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A B S T R A C T

Objective: Although type II collagen could have marked potential for developing cartilage tissue engineering (CTE)
scaffolds, its erratic supply and viscous nature have limited these studies, and there are no studies on the use of
marine-derived type II collagen fibrils for CTE scaffold materials. In this study, we aimed to generate a fibril-
based, thin-layered scaffold from marine-derived type II collagen and investigate its chondrogenic potential.
Methods: Time-lapse observations revealed the cell adhesion process. The Cell Counting Kit-8 (CCK-8) assay, light
microscopy, and scanning electron microscopy were performed to detect proliferation and filopodium
morphology. Alcian blue staining was used to show the deposition of extracellular secretions, and qRT-PCR was
performed to reveal the expression levels of chondrogenesis-related genes.
Results: The cell adhesion speed was similar in both fibril-coated and control molecule-coated groups, but the
cellular morphology, proliferation, and chondrogenesis activity differed. On fibrils, more elongated finer filopodia
showed inter-cell communications, whereas the slower proliferation suggested an altered cell cycle. Extracellular
secretions occurred before day 14 and continued until day 28 on fibrils, and on fibrils, the expression of the
chondrogenesis-related genes Sox9 (p < 0.001), Col10a1 (p < 0.001), Acan (p < 0.001), and Col2a1 (p ¼ 0.0049)
was significantly upregulated on day 21.
Conclusion: Marine-derived type II collagen was, for the first time, fabricated into a fibril state. It showed rapid
cellular affinity and induced chondrogenesis with extracellular secretions. We presented a new model for studying
chondrogenesis in vitro and a potential alternative material for cell-laden CTE research.
1. Introduction

Mature articular cartilage (AC) tissues contain chondrocytes and an
extracellular matrix (ECM) that functions as a scaffold for chondrocytes [1,
2]. The major ECM components are type II collagen and proteoglycan
(aggrecan), whose glycosaminoglycan chains are mainly composed of
chondroitin sulfate [3,4]. Osteoarthritis (OA) is a chronic disease caused by
joint wear or injury, and irreversible severe bone deterioration eventually
leads to complete AC replacement surgery [5]. Traditionally, marrow
stimulation, and allograft and autograft substitutions are clinically used for
cartilage repair.However, these approacheshave limitations suchas quality
deterioration, lack of integration, unideal cell viability, and additional de-
fects [4,6,7]. Cartilage tissue engineering (CTE), in which scaffolds with or
without cells replace deteriorated cartilage, is a promising approach for
better clinical treatment. Currently, cell-laden scaffolds are widely studied
in CTE, and several scaffold types have been reported [8–10].
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Cell-laden scaffolds support cell proliferation and differentiation to
achieve lesion repair after transplantation. Several studies have used type
I collagen, the proportion of which is high in bones but low in cartilages,
as a scaffold material [11,12]. However, clinical trials have also reported
disadvantages of its use, such as incomplete cartilage repair [13]. In
contrast, in a rabbit model with full-thickness articular cartilage defects,
implants made of bovine type II collagen scaffolds reportedly repaired
the cartilage better than those made of type I collagen [14]. Therefore,
theoretically, using type II collagen to construct CTE scaffolds has
become reasonable because type II collagen fibrils are a major compo-
nent of cartilage ECM in vivo [15]. Type II collagen sources include do-
mestic land animals (chickens, pigs, and cows) and sharks [16–18].
Owing to terrestrial animal-to-human disease transmission concerns,
low-risk aquatic sources are considered suitable for biomaterial devel-
opment [19]. However, this has endangered several shark species, and
type II collagen yield from their cartilage is suboptimal [20]. Thus,
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alternative sources of type II collagen are needed for CTE scaffold
development.

Type II collagen from the sturgeon notochord (NC), a by-product, was
shown to be extractable with high efficiency [21]. Moreover, as this is an
aquaculture species [22], a stable supply is guaranteed. Therefore, in this
study, we aimed to materialize type II collagen from the NC, considering
the requirements of CTE in scaffold development research, in search of a
new CTE scaffold.

