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Abstract 20 

Collagen is the most abundant protein in animals, and its polymer, collagen fibrils, regulate cellular 21 

proliferation, differentiation, and migration. Low antigenicity, biocompatibility, and biodegradability make 22 

collagen fibrils suitable functional scaffolds for tissue engineering. In a previous study, we found that the 23 

type I atelocollagen purified from the swim bladder of Bester sturgeon (swim bladder collagen, SBC) 24 

showed high fibril-forming ability, producing thicker fibrils faster than porcine collagen. In this study, we 25 

report a novel method to coat cell culture wells with highly aligned collagen fibrils using the SBC. Two 26 

types of fibrils with different thicknesses were prepared by changing the crosslinking treatment timing. The 27 

oriented, thick collagen fibrils induced pre-osteoblastic MC3T3-E1, pre-adipocytic 3T3-L1, pre-myocytic 28 

C2C12, and fibroblastic L929 cells to align in the same direction, whereas the oriented, fine fibrils made a 29 

cell network with their long pseudopods. Cellular proliferation was inhibited on both fibrils. Furthermore, 30 

both fibrils induced the early differentiation of MC3T3-E1 cells without differentiation stimuli. In contrast, 31 

the morphology of pre-chondrocytic ATDC5 cells on both fine and thick fibrils extended very short 32 

pseudopods and continued to maintain a spherical shape without stretching, suggesting a distinct effect by 33 

the fibrils. The newly developed fibril coatings are in the form of a thin film, thereby providing good 34 

visibility of the cell structure, including cell-cell and cell-ECM interactions, using a phase contrast 35 

microscope. The fibril coatings have high potential as a useful tool for tissue engineering research. 36 

 37 

Keywords: sturgeon collagen, swim bladder collagen (SBC), self-assemble, cell culture, cell orientation  38 
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1. Introduction 39 

Collagen is the main component of the extracellular matrix (ECM) in animals and it mechanically 40 

supports tissues [1]. Type I collagen, which is found in skin, bones, ligaments, and other tissues, is secreted 41 

extracellularly as a triple helical molecule, assembles into fibrils with a diameter of 10–300 nm, and 42 

functions as a scaffold for cells [2,3]. Collagen is an excellent biomaterial for artificial scaffolds owing to 43 

its high cell adhesiveness, biocompatibility, and biodegradability, and is mainly used in the form of a 44 

hydrogel or sponge [4–6]. Recent reports suggest that soluble signaling molecules, such as hormones and 45 

cytokines, and insoluble ECMs, such as collagen, also control cell proliferation, differentiation, and 46 

migration by transmitting various information [7–10]. Therefore, scaffold materials that control cellular 47 

functions have been getting more attention as "smart scaffolds" in tissue engineering [11]. Notably, 48 

scaffolds made of atelocollagen are of researchers' interest because they can be introduced into the human 49 

body for medical application, even if they have a heterologous origin, because of its low antigenicity [12]. 50 

The scaffold needs to have appropriate morphology [13], stiffness [14], and amino acid sequences for 51 

cellular attachment [15,16] to adjust cellular functions. For example, the RGD sequence functions to induce 52 

cell orientation on collagen fibrils [10].  53 

 For mimicking the oriented fibrous form of ECM, such as observed in ligaments, synthetic 54 

polymers (e.g., polylactic acid, polyimide) with superior processing have been used with various 55 

technologies, such as electrospinning [17,18] and surface micropatterning [19,20]. Recent reports 56 

demonstrated the effects of fibril thickness on cellular behavior; for example, 70–100 nm diameter fibrils 57 
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promote specific differentiation of human MSCs into osteoblasts [21]. Few reports have described the 58 

effects of fibers with diameters on the order of nanometers, as is collagen in vivo. Additionally, it is difficult 59 

to mimic aligned collagen fibrils in vivo owing to the low processing ability of collagen fibrils in vitro. 60 

Several strategies have been developed to build highly-aligned fibrillar collagen structures, including 61 

electrospinning [22], flow casting [23], and high magnetic field [24,25]. For example, control of the fibril 62 

alignment by a magnetic field can produce thin diameter fibrils close to natural collagen fibrils. However, 63 

the high cost of the process may hinder industrial production and the risk of denaturation of collagen 64 

molecules during processing must be considered [26].  65 

 In recent years, the most common sources of collagen for biomaterials and tissue engineering 66 

have been bovine skin and tendon, porcine skin, and rat tail [27]. However, the use of mammalian 67 

collagens has the risk of zoonoses such as bovine spongiform encephalopathy and foot-and-mouth disease. 68 

