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The extracellular matrix (ECM) is a complex fibrillar network that couples a cell with its environment and directly regulates cells’ functions via structural, mechanical, and biochemical signals. The goal of this study was to engineer and characterize ECM-mimicking protein platforms with material properties covering both physiological and pathological (tumorous) tissues. We designed and fabricated three-dimensional (3D) fibrillar scaffolds comprising the two major components of the ECM, namely collagen (Col) and fibronectin (Fn), using a previously developed freeze-drying method. While scaffolds porous architecture and mechanics were controlled by varying Col I concentration, Fn deposition and conformation were tuned using varied immersion temperature and assessed via intramolecular Förster Resonance Energy Transfer (FRET). Our data indicate that all scaffolds were able to support various crucial cellular functions such as adhesion, proliferation and matrix deposition. Additionally, we show that, keeping the stiffness constant and tuning the conformation of the Fn layer used to coat the Col scaffolds, we were able to control not only the invasion of cells but also the conformation of the matrix they would deposit, from a compact to an unfolded structure (as observed in the breast tumor microenvironment). Therefore, these tunable scaffolds could be used as 3D cell culture models, in which ECM microarchitecture, mechanics and protein conformation are controlled over large volumes to investigate long-term mechanisms such as wound healing phases and/or vascularization mechanisms in both physiological and pathological (tumorous) microenvironments. These findings have implications for tissue engineering and regenerative medicine.
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INTRODUCTION
Cells are known to sense and respond to the topography and mechanical properties of their substrates [1–3]. The difference in rigidity and microscale features of the extracellular matrix (ECM), such as protein conformation, is correlated with various cell behaviors including cell adhesion, migration, proliferation, as well as ECM deposition [4–6]. Fibronectin (Fn) is a key protein of the ECM with major roles in processes including wound healing and vascularization. Fn conformation could change upon cell traction, which in turn influences cell signaling consequently causing cancer [7, 8]. Fn is critical to the deposition of collagen (Col) I based ECM [9] and its conformational changes serve as an indicator of increased tumor aggressiveness [10]. Förster resonance energy transfer (FRET) is a labeling method used as an indicator of Fn conformation (and Fn fiber strain) [11, 12]. External forces, applied via atomic force microscopes and laser tweezers, have been used to modify the conformation of individual protein molecules on two-dimensional (2D) substrates [13, 14]. Nevertheless, such force-induced protein stretching/unfolding methods have limitations as they can hardly apply in three-dimensional (3D) environments. Consequently, no investigation focusing on the control of Fn conformation in 3D templates based on natural protein, such as collagen, has been reported.
3D biomedical scaffolds have been shown to provide more physiologically relevant ECM-mimicking environments for cells than 2D substrates. 3D porous scaffolds are commonly used to replace or repair damaged tissues as they promote cell invasion and nutrients flow through interconnected pores [15–17]. While various materials are used to make 3D porous scaffolds, natural materials, such as proteins, are preferred due to their expected biocompatibility [18]. One of the most novel natural biomaterials currently used in cosmetic and drug delivery fields is Col, particularly type I. Col I is considered the gold standard in tissue engineering and regenerative medicine due to its biodegradability, biocompatibility and mechanical characteristics [19, 20]. It is mostly engineered in the fibrillar form or as sponges and sheets. One of the most popular collagen-based applications is wound dressings to cover the injuries and promote ulcer treatment [21–23]. Collagen-based biomaterials are categorized into two groups, decellularized ECMs, which mostly contain Col, or Col-based tissues. There are several common techniques to fabricate porous scaffolds including freeze-drying [24], which is an ideal technique to engineer protein-based scaffolds and was used in this study.