2. Materials and methods

2.1. Materials

The NC of Bester (Huso huso � Acipenser ruthenus), a hybrid species of
sturgeon cultured in Bifuka Town, Hokkaido, Japan, was used in this
study. Fresh NC samples were collected from the food workshop, sub-
sequently vacuum-packed, and frozen; an uninterrupted cold chain was
used to transport the material to the Faculty of Fisheries Sciences, Hok-
kaido University, Hokkaido, Japan. Type II collagen was purified from
the NC, as described previously [21], without ethanol pretreatment. After
lyophilization, the collagen was stored at �80 �C until use. ATDC5 cells
were purchased from RIKEN Cell Bank (Tsukuba, Japan). The cell culture
plates were obtained from Corning Inc. (Durham, NC, USA), and the
penicillin-streptomycin (P/S) solution was obtained from Thermo Fisher
Scientific (Waltham, MA, USA). Unless otherwise specified, all other
reagents used in the cell culture experiments were purchased from
Sigma-Aldrich Co., LLC. (St. Louis, MO, USA).
2.2. Preparation of coverslips coated with type II collagen fibrils

A new coating method to fabricate a thin layer of fibrils from type II
collagen solution was developed and named the “flip-contact method”.
Lyophilized type II collagen powder was completely dissolved in an
aqueous HCl solution (pH 3.0, 8 mg/mL) at 4 �C. Coverslips (φ ¼ 13 mm;
SARSTEDT Inc., Newton, NC, USA) were anchored to Petri dishes (φ ¼ 9
cm, WISM; Mutoh Co., Tokyo, Japan) with minimal high-vacuum grease
(Dow Corning Co., Midland, MI, USA). The collagen solution (35 μL) was
pipetted onto each coverslip and smoothed on the surface using a cell
scraper (1.8-cm blade; Corning, Tamaulipas, Mexico). The collagen-
coated surface of the coverslip was then placed in contact with the sur-
face of 30 mM Na-phosphate buffer (PB, pH 7.6) in a 24-well cell culture
plate for at least 3 s. The coverslip was immersed in the PB with the
coated surface facing upward. The plate was incubated at 12 �C for 48 h
to form fibrils and for 48 h in 30 mM PB containing 1 mM genipin
(FUJIFILM Wako Pure Chemical Corp., Osaka, Japan) to crosslink. After
crosslinking, the coverslips were rinsed twice with Hank's balanced salt
solution (HBSS) and immediately used in cell culture experiments. As
controls, molecule-coated coverslips were prepared; 0.3 mg/mL type II
collagen solution (35 μL) was smoothed on the coverslips, air-dried on a
clean bench for 90 min at 21 �C, and crosslinked as described above. All
procedures were performed under a clean bench, and the reagents, ma-
terials, and equipment used were sterilized for subsequent cell culture
purposes.
2.3. Scanning electron microscopy (SEM) of fibrils

The coverslips were fixed with 2.5% (v/v) glutaraldehyde in PB (pH
7.6) for 2 h, dehydrated with increasing concentrations of ethanol, and
finally immersed in t-butyl alcohol solution. After placing the samples
overnight at �30 �C, they were freeze-dried (JFD-320; JEOL Ltd., Tokyo,
Japan), coated with gold-platinum using a coater (JFC-1600; JEOL Ltd.),
and observed under a scanning electron microscope (JSM6010LA; JEOL
Ltd.). After capturing digital images, 300 fibrils were randomly selected,
and their diameters were measured using National Institutes of Health
(NIH) ImageJ software.
2

