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ABSTRACT: Various tissues have oriented collagen structures Collade Collagen fibers  Cells o

that confer mechanical strength and stability. However, creating induced Mierofiidics
models that precisely mimic the size and direction of these tissues ‘ 3
remains challenging. In the present study, we developed a collagen
tissue with multiscale and multidirectional controlled orientation
using fluidic devices prepared using three-dimensional (3D)
printing technology. Two types of fluidic channels were fabricated:
a one-directional “horizontal orientation model” and vertical
protrusions added to create a two-directional “vertical/horizontal
orientation model”. A type I collagen solution, mixed with or
without cells, was introduced into the fluidic channel and gelled. As
a result, in the horizontal orientation model, collagen fibrils and
fibers were oriented by the flow. Both the fibroblasts and stem cells were aligned parallel to the flow along the collagen structure. In
the vertical/horizontal orientation model, both the horizontal and vertical parts confirmed the orientation of collagen fibrils, fibers,
and fibroblasts in both directions. Observation of the model at the nanoscale level using scanning electron microscopy (SEM) can
explain the collagen orientation mechanism at the molecular and fibril levels. Prior to full gelation, collagen molecules and fibrils
align parallel to the flow owing to the influence of flow and channel wall effects. This wall effect, starting from the outer channel wall,
creates a gelated collagen “wall” toward the inside of the channel. Collagen fibrils aggregate into collagen fibers. In our experiments
focusing on collagen contraction, the cell orientation was also described. As cells proliferate in response to the contact guidance of
collagen fibrils and fiber orientation, focal adhesions and F-actin are activated and organize anisotropic traction forces that, in turn,
drive cell orientation. Therefore, our method enables the customization of models with the desired tissue-specific orientations,
thereby advancing future possibilities in tissue engineering.

3D Printing
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1. INTRODUCTION Oriented collagen structures have been observed in the
skin,® bones,” tendons, and ligaments,lo which confer
mechanical strength and stability to tissues. In tendons and
ligaments, collagen fibrils orient horizontally;10 in the bone,
particularly in the skull, flat bones show a two-dimensional
(2D) orientation."" For the skin, collagen fibril and fibers in
the dermal layer have two directions: papillary dermis with a
e o : . ‘ . vertical orientation and reticular dermis with a horizontal
entiation.” Type I collagen, in particular, is abundant in the orientation.” The papillary dermis, with a thickness of 100—
skin, bones, tendons, and ligaments, comprising approximately 200 pm, contains thinner collagen fibrils and fibers, whereas
90% of the collagen in human tissues.” Type I collagen exists as

Collagen is the most prevalent protein in human tissues." To
date, 29 different collagen species have been reported,” several
of which contribute to the formation and maintenance of the
extracellular matrix (ECM) by assembling into larger
structures." These tissue-specific geometries provide tensile
strength and mediate cell migration, growth, and differ-

a triple-helix chain consisting of two @l chains and one a2 Received: November 15, 2024
chain.” The rod-like collagen molecule, which has a length of Revised:  March 28, 2025
300 nm and a diameter of 1.5 nm, self-organizes into fibrils of Accepted: April 7, 2025
approximately 100 nm in diameter.® These fibrils aggregate Published: April 19, 2025

further to form fibers and fiber bundles with diameters ranging
from 1 to 20 um.®’
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Figure 1. Schematic diagram of creating oriented collagen models. Overview of the experimental procedure showing collagen fibrils, fibers, and cell
orientations induced by flow (a). Experimental image of the collagen solution induced by the syringe pump in the fluidic channel (b). Design of
master (c—f) and microscopic images of actual masters made using a 3D printer (g—j) in horizontal orientation model (c, d, g, and h) and vertical/
horizontal orientation model (e, f, i, and j); top view (c, e, g, and i) and side view (d, f, h, and j). Schematic diagram of PDMS fluidic channels
formed by the master of horizontal orientation model (k) and macroscopic image of actual PDMS mold after being cut of vertical/horizontal

orientation model (1). Scale bars: 1 mm.

the reticular dermis, with a thickness of 1000—4000 ym, is
dominated by thicker collagen fiber bundles.'* Thus, the
collagen orientation in tissues is organized and functions on
different scales and directions.

The orientation of collagen bundles aftects cell behavior and
function,">'* highlighting the importance of fabricating
oriented collagen hydrogels as scaffolds. Several approaches
exist for the construction of oriented colla$en hydrogels. These
methods include magnetic alignment,ls’ 6 electrospinning,17
and stretching."®'” Oriented collagen hydrogels align neu-
rons,'>'¢ fibroblasts,'® and myoblasts'® along collagen hydro-
gels. This phenomenon of cells aligning along geometrical
patterns is known as “contact guidance”.”’ However, each
method presents several challenges. Magnetic alignment uses
magnetic beads that remain in the model.'>'® Electrospinning
requires volatile organic solvents that can destroy the structure
of the three-stranded helix in collagen.'” Stretching neces-
sitates expensive machinery and specialized techniques, and it
is also difficult to achieve multidirectional fine orientation.'®"
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However, microfluidics™ ~>* has also been reported as a useful
method for fabricating microscale collagen hydrogel-oriented
models by injecting an initial flow into the channel. The
conditions and principles of collagen bundle orientation have
been investigated,m’22 and aortic endothelial cells,** kerato-
cytes,” and tenocytes™* have been shown to grow and orient
along oriented collagen hydrogels. Microfluidic methods can
fabricate oriented models using only collagen and are
inexpensive and easy to fabricate without toxicity or
contamination risks. However, it is challenging to mimic
complex-oriented structures such as the skin dermis or skull
bone with two-directional orientations because of the
immaturity of channel chip technology.