Research on how to better replicate and modify the microarchitecture of the ECM has long been the focus of intensive study due to its robust mechanical properties and moderate density, despite being comprised of relatively weak constituents. Tunable mechanics are often a limiting factor of Col scaffolds; these features are important in tissue engineering applications related to modeling changes in disease tissue, such as cancer, to elicit sufficient changes in cell traction forces for understanding pathologies associated with altered cell mechanosensing. Porous collagen scaffolds provide excellent substrates for protein adsorption, specifically Fn, and hence serve as an ECM-mimicking 3D platform to host cells for long-term in large volume media. The synergistic interplay between scaffold mechanics and presentation of Col-Fn can significantly regulate cell behavior to create functional divergence between pathologically relevant cell subsets. Indeed, in 2D, Avery et al. fabricated both compliant 2 kPa and stiff 20 kPa polyacrylamide gels modified with Col 1-Fn to assess myofibroblast differentiation using markers α-smooth muscle actin (α-SMA) and fibroblast activation protein (FAP). Compliant Fn-rich gels induced a contractile and proliferative phenotype expressing high FAP and low α-SMA, whereas stiff and/or Col I-rich matrices induced overexpression of genes associated with ECM synthesis and proteolysis with low FAP and high α-SMA expression [25]. Investigating the regulation of cell response in a 3D environment with controlled mechanics, microarchitecture and Col/Fn presentation would be highly informative physiological and pathological models, in addition of being innovative when Fn conformation can also be controlled.
In this work, we report the fabrication of 3D collagen scaffolds with controlled mechanics, microarchitecture and protein contents prepared via an ice-templating method; these are capable of supporting 3D cell cultures in large volumes and for long cell culture times. We first tuned the overall architecture and mechanics of our scaffolds by varying Col I concentration. Following Col I scaffold fabrication, we used varied temperature to control Fn conformation, which was assessed by intramolecular Förster Resonance Energy Transfer (FRET). The thermal method we applied to control the conformation of Fn molecules adsorbed onto the Col scaffolds did not affect the scaffolds bulk properties. This method allowed us to investigate cell invasion, viability and matrix deposition within Col-Fn scaffolds with tunable yet controlled properties. The resulting 3D scaffolds represent a versatile and powerful new platform to control Fn conformation (while keeping constant mechanics and microarchitecture) in tissue engineering and may pave new ways toward the development of useful tools for wound healing and mechanobiology research.
MATERIALS AND METHODS
Fabrication of 3D Collagen Type I Scaffolds
By use of the freeze-casting techniques, various Col scaffold with different porosity (microarchitecture) were produced. Scaffolds were fabricated from a suspension of type I Col microfibrillar derived from bovine tendon (Advanced BioMatrix) at concentrations from 0.5 wt% to 1.25 wt%. The suspension of type I Col was prepared in 0.05 M acetic acid solution (Sigma- Aldrich), and the pH was adjusted to 2.0 with hydrochloric acid (VWR International). The Col suspension was blended via an overhead homogenizer (T 10 BASIC S001) for 30 min in cold water bath and then, after mixing, centrifuged at 2,500 rpm for 15 min to remove air bubbles. The type I Col suspension was poured into rectangular Teflon molds, 10 × 7 × 2 mm3 in size. The samples were frozen in a freeze-dryer (VirTis Advantage Plus ES; SP Scientific; PA, United States) under constant temperature (−10°C) for 5 h, and then dried at the same temperature under 10 mTorr for 24 h.
Chemical Crosslinking Treatment
To enhance the structural stability of the collagen scaffolds, the lyophilized samples were crosslinked with a water soluble carbodiimide. These scaffolds were immersed in a 95% ethanol solution containing 33 mM 1-ethyl-3-(3-dimethylamino propyl)-carbodiimide hydrochloride (EDC) (Sigma-Aldrich, United Kingdom) and 6 mM N-hydroxysuccinimide (NHS) (Sigma- Aldrich, United Kingdom) for 4 h at 25°C. Following the crosslinking process the scaffolds were washed thoroughly with distilled water (5 × 5 min) and were subsequently refrozen and relyophilized using the controlled freezing temperature method detailed above.