2.4. ATDC5 cell culture

An embryo derived, prechondrogenic cell line ATDC5was used in this
study. The cells were cultured in growth medium (GM) consisting of
Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 Ham (DME/F-
12, 1:1 mixture) supplemented with 1% 200 mM L-glutamine, 1% 10,000
U/mL penicillin/streptomycin, and 5% fetal bovine serum (FBS; Gibco,
Waltham, MA, USA) during the preparation stage in flasks and before
incubation in differentiation medium (DM). The DM used was GM sup-
plemented with 1% 100 � insulin-transferrin-selenium (ITS) liquid
media. The cells in the flasks were placed in serum-free GM for 24 h,
suspended in GM, and seeded on the molecule- or fibril-coated coverslips
in 24-well plates with 1.2 � 104 cells/well. The culture medium was
replaced with DM 24 h after seeding, regarded as day 0. The mediumwas
changed every 1–3 days. The cells from passages 4–9 were cultured at
100% humidity under 5% CO2 at 37 �C.

2.5. ATDC5 morphology

A phase-contrast microscope (DMI600BM; Leica, Wetzlar, Germany)
equipped with a time-lapse video system (STG/LASAF-FSH/1; Leica) was
used to observe cell morphology responses to the molecule- and fibril-
coated surfaces. Cell images were captured every 2.5 min for 6 h after
cell seeding in the GM and 6 h after changing the GM to DM. SEM was
also performed on days 0 (before the medium was changed to DM), 1, 3,
7, and 14. Coverslips with cells were treated as described in section 2.3,
except for the fixation procedure; the mediumwas replaced with 10% (v/
v) glutaraldehyde in PB (pH 7.6) and the samples were incubated for 10
min to prevent cell detachment.

2.6. ATDC5 growth and differentiation

ATDC5 growth was estimated using the CCK-8 assay kit (DOJINDO,
Wako, Japan) on days 0 (before the mediumwas changed to DM), 1, 3, 7,
and 14 following the user manual. Cell morphology was monitored using
phase-contrast microscopy.

To monitor chondrocyte differentiation, AB staining was performed
to confirm cartilage matrix production up to day 28. The cells were fixed
in 95%methanol for 2 min, washed with HBSS, stained with 0.1% Alican
blue (AB) 8GX (C.I. 74240; Sigma-Aldrich) in 0.1 M HCl solution, de-
stained with distilled water, and imaged using a digital camera system
(NOA630B; WRAYMER, Osaka, Japan) equipped with a light microscope
(Eclipse E800; Nikon, Tokyo, Japan). All these procedures were con-
ducted at 21 �C � 5 �C, except for fixation at �30 �C.

2.7. Quantitative real-time polymerase chain reaction analysis

TotalmRNAwas extracted from the cells using ISOGEN II (Nippon gene,
Toyama, Japan), and then treated with recombinant DNase I (TaKaRa,
Kusatsu, Japan) and RNase Inhibitor (Nippon Gene) and refined using the
phenol–chloroform method. Subsequently, the total RNA was reverse
transcribed to cDNA using the PrimeScript RT Reagent Kit with gDNA
Eraser (Perfect Real Time; TaKaRa).Quantitative real-timePCR (qPCR)was
performed using the Fast Start Universal SYBR GreenMaster (Rox) (Roche,
Mannheim, Germany) and LightCycler 96 (Roche). The relative mRNA
expression of collagen type X alpha 1 (Col10a1), sex-determining region Y-
box 9 (Sox9), aggrecan (Acan), and collagen type II alpha 1 (Col2a1) was
determined using the 2�ΔΔCtmethod [23]with peptidylprolyl lisomerase A
(Ppia) as the internal reference. The specific primer sequences are shown in
Table 1. The specificity of each positive reaction was confirmed using the
melting temperature dissociation curves.

2.8. Statistical analysis

Numerical data are expressed as mean � standard deviation. Two-
sided Student's t-test was used to compare differences between the



Table 1
Primer sequences used for quantitative real-time PCR.