Religious beliefs also restrict the usage of porcine or bovine collagen. Marine collagen derived from 69 

aquatic animals has attracted attention as a smart alternative to mammalian collagen owing to their low risk 70 

of pathogen infections and low religious restrictions. We observed that the swim bladder of the Bester 71 

sturgeon, a hybrid of Huso huso × Acipenser ruthenus, contains a large amount of type I collagen [28]. 72 

Because the Bester sturgeon is a highly valued fish species especially famous for its caviar and is now 73 

widely aquacultured in China and Japan, the industrial-scale production of the SBC is possible. In addition, 74 

the SBC is characterized by low viscosity, high fibril-forming ability, and relatively high denaturation 75 

temperature [28]. However, atelocollagens from other tissues (scale, skin, muscle, digestive tract, 76 
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notochord, and snout cartilage) of the Bester sturgeon do not show such properties [28]. The special 77 

characteristics of the SBC enable the production of materials with a uniform orientation of fibrils using 78 

very easy and low-cost techniques [29,30]. We assumed that the especially high fibril-forming ability of 79 

SBC made it possible to align the fibrils with uniform orientation.  80 

 In this study, we developed an easy procedure to coat the bottom of cell culture wells with highly 81 

oriented fibrils using the SBC, and examined how oriented fibrils affected cell morphology, proliferation, 82 

and differentiation.  83 

 84 

2. Material and Methods 85 

2.1. Materials 86 

Type I atelocollagen was extracted from the swim bladder of Bester sturgeon as described previously [28]. 87 

Porcine pepsin (EC 3.4.23.1, 1:10,000, Wako Pure Chemical Industries Ltd., Osaka, Japan) at a 88 

concentration of 0.1% was used for removing telopeptides of collagen molecules. For comparison, porcine 89 

skin type I collagen (Cellmatrix type I-C, Nitta Gelatin Inc., Osaka, Japan) was used. Cell culture media 90 

and penicillin/streptomycin (P/S) solution were obtained from Thermo Fisher Scientific (Waltham, MA). 91 

Hank's balanced salt was obtained from Sigma-Aldrich (St. Louis, MO). Other chemicals were obtained 92 

from Wako Pure Chemical Industries Ltd unless otherwise stated. Cell culture wares were from Corning, 93 

NY. Cells were obtained from RIKEN Cell Bank (Tsukuba, Japan) and Japanese Collection of Research 94 

Bioresources (Tokyo, Japan).  95 
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 96 

2.2. Preparation of collagen-coated wells 97 

Lyophilized SBC was dissolved in an aqueous HCl solution (pH 3.0) at 1.0% (w/v), 4°C without stirring to 98 

produce a homogenous solution. A 200 μl aliquot of the atelocollagen solution was poured into each well of 99 

a 24-well cell culture plate, incubated for 30 minutes, and the solution was removed. The fibril formation 100 

was induced by introducing a 0.1 M Na-phosphate buffer (PB, pH 7.6) into the wells for 24 hours at room 101 

temperature (22°C). Crosslinking was performed using a 1 mM genipin in a 0.1 M PB for 24 hours to 102 

prevent heat denaturation. Two ways of crosslinking were employed: crosslinking during fibril formation 103 

and after fibril formation. In the former case, the PB containing genipin was used to induce fibril formation. 104 

In the latter, wells were treated first with PB to induce fibril formation for 24 hours and then with PB 105 

containing genipin for a subsequent 24 hours. After the crosslinking, wells were washed twice with cold 106 

Hank's balanced salt solution (HBSS) containing 100 U/ml penicillin and 100 μg/ml streptomycin. For 107 

comparison, wells were coated with porcine skin type I collagen following the instructions supplied by the 108 

company. Briefly, collagen (0.03%, w/v) in an aqueous HCl solution was pipetted into the wells, incubated 109 

for 30 minutes at room temperature (22°C), air-dried, crosslinked with PB containing 1 mM genipin for 24 110 

hours, and rinsed twice with HBSS. SBC at a concentration of 0.03% was similarly coated. The genipin 111 

crosslinking increases the thermal stability of the gels by the same degree as glutaraldehyde and is very low 112 

toxicity [31]. 1 mM genipin was used for the crosslinking, under which no cell toxicity was observed [31].  113 