In this study, by including three-dimensional (3D) printing
technology with channel fabrication, we developed a fluidic
method for controlling the size and direction of oriented
collagen hydrogels, thereby accurately recreating fine tissue
fabrication. First, we controlled the orientation of both
collagen and cells horizontally (one-directional) by mixing a
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type I collagen solution with cells in a fluidic channel prepared
from a master mold fabricated by using a 3D printer (Figure
la,b). Under these optimized conditions, we developed a
model that achieved a fine micro-oriented structure of both
collagen and cells in the horizontal and vertical directions
required in multidirectionally oriented tissues, such as skin.
Subsequently, the obtained 3D collagen models were analyzed,
and collagen formation and cell orientation mechanisms were
investigated.

2. MATERIALS AND METHODS

2.1. Reagents. The collagen gel culture kit was purchased from
Nitta Gelatin Co., Ltd. (Osaka, Japan). The kit contained 3 mg/mL
collagen solution (Cellmatrix Type I-A, pig tendon, pH 3.0), 10X
Ham’s medium, and SO mM reconstitution buffer (NaOH solution
containing 260 mM NaHCO,; and 200 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES buffer). Tween-20 was
purchased from Thermo Fisher Scientific Inc. (Waltham, MA,
USA). Tris(hydroxymethyl)aminomethane (Tris) and NaCl were
purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Ultrapure water
was prepared using a Direct-Q UV3 (Merck Millipore, Burlington,
MA, USA).

2.2. Cell Culture. Mouse embryonic fibroblast NIH3T3 cells
(American Type Culture Collection [ATCC], Virginia, USA) and
primary human bone marrow-derived mesenchymal stem cells
(MSCs; Promocell, Heidelberg, Germany) were cultured in
Dulbecco’s modified Eagle’s medium (D-MEM; Nacalai Tesque,
Inc.) containing 10% fetal bovine serum (FBS; Thermo Fisher
Scientific Inc.), and 1% of penicillin (100 U/mL)/streptomycin (100
ug/mL) solution (Nacalai Tesque, Inc.). The cells were cultured
under 5% CO, humidity and a 37 °C temperature.

2.3. Simulation of Flow inside the Fluidic Channel. 3D
simulations of the flow of the collagen solution inside the fluidic
channel were performed using the COMSOL Multiphysics simulation
(6.2 software). The flow channel geometry was designed using
SolidWorks 3D computer-aided design (CAD) software (SP02.1) and
imported into COMSOL. The physical parameters of each simulation
were as follows: density, 1015 kg/ m3 (using the average value
obtained from three measurements of 1 mL of collagen solution
weight); viscosity, 120 mPa s (measured viscosity of the collagen
solution was used; Figure S1); temperature, 20 °C.

2.4. Fabrication of Fluidic Channel. 2.4.1. Preparation of the
Master Fluidic Channel. Two types of orientation models were
fabricated: a one-directional “horizontal orientation model”, and
vertical protrusions added a two-directional “vertical and horizontal
(vertical/horizontal) orientation model”. The master for each model
was designed as shown in the following figures (horizontal orientation
model: Figure lc,d; vertical/horizontal orientation model: Figure
le,f) using SolidWorks software and imported into Form 2 (Formlabs
Inc, MA, USA), a high-resolution stereolithography 3D printer, for
precise detailing. A stereolithography apparatus (SLA), the vat-
photopolymerization technique, was used to fabricate the master. The
master was created by layering horizontally with a layer pitch of 0.05
mm. Clear V4 Resin (RS-F2-GPCL-04, Formlabs, Inc.) was used as
the master material. Supporting parts of the master were determined
by using the automatic support generation function of the dedicated
software “Preform” (Formlabs Inc.). After being molded, the resin was
washed with isopropyl alcohol (IPA; FUJIFILM WAKO Pure
Chemical Industries Ltd., Osaka, Japan) for 20 min, and the
remaining IPA was removed using a blower. Then, the master was
placed in a postexposure system, Form Cure device (FH—CU-01,
Formlabs Inc.) at 60 °C for 15 min. The supports were then carefully
removed by using diagonal pliers. The completed master is shown in
Figure 1gh (horizontal orientation model) and Figure 1ij (vertical/
horizontal orientation model).

2.4.2. Preparation of the Polydimethylsiloxane (PDMS) Mold
(Fluidic Channel). A fluidic channel was fabricated using PDMS. The
PDMS mold was fabricated by using a silicon potting material (Silpot
184, Toray Dow Corning, Co., Ltd., Tokyo, Japan) mixed with a
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curing agent at a 15:1 weight ratio. For the horizontal orientation
model, the prepared master was placed in a polystyrene square case
(PS CASE No.2, ASONE Co., Ltd., Osaka, Japan), and a silicon
potting material was poured over the master. For the vertical/
horizontal orientation model, the master was placed such that the
protrusions faced upward, and the silicon potting material was poured
into the case, enabling the protrusions to protrude slightly from the
liquid surface. To remove the air bubbles, the encased PDMS mold
was placed under a vacuum for 15 min. Thereafter, it was placed in a
drying machine (60 °C, Programmable Gravity Convection Oven,
DVS402; Yamato Scientific Co., Ltd., Tokyo, Japan) overnight for
curing. Using a scalpel, the PDMS mold was cut horizontally when
creating the horizontal orientation model (Figure 1k), and the PDMS
mold was cut vertically when creating the vertical/horizontal
orientation model (Figure 11). Macroscopic images of the master
PDMS mold were obtained by using a digital microscope (VHX-5000,
Keyence Corp., Osaka, Japan) equipped with a high-performance low-
magnification zoom lens (VHX-J20U; Keyence Corp.).

