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Abstract

:

This study investigates the intricate dynamics of matrix stiffness, substrate composition, and cell–cell interactions and elucidates their cumulative effects on fibroblast behavior in different culture contexts. Three primary substrate types were examined: non-coated, collagen-coated, and collagen hydrogel, within both two-dimensional (2D) monolayer and three-dimensional (3D) spheroid cultures. The research provides several key insights. First, 3D spheroid culture, which promotes robust cell–cell interactions, emerges as a critical factor in maintaining fibroblast functionality. Second, substrate stiffness significantly influences results, with the soft collagen hydrogel showing superior support for fibroblast function. Notably, fibroblasts cultured on collagen hydrogel in 2D exhibit comparable functionality to those in 3D, highlighting the importance of substrate mechanical properties. Third, surface composition, as exemplified by collagen coating, showed a limited effect compared to the other factors studied. These findings provide a basis for innovative applications in regenerative medicine, tissue engineering, and drug testing models, and offer valuable insights into harnessing the potential of fibroblasts and advancing biomedical sciences.
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1. Introduction


The human body functions through an intricate assemblage of diverse tissues that rely on orchestrated behaviors of cellular interactions. Within complex interactions, cell-substrate interactions and cell-to-cell communication are essential to sustaining life processes. The implications of these interactions extend beyond our physiological understanding and influence fields such as tissue engineering and regenerative medicine. The extracellular matrix (ECM) is at the center of a complex interplay regulating various cellular activities, including proliferation, differentiation, motility, and adhesion [1,2]. Understanding the intricacies of cell–ECM interactions enables systematic control of cellular function and facilitates the development of biomaterials to promote favorable cellular behaviors.



The mechanical stiffness of the ECM plays a pivotal role in regulating various aspects of cell–ECM interactions and exerts a complex influence on cellular functions such as survival, growth, and differentiation by modulating cytoskeletal tension [3]. However, the conventional practice of culturing cells on rigid 2D plastic surfaces differs significantly from the physiological conditions found in native tissues. Verma et al. reported that cell proliferation was higher on stiffer substrates, while cells on softer substrates showed cell cycle arrest [4]. Therefore, the effect of the substrate mechanical properties on cellular behavior should be carefully investigated.



At the core of cell–ECM interactions is collagen: a quintessential ECM component. In the living organism, the ECM consists of a dynamic ensemble of molecules, including collagen, fibronectin, laminin, elastin, and proteoglycans [3]. Collagen, in particular, plays a pivotal role as the natural polymer that makes up the skin and serves as a scaffold and culture substrate in tissue regeneration studies. Type I collagen, with its characteristic Gly-X-Y motif, forms the robust collagen fibrils that permeate human tissues, often incorporating proline and 4-hydroxyproline residues that are essential for collagen gelation [5].



Traditional cell culture plates typically lack surface collagen, resulting in limited cell-collagen interactions. To overcome this limitation, collagen-coated surfaces or collagen hydrogel substrates have been developed to facilitate robust cell-collagen interactions with a softer stiffness profile [6]. Shao et al. reported that collagen coating on the titanium surface enhanced the osteogenic differentiation of mesenchymal stem cells by providing an osteoimmune microenvironment [7]. Castro-Abril et al. reported that the stiffness of collagen hydrogel affects the migration of colon cancer cells, and the mechanobiological response of cells can be used as a guide [8]. The introduction of collagen on the surface enhances the bioactivities by linking materials and cells.



In a previous study, we introduced an innovative approach to collagen gelation using riboflavin phosphate (RFP), a biocompatible photosensitizer derived from vitamin B2 [9]. Upon exposure to blue light, RFP is activated, generating free radicals that initiate intermolecular crosslinking, ultimately resulting in collagen hydrogels. These collagen hydrogels form a hydrophilic, biomimetic polymer network that closely mimics the physiological environment and serves as an ideal cell matrix [10]. RFP-mediated collagen crosslinking helps to strongly introduce the collagen matrix to the surface.



Fibroblasts are an appropriate cell to unravel the complex interactions between extracellular matrix (ECM) mechanics, cell-collagen dynamics, and the cell culture environment. These versatile cells, found in the stromal matrix of connective tissues, provide an excellent model for exploring these intricate relationships. Responsible for maintaining tissue integrity and ECM synthesis, fibroblasts are an ideal candidate for studying such interactions [11].



