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Abstract

:

The stiffness of extracellular matrices (ECMs) is critical for cellular functions. Therefore, modulating the stiffness of ECMs in vitro is necessary to investigate the role of stiffness in cellular phenomena. Collagen gels are widely used for cell culture matrices in vitro. However, modulation of the stiffness in collagen gels for cell culture is challenging owing to the limited knowledge of the method to increase the stiffness while maintaining low cytotoxicity. Here, we established a novel method to modulate collagen gel stiffness from 0.0292 to 12.5 kPa with low cytotoxicity. We prepared collagens with genipin, a low-cytotoxic crosslinker of amines, at different concentrations and successfully modulated the stiffness of the gels. In addition, on 10 mM genipin-mixed collagen gels (approximately 12.5 kPa), H1299 human lung cancer cells showed spreading morphology and nuclear localization of yes-associated protein (YAP), typical phenomena of cells on stiff ECMs. Mouse mesenchymal stromal cells on 10 mM genipin-mixed collagen gels differentiated to vascular smooth muscle cells. On the other hand, the cells on 0 mM genipin-mixed collagen gels (approximately 0.0292 kPa) differentiated to visceral smooth muscle cells. Our new method provides a novel way to prepare stiffness-modulated collagen gels with low cytotoxicity in cell culture.
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1. Introduction


Cells respond to mechanical stress and regulate their phenotype. In particular, once cells adhere to extracellular matrices (ECMs), they sense their stiffness and determine their fate [1]. For instance, fibroblasts easily migrate from soft ECMs to stiff ECMs, while it is difficult for cells to move from stiff ECMs to soft ECMs [2]. The morphology of fibroblasts is also regulated by ECM stiffness, as stiff ECMs induces spreading morphology [3]. In addition, epithelial cell clusters on stiff ECMs show random migration, whereas those on soft ECMs display collective migration [4]. Mesenchymal stromal/stem cells (MSCs) are multipotent mesenchymal cells that exist in many types of tissues [5] and regulate their differentiation potential by stiffness of the surrounding matrix. A previous study reported that soft ECMs, ECMs with moderate stiffness, and stiff ECMs trigger the neurogenic, myogenic, and osteogenic differentiation of MSCs, respectively [6]. Neural stem cells also respond to matrix stiffness and differentiate into neurons and astrocytes [7]. Furthermore, ECM stiffness is critical for cancer progression. Most solid cancers have stiff tissues, which affect the biochemical signaling and phenotypes of the cells in the tumors [8,9,10]. Stiff ECMs activate transcription factors, such as nuclear factor-κB (NF-κB), twist family bHLH transcription factor 1 (Twist1), and yes-associated protein (YAP) [11,12,13], thereby promoting malignant phenotypes in cancer cells. Stroma cells, such as cancer-associated fibroblasts (CAFs) in tumors, also respond to ECM stiffness and modulate cancer progression [14,15]. Therefore, the stiffness of the ECMs contributes to cellular functions and phenomena.



To evaluate the role of ECM stiffness in cell fate in vitro, we cultured the cells on ECMs with different stiffnesses. Collagens, one of the major components of ECMs [16], are widely used for cell culture. For example, the combination of a stiff substrate (collagen-coated glass or plastic dish) and a soft substrate (collagen gel) is one of the conventional methods used to determine the effect of ECM stiffness on cells [4,11,17]. In addition, by changing the collagen concentration, we can obtain gels with different stiffnesses, as higher collagen concentrations result in stiffer gel properties [8,18]. These methods are convenient; however, the exact concentration of collagen in these substrates cannot be controlled. Therefore, we cannot eliminate the biochemical effects of collagen molecules owing to differences in collagen concentration. Another way to prepare substrates with different stiffnesses is to use polyacrylamide gels with different crosslinker concentrations [19,20]. In this way, we can coat the gels with appropriate concentrations of ECMs; however, some cells can degrade the coated ECMs and, as a result, the artificial polyacrylamide gel surface is directly exposed to the cells. Another alternative method is crosslinking collagen gels with crosslinkers, such as N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC); however, using these crosslinkers poses a risk of cytotoxicity [21]. Although chitosan–hyaluronic acid dialdehyde hydrogels with different stiffnesses are used as substrates for cell culture [22], they are not derived from mammalian ECMs. Thus, a new way to control the stiffness of ECMs, such as collagen gels with the same concentration of ECMs and low cytotoxicity, is urgently needed.