2.5. Preparation of Collagen Models. 2.5.1. Models without
Cells. For this model, 1.2 mL of 3 mg/mL collagen solution, 0.15 mL
of Ham’s medium, and 0.15 mL of reconstitution buffer were mixed at
4 °C (final collagen concentration: 2.4 mg/mL) and poured into a 1.0
mL syringe (Terumo Corp., Tokyo, Japan). The syringe was placed in
a syringe pump (210 Legacy; KD Scientific Inc., MA, USA). This was
connected to a PDMS mold placed on a hot plate stirrer (Rexim
RSH-4DN, ASONE Co., Ltd.) with a 20 cm tube (Tygon LMT-SS,
Saint-Gobain, Tokyo, Japan). The tube was placed on ice to maintain
the temperature at 4 °C (Figure 1b). After the syringe was manually
pressed to fill the PDMS mold with collagen, collagen was poured
through a syringe pump at 3 mL/h (syringe pump diameter, 4.58 mm;
volume, 0.5 mL) and kept on a hot plate stirrer (Figure 1b). The
collagen gel was then allowed to gel for 10 min. Thirty minutes after
initiating flow using a syringe pump, the models were collected and
incubated while immersed in the culture medium in a CO, incubator
(5% CO, humidity and 37 °C temperature). During incubation, the
culture medium was changed every 2—3 days. The model incubated in
the PDMS mold was termed the With Mold (WM) model, and the
model removed from the PDMS before incubation was termed the
No Mold (NM) model. When these models were prepared using a
syringe pump, they were termed the With Flow (WF) model, and
when they were prepared without using a syringe pump but by
pipetting 200 uL of collagen mixture directly into the PDMS mold,
they were termed the No Flow (NF) model.

2.5.2. Models with Cells. For cell culture, 1.2 mL of 3 mg/mL
collagen solution, 0.15 mL of Ham’s medium, and 0.15 mL of
reconstitution buffer were mixed with NIH3T3 cells or MSCs at 1.0 X
10° cells/mL at 4 °C (final collagen concentration: 2.4 mg/ mL) and
poured into a 1.0 mL syringe and placed in the syringe pump. The
procedure of flowing collagen using a syringe pump follows the same
steps as described in the “2.5.1. Models without cells” protocol.

2.6. Scanning Electron Microscopy (SEM) Observations.
Treatment before supercritical drying was performed as previously
described, with some modifications.”® The fabricated cell-free collagen
models were continuously immersed in IPA/water mixtures (25, 50,
75, and 100 vol %). The supercritical dryer (SCRD4; Rexxam Co.
Ltd., Osaka, Japan) was precooled to 4 °C. The vessel in the model
dryer was then immersed in IPA. The machine then performed
supercritical drying (30 mL/min, 40 °C) with a back pressure valve
(BPV) at 12 (90 min), 8 (10 min), and 0 MPa (40 min). After
coating with Au for 20 s using a Quick Coater (MSP-1S; Vacuum
Device Inc., Ibaraki, Japan), the samples were observed by using SEM
(SU8010; Hitachi Ltd., Tokyo, Japan).

2.7. Immunofluorescence (IF) Staining of Collagen and Cell
Morphology. Collagen was stained for type I. The model was
removed from the culture medium and placed in 1.5 mL microtubes.
The models were washed with phosphate-buffered saline (PBS (—);
Nacalai Tesque, Inc.) and fixed with a 4% paraformaldehyde
phosphate buffer solution (Nacalai Tesque, Inc.) for 10 min. After
washing three times with PBS (—), they were exposed to 1% bovine
serum albumin (BSA; Sigma-Aldrich Co. Ltd, MO, USA)-0.02%
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Figure 2. SEM observation and characterization of collagen fibrils and fibers in cell-free collagen hydrogel models. (a—d) SEM images of cell-free
collagen hydrogels dried with IPA and CO, of WF (a, b) and the NF (¢, d) model with 1500X (a, c) and 15,000% (b, d) magnifications. The angle
of collagen fibril and fiber distribution of WF (e) and NF (f) model plotted at the range 0—180°. The flow direction coincides with the horizontal
direction of the SEM image (90°). Distribution of the thickness of collagen fibril and fiber in the WF model (g) and NF model (h).