This study compares 2D and 3D cell culture approaches and investigates the interconnected effects of substrate stiffness and collagen presence on cell behavior. We adopt a unified method by utilizing three distinct substrates, comprising conventional culture plates, collagen-coated plates, and collagen hydrogel substrates, to culture fibroblasts in different environments. Analytical techniques, such as AFM analysis, migration studies, MTT assays, and fluorescence measurements, comprehensively assess these interactions. The significance of this study lies in its comprehensive examination of scaffold stiffness and the role of collagen in cell-scaffold interactions, providing valuable insights for biomaterial design, tissue engineering, regenerative medicine, and cancer research [12]. Our goal is to elucidate the intricate interplay of these factors, thereby improving our ability to regulate cellular behavior in various scenarios and fostering a deeper understanding of cellular functions.




2. Results and Discussion


2.1. Characterization of Collagen Substrate


Three types of cell culture plates were prepared to investigate the combined influence of matrix stiffness and substrate composition on cell–matrix interactions. In the non-coated group, a commercially available cell culture well plate substrate was utilized. The collagen-coated group involved the application of collagen solution to the well plate to enhance cell–collagen interactions while maintaining the original stiffness of the substrate. In the collagen hydrogel group, a collagen hydrogel with a thickness of approximately 0.7 mm was formed in a well plate to create a soft substrate that promotes cell–collagen interactions (Figure 1). A 2D monolayer culture was conducted by seeding NIH3T3 fibroblasts directly onto each prepared substrate. For a 3D spheroid culture, NIH3T3 fibroblast spheroids were formed and then seeded onto the substrate.



The collagen hydrogel was prepared by a crosslinking method using riboflavin phosphate (RFP) as a photosensitizer. This RFP-mediated collagen crosslinking method was used in a previous study and provides a convenient way to adjust the stiffness of the collagen hydrogel by varying the exposure time to blue light [9]. In this study, the blue light exposure time was fixed at 10 min and no further experiments were performed to fine-tune the stiffness of the collagen hydrogel. However, the exposure time can be easily modified depending on the desired cell type and specific research objectives.



To evaluate the properties of the collagen hydrogel, the storage modulus (G′) and loss modulus (G″) were measured using a rheometer (Figure 2). Frequency sweep rheology determines the relationship between G′ and G″ of a material at different frequencies, providing a rheological method to analyze viscoelastic properties and material state [13]. Throughout the frequency range, G′ showed higher values than G″, indicating that the collagen hydrogel exhibited the behavior of gel.



Based on the successful formation of the collagen hydrogel, a comparative analysis was conducted on the characteristics of the three substrates. First, we measured the average roughness of each substrate (Figure 3). The results obtained by calculating the standard deviation of the root mean square roughness (Rq) of the matrix surface indicated an increased surface roughness for the collagen-coated (32.78 ± 5.47) nm and the collagen hydrogel substrate (156.20 ± 5.64) nm compared to the non-coated substrate (0.14 ± 1.00) nm. The higher standard deviation for the non-coated substrate was attributed to surface contamination. The collagen hydrogel substrate had approximately five times the roughness of the collagen-coated substrate. It was evident that the non-coated surfaces maintained a flat and smooth appearance while the collagen-coated surfaces exhibited increased roughness due to the collagen coating. Although the collagen hydrogel showed a relatively small difference from the collagen-coated, it had the highest roughness of all the substrates, with all substrate roughness measurements falling in the nanometer range.



Cell–surface interactions play a critical role in cell attachment, proliferation, and tissue regeneration, and the surface topography of biomaterials significantly influences cell behavior and biocompatibility [14]. Typically, surface roughness determines the surface area available for cell attachment and growth, thus influencing initial cell adhesion and interaction with the extracellular matrix. While the measured substrate roughness varied, they were all in the nanometer range and were small compared to the cell size. Therefore, we concluded that the roughness of the three substrates was not a significant factor in inducing substantial changes in cell behavior.



Another factor that can influence cell behavior is the wettability of the substrate surface. Substrate wettability is a critical factor in cell adhesion and determines cell spreading, migration, and proliferation [15]. Measurement of the contact angle by water contact angle analysis revealed contact angles of 90.69 ± 0.64° for the non-coated substrate, 71.53 ± 1.99° for the collagen-coated substrate, and 56.87 ± 2.33° for the collagen hydrogel substrate (Figure 4). Coating the surface with collagen reduced the contact angle due to the hydrophilicity of collagen. In addition, the contact angle of the collagen hydrogel, which contains water in the matrix, decreased even more compared to the collagen coating.



In general, cells adhere most effectively to surfaces with contact angles between 40 and 70°, and for fibroblast cells in particular, the highest adhesion strength is achieved when the contact angle is between 60 and 80° [15,16]. Overall, all surfaces provided contact angles within a range suitable for fibroblast cell attachment. Notably, the collagen-coated substrate theoretically provided the most favorable contact angle. By culturing cells on substrates with different contact angles, we established conditions ideal for examining cell–matrix interactions while considering both stiffness and wettability.