Primer Forward sequence Reverse sequence Amplicon (bp) Accession Reference

Ppia CGC GTC TCC TTC GAG CTG TTT G TGT AAA GTC ACC ACC CTG GCA CAT 150 NM_008907.2 [24]
Sox9 CAA GAA CAA GCC ACA CGT CA TGT AAT CGG GGT GGT CTT TC 221 NM_011448.4 [25]
Col10a1 CTG CTG CTA ATG TTC TTG AC ACT GGA ATC CCT TTA CTC TTT 143 NM_009925.4 [25]
Acan GCC TAC CCG GTA CCC TAC AG ACA TTG CTC CTG GTC TGC AA 175 NM_007424.3 [25]
Col2a1 ATC TTG CCG CAT CTG TGT GT CTC CTT TCT GCC CCT TTG GC 170 NM_031163.3 [25]
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molecule- and fibril-coated groups during the same culture period.
Microsoft Excel with add-in software (version 4.04; BellCurve, Tokyo,
Japan) was used for statistical analyses.

3. Results

3.1. Fibril coating development

As the fibril-coating methods designed for type I collagen [26] cannot
be applied to type II collagen owing to the high viscosity of type II
collagen solution, the tailored “flip-contact method” was adapted. The
amount of NC solution applied (20, 25, 30, and 35 μL/coverslip),
coverslip surface type (non-coated PET-G coverslip [83.1840.002; Sar-
stedt K.K., Newton, NC, USA], non-coated glass coverslip [MATSUNAMI
Glass Ind., LTD, Osaka, Japan], and ε-poly-L-lysine coated coverslip
[MATSUNAMI Glass Ind.]), fibril formation time (48 and 72 h), and in-
cubation temperature for fibril formation (4 �C, 12 �C, and 21 �C) were
evaluated (Supplementary Figs. S1–S4). Finally, the optimum coating
conditions were determined as described in Section 2.2. PET-G was
chosen because of its good operational handle and the most stable and
repeatable fibril morphology.

SEM observations revealed that the fibrils piled up in at least three
layers (Fig. 1, a-b). A fine fibril layer at the bottom and a thick fibril layer
covered the fine fibril layer. Amorphous material, which may be a
molecule or semi-fibril-state collagen, was present in the middle layer
(Fig. 1b). The fibril diameter was <50–500 nm; the mean diameter was
140.02 � 74.62 nm (Fig. 1c).
Fig. 1. Characteristics of the fibril-coated surface of the PET-G coverslip. Coating co
48 h fibril-formation time followed by 48 h crosslinking at 12 �C using the Flip-contac
scale bars, 10 μm (a) and 5 μm (b). (c) Fibril diameter distribution of the fibril-coat
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3.2. Time-lapse analysis of ATDC5 cell behavior after seeding

ATDC5 cells attached to the molecule- and fibril-coated surfaces within
6 h of seeding (Fig. 2a, Videos 1 and 2). The cells gradually spread filo-
podia on both surfaces. Filopodia extension and retraction were more
intense on the molecule-coated surface than on the fibril-coated surface
(Videos 1 and 2). Furthermore, most cells on the fibril-coated surface were
long and tapered. In contrast, those on the molecule-coated surface had
diverse shapes—flat polygonal and tapered. In addition, the cells on the
fibril-coated surface were smaller but thicker. Their positional movements
were minimal, but their filopodia extended and retracted (Videos 1 and 2).

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.ocarto.2024.100450.