Tween 20-Tris-buffered saline (T-TBS, prepared from 0.5 M Tris, 1.4
M NaCl and 0.02% Tween-20, pH 7.4) solution for 3 min to block
nonspecific adsorptions. The models were immersed in primary
antibodies (1:100, Anti-Collagen I alpha 1, NB600-450, Novus
Biologicals Ltd., Littleton, CO, USA) for 1 h at 25 °C. After exposure
to 1%BSA-0.02%T-TBS twice for 5§ min each time, the models were
further immersed in a secondary antibody (1:100, fluorescein
isothiocyanate [FITC]-conjugated goat antirabbit IgG, ab678S,
Abcam Ltd., Cambridge, UK) for 1 h at 25 °C under light-shielding
conditions. The cells were washed twice with PBS (—) for S min each
time. The models without cells were placed on a glass slide and
observed using a fluorescence microscope (Leica DMI3000 B; Leica
Microsystems Inc., Nussloch, Germany). To observe the models with
cells, cells were stained for filamentous actin (F-actin) and nuclei after
collagen staining. The cells were permeabilized with 0.5% Triton
solution (Sigma-Aldrich) for 10 min and washed three times with PBS
(=). The models were eventually stained with 100 nM rhodamine-
phalloidin (Fujifilm Co., Ltd., Tokyo, Japan) in PBS (—) for 40 min
to label F-actin under light-shielding conditions. After washing three
times with PBS (=), the cells were stained with 100 nM DAPI
(Dojindo Laboratories Co., Ltd., Kumamoto, Japan) in PBS (=) to
label the nuclei under light-shielding conditions. After washing three
times with PBS (—), the models were placed on glass slides and
observed using fluorescence microscopy. The vertical/horizontal
orientation models for IF staining were examined by using a
motorized zoom microscope (Axio Zoom.V16, Zeiss, Jena, Germany).

2.8. Qualification of the Thickness of Collagen Fibrils and
Fibers. Two hundred points of collagen fibrils and fiber thickness in
each image were manually measured by setting scales using Image]
software.

2.9. Qualification of the Orientation of Collagen and Cells.
Image] 1.54i—1.54k software with a Java plugin Orientation]*® was
used in 15,000X and 80,000X SEM images for collagen orientation.
After making the background transparent with “Threshold”, the
orientation of the collagen fibril and fiber was quantified with the
“Riesz Filter” of the Orientation] Distribution (Figure S2). For the
vertical/horizontal orientation model, two locations were quantified
for each protrusion and main part, and the averages of the two models
were calculated. For all other models, three locations were quantified
for each model, and the average of the three models was calculated.

For the cell orientation, “Fit ellipse” in Image] was used. After
making the background transparent with “Threshold,” the orientation
of the cells was quantified as the angle of the major axis of the
approximate ellipse using ‘Analyze particles’ (Figure S3). For the
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vertical/horizontal orientation model, three locations were quantified
for each protrusion and main part, and the averages of the three
models were calculated.

2.10. Statistical Analysis. The results are presented as the mean
+ standard deviation (SD). All statistical analyses were performed
using EZR software (version 1.68, Saitama Medical Center, Jichi
Medical University, Saitama, Japan), a graphical user interface for R.*/
Statistical significance was tested using Student’s t test for samples
that followed a normal distribution and Kruskal-Wallis with Steel-
Dwass post hoc multiple comparison test for samples that did not
follow a normal distribution (all test significance levels were set at p <
0.05). All experiments were repeated at least three times.

3. RESULTS

3.1. Computational Simulation of Flow in the Fluidic
Channel Using COMSOL. We investigated whether the
entire fluidic channel path exhibited a laminar flow,
considering the velocity distribution of the flow in the fluidic
channel, by varying the inlet velocity conditions using
computational fluid dynamics (CFD) simulations in COM-
SOL. Four inlet flow rates (1, 3, 6, and 125 mL/h) up to the
maximum flow rate of the syringe pump were examined
(Figures S4—S7). Based on the velocity distribution, the flow
proceeds smoothly throughout the channel at all four inlet flow
rates (Figures S4a, SSa, S6a, and S7a). From the stream
distribution, all arrow directions (arrow lengths: flow velocity;
arrow direction: flow direction; colors: velocity distribution
according to flow velocity) pointed toward the outlet without
twisting, indicating that the flow can be considered laminar
(Figures S4b,c, SSb,c, S6b,c, and S7b,c). The velocities at three
points in the z-axis (defined as the distance from the entrance;
a: 9.0 mm, #: 11.0 mm, y: 13.0 mm, y = 0) are shown in
Figures S4d, S5d, S6d, and S7d. Because the velocities at the
three points showed no significant differences, all four
conditions were laminar with no turbulence. In addition, the
velocity at the center of the model was higher than that at the
channel walls (Figures S4d, S5d, S6d, and S7d).

3.2. Analysis of the Collagen Fiber Orientation. To
examine the collagen fiber orientation in a cell-free collagen
model, the fabricated collagen hydrogels dried with IPA and
supercritical CO, of the WF and NF models were observed
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Figure 3. SEM observation and characterization of collagen fibrils and fibers in cell-free collagen hydrogel models after immersion in PBS (—) for 3
and 7 days. (a—h) SEM images of cell-free collagen hydrogels of WM (a, b, e, and f) and NM (c, d, g, and h) dried with IPA and CO, after
immersion in PBS (—) for 3 (a—d) and 7 days (e—h) with 1500X (a, ¢, e, and g) and 15,000 (b, d, f, and h) magnifications. The angle of collagen
fibril and fiber distribution in cell-free collagen hydrogels of WM (i, k) and NM (j, 1) dried with IPA and CO, after immersion in PBS (—) for 3 (i,
j) and 7 days (k1) plotted at the range 0—180°. The flow direction coincides with the horizontal direction of the SEM image (90°). Distribution of
the thickness of collagen fibril and fiber in cell-free collagen hydrogels of WM (m, o) and NM (n, p) dried with IPA and CO, after immersion in
PBS (—) for 3 days (m, n) and 7 days (o, p). The average peak value of the angle distribution of collagen bundles (q), (* p < 0.05).

