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We report on the fabrication of oriented collagen films by drying a
dilute collagen solution on a polydimethylsiloxane (PDMS) sub-
strate with a micrometer grooved surface. The resultant films show
optical and mechanical anisotropy along the groove direction, and
have a high mechanical strength with Young's modulus of 2.3 GPa.
This process might enable collagen materials to be applied to
anisotropic biocompatible substrates, large-area functional scaf-
folds, and soft robotic materials.

Collagen is the most abundant protein in mammals and has
been continuously studied over the past several decades.’ One
of the most useful approaches for maximizing the function of
collagens is the orientation control of collagens® due to their
structural anisotropy ~300 nm in length and ~1.5 nm in
diameter, i.e., for type I collagen." For example, cells grow along
the oriented collagen fibers that act as a functional scaffold.” In
fact, it was reported that anisotropy of bone tissues was con-
trollable by oriented collagen matrixes.*” In addition, oriented
collagens have an advantage in mechanical strength. In vivo,
the orientation of collagens plays a special role in the function
of human organs; for example, bone osteons and tendons that
have high mechanical strength.> Also in vitro, Isobe et al.
reported that an oriented collagen tube was transplanted as a
blood vessel graft, taking advantage of its high mechanical
strength.® Several strategies to achieve the orientation of col-
lagen molecules have been proposed, such as flow-induced
alighment,>”*? elongation techniques,"® electrospinning,'***
electrochemical alignment,'®"” nanopatterned surfaces,'® and
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magnetic alignment.'® However, most of these orientation
methods are limited to fibrous and fibril scales, i.e., 50 nm to
500 nm in diameter. Thus, the difficulty in macroscopic orien-
tation on a practical scale (such as several centimeters) prevents
making full use of the advantages of orientation control.
Indeed, the macroscopic tensile strength of the oriented col-
lagen bundle (~ 400 MPa)"® is much lower than that of collagen
fibrils (~2 GPa).>° Considering that the homogeneous collagen
film without orientation control shows the same range of
mechanical strength (i.e. 2.0 GPa),”" uniform collagen orienta-
tion control over a large area has the potential to provide a
high-strength oriented film.

Here, we report formation of uniformly oriented collagen
film over a large area, just by drying a dilute collagen solution
on a polydimethylsiloxane (PDMS) substrate with a micrometer
grooved surface (Fig. 1). The orientation occurs under certain
conditions in vitro, due to the liquid-crystalline nature of
collagen molecules.>*® The liquid-crystallinity promotes a
directional self-assembly process; liquid crystals recognize the
direction of the groove in the surface of the PDMS substrate,

Collagen solution Collagen film
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Micrometer grooved surface