Structural Characterization of Collagen Scaffold Samples
The microstructure of Col scaffolds was quantified by scanning electron microscopy (SEM) and mercury intrusion porosimetry. SEM (Mira3 FESEM, Tescan) imaging of both bare Col scaffolds and cell-laden Col-Fn scaffolds was performed on Au/Pd sputtered samples at 15 keV. The pore size and distribution of the monolith sample were assessed by Hg intrusion porosimetry (Autopore IV 9500; Micromeritics). Monoliths were placed in glass penetrometers of known weight and volume, which were then mounted into the instrument. Analysis was performed using an automated procedure in which penetrometers were first evacuated to 50 μm Hg and then filled with Hg at 0.2 psi. Pressure applied to the column of Hg was ramped stepwise to 48 psi to probe pores with size greater than 4 μm in diameter. Seven samples were analyzed to calculate the median pore diameter and median pore volume in each condition. Monoliths were also characterized with a dynamic mechanical analyzer (DMA Q800; TA Instruments) to quantify the impact of Col concentration on scaffold mechanical properties. Col scaffolds were placed under compressive loads before and after being soaked in cell culture medium (αMEM, Sigma-Aldrich) overnight at room temperature. Measurements comprised a single loading cycle, with an initial contact force of 0.05 N and a ramp rate of 0.005 N/min up to 0.075 N. Compressive elastic modulus for the monoliths was calculated as the slope of the stress-strain curve over the 1–2% strain regime. Three samples per condition were analyzed to calculate the mean and standard deviation of the compressive moduli.
Cell Culture Experiments
Scaffolds were cut into 1 mm thick slices and prepared for cell culture experiments. They were first placed under UV light during 30 min for disinfection and rinsed 3 times with sterile PBS (Life Technologies). The scaffolds were then immersed in a solution of Fn at 50 μg/ml and placed for an hour either at 4 or 37°C before seeding with 3T3-L1 cells (ATCC #CL-173) or GFP-labeled 3T3 cells, an adipogenic subtype of mouse fibroblasts. The cells were incubated in αMEM (Sigma-Aldrich) containing 10 vol% fetal bovine serum (FBS, Tissue Culture Biologicals) and 1 vol% penicillin/streptomycin (pen/strep) (Life Technologies) prior to seeding. The cells were seeded in 10 μL suspensions (containing 30,000 cells) on the top of the prepared scaffolds and were allowed to adhere for 1 h. Then, fresh media containing 1 vol% fetal bovine serum (FBS, Tissue Culture Biologicals) was added to the scaffolds that were finally placed in an incubator at 37°C (5% CO2) for either 12 or 24 h.
Cell Invasion and Viability
The cell-loaded scaffolds were rinsed twice in PBS after culture and soaked in 3.7% ice-cold paraformaldehyde for chemical fixation. To assess cell invasion and adhesion in the scaffolds, the samples were stained with 4′,6-diamidino-2-phenylindole (DAPI), calcein AM, and propidium iodide (PI) (all from Life Technologies), and later imaged via laser scanning fluorescence confocal microscopy (Zeiss710, Zeiss, Munich, Germany) using a 10X/0.25 objective. The number of cells was quantified via ImageJ on six random spots of three different samples per condition.
The viability of the 3T3-L1s was assessed with a Live/Dead Viability/Cytotoxicity Kit (Molecular Probes, OR) after 24 h, 48 h and/or 7 days of culture. The unfixed samples were rinsed twice in PBS and incubated in Live/Dead working solution, containing 2 μM calcein AM and 4 μM EthD-1, for 30 min in the incubator at 37°C, 5% CO2. Images were acquired by laser scanning fluorescence confocal microscopy (Zeiss710, Zeiss, Munich, Germany) using a 10X/0.25 objective, and the number of cells was quantified via ImageJ on six random spots of three different samples per condition.
Fibronectin and FRET Labeling
Fn was acquired from Life Technologies, NY. For intramolecular FRET experiments, Alexa Fluor 488 succinimidyl ester and Alexa Fluor 546 maleimide fluorophores (Invitrogen, CA) were used to dual-label Fn, as described in previous work [11]. Labeling ratios and Fn concentrations were obtained using a DU®730 UV/Vis spectrophotometer (Beckman, IN) at 280, 495, and 556 nm. Calibration of FRET-labeled Fn was performed in guanidine hydrochloride (GdnHCl) solution at concentrations of 0, 2, and 4 M to calculate FRET ratios, defined as acceptor/donor intensity ratios, and as a function of protein denaturation.