 114 
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2.3. Cell culture 115 

MC3T3-E1, ATDC5, 3T3-L1, C2C12, and L929 cell lines, which showed pre-osteoblastic, pre-116 

chondrocytic, pre-adipocytic, pre-myocytic, and fibroblastic features, respectively, were used to evaluate 117 

cellular response. To study the cellular morphology and proliferation, cells were maintained in their 118 

respective growth media: Minimum Essential Medium Eagle (MEM)-alpha supplemented with 10% fetal 119 

bovine serum (FBS) for the MC3T3-E1 cells, Dulbecco's Modified Eagles Medium/Nutrient Mixture F12 120 

(DMEM/F12) supplemented with 10% FBS for the ATDC5 cells, DMEM supplemented with 10% FBS for 121 

the 3T3-L1 and C2C12 cells, and MEM supplemented with 10% FBS for the L929 cells. To study 122 

differentiation, MC3T3-E1 cells were seeded and maintained in the growth medium for one day and after 123 

that cultured in the osteogenic medium, growth medium supplemented with 10 mM β-glycerophosphate 124 

and 50 µM ascorbic acid (Sigma-Aldrich). All cells were cultured in a humidified incubator at 37°C and 125 

5% CO2, and media was changed once every three days. All cultures were supplemented with 100 U/ml 126 

penicillin and 100 μg/ml streptomycin.  127 

 The cell morphology was observed with a phase contrast microscope (DMI600B, Leica, Wetzlar, 128 

Germany) over the cell culture time.  129 

 130 

2.4 Scanning electron microscopy 131 

The microstructure of the bottom surface of the cell culture wells coated with the different collagens was 132 

studied under a scanning electron microscope (SEM; JSM6010LA, JEOL Ltd., Tokyo, Japan). PB 133 
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containing 2.5% (v/v) glutaraldehyde was poured into each well and incubated for 3 hours at room 134 

temperature for fixation. The samples were then rinsed twice with PB, dehydrated with ethanol, and the 135 

medium was changed to a t-butyl alcohol solution. The samples in t-butyl alcohol were then freeze-dried 136 

with a freeze-drying device (JFD-320; JEOL Ltd.), and the sidewalls of each well were cut off. The cell 137 

culture bottom was coated with gold-platinum using an auto fine coater (JFC-1600; JEOL Ltd.) and 138 

observed and digitally imaged by the SEM. 100 fibrils were randomly selected and their diameters were 139 

determined with ImageJ software.  140 

 141 

2.5. Cell proliferation analysis 142 

The relative cell number was determined by the measurement of DNA content in the well. At the cell 143 

cultures endpoints, the wells were emptied of media and rinsed once with PB containing 0.8% NaCl (PBS). 144 

The wells were stored at -30°C. To perform the assay, the well plates were thawed and digested in a cell 145 

lysate buffer (0.1 mg/ml Proteinase K with 0.01% SDS in PBS). The DNA content of the sample was 146 

measured after appropriate dilution with PBS using a fluorescent plate reader (ARVO X, PerkinElmer, 147 

Waltham, MA) (excitation, 355 nm; emission, 460 nm) with the addition of Hoechst 33258 (2 μg/ml). DNA 148 

from salmon sperm was used as a standard.   149 

 150 

2.6 Differentiation of MC3T3-E1 cells 151 

The osteoblastic differentiation of cultured MC3T3-E1 cells was assessed by quantifying alkaline 152 
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phosphatase (ALP) activity, which is synthesized primarily at an early stage of bone differentiation by 153 

osteoblasts [32]. The cells were washed with PBS and digested in 0.05% Triton X-100 (MP Biomedicals 154 

Inc., Santa Ana, CA). After centrifugation at 21,000g for 15 min (Hitachi Koki, Tokyo, Japan), the 155 

supernatants were collected, and the ALP activity was quantified using a LabAssay ALP kit (Wako) 156 

following the manufacturer’s instructions. The color density was determined at 405 nm by a plate reader 157 

(infiniteF50R, Wako). 158 

 159 

2.7. Statistics 160 

Data was analyzed by ANOVA and a Tukey–Kramer post hoc test using Microsoft Excel add-in statistical 161 

software for multiple comparisons (SSRI, Tokyo, Japan). Values were expressed as the mean ± standard 162 

error. Statistical significance was accepted at P < 0.05. 163 

 164 

3. Results 165 

3.1. SEM images of collagen-coated wells 166 

When the porcine collagen or SBC solution at a concentration of 0.03% (w/v) was coated on the bottom of 167 

the well, several aggregates of collagen molecules were observed, but no fibrils were confirmed (Figs. 1A, 168 