b

Mechanical and optical anisotropy

Fig. 1 Schematic illustrations of (a) the fabrication process of the collagen
film by drying on a micrometer grooved PDMS substrate and (b) the
fabricated film with oriented collagens.
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and this macroscopically aligns collagens. We successfully
observed that the fabricated collagen film exhibited optical
and mechanical anisotropy depending on the orientation direc-
tion. Furthermore, a subsequent thermal cross-linking reaction
made the collagen film insoluble in water, maintaining the
mechanical anisotropy of the collagen films, which successfully
achieved high mechanical strength with Young’s modulus of
2.3 GPa. Hence, this process has great advantages to practical
applications due to its simplicity, efficient orientation in a large
area, high mechanical strength, and water resistance.
Hypothesizing that the concentration of a collagen solution
induced liquid-crystallinity during the drying process and the
resultant orientation of collagens, we designed an experiment
to form a collagen film on a PDMS substrate with a micrometer
groove in the surface, which promotes a directional self-
assembly process (Fig. 1(a)). We used a pepsin solubilized
porcine skin collagen type-I (Nitta Gelatin Inc.), which was
purchased at stock concentrations of ~5.0 mg mL ™" in dilute
HCI (pH ~ 3.1). The collagen solution was diluted with distilled
water to a concentration of approximately 1.25 mg mL ™! to
reduce the viscosity for easy handling. Collagen films were
fabricated by drying the dilute collagen solution in a handmade
glass box (size: 3 cm x 3 cm; height: 12.5 mm) in which a PDMS
substrate (size: 2 cm x 2 cm; thickness: 1.25 mm) was adhered
at the bottom. To direct self-assembly, we inscribed a micro-
meter groove in the PDMS substrate referring to a pervious
study (Fig. S1, ESIt).>***! The dilute collagen solution of 4 ml
was cast in the glass box placed on a hotplate set at 38 °C. At
this time, the solution temperature was 35 °C, which is below
the denaturation temperature of collagen. After the solvent was
dried, the collagen solution was cast again. This solution
casting and drying process was repeated four times to obtain
freestanding films with a sufficient film thickness. Fig. 2a
shows a photograph of a collagen film (size: 2 cm x 2 cmy
thickness: 20 pm) fabricated on the micrometer grooved PDMS
substrate, exhibiting optical transparency. Observation of the
collagen film by polarized optical microscopy (POM: Olympus
BX50) revealed that the film has optical anisotropy (Fig. 2b). In
contrast, a collagen film fabricated in a glass box with a flat
PDMS substrate did not show optical anisotropy in any direc-
tion (Fig. 2c). These results imply that the emergence of the
optical anisotropy in the collagen film was attributed to the
presence of the micrometer grooves in the film formation
process. Thus, we performed detailed analyses to investigate
the effect of the orientation of collagen molecules on the optical
anisotropic properties. From the observation of the film with a
test plate (Olympus U-TP530), the optical axis of the anisotropy
was found to be parallel to the groove direction, which was
transferred from the surface of the PDMS substrate (Fig. S2,
ESIT). This result is remarkable because it indicates that the
collagen molecules oriented parallel to the groove direction.
If the collagen molecules oriented in the film, there is a
possibility to show the difference in the mechanical properties.
To evaluate the mechanical anisotropy of the resultant collagen
film, we carried out the tensile test by cutting the collagen films
into rectangular shapes (15 mm length x 5 mm width) parallel
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Fig. 2 Photograph (a) and POM images (b) of a freestanding collagen film
(size: 2 cm x 2 cm; thickness: 20 pm) fabricated on the micrometer grooved
PDMS substrate. POM images (c) of a collagen film fabricated on the flat
PDMS substrate with no grooves. The orange arrows indicate the groove
direction in the film. The white arrows denote the direction of the polarizers.

or perpendicular to the groove direction. Fig. 3 shows the
results of the tensile test for the collagen films. As a result,
the Young’s modulus calculated from the stress-strain curves
showed a clear difference in the tensile directions; the Young’s
modulus parallel to the groove direction became higher than
that in the perpendicular direction. These results indicate that
the mechanical directionalities were linked with the orientation
directions of collagens because the direction of this mechanical
anisotropy was identical to the results of POM observation. In
addition, the Young’s modulus of the film fabricated on the flat
PDMS substrate showed an intermediate value of Young’s

a 30
—Parallel to the groove direction
25 : .
= —Perpendicular to the groove direction
20 [ —
- No groove
w» 15
2
=10
»n
5
0 1 1 1 1 1
0 0.5 1.0 1.5 2.0 25 3.0
Strain (%)
b 1500
m Parallel to groove direction
& m Perpendicular to the groove direction
= m No groove
@ 1000
]
°
o
13
»
° 500
c
3
>
0
Fig. 3 (a) Stress—strain (S—S) curves and (b) Young's moduli of the collagen

films fabricated on a substrate with and without micrometer grooves. In the
collagen films fabricated on the micrometer grooved PDMS substrate, the
films were elongated parallel or perpendicular to the groove direction.
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modulus, also supporting that the mechanical anisotropy was
derived from the molecular orientation (Fig. 3b). It is important
to note that the fabrication process of the collagen film enables
not only fabricating the oriented collagen film but also provid-
ing the mechanical strength anisotropy.

