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The efficacy of an implanted biomaterial is dependent on its ability to mitigate the foreign body response (FBR). Consequently, advancements in biomaterials design often focus on their immunomodulatory capability. Porous scaffolds have proven especially useful due to their capacity for cell infiltration and biomimicry of native tissues. Specifically, substrates with distinct microstructures have been shown to reduce fibrotic production and increase vascularization in vivo. Investigation of the direct relationship between FBR-implicated cell behavior and these materials, known as bicontinuous interfacially jammed emulsion gels (bijel)-templated materials (BTMs), has not yet been performed experimentally. In this study, we examine the influence of BTMs on the characteristics of human fibroblasts and assess the validity of existing computational results. The BTM, with its uniform pore size and negative Gaussian surface curvatures, is compared to the particle-templated material (PTM), which has constricting pore networks and variable surface curvature. Fibroblasts seeded into BTMs had less circular shapes, larger areas, increased motility, and reduced inflammation compared to cells seeded into PTMs. The specific behavior of cells within the PTM suggests that the reduction in migratory capability results from high local surface curvature. This corroborates previous computational work which predicted similar differences in cell shape and migration, as well as the influence of local curvature. These new experimental results provide key insights into the interaction between fibroblasts and biomaterial microstructure, prompting further investigation into the mechanisms behind these relationships.
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1 INTRODUCTION
The native biological response to implanted materials continues to limit the benefits of biomedical devices (Anderson et al., 2008; Ward, 2008; Mariani et al., 2019). While this reaction, called the foreign body response, is evolutionarily beneficial, modern medical advancements often seek to artificially manipulate it in order to maximize device efficacy (Veiseh et al., 2015; Chu et al., 2020; Kharbikar et al., 2021). This manipulation is achievable through many routes, including surface coatings (Xiao et al., 2023), biodegradable components (Chen et al., 2014), and drug delivery mechanisms (Fenton et al., 2018). Control solely by microstructural means, however, is particularly advantageous because it avoids concerns of chemical leeching or non-specific delivery of active molecules (Leong et al., 2013; Zhou et al., 2021). Physical control of the foreign body response is possible thanks to known relationships between cells, their reactions to physical biomaterial properties, and how those reactions contribute to the immune response. Some cell types have well-established relationships: macrophages reliably polarize to a pro-healing phenotype if they are forced to elongate (McWhorter et al., 2013), while fibroblasts exhibit more inflammation on surfaces with less roughness (Kim et al., 2015; Huang et al., 2022). Understanding the relationships between cells and more complex substrate features is of great interest in pursuit of improving the lifetime and efficacy of implantable devices. While in vivo studies often derive sufficient knowledge of the immune response to catapult these materials towards clinical use, the more broadly impactful, underlying fundamental insights are not always evaluated. This is in part due to the challenges associated with elucidating specific biological information from multi-faceted cell-material interactions. Computational modeling is a useful supplement to this end, as it allows initial investigation which can motivate in vitro study at low cost and with minimal resources.
One recent computational study by our group examined porous biomaterials and found that their curvature landscapes dictated the shape and migration behavior of generic cells (Gonthier et al., 2023). That study was motivated by a preceding in vivo investigation which demonstrated significant differences in the overall foreign body response between the tested scaffolds (Thorson et al., 2019). These studies examined two materials: the bicontinuous interfacially jammed emulsion gel (bijel)-templated material (BTM) (Stratford et al., 2005; Thorson et al., 2018) and the particle-templated material (PTM) (Bhrany et al., 2013; Sussman et al., 2014). The substrates were chemically equivalent and had the same pore size, thus differing only in pore morphology. The PTM is made simply by fusing together a volume of spherical particles and subsequently inverting it to create a material with spherical, interconnected pores (Thorson et al., 2018; Calleros et al., 2020) (Figures 1, 2A). Materials like the PTM have been shown previously to have a positive effect on foreign body response compared to non-porous materials and are currently being investigated by other groups for clinical applications (Sussman et al., 2014; Zhen et al., 2025). Notably, the pore throats at the interconnects are only 1/3 the diameter of the spheres (Sussman et al., 2014; Teng et al., 2014; Chan et al., 2022). In comparison, the BTM boasts continuous, relatively uniform pore size throughout the substrate volume, owed to the thermodynamic process by which its parent bijel is created. The bijel results from the spinodal decomposition of two partially miscible fluids with neutrally wetting particles at their interface (Lee and Mohraz, 2010; Lee et al., 2013; Witt et al., 2013). At a characteristic length, which can be controlled via the particle volume fraction, the interfacially-adsorbed particles jam and prevent any further demixing (Clegg et al., 2007). The resultant bijel structure has a relatively uniform pore diameter and a predominance of negative Gaussian (saddle-like) curvature (Casey, 1996) along its internal surfaces. By infiltrating one of the fluid phases with a monomer solution and photopolymerizing it, the unique morphological characteristics of the bijel template are retained in the resultant porous BTM (Figures 1, 2B).
[image: Diagram comparing BTM and PTM fabrication processes. BTM fabrication involves steps (A) to (E), starting with a mixture of water, lutidine, and nanoparticles, progressing through temperature change, monomer addition, polymerization, etching, and bleaching to result in a final BTM structure. PTM fabrication involves steps (F) to (J), starting with packing microparticles, progressing through temperature change, monomer addition, polymerization, microparticle dissolution, and bleaching, resulting in a final PTM structure. Each step includes inset images showing molecular or structural changes.]FIGURE 1 | Fabrication schematic for BTMs and PTMs. BTM fabrication is described in detail in Section 2.1.1 and is summarized in the depicted steps: (A) water, lutidine, and nanoparticle mixture is heated to achieve (B) a bijel structure, with nanoparticles at the interface. Then, (C) a monomer precursor solution is added and selectively partitions into one fluid phase. The sample is then polymerized, creating (D) a solid BTM with nanoparticles remaining at the interface. Finally, the sample is etched to remove the nanoparticles and bleached to remove excess dye, resulting in (E) a completed BTM. PTM Fabrication is described in detail in Section 2.1.2 and is summarized in the depicted steps: (F) microparticles are compacted into a cylinder and subsequently heated, causing (G) the microparticles to fuse together. Then, (H) a monomer precursor solution is added to fill in the remaining void phase. (I) The initial microparticles are dissolved away, and the final structure is bleached to remove excess dye, resulting in (J) a completed PTM.[image: Scanning electron microscope images of a BTM and a PTM. Image A of the PTM shows a material with rounded, spherical pores attached by small overlap regions. Image B of the BTM displays a material with a continuous, interconnected pore network. Both images are in grayscale.]FIGURE 2 | Porous substrates visualized via scanning electron microscopy. Poly (ethylene glycol) diacrylate samples of a (A) PTM and (B) BTM are pictured. Scale bar, 100 µm.When implanted in rodents, the BTM caused a comparatively positive foreign body response, characterized by less fibrosis around the implant, a higher ratio of pro-healing (M2) macrophages, and better cell infiltration into the implant depth, which are associated with better biomaterial integration and demonstrate translational relevance (Hannan et al., 2018). It is not known, however, which specific cell types are directly affected by the implant microstructure and in what way, in contrast to cell types which may only experience downstream effects or a combination thereof. The existing computational work suggests that generic cells in BTMs will migrate more and take on more complex cell shapes than cells in PTMs (Winkler et al., 2019; Gonthier et al., 2023). One required characteristic of the generic cell type used in the model is locomotion via actin-ratcheting. Fibroblasts are the ideal initial subject of investigation, then, because they satisfy the actin-ratcheting condition and are also a key player in the foreign body response. We specifically chose normal human dermal fibroblasts (NHDFs) for this study, because they are known to be sensitive to microenvironmental cues, including substrate stiffness and micropatterning (Figallo et al., 2007; Jiang et al., 2011; D’Urso et al., 2025). This study thus aims to provide the initial investigation into the nature of fibroblasts’ direct interaction with BTMs and PTMs, which will serve both to assess the experimental validity of existing computational predictions, as well as to guide future and cumulatively comprehensive results for other FBR-implicated cell types.
