formation of discrete cell clusters. Together, these results indicate that a single hAM source can be processed into two complementary scaffold formats with distinct cell-response outcomes.

INTRODUCTION:
Epithelial tissues serve as the first line of defense against chemical or microbial insults and, at the same time, are the medium through which selected agents act to combat disease. Inspired by this, epithelial tissue engineering has sought scaffolds and culture/seeding techniques that modulate the survival, migration, polarization, and other key responses of epithelial cells. Decellularization of mammalian tissues is now a route to generate natural extracellular matrix (ECM) scaffolds that retain tensile strength and peptide motifs in the collagen fiber network of native tissues1,2. These devices have demonstrated adequate efficacy in the clinic as dressing materials for soft tissue repair and wound management and are in clinical trials for various other applications3,4. Decellularized ECM materials are being integrated with in vitro tissue engineering strategies, such as engineered vaginal epithelium.

Although the human amniotic membrane (hAM) can undergo preservation processing because of its low immunogenicity, unlike other tissues, removing cellular material may decrease the host response to a foreign body when used in skin regeneration or ophthalmology. When applied to different tissues, decellularization methods must be optimized to diminish the detrimental effects of tissue exposure to detergents, enzymes, or mechanical force5. Thus, the first goal of the present methods is to describe the technique for processing hAM tissue to reduce cellular material while preserving the native tissue’s fibrillar porous network that supports the adaptation of vaginal epithelial cells on its surface.

The components of decellularized hAM can be solubilized in an acidic medium and then gelled to reconstitute the collagen fibers in response to changes in pH and temperature, while the gel network swells considerably in water. This process entails the variability inherent in a natural product between batches6–9, which can reduce the reproducibility of cell behavior when cultured in a three-dimensional (3D) environment. The second goal of the methods described here is to identify the steps required to obtain a hAM gel scaffold and characterize its structure and properties.

Epithelialization is a strategy suggested for coating medical devices before implantation to reduce the risk of bacterial colonization due to the absence of an intact epithelium10. Epithelialization is also a necessary step in the development of technologies for drug screening, studying molecular transport or hemostasis, drug delivery, and disease modeling, strengthening preclinical studies11,12 and replacing animal testing. Herein, both hAM scaffolds, in mesh or gel states, represent plausible alternatives for promoting the organization of vaginal epithelial cells. The third goal of the present methods is to describe the steps required to repopulate hAM scaffolds with vaginal epithelial cells.

PROTOCOL:
The Ethics Committee for Research of the University of Guanajuato approved the research under project CIBIUG-P08-2023: Biocompatibility of Human Amniotic Membrane Derived Bioscaffolds.

The amniotic membranes were donated by the Laboratorio Especializado de Medicina Regenerativa del Bajío S.A. de C.V. (León, Guanajuato, Mexico), according to the following criteria: primiparous women under 30 years of age, without comorbidities, delivery by cesarean section, and informed consent for voluntary tissue donation.

1. Decellularization protocol and hAM mesh obtention

1.1. Rinse the tissue with distilled water to remove blood and mucus. Separate the hAM from the remaining placental tissue by removing the thick, opaque chorionic layer while maintaining tissue integrity.

1.2. Cut specimens approximately 10 × 10 cm from the amniotic sac and rinse them with sterile PBS (pH 7.4) containing 1 wt.% EDTA. Supplement the PBS with 1 vol.% penicillin/streptomycin and filter it through a 0.22 µm filter before use.

1.3. Place the amniotic tissue specimens in a swelling solution (0.2 wt.% calcium oxide, 0.25 vol.% TX100) at a ratio of 50 mL per 100 cm². Incubate for 1 h at approximately 24°C under orbital shaking.

1.4. Place the specimens in a nuclease solution (10 mM Tris·HCl, pH 7.6; 10 mM MgCl₂; 10 mM CaCl₂; 0.04 mg/mL DNase; 0.02 mg/mL RNase) at a ratio of approximately 50 mL per 100 cm². Incubate for 2 h at 37°C under orbital shaking.

1.5. Wash the specimens three times with sterile PBS (pH 7.4).

1.6. Place the specimens in a deswelling solution (0.5 wt.% ammonium sulfate) at a ratio of approximately 20 mL per 100 cm². Incubate for 20 min at approximately 24°C under orbital shaking.

1.7. Wash the specimens three times with sterile PBS (pH 7.4) containing 1 wt.% EDTA.

1.8. Perform a final wash with sterile PBS (pH 7.4) supplemented with 1 vol.% penicillin/streptomycin and filtered through a 0.22 µm filter before use.

1.9. Place the specimens on aluminum foil and freeze them at −80°C. Lyophilize the specimens at −50°C and 9–20 Pa for 24 h to obtain the decellularized hAM mesh.

1.10. Irradiate the decellularized mesh with UV light for 30 min.

1.11. Validate sterility by placing scaffold samples in microbiological culture media and incubating them for up to 72 h. Confirm the absence of microbial growth.

2. Solubilization protocol and hydrogel preparation

2.1. Weigh the decellularized hAM mesh.

2.2. Prepare an enzymatic solution by dissolving pepsin (1 mg per 10 mg of tissue) in 0.01 M HCl.

2.3. Transfer the pre-weighed hAM sample into a wide-mouth glass bottle containing the enzymatic solution.

2.4. Adjust the volume to obtain a final ratio of 10 mg of tissue per mL of solution.

2.5. Incubate the mixture under constant orbital shaking at 4°C for approximately 7 days. Confirm that no visible undigested tissue fragments remain at the end of the incubation period.