Genipin is reported to be a crosslinker of amines in collagens [23,24] and a low cytotoxic reagent to cells [25]. Therefore, we used genipin to prepare collagen gels with different stiffness values for the cell culture. We successfully modulated the stiffness of collagen gels from 0.0292 to 12.5 kPa with low cytotoxicity. Moreover, we confirmed that the cells responded to the stiffness of these gels, as the H1299 lung cancer cells showed spreading morphology and nuclear localization of YAP, typical phenomena of cells on a stiff substrate. Furthermore, MSCs on stiff genipin-mixed collagen gels differentiated into vascular smooth muscle cells, whereas MSCs on soft collagen gels differentiated into visceral smooth muscle cells. These results suggest that our novel method for preparing stiffness-modulated collagen gels is a powerful tool for evaluating the effects of ECM stiffness on cultured cells in vitro.




2. Results and Discussion


2.1. Preparing Collagen Gels with Different Stiffness by Genipin-Crosslinking


First, we prepared collagen gels with genipin crosslinking to prepare gels with different stiffness values. We mixed a collagen solution and genipin-mixed HEPES (N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid) buffer and incubated the solution for gelation (Figure 1A). Collagen gels were mixed with 0, 0.01, 0.05, 0.1, 0.5, 1, or 10 mM genipin (final concentration). After washing the gels, we evaluated their stiffness (Young’s modulus) using atomic force microscopy. The Young’s moduli of the gels with 0, 0.01, 0.05, 0.1, 0.5, 1, and 10 mM genipin were 0.0292, 0.267, 0.678, 1.49, 3.36, 9.20, 12.5 kPa (mean value), respectively (Figure 1B). In addition, the genipin concentration in the media incubated for 24 h with 10 mM genipin-mixed collagen gel after washing was approximately 0.035 mM (determined by 595 nm absorbance). The cell viability of H1299 human lung cancer cell line and mouse mesenchymal stromal/stem cells (MSCs) was almost 100% with genipin concentrations less than 0.6 and 0.3 mM, respectively (Figure S1). Therefore, we confirmed that even at the highest genipin concentration in our experiments, the cytotoxicity of genipin derived from the genipin-mixed collagen gels was small enough to be ignored. As mentioned above, we successfully established a new method to prepare genipin-mixed collagen gels with different stiffnesses (0.0292–12.5 kPa) for cell culture.




2.2. Morphology of the Cells on Genipin-Mixed Collagen Gels


Next, we cultured H1299 cells on genipin-mixed collagen gels and investigated their phenotype. A previous study showed that cultured cells, including H1299 cells, display spreading morphology on a stiff substrate, whereas on a soft substrate, the cells maintained a round morphology [3,11]. Therefore, we cultured H1299 cells on genipin-mixed collagen gels with different stiffnesses and a collagen-coated glass dish (for the control of a stiff substrate). Our results confirmed that H1299 cells on 0 mM genipin-mixed collagen gels (0.0292 kPa gels) displayed a round shape; in contrast, the cells on 10 mM genipin-mixed collagen gels (12.5 kPa) and glass dishes showed spreading morphology (Figure 2A). The cells on 0.01 mM genipin-mixed collagen gels (0.267 kPa gels) induced moderate spreading (Figure 2A). Cell area analysis confirmed that cell spreading was significantly induced on stiff substrates (Figure 2B). These results showed that H1299 cells responded to the stiffness of genipin-mixed collagen gels and changed their morphology.