To study fibroblasts in vitro, we chose a pore size of 80 μm, which corresponds to a PTM pore throat diameter of 20–25 µm. Fibroblasts can extend for 100s of microns in length (Tai et al., 2022) and have nuclei on the order of 10 µm (Poignant et al., 2022). Thus, 80 µm substrates allowed us to investigate the effects of pore morphology while avoiding any purely physical hindrance which would prevent fibroblasts from interrogating the structures. We hypothesized that the fibroblasts, as main effectors in the foreign body response, would exhibit differences in shape and migration in response to the disparate curvatures of the two substrate morphologies. We suggest, then, that any subsequent differences in phenotype that arise are as a direct result of these morphological changes, providing new evidence into the cascade which caused an overall anti-inflammatory response in vivo. Rather than attempting to replicate in vivo conditions, this study serves as a mechanistic bridge between prior in vivo and computational work, demonstrating that fibroblasts themselves respond directly to substrate architecture. To achieve this examination, fibroblasts were seeded directly into BTM and PTM substrates made of the same polymer. Cells were evaluated for their shape, size, motility, and phenotype to directly measure the effect of pore morphology on metrics relevant to fibroblast function.
2 MATERIALS AND METHODS
2.1 Preparation of substrates
Fabrication schematics for both the BTM and the PTM are presented in Figure 1.
2.1.1 Bijel-templated material (BTM)
BTMs were formed following existing protocols (Thorson et al., 2018; 2019). Fluorescent silica nanoparticles were synthesized from Rhodamine B (Sigma-Aldrich) conjugated (3-aminopropyl) triethoxysilane (APTES, TCI America), tetraethyl orthosilicate (TEOS, Sigma-Aldrich), ethanol, and strong ammonium hydroxide solution (Fisher Chemical), using the Stöber synthesis method (van Blaaderen and Vrij, 1992). The formed particles were washed with deionized water via centrifugation three times (VWR Clinical 200). The particles were spread out on a glass Petri dish and dried in a vacuum oven (135 °C). The particles were continually dried until they reached a state of neutral wetting with respect to 2,6-lutidine and water. This neutral wetting property causes the particles to rest at the interface of the water-rich and lutidine-rich phases of the binary fluid mixture (White et al., 2011; Huang et al., 2017). In our protocol, particles were first ultrasonically dispersed (Branson Sonifier 250, Emerson) in water at a volume fraction of 2.5% v/v. Bijels were then formed by mixing the appropriate amount of the aqueous nanoparticle suspension with 2,6-lutidine to create a binary fluid mixture at its critical composition (lutidine mole fraction xL = 0.064), pipetting all of the mixture into a glass, cylindrical (5 mm diameter) holder, and rapidly heating it in a microwave for 30 s to initiate spinodal decomposition of the binary fluid mixture. The vessel was immediately capped with aluminum foil to prevent evaporation. The samples were placed in an oven for 5 min at 70 °C. A monomer solution of poly (ethylene glycol) diacrylate (Mn: 258 g/mol, Sigma-Aldrich) with 1% v/v photoinitiator (Darocur 1173©, Ciba Specialty Chemicals) was gently pipetted on the top surface of the bijel. The vessel was quickly recapped and placed in the 70 °C oven for 4 h. Once the polymeric solution had diffused throughout the lutidine-rich phase, the vessel was photopolymerized for 2 min (UV light, 100 W/cm2, λ = 320–390 nm). The resultant structure is a microporous polymeric substrate at a final composition of 36.2% v/v PEGDA. The BTM samples were washed in isopropyl alcohol and water and sliced into disks approximately 1 mm thick. To remove the silica particles from the internal surfaces of the substrate, samples were etched with hydrofluoric acid (HF) for 6 h. Samples were washed in an excess of water for a minimum of ten cycles to ensure full removal of the HF solution. Any residual Rhodamine B still adhered to the substrates was degraded by soaking in a sodium persulfate solution for at least 1 h (0.2 g/mL in water, Sigma-Aldrich) and irradiating with UV-light (100 W/cm2, λ = 320–390 nm) in 10-min intervals until the samples were optically white (Chen et al., 2012).
2.1.2 Particle-templated material (PTM)
PTMs were formed based on previous methods (Sussman et al., 2014; Thorson et al., 2019). A cylindrical vessel, 5 mm in diameter, was loaded with poly (methyl methacrylate) particles (PMMA, diameter = 75–90 μm, Cospheric). To help ensure a randomly close-packed arrangement of the particles, a 16-gauge needle was used to gently agitate the particles throughout the vessel volume, minimizing clumping or significant gaps. The samples were compacted into a particle bed using a syringe plunger (5 mm diameter). The samples were placed under vacuum for 5 min, before heating in an oven at 180 °C for 2 h to reach a particle-particle connection diameter of approximately 25 µm by fusing particles with their neighbors at the elevated temperature. After cooling to room temperature for 30 min, the fused particle bed was removed from the cylindrical vessel. A monomer solution containing 36.2% v/v PEGDA with 1% photoinitiator in 2,6-lutidine was prepared (see Section 2.1.1.) with the addition of 0.1 mg/mL Rhodamine B. This solution was pipetted onto the fused particles and photopolymerized as described previously (Section 2.1.1). Fully solidified samples were cut into disks approximately 1 mm thick and soaked overnight in ethyl acetate (Sigma-Aldrich) to dissolve the PMMA particles. Samples were washed multiple times in ethyl acetate and ethanol, before washing in ethanol-water mixtures of 50% and 70% (v/v). The disks were then soaked in a sodium persulfate solution (0.2 g/mL) for 1 h and UV-irradiated. Finished samples were washed at least 3 times in water, with sonication. The inclusion of Rhodamine B in the PTM monomer solution was designed to best match the BTM and PTM chemical states and post-processing steps, to the extent possible.
2.1.3 Substrate preparation for cell culture
Completed BTMs and PTMs were prepared for cell culture by a series of 5 wash steps in sterile 70% ethanol, with 5 min of sonication at each step. Samples were soaked in 70% ethanol overnight prior to introduction to a biosafety hood. The substrates were washed 3 times, with vigorous mixing, in sterile Dulbecco’s phosphate-buffered saline (PBS, +MgCl2 +CaCl2, Gibco) in a sterile cell culture hood. Substrates were then washed in supplemented Dulbecco’s Modified Eagle Medium (DMEM, Gibco), containing 1% v/v penicillin-streptomycin (P/S, Gibco) and 10% v/v fetal bovine serum (FBS, Sigma-Aldrich). The washing media was removed and each substrate was resubmerged in fresh culture media in individual plate wells. These samples were incubated (5% CO2, 37 °C) for 30 min preceding cell introduction.
2.2 Cell culture
2.2.1 Fibroblasts
Normal human dermal fibroblasts (NHDFs, adult, Lonza) were cultured in T-75 flasks with supplemented cell culture media (see Section 2.1.3). Cells were passaged at 70%–90% confluency, up to passage 15 per vendor recommendation and in line with existing studies (Kamiya et al., 2021; D’Urso et al., 2025). NHDFs were lifted using 0.05% trypsin (5 min, incubated). Cells were centrifuged at 300 g for 5 min prior to resuspension and plating (Eppendorf 5910 Ri). NHDFs were plated in glass-bottom 24-well plates (100,000 cells/well counted by hemocytometer).
2.2.2 Cell viability
BTM and PTM samples were added to each well, separated from direct cell contact by transwell constructs in order to study the effects of any molecules leaching from the substrates. Cells were stained for survival (Live/Dead cell imaging kit, ThermoFisher) and nuclei (NucBlue, Hoechst 33342, Invitrogen) according to manufacturer instructions after 48 h. Confocal images were taken (see Section 2.4.1) for total viability analysis. At least 1,000 total cells were measured per substrate type, from at least 3 separate samples. Separately, substrate samples were directly seeded with cells (see Section 2.3.1) and stained to provide visual confirmation of live cell presence within the substrates.
2.3 Cell-substrate studies
2.3.1 Cell seeding in substrates
First, NHDFs were lifted, centrifuged (see Section 2.2.1), and resuspended at high concentration (∼6 × 106 cells/mL). A volume of 8–15 µL was added to each substrate or well, seeding ∼80,000 cells each by pipetting small fractions of the total injection volume at various locations across the substrate surface. All BTMs, PTMs, and controls were seeded concurrently and with the same batch of cells, which had the same lot and passage number. Excess media was minimized to prevent significant spread of the liquid throughout the well. This helps to prevent cells from readily flowing out of the substrate and on to the glass. After incubation for 1 h to allow initial attachment, substrates were carefully transferred to new wells. An appropriate volume of media was added to each new well (e.g., 500 μL for a 24-well plate). Samples were further processed after incubation for 48 h.
Cells were also seeded on glass, without a substrate, to provide a control for cell health and behavior. By plating on planar, non-porous glass, any challenges arising from cell culturing methodology could be identified. The substrates of interest in this study are inherently three-dimensional, which is known to induce significantly different cell behavior than two-dimensional substrates (Li and Kilian, 2015; Duval et al., 2017). Given that the purpose of this investigation is to compare cell behavior in BTMs to cell behavior in PTMs, we emphasize only that comparison, and do not seek to characterize cell behavior in an absolute manner in comparison to an alternate two-dimensional control.
2.3.2 Migration