2.6. Filter the solubilized solution through sterile cotton gauze to remove residual undigested tissue.

NOTE: Other methods may be used to separate residual tissue fragments from the hydrolysate.

2.7. Determine the total protein concentration of the filtered hydrolysate using the BCA assay. Store the solubilized hAM at 4°C for up to 6 months until further use.

2.8. Prepare sterile 10X PBS (pH 6.5) and 1 M NaOH solution.

2.9. Mix 900 µL of hAM hydrolysate with 100 µL of 10X PBS (pH 6.5) using a vortex mixer. Adjust the pH to 7.4 with 1 M NaOH and dispense 100 µL of the pre-gel solution into each well of a 96-well plate at approximately 4°C.

NOTE: This volume is sufficient to obtain a gel with an approximate diameter of 5 mm and a thickness of 3 mm.
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2.10. Incubate the pre-gel solution at 37°C for 24 h to allow gelation and gel maturation.

3. hAM mesh scaffold characterization

3.1. Composition analysis: DNA and sulfated glycosaminoglycan (sGAG) quantification

3.1.1. Mince the hAM meshes.

3.1.2. Weigh 20 mg of minced tissue for each replicate and prepare three replicates.

3.1.3. Place each replicate in either papain hydrolysis solution (0.125 mg/mL papain in 20 mM sodium phosphate buffer containing 5 mM L-cysteine, pH 6.2) or proteinase K hydrolysis solution (0.35 mg/mL proteinase K in 0.5 M EDTA containing 1 vol.% SDS).

3.1.4. Digest the samples in papain solution at 60°C for 3 h or in proteinase K solution at 55°C for 2 h.

NOTE: The digestion time was standardized by monitoring complete tissue solubilization.

3.1.5. Isolate genomic DNA from the digests according to the tissue-processing instructions provided with the genomic DNA purification kit. Quantify the DNA content per mg of dry specimen.

3.1.6. Quantify sGAG content per mg of dry specimen using a 1,9-dimethylmethylene blue assay.

3.2. Tensile testing

3.2.1. Perform a series of measurements on the same specimen using a uniaxial electromechanical tensile testing system. Test freeze-dried specimens at 25°C and complete all measurements within 1 h of removal from storage to limit moisture reabsorption from ambient air.

3.2.2. Define an arbitrary reference direction (A.R.) on the hAM mesh.

3.2.3. Cut 35 mm × 5 mm strips along three orientations: the A.R. direction, +45°, and −45° relative to the A.R. direction. Prepare 6–9 strips.

3.2.4. Measure the width, length, and thickness of each strip at three positions and calculate the mean values. Calculate the cross-sectional area (A) as the product of the mean width and mean thickness, assuming a rectangular cross-section.

3.2.5. Mount each strip in the grips with an effective gauge length of 25 mm, with 5 mm clamped in each grip.

3.2.6. Apply 5–10 load-unload cycles to an extension of 0.8 mm at 0.05 mm/s, between 0 and 0.1 N, until successive hysteresis loops overlap.

NOTE: Hysteresis refers to the area enclosed between the loading and unloading curves of a cycle and corresponds to the energy dissipated by the specimen. In soft collagenous tissues, the first cycles progressively reorganize the fibrillar network, so the mechanical response is not repeatable until this reorganization stabilizes.

3.2.7. For stress relaxation testing, stretch the strip from the unloaded state to 0.8 mm at 0.5 mm/s. Hold the crosshead position and record the load for at least 5 s.

3.2.8. For rupture testing, re-stretch the strip from the unloaded state to failure at 0.5 mm/s.

3.2.9. Derive stress-strain curves from the load-displacement data using ε = Δl/l₀ and σ = F/A, where Δl is the length increment, l₀ is the initial length, F is the applied load, and A is the cross-sectional area determined in step 3.2.4.

3.2.10. Determine the elastic modulus from the linear stiff region at high stresses. Identify the rupture stress and strain from the sudden load drop at first-layer failure.

3.2.11. Fit the tangent modulus (first derivative of the stress-strain curve) in the initial (0–1 MPa) and final (pre-rupture) regions. Obtain the relaxation ratio at 6 s (σ₀/σ) by linear fitting of the log-time relaxation curve.

4. hAM gel scaffold characterization

4.1. Rheometric characterization

4.1.1. Perform a series of four measurements on the same sample using a rheometer equipped with a 40 mm parallel-plate geometry: in situ gelation kinetics, amplitude sweep, frequency sweep, and steady-shear flow.

4.1.2. Preheat the rheometer plates to 37°C.

4.1.3. Load 1 mL of hAM pre-gel solution directly between the plates to allow gelation to occur in situ. Set the gap to 900 µm and fit the solvent-trap cover to limit evaporation.

4.1.4. For gelation kinetics, record the storage (G′) and loss (G″) moduli as a function of time at a fixed angular frequency of 1.0 rad/s and a strain of 1%, determined from preliminary amplitude sweeps to lie within the linear viscoelastic region. Run the time sweep for 10 min to follow fibrillogenesis from the early sol stage to the gel plateau.

4.1.5. Once the gel plateau is reached, perform an amplitude sweep from 0.1% to 100% strain at an angular frequency of 1.0 rad/s.