B). Thus, we concluded that the bottom was coated with collagen molecules. Hereafter, the coating method 169 

is called “molecular coating” and the coated wells “molecule-coated wells”. When the well was coated with 170 

a 1% SBC solution, aligned collagen fibrils appeared. By changing the timing of the crosslinking treatment 171 
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with genipin, two types of fibril-coated wells showing different fibril thickness were obtained (Figs. 1C, 172 

D). When fibrillogenesis and crosslinking were conducted simultaneously for 24 hours using the PB 173 

containing genipin, thin fibrils were aligned in the same direction on the well (Fig. 1C). In contrast, when 174 

fibrillogenesis for 24 hours and crosslinking for 24 hours were conducted sequentially, thick fibrils overlaid 175 

the thin fibrils (Fig.1D). Both the thick and thin fibrils were aligned in the same direction, but the direction 176 

uniformity was greater in the thin fibrils. The diameter range of the simultaneously crosslinked fibrils was 177 

51–192 nm with a mean diameter of 99.0 ± 2.8 nm, while the diameter range of the sequentially crosslinked 178 

fibrils was 53–520 nm with a mean diameter of 178.2 ± 8.1 nm (Fig. 2). Hereafter, we call the 179 

simultaneously and sequentially crosslinked coating methods as “fine-fibril coating” and “coarse-fibril 180 

coating”, respectively, and the coated wells as “fine-fibril-coated wells” and “coarse-fibril-coated wells”, 181 

respectively.  182 

 183 

3.2. Cell morphology 184 

The cell morphology was examined in the growth media appropriate to each cell type. All cells used in the 185 

present study showed good adhesion to all substrates. When the cells were well adhered, their 186 

morphologies were generally similar, except for the ATDC5 cells. This paper provides the morphologies of 187 

the MC3T3-E1 (Fig. 3) and ATDC5 (Fig. 4) cells as representative examples. The morphologies of 3T3-L1, 188 

C2C12, and L929 cells are supplied as Supplementary Materials (Suppl. Figs. 1-3).  189 

 The SBC molecule-coated wells render MC3T3-E1 cells faster adhesion and extension than the 190 
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porcine collagen-molecule-coated wells (Figs. 3A, D). Fast cell adhesion on the SBC-molecule-coated well 191 

was observed similarly with or without crosslinking with genipin (data not shown). A similar tendency was 192 

also observed in other cell types. The cells on the fibril collagen immediately adhered to the surfaces like 193 

on the SBC molecules (Figs. 3G, J). Before confluency, the MC3T3-E1 cells on the porcine skin collagen 194 

and SBC molecule-coated wells showed spindle or polygonal shapes, representing typical fibroblastic 195 

morphology (Figs. 3B, E). On the fine-fibril-coated well, the cell bodies were elongated but small 196 

compared with those on the molecule-coated wells (Figs. 3H). The cells extended their pseudopod to form 197 

a network (Fig. 3H). On the coarse-fibril-coated well, the shape of the cell bodies was similar to that of the 198 

fine-fibril-coated well, but the cell extensions were aligned in the same direction (Fig. 3K). When cells 199 

reached confluency, the cell shape became a spindle on the molecule-coated wells (Figs. 3C, F). Cells on 200 

the fine- and coarse-fibril-coated wells increased their numbers but did not reach confluency at seven days 201 

of culture (Figs. 3I, L).  202 

 ATDC5 pre-chondrocytes seeded on the porcine skin collagen and SBC molecule-coated wells 203 

showed spindle or polygonal shapes and reached confluency after seven days (Figs. 4-F). The morphology 204 

of ATDC5 cells on the fibril-coated wells was clearly different than the other cell types; they extended very 205 

short pseudopods on both fine- and coarse-fibril-coated wells one day after seeding (Figs. 4G, J) and 206 

continued to maintain a spherical shape without stretching until the end of the culture (seven days), 207 

although the cell density increased (Figs. 4H, I, K, L). 208 

 In this study, collagen fibrils of SBC were crosslinked with genipin for application to cell 209 
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cultures. Without genipin crosslinking, denaturation of collagen fibrils gradually occurred during cell 210 

culture, and the MC3T3-E1 cells on the coarse-fibril-coated well lost their orientation in association with 211 

the loss of collagen fibril orientation (Suppl. Fig. 4). 212 

 213 

3.3. Cell proliferation 214 

Cell proliferation was examined using growth media appropriate to each cell type. The MC3T3-E1 cells on 215 

both fine- and coarse-fibril-coated wells proliferated slowly compared with molecule-coated wells (Fig. 216 