2.3. YAP Localization of the Cells on Genipin-Mixed Collagen Gels


YAP is a transcription factor that is localized to the nuclei of cells on a stiff substrate, whereas it diffuses or localizes to the cytoplasm of cells on a soft substrate [26]. Therefore, we cultured H1299 cells on genipin-mixed collagen gels and collagen-coated glass dishes and observed YAP localization using immunofluorescence staining. On 0 or 0.01 mM genipin-mixed collagen gels, YAP diffused in most cells (Figure 3A). In contrast, YAP localization to the nuclei was strongly induced in cells on 10 mM genipin-mixed collagen gels or glass substrates (Figure 3A). Statistical analysis of YAP nuclear localization showed that YAP was significantly localized to the nuclei of cells on 10 mM genipin-mixed collagen gels and glass dishes (Figure 3B). These results indicate that, similar to cell morphology, H1299 cells respond to the stiffness of genipin-mixed collagen gels and regulate YAP localization.




2.4. Differentiation of the MSCs on Genipin-Mixed Collagen Gels


Previous studies have shown that ECM stiffness is critical for the differentiation potential of MSCs [6,26]. Thus, we cultured MSCs on genipin-mixed collagen gels with different stiffnesses and evaluated their differentiation potential. First, we cultured MSCs on genipin-mixed collagen gels and collagen-coated plastic dishes (to control stiff substrates) under smooth muscle differentiation conditions. Our results showed that on 10 mM genipin-mixed collagen gels or plastic substrates, the cells showed spreading morphology, whereas on 0 mM genipin-mixed collagen gels, the cells did not (Figure 4A), suggesting that MSCs responded to the stiffness of each substrate. The qPCR results revealed that ACTA2 (αSMA, a marker of vascular smooth muscle [27]) expression was significantly higher in the cells on 10 mM genipin-mixed collagen gels or plastic dishes, on the other hand, ACTG2 (γSMA, a marker of visceral smooth muscle [27]) expression was significantly lower in the cells on 10 mM genipin-mixed collagen gels or plastic dishes (Figure 4B). We also confirmed that the smooth muscle marker smoothelin (SMTN) [27] was expressed in cells on all substrates, even though the expression level was significantly higher in cells on 0 mM genipin-mixed collagen gels (Figure S2).



A previous study reported that in smooth muscle cells, high ACTA2 and low ACTG2 expressions are markers of vascular smooth muscle, whereas low ACTA2 and high ACTG2 expressions are markers of visceral smooth muscle [27]. Therefore, our results suggest that stiff substrates promote vascular smooth muscle differentiation and repress the visceral smooth muscle differentiation of MSCs. Although the mechanism that regulates the differentiation of MSCs into vascular or visceral smooth muscle is poorly understood, a previous study have shown that ACTA2 expression is upregulated by stiff substrates via YAP activation [15]. In addition, ACTA2-positive smooth muscle differentiation was reported to be promoted by the blockage of ERK signaling [28] and inhibited by miR-222-5p [29]. Therefore, stiff substrates may induce the differentiation of MSCs into vascular smooth muscles via the regulation of YAP, ERK, and miRNAs.



Next, we cultured MSCs on genipin-mixed collagen gels and collagen-coated plastic dishes under adipogenic conditions. On softer substrates, the cells stored larger lipid droplets (Figure 5A). A previous study found that lipid droplets grow large during the differentiation process [30], implying that soft substrates enhance the differentiation of MSCs into adipocytes. The qPCR results showed that the adipogenic markers (CEBPA and PPARG) [31] were downregulated in cells on stiff substrates (10 mM genipin-mixed collagen gels and plastic dishes). A previous study also showed that adipogenic differentiation is promoted in MSCs cultured on soft substrates [26]. Therefore, our results indicate that genipin-mixed collagen gels with different stiffnesses also regulate adipogenic differentiation of MSCs.