4.1.6. Identify the linear viscoelastic regime for each sample from the resulting G′-versus-strain curve. Confirm that a strain of 1% falls within this regime for the subsequent measurement.

4.1.7. Acquire the viscoelastic spectrum by sweeping the angular frequency from 0.1 to 10 rad/s at a strain of 1%. Monitor G′ and G″ to characterize the elastic-versus-viscous balance of the sample.

4.1.8. Measure the steady-shear viscosity by sweeping the shear rate from 0.1 to 100 s−1 to assess the flow behavior of the sample.

4.2. Turbidimetry test

4.2.1. Preheat the temperature-controlled microplate spectrophotometer to 37°C and allow the chamber to equilibrate.

4.2.2. Dispense 100 µL aliquots of neutralized pre-gel solution (pH 7.4) into a 96-well plate.

4.2.3. Load the plate into the preheated chamber. Record the absorbance as a function of time from 0 to 60 min at five wavelengths: 405, 458, 515, 543, and 565 nm.

4.2.4. Convert the absorbance signals to turbidity (τ) using the Beer–Lambert relation:


Here,  is the absorbance and  is the optical path length of the well.

4.2.5. Plot turbidity as a function of time for each wavelength.

4.2.6. Determine the gelation time (tgel) graphically as the intersection between the ascending slope of the turbidity curve and a perpendicular line projected from the plateau.

4.2.7. Determine the half-gelation time (t1/2) as the time at which turbidity reaches the midpoint between the minimum and plateau values.

4.2.8. Record the turbidity at tgel for each of the five wavelengths.

4.2.9. Estimate the average fibril diameter (d) and mass-to-length ratio (µ) of the fibrillar network by applying the Yeromonahos approach, as described by Belcher et al.13, using:



Here, τ is the turbidity at tgel, λ is the wavelength in vacuum, n is the refractive index of the solvent, dn/dc is the specific refractive index increment of the solute, c is the protein concentration, NA is Avogadro’s number, µ is the mass-to-length ratio of the fibrils, and r = d/2 is the fibril radius.

4.2.10. Plot τλ⁵ versus λ² and perform a linear regression over the five wavelengths. Obtain µ from the slope and r, and thus d, from the y-intercept.

5. Two-dimensional culture of vaginal epithelial cells

5.1. Cell line and maintenance conditions

5.1.1. Use the human vaginal epithelial cell line VK2/E6E7.

NOTE: Once thawed, expand the cells and perform the different assays during the first passage.

5.1.2. Maintain the cells in Keratinocyte Serum-Free (KS-F) Medium supplemented with recombinant human epidermal growth factor (0.1 ng/mL), bovine pituitary extract (0.05 mg/mL), and CaCl₂ to a final concentration of 0.4 mM.

5.1.3. Incubate the cultures at 37°C in a humidified atmosphere with 5% CO₂ until they reach approximately 80% confluence.

5.2. Cell detachment, collection, counting, seeding, and expansion

5.2.1. Wash the cell monolayer twice with sterile PBS (pH 7.4).

5.2.2. Add 0.25% trypsin-EDTA and incubate for 10 min at 37°C to detach the cells.

NOTE: Monitor the time required for cell detachment and confirm cell viability immediately afterward using a trypan blue exclusion assay.

5.2.3. Inactivate the trypsin by adding sterile PBS (pH 7.4) supplemented with 5% fetal bovine serum.

5.2.4. Centrifuge the cell suspension at 170 × g for 5 min at room temperature.

5.2.5. Discard the supernatant and resuspend the cell pellet in 1 mL of fresh culture medium.

5.2.6. Mix an aliquot of the cell suspension with 0.4% trypan blue solution at a 1:1 ratio.

5.2.7. Count viable cells using a Neubauer chamber, excluding trypan blue-stained cells. Determine the cell density required for each bioassay.

5.2.8. Seed the required number of cells for each bioassay according to the experimental design.

5.2.9. Seed the remaining cell suspension into new culture flasks for expansion and maintenance for subsequent experiments.

5.3. Evaluation of metabolic activity and cell viability in mesh scaffolds

5.3.1. Place the lyophilized decellularized hAM samples into 12- or 96-well culture plates.

NOTE: Use 12-well plates for viability and TPEF tests and 96-well plates for metabolic activity assays.

5.3.2. For samples in 12-well plates, position a sterile stainless-steel cylinder on top of each specimen to prevent flotation during culture.

5.3.3. Add 500 µL of medium to each sample in a 12-well plate or 150 µL of medium to each sample in a 96-well plate.

5.3.4. Condition the scaffolds for 3 h at 37°C in a humidified atmosphere with 5% CO₂ before cell seeding.

5.3.5. Seed 1.25 × 10⁵ cells onto each mesh scaffold in a 12-well plate or 2.5 × 10⁴ cells onto each mesh scaffold in a 96-well plate.

NOTE: Estimate the cell seeding density per mesh area as approximately 1,250 cells/mm².

5.3.6. Maintain the cultures for 4 days at 37°C, 5% CO₂, and 95% relative humidity. Replace the culture medium every 2 days.

5.3.7. Assess the metabolic activity of cells cultured on the scaffolds in 96-well plates using an MTT assay.

5.3.8. Assess cell viability using live/dead double staining with calcein-AM and propidium iodide (PI) to identify viable and dead cells, respectively. Include a dead-cell control by treating a separate set of samples with 70% ethanol.