After 24 h, the GM was replaced with DM, and cell behavior was
monitored for 6 h. The movement of the filopodia of the cells on both
coatings became more dynamic than that in the GM, and cell migration
was recorded. On the fibril-coated surface, most filopodia appeared as
fine protrusions, and the cells repeatedly extended and retracted them. In
contrast, on the molecule-coated surface, the filopodia varied in shape
and rapidly changed the morphology. The cells on the molecule-coated
surface migrated more actively than on the fibril-coated surface. The
filopodia were constantly moving; however, the cell body on the fibrils
was relatively small and the altitude was high; whereas, cells on the
molecules were larger and flatter (Videos 3 and 4). Moreover, mitosis
occurred in the molecule-coated group, but not in the fibril-coated group,
within the monitored area, indicating that the cells on fibrils were
proliferating slowly (Fig. 2b–Videos 3 and 4).
ndition: 8 mg/mL notochord type II collagen solution, 30 mM phosphate buffer,
t method. (a–b) Scanning electron microscopy images of the fibril-coated surface;
ed coverslip.
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Fig. 2. Attachment and spreading of ATDC5 cells seeded on a type II collagen molecule-coated and fibril-coated coverslip. Photos were prepared from the freeze-frame
of the time-lapse video for the initial time point and at 3 and 6 h. Scale bar, 100 μm. Cells were in growth medium (a) or differentiation medium (b).
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Supplementary video related to this article can be found at https
://doi.org/10.1016/j.ocarto.2024.100450.

In the fibril-coated group, long-tapered filopodia were consistently
associated with cell bodies. The overall cell morphology remained
similar during migration, with each cell showing a bulge in the middle
and a flat area at its periphery. In the molecule-coated group, the cells
actively moved the filopodia and changed their morphology. Therefore,
the shape of each cell was more diverse in the molecule-coated group
than in the fibril-coated group. Notably, the contact area between the cell
body and the coating surface in the molecule-coated group rapidly
increased, and the cells became more flattened when the medium was
changed from GM to DM. In contrast, such cell morphology changes were
not observed in the fibril-coated group during 30 h of monitoring (Fig. 2).
3.3. Scanning electron microscopy images of ATDC5 cells

In the molecule-coated group, the filopodia of cells increased in
number with culture time until day 3 (Fig. 3a–c, f–h). Some filopodia
extended until they reached other cells (Fig. 3f–h). The cell body
gradually shrunk and was randomly shaped before the cells reached
monolayer confluence (Fig. 3c). By day 7 (Fig. 3d and i), the cells grew
4

upward on other cells, forming multiple layers. The cell morphology
became indistinguishable, and the filopodia increased in number and
length. On day 14 (Fig. 3e and j), the outline of each cell body was
completely unrecognizable, and some filopodia of the top-layered cells
laid over one another.

The cells on the fibril-coated surface had shorter filopodia than
those on the molecule-coated surface on day 0 (Fig. 3k and p). Sub-
sequently, the filopodia did not increase in number but extended
(Fig. 3p–s). The cell body flattened and became round or oval when
the cell number increased (Fig. 3k–o). On day 14 (Fig. 3o and t), the
cells approached monolayer confluence and filopodia connected the
cells.
3.4. Growth of ATDC5 cells

The CCK-8 assay revealed that ATDC5 cells grew rapidly on the
molecule-coated surface. In contrast, they proliferated slowly on the
fibril-coated surface on day 14 (Fig. 4). Slower proliferation on the fibril-
coated surface was also confirmed in time-lapse monitoring experiments
(Videos 1–2). The new cell cycle started within 6 h after seeding on the
molecule-coated surface. However, cell proliferationwas not observed on

https://doi.org/10.1016/j.ocarto.2024.100450
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Fig. 3. Time-dependent changes of ATDC5
cell morphology under a scanning electron
microscope on the molecule- and fibril-
coated surfaces. After seeding cells and
inducing attachment on the molecule- or
fibril-coated coverslips for 24 h (day 0) in the
growth medium, the medium was replaced
with the differentiation medium, and the
cells were further cultured for 14 days. Scale
bar ¼ 10 μm. f–j and p–t are the higher
magnification images of a–e and k–o,
respectively. Circles in f–h, extended filopo-
dia; arrows in i, multi-layer of cells; arrows
in j, cascading packed filopodia; circles in
p–s, extended filopodia.
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the fibril-coated surface. Cell proliferation quickly re-started on the
molecule-coated surface when the medium was changed to DM. How-
ever, it started at the end of the 6 h-observation period on the fibril-
coated surface. Phase-contrast microscopy revealed that the cells on
the molecule-coated surface reached almost 100% confluency around
day 3, but on the fibril-coated surface, the cells did not reach confluence
even on day 14 (Fig. 5).
Fig. 4. Growth curves of ATDC5 cells cultured on the molecule- and fibril-
coated surfaces. The cells were seeded and attachment was induced on the
molecule- or fibril-coated surfaces for 24 h (day 0) in the growth medium; then,
the medium was replaced with the differentiation medium, and the cells were
further cultured for 14 days, n ¼ 3–4.
3.5. Alcian blue staining of extracellular secretions