5A). The proliferation on the coarse-fibril-coated well was the slowest. Because no adverse effects of 217 

genipin crosslinking on the proliferation of cells on the molecule-coated wells were observed (data not 218 

shown), the slower cellular proliferation on the fine- and coarse-fibril-coated wells is due to the collagen 219 

fibrils. Similarly, in the ATDC5 cells, proliferation was slow on the fibril-coated wells (Fig. 5B). Fibrils 220 

commonly inhibited proliferation of all cell types used in this study (Suppl. Fig. 5).  221 

 222 

3.4. Cell differentiation 223 

The ALP activity was measured as an early marker for osteoblast differentiation. In this study, genipin 224 

treatment was not conducted on the molecule-coated wells. Cells were cultured in a growth medium for one 225 

day after seeding and then differentiation was stimulated. The assay was conducted just before stimulation 226 

of differentiation (Day 1), and two and six days after the stimulation (Days 3 and 7).  227 

 Cells on both porcine collagen and SBC molecule-coated wells had increased ALP activities on 228 



13 
 

Day 7 (Fig. 6). There were no significant differences between these two groups. In contrast, the ALP 229 

activities of cells on the fine- and coarse-fibril-coated wells showed the greatest values on Day 1 and 230 

decreased thereafter (Fig. 6). At all days, the ALP values of the cells on the fine-fibril-coated groups were 231 

the highest, followed by those of the coarse-fibril-coated groups, and the values of the porcine collagen and 232 

SBC molecule-coated groups were the lowest.  233 

 234 

4. Discussion 235 

In this study, we developed a novel method to coat aligned collagen fibrils on the bottom of cell culture 236 

wells. Techniques such as micropatterning are conventionally used to control the behavior of cells and to 237 

arrange the orientation of cell stretching. However, methods applicable to biomaterials such as collagen are 238 

very limited, and it is extremely difficult to industrially produce large quantities of materials made of 239 

aligned collagen fibrils. SBC produced highly-oriented collagen fibrils on the bottom of cell culture wells 240 

using a very simple process. By changing the timing of crosslinking treatment with genipin, two types of 241 

fibril-coated wells with different fibril thickness were obtained. The ECM topography [33], elasticity [34], 242 

and physical/gravitational stimulation caused by movement [35] are recently recognized as important 243 

cellular regulators. The ECM also regulates cell morphology: cells can recognize topography of the ECM 244 

and align along the fibers of an oriented fiber structure [19,20,36,37]. Therefore, fibrils oriented on a well 245 

must have regulatory cues for cell morphology and functions to reproduce an ECM environment closer to 246 

that of tissues in the animal body such as lamellar bones, tendons, and ligaments. Additionally, the newly 247 
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developed fibril-coatings are in the form of a thin film, thereby providing good visibility of the cell 248 

structure, including cell-cell and cell-ECM interactions, as observed by phase-contrast microscopy.  249 

 The present study showed that the SBC fibrils on the bottom of cell culture wells aligned in the 250 

same direction in the fibril coatings. We found that the orientation was similar to the flow direction of the 251 

PB that was introduced to the wells to force fibrillogenesis. The shear force occurred at the interface of the 252 

SBC and the PB when the PB is poured into the well is the possible mechanism for the alignment of fibrils 253 

into the same direction. This phenomenon may occur because the SBC rapidly make fibrils under the 254 

neutral pH since the introduction of the PB to the culture well took only several seconds. The similar 255 

alignment of the fibrils occurred when the 4% SBC solution was injected from a pipet to the buffer solution 256 

[30]. In addition, the low viscosity of the SBC solution is needed to conduct the coatings using a 257 

concentration of 1% SBC solution. Thus, the special properties of the SBC, such as fast fibril formation, 258 

high solubility, and low viscosity, make it possible to coat highly-oriented collagen fibrils. Additionally, our 259 

preliminary experiments using a transmission electron microscope (TEM) showed that the SBC fibrils 260 

formed in a test tube had the D-periodic pattern (data not shown); thus, the SBC fibrils formed in vitro 261 

retain the structure close to that of collagen fibrils in vivo. Although the TEM observation of the SBC fibrils 262 

coated on the bottom surface of the well has not conducted yet, it is possible that the coated SBC fibrils 263 

also retain the D-periodic structure.  264 

 In the preliminary experiments, we revealed that the bottom of the cell culture well was partially 265 