6. VK2 cell culture on hydrogels

NOTE: Follow the cell maintenance, detachment, collection, counting, seeding, and expansion conditions described in steps 5.1 and 5.2.

6.1. Cell seeding and viability assessment on hydrogels

6.1.1. Prepare the hydrogels according to steps 2.8.–2.10.

6.1.2. Seed 2 × 10⁴ cells onto each hydrogel (5 mm diameter, 3 mm thickness) in a total volume of 100 µL of KS-F medium.

6.1.3. Incubate the cultures for 1 or 2 days at 37°C in a humidified atmosphere with 5% CO₂.

6.2. Evaluation of metabolic activity on hydrogel scaffolds

6.2.1. Remove the culture medium and replace it with 100 µL of fresh medium.

6.2.2. Add 10 µL of Alamar Blue reagent to each well.

6.2.3. Incubate the samples at 37°C in a humidified atmosphere with 5% CO₂ for 6 h.

6.2.4. Transfer the medium to a microplate and measure the absorbance at 570 nm using a UV/Vis spectrophotometer.

6.3. Cellular structure and organization: actin and nuclear labeling

6.3.1. Remove the culture medium and wash the samples with PBS (pH 7.4) pre-warmed to 37°C.

6.3.2. Fix the control samples (extracellular matrix-coated glass) for 30 min and the hydrogels for 1 h at room temperature using 4% methanol-free paraformaldehyde prepared in PBS (pH 7.4). Wash the samples three times with PBS (pH approximately 7.4) at room temperature.

6.3.3. Prepare 0.1% Triton X-100 solution in PBS (pH 7.4) for the 2D control samples and 1% Triton X-100 solution for the hydrogels. Immerse the control samples for 15 min and the hydrogels for 40 min, and then wash the samples three times with PBS (pH 7.4) at room temperature.

6.3.4. Prepare a staining solution containing Alexa Fluor 488-conjugated phalloidin (0.5 units/mL) and 1% bovine serum albumin (BSA) in PBS (pH 7.4). Immerse the samples in the staining solution and incubate the control samples for 45 min and the hydrogels for 1 h in the dark.

6.3.5. Wash the samples three times with PBS (pH approximately 7.4) at room temperature. Place the samples on microscope slides and add a drop of mounting medium containing DAPI.

6.3.6. Apply a coverslip and incubate for 20 min. Analyze the samples by confocal/multiphoton microscopy.

6.4. Confocal and multiphoton imaging

6.4.1. Perform imaging using a confocal/multiphoton system. Define four quadrants per sample for analysis and use a 20× objective for signal detection and cell identification.

6.4.2. For actin and nuclear labeling, excite the Alexa Fluor 488-phalloidin signal at 488 nm using an argon laser. Collect the actin emission over 500–600 nm.

6.4.3. Excite DAPI by two-photon absorption at 800 nm using a Ti:sapphire laser. Collect the DAPI emission over 395–485 nm.

6.4.4. Acquire the two channels sequentially to avoid spectral crosstalk.

6.4.5. For live/dead staining, excite calcein at 490 nm and collect the green emission at 515 nm to identify viable cells.

6.4.6. Excite PI at 535 nm and collect the red emission at 617 nm to identify dead cells.

6.4.7. For two-photon excitation microscopy, image the morphology of VK2 epithelial cells cultured on decellularized hAM bioscaffolds by TPEF using an excitation wavelength of 800 nm.

6.4.8. Collect the emission over 395–485 nm for the intrinsic fluorescence of extracellular matrix components.

6.4.9. Collect the emission over 494–601 nm for intrinsic cellular fluorophores (NADH and flavoproteins).

RESULTS:
Mesh characteristics
The overall experimental design and characterization workflow for the hAM mesh is summarized in Figure 1A. The hAM was manually separated from the chorion and excised from the placenta; the hAM remains at the bottom (lower arrow) and is distinguished by being thin and translucent, while the thicker chorionic layer is lifted with forceps (upper arrow), preserving its integrity for the subsequent steps of the protocol (Figure 1B). Washing removed blood and body fluids without visible damage to the membrane (Figure 1C). Decellularization was then carried out using a non-ionic detergent, reversible alkaline swelling, and nuclease activity, with each stage performed under orbital shaking (Figure 1D). After the complete treatment, the meshes appeared more translucent and more homogeneous than the native tissue, with no visible blood or residual tissue fragments. The decellularized membranes were then cut into rectangular pieces for freeze-drying (Figure 1E). A total of 12 placentas were processed, each yielding a mesh of approximately 25 cm × 35 cm (approximately 875 cm²).

[Place Figure 1 here.]