Three substrates, non-coated, collagen-coated, and collagen hydrogel, were characterized for their effect on cell–matrix interactions. The collagen hydrogel, prepared by riboflavin phosphate-mediated crosslinking, exhibited viscoelastic properties. Comparative analysis revealed increased surface roughness for coated and hydrogel substrates, with the latter having the highest roughness. Surface wettability varied but provided suitable conditions for fibroblast attachment. Furthermore, the chemical composition of the collagen-coated and collagen hydrogel substrates was the same (Figure S1). These characterizations provide the basis for understanding the influence of the substrate on cell behavior in subsequent analyses.




2.2. Spheroid Behavior and Migration


A round bottom plate was coated with a coating solution and 2 × 103 NIH3T3 cells were seeded to form 3D spheroids. The size of the resulting spheroids and their migration over time were measured (Figure 5). The initial diameter of the spheroids was 510 ± 44 μm. After the spheroids were transferred to each substrate, the average diameter and area of the spheroids were measured on days 1, 4, and 7. The average diameters and areas for spheroid migration on the non-coated, collagen-coated, and collagen hydrogel substrates on days 1, 4, and 7 are shown in Table 1.



Diameter represents the distance that cells migrated from the center of the spheroid, while area was quantified using ImageJ software (version 1.52a) to measure the area where cells were attached in the images. In all groups, there was an increasing trend in the distance and area of cell migration from the center of the spheroid to the substrate surface over time. The spheroids on collagen hydrogel substrates showed the most extensive migration, followed by collagen-coated and non-coated substrates, which showed a gradual decrease in migration over time.



The surfaces of collagen-coated and collagen hydrogel substrates provide abundant cell–collagen interactions, suggesting that cell migration may be more active compared to the non-coated substrate. Collagen is a major protein component of the extracellular matrix (ECM) and plays a critical role in cell attachment and proliferation by regulating cytoskeletal rearrangement and signal transduction [17]. In contrast, cells on the non-coated substrate were confined to a smaller area over time, reflecting slower cell migration due to reduced cell–matrix interaction on an untreated surface.



The observed differences in cell migration between the different substrates prompt a discussion on the interrelated influence of surface properties on cell behavior. The enhanced migration on collagen-coated and collagen hydrogel substrates, attributed to enriched cell–collagen interactions, is consistent with the well-established role of collagen in facilitating cell attachment and proliferation through cytoskeletal rearrangement and signal transduction mechanisms [17]. In contrast, the slower migration on the non-coated substrate highlights the importance of surface treatment in promoting effective cell–matrix interactions.



Notably, the comparison between collagen-coated and collagen hydrogel substrates revealed a higher migration rate on the hydrogel despite similar collagen-based surfaces. This intriguing finding suggests that factors beyond surface composition, such as surface wettability and stiffness, contribute to the observed differences in cell behavior. While performing dedicated experiments to individually assess the effects of surface wettability and stiffness was challenging due to their interrelated nature, the collective effect of these surface properties on cell migration is evident from the observed patterns.



The significant influence of surface material composition, wettability, and stiffness collectively highlights the need for a holistic understanding of substrate properties in guiding cell behavior. This nuanced perspective is critical for the design of biomaterials in various biomedical applications, ranging from regenerative medicine to tissue engineering, where precise control of cell migration and interactions is paramount.




2.3. Evaluation of Cell Proliferation, Morphological Changes, and Extracellular Matrix Secretion


MTT assays were performed to evaluate cell proliferation on the three types of substrates (Figure 6). In addition, to investigate the effects of cell–cell interaction, experiments were divided into two categories: 2D cell culture and 3D spheroid culture. Considering 2D and 3D culture conditions, cell proliferation on non-coated and collagen-coated substrates was more active in 2D culture than in 3D spheroid culture. In contrast, on collagen hydrogel substrates, 3D spheroid proliferation exceeded that of 2D culture.



When comparing proliferation rates between 2D and 3D spheroid cultures, 2D cultures generally showed more active proliferation. In 2D culture, cells are seeded as single cells, providing enough space to ensure low cell density upon cell attachment to the substrate. In 3D spheroid culture, cells are densely packed and proliferation occurs primarily as cells in the outermost layers of the spheroid migrate along the substrate. Thus, a proliferation of 2D cultured cells was more active than 3D spheroid culture on both non-coated and collagen-coated substrates. However, collagen hydrogel substrates showed the opposite result. Fibroblasts in 2D culture on collagen hydrogel substrates did not show robust proliferation compared to other substrates, but 3D spheroids on these substrates showed more active proliferation. As suggested by the migration results in Figure 5, it can be inferred that the cells forming the spheroids on collagen hydrogel substrates migrated smoothly, resulting in more active proliferation than on other substrates.