using SEM (Figure 2a—d). First, the orientation of collagen
fibrils and fibers was quantified. In the WF model, collagen
fibrils and fibers were oriented in the same direction as the flow
(Figure 2ab,e). In contrast, in the NF model, the collagen
fibrils and fibers were randomly oriented (Figure 2¢,d,f). The
average peak values for the angle of collagen fibril and fiber
distribution were higher in the WF model than in the NF
model (WF: 0.0161 + 0.0026, NF: 0.0080 + 0.0032; Figure
2e,f).

The width of the collagen bundles was quantified. The
collagen bundles with thin (%100 nm) and thick (=1 pm)
fibers were observed in both the WF and NF models (Figure
2b,d). The width of thin collagen bundles corresponds to
collagen fibril (100 nm), and thick collagen bundles
correspond to collagen fiber (1—20 m).® The distribution
of the thickness of the collagen bundles is shown in Figure
2gh. The WF and NF models had a mode of 50—60 nm
(frequency, WF model, 0.093; NF model, 0.103), which
corresponded to the thickness of the collagen fibrils. The
shoulder of the graph, detected at a thicker position in the WF
model (approximately 120 nm), was thicker than that in the
NF model (100 nm) (Figure 2gh). Notably, the WF model
showed a long-tailed distribution reaching fiber thicknesses of
up to 1.37 pm, whereas the NF model reached up to 0.67 yum
(Figure 2g)h). This indicates that the diameter of the collagen
fibers in the WF model was greater than that in the NF model.

3.3. Investigation of Collagen Gel Orientation
Retention. Next, to examine whether the collagen gel
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structure could be maintained during long-term culture, the
orientation of the cell-free collagen gel after incubation in PBS
(=) for 3 or 7 days was observed using SEM. Two types of
models were prepared: those immersed in PBS (—) after being
removed from the PDMS molds (no mold (NM) model) and
those immersed in PBS (—) while still in the PDMS molds
during incubation (with mold (WM) model) (Figure 3). The
SEM images showed that the collagen bundles were oriented in
the same direction as the flow in all models (Figure 3a—h). No
significant difference in the average peak value of collagen
bundle orientation was observed between days 3 and 7,
irrespective of the presence or absence of mold (Figure 3i—
1,q). When analyzing the collagen fibril and fiber thicknesses on
day 3, the mode was 40—50 nm in the WM model (frequency:
0.083) and 70—80 nm in the NM model (frequency: 0.080),
which was the fibril size (Figure 3m,n). On day 7, the mode
was 100—110 nm in the WM model (frequency: 0.052) and
140—150 nm in the NM model (frequency: 0.055), which is
the fiber size (Figure 30,p). For both the WM and NM models,
the mode was distributed to a thicker fiber size on day 7 than
on day 3, and the overall distribution extended to a thicker
fiber size on day 7, indicating that thicker fibers were observed
on day 7. When the WM and NM models were compared on
days 3 and 7, the mode was distributed in a thicker position in
the NM model than in the WM model (Figure 3m—p).
However, on days 3 and 7, the WM model showed a longer
distribution than the NM model (Figure 3m—p). Day 3-WM
reached fiber thicknesses of up to 1.23 ym, whereas day 3-NM
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Figure 4. Fluorescence microscopic observation of collagen models with NIH3T3 after 3 days of culture. The models of WM-WF (a—c, m), WM-
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distribution was plotted at the range 0—180° (m, n, o, and p).

reached up to 0.60 um, and day 7-WM reached fiber
thicknesses of up to 1.52 um, whereas day 7-NM reached up
to 0.84 um (Figure 3m—p). Combining the mode and
distribution, we observed no significant differences in the
distribution of collagen fibril and fiber thicknesses between the
NM and WM models.

3.4. Morphological Observation and Analysis of the
Cell Orientation in Collagen Hydrogels with NIH3T3
Cells. The cells were then embedded in a collagen hydrogel
and cultured. Figure S8a shows macroscopic images of the
collagen models with and without mouse embryonic fibroblast
NIH3TS3 cells on days 0 and 3. The length of the model with
cells was predominantly reduced on day 3 (1.03 + 0.13 mm)
compared to day 0 (1.67 + 0.13 mm) (Figure S8b). In
contrast, the model without cells showed no significant
difference in length (day 0 model 1.47 + 0.13 mm, for the
day 3 model 1.43 + 0.01 mm; Figure S8b). Therefore, the
model with cells was found to shrink significantly after 3 days
of culture.