The efficiency of the decellularization process and the resulting properties of the mesh were then assessed by biochemical and mechanical characterization. The hAM showed a range of 1500–11500 ng of residual DNA per mg before decellularization, which decreased to 220 ± 35 (31–508) ng per mg of hAM matrix after the process, together with a reduction in cell nuclei (Figure 2A). The protocol also affected the sGAG content of the native tissue, as well as the lumican and fibronectin fractions that can be leached from it. A residual sGAG content of 2500 ± 619 (666–6111) ng per mg of hAM matrix was detected. These values indicate that 1.5%–30% remained in the decellularized hAM relative to the native tissue. Additionally, decellularization reduced total protein content by 50% and markedly decreased fibronectin (94%) and lumican (98%) levels. However, no differences in collagen IV content were observed between native and decellularized hAM (Figure 2B). The tensile testing protocol yielded three characteristic curves (Figure 2C). The load-unload cycles of a decellularized hAM strip are shown in Figure 2C, left, where successive hysteresis loops overlap closely. The subsequent stress-relaxation stage, shown in Figure 2C, middle, presents the response of the specimen after cycling, while the rupture test in Figure 2C, right, provides the curve from which the elastic modulus was calculated. Specimens were evaluated along an A.R. direction and at +45° and −45° relative to it. Stress relaxation and its corresponding initial and final relaxation rates were comparable across the three strip orientations (Figure 2D), indicating no preferential directional dependence in the viscoelastic response of the decellularized mesh. The initial and final relaxation rates were determined from the corresponding relaxation curves. Tensile strength, strain at rupture, and elastic modulus were also comparable among the three orientations (Figure 2E). The stress-strain response exhibited no toe region and two approximately linear segments, with the transition between the stiffer and the more compliant portions occurring at a strain of approximately 0.4% (Figure 2E, left). The elastic modulus was determined from both the low-stress and high-stress linear regions (Figure 2E, right). The rupture strain was 18% ± 7%, and the rupture stress was 29.5 ± 10.9 MPa (n = 6–9 per orientation).

[Place Figure 2 here.]

Gel characteristics
Wet decellularized hAM samples (Figure 3A) were frozen and placed in the vacuum chamber of a freeze-dryer (Figure 3B), yielding a lyophilized mesh scaffold after ice sublimation (Figure 3C). The lyophilized product was irradiated with UV light for 30 min and subsequently subjected to acidic-enzymatic hydrolysis under stirring until a hydrolysate was produced (Figure 3D). After neutralization and incubation at 37°C, this hydrolysate formed a gel scaffold. The pre-gel solution was cast into multi-well plates of different formats to obtain scaffolds of different sizes and volumes for subsequent characterization (Figure 3E). For rheometric characterization, 1 mL of pre-gel solution was gelled in situ between the rheometer plates; the resulting hydrogel retained its shape after recovery (Figure 3F).

[Place Figure 3 here.]

A gelation kinetic assay was performed on the hAM hydrogels, yielding the sigmoidal turbidity profile shown in Figure 4A. From this profile, a gelation time () of 40.1 ± 5 min and a half-gelation time () of 26.8 ± 3 min were obtained (Figure 4B). The curves were recorded and analyzed at the five wavelengths described in the protocol, and the turbidity at the gelation point for each wavelength was plotted (Figure 4C). A linear fit provided the slope and intercept, from which the mass-to-length ratio of the hydrogel fibrils and their diameter were calculated, giving a fibril diameter of 95.8 ± 4.4 nm and a mass-to-length ratio of (1.88 ± 0.2) × 1012 Da/cm. All turbidimetric values are reported as mean ± SD of four independent hydrogel samples prepared on different days. Oscillatory rheometry was then used to follow in situ gelation and characterize the viscoelastic properties of the resulting gel. A volume of 1 mL of neutralized pre-gel solution was deposited on the preheated plate at 37°C, and the upper plate was positioned at a 900 µm gap (Figure 4D, left and middle). After completion of the measurement series, the formed gel remained on the rheometer plate (Figure 4D, right). The storage modulus (G′) increased from 2.39 ± 1.72 Pa at the beginning of the time sweep to 7.14 ± 1.94 Pa at the plateau (n = 4), confirming that gelation took place in situ (Figure 4E). G′ exceeded the loss modulus (G″) from the first recorded point and reached a stable plateau within 1.7–5.0 min, considerably earlier than the turbidimetric , since each technique defines the transition according to a different criterion (see Discussion). The in situ gelation time sweep at controlled temperature therefore showed a stable plateau consistent with formation of the gel (Figure 4E). An amplitude sweep was subsequently performed to define the linear viscoelastic region from which the working strain was selected (Figure 4F). At this strain, the viscoelastic spectrum was acquired, and G′ remained above G″ over the entire frequency range explored, with both moduli only weakly dependent on frequency (Figure 4G). The hAM hydrogel exhibited a G′ of 7.14 ± 1.94 Pa and a G″ of 1.59 ± 0.47 Pa (n = 4 independent samples). Finally, the steady-shear viscosity curve of the hydrogel was obtained as a function of shear rate (Figure 4H).

[Place Figure 4 here.]

Cell behavior
The viability of VK2/E6E7 epithelial cells after 4 days of culture was examined by Live/Dead staining. Cell quantification was performed using a composite image (1600 µm × 1600 µm) built from 25 sub-images, with cell counts averaged across six randomly selected sub-images. This analysis showed 24 ± 4 viable VK2 cells per 0.1 mm² of hAM mesh, confirming predominant cell viability (Figure 5A). Metabolic activity was also assessed in VK2 epithelial cells. Cells grown on the hAM mesh scaffold exhibited a metabolic activity of 85.4% ± 1.9%, compared with 80.1% ± 2.5% for cells cultured on standard tissue culture plastic (Figure 5B). For metabolic activity in the hydrogels, VK2 cells were cultured for 1 and 2 days in a 2D system consisting of hAM-coated glass and a 3D system consisting of hAM hydrogel. The hydrogel group showed slightly higher metabolic activity (94% ± 1%) than the 2D system (89% ± 1%) (Figure 5C). Microscopic examination of cells on the decellularized mesh showed predominantly viable VK2 cells with a rounded-to-polygonal morphology and irregular cellular clustering. Scattered PI-positive nuclei among predominantly viable cells suggested localized adhesive stress rather than widespread cytotoxicity. TPEF microscopy also revealed a random orientation of collagen fibers within the hAM mesh, with cell attachment evident on the tissue surface, including the chorionic side (Figure 5D). VK2 cells cultured on the hAM-coated glass control showed partial monolayer confluence, characterized by zones of cell clustering separated by cell-free spaces and a polygonal, cobblestone-like morphology14,15 (Figure 5E, left). In contrast, cells cultured on the hAM hydrogels maintained a more complex organization, showing a structural transition from clusters toward developing spheroid-like structures (Figure 5E, right).