The orientation of collagen molecules achieved in the pre-
sent system can be rationalized by assuming that liquid-
crystallinity of the collagen is the main factor. Collagen exhibits
a lyotropic liquid crystalline state as the solution is concen-
trated, depending on the pH and the type of collagen.>®*”
Indeed, it has been reported that the collagen solution shows
liquid crystal phases such as nematic and cholesteric phases at
concentrations above approximately 20 mg mL™~ " under acidic
conditions.” As shown in a movie (ESI), optical anisotropy was
confirmed with the concentrated solution of approximately
60 mg mL ', while no anisotropy was observed with the diluted
collagen solution (1.25 mg mL™"), which clearly indicates that
the liquid crystal phase appears during the drying process.
Fig. 4 shows a schematic illustration of the proposed formation
mechanism of the oriented collagen film based on the present
system. Drying the solvent leads to concentration of collagen
solution and increases the intermolecular interaction of
collagen molecules, and then the collagen solution becomes
liquid-crystalline. On the basis of the established theory, orien-
tation of liquid crystals is affected by a surface grooved
structure of a substrate.*** The liquid-crystalline collagens
self-assembled along with the groove direction in the PDMS
surface, resulting in the orientation of collagen molecules over
a large area. By laminating the collagens by repeating the
casting process, the collagens are accumulated, maintaining
their orientation. We consider that the collagens are densely
packed through the film thickness direction because the film
shows optical anisotropy at any position in the thickness
direction, and this brings the high mechanical strength.

To provide a function of insolubility in water, which is an
important characteristic for practical use of collagen films,
we conducted a thermal cross-linking reaction. Dehydrothermal
(DHT) treatment is known as a common method of cross-linking
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Fig. 4 Schematic illustrations of the orientation mechanism of collagens
on the micrometer grooved PDMS substrate.
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Fig. 5 Results of the effect on DHT treatment. (a) Young's moduli of
collagen films as a function of the exposure period of DHT treatment. (b)
Photographs of collagen films before and after dropping water on the film.

collagen molecules, which exposes collagens to raised tempera-
ture under a vacuum.>*** This process removes water from the
collagen molecules, resulting in the formation of intermolecular
cross-links (amide bonds) through condensation reactions. The
effect of DHT treatment on film properties was previously exam-
ined by Haugh et al.;>* the exposure period had an effect on the
mechanical properties and cross-linking density. To conduct the
thermal treatment for the fabricated collagen film, the film was
wrapped in aluminum foil and placed in a vacuum oven at 140 °C
(Fig. S3, ESIt). The exposure period was varied from 6 to 48 h.
POM observation of the thermally treated film revealed that the
optical anisotropy was stably maintained even after heating for
48 h (Fig. S4, ESIT). The tensile test revealed that Young’s modulus
showed an obvious dependence on the exposure period, keeping
the relationship of the strength in parallel and perpendicular
elongation directions (Fig. 5a). The highest Young’s modulus of
2.3 GPa was obtained in the film heated for 12 h, in which
Young’s modulus increased by approximately 60% compared to
the untreated collagen film. It must be noted that this value is
10% higher than that in the collagen film prepared under in vitro
conditions.'® Hence, the fabrication of oriented films by self-
assembly of liquid-crystalline collagens on the surface of a micro-
meter grooved PDMS substrate is a powerful process for preparing
a film with high Young’s modulus. In addition, we evaluated
water solubility of the thermally cross-linked film. The untreated
film was immediately swollen in water and finally dissolved;
however, the cross-linked film thermally treated for 12 h kept its
shape in water without swelling (Fig. 5b and ESIT). These results
clearly indicate that the DHT treatment of the oriented collagen
film brought about the cross-linking reaction, which leads to an
increase in Young’s modulus and water insolubility, maintaining
its mechanical anisotropy.

Conclusions

In conclusion, we reported a facile fabrication process for
the molecularly oriented collagen films over a large area

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(2 em x 2 cm). The key strategy for this achievement is the
directed self-assembly of liquid-crystalline collagen molecules
during the drying process on the surface of the micrometer
grooved PDMS substrate. The fabricated freestanding film showed
optical and mechanical anisotropy due to the orientation of
collagens. In addition, the thermal cross-linking reaction made
the film water-insoluble and increased the mechanical strength,
keeping its anisotropy of the strength in parallel and perpendi-
cular elongation directions. To the best of our knowledge, this is
the simplest example of fabricating oriented collagen film over a
large area. This process is expected to widely open the use of the
collagen materials for practical applications such as biocompati-
ble substrates with optical and mechanical anisotropy, large-area
functional scaffolds for accelerating the development of research
in cell biology, and soft robotic materials.
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