In addition to cell proliferation, the secretion of collagen and glycosaminoglycans (GAGs) from the cells was measured to assess their functional performance (Figure 7). Fibroblasts are cells that play an important role in the composition of the extracellular environment, with collagen and GAGs as their major secreted factors [18,19,20]. To normalize the total collagen and GAGs secretion to the function of each cell, it was divided by the measured MTT values. Collagen secretion was most active in cells cultured on collagen hydrogel substrates, and there was little difference between 2D and 3D cultures. Notably, collagen secretion remained consistently high from day 1 to day 7 without a decrease. For the other substrates, non-coated and collagen-coated, cell seeding conditions rather than substrate type had a greater influence on collagen secretion. In all cases, 3D spheroid cultures showed higher collagen secretion than 2D cultures. However, in 3D culture conditions, collagen secretion was maintained until day 4 and then decreased significantly by day 7. In 2D culture conditions, there was a steady, low level of collagen secretion from day 1 to day 7.



The secretion of GAGs showed a decreasing trend over time in all groups, with almost indistinguishable secretion levels on day 7 in all groups. On day 1, cells cultured in 3D spheroids on collagen hydrogel substrates showed significantly higher secretion of GAGs. Subsequently, cells cultured in 3D spheroids on collagen-coated and non-coated substrates also showed higher secretion of GAGs. Cells cultured on collagen hydrogel in 2D culture conditions showed a GAGs secretion level similar to that of 3D spheroids cultured on non-coated substrates and higher than the other 2D cultures.



Except for 2D cultures on collagen hydrogel substrates, all groups showed higher collagen and GAG secretion in 3D spheroid cultures compared to 2D cultures. This suggests that cell–cell interactions play an important role in influencing fibroblast function in 3D spheroid cultures. The intercellular space in spheroids, where proteins such as fibronectin, collagen, and GAGs are secreted and accumulated, is known to be very active in 3D culture conditions [21]. When fibroblasts were cultured on collagen hydrogel substrates, cells in the 2D culture conditions exhibited levels of function that were higher than or similar to those of 3D spheroids on other substrates. This suggests that while cell–cell interaction is critical, adequate cell–matrix interaction can sufficiently maintain cell functionality.




2.4. Immunofluorescence Analysis


Immunofluorescence analysis was used to evaluate cell morphology and expression to better understand the effects of cell–cell and cell–matrix interactions on cells. Cell morphology was visualized using phalloidin, which binds selectively to F-actin filaments (Figure 8). Overall, a fibrous, linear structure was observed in all groups. In 2D cell culture conditions on non-coated and collagen-coated substrates, cells spread over a wide area, with F-actin appearing sharply linear. However, on collagen hydrogel substrates, cells were densely packed even in 2D culture conditions. In addition, F-actin expression was relatively low.



The central role of F-actin in shaping the cellular cytoskeleton and influencing cell structure, adhesion, and functions such as cell movement and muscle contraction is well established [22]. Recent studies indicate that matrix stiffness plays a critical role in regulating the reorganization and morphological distribution of the cellular cytoskeleton, with a positive correlation observed between matrix stiffness and F-actin expression [23,24]. In the context of 2D culture on collagen hydrogel, which is characterized by a dense cell structure, an environment was created that promotes enhanced cell–cell interactions, providing valuable insights into the influence of matrix stiffness on cellular dynamics.



When staining by 3D spheroid culture, it was difficult to observe the central part of the spheroid due to the high cell density, so the focus was on the area extending from the center of the spheroid due to migration. On non-coated substrates, where cell migration was not active, a relatively high density of F-actin was observed. However, unlike what was seen on collagen hydrogel substrates, the cells were not clustered but were individually attached to the substrate, maintaining their spacing. Collagen-coated substrates showed a relatively lower cell density compared to non-coated substrates, but the overall results were similar. On collagen hydrogel substrates, in both 2D and 3D cultures, F-actin images were faint, and the cellular cytoskeleton was not clearly visible, with an overall tendency for cells to cluster.



In 3D spheroid culture, similar to 2D culture, it was observed that cells cultured on stiff substrates, such as non-coated and collagen-coated substrates, promoted fibrotic transformation mechanisms. This is characteristic of fibroblasts and the pressure exerted on the cells by the stiffness of the matrix affects the cells, increasing contractility and decreasing cell mobility [11]. When comparing non-coated and collagen-coated substrates, it was evident that the cell cytoskeleton was influenced by both substrate stiffness and composition but showed a greater dependence on matrix stiffness.