[Place Figure 5 here.]

FIGURE AND TABLE LEGENDS: 
Figure 1. Preparation of decellularized human amniotic membrane (hAM) meshes. (A) Experimental design and characterization workflow. Left: twelve placentas were processed, and each membrane was divided into a control portion and a portion subjected to decellularization by reversible alkaline swelling and Triton X-100 treatment. Right: characterization workflow applied to the resulting meshes. (B) Separation of hAM from the chorion. The thin hAM remains at the bottom (lower arrow), while the thicker chorionic layer is lifted with forceps (upper arrow). (C) hAM after thorough washing to remove blood and body fluids. (D) Orbital shaking during processing, showing a control membrane during a washing step (left) and a membrane undergoing decellularization (right); yellow arrows indicate the tissue in each beaker. (E) Decellularized hAM cut into rectangular pieces on a stainless-steel tray before freeze-drying. Panel (A) reprinted from Alcántara-Moreno, R.A. et al., Decellularization of human amniotic membrane and its impact on mesh bioscaffold properties, Journal of the Mechanical Behavior of Biomedical Materials, 178, 107417 (2026), Copyright 2026, with permission from Elsevier.

Figure 2. Representative characterization of decellularized hAM mesh scaffolds. (A) Residual DNA content in control and decellularized hAM. The 3D plot shows the DNA content of control tissue and its reduction following decellularization; the accompanying statistical plot displays the corresponding data distribution and individual data points. (B) Residual extracellular matrix components in control and decellularized hAM. The 3D plot shows sulfated glycosaminoglycan (sGAG) content, while the accompanying plots show total protein, collagen IV, fibronectin, and lumican content. (C) Three-stage mechanical testing sequence performed on a single specimen: load-unload hysteresis cycles, with the first cycle shown in black and the final cycle in yellow; stress relaxation, expressed as remaining stress versus time; and stretching to failure, expressed as stress versus stretch. (D) Tensile viscoelastic properties of hAM mesh, including remaining stress versus time, stress relaxation, initial relaxation slope, and final relaxation slope as a function of specimen cutting angle. (E) Tensile elastic and rupture properties of hAM mesh, including stress versus stretch and elastic modulus as a function of specimen cutting angle. Panels (A), (B), (D), and (E) reprinted from Alcántara-Moreno, R.A. et al., Decellularization of human amniotic membrane and its impact on mesh bioscaffold properties, Journal of the Mechanical Behavior of Biomedical Materials, 178, 107417 (2026), Copyright 2026, with permission from Elsevier.

Figure 3. Preparation of hAM hydrogel scaffolds from decellularized hAM mesh. (A) Wet decellularized hAM mesh scaffold. (B) Freeze-dryer used to lyophilize the frozen mesh. (C) Lyophilized hAM mesh before solubilization. (D) hAM hydrolysate obtained after acidic-enzymatic solubilization. (E) Hydrogels formed after neutralization and incubation at 37°C, shown in 6-well and 96-well plates; yellow arrows indicate the hydrogels. (F) A 1 mL hAM hydrogel recovered from the rheometer plates after in situ gelation.

Figure 4. Representative characterization of hAM hydrogel scaffolds. (A) Representative turbidimetric curve showing the sigmoidal increase in turbidity associated with the sol-gel transition. (B) Gelation time () and half-gelation time () measured at 405 nm. Bars represent the mean ± SD of four independent hydrogel samples prepared on different days under identical conditions. (C) Linear regression of the turbidity-wavelength dependence according to the Yeromonahos approach for a representative sample, showing the slope, y-intercept, coefficient of determination (R²), fibril diameter, and mass-to-length ratio. Mean values obtained from the four independent samples are reported in the Results. (D) Rheometric measurement of 1 mL of neutralized pre-gel solution on a preheated rheometer plate: before measurement (left), during measurement with the upper plate positioned at a 900 µm gap (middle), and after measurement with the formed gel remaining on the plate (right). (E) Storage modulus (G′) and loss modulus (G″) as a function of time during in situ gelation at 37°C. (F) G′ and G″ as a function of strain amplitude, used to identify the linear viscoelastic region. (G) G′ and G″ as a function of angular frequency. (H) Steady-shear viscosity as a function of shear rate.