Samples for visualizing cell migration were prepared similarly to those described in Section 2.3.1., with some additional steps. Prior to lifting the cells, two drops of NucBlue (Hoechst 33342, Invitrogen) were added per mL of culture media, per manufacturer instruction, and the cells were incubated for 20 min. Cells were subsequently lifted and seeded into substrates. After 4 h of initial attachment, samples were inverted and moved to a 35 mm glass-bottom Petri dish (Alkali Scientific). The volume of excess media in this dish was optimized such that samples remained fully submerged throughout the duration of the study, but did not have enough room to be significantly jostled from their original position. This is necessary to allow the visualization of multiple regions over time per sample, without disrupting the sample positions upon x-y movement of the microscope stage.
Only the single nuclear stain was utilized for migration studies, in an effort to minimize the potential side effects and phototoxicity associated with live cell imaging (Magidson and Khodjakov, 2013; Daddysman et al., 2014; Reyes Lua et al., 2021). Migration studies were optimized for minimal loss due to procedure, while the fixed cell shape studies were performed separately. We note that these materials, while three-dimensional in nature, are isotropic. Thus any 2D compression for the presentation of data will not result in any loss of information which would differentiate the two substrates.
Migrating cells were quantified according to their maximum distance from their original location (radius from origin, r), as well as their total area of migration, which is defined as the minimum size bounding box which contains the entire migratory space. Let us consider 2 cells which have the same maximum radius from origin. Cell A only travels one path from the origin to a point at a distance R from origin. Cell B travels the same initial path as Cell A, but then migrates in the opposite direction, passing back through the origin, and arriving at a new point that is also a distance R from the origin. These 2 cells have the same maximum radius from origin, even though Cell B traveled much more than Cell A. The migration area metric accounts for this discrepancy, and would assign Cell B a migration area four times larger than the migration area for Cell A. However, let us also consider Cell C which migrates a distance 2R from its origin in one direction. Cell B and Cell C have the same migration area, despite the fact that Cell C traveled much farther away from its initial position. Together, these two metrics provide a contextualized look at not only overall migratory behavior, but also the tendency of cells to be trapped in one region.
2.3.3 Fluorescent staining for microscopy
In situ visualization was performed via actin filament (F-actin) and nuclei staining. Samples were moved to new wells and rinsed gently with sterile PBS. Cells were fixed for 15 min (Z-Fix, Cancer Diagnostics), prior to permeabilization for 12 min (0.1% Triton-X 100, Thermo Scientific) and blocking for 30 min (3% bovine serum albumin, ThermoFisher). Samples were washed in PBS three times between each step listed. The staining solution, applied for 30 min, contained AlexaFluor488 Phalloidin (1:800, Invitrogen) and 4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI, 1 μg/mL, Invitrogen). Completed samples were adjusted such that the injected surface was closest to the glass.
2.3.4 Cell retrieval and flow cytometry
Fibroblasts were retrieved from the substrates by incubating with 0.05% trypsin for 5 min. The contents of each well were mixed via pipetting multiple times, to dislodge as many cells as possible. The cell suspension was transferred to a microcentrifuge tube and spun at 400 g for 5 min. Each subsequent step was followed by 3 washing steps, via centrifugation in flow buffer (PBS with 1% FBS). Samples were gently resuspended in 400 µL of flow buffer and an equal volume of Z-Fix and left for 15 min. A combined permeabilization and blocking step followed, via a solution containing 0.1% Triton-X 100% and 3% FBS, for 12 min. Primary mouse anti-α-SMA monoclonal antibody (1:200, Invitrogen), was added for 45 min. Then, secondary antibody, goat anti-mouse Cy5 (1:200, Invitrogen), and actin stain AlexaFluor488 Phalloidin (1:800) were added for 30 min. Samples for phenotype controls were seeded onto plain glass and cultured for 24 h in media containing a reduced 5% FBS. Cells were exposed to either 0 ng/mL TGF-β or 15 ng/mL TGF-β (R&D Systems) for 24 h. These cells were then subjected to the staining procedure described above. All samples were washed, covered, and stored in flow buffer.
Flow cytometry was performed on a 4-Laser NovoCyte Quanteon Flow Cytometer System (Agilent). Proper gating was determined by first measuring unstained, minimally processed cells cultured on glass. The apparent gates for that cell population were then compared to cells stained for their actin (AlexaFluor488 Phalloidin, Invitrogen) and nuclei (NucSpot 650, Biotium). The expected region on the forward scatter versus side scatter (FSC-SSC) plot correlated well to regions of varied size and similar fluorescence (nuclei) as well as regions with a linear size-fluorescence relationship (actin). Flow cytometry results were recorded as the median fluorescence per sample for a minimum of 1,000 cells. Results are displayed normalized to the control (glass) median, with representative plots of the fluorescence versus count.
2.4 Microscopy and analysis
2.4.1 Confocal microscopy
All samples were prepared on glass bottom plates (#1.5H cover glass, Cellvis) unless otherwise specified. Images were collected via Olympus Fluoview 3000 using UPLXAPO-4X, UPLXAPO-10X, and UPLXAPO-20X objective lenses. Excitation lasers of 405-nm and 488-nm were used, with detection bandwidths of approximately 50 nm. The imaging window was defined as the x-y plane. The main window size was typically 636.4 × 636.4 µm2, corresponding to 1024 × 1024 pixels2. All images of substrates were taken as z-stacks, with the step size optimized via the native Olympus software. Samples containing live cells were kept at 37 °C and 5% CO2 via Tokai Hit on-stage incubator. Migration samples were imaged for 18 total hours with a 90-min time step, utilizing the z-drift compensation (ZDC) feature and the multi-area time lapse (MATL) feature. Track length for migrating cells averaged 16.8 h for the BTM and 16.1 h for the PTM, a difference which is not statistically significant (p > 0.05). More than 80% of all included tracks were recorded for ≥ 15 h, with a minimum track length of 9 h. Imaging regions were selected that contained cells which did not physically interact with one another or with the sample edge. All visible cells meeting these conditions were imaged in each sample, with the same magnification and step size.
2.4.2 Image post-processing
Microscopy images (.oir) were opened via the Bio-Formats importer in FIJI (Schindelin et al., 2012). All processing described below was subjected to manual review and adjustment where necessary. Cell viability counts were taken via the Find Maxima function (prominence >1,200, remove outlier < 2 pixels). To obtain cell shapes, image volumes were projected onto a single x-y plane (Z Project, maximum intensity in FIJI) and binarized in the actin channel. The 2D cell shape outlines were connected where necessary and filled in to create solid binary objects. Cell perimeter (P) and area (A) were measured in MATLAB (R2024b) with the RegionProps function (The MathWorks Inc., 2024). Circularity was calculated as:
Circularity=4πAP2
Where Circularity = 1 for a perfect circle. Cells represented in the morphological study come from three unique experiments, with at least three sample replicates per experiment. Due to the isotropic nature of both substrates, analysis in 2D is sufficient to examine our cellular properties of interest, and no unique information will be lost in the arbitrary third dimension. Substrate pore size distribution was measured on z-stacks which were resliced to achieve cubic voxels. Resultant images were binarized, despeckled, and outliers were removed (bright and dark, <5 µm). Final z-stacks were analyzed via PoreSpy software in Anaconda Online (Gostick et al., 2019). Migration analysis was performed on maximum intensity z-projections of the nuclei channel (2D), manually or with the TrackMate plug-in where applicable (Tinevez et al., 2017; Ershov et al., 2022). Analysis of migration in 2D is justified due to the isotropic nature of both substrates and the lack of any imposed gradient which could bias migratory direction, similar to existing studies (Ray et al., 2017; Li et al., 2025).
2.5 Materials characterization
Samples for characterization were washed in water and dried. Scanning electron microscopy (SEM, FEI Magellan 400 XHR SEM) was performed on samples sputter-coated with 6 nm of iridium at a 6 mm working distance and 10 kV excitation voltage. Energy dispersive x-ray spectroscopy (EDS) was performed with an attached Oxford Ultim detector. Peak identification and weight percent calculations were completed in Aztec. Three EDS detection points were measured per individual sample to confirm sample homogeneity. Final reported analysis was measured on three distinct samples from different batches, in line with existing work (De Vega et al., 2024). Fourier Transform Infrared Spectroscopy (FTIR) was performed on a Thermo Scientific Nicolet iS5 with iD5 ATR attachment (attenuated total reflectance). Spectra were baseline-corrected and then normalized using the OMNIC native Normalize function for easier spectra comparison.
2.6 Statistical methods