2.5. Growth and Survival of the Cells on Genipin-Mixed Collagen Gels


We have previously shown that stiff ECMs promote growth of colon cancer cells [12] and MSCs in cancer-conditioned media [15]. In addition, hydrogel crosslinking affects gel porosity and cell proliferation [32]. Therefore, we examined the effect of hydrogel stiffness on the growth of cultured H1299 cells and MSCs by culturing them on genipin-mixed collagen gels of different stiffness. The results showed no significant differences in cell growth between the cells on 0 mM genipin-mixed collagen gels, 10 mM genipin-mixed collagen gels, and collagen-coated plastic substrates (Figure S3A,B). Cell survival was approximately 100% on all the substrates (Figure S3A,B), implying that cell growth reflects their proliferation. These results suggest that substrate stiffness and gel porosity are not critical for the proliferation of H1299 cells or MSCs.



These results demonstrate the successful preparation of collagen gels with different stiffness values, stable collagen concentrations, and low cytotoxicity. This method provides a useful system for culturing cells with different stiffness conditions and evaluating the effects of the mechanical environment on cell behavior.





3. Conclusions


In this study, we established a novel method for preparing cell culture substrates with different stiffness values. Our genipin-mixed collagen gels were substrates of modulated stiffness (0.0292–12.5 kPa) with the same concentration of collagen and low cytotoxicity. This is a good range of stiffness, as we can prepare substrates that mimic soft tissues such as brain tissue, moderate-stiff tissues such as lungs and livers, and abnormally stiff tissues such as tumors in vitro cell culture (Figure 6) [6,9]. Thus, we suggest that our method of preparing collagen gels with different stiffnesses is useful for evaluating the effects of in vivo tissue stiffness on development or cancer progression, contributing to the progress of regenerative medicine and the development of new cancer drugs.



Previous studies have shown the potential of hydrogels as novel therapeutic agents. For instance, hydrogel microspheres are promising therapeutic material for cartilage repair [33], phytomedicine-loaded hydrogels are effective in killing gram-positive and gram-negative bacteria [34], and magnetic hydrogels may be useful for cancer therapy to induce local hyperthermia in tumors [35]. Genipin-mixed collagen gels may also be good therapeutic candidates for preparing biomimetic physical environments for specific tissues and transplanting gels with appropriate cells. Thus, we established a novel method to prepare stiffness-modulated collagen hydrogels for cell culture and potential medical applications.




4. Materials and Methods


4.1. Gel Preparation


Genipin-mixed collagen gels were prepared under sterile conditions (Figure 1A). First, HEPES buffer (100 mM HEPES, 16 g/L NaCl, 2.3 g/L Na2HPO4, 0.4 g/L KCl, 0.4 g/L KH2PO4, pH = 7.3–7.4) and 20 mM genipin (078-03021, Wako, Osaka, Japan) in HEPES buffer were mixed to prepare genipin premix solution (×2 genipin concentration of final collagen gel) on ice. Second, equal volumes of genipin premix solution and Atelocollagen Acidic Solution (5 mg/mL collagen concentration, IPC-50, KOKEN, Tokyo, Japan) were mixed well with gentle pipetting for 60 s on ice. The mixture was then quickly centrifuged to remove bubbles. The solution was poured on an iced dish and incubated at 37 °C in a humidified incubator with 5% CO2 for 72 h for gelation. The gels were washed with Dulbecco’s modified Eagle’s medium (DMEM; D6046, Sigma-Aldrich, St. Louis, MO, USA or 08456-65, Nacalai Tesque Inc., Kyoto, japan) for 24 h at 37 °C in a humidified incubator with 5% CO2. For MSC culture and growth and survival assay, the gels were washed with phosphate-buffered saline (PBS) for 1 h three times before washing with DMEM. Next, the gels were washed with DMEM supplemented with 10% fetal bovine serum (FBS; 172012, Sigma-Aldrich, St. Louis, MO, USA) and 1% antibiotic/antimycotic solution (A5955, Sigma-Aldrich, St. Louis, MO, USA) for 24 h at 37 °C in a humidified incubator with 5% CO2. The gels were then used for cell culture or measurement of the Young’s modulus using atomic force microscopy.