To evaluate the influence of matrix stiffness and cell–cell interaction, the expression levels of Yes-associated protein (YAP) and E-cadherin were observed by immunostaining on day 7 (Figure 9). In 2D cell culture, cells on non-coated substrates exhibited a general distribution of YAP and E-cadherin staining and showed the highest relative fluorescence intensity. In contrast, collagen-coated and collagen hydrogel substrates showed relatively narrow areas of fluorescence with significantly lower fluorescence intensity compared to non-coated substrates. Collagen-coated substrates showed a more extensive presence of YAP and E-cadherin compared to collagen hydrogel substrates, although the difference in fluorescence intensity of YAP was not observed, E-cadherin fluorescence intensity was slightly higher in collagen-coated substrates than in collagen hydrogel substrates.



YAP is a protein that senses various physical cues, including matrix stiffness and mechanical forces associated with cell structure and the cytoskeleton. It translates these cues into cell-specific transcriptional programs that induce gene expression [25]. Cells induced by a stiff ECM require YAP function, whereas cells associated with a soft ECM require inactivation of YAP function, thereby suppressing YAP activity [26]. E-cadherin is a core component of adherens junctions, which are essential for cell adhesion and maintenance of epithelial phenotypes. It anchors cells and promotes cell–cell interactions by physically restraining cell movement [27]. In addition to promoting cell adhesion, E-cadherin initiates signaling that regulates cell shape, movement, proliferation, differentiation, and survival [28].



In 2D cell culture, the observed increase in YAP activity was likely due to individual cells experiencing increased stiffness due to the rigid substrate. This is because stiff substrates transmit mechanical forces directly to the nucleus, resulting in nuclear flattening and increased YAP nuclear translocation [26]. Since the non-coated substrate had no collagen treatment, cell–cell interactions were most likely due to the lack of collagen, which is why the epithelial marker E-cadherin was also expressed at high levels. Collagen hydrogel substrates had very low stiffness due to their soft matrix properties, which exerted minimal pressure on the cells, resulting in inhibition of YAP activity. YAP signaling was found to be responsive to mechanical transitions in cell shape, cytoskeletal integrity, and mechanical forces throughout the cell or tissue, and it is known that an increase in F-actin cytoskeletal assembly leads to increased nuclear YAP [27]. This is consistent with the immunofluorescence results showing increased YAP activity on non-coated and collagen-coated substrates where the F-actin cytoskeleton was prominently displayed. Furthermore, although collagen matrix-cell interaction was active, cell–cell interaction was very weak, resulting in the suppression of E-cadherin expression. Collagen-coated substrates, which were similar to non-coated substrates in terms of substrate stiffness, had little effect on 2D cells, suggesting that the expression of YAP and E-cadherin in 2D cell culture is more associated with the presence of collagen.



In 3D spheroid culture, the prominent intensity of E-cadherin and YAP was observed in the center of the spheroid. This expression was primarily attributed to cell–cell interactions within the spheroid rather than cell–matrix interactions. As a result, differences in the distribution and intensity of E-cadherin and YAP between groups were not as pronounced as in the previous 2D culture. In the 2D culture, E-cadherin and YAP expression was highly localized and showed strong intensity, while within the spheroids, the expression was more evenly distributed throughout the spheroid rather than restricted to specific areas. In particular, the distribution of E-cadherin and YAP was concentrated in the inner regions of the spheroid rather than in the outer regions. Notably, the staining area of spheroids on collagen hydrogel substrates was narrower compared to the other two substrates.



In general, cells cultured at low density show reduced expression of the epithelial marker E-cadherin [29]. Consequently, in 3D culture, strong E-cadherin expression was centered around the spheroid core, which had a high cell density and was rarely observed in 2D culture. YAP activity was also inhibited except in the spheroid center, where the low stiffness of the collagen and extensive cell movement resulted in minimal pressure, making it the most biologically relevant collagen substrate environment for 3D spheroid culture. The inhibitory effect of low mechanical stress on YAP activity has been well documented [30]. Thus, it was confirmed that YAP and E-cadherin expressions are primarily influenced by cell density and cell–cell interactions, with secondary effects from cell–matrix interactions.