In the next experiment, to examine cell orientation, WF and
NF models with or without mold were cultured for 3 days
each, and cell morphology was compared by staining collagen
with an antitype I collagen antibody, nuclei with DAPI, and F-
actin with rhodamine-phalloidin (Figure 4a—1). For the WF
model, both the WM and NM models had cell orientations
directed in the same manner as the flow (Figure 4c,i). The
WM and NM models had no cell orientation in the same
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direction as the NF model, and the cells were randomly placed
(Figure 4f]1). The orientation of F-actin was also quantified
(Figure 4m—p). The average peak values of F-actin
distribution for the WM model, WF: 0.1358 + 0.0102, NF:
0.0881 + 0.0230 (Figure 4m,n), and for the NM model, WF:
0.2106 + 0.0075, NF: 0.0971 + 0.0089 (Figure 4o,p). The WF
model exhibited values higher than those of the NF model for
both the WM and NM models. When comparing the WF
model to the WM and NM models, the NM model showed
higher values than the WM model (Figure 4m,0).

3.5. Cell Orientation in Collagen Hydrogels with
MSCs. In the next experiment, to examine the cell orientation
of MSCs, WF and NF models with or without mold were
cultured for 3 days each and compared in terms of cell
morphology (Figure Sa—1). For the WF model, both the WM
and NM models exhibited cell orientations directed in the
same manner as that of the flow (Figure Sc,i). For the NF
model, both the WM and NM models had no cell orientation
in the same direction, and the cells were randomly placed
(Figure Sfl). The average peak values of F-actin distribution
for the WM model, WF: 0.1726 + 0.0111, NF: 0.0730 +
0.0105 (Figure Smyn), for the NM model, WF: 0.2404 =+
0.0249, NF: 0.0617 + 0.0102 (Figure So,p). The WF model
exhibited higher values than the NF model for both the WM
and NM models. In the WF model, the NM model exhibited
higher values than the WM model (Figure Sm,0).
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3.6. Fabrication of the Vertical/Horizontal Orienta-
tion Model. To create a vertical-horizontally oriented
collagen model, a flow channel consisting of a horizontal
channel with vertical cylindrical protrusion channels on top of
the horizontal channel was designed (Figure le,f). By analyzing
this vertical/horizontal orientation model using COMSOL, we
confirmed that collagen flowed out in a laminar manner
through the vertical protrusions and outlet in the simulations
(Figure S9).

To examine the gel structure, collagen hydrogel models of
WF and NF dried with IPA and supercritical CO, were
observed by using SEM (Figure 6a—h). In the WF collagen
hydrogel models, the collagen bundles were oriented vertically
and horizontally in the vertical protrusion (Figure 6b) and the
main parts of the hydrogel models (Figure 6d), respectively. In
contrast, in the collagen hydrogel models of NF, the collagen
bundles were randomly oriented in the vertical protrusion
(Figure 6f) and the main parts (Figure 6h). The orientation of
the collagen bundles was quantified (Figure 6i—1). The average
peak values for the angle of collagen fibril and fiber distribution
were WF model vertical protrusion part 0.0124 =+ 0.0021
(Figure 6i), and WF model main part 0.0169 + 0.0027 (Figure
6j). Therefore, the average peak values of the main part are
higher than those of the vertical protrusion. For the NF model,
the average peak values for the angle of collagen fibril and fiber
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distribution had no significant difference between the NF
model vertical protrusion part, 0.0070 = 0.0009 (Figure 6k),
and in NF model main part, 0.0071 + 0.0010 (Figure 61). Both
the vertical protrusion and main parts of the WF model had
higher peak values than those of the NF model (Figure 6i—1).

When analyzing the collagen fibril and fiber thicknesses in
the WF model, the modes of bundle thickness were 10—20 nm
in the vertical protrusion part (frequency: 0.239) and 50—60
nm in the main part (frequency: 0.072) (Figure 6m,n),
respectively. In the NF model, the modes were 30—40 nm in
the vertical protrusion region (frequency: 0.133), and 90—100
nm in the horizontal region (frequency: 0.094) (Figure 6o,p).
Therefore, in both the WF and NF models, thinner fibrils were
observed in the vertical protrusions than in the main part. In
the WF model, the shoulder of the graph appeared at a thicker
position in the main part than in the vertical protrusion, which
was approximately 30 nm in the main part and 140 nm in the
vertical protrusion (Figure 6m,n). In the NF model, the
shoulder of the graph appeared at a thicker position in the
main part than in the vertical protrusion part, which was
approximately 60 nm in the main part and 140 nm in the
vertical protrusion (Figure 6o,p). Therefore, the main part
formed a fiber that was thicker than the vertical protrusion in
both the WF and NF models. When observing the main parts,
where fiber grew noticeably, the WF model showed a long-
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Figure 6. SEM observation and characterization of collagen hydrogels of a vertical/horizontal orientation model on day 0. (a—h) SEM images of
collagen fibril and fiber of protrusion part (a, b, e, and f) and main part (c, d, g and h) in WF models (a—d) and NF models (e—h) with a
magnification of 1500X (g, ¢, e, and g) and 15,000x (b, d, f, and h). (i—1) Distribution of the thickness of collagen fibril and collagen fiber WF
model protrusion part (i), WF model main part (j), NF model protrusion part (k) and NF model main part (1). (m—p) Angle of collagen fibril and
fiber distribution of WF model protrusion part (m), WF model main part (n), NF model protrusion part (o), and NF model main part (p) plotted
at the range 0—180°. The flow direction coincides with the horizontal direction of the SEM image (90°).

tailed distribution reaching fiber thickness of up to 1.31 pum,
whereas the NF model reached up to 0.79 um; therefore, the
WF model showed thicker collagen fibers than the NF model
(Figure 6n,p).