To assess FRET on scaffolds, Col scaffolds were thoroughly rinsed with PBS and then coated with a 50 μg/ml Fn solution containing 10% FRET-labeled Fn, for 24 h. After incubation, the samples were gently washed with PBS and kept in PBS before cell seeding. For visualization of new Fn matrix deposited by cells, the Col scaffolds were first coated with a 50 μg/ml unlabeled Fn solution for 24 h then the samples were rinsed with PBS and a new solution containing 10% FRET-labeled Fn was added with the fresh cell culture media right after cell seeding and placed in the incubator for 48 h.
FRET Data Analysis
Fn-adsorbed scaffolds were imaged with a Zeiss 710 laser scanning fluorescence confocal microscope (Zeiss, Munich, Germany). Z-stack images were obtained in 16-bit using the C-Apochromat water-immersion 40×/1.2 objective, with the pinhole of one AU, pixel dwell time of 6.3 μs, photomultipliers (PMTs) gains set at 500 V, and z-step size of 1 μm. FRET-labeled Fn was excited with a 488 nm laser line; emissions from donor (IDON) and acceptor (IACC) fluorophores were simultaneously collected in the PMT1 channel (514–526 nm) and the PMT2 channel (566–578 nm), respectively. These z-stack images were analyzed with user-defined Matlab code to generate both the mean FRET ratios (IACC/IDON) and the Fn amounts adsorbed (IACC + IDON) at each location [5, 11]. Six different random spots per sample and three samples per condition were analyzed to calculate the mean and standard deviation of the FRET intensities.
Confocal Reflectance Microscopy Imaging
To visualize the microarchitecture of the underlying collagen scaffolds concomitantly to FRET imaging, confocal reflectance imaging was performed following FRET imaging by illuminating the same field of view with a low intensity 488 nm laser line and the backscatter light reflected from the collagen was collected in a third photomultiplier tube (PMT3). Z-stack images were analysed via ImageJ.
Statistical Analysis
One-way ANOVA with Tukey’s posttest, Dunnett’s posttest and Student’s t-test were used to determine statistical significance between conditions in GraphPad Prism (GraphPad Software, California United States). In all cases, p < .05 is indicated by a single star (*), p < .01 by a double star (**), and p < .001 by three stars (***).
RESULTS
Effect of Collagen Concentration on Scaffolds Microarchitecture and Mechanics
To investigate the effect of Col concentration on scaffold pore size, pore distribution and mechanical properties, all scaffolds fabricated via ice-templating at −10°C with varied Col concentrations (0.5, 0.75, 1.0 and 1.25 wt%) were analyzed using SEM, Hg intrusion porosimetry and DMA, respectively. SEM images indicate the presence of an interconnected porous network in all scaffolds, with pore size decreasing as Col concentration increased, as well as more uniform pores visible at the highest (1.25 wt%) Col concentration (Figures 1A–D). Next, we quantified scaffolds compressive moduli by acquiring stress-strain profiles via DMA. Our data show that moduli significantly increased with increasing Col concentration, from 200 ± 30 Pa at 0.5 wt% to 1700 ± 300 Pa at 1.25 wt% (Figure 1E). As expected, larger pore sizes correlated with lower compressive moduli, as the 3D structural integrity of the scaffolds was compromised when pores collapsed. Additionally, Hg porosimetry (Supplementary Figure S1) allowed us to quantify pore size more accurately and confirmed that it decreased from circa 214–35 μm in diameter when Col concentration increased from 0.5 wt% to 1.25 wt% (Table 1). Hg porosimetry also proved that pores are indeed interconnected to allow for Hg intrusion within the whole 3D structure.
[image: Figure 1]FIGURE 1 | Collagen concentration governs microarchitecture and mechanics of scaffolds. SEM micrographs of porous Col scaffolds fabricated via ice-templating at −10°C using 0.5 wt% (A), 0.75 wt% (B), 1.0 wt% (C) and 1.25 wt% (D) Col concentrations. Compressive modulus of corresponding Col scaffolds, as measured via DMA (E). **p < .01, ***p < .001, Mean ± SD. Scale bar = 100 μm.