AB staining is the conventional histological method to detect acidic
polysaccharides (mainly chondroitin sulfate) secreted during chon-
drocyte differentiation. As presented in Fig. 6a, the molecule-coated
surface without cells was negative for AB staining. When ATDC5 cells
were cultured, the AB-positive area first appeared around the cells on day
14, suggesting that ECM secretion had started. However, no apparent
deeper AB staining was observed until day 28. The fibril-coated surfaces
stained faintly in the absence of cells. When ATDC5 cells were cultured,
intense positive staining of AB started on day 14 (Fig. 6a), and intensely
stained area increased when the culture period was extended to day 28.
The staining area was also quantitatively measured (Supplementary
Fig. S5).

In both groups, AB-staining appeared around the cell periphery,
wherein the cells were closely packed and showed a round or oval
morphology (Fig. 6b), representing the morphological phenotype of
mature chondrocytes. In the fibril-coated group (Fig. 6b), gradual
expansion of the deeply stained area after day 21 indicated that the
differentiation stages of individual ATDC5 cells were not uniform under
the same culture conditions. On day 28, the larger intense stained area in
the fibril-coated group confirmed the continuous differentiation of cells
and ECM-secretory activity reflected mature chondrocytes. In contrast, a
deeply stained area did not appear in the molecule-coated group, despite
the increased number of AB-positive cells. These findings suggest quali-
tative differences in AB-positive cells, resulting in a qualitative difference
in the secreted materials between the groups.
3.6. Quantitative real-time PCR analysis

Gene expression levels were analyzed on days 14, 21, and 28 after
transferring the cells into differentiation medium (Fig. 7). Sox9 expres-
sion in the fibril-coated group was 5.21-times higher than that in the
molecule-coated group (95% CI ¼ 4.12–6.3, p < 0.001) only on day 21.
On day 14, Col10a1 expression in the fibril-coated group relative to that
5

in the molecule-coated group was 0.53 higher (95% CI ¼ 0.38–0.67, p ¼
0.0261), showing a low expression at this time point; thereafter, the
expression was 26.69-times (95% CI ¼ 25.63–27.76, p < 0.001) and
24.15-times higher (CI ¼ 0.14–48.16, P ¼ 0.0144) on days 21 and 28,
respectively. Acan expression in the fibril-coated group was higher than
that in the molecule-coated group throughout the culture period: 2.51
times (95% CI ¼ 0.85–4.17, p ¼ 0.0217) on day 14, 19.49 times (95% CI
¼ 15.6–23.38, p < 0.001) on day 21, and 7.02 times (95% CI ¼
1.57–12.47, P ¼ 0.0093) on day 28. Col2a1 expression on day 21 in the
fibril-coated group was 5.5-times higher (95% CI ¼ 2.33–8.67, p ¼
0.0049) than that in the molecule-coated group.

4. Discussion

In this study, the NC (type II collagen) was successfully self-assembled
into a thin layer of fibrils in vitro using the “flip-contact method” and
coated on a cell-culture coverslip, as the first NC fibril coating based on
type II collagen from marine life. The diameter of most fibrils (50–150
nm) was close to that of fibrils in mature human cartilage [27]. There-
fore, based on the morphology, the material developed in this study
effectively mimicked human cartilage.