Statistical tests were performed in OriginPro (OriginLab, Version 2025) and Microsoft Excel (Data Analysis ToolPak). Statistical significance was considered when p < 0.05. Data was assessed for normality prior to significance testing (Shapiro-Wilk test, p < 0.05). All cell viability and phenotype controls were normally distributed and thus compared using two sample t-tests, with the assumption of equal (viability) or unequal (phenotype controls) variance as defined by the F-test of equality for variances. The remaining comparisons were made with the Mann-Whitney U test. Specific information is available in the respective figure captions. EDS data is presented as mean ± standard deviation.
3 RESULTS
3.1 Substrate characterization
Representative SEM images of a BTM and a PTM sample are shown in Figure 2 as visual demonstration of the differences in pore morphology between the two substrates. The PTM has pores with highly variable diameter and internal curvature, due to the small pore throats which connect the spherical cavities (Figure 2A). In contrast, BTMs have continuous pore networks with saddle-like (negative Gaussian) curvatures at all internal surfaces (Figure 2B). The pore size distributions of representative BTM and PTM samples had comparable means (Supplementary Figure S1A), in line with previous analysis of these materials (McDevitt et al., 2019). This analysis on representative substrates demonstrates the similarity in average pore size between the two materials, which is the primary characteristic of interest pertaining to our downstream analysis of individual cell interactions with these substrates. The slight differences in the shape of the distributions is expected. The PTM is formed from relatively homogeneous spheres, while the BTM relies on the thermodynamic process of bijel formation. Previous reports have shown that, for the system utilized herein, bijels with pore sizes approaching 100 µm become less stable and more variable (Herzig et al., 2007), thought to arise from gravitational breakdown of the structure at large pore size due to the finite mechanical strength of a particle monolayer (Lee and Mohraz, 2010; Witt et al., 2013).
The chemical composition of the substrates was analyzed via EDS and FTIR-ATR. The BTM and PTM are made from the same monomer precursor solution, are subjected to the same polymerization steps, and experience nearly identical post-processing steps; thus we expect all bulk properties resulting from synthesis and processing to be the same. Characterization of these materials therefore emphasizes confirming that the one differing step, the removal of silica nanoparticles via HF on BTMs, does not result in any meaningful differences between the two materials. Successful removal of the silica particles has previously been confirmed (Lee and Mohraz, 2010), which is re-affirmed here by a lack of silicon signal in EDS. There is also no measurable fluorine signal, supporting the successful washing of all residual HF. The full EDS results are presented as average weight percents ± standard deviation: BTM: C = 65.4 ± 0.3%, O = 34.6 ± 0.3%, Na = 0.1 ± 0.1%, and PTM: C = 66.6 ± 0.3%, O = 33.3 ± 0.3%, Na = 0.1 ± 0.2%. These results (<2% difference) do not suggest any significant differences between the chemical makeup of the two samples, especially in light of known limitations of EDS on non-flat surfaces (Della Bona et al., 2007; Newbury and Ritchie, 2014; Miculescu et al., 2020; Shirley and Jarochowska, 2022). The carbon and oxygen can be attributed to the main PEGDA polymer, while the residual sodium content can be attributed to the Rhodamine B degradation agent. The presence of this amount of sodium would not be expected to influence cells, which is supported by the viability results described below. FTIR-ATR analysis (Supplementary Figure S1B) showed expected and matching peak locations in the C-H, C-O, C=C, C=O, and O-H regions for both samples. Differences in intensity, particularly in the fingerprint region, are believed to arise from slight differences in contact quality due to the porous nature of the materials.
Cell viability measurements for cells cultured in a substrate-containing environment, but without direct contact (transwell), showed >90% viability across all samples and replicates, with no statistically significant differences between any two groups (N = 3, p > 0.05). This demonstrates the lack of any significant leaching molecules which may influence cell behavior. Notably, the lack of significant difference in this cytotoxicity study, in conjunction with a 0% fluorine EDS signal, further support that the HF etching step, which is the only treatment step that differs between the two substrates, does not introduce any discrepancy in properties between the two substrates. Cells seeded within substrates were live/dead stained to qualitatively confirm that cells also survive within the substrates. Representative images are shown in Supplementary Figure S2. These images also demonstrate that rounder cells found in these substrates are living, an important point when analyzing cells for their morphology and migration in later sections. Cell adhesion to the substrates is believed to arise from non-specific serum protein adsorption, as seen in existing work (Sun et al., 2014; Swartzlander et al., 2014). Because of the identical precursor chemistries, parallel preparation procedures, and existing characterization data, the composition and quantity of adsorbed proteins are expected to be comparable across both materials. Dead cells were generally not visible within either substrate, despite being visible in the transwell study which was performed with the same procedure, suggesting that cells which do not adhere or die fall out or are washed away during processing.
3.2 Cell shape and size in situ
The shape of NHDFs within the substrates are shown in Figure 3. Representative maximum intensity z-projections are displayed alongside a set of the analyzed cell shapes in each sample, colorized according to their circularity. Cells within the PTM appear more circular than cells in the BTM which appear to elongate and adapt highly anisotropic shapes throughout the material (Figure 3A). Fibroblasts were considered for shape and area analysis only if they were at least a few microns past the cut surface of the material to minimize wall effects. Quantification of the circularity (Figure 3B) and area (Figure 3C) of the fibroblasts revealed statistically significant lower circularity and higher area for cells interacting with the BTM (N = 30, **p < 0.01).
[image: Three-panel figure comparing cell shape characteristics in BTMs vs PTMs. Panel A shows fluorescence images of cells on BTM and PTM substrates, highlighting actin in green and nuclei in blue. Adjacent are cell shape outlines color-coded by circularity. Panel B displays a box plot comparing cell circularity between BTM and PTM, with PTM having higher circularity. Panel C presents a box plot comparing cell area, with BTM showing larger cell areas. Statistically significant differences are indicated.]FIGURE 3 | Substrate morphology influences cell shape metrics. (A) Confocal microscopy images of cells within each material (left) alongside enlarged, to relative scale, depictions of the resultant cell shapes (right), colorized according to their circularity. (B) Circularity and (C) cell area quantifications reveal significant differences between cells in BTMs versus PTMs (N = 30, **p < 0.01). Scale bar, 100 µm.3.3 In situ migration
The migratory paths of measured cells are included in Figure 4A, with example cell paths traced in microscopy images (left) and all paths displayed (right), adjusted such that the origin of each path is at (0,0). The quantification metrics of both radius from origin (Figure 4B) and migration area (Figure 4C) showed statistically significant differences (N = 31, **p < 0.01) between the two porous substrates. Cells in BTMs tended to migrate across greater overall areas and further from their initial locations. Cells in PTMs tended to move much less overall, and those that did migrate tended to remain in their initial spherical pore (Figure 4A, bottom left). Example paths and quantified metrics for fibroblasts on glass are provided in the supplement (Supplementary Figure S3). The analysis of cells on glass is included as demonstration of recognizable and expected cell behavior, but is not intended to provide an absolute comparison to the 3D porous substrates, given previously established differences in cell behavior on 2D versus 3D constructs (Li and Kilian, 2015; Duval et al., 2017).
[image: Three-panel figure comparing BTM and PTM migration data. Panel A: fluorescence microscopy images with paths of migration shown in different colors, alongside graphs of all migration paths plotted on X and Y axes (micrometers) for BTM and PTM. Panel B: box plot comparing radius from origin values (micrometers) for BTM and PTM, with BTM showing higher average value and variance. Panel C: box plot comparing migration area (square micrometers) for BTM and PTM, indicating larger areas for BTM. Significant differences are marked with asterisks.]FIGURE 4 | Migration of fibroblasts in porous substrates. (A) Exemplary paths in the substrates are shown (left) alongside all migration paths (right) for each substrate. Quantification metrics of (B) radius from origin (r) and (C) total migration area reveal significant differences in migration behavior (N = 31, **p < 0.01). Outliers for the BTM in (B) at 191 µm and (C) at 9,486 μm2 are not shown. Scale bar, 50 µm.3.4 Cell phenotype
Phenotype of NHDFs was determined by staining for the commonly utilized fibroblast-to-myofibroblast marker αSMA, quantified via flow cytometry (Negmadjanov et al., 2015; Witherel et al., 2019; D’Urso and Kurniawan, 2020). Fibroblasts contribute significantly to the foreign body response via excess extracellular matrix deposition. We therefore use αSMA as a marker of fibroblast activation and pro-fibrotic remodeling, which is closely associated with sustained, downstream inflammatory signaling. The utility of this experiment was confirmed by testing intentionally induced (via TGF-β) and uninduced cells, which revealed significantly higher αSMA expression in the induced samples (N = 4, **p < 0.01) (Supplementary Figure S4). Results for cells on the BTM and PTM substrates revealed higher αSMA expression for cells in the PTM (N = 10, **p < 0.01) compared to the BTM (Figure 5). Both the BTM and PTM also showed statistically significant lower αSMA expression than the cells on glass, which can be attributed to the well-established relationship between stiffness and fibroblast phenotype (Shinde et al., 2017; Wang et al., 2021; Caracena et al., 2022).