coated with fibrils when the concentration of the collagen solution is 0.5%, whereas, at 3%, the bottom was 266 
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thickly coated with fibrils (data not shown). Therefore, the concentration of the collagen solution is the 267 

regulatory key for the structure of the collagen on the bottom. At the concentration of 0.03% for the 268 

molecular coating, the collagen concentration is too low, and thus, the density of collagen molecules may 269 

be too low to form fibrils.  270 

 This study revealed that cells on the fine- and coarse-fibril-coated wells showed distinct 271 

morphologies: the cells on the fine fibrils made a network extending their pseudopods, whereas the cells on 272 

the coarse fibrils became aligned. Thus, one of the cues that fibrils give to the cells actually relates to cell 273 

morphology. We speculate that differences in the fibril thickness cause these morphological differences. 274 

Since the fibril diameter (ca. 99 nm) of the fine-fibril coating is close to the minimum fiber thickness for 275 

cell orientation [38], cells on the fine fibrils may not become aligned completely due to slight diameter 276 

variation. In other words, the thick fibrils of the coarse-fibril coating may be important for ensuring the 277 

orientation of the cells. Using the SEM, Zhang et al. [28] observed that a fusion of several thin fibrils made 278 

a thick fibril. In their experiment, no genipin crosslinking was conducted. Thus, under the condition making 279 

the fine-fibril coating, the genipin crosslinking that occurred simultaneously with the fibrillogenesis may 280 

inhibit the fusion of thin fibrils.  281 

 Cell morphology is an important factor for understanding cell properties and functions. The size 282 

of cell bodies on the fine- and coarse-fibril coatings tend to be smaller than those on molecular coatings, 283 

and thus, the cells changed their steric structure closer to that in vivo. In addition, the cells on the fine-fibril 284 

coating had extremely long pseudopods connecting each other, while the cells on the coarse-fibril coating 285 
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became aligned. The integrin-mediated cell adhesion to the scaffold with different topographical characters 286 

may cause such morphological difference. Integrin is a transmembrane receptor that mediates cell 287 

attachment to the ECM and activates focal adhesion kinase (FAK). Activation of the FAK affects cell 288 

migration and cell proliferation in the presence of growth factor-related signals [39]. Integrin also regulates 289 

the responsiveness of growth factor receptors and the apoptotic pathway of cells as a scaffold for adhesion-290 

dependent signal transduction [40]. Although the growth factors provide the trigger for cell proliferation, it 291 

is the integrin-mediated cell adhesion that sustains the signal of the growth factors [41]. As described 292 

below, distinct cell proliferation and differentiation patterns were observed when cells were cultured on the 293 

fine- and coarse-fibril-coatings. Such responses would be induced by a consequence of the collaboration of 294 

signals from growth factors and integrins.  295 

 The present study revealed the general suppression of cell proliferation of MC3T3-E1 and 296 

ATDC5 cells on fine- and coarse-fibril-coated wells. Alternatively, the ALP activity of MC3T3-E1 cells 297 

cultured on the fibril-coated wells showed very high values one day after culture in the growth medium. 298 

This result indicates that osteogenic differentiation was promoted by SBC fibrils without any stimuli for 299 

differentiation in the culture medium. The results corroborate past reports that osteogenic differentiation is 300 

promoted by culturing cells on the fibrous structures [19,20,42,43].  301 

 The collagen fibril diameter of bone is 50–300 nm in vivo [44], and Watari et al. [20] reported 302 

that oriented 200 nm diameter fibers most effectively induced osteogenic differentiation. In the present 303 

study, the fine-fibril-coating (fibril diameter 51–192 nm) more effectively induced ALP activity than the 304 



17 
 

coarse-fibril-coating (fibril diameter 53–520 nm). Therefore, thicker fibrils of the coarse-fibril coating may 305 

inhibit osteoblastic differentiation compared with fine fibrils. It is also possible that the fibril diameter and 306 

other factors that are presently unknown might affect osteogenic differentiation on fibril coatings.  307 