For CTE, the designed scaffold materials refer to the cartilage ECM,
which is expected to facilitate efficient cell landing, chondrogenic differ-
entiation, and chondrogenesis. Therefore, these materials must



Fig. 5. Phase-contrast microscopy images of ATDC5 cells cultured on the molecule- and fibril-coated surfaces. After seeding the cells and inducing attachment on the
coated coverslips for 24 h in the growth medium (day 0), the medium was replaced with the differentiation medium and maintained until day 14. Scale bar ¼ 100 μm.

Fig. 6. Alcian blue (AB) staining of ATDC5 cells cultured on the molecule- and fibril-coated surfaces. a, photograph of the coverslips; b, photomicrograph of the AB-
positive parts. Scale bar, 100 μm (b).
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appropriately guide cellular signaling pathways for differentiation [11]. In
this study, both the time-lapse observations and CCK-8 measurements
consistently showed low proliferation and metabolic rates in the
fibril-coated group (Figs. 2–5), directly highlighting the unique character-
istics of type II fibrils (i.e., directly interfering with cell proliferation and
altering metabolism). Combined with the ECM secretion by chondrocytes
demonstrated subsequently in the fibril-coated group, we strongly suspect
that the integrin-binding site offered by type II collagen fibrils affects the
chondroinductive signaling pathway, altering the energy of the mitotic
cycle for chondrogenesis. ECM production was higher and maintained
persistently in the fibril-coated group, suggesting that the cells on the
NC-fibrils maintained in the mature, functional chondrocyte stage.We also
noted that on days 14 and 21, AB staining in the fibril group indirectly
revealed the oval morphology of cells, thereby indicating the ability of fi-
brils to maintain the chondrocyte phenotype in the chondrogenic stage.
These results illustrate that the type II fibril material, but not the molecular
material, has chondroinductive ability. Notably, AB-staining was faintly
positive on the fibril-coated surface without cells, probably because of
chondroitin sulfate (CS) bound to type II collagen [28,29]. The NC is a
hyaline cartilage-like tissue that contains CS, and complete separation of CS
from type II collagen seems impossible under the employed purification
conditions. Thus, the CS-laden state of the fibril material in this study may
provide cells with a more appropriate microenvironment similar to in vivo
6

conditions [6] to support chondroinduction because CS is beneficial for
chondrogenesis [30].

Previous studies have reported the functionalities of bovine type I
collagen hydrogels, bovine type II collagen sponges, and porcine type II
hydrogels for cell-laden CTE research [8,12,30,32]. Marine collagens
have also received attention as CTE materials [32–34] because of the
lower risk of transferring zoonoses. For instance, porous materials made
of type I collagen from blue shark skin and tilapia skin displayed chon-
droinductive ability [35,36]. Another study fabricated a porous material
made of type II collagen from the jellyfish Rhizostoma pulmo [37].
However, the material displayed a weak ability to promote chondro-
genesis. Porous materials made of four chondrichthyan cartilage type II
collagens upregulated expression of the early chondrogenic marker SOX9
and middle chondrogenic marker ACAN; nonetheless, COL2A1 expres-
sion was not observed in any group [38]. In addition, type II materials are
not made of collagen fibrils, which are natural collagens in vivo.
Compared to these previously reported materials, NC fibril coating is
advantageous because it uses type II collagen fibrils. In contrast, the cells
grew two-dimensionally in this system; thus, three-dimensional cellular
reactions could not be studied.