[image: Panel A shows a line graph with αSMA expression (Cy5 fluorescence) on the x-axis and count on the y-axis for one representative sample each of Glass, BTM, and PTM, each represented by different colors. Panel B displays a box plot comparing normalized αSMA expression across all Glass, BTM, and PTM samples, with significant differences marked by asterisks.]FIGURE 5 | Inflammatory marker expression of fibroblasts in porous substrates. (A) A representative histogram showing the fluorescence versus count spectrum of one sample for each substrate type. (B) Cumulative results for all samples showing statistically different expression between each pair of samples (N = 10, **p < 0.01).4 DISCUSSION
Fibroblasts were seeded in bijel-templated materials (BTMs) and particle-templated materials (PTMs) and examined after 48 h. This report marks the first in vitro analysis of cell behavior and phenotype in these uniquely porous materials with characteristic features at 80 µm. The results presented herein reveal that with matched material composition and comparable pore size, BTM and PTM architecture alone meaningfully influence cell shape, migration, and phenotype. The equivalence in chemistry and processing conditions used here suggests that pore architecture is the primary factor driving the observed differences. This work, then, is also the first to experimentally validate previous computational results, which predicted significant differences between cell behavior within BTMs and PTMs, driven by their disparate pore landscapes.
Fibroblasts interacting with the continuous pore structure and negative Gaussian curvature of a BTM have less circular shapes and larger areas than those interacting with the spherically interconnected pores of the PTM. This result suggests that fibroblasts cannot easily adhere and spread along the PTM pore curvature. The cell shape difference is in agreement with our existing computational predictions that cells within BTMs would take on more complex, anisotropic shapes than those in PTMs (Gonthier et al., 2023). In addition, despite the fact that the characteristic feature size of these scaffolds was specifically chosen to preclude a size exclusion effect, fibroblasts in the PTM structure appear to remain in one spherical pore. Geometrically, a fibroblast and its nucleus can easily fit through the PTM pore throats. Their tendency not to, then, suggests that the high local surface curvature at the pore throats is itself a deterrent to migration. This is further supported by specific migratory paths of fibroblasts within the PTM that do appear motile. Despite constant motion, these cells only traverse the region of their spherical pocket between the interconnects, seemingly moving away from the pore throats if they get too close (Figure 4A, bottom left). This behavior is very well aligned with the previously reported computational modeling prediction by our group, which showed that cells which locomote via actin-ratcheting respond to the high pore throat curvature by retreating back into their initial sphere (Gonthier et al., 2023). In contrast, the uniform curvature of the BTM does not appear to significantly impede migration. Fibroblasts in the BTM have a variety of apparent motilities, consistent with the heterogeneity of a general population (Parker et al., 2023), with the ability to traverse much larger distances beyond that of a single pore region. These changes to the physical behavior of fibroblasts are, based on our results, correlated to the measured difference in inflammatory expression. The curvature-motivated confinement of fibroblasts within the PTM results in higher inflammatory expression measured by αSMA, in comparison to the openly passable and continuous pore structure of the BTM.
In light of this first experimental evidence that fibroblasts experience a direct, measurably different effect from BTM and PTM pore structures, we propose three potential mechanisms by which their pore morphology contributes to the overall fibrotic response previously seen in vivo. First, that the concave, spherical pores of the PTM not only confine fibroblasts as demonstrated by their reduced spread and minimal migration, but also that these traits are indicative of increased cellular tension (Werner et al., 2017; Yang et al., 2022), which is associated with higher αSMA expression (Shinde et al., 2017). Second, the ability of fibroblasts to migrate within the BTM allows cells which were recruited in response to wound formation to traverse or exit the material freely. This is in contrast to the PTM, whose migration-limiting structure may entrap fibrotic cells, prolonging or worsening the local effect of their response. Lastly, that the apparent anti-inflammatory surface curvature of the BTM helps prevent terminally fibrotic myofibroblasts, which are central drivers of excessive fibrosis (Hannan et al., 2018).
The straightforward analyses of cell characteristics induced by porous biomaterials presented here provide a first look at how these distinct structures directly influence the behavior of one cell type involved in the complex foreign body response cascade. These results, further supported by their matching computational predictions, prompt numerous opportunities for further exploration, particularly into the theories presented above that connect the observed fibroblast shape and migration patterns with the overall foreign body response seen previously. Future experiments focusing on the mechanistic pathways involved in the observed fibroblast response are also warranted, including the roles of YAP/TAZ nuclear translocation, integrin β1 expression, or myosin light chain phosphorylation, all of which are implicated in myofibroblast activation and cellular mechanotransduction (Thannickal et al., 2003; Leask, 2013; Liu et al., 2015; Lin et al., 2016; Cheng et al., 2023). In addition, the direct, measurable difference in cell characteristics seen in fibroblasts suggests potential direct effects of BTM morphology on other cell types involved in the FBR, as well as paracrine signaling relationships downstream of fibroblasts. Answering these questions, informed by the existing data at the in vivo level and with the support of computational studies, will advance our understanding of fundamental cell-biomaterial interactions and pave the way for the design of future implantable biomaterials with inherent anti-fibrotic effects.
5 CONCLUSION
Fibroblast responses to the morphological properties of porous biomaterials are presented. Substrates templated from bijels (BTMs) have uniform and continuous pore morphologies, which positively influence the inflammatory response. BTM-seeded fibroblasts are less circular, more migratory, and less inflamed than fibroblasts seeded into substrates with non-uniform pore structures. These results suggest a direct relationship between physical characteristics induced by the BTM’s internal structure and fibroblast motility and phenotype, further supported by existing computational predictions. Continuing work should focus on the potential direct effects on other involved cell types, the stability of these results in the presence of chemokine factors found in wound-healing environments, discernment of the mechanisms responsible for the characteristics reported, and the potential combined contributions at other length scales, such as nanoscale roughness. A comprehensive understanding of this unique cell-biomaterial interaction would provide great utility in the future design of implantable biomaterials.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
AG: Data curation, Formal analysis, Investigation, Methodology, Validation, Visualization, Writing – original draft, Writing – review and editing. EB: Conceptualization, Investigation, Project administration, Supervision, Validation, Writing – review and editing. AM: Conceptualization, Funding acquisition, Investigation, Project administration, Supervision, Validation, Writing – review and editing.
FUNDING
The authors declare that financial support was received for the research and/or publication of this article. Funding for this study was provided by the Juvenile Diabetes Research Foundation (3-SRA-2019-67-S-B), NASA Research Opportunities in Complex Fluids and Macromolecular Biophysics Program (80NSSC21K0897), and a GAANN Fellowship to AG from the Department of Education. SEM and EDS work was performed using instrumentation funded in part by the National Science Foundation Center for Chemistry at the Space-Time Limit (CHE-0802913). Use of confocal microscope Fluoview3000 (Olympus) inside the Edwards Lifesciences Foundation Cardiovascular Innovation and Research Center was supported by (NIH 1S10OD025064-01A1).
ACKNOWLEDGEMENTS
The authors acknowledge the use of facilities and instrumentation at the UC Irvine Materials Research Institute (IMRI), which is supported in part by the National Science Foundation through the UC Irvine Materials Research Science and Engineering Center (DMR-2011967).
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 authors 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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2025.1709302/full#supplementary-material
REFERENCES
	Anderson, J. M., Rodriguez, A., and Chang, D. T. (2008). Foreign body reaction to biomaterials. Semin. Immunol. 20, 86–100. doi:10.1016/j.smim.2007.11.004