Figure 5. Representative cell response after culture on decellularized hAM mesh and hydrogel scaffolds. (A) Number of viable and dead VK2 epithelial cells per 0.1 mm² on decellularized hAM mesh after 4 days of culture, determined by live/dead staining. Data are presented as mean ± SD, n = 6. (B) Metabolic activity of VK2 cells cultured on standard tissue-culture plastic (control) or decellularized hAM mesh after 4 days of culture. (C) Metabolic activity of VK2 cells cultured on hAM-coated glass (control) or hAM hydrogel after 1 and 2 days of culture. Data in (B) and (C) are presented as mean ± SD, n = 3. Statistical comparisons in panels (A)–(C) were performed using ordinary one- or two-way ANOVA, as appropriate, followed by Sidak’s multiple-comparisons test. Exact p-values are shown for significant comparisons, and n.s. indicates no significant difference; α = 0.05. (D) Adaptation of VK2 epithelial cells on the chorionic cavity side of the decellularized hAM mesh, onto which the cells were initially seeded. Live/dead staining shows viable cells in green and dead cells in magenta; two-photon excited fluorescence (TPEF) microscopy shows decellularized hAM collagen in green and cellular components in magenta. (E) Organization of VK2 epithelial cells on hAM-coated glass (left) and hAM hydrogel (right) after 2 days of culture; actin labeled with phalloidin is shown in green and nuclei labeled with DAPI are shown in blue. Panels (A), (B), and (D) reprinted from Alcántara-Moreno, R.A. et al., Decellularization of human amniotic membrane and its impact on mesh bioscaffold properties, Journal of the Mechanical Behavior of Biomedical Materials, 178, 107417 (2026), Copyright 2026, with permission from Elsevier.

DISCUSSION:
Nowadays, hAM is highly studied as an important source of scaffolding material due to its unique multilayered structural architecture and its content of growth factors and cytokines. There is intrinsic variability in hAM, attributed to differences between donors and subregional tissue differences16. Its applications have reached diverse areas of tissue repair; however, its direct augmentation can cause adverse immunological reactions due to allogeneic or xenogeneic components17. For this reason, subjecting the tissue to a decellularization process is fundamental to eliminate the donor’s native cells and obtain a natural scaffold that preserves structural, biochemical, and mechanical signals, while prioritizing minimal tissue manipulation and preservation of relevant original tissue characteristics; this is in accordance with guidelines issued by the Food and Drug Administration (FDA)18. Decellularization markedly reduced the residual DNA content of the hAM, from 1500–11500 ng per mg to 220 ± 35 (31–508) ng per mg of hAM matrix, representing an approximately 100-fold decrease in residual DNA while simultaneously maintaining extracellular matrix components. The biological response to different decellularization treatments also depends on the biological variability of the tissue. Following hAM decellularization, the residual DNA values exceeded the standard threshold of 50 ng per mg of dry tissue19. Therefore, it is difficult to refer to a universal value as a requirement for evaluating the effectiveness of the method based solely on residual components; however, the cellular response and interaction with the bioscaffold indicate that bioactive signals are successfully preserved after processing20.

The tensile behavior of lyophilized hAM reported here can be contrasted with the literature on amniotic membranes from human and animal sources. Testing human tissue in the hydrated state, Ashouri et al.21 found that chemical decellularization caused the lowest mechanical deterioration, with an ultimate tensile stress of approximately 3.55 MPa, nearly an order of magnitude below the 29.5 ± 10.9 MPa obtained here. This difference may be attributable to the hydration state, since the lyophilized specimens in the present study were assayed dry, a condition in which the collagen network is markedly stiffer. The role of hydration is illustrated by Fantaci et al.22, who measured 5.54 ± 0.52 MPa for lyophilized bovine membranes tested after rehydration, all of which endured five inflation cycles of 200 mmHg without rupture. Regarding tissue sources, native bovine and equine membranes reach tensile strengths of 2.79 and 2.46 MPa, respectively, above the approximately 0.9 MPa typical of human amnion, suggesting greater robustness for heterograft applications23, while decellularized bovine membrane retains a fibrillar, collagen-rich ECM architecture across protocols24. Together, these studies point to decellularization agents, hydration state, and tissue source as interacting factors that are likely to influence the mechanical response of amniotic membrane. While the elevated tensile values measured here are consistent with this view, systematic studies isolating each variable would help to confirm and refine it.

The gelation kinetics of the hAM hydrogels were characterized by a sigmoidal turbidity-time curve, from which the gelation time (tgel) and half-gelation time (t1/2) were determined as described in the protocol. From the same turbidimetric data, the fibril diameter and mass-to-length ratio of the fibers were calculated using the linear fit proposed by Yeromonahos13. Oscillatory rheometry provided G′ and the time at which the modulus reached a stable plateau. Together, these parameters describe the structural evolution of the fibrous system from the pre-gel state to the consolidation of a 3D fibrous network. The difference between the two characteristic times reflects the different observables of each technique rather than an inconsistency between them. Oscillatory rheometry probes the mechanical response of the sample, and G′ stabilized within a few minutes. Turbidimetry probes light scattering, which continued to evolve well after the mechanical response had stabilized, so that tgel corresponds to a later point in the process. A plausible explanation is that fibrillar growth and aggregation continue after the network already sustains a stable elastic response, although this was not verified independently in the present work. In addition, the two assays differ by an order of magnitude in sample volume (100 µL versus 1 mL), with associated differences in thickness, surface-to-volume ratio, and thermal equilibration. The two values are therefore complementary descriptors of the same process, each valid within its own technique.