4.2. Atomic Force Microscopy (AFM)


Genipin-mixed collagen gels (500 μL) were prepared in a 35 mm plastic dish. AFM indentations for the measurement of surface stiffness were performed using Nanowizard 4 (JPK Instruments, Berlin, Germany) on a TE300 microscope (Nikon Instech, Tokyo, Japan). A 10 μm diameter bead (F8834, Life Technologies, Carlsbad, CA, USA) tip-bound silicon nitride cantilever (MLCT-E, Veeco, Woodbury, NY, USA) with a spring constant of ~0.1 N/m was used. The spring constants of the cantilevers were determined by thermal tuning using a simple harmonic oscillator model. The gels were indented with a calibrated forces of 0.2 nN (gels with 0 mM genipin), 0.5 nN (gels with 0.01, 0,05, or 0.1 mM genipin), 2 nN (gels with 0.5 or 1 mM genipin), or 5 nN (gels with 10 mM genipin) in a scan area of 1 μm2 (4 pixels × 4 lines). The Hertz model of impact was used to determine stiffness (Young’s modulus). Three points within the scanning area of each gel were selected, and their corresponding values were used to calculate the average Young’s modulus of each gel. Only the force curves (indentation of at least 100 nm) that fit the Hertz model were used for the calculation. A Poisson’s ratio of 0.5 was used to calculate the Young’s modulus.




4.3. Cell Culture


The H1299 human lung cancer cell line (American Type Culture Collection) was cultured in H1299 culture media (DMEM supplemented with 10% FBS and 1% antibiotic/antimycotic solution). Mouse mesenchymal stromal/stem cells (MSCs) [15], kindly gifted by Dr. Suzanne Ponik (University of Wisconsin-Madison), were cultured in MSC culture media (DMEM supplemented with 20% FBS and 1% antibiotic/antimycotic solution). Cells were cultured at 37 °C in a humidified incubator with 5% CO2. For collagen coating, plastic or glass dishes were treated with 0.5 mg/mL Atelocollagen Acidic Solution (IPC-50, KOKEN, Tokyo, Japan) or 0.3 mg/mL Cellmatrix Type I-C (Nitta Gelatin, Osaka, Japan; for growth and survival assay). Phase-contrast images were captured using a TE300 microscope (Nikon Instech, Tokyo, Japan) equipped with a 10× objective.




4.4. Cell Viability Assay


H1299 cells (1 × 105 cells) or MSCs (2 × 105 cells) were seeded on collagen-coated 35 mm plastic dishes and cultured for 24 h with genipin at the indicated concentrations. The cells were then treated with calcein AM (Dojindo, Mashiki, Japan) and incubated for 1 h. The bright field and fluorescent images of the cells were captured with a ZOE Fluorescent Cell Imager (Bio-Rad Laboratories Inc., Hercules, CA, USA) to count the number of live and total cells. Cell viability (%) was calculated as follows: (number of live cells)/(number of total cells) × 100.




4.5. Morphology Assay


H1299 cells (2 × 104 cells) were seeded on 200 μL of genipin-mixed collagen gels in 16 mm glass dishes or collagen-coated 16 mm glass dishes and cultured for 24 h. Then, phase-contrast images of the cells were captured with a TE300 microscope (Nikon Instech, Tokyo, Japan) equipped with a 10× objective. The cell area was calculated using ImageJ software.