	Bhrany, A. D., Irvin, C. A., Fujitani, K., Liu, Z., and Ratner, B. D. (2013). Evaluation of a sphere-templated polymeric scaffold as a subcutaneous implant. JAMA Facial Plast. Surg. 15, 29–33. doi:10.1001/2013.jamafacial.4

	Calleros, E. L., Simonovsky, F. I., Garty, S., and Ratner, B. D. (2020). Crosslinked, biodegradable polyurethanes for precision-porous biomaterials: synthesis and properties. J. Appl. Polym. Sci. 137, 48943. doi:10.1002/APP.48943

	Caracena, T., Blomberg, R., Hewawasam, R. S., Fry, Z. E., Riches, D. W. H., and Magin, C. M. (2022). Alveolar epithelial cells and microenvironmental stiffness synergistically drive fibroblast activation in three-dimensional hydrogel lung models. Biomater. Sci. 10, 7133–7148. doi:10.1039/D2BM00827K

	Casey, J. (1996). “Gaussian curvature,” in Exploring curvature (Wiesbaden: Vieweg+Teubner Verlag), 223–232. doi:10.1007/978-3-322-80274-3_16

	Chan, N. R., Hwang, B., Ratner, B. D., and Bryers, J. D. (2022). Monocytes contribute to a pro-healing response in 40 μm diameter uniform-pore, precision-templated scaffolds. J. Tissue Eng. Regen. Med. 16, 297–310. doi:10.1002/TERM.3280

	Chen, X., Xue, Z., Yao, Y., Wang, W., Zhu, F., and Hong, C. (2012). Oxidation degradation of rhodamine B in aqueous by UV/S2O8 2− treatment system. Int. J. Photoenergy 2012, 754691–754695. doi:10.1155/2012/754691

	Chen, Y., Xu, Z., Smith, C., and Sankar, J. (2014). Recent advances on the development of magnesium alloys for biodegradable implants. Acta Biomater. 10, 4561–4573. doi:10.1016/j.actbio.2014.07.005

	Cheng, B., Li, M., Wan, W., Guo, H., Genin, G. M., Lin, M., et al. (2023). Predicting YAP/TAZ nuclear translocation in response to ECM mechanosensing. Biophys. J. 122, 43–53. doi:10.1016/J.BPJ.2022.11.2943

	Chu, C., Liu, L., Rung, S., Wang, Y., Ma, Y., Hu, C., et al. (2020). Modulation of foreign body reaction and macrophage phenotypes concerning microenvironment. J. Biomed. Mater Res. A 108, 127–135. doi:10.1002/JBM.A.36798

	Clegg, P. S., Herzig, E. M., Schofield, A. B., Egelhaaf, S. U., Horozov, T. S., Binks, B. P., et al. (2007). Emulsification of partially miscible liquids using colloidal particles: nonspherical and extended domain structures. Langmuir 23, 5984–5994. doi:10.1021/la063707t

	Daddysman, M. K., Tycon, M. A., and Fecko, C. J. (2014). Photoinduced damage resulting from fluorescence imaging of live cells. Methods Mol. Biol. 1148, 1–17. doi:10.1007/978-1-4939-0470-9_1

	De Vega, B., Dutta, A., Mumtaz, A., Schroeder, B. C., Gerrand, C., Boyd, A. S., et al. (2024). Comparative analysis of solvent-based and solvent-free (melting) methods for fabricating 3D-printed polycaprolactone-hydroxyapatite composite bone scaffolds: physicochemical/mechanical analyses and in vitro cytocompatibility. Front. Bioeng. Biotechnol. 12, 1473777. doi:10.3389/FBIOE.2024.1473777

	Della Bona, A., Donassollo, T. A., Demarco, F. F., Barrett, A. A., and Mecholsky, J. J. (2007). Characterization and surface treatment effects on topography of a glass-infiltrated alumina/zirconia-reinforced ceramic. Dent. Mater. 23, 769–775. doi:10.1016/J.DENTAL.2006.06.043

	Duval, K., Grover, H., Han, L. H., Mou, Y., Pegoraro, A. F., Fredberg, J., et al. (2017). Modeling physiological events in 2D vs. 3D cell culture. Physiology 32, 266–277. doi:10.1152/PHYSIOL.00036.2016/

	D’Urso, M., and Kurniawan, N. A. (2020). Mechanical and physical regulation of fibroblast–myofibroblast transition: from cellular mechanoresponse to tissue pathology. Front. Bioeng. Biotechnol. 8, 609653. doi:10.3389/fbioe.2020.609653

	D’Urso, M., van den Bersselaar, P., Pragnere, S., Maiuri, P., Bouten, C. V. C., and Kurniawan, N. A. (2025). Substrate stiffness modulates phenotype-dependent fibroblast contractility and migration independent of TGF-β stimulation. Mechanobiol. Med. 3, 100158. doi:10.1016/J.MBM.2025.100158

	Ershov, D., Phan, M.-S., Pylvänäinen, J. W., Rigaud, S. U., Le Blanc, L., Charles-Orszag, A., et al. (2022). TrackMate 7: integrating state-of-the-art segmentation algorithms into tracking pipelines. Nat. Methods 19, 829–832. doi:10.1038/s41592-022-01507-1

	Fenton, O. S., Olafson, K. N., Pillai, P. S., Mitchell, M. J., Langer, R., Fenton, O. S., et al. (2018). Advances in biomaterials for drug delivery. Adv. Mater. 30, 1705328. doi:10.1002/ADMA.201705328

	Figallo, E., Flaibani, M., Zavan, B., Abatangelo, G., and Elvassore, N. (2007). Micropatterned biopolymer 3D scaffold for static and dynamic culture of human fibroblasts. Biotechnol. Prog. 23, 210–216. doi:10.1021/BP0602092

	Gonthier, A. R., Botvinick, E. L., Grosberg, A., and Mohraz, A. (2023). Effect of porous substrate topographies on cell dynamics: a computational Study. ACS Biomater. Sci. Eng. 9, 5666–5678. doi:10.1021/acsbiomaterials.3c01008

	Gostick, J. T., Khan, Z. A., Tranter, T. G., Kok, M. D. r., Agnaou, M., Sadeghi, M., et al. (2019). PoreSpy: a python toolkit for quantitative analysis of porous media images. J. Open Source Softw. 4, 1296. doi:10.21105/JOSS.01296

	Hannan, R. T., Peirce, S. M., and Barker, T. H. (2018). Fibroblasts: diverse cells critical to biomaterials integration. ACS Biomater. Sci. Eng. 4, 1223–1232. doi:10.1021/acsbiomaterials.7b00244

	Herzig, E. M., White, K. A., Schofield, A. B., Poon, W. C. K., and Clegg, P. S. (2007). Bicontinuous emulsions stabilized solely by colloidal particles. Nat. Mater 6, 966–971. doi:10.1038/nmat2055

	Huang, C., Forth, J., Wang, W., Hong, K., Smith, G. S., Helms, B. A., et al. (2017). Bicontinuous structured liquids with sub-micrometre domains using nanoparticle surfactants. Nat. Nanotechnol. 12, 1060–1063. doi:10.1038/nnano.2017.182