Next, NIH3T3 cells were embedded in vertical/horizontal
orientation collagen models and cultured for 3 days. The
vertical/horizontal orientation models were difficult to remove
from the PDMS mold because of their insufficient strength;
therefore, they were observed while being placed in the PDMS
mold (Figure 7a—1). In the WF model, the cells within the
vertical protrusion are oriented vertically (Figure 7c), whereas
those in the main part are aligned horizontally (Figure 7f).
This result was supported by the distribution of the F-actin
orientation (Figure 7m—p). The average peak values for the
angle of the F-actin distribution at the vertical protrusion part
were 0.2098 + 0.0577 (Figure 7m), and the average peak
values at the main part were 0.1474 + 0.0163 (Figure 7n). For
the NF model, no specific orientation was observed in either
the vertical protrusion or the main part (Figure 7il). The
average peak values for the angle of the F-actin distribution at
the vertical protrusion part were 0.0963 + 0.0466 (Figure 70),
and at the main part, it was 0.0723 + 0.0095 (Figure 7p).
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4. DISCUSSION

This study used fluidic devices and 3D printing technology to
develop collagen tissue that can control the size and direction
of the collagen hydrogel and cell orientation.

Typically, a master for a fluidic channel is fabricated using
photolithography,™ soft lithography,” drilling-based injection
molding,”” or 3D printing.”” However, photolithography and
soft lithography are applicable only to flat substrates, making it
difficult to realize 3D complex shapes than 3D printers.””**
Drilling-based injection molding processing can be three-
dimensional but requires specialized knowledge to create
complex structures, which is costly and time-consuming.”” To
fabricate master flow channels, we used 3D printing, which
significantly reduces the time required for prototyping channel
designs and allows for the simultaneous production of dozens
of units, enabling rapid and convenient mold fabrication.
Moreover, 3D printing, which allows for highly flexible designs
suitable for 3D cell culture, can be used to create master molds
with complex shapes. In particular, the vat polymerization
techniques used in this study had the hlghest modeling
accuracy among the 3D printing methods.”’ Therefore, our
method allows for the precise and flexible fabrication of molds
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Figure 7. Fluorescence microscopic observation of vertical/horizontal orientation model with NIH3T3 after 3 days of culture. The models of the
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with rhodamine-phalloidin (red, ¢, f, i, and 1) after 3 days of culture. Scale bars =

200 um. The direction of flow coincides with the horizontal

direction of the fluorescence image (90°); The angle of F-actin distribution was plotted at the range 0—180° (m, n, o, and p).

at the micrometer scale, which is required to mimic
microstructures such as skin.

First, a computational method was used to validate the flow
model. COMSOL can be used to simulate the detailed flow
velocity distributions throughout the entire channel.** All four
inlet flow rates (1, 3, 6, and 125 mL/h) were laminar with no
turbulence (Figures S4—S7). Next, experiments were con-
ducted to determine the optimal conditions for observing
collagen orientation (Figure S10). Because the collagen fibers
were subjected to sufficient shear stress to orient them at 3
mL/h (Figure S10c,d), this condition was used for the
experimental system in this study.

SEM was used to numerically analyze the collagen bundle
diameter and orientation to capture the fine structure of the
collagen hydrogels (Figure 2). In the SEM images, collagen
bundles were oriented in the flow direction in the WF model
and randomly oriented in the NF model as controls, indicating
that our fluidic channel model controlled the horizontal
orientation of collagen (Figure 2a—f). Also, there was no
significant difference between the WF and NF models in the
size of fibrils (<100 nmé) ; however, the WF model, with graph
shoulders on the larger diameter size and more long-tailed
distributed, was considered to form thicker fibers (>100 nm®)
than the NF model (Figure 2gh).
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Based on these results, the mechanism of collagen
orientation with flow was discussed. In a previous study by
Lee et al., oriented collagen fibrils in fluidic channels with
widths of <100 ym were obtained.?? They argued that the
orientation of collagen can be attributed to two factors:
orientation due to flow and geometrical restriction of the
channel walls.”” It is likely that the flow effect on collagen
occurred before it was completely gelatinized. By applying the
flow, the rod-like triple-stranded helical collagen molecules
aligned at the edge of the channel walls, and subsequent fibril
polymerization occurred in the flow direction.”” What was
observed in all collagen SEM images was the center of the
model, with a width of 3 mm and a height of 2 mm. In the Lee
et al. study, under their experimental conditions, the results
showed no orientation at widths larger than 100 #m, but other
studies have shown that orientation occurs at widths as large as
2—3 mm,”"** which is consistent with our experiment results.
Although collagen orientation has been observed in flow
channel models with widths of 2—3 mm, the mechanism of
collagen orientation at the center of the model has not yet
been clarified. In our study, the channel wall first caused the
collagen molecules and fibrils to orient near the wall surface
and gel. This gelated collagen becomes the “wall” of collagen,
to which the next collagen molecules and fibrils adhere, and
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gradually, this effect continues outside toward the inside of the
channel with the collagen “wall.” This can be considered the
mechanism through which the collagen is oriented at the
central regions under the influence of the flow and the “walls.”
This was confirmed by the SEM images, which showed that
the smallest collagen fibrils observed in the middle of the
model appeared to be fixed in space and grew without strong
bending (Figure 2b). This led to the fibrils being oriented by
flow from one end attached to the wall and the other to a
location of low hydrodynamic resistance to the flow, which was
parallel to the flow direction.”" As the fibrils continue to grow,
collagen aggregates and thickens, becoming a strong fiber.” As
significantly thicker collagen fibers were observed in the WF
model compared to the NF model, whereas collagen fibrils
were not significantly different, it is considered that collagen
fibrils aggregate to form thicker collagen fibers during collagen
orientation with the influence of the flow and the “walls”
(Figure 2g). However, because the NF model was not affected
by this flow, the neighboring fibrils were not parallel to each
other, making it difficult to form thicker fibers, as in the WF
model (Figure 2h).