TABLE 1 | Microporosity of collagen scaffolds as quantified by Hg intrusion porosimetry.
[image: Table 1]After extensive characterization of the four types of scaffolds in presence of cells, because the 1.25 wt% Col series exhibited not only better cell invasion and overall cell distribution (Supplementary Figure S2) but also lower swelling and higher stability over time (data not shown) than the other three Col series, they were chosen for all further cell experiments. The enhanced attachment and invasion of cells within the 1.25 wt% Col scaffolds is likely due to their higher compressive modulus promoting higher cell-generated forces and to greater presentation of integrin binding sites within the increased collagen amounts.
Control of Fibronectin Coating Conformation
To control Fn conformation on the Fn-Col porous scaffolds (1.25 wt% Col), two different immersion temperatures were used. The effect of temperature on Fn conformation was quantified by soaking the Col scaffolds in Fn solutions containing trace amounts of FRET labeled Fn (to avoid intermolecular FRET) for an hour either at 4°C or at 37°C, after which all scaffolds were placed in an incubator for 24 h. Underlying Col and FRET-Fn coating were then imaged sequentially via confocal reflectance and confocal fluorescence microscopy (CRM), respectively (Figures 2A–D). Fn conformations and quantities were assessed via intramolecular FRET imaging [11, 26, 27]. Fn coating on scaffolds placed at 4°C indicated high mean FRET ratios suggesting Fn molecules were in a close-to-compact conformation, while Fn coating on scaffolds at 37°C showed significantly lower mean FRET ratios suggesting the presence of partially unfolded Fn conformations (Figure 2E). These findings are consistent with results obtained on 2D surfaces (data previously observed in our lab, not shown), which further demonstrates our ability to tune Fn conformation on demand using varied immersion temperatures in both 2D and 3D environments. Additionally, no significant difference in total Fn fluorescence intensity was detected between conditions, which indicates that the average amount of adsorbed Fn per unit area (density) was similar on both 4 and 37°C scaffolds (Figure 2F).
[image: Figure 2]FIGURE 2 | Temperature controls the conformation of fibronectin coating onto collagen scaffolds. Confocal reflectance microscopy (CRM) image of Col (A) and fluorescence image (donor channel) of FRET-labeled Fn coating (B) of the same field of view of a scaffold coated at 4°C. Same imaging method/channels for a scaffold coated at 37°C (C,D). Mean FRET ratios (IACC/IDON) highlighting the significant difference between Fn adsorbed onto the 4°C scaffold (0.57 ± 0.03) characteristics of compact Fn conformations and Fn adsorbed onto the 37°C scaffold (0.53 ± 0.02) characteristics of unfolded Fn conformations (E). Total quantity of Fn adsorbed (IACC + IDON) onto both scaffolds indicating no difference in Fn amount/density between 4 and 37°C conditions (F). ***p < .001, Student’s t-test, Mean ± SD. Scale bar = 30 μm.
Effect of Fibronectin Coating Conformation on Cell Invasion and Short-Term Viability
To investigate whether differences in Fn conformation within the Fn-Col scaffolds affected cell invasion and subsequent viability, 30 k GFP-3T3 cells were seeded on top of scaffolds that were initially immersed in Fn solution and placed either at 4 or at 37°C, as described above, with an additional control sample simply immersed in PBS at room temperature (no Fn coating). All scaffolds were then incubated for 24 h. Our confocal imaging data indicate that the GFP-labeled mouse fibroblast 3T3 cells successfully invaded (up to 500 μm deep) the scaffolds showing also a relatively homogeneous cell distribution from top to bottom of the samples (Figures 3A–C). This indicated that cells were able to adhere and migrate through these high Col concentration porous scaffolds having very small pore size.
[image: Figure 3]FIGURE 3 | Fibronectin coating conformation affects cell invasion and viability. 3D view of GFP-labeled 3T3 cells distribution within Col scaffolds initially coated with Fn at 4°C (A), 37°C (B), or left in PBS (control, no Fn) at room temperature (C) prior to seeding. 3T3-L1 cells viability was quantified via Live/Dead assay for all scaffolds, at 4°C (D), at 37°C (E) or control (F) after 24 h incubation. Live cells were stained with calcein (green), and dead cells were stained with propidium iodide (red). Scale bar = 100 μm. Live cells number per volume was quantified in percentage for all scaffolds (G).