	Huang, S., Chen, Y., Zhu, Q., Zhang, Y., Lei, Z., Zhou, X., et al. (2022). In vivo and in vitro fibroblasts’ behavior and capsular Formation in correlation with smooth and textured silicone surfaces. Aesthetic Plast. Surg. 46, 1164–1177. doi:10.1007/S00266-022-02769-Y

	Jiang, Y., Lu, S., and Zeng, Y. (2011). Dermal fibroblast behaviour on micropatterned substrates with different pattern geometries. J. Tissue Eng. Regen. Med. 5, 402–409. doi:10.1002/TERM.332

	Kamiya, Y., Odama, M., Mizuguti, A., Murakami, S., and Ito, T. (2021). Puerarin blocks the aging phenotype in human dermal fibroblasts. PLoS One 16, e0249367. doi:10.1371/JOURNAL.PONE.0249367

	Kharbikar, B. N., Chendke, G. S., and Desai, T. A. (2021). Modulating the foreign body response of implants for diabetes treatment. Adv. Drug Deliv. Rev. 174, 87–113. doi:10.1016/J.ADDR.2021.01.011

	Kim, S. S., Wen, W., Prowse, P., and Hamilton, D. W. (2015). Regulation of matrix remodelling phenotype in gingival fibroblasts by substratum topography. J. Cell Mol. Med. 19, 1183–1196. doi:10.1111/JCMM.12451

	Leask, A. (2013). Integrin β1: a mechanosignaling sensor essential for connective tissue deposition by fibroblasts. Adv. Wound Care (New Rochelle) 2, 160–166. doi:10.1089/WOUND.2012.0365

	Lee, M. N., and Mohraz, A. (2010). Bicontinuous macroporous materials from bijel templates. Adv. Mater. 22, 4836–4841. doi:10.1002/adma.201001696

	Lee, M. N., Thijssen, J. H. J., Witt, J. A., Clegg, P. S., and Mohraz, A. (2013). Making a robust interfacial scaffold: bijel rheology and its link to processability. Adv. Funct. Mater 23, 417–423. doi:10.1002/adfm.201201090

	Leong, M. C., Vedula, S. R. K., Lim, C. T., and Ladoux, B. (2013). Geometrical constraints and physical crowding direct collective migration of fibroblasts. Commun. Integr. Biol. 6, e23197. doi:10.4161/CIB.23197

	Li, Y., and Kilian, K. A. (2015). Bridging the gap: from 2D cell culture to 3D microengineered extracellular matrices. Adv. Healthc. Mater 4, 2780–2796. doi:10.1002/ADHM.201500427

	Li, B., Fu, Q., Lu, Y., Chen, C., Zhao, Y., Zhao, Y., et al. (2025). 3D hydrogel platform with macromolecular actuators for precisely controlled mechanical forces on cancer cell migration. Nat. Commun. 16 (16), 4831. doi:10.1038/s41467-025-60062-3

	Lin, Y. C., Sung, Y. K., Jiang, X., Peters-Golden, M., and Nicolls, M. R. (2016). Simultaneously targeting myofibroblast contractility and extracellular matrix cross-linking as a therapeutic concept in airway fibrosis. Am. J. Transplant. 17, 1229–1241. doi:10.1111/AJT.14103

	Liu, F., Lagares, D., Choi, K. M., Stopfer, L., Marinković, A., Vrbanac, V., et al. (2015). Mechanosignaling through YAP and TAZ drives fibroblast activation and fibrosis. 308, L344–L357. doi:10.1152/AJPLUNG.00300.2014

	Magidson, V., and Khodjakov, A. (2013). Circumventing photodamage in live-cell microscopy. Methods Cell Biol. 114, 545–560. doi:10.1016/B978-0-12-407761-4.00023-3

	Mariani, E., Lisignoli, G., Borzì, R. M., and Pulsatelli, L. (2019). Biomaterials: foreign bodies or tuners for the immune response?Int. J. Mol. Sci. 20, 636. doi:10.3390/IJMS20030636

	McDevitt, K. M., Thorson, T. J., Botvinick, E. L., Mumm, D. R., and Mohraz, A. (2019). Microstructural characteristics of bijel-templated porous materials. Mater. (Oxf) 7, 100393. doi:10.1016/J.MTLA.2019.100393

	McWhorter, F. Y., Wang, T., Nguyen, P., Chung, T., and Liu, W. F. (2013). Modulation of macrophage phenotype by cell shape. Proc. Natl. Acad. Sci. U. S. A. 110, 17253–17258. doi:10.1073/PNAS.1308887110

	Miculescu, F., Luță, C., Constantinescu, A. E., Maidaniuc, A., Mocanu, A. C., Miculescu, M., et al. (2020). Considerations and influencing parameters in EDS microanalysis of biogenic hydroxyapatite. J. Funct. Biomater. 11, 82. doi:10.3390/JFB11040082

	Negmadjanov, U., Godic, Z., Rizvi, F., Emelyanova, L., Ross, G., Richards, J., et al. (2015). TGF-β1-Mediated differentiation of fibroblasts is associated with increased mitochondrial content and cellular respiration. PLoS One 10, e0123046. doi:10.1371/JOURNAL.PONE.0123046

	Newbury, D. E., and Ritchie, N. W. M. (2014). Performing elemental microanalysis with high accuracy and high precision by scanning electron microscopy/silicon drift detector energy-dispersive X-ray spectrometry (SEM/SDD-EDS). J. Mater Sci. 50, 493–518. doi:10.1007/S10853-014-8685-2

	Parker, J. B., Valencia, C., Akras, D., DiIorio, S. E., Griffin, M. F., Longaker, M. T., et al. (2023). Understanding fibroblast heterogeneity in form and function. Biomedicines 11, 2264. doi:10.3390/biomedicines11082264

	Poignant, F., Plante, I., Patel, Z. S., Huff, J. L., and Slaba, T. C. (2022). Geometrical properties of the nucleus and chromosome intermingling are possible major parameters of chromosome aberration Formation. Int. J. Mol. Sci. 23, 8638. doi:10.3390/ijms23158638

	Ray, A., Slama, Z. M., Morford, R. K., Madden, S. A., and Provenzano, P. P. (2017). Enhanced directional migration of cancer stem cells in 3D aligned collagen matrices. Biophys. J. 112, 1023–1036. doi:10.1016/J.BPJ.2017.01.007

	Reyes Lua, A. M., Tonnicchia, S., Giampietro, C., Mazza, E., and Ferrari, A. (2021). Evaluation of Chemo- and photo-toxicity of a live fluorescent dye for cell analysis. Photochem Photobiol. 97, 448–452. doi:10.1111/PHP.13362

	Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat. Methods 9 (9), 676–682. doi:10.1038/nmeth.2019

	Shinde, A. V., Humeres, C., and Frangogiannis, N. G. (2017). The role of α-smooth muscle actin in fibroblast-mediated matrix contraction and remodeling. Biochimica Biophysica Acta (BBA) - Mol. Basis Dis. 1863, 298–309. doi:10.1016/j.bbadis.2016.11.006

	Shirley, B., and Jarochowska, E. (2022). Chemical characterisation is rough: the impact of topography and measurement parameters on energy-dispersive X-ray spectroscopy in biominerals. Facies 68, 7–15. doi:10.1007/S10347-022-00645-4

	Stratford, K., Adhikari, R., Pagonabarraga, I., Desplat, J. C., and Cates, M. E. (2005). Colloidal jamming at interfaces: a route to fluid-bicontinuous gels. Science 309, 2198–2201. doi:10.1126/SCIENCE.1116589

	Sun, M., Deng, J., Tang, Z., Wu, J., Li, D., Chen, H., et al. (2014). A correlation study of protein adsorption and cell behaviors on substrates with different densities of PEG chains. Colloids Surf. B Biointerfaces 122, 134–142. doi:10.1016/J.COLSURFB.2014.06.041

	Sussman, E. M., Halpin, M. C., Muster, J., Moon, R. T., and Ratner, B. D. (2014). Porous implants modulate healing and induce shifts in local macrophage polarization in the foreign body reaction. Ann. Biomed. Eng. 42, 1508–1516. doi:10.1007/s10439-013-0933-0