4.6. Fluorescent Staining


H1299 cells (2 × 104 cells) were seeded on 200 μL of genipin-mixed collagen gels in 16 mm glass dishes or collagen-coated 16 mm glass dishes and cultured for 24 h. Then, the cells were fixed with 4% paraformaldehyde in PBS for 10 min at room temperature and washed three times with PBS. Next, the cells were permeabilized with 0.1% Triton X-100 in PBS for 15 min at room temperature and washed three times with PBS. The cells were blocked with 0.1 or 0.5% bovine serum albumin in PBS for 30–60 min at room temperature. Primary antibody solution (1:250 anti-YAP antibody; 14074S, Cell Signaling Technology Inc., Danvers, MA, USA) in PBS was added and incubated at 4 °C overnight. After three washes with PBS, the secondary antibody solution (1:250 Alexa Fluor 488 goat anti-rabbit; A27034, Invitrogen, Waltham, MA, USA and 1:10,000 Hoechst 33342; H1399, Invitrogen) in PBS was added and incubated at room temperature for 1 h. After three washes with PBS, fluorescent images were captured using an A1 confocal imaging system (Nikon Instech, Tokyo, Japan) with a 60× objective. To quantify the localization of YAP, the fluorescence intensity was calculated as the nuclear/cytosol ratio using ImageJ software.




4.7. Differentiation of Mesenchymal Stromal Cells


For smooth muscle differentiation, MSCs (5 × 104 cells) were seeded on 500 μL of genipin-mixed collagen gels in 35 mm plastic dishes or collagen-coated 35 mm plastic dishes and cultured for 24 h with MSC culture media. The medium was then changed to DMEM supplemented with 1% FBS and 1% antibiotic/antimycotic solution for 2 d of culture [36]. For adipogenic conditions, MSCs (8 × 104 cells) were seeded on 250 μL of genipin-mixed collagen gels in 12 well plates or collagen-coated 12 well plates and cultured for 24 h in MSC culture media. Adipogenic differentiation was then performed using the hMSC BulletKit (PT-3004, LONZA, Basel, Switzerland) for 12 d.




4.8. qPCR


RNA was extracted using TriPure isolation reagent (Sigma-Aldrich, St. Louis, MO, USA), followed by purification with the FastGene RNA Basic Kit (FG-80250, Nippon Genetics Co., Ltd., Tokyo, Japan). Reverse transcription was performed using the ReverTra Ace qPCR RT Kit (FSQ-201; TOYOBO, Osaka, Japan). qPCR with cDNA was performed using the KAPA SYBR Fast qPCR kit (Kapa Biosystems, Inc., Woburn, MA, USA) and the Applied Biosystems StepOnePlus Real-Time PCR System (Thermo Scientific, Waltham, MA, USA). The following primers (5′-3′) were used: S18 (forward: ACTTTTGGGGCCTTCGTGTC, reverse: GCAAAGGCCCAGAGACTCAT), ACTA2 (forward: CTATTCCTTCGTGACTACTGCCGAG; reverse: GTTATAGGTGGTTTCGTGGATGCCC), ACTG2 (forward: TCGAGTAGCACCAGAAGAGCAC, reverse: CGAATCCAGAACGATGCCTGTG), SMTN (forward: ATGGCAGACGAGGCTTTAGCTG, reverse: TCTCGCTGTTGAGAGTGTAGCC), CEBPA (forward: AACAGCTGAGCCGTGAACTG, reverse: TTTCAGGCCACACCGGAATC), and PPARG (forward: TGATCTTAACTGCCGGATCCAC, reverse: CCCAAACCTGATGGCATTGTG).