As Fn conformation plays a key role in guiding numerous cell functions, we next performed a viability assay after 24 h incubation using 3T3-L1 fibroblast cells because of their active role in migration and matrix assembly in vitro [28]. Live/Dead staining of cells indicated very few dead cells (Figures 3D–F): our data show a clear trend with higher viability, above 93%, in scaffolds coated with Fn than in bare Col scaffolds [and a slight preference for compact Fn coating (4°C) with respect to unfolded Fn coating (37°C)], although no significant difference was measured (Figure 3G). Importantly, we did not notice any significant difference in viability between top and bottom of scaffolds. Collectively, these results indicate that these Col-Fn porous scaffolds provide an excellent environment for cells to interact with, invade, and remain viable, proving scaffolds’ biocompatibility.
Long-Term Cell Viability and Matrix Assembly Within Col-Fn Scaffolds
To assess whether our Fn-Col scaffolds could potentially be used as platforms for long-term cell cultures, we next assessed long-term cell viability and subsequent cells’ ability to assemble and deposit their own ECM. 3T3-L1 cells (30 k cells/scaffold) were seeded on top of 4°C Fn-Col scaffolds in DMEM media containing 1% FBS. After an hour, the media was replaced with DMEM containing 10% FBS with an addition of 0.05 mg/ml exogeneous unlabeled Fn for cells to incorporate and facilitate fibrillogenesis. Scaffolds were then incubated either for 48 h or 7 days (in which case Fn-supplemented medium was exchanged every other day). Further, a fluorescent viability assay of unfixed scaffolds indicated that most cells were viable not only after short-term (48 h, Figure 4A) but also long-term (7 days, Figure 4B) culture. To assess whether the 3T3-L1s were properly distributed within the monoliths, the interior of chemically fixed (crosslinked) scaffolds were revealed by cryo-ultramicrotome sectioning, and subsequent SEM imaging showed that cells successfully invaded the scaffold and adhered to the Fn-coated Col architectures (Figure 4C). Finally, further SEM imaging of a similar scaffold after decellularization showed clearly visible protein fibers across the porous structure, indicating that 3T3-L1s were performing regular cell functions such as the assembly of an ECM (Figure 4D).
[image: Figure 4]FIGURE 4 | Fibronectin coated collagen scaffolds support long-term cell viability and matrix deposition by 3T3-L1 cells. Fluorescence micrograph of a Col scaffold coated with Fn at 4°C after 48 h (A) and 7 days (B) of 3T3-L1 culture, showing very high cell viability. Live cells were stained with calcein (green) and dead cells with propidium iodide (red). SEM micrograph of a similar scaffold after 48 h of cell culture, indicating invasion of the scaffold by 3T3-L1s (C). SEM image of a decellurarized scaffold, clearly showing an extended network of protein fibers produced by 3T3-L1 cells during 48 h of culture (D).
Effect of Fibronectin Coating on the Conformation of Cell-Deposited Matrix Fibers
To investigate further whether matrix assembly (including matrix conformation) could be controlled, Col scaffolds were first coated with a 50 μg/ml unlabeled Fn solution for 1 h either at 4 or at 37°C, then placed for 24 h in the incubator. The samples were then rinsed with PBS. 3T3-L1 cells (30 k cells/scaffold) were seeded on top of both scaffolds in DMEM media containing 1% FBS. After an hour, the media was replaced with DMEM containing 10% FBS with an addition of 50 μg/ml Fn including 10% FRET-labeled Fn for cells to incorporate and samples were incubated for 48 h. Underlying Col and FRET-Fn fibers were then imaged sequentially via confocal reflectance and confocal fluorescence microscopy (CRM), respectively (Figures 5A–D). The mean FRET ratio measured on fibers deposited onto 4°C scaffolds was significantly higher than that measured on fibers deposited onto 37°C scaffolds (Figure 5E). These results suggest that, in our Col-Fn scaffolds, the underlying compact Fn coating (4°C condition) promotes the deposition of rather compact/relaxed Fn fibers, while the underlying unfolded Fn coating (37°C condition) favors the assembly of more unfolded and stretched Fn fibers. Additionally, no significant difference in total Fn fluorescence intensity was detected between conditions, which indicates that the average amount of fibrillar Fn per unit area (density) was similar on both 4 and 37°C scaffolds (Figure 5F). These findings are consistent with previous studies [12] and are discussed in next section.