	Swartzlander, M. D., Barnes, C. A., Blakney, A. K., Kaar, J. L., Kyriakides, T. R., and Bryant, S. J. (2014). Linking the foreign body response and protein adsorption to PEG-based hydrogels using proteomics. Biomaterials 41, 26–36. doi:10.1016/J.BIOMATERIALS.2014.11.026

	Tai, C., Xie, Z., Li, Y., Feng, Y., Xie, Y., Yang, H., et al. (2022). Human skin dermis-derived fibroblasts are a kind of functional mesenchymal stromal cells: judgements from surface markers, biological characteristics, to therapeutic efficacy. Cell Biosci. 12, 105. doi:10.1186/s13578-022-00842-2

	Teng, W., Long, T. J., Zhang, Q., Yao, K., Shen, T. T., and Ratner, B. D. (2014). A tough, precision-porous hydrogel scaffold: ophthalmologic applications. Biomaterials 35, 8916–8926. doi:10.1016/J.BIOMATERIALS.2014.07.013

	Thannickal, V. J., Lee, D. Y., White, E. S., Cui, Z., Larios, J. M., Chacon, R., et al. (2003). Myofibroblast differentiation by transforming growth Factor-ॆ1 is dependent on cell adhesion and integrin signaling via focal adhesion kinase. J. Biol. Chem. 278, 12384–12389. doi:10.1074/jbc.M208544200

	The MathWorks Inc. (2024). MATLAB version: 24.2.0.2833386 (R2024b).

	Thorson, T. J., Botvinick, E. L., and Mohraz, A. (2018). Composite Bijel-Templated hydrogels for cell delivery. ACS Biomater. Sci. Eng. 4, 587–594. doi:10.1021/acsbiomaterials.7b00809

	Thorson, T. J., Gurlin, R. E., Botvinick, E. L., and Mohraz, A. (2019). Bijel-templated implantable biomaterials for enhancing tissue integration and vascularization. Acta Biomater. 94, 173–182. doi:10.1016/j.actbio.2019.06.031

	Tinevez, J.-Y., Perry, N., Schindelin, J., Hoopes, G. M., Reynolds, G. D., Laplantine, E., et al. (2017). TrackMate: an open and extensible platform for single-particle tracking. Methods 115, 80–90. doi:10.1016/j.ymeth.2016.09.016

	van Blaaderen, A., and Vrij, A. (1992). Synthesis and characterization of colloidal dispersions of Fluorescent, Monodisperse Silica Spheres. Langmuir 8, 2921–2931. doi:10.1021/LA00048A013

	Veiseh, O., Doloo, J. C., Ma, M., Vegas, A. J., Hei Tam, H., Bader, A. R., et al. (2015). Size- and shape-dependent foreign body immune response to materials implanted in rodents and non-human primates. Nat. Mater 14, 643–651. doi:10.1038/NMAT4290

	Wang, A., Cao, S., Stowe, J. C., and Valdez-Jasso, D. (2021). Substrate stiffness and stretch regulate profibrotic mechanosignaling in pulmonary arterial adventitial fibroblasts. Cells 10, 1000. doi:10.3390/cells10051000

	Ward, W. K. (2008). A review of the foreign-body response to subcutaneously-implanted devices: the role of macrophages and cytokines in biofouling and fibrosis. J. Diabetes Sci. Technol. 2, 768–777. doi:10.1177/193229680800200504

	Werner, M., Blanquer, S. B. G., Haimi, S. P., Korus, G., Dunlop, J. W. C., Duda, G. N., et al. (2017). Surface curvature differentially regulates stem cell migration and differentiation via altered attachment morphology and nuclear deformation. Adv. Sci. 4, 1600347. doi:10.1002/advs.201600347

	White, K. A., Schofield, A. B., Wormald, P., Tavacoli, J. W., Binks, B. P., and Clegg, P. S. (2011). Inversion of particle-stabilized emulsions of partially miscible liquids by mild drying of modified silica particles. J. Colloid Interface Sci. 359, 126–135. doi:10.1016/j.jcis.2011.03.074

	Winkler, B., Aranson, I. S., and Ziebert, F. (2019). Confinement and substrate topography control cell migration in a 3D computational model. Commun. Phys. 2, 82. doi:10.1038/s42005-019-0185-x

	Witherel, C. E., Abebayehu, D., Barker, T. H., and Spiller, K. L. (2019). Macrophage and fibroblast interactions in biomaterial-mediated fibrosis. Adv. Healthc. Mater 8, 1801451. doi:10.1002/ADHM.201801451

	Witt, J. A., Mumm, D. R., and Mohraz, A. (2013). Bijel reinforcement by droplet bridging: a route to bicontinuous materials with large domains. Soft Matter 9, 6773–6780. doi:10.1039/c3sm00130j

	Xiao, S., Wei, J., Jin, S., Xia, X., Yuan, L., Zou, Q., et al. (2023). A multifunctional coating strategy for promotion of immunomodulatory and Osteo/Angio-Genic activity. Adv. Funct. Mater 33, 2208968. doi:10.1002/adfm.202208968

	Yang, Y., Xu, T., Bei, H.-P., Zhang, L., Tang, C.-Y., Zhang, M., et al. (2022). Gaussian curvature–driven direction of cell fate toward osteogenesis with triply periodic minimal surface scaffolds. Proc. Natl. Acad. Sci. 119, e2206684119. doi:10.1073/pnas.2206684119

	Zhen, L., Quiroga, E., Creason, S. A., Chen, N., Sapre, T. R., Snyder, J. M., et al. (2025). Synthetic vascular graft that heals and regenerates. Biomaterials 320, 123206. doi:10.1016/J.BIOMATERIALS.2025.123206

	Zhou, H., Xue, Y., Dong, L., and Wang, C. (2021). Biomaterial-based physical regulation of macrophage behaviour. J. Mater Chem. B 9, 3608–3621. doi:10.1039/d1tb00107h


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 Gonthier, Botvinick and Mohraz. 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-13-1709302-g005.jpg
Count

100 110

1 Glass
C—IBTM
C—PTM

107 102 103 104 10° 106 1072

aSMA Expression (Cy5 Fluorescence)

o o N -
(o] © N (&)}

Normalized aSMA Expression
o
w

' * %
*%
¢ *k
Glass BTM PTM






OPS/images/fbioe-13-1709302-g003.jpg
™
™

**
**

M
M

BT
BT

b w o N

< 19 N1d





OPS/images/fbioe-13-1709302-g004.jpg
BTM

PTM

-150

-100

X

**

-150

-100

X

. 1
) o
BTM PTM
x10°
' *k
| K
oole R
BTM PTM






OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Pore morphology of bijel-templated materials promotes migration and downregulates αSMA expression in human fibroblasts		1 INTRODUCTION

		2 MATERIALS AND METHODS		2.1 Preparation of substrates		2.1.1 Bijel-templated material (BTM)

		2.1.2 Particle-templated material (PTM)

		2.1.3 Substrate preparation for cell culture





		2.2 Cell culture		2.2.1 Fibroblasts

		2.2.2 Cell viability





		2.3 Cell-substrate studies		2.3.1 Cell seeding in substrates

		2.3.2 Migration

		2.3.3 Fluorescent staining for microscopy

		2.3.4 Cell retrieval and flow cytometry





		2.4 Microscopy and analysis		2.4.1 Confocal microscopy

		2.4.2 Image post-processing





		2.5 Materials characterization

		2.6 Statistical methods





		3 RESULTS		3.1 Substrate characterization

		3.2 Cell shape and size in situ

		3.3 In situ migration

		3.4 Cell phenotype





		4 DISCUSSION

		5 CONCLUSION

		DATA AVAILABILITY STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		ACKNOWLEDGMENTS

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		SUPPLEMENTARY MATERIAL

		REFERENCES









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

Pore morphology of bijel-
templated materials promotes
migration and downregulates
aSMA expression in human

fibroblasts





OPS/images/fbioe-13-1709302-g001.jpg
BTM Fabrication

PTM Fabrication

Polymerize ‘0.._*.:“

& Dissolve "0."{
;""0 Bleach

Particles fé%;{‘;%

8" a
0)

(F) (G) (H)





OPS/images/fbioe-13-1709302-g002.jpg









OPS/images/crossmark.jpg
©

|





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

Bioengineering and Biotechnology