This research provided insight into the key factors influencing fibroblast behavior under 2D and 3D culture conditions and the influence of substrate type. The most significant factor identified was cell–cell interaction in 3D spheroid culture, which minimized the effect of substrate and maintained fibroblast functionality. Substrate stiffness had a significant effect, with the soft collagen hydrogel substrate significantly improving fibroblast function compared to stiff substrates. Of particular significance, fibroblasts cultured on collagen hydrogel substrates in a 2D environment exhibit similar cell functionality as those cultured in 3D. Surface composition had the least effect, with collagen-coated surfaces showing no significant differences from non-coated surfaces in all experiments. The research elucidates the impact of cell–cell and cell–matrix interactions, as well as stiffness, on cellular behavior. This has significant future implications in regenerative medicine, including tissue engineering and drug screening, where cellular approaches play a crucial role.





3. Conclusions


In this study, we investigated the intricate interplay of matrix stiffness, substrate composition, and cell–cell interactions and elucidated their collective influence on fibroblast behavior in different culture environments. The dominant variable that surfaced was the significant influence of 3D spheroid culture, in which robust cell–cell interactions were prioritized to maintain fibroblast function. These findings emphasize the importance of promoting robust cell–cell junctions in microenvironments, which indicates potential for their application in regenerative medicine. In addition, substrate stiffness emerged as a critical determinant of fibroblast responses, with the soft collagen hydrogel substrate significantly enhancing fibroblast function. Even in a 2D culture, fibroblasts on collagen hydrogel substrates retained similar functionality as their 3D counterparts. This emphasizes the fundamental importance of substrate mechanical properties in directing cellular behavior and implies that soft substrates may be advantageous in enhancing cell function. Finally, the results indicate that surface composition, as demonstrated by collagen coating, had a minor impact compared to other investigated factors. The research highlights that the presence of collagen coating did not trigger noteworthy deviations from non-coated surfaces. This confirms the superiority of factors such as stiffness and cell–cell interactions in shaping fibroblast behavior. These findings have significant implications for regenerative medicine, tissue engineering, and drug testing models. They provide the basis for innovative strategies to harness the potential of fibroblasts in various applications and paving the way for advances in biomedical sciences. Future research on the molecular mechanisms and diverse cell types involved will enhance our comprehension and capacity.




4. Materials and Methods


4.1. Materials


Unless otherwise stated, all chemicals and solvents were used as supplied by the manufacturer. Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), phosphate-buffered saline (PBS, pH 7.4), Dulbecco’s phosphate-buffered saline (DPBS), and penicillin-streptomycin were purchased from WelGene, Inc. (Daegu, Republic of Korea). Bovine collagen I and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Invitrogen (Carlsbad, CA, USA). BIOFLOAT™ FLEX coating solution was purchased from faCellitate (Mannheim, Germany). Triton X-100, riboflavin phosphate (RFP), 4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI), and bovine serum albumin (BSA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sircol™ soluble collagen assay kit and Blyscan™ sulfated GAGs assay kit were purchased from Biocolor (Carrickfergus, UK). The F-actin staining kit was purchased from Abcam (Cambridge, UK). Paraformaldehyde, Alexa Fluor® 594 anti-human CD324 (E-cadherin) antibody (clone: 67A4), rabbit yes-associated protein (YAP) polyclonal antibody, Alexa Fluor™ 488 goat anti-rabbit IgG (H + L), and Rhodamine Red™-X goat anti-mouse IgG (H + L) were purchased from Thermo Fisher Scientific (Waltham, MA, USA).




4.2. Fabrication and Characterization of Collagen Substrates


The non-coated surface was provided by commercially available cell culture well plates. The collagen-coated substrate was prepared by coating the well plates with collagen solution. A 200 μL solution of diluted collagen (0.01% w/v in DI water) was added to the well and incubated overnight before removing the solution. The collagen hydrogel substrate was prepared by RFP-mediated photocrosslinking. The pH of the collagen solution was adjusted to 7 by mixing with distilled water, sodium hydroxide, and 10× phosphate-buffered saline. RFP (0.01% w/v in PBS) was then added to the neutralized collagen solution. Next, 200 μL of collagen hydrogel precursor solution was added to the well and exposed to blue light for 10 min.



The mechanical properties of the collagen hydrogel substrate were analyzed using a rheometer (MCR92, Anton Paar, Graz, Austria). A total of 200 μL of collagen solution (0.01% v/v) containing RFP was applied to the rheometer plate and exposed to blue light for 5 min. Analysis was performed using an 8 mm parallel plate (PP08) with fixed parameters of storage modulus (G′), loss modulus (G″), and shear strain set to 1%. A frequency sweep was performed over a range of 0.1 Hz to 10 Hz and measurements were performed at a constant temperature of 37 °C.