 The activation of the ALP activity on the fibril coatings was, however, a transient phenomenon: it 308 

gradually decreased with prolonged culture in the osteogenic medium. This result implicates that the 309 

differentiation stage of the MC3T3-E1 cells proceeded with time because ALP is an early differentiation 310 

marker of osteoblasts. However, the precise mechanisms why ALP activity was transiently activated remain 311 

to be clarified. Similar transient activation of gene expressions short term after seeding was also reported in 312 

human fibroblasts on a nanoscale groove structure (width, 12.5 μm; depth, 2 μm): the expression of genes 313 

involved in the cytoskeleton as well as signaling, transcription, and translation greatly increased at Day 1 314 

and then decreased at Day 5 [33]. Although the authors suggested the possibility of the topographical 315 

structure for affecting the cellular transcription and translation, they do not describe the reason for the 316 

transient effects [33].  317 

 Unlike other cell types used in this study, ATDC5, a chondrogenic cell line, maintained its 318 

spherical shape on the fine- and coarse-fibril-coated wells for at least seven days during the culture. This 319 

morphology is seen in differentiated chondrocytes in animal, raising the possibility of promoted 320 

differentiation. Abagnale et al. [19] reported that both osteogenic and adipocytic differentiation, which are 321 

mutually exclusive, were promoted with submicroscale fibrous structures. Consequently, the fibril coatings 322 

may promote osteogenic differentiation and the differentiation of other cell types. It is necessary to clarify 323 
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whether the SBC fibrils promote the differentiation of stem cells into single or plural lineages. 324 

 Cells bind to collagen using integrins α1β1, α2β1, α10β1, and α11β1 [46]. The specific amino acid 325 

sequence, glycine-phenylalanine-hydroxyproline-glycine-glutamic acid-arginine (GFOGER), of collagen 326 

triple-helical molecule was reported as the binding site of integrins α1β1, α2β1, and α11β1 [15, 46]. Thus, 327 

cells on the culture wells in this study use these integrins and bind to the GFOGER motifs of the SBC 328 

molecules, porcine collagen-molecules, and SBC fibrils. It is also possible that cells additionally use the 329 

general integrin-binding motif, an arginine-glycine-aspartic acid (RGD) sequence, of collagen. The present 330 

study revealed that the adhesion and extension of MC3T3-E1 cells on the SBC molecule-coated wells were 331 

faster than those on the porcine collagen-molecule-coated well. Also, the adhesion of the cells to SBC 332 

fibrils was fast. The precise mechanism of the better cellular adhesion and extension of the SBC is yet 333 

unknown, but we hypothesize that a greater number or accessibility of GFOGER and RGD motifs in SBC 334 

may determine better cellular adhesion and extension. However, mRNA sequences and deduced amino acid 335 

sequences of α-chains in sturgeon were only incompletely conducted; Zhang [47] and Zhang et al. [48] 336 

reported complete cDNA sequences of α1- and α2-chains of type I collagen from Amur sturgeon, but the 337 

sequence of a fish-specific α-chain (α3) of the sturgeon were not determined. To prove the hypothesis, the 338 

priority of the future study is on the cDNA cloning of the α3-chain. 339 

 340 

5. Conclusion 341 
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In tissue engineering research and application, biological scaffolds that control cell proliferation and 342 

differentiation have attracted attention [11]. Since ECM with collagen transmits various information to cells 343 

and regulates cell proliferation and differentiation [7,9,45], we established a unique method that produces 344 

two types of highly-aligned collagen fibrils on cell culture wells using SBC without any special technology, 345 

revealing that osteoblasts on the fibril coatings showed a low growth rate with accelerated osteogenic 346 

differentiation. The newly developed fibril coatings are in the form of a thin film, thereby providing good 347 

visibility of the cell structure, including cell-cell and cell-ECM interactions, under a phase-contrast 348 

microscope. Thus, the fibril coatings have high potential as a tool for tissue engineering research. 349 

Additionally, the coating will be applicable surface modifications of artificial scaffolds made of synthetic 350 

polymers to increase their cellular adhesiveness and biocompatibility.  351 
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Figure captions 481 

Fig. 1. Scanning electron microscope images of the bottom surfaces of the cell culture wells coated with 482 

collagen. In (A), the well was coated with a porcine skin type I atelocollagen solution (0.03%) and washed 483 

with 0.1 M Na-phosphate buffer (PB, pH 7.6) (porcine collagen-molecule-coated well). In (B), the well was 484 

coated with a Bester sturgeon swim bladder type I atelocollagen (SBC) solution (0.03%) and washed with 485 

PB (SBC-molecule-coated well). In (C), the well was coated with an SBC solution (1.0%) and fibril 486 

formation and cross-linking were simultaneously induced by the PB containing 1 mM genipin (fine-fibril-487 

coated well). In (D), the well was coated with an SBC solution (1.0%), fibril formation was induced by a 488 