During in situ gelation, G′ increased approximately threefold and remained above G″, and this relationship was maintained across the entire frequency range explored, with both moduli only weakly dependent on frequency. This behavior meets the criterion for a formed hydrogel and is consistent with reports on decellularized ECM and collagen hydrogels, in which G′ exceeds G″ over the full frequency range with minimal frequency dependence. The plateau of G′ was therefore adopted as the operational criterion for gel formation in this protocol. The rheological and structural properties of the hAM hydrogel developed here, with an ECM concentration of 8.4 mg/mL (0.84% w/v), are consistent with values reported for decellularized hAM hydrogels. Using a similar methodology (isothermal oscillatory time-sweep analysis at 1% strain and 1 Hz), with the gelation point defined as the crossover where G′ exceeds G″, Kafili et al. reported storage moduli scaling from 41.8 ± 2.5 Pa at 1% w/v to 896.2 ± 72.3 Pa at 3% w/v, with collagen-fiber diameters increasing from 56 ± 5 nm to 110 ± 14 nm over the same range25. The use of a different gelation criterion in that study, alongside the plateau criterion adopted here, illustrates that no single operational definition of the gel point is applied uniformly across the field, which should be considered when comparing characteristic times between reports. The storage modulus obtained here lies below that of their most diluted formulation, consistent with the lower ECM concentration used here and with the known softness of unreinforced decellularized hAM networks26. The G′/G″ ratio of approximately 4.5 places the hAM hydrogel within the range described for soft biological gels rather than strong gels, in which this ratio typically spans two orders of magnitude. The fibril diameter estimated from the Yeromonahos fit falls close to the reported range, and the turbidimetric analysis yielded a sigmoidal profile in agreement with decellularized amniotic membrane hydrogels25. A subsequent study will directly verify the fibril diameter by scanning electron microscopy (SEM), which will also allow the hypothesis of continued fibrillar growth after mechanical stabilization to be tested.

Following decellularization, achieving a balance between effective cell removal and preservation of the ECM is desirable. However, it is well recognized that all decellularization methods can alter the structural composition. The most common shortcomings include incomplete decellularization, loss of the structural or mechanical integrity of the ECM, and residual chemical compounds. Consequently, during recellularization of these scaffolds—biomeshes or hydrogels—cell viability may be compromised due to cytotoxicity, impaired cell adhesion, and loss of signaling molecules present in the ECM27. The decellularization process should therefore be optimized by carefully selecting the chemical agents and processing techniques according to the tissue being processed. Washing cycles, antibiotic use, and validation of residual components are essential for evaluating the success of the technique. The behavior of VK2/E6E7 cells on the decellularized hAM mesh was consistent with the presence of retained macromolecules, featuring higher metabolic activity compared with culture plastic and the cells’ ability to adapt to the scaffold’s fibrous topography.

On the hydrogel, the cells are exposed to a 3D fibrillar collagen matrix reconstituted in vitro in response to changes in the mixture’s conditions. The recellularization of these gel-state scaffolds and evaluation of cellular behavior present challenges. Batch-to-batch variability stemming from the natural origin of the mixture used to produce the hydrogels, as well as possible heterogeneity in the results, could be addressed through the use of crosslinking agents that help stabilize the molecular assembly and increase the stiffness of the resulting bioscaffold28. This variant applied to hAM hydrogels is currently under investigation. In addition, sample preparation in 3D hydrogels requires adjustment of staining times because, unlike in 2D culture, the collagen network limits the diffusion of reagents. This optimization is essential to achieve homogeneous and reliable labeling without compromising cellular integrity29. Here, after 2 days, the metabolic activity of VK2 cells on the hAM hydrogel was comparable to that of the 2D control, but the cells progressed toward spheroid-like structures, suggesting a more complex 3D organization. This finding is consistent with a previously reported collagen type I-coated microcarrier system (Cytodex), in which human vaginal epithelial cells formed 3D aggregates that promoted epithelial stratification and polarization, features considered desirable during epithelial morphogenesis. By contrast, Radwan-Praglowska et al. reported that VK2 cells did not proliferate in chitosan-based scaffolds; thus, it is plausible that certain scaffold components leached into the culture medium, thereby exerting an adverse effect on cell growth30. Sartoneva et al. described sustained viability and proliferation of primary vaginal epithelial cells on poly-L-lactide-co-ε-caprolactone scaffolds over a period of 14 days31. By day 7, the cellular distribution within the copolymer scaffold was homogeneous, with cells preferentially colonizing the porous regions; in contrast, by day 14, the epithelial cells had organized into a layered structure. Notably, this thermoplastic scaffold required a comparatively long culture period of 7–14 days to progress from porous-region colonization to a defined epithelial layer, whereas the hAM-derived mesh and gel scaffolds evaluated here elicited comparable or more advanced organization, including the transition toward spheroid-like structures on the hydrogel, within a markedly shorter timeframe. This contrast suggests that the native biochemical composition and fibrillar architecture retained after hAM decellularization provide cues that favor a faster epithelial response than those available in synthetic thermoplastic matrices. The findings indicating that decellularized hAM mesh and gel scaffolds support the metabolic activity, viability, and progressive 3D organization of VK2/E6E7 cells—even within a comparatively short evaluation period—underscore the relevance of both the scaffold’s biological origin and the cell type employed as determinants of vaginal epithelial cell behavior in tissue-engineered constructs. Early cellular organization opens new avenues for developing an in vitro model of human vaginal epithelium suitable for host-pathogen interaction studies. This prompts further investigation into whether the epithelial barrier can maintain its integrity and cellular polarization over time, for instance, by modulating the stiffness of the hAM scaffolds and evaluating long-term cultures.
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