The surface roughness was measured using an atomic force microscope (Park Systems Corp., Suwon, Republic of Korea). In the case of collagen-coated plates, the process was initiated by applying a dilute collagen solution (0.01% v/v in distilled water) to a glass slide. This solution was washed with distilled water for 24 h, then removed and dried. For collagen hydrogel substrate sampling, a neutralizing solution diluted with distilled water and a collagen solution (0.01% v/v) containing RFP was applied to a glass slide. Another glass slide was carefully placed on this assembly and exposed to blue light for 10 min. As a control, we introduced non-coated flat glass slides without any treatment. All imaging processes were performed in non-contact mode and at room temperature to ensure the accuracy of our characterizations.



The wettability was measured with a contact angle meter (DSA100, KRUSS, Hamburg, Germany). The drop phase was water, and the drop type was set to sessile drop. The untreated flat plastic plate (uncoated) was used as a control group for comparison.




4.3. Cell Culture and Spheroid Formation


NIH3T3 cells were obtained from the Korean Cell Line Bank (Seoul, Republic of Korea) and cultured in an incubator maintained at 37 °C with 5% CO2 and 95% air. The cell culture medium used was DMEM supplemented with 1% v/v penicillin and 10% v/v FBS. For two-dimensional (2D) cell culture, cells were grown to 90% confluence on a T-75 plate. The experiment was then initiated by seeding 2 × 103 NIH3T3 cells into a 48-well plate. For three-dimensional (3D) spheroid culture, 100 μL of a BIOFLOAT™ FLEX coating solution was added to an untreated round-bottom 96-well plate and incubated for 3 min. After the coating solution was removed and allowed to air dry at room temperature for 30 min, 2 × 103 NIH3T3 cells were seeded onto the coated well plate. After aggregation of the cells in the center, facilitated by a shaker, and incubation for 24 h, the resulting spheroids were transferred to a 48-well plate for the experiment.




4.4. Evaluation of Cell Proliferation, Morphological Changes, and Extracellular Matrix Secretion


To evaluate cell proliferation and viability under different culture conditions, 2 × 103 NIH3T3 cells were seeded for 2D monolayer and 3D spheroids. On days 1, 4, and 7, 100 μL of MTT solution (6 mg/mL) was added and then incubated the cells at 37 °C for 2 h. After removing the solution, formazan crystal was dissolved in 650 μL of DMSO and transferred 200 μL of this solution to 96-well plates. The spectrophotometer (Microplate Spectrophotometer, Epoch.Co, Tokyo, Japan) was used to measure the absorbance at 540 nm.



We initiated our investigation by cultivating 3D spheroids, which were formed by seeding cells on days 1, 4, and 7. To comprehensively assess their morphological evolution, we meticulously measured the horizontal, vertical, and diagonal dimensions of these spheroids. Subsequently, we calculated their mean values to provide an overall description. In addition, the migratory area of the spheroids was quantified using ImageJ software (version 1.52a).



Secreted collagen was quantified using a Sircol™ soluble collagen assay kit. Media collected on days 1, 4, and 7 were mixed with 1 mL of collagen assay solution in tubes and shaken on an orbital shaker for 30 min. The mixture was then centrifuged for 10 min, and the supernatant discarded. Ice cold acid salt (750 μL) was added, centrifuged for 10 min, and the supernatant discarded. Alkaline reagent (250 μL) was added to the pellet and vortexed. The resulting solution was transferred to a 96-well plate, and the absorbance was measured at 556 nm using a spectrophotometer.



Secreted GAGs were quantified using a Blyscan™ sulfated GAGs assay kit. Media collected on days 1, 4, and 7 were mixed with 1 mL of GAGs in tubes and shaken on an orbital shaker for 30 min. The mixture was then centrifuged for 10 min, and the supernatant was discarded. A dissociation reagent (500 μL) was added to the pellet, followed by vortexing and further centrifugation for 5 min. The supernatant was collected and transferred to a 96-well plate, and the absorbance was measured at 656 nm using a spectrophotometer.