[image: Figure 5]FIGURE 5 | Fibronectin coating dictates the conformation of the new matrix deposited by 3T3-L1s after 48 h incubation. Confocal reflectance microscopy (CRM) image of Col (A) and fluorescence image (donor channel) of FRET-labeled cell-deposited Fn fibers (B) of same field of view of a scaffold coated at 4°C. Same imaging method/channels for a scaffold coated at 37°C (C,D). Mean FRET ratios (IACC/IDON) highlighting the significant difference between Fn fibers formed on the 4°C scaffold (0.64 ± 0.03) comprising more compact Fn conformations than Fn fibers on the 37°C scaffold (0.59 ± 0.02) in which unfolded Fn conformations are also present (E). Total quantity of Fn (IACC + IDON) detected onto both scaffolds indicating similar Fn amount/density between 4 and 37°C conditions (F). ***p < .001, Student’s t-test, Mean ± SD. Scale bar = 30 μm.
Collectively, our results indicate 1) that we were able to engineer 3D ECM-mimicking platforms in which only one parameter (here Fn conformation) can be tuned while all others parameters (scaffold rigidity, microarchitecture, pore size/connectivity, etc.) are kept constant, 2) that cells can sense the underlying Fn conformation of the scaffold coating and 3) that cells can respond to these conformational variations by depositing matrix fibers exhibiting varied molecular conformation (at least during the first 48 h in culture).
DISCUSSION
In this study, we fabricated 3D Col porous scaffolds by freeze-casting, a relatively cheap and easy way of producing scaffolds with controlled pore size for different types of materials such as ceramics [25], polymers [29], collagen [28] and gelatin [30]. As expected, pore size was found to decrease with increased Col concentration. Increased collagen content occupies more space within the Teflon mold, which leads to smaller ice crystals, explaining the decrease in pore size (which mirrors ice crystal structure) with increased collagen concentration. Among all samples, the compressive modulus of the 1.25 wt% Col porous scaffolds used in our study was 1720 ± 300 Pa, indicating a suitable stiffness match with a variety of tissues in vivo [31]. Although the scaffolds were chemically cross-linked to retain cohesiveness and long-term stability in aqueous environments, their biocompatibility was demonstrated, as large populations of cells could successfully invade and proliferate within the structures, remaining viable over long-term cultures (7 days), in part due to the presence of large interconnected pores that facilitated their migration and communication. Additionally, the relatively high rigidity of 1.25 wt% Col scaffolds promoted better cell invasion and distribution, likely due to enhanced cell-generated forces and greater presentation of integrin binding sites within the increased collagen amounts per unit volume.
A major accomplishment of this work was to generate scaffolds with controlled microarchitecture and rigidity but also with tunable protein conformation, this was achieved by coating the Col porous scaffolds with a layer of Fn using a 1 h immersion at either cold (4°C) or warm (37°C) temperatures to tune Fn conformation. With this method, we successfully obtained two categories of Col-Fn scaffolds with controlled protein conformation: compact Fn coated scaffolds (as assessed by high FRET ratios, obtained at 4°C deposition) and unfolded Fn coated scaffolds (as assessed by low FRET ratios, obtained at 37°C deposition). Interestingly, both 4 and 37°C coated scaffolds could partially retain compact and unfolded conformations, respectively, even after 24 h incubation (time point at which cells were seeded for viability and matrix deposition studies). We attribute the “partial” retention of Fn conformation to 1) the specific interactions of Fn with the underlying Col surface and 2) the intermolecular forces within the Fn layer. We previously calibrated such effect on flat mica substrates (data not shown) by comparing FRET right after 1 h immersion of Fn either at 4 or 37°C and after 24 h incubation. Our data indicated that 1) FRET decreased in both 4 or 37°C coatings after 24 h of incubation, which was expected due to temperature/entropy induced unfolding but also that 2) the FRET difference between 4 and 37°C samples was maintained, with 4°C coatings systematically retaining a more compact (higher FRET) conformation than 37°C coatings, as observed in the present study. Our observations are also consistent with previous results obtained on hydroxyapatite crystals and 2D Fn-coated coverglass chambers, where Fn conformation versus temperature followed the same trend [5, 32].