PB, and cross-linking was induced sequentially by the PB containing 1 mM genipin (coarse-fibril-coated 489 

well). Scale bars, 5 μm. 490 

 491 

Fig. 2. Distribution of the collagen fibril diameter of the fine-fibril-coated well (white columns) and the 492 

coarse-fibril-coated well (black columns). 493 

 494 

Fig. 3. Phase contrast microscope images of MC3T3-E1 cells cultured for 1 hour (A, D, G, J), one day (B, 495 

E, H, K), and seven days (C, F, I, L) on the porcine collagen molecule-coated well (A-C), the SBC 496 

molecule-coated well (D-F), the fine-fibril-coated well (G-I), and the coarse-fibril-coated well (J-L). Scale 497 

bars, 75 μm. 498 

 499 
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Fig. 4. Phase contrast microscope images of ATDC5 cells cultured for 3 hours (A, D, G, J), one day (B, E, 500 

H, K), and seven days (C, F, I, L) on the porcine collagen molecule-coated well (A-C), the SBC molecule-501 

coated well (D-F), the fine-fibril-coated well (G-I), and the coarse-fibril-coated well (J-L). Scale bars, 75 502 

μm. 503 

 504 

Fig. 5. Proliferation of MC3T3-E1 cells (A) and ATDC5 cells (B) on the porcine collagen molecule-coated 505 

well (white column), the SBC molecule-coated well (black column), on the fine-fibril-coated well (hatched 506 

column), and the coarse-fibril-coated well (dotted column). Columns and bars indicate means and standard 507 

errors. Different letters in the same day indicate significant differences (p < 0.05 by Tukey-Kramer test).  508 

 509 

Fig. 6. ALP activities of MC3T3-E1 cells cultured on the porcine collagen molecule-coated well (white 510 

column), the SBC molecule-coated well (black column), the fine-fibril-coated well (hatched column), and 511 

the coarse-fibril-coated well (dotted column). Columns and bars indicate means and standard errors. 512 

Different letters in the same day indicate significant differences (p < 0.01 by Tukey-Kramer test).  513 

 514 
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A

Supplementary Fig. 1. Phase contrast microscopy images of 3T3-L1 cells cultured for 1 day on the

porcine collagen molecule-coated well (A), the SBC molecule-coated well (B), the fine-fibril-coated

well (C), and the coarse-fibril-coated well (D).

B

C D



A B

C D

Supplementary Fig. 2. Phase contrast microscopy images of C2C12 cells cultured for 1 day on the

porcine collagen molecule-coated well (A), the SBC molecule-coated well (B), the fine-fibril-coated

well (C), and the coarse-fibril-coated well (D).



A B

C D

Supplementary Fig. 3. Phase contrast microscopy images of L929 cells cultured for 1 day on the

porcine collagen molecule-coated well (A), the SBC molecule-coated well (B), the fine-fibril-coated

well (C), and the coarse-fibril-coated well (D).



Supplementary Fig. 4. Scanning electron microscope images of the bottom surfaces of the cell culture wells

coated with collagens fibrils. A 200 μl aliquot of the atelocollagen solution (1%) was poured into each well of the

24-well cell-culture plate, incubated for 30 minutes, and removed from each well. The fibril formation was

induced by introducing a 0.1 M Na-phosphate buffer (PB, pH 7.6) into the wells for 24 hours. MC3T3-E1 cells

were cultured after crosslinking with the PB containing genipin for subsequent 24 hours (A) or without cross

linking (B). After culture for 1 day, the morphology of the crosslinked fibrils were the same as that before the

culture (see Fig. 1D in the manuscript). Without the genipin crosslinking, randomly aligned collagen fibrils were

observed. Arrows indicate cells.
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Supplementary Fig. 5. Proliferation of 3T3-L1 (A),

C2C12 (B), and L929 cells (C) on the porcine

collagen molecule-coated well (white column), the

SBC molecule-coated well (black column), the

fine-fibril-coated well (hatched column), and the

coarse-fibril-coated well (dotted column). Columns

and bars indicate means and standard errors.

Different letters in the same day indicate

significant differences (p < 0.05 by Tukey-Kramer

test).
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Highlights 

 

⚫ Atelocollagen from the swim bladder of sturgeon forms oriented fibrils 

⚫ Two types of fibrils were coated on cell culture dishes 

⚫ Thick collagen fibrils induced cells to align in the same direction 

⚫ Cellular proliferation was inhibited on both thin and thick fibrils 

⚫ Both fibrils stimulated the early differentiation of MC3T3-E1 cells 
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Cell proliferation
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