4.5. Immunocytochemistry for Protein Expression


On day 7 of the cell culture, the cells were fixed with a 4% w/v paraformaldehyde solution in PBS for 20 min, followed by two thorough PBS washes. F-actin staining was performed using Triton red fluorescent phalloidin from the F-actin staining kit, applied for one hour, then subjected to two PBS washes. DAPI staining was introduced for 15 min. Immunocytochemistry was conducted to assess the expression of YAP and E-cadherin, aiming to discern the influence of substrate characteristics and cell–cell interactions across distinct cell culture environments. To minimize non-specific antibody binding, a bovine serum albumin blocking buffer (5% w/v in PBS) was used, diluted with PBS and applied for 20 min. After two subsequent PBS washes, the primary antibody was incubated with BSA (1% w/v in PBS) for two hours. The primary antibodies used in this study were Alexa Fluor® 594 anti-human CD324 (E-cadherin) antibody (clone: 67A4) and rabbit YAP polyclonal antibody, both diluted to 1:100 and 1:200, respectively. After two additional PBS washes, secondary antibodies Alexa Fluor™ 488 goat anti-rabbit IgG (H + L) and Rhodamine Red™-X goat anti-mouse IgG (H + L) were added, both diluted 1:200 and 1:250, respectively. After two additional PBS washes, DAPI staining was applied for 15 min. The samples were then subjected to a final round of PBS washes before observation under a microscope (EVOS M5000, Invitrogen). The relative red intensity of the resulting fluorescence images was quantified using ImageJ software (version 1.52a) based on grayscale values.




4.6. Statistical Analyses


All data are expressed as mean ± standard deviation (SD). Each experiment was repeated three times unless otherwise indicated. Statistical evaluation was performed using one-way ANOVA. A value of p < 0.05 was considered statistically significant. Statistical analysis was performed using the statistical software GraphPad Prism 9.
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Figure 1. Schematic of the cell culture environment. Three different substrate types are shown: non-coated cell culture plate, collagen-coated cell culture plate, and collagen hydrogel substrate. Two-dimensional monolayer cells and three-dimensional spheroids have been cultured on these substrates. 
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Figure 2. Frequency dependent storage (G′) and loss (G″) moduli of the collagen hydrogel substrate as determined by the rheometer. 
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Figure 3. Atomic force microscope (AFM) images of substrate surfaces. (a) Non-coated, (b) collagen-coated, and (c) collagen hydrogel substrates. 
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Figure 4. Contact angle analysis of substrates. (a) Non-coated, (b) collagen-coated, and (c) collagen hydrogel substrates. Images of water droplets on the surface. 
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Figure 5. Analysis of spheroid migration. (a) Images of spheroid migration on non-coated, collagen-coated and collagen hydrogel substrates on days 1, 4, and 7. Scale bars: 750 μm. (b) Migration distance of spheroid is an average of horizontal, vertical, and diagonal. (c) Migration area was quantified using ImageJ software (version 1.52a). Data are based on triplicate measurements (n = 3). 
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Figure 6. Cell viability of non-coated, collagen-coated, collagen hydrogel substrates of 2D and 3D by MTT assay in day 1, 4, 7. Bars represent the mean ± SD (n = 3). Significant differences are denoted 0.01 < p < 0.05 (*, #, &), p < 0.01 (**, ##, &&, @@, %%). The symbols * indicate a difference from the 2D non-coated, # from the 3D non-coated, & from the 2D collagen-coated, @ from the 3D collagen-coated, and % from the 2D collagen hydrogel substrates. 
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Figure 7. Protein release of 2D and 3D non-coated, collagen-coated and collagen hydrogel substrates using (a) collagen and (b) glycosaminoglycan assay on days 1, 4, 7 (n = 3). 
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Figure 8. F-actin expression in immunofluorescence staining images in (a) 2D cell culture and (b) 3D spheroid culture on day 7. The blue fluorescence in the nucleus shows DAPI staining, and the red fluorescence represents the location of F-actin. Scale bars: 75 μm. 
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Figure 9. E-cadherin and YAP expression in immunofluorescence staining images in (a) 2D cell culture and (b) 3D spheroid culture on day 7. The blue fluorescence in the nucleus shows DAPI staining, the red fluorescence represents E-cadherin, and the green fluorescence represents the location of YAP. Scale bars: 300 μm. 
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Table 1. Spheroid migration distance and area on days 1, 4, and 7. The symbols * indicate that cells spread out of the microscope images. Data are based on triplicate measurements (n = 3).
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Substrates

	
Time (Day)

	
Migration Distance (μm)

	
Migration Area (Pixels)






	
Non-coated

	
1

	
626   ±   92

	
2205   ±   203




	
4

	
1757   ±   116

	
13,489   ±   544




	
7

	
2621   ±   49

	
* 37,890   ±   995




	
Collagen-coated

	
1

	
802   ±   59

	
2908   ±   166




	
4

	
2327   ±   82

	
21,962   ±   1046




	
7

	
3600   ±   614

	
* 41,521   ±   949




	
Collagen hydrogel

	
1

	
1063   ±   93

	
4710   ±   168




	
4

	
2588   ±   107

	
29,719   ±   1491




	
7

	
4024   ±   117

	
* 42,903   ±   0
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