4.9. Growth and Survival Assay


H1299 cells and MSCs (2 × 104 cells) were seeded on 500 μL of genipin-mixed collagen gels in 35 mm plastic dishes or collagen-coated 35 mm plastic dishes and cultured for 48 h. Nuclei and live cells were stained with Hoechst 33342 (1:4000) and calcein AM (1:1000) in PBS for 30 min, followed by washing with PBS. The nuclei and live cells were imaged using a ZOE Fluorescent Cell Imager (Bio-Rad Laboratories Inc., Hercules, CA, USA). Relative cell growth was evaluated by counting the number of nuclei, with the mean in H1299 cells on 0 mM genipin-mixed collagen gels set as 1). The cell survival (%) was calculated as follows: (number of live cells)/(number of nuclei) × 100.
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The following supporting information can be downloaded from https://www.mdpi.com/article/10.3390/gels9020148/s1 Figure S1. Cell viability of H1299 and mouse mesenchymal stromal cells. Mean ± S.E. N = 3 independent experiments. Figure S2. qPCR of SMTN in mouse mesenchymal stromal cells on 0 or 10 mM genipin-mixed collagen gels or collagen-coated plastic substrates with smooth muscle-differentiation condition. S18 was used as an internal control. Mean ± S.D. N = 3 independent experiments. * Statistical significance was determined using a 95% confidence interval with Bonferroni correction. Figure S3. (A) Fluorescent staining of nuclei and live H1299 and mouse mesenchymal stromal cells on the 0 or 10 mM genipin-mixed collagen gels or collagen-coated plastic substrates. Scale bar = 100 μm. (B) Relative cell growth and survival of H1299 and mouse mesenchymal stromal cells in (A). Mean±S.D. N = 3 independent experiments. N.S.; no statistical significance with Welch’s t-test (mesenchymal stromal cells, 10 mM vs plastic) or Student’s t-test (the others) with Bonferroni correction.
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Figure 1. (A) The schematic procedure of preparing genipin-mixed collagen gels for cell culture. HEPES: N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid, DMEM: Dulbecco’s modified Eagle’s medium, FBS: fetal bovine serum. (B) Young’s moduli of the 0, 0.01, 0.05, 0.1, 0.5, 1, or 10 mM genipin-mixed collagen gels. Mean ± S.D. N = 3 experiments. 
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Figure 2. (A) Cell morphology of H1299 cells on the 0, 0.01, or 10 mM genipin-mixed collagen gels or collagen-coated glass substrates. Scale bar = 100 μm. (B) Cell area of H1299 cells shown in (A). Mean ± S.D. N = at least 23 cells in 3 independent experiments. p value was calculated using Welch’s t-test with Bonferroni correction. 
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Figure 3. (A) Fluorescent staining of nuclei and YAP of H1299 cells on the 0, 0.01, or 10 mM genipin-mixed collagen gels or collagen-coated glass substrates. Scale bar = 50 μm. (B) YAP localization of H1299 cells shown in (A). Mean ± S.E. N = at least 84 cells in 4 independent experiments. p value was calculated using Welch’s t-test with Bonferroni correction. 
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Figure 4. (A) Cell morphology of mouse mesenchymal stromal cells on the 0 or 10 mM genipin-mixed collagen gels or collagen-coated plastic substrates with smooth muscle-differentiation condition. Scale bar = 100 μm. (B) qPCR of ACTA2 and ACTG2 in (A). S18 was used as an internal control. Mean ± S.D. N = 3 independent experiments. * Statistical significance determined with 95% confidence interval with Bonferroni correction. 
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Figure 5. (A) Cell morphology of mouse mesenchymal stromal cells on the 0 or 10 mM genipin-mixed collagen gels or collagen-coated plastic substrates with adipogenic condition. Scale bar = 100 μm. (B) qPCR of CEBPA and PPARG in (A). S18 was used as an internal control. Mean ± S.D. N = 3 independent experiments. * Statistical significance determined with 95% confidence interval with Bonferroni correction. 
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Figure 6. Stiffness-modulation of genipin-mixed collagen gels with the indicated genipin concentrations. The reported stiffness of brain, lung, liver, and tumor is also shown [6,9]. 
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