Col scaffolds coated with Fn showed increased cell invasion and survival, with a preference for low-temperature prepared scaffolds (coated with compact Fn) [1, 33]. These data suggest that cells favor interactions with compact Fn scaffolds likely because they can use their most common integrins type, α5β1, while they have to rely on less common (and less numerous) αVβ3 integrins to bind to unfolded Fn scaffolds, due to their inability to engage simultaneously the RGD sequence and the synergy site, located on the FnIII10 and FnIII9 modules of Fn, respectively when Fn is extended or unfolded [34–37].
Finally, the ability of cells to perform not only regular cell functions such as adhesion and proliferation but also matrix assembly with fibers exhibiting controlled conformation (compact/relaxed Fn fibers were deposited within compact Fn coated Col scaffolds while unfolded/stretched Fn fibers were deposited within unfolded Fn coated Col scaffolds) demonstrates the high level of control over ECM properties we could reach at early stages of cell culture (48 h). The dependence of the physical and biochemical characteristics of newly deposited Fn on the conformation (and rigidity) of a pre-existing underlying Fn network was first demonstrated in a study by Kubow and coworkers [38]. The authors proposed that the stretching/unfolding of fibers would upregulate the binding of soluble Fn, which could at least in part be due to the exposure of cryptic sites on FnIII modules involved in regulating Fn fibrillogenesis (in particular the matricryptic site within FnIII1). Additionally, as unfolded Fn fibers also exhibit higher rigidity, this tended to increase the contractility of interacting cells (molecular clutch model), consequently leading to the deposition of a stiffer (hence more stretched/unfolded) matrix.
Collectively, our findings suggest that the Fn coated Col scaffolds we generated provide a satisfying 3D environment for fibroblasts to attach, grow, and function normally, over long-term cell cultures, which fulfilled the essential criteria for an in vivo mimicking 3D cell-culture platform based on collagen. Therefore, these tunable Col-Fn scaffolds could be used as 3D cell culture models, in which ECM microarchitecture, mechanics and protein conformation are controlled over large volumes to investigate long-term mechanisms such as wound healing phases and/or vascularization mechanisms in both physiological (compact Fn category) and tumorous [32] (unfolded Fn category) microenvironments.
CONCLUSION AND FUTURE WORK
In this study, we have designed and engineered 3D porous Fn-coated Col scaffolds in which Fn conformation could be thermally switched from close-to-compact to (partially) unfolded. Those tunable Fn-Col scaffolds proved to regulate various key cell functions. Our results indicate that underlying Fn conformation could direct cell adhesion and early matrix deposition, as cells interacting with Fn in compact conformation generated a more compact/relaxed matrix than cells in contact with unfolded Fn, which deposited a more stretched and unfolded matrix. Such scaffolds potentially provide ECM-mimicking substrates for cells that can dictate and monitor cell functions. The use of those porous scaffolds in the context of wound healing or skin graft requires further investigations of cell behavior including migration assay and quantification of key growth factors such as TGF, FGF and VGEF. In conclusion, in this study, we have fabricated 3D Fn-Col platforms which composition, microarchitecture and mechanics quite accurately recapitulate the cell-deposited ECM. The additional level of control we achieved over Fn molecular conformation makes these platforms of potential use in cancer research, as they can easily be switched from a compact/relaxed state to an unfolded state, as reported in physiological and tumorous conditions, respectively. Therefore, these tunable Fn-Col scaffolds provide promising physiologically and pathologically relevant 3D platforms to monitor cell functions for long-term and large volume cells assays, with implications for tissue engineering and regenerative medicine.
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