A thin layer of type II collagen fibrils enables conventional light mi-
croscopy, including time-lapse technology, to observe cellular movements.
Therefore, this technology is effective for studying cellular reactions to type-



Fig. 7. mRNA expression levels in ATDC5 cells cultured on the fibril-coated surface (F) compared with those in ATDC5 cells cultured on the molecule-coated surface
(M). Sex determining region Y-box 9 (a), collagen type X alpha 1 (b), aggrecan (c), and collagen type II alpha 1 (d), n ¼ 3; the p-values indicate Student's t-test mean
differences between the molecule- and fibril-coated groups.
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IIfibrils. Time-lapsemonitoring revealed an inactivefilopodiummovement
and cell migration on the fibril-coated surface. In addition, the filopodium
morphology was almost a single protrusion, and the cell shape was more
uniform on the fibrils. Moreover, the cells rapidly attached to the fibrils
quickly stabilized their morphology and produced more cartilage ECMs
than those on the molecules. We speculate that such differences in the
ATDC5 responses to the fibrils and molecules arose from the specific
binding sites of NC fibrils and specific integrin subunit expression of
ATDC5. The transmembrane protein integrin, a heterodimeric complex of α
and β subunits, contributes to filopodium formation and cellular adhesion
to the pericellular matrix. Integrins are crucial to signal transduction be-
tween the ECMand cells,mediating gene expression by recognizing specific
aminoacid sequences, such asRGDandGFOGER, inECMproteins [39]. The
binding sites of type II collagen are primarily recognized by α10β1 and
secondarily by α1β1 integrin [40]. Impaired integrin function generally
affects cell adhesion, proliferation, differentiation, and survival by regu-
lating thematrix-to-cellmessage delivery. This is also true for chondrocytes.
For instance, an ex vivo culture of sectioned chicken sternal cartilage, in
which β1-integrin function was blocked, showed increased apoptosis [41].
An α1-knockout mouse study revealed reduced mesenchymal cell prolif-
eration and chondrogenesis-related mRNA expression [42].

The present study indicates that chondrogenic marker gene expression
is upregulatedwhenATDC5cellswere cultured on thefibril-coated surface.
Hence, we concluded that this type II collagen fibril material has a
chondrogenesis-inducing ability and facilitates chondrogenic gene expres-
sion in cells. The simultaneous enhanced expression of Sox9, Acan, and
Col2a1, which likely can be attributed to the induction of Sox9 expression
leading to the expression of Acan and Col2a1 [43], indicated that chon-
drogenesis proceeded toward the middle stage in the present experiment.
Col10a1, a marker gene of hypertrophic chondrocytes [44], also increased
on day 21.We hypothesized that the increase in Col10a1mRNA expression
during cell cultivation is insufficient to conclude that cells entered the hy-
pertrophy stage in our study, especially under the condition of the simul-
taneous high expression of the early-stage chondrogenesismarker Sox9 and
the middle-stage markers Acan and Col2a1. Col10a1 expression in ATDC5
7

cells in ascorbate-supplemented culture has been reported [45], and was
upregulated with Acan and Col2a1 in similar timing; Rubí-Sans et al. [46]
also reported that strong Col10a1 expression in human mesenchymal stem
cells cultured on polycaprolactone materials when Acan and Col2a1 upre-
gulated. The results of a previous study by Wu et al. [38] support our hy-
pothesis; using the chondrichthyan collagen scaffold cultured with human
adipose-derived stem cells, they showed that the upregulated timing of
Col10a1 expressed was similar to Sox9. Moreover, a Col10a1 knock-down
research [47], shows the GAGs production required a small quantity of
Col10a1. Hence, we adventure to the idea that Col10a1 did not necessarily
indicate the hypertrophic differentiation of cells and a high possibility
related to the early chondrogenesis phase, and theproof of the existenceand
function of Col10a1 in the early phase of chondrocyte differentiation re-
mains to be solved in the future.

Therefore, we propose that the NC-fibril material activates partial
signal pathways related to chondrogenesis in cells through integrin
subunits. Through advantageous signal transduction, ATDC5 cells
respond to the fibril material and functionalize as chondrocytes. Thus,
the in vitro model presented herein may contribute to a better under-
standing of the molecular signaling pathways of chondrogenesis and
might lead to further pharmacokinetic studies and/or CTE scaffold
exploration in the future.
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