Next, long-term incubation under collagen flow conditions
in a cell-free environment was examined. Regardless of the
presence or absence of mold, there were no significant
differences in the orientation peak values after 3 and 7 days
of incubation (Figure 3q), indicating that the orientation of
collagen bundles in the collagen hydrogels was maintained
over long-term incubation. Regarding the thickness of the
collagen bundles, for both the WM and NM models, thicker
fibers were observed on day 7 than on day 3, suggesting that
once the fibrils developed into fibers, they continued to grow
and strengthen during long-term incubation. In summary, this
orientation model suggests that even during long-term
incubation after gelation is complete, fibrils continue to
aggregate and form thick fibers.

Cellular experiments were conducted using mouse embry-
onic fibroblast NIH3T3 cells and primary human MSCs.
MSCs are known for their capacity to differentiate into various
types of cells, such as osteoblasts, adipocytes, myoblasts,
chondrocytes, and fibroblasts, rendering them valuable for
tissue regeneration in humans.”* Although both cell types are
derived from the mesoderm, we attempted to demonstrate the
validity of our method by evaluating cell orientation using
fibroblasts and MSCs from different cell types.

After 3 days of culture, regardless of the presence or absence
of the mold, both NIH3T3 cells and MSCs were oriented
along the direction of flow in the WF model, whereas cells in
the NF model showed a random orientation (Figures 4 and 5).
Previous studies have shown that cell orientation is facilitated
by contact guidance along the oriented collagen hydrogel.”"**
Contact guidance induces the maturation of focal adhesions,
the primary mechanosensors of cells, and the alignment of F-
actin.>>~ This process organizes anisotropic traction forces,
which in turn drive cell orientation.>*® When cells enter the
collagen matrix, cellular traction remodels the collagen
structure.”™” In our experiments, the collagen hydrogels
with cells prepared under flow conditions shrank remarkably
compared to the cell-free collagen models (Figure S8). This
result confirms that cells contribute to collagen hydrogel
shrinkage, owing to cell traction forces.

Both NIH3T3 cells and MSCs in the NM models exhibited
higher peak orientation values than those in the WM models
under flow conditions (Figures 4 and S). First, oxygen and
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nutrients were supplied more efficiently to cells cultured in
collagen hydrogels than to those cultured in PDMS molds.
Owing to the abundance of oxygen and nutrients, the
environment is conducive to cell proliferation, which increases
the cell density. An increased cell density results in strong cell
contraction forces. Thus, with stronger cell contraction forces
that resulted in a stronger cell orientation, the NM models had
a higher cell orientation than the WM models.

Finally, we attempted to replicate the microstructures in the
horizontal and vertical directions, similar to human skin.
Collagen fibrils and fibers in the dermal layer of the human
skin consist of a horizontal orientation and fine vertical
orientation in papillary projections.® In the design of fluidic
channels for vertical/horizontal orientation models, protru-
sions were first added to the horizontal orientation model
design and simulated in COMSOL (Figure S11). Con-
sequently, it was suggested that the velocity in the protrusion
was too low. By reducing the outlet diameter from 1.75 to 1.50
mm and resimulating (Figure S9), the flow velocity in the
protrusion part was almost the same as the flow velocity in the
center of the device for the horizontal orientation model.
Therefore, this design was used to create vertical/horizontal
orientation models.

SEM and fluorescence images were used to examine the
vertical/horizontal orientation models. The SEM images
showed that collagen fibrils and fibers within the vertical
protrusion were oriented vertically, whereas fibrils and fibers in
the main part were oriented horizontally in the WF model
(Figure 6a—d). In the NF model, no specific orientation was
observed in either the vertical protrusion or the main part
(Figure 6e—h). Comparing the collagen orientation average
peak value with the horizontal orientation model of day 0 in
the WF model, the main part in the vertical/horizontal
orientation model had no significant difference (0.0169 +
0.0027, Figure 6j) with that of the horizontal WF model
(0.0161 + 0.0026, Figure 2e). However, the vertical
protrusions part in the vertical/horizontal orientation model
tended to be lower (0.0124 + 0.0021, Figure 6i) than in the
horizontal orientation model. Interestingly, the fibrils and
fibers were thinner in the vertical protrusion and thicker in the
main part in both the WF and NF models (Figure 6m—p).
Observing the main part, where the fiber grew noticeably, the
WE model, with a longer-tailed distribution, formed fibers that
were thicker than those of the NF model (Figure 6n,p). With
both fibril and fiber thicknesses significantly thinner in the
vertical protrusion part than in the main part (Figure 6m,n),
the orientation of fibrils and fibers was evaluated with SEM
images at a magnification of 80,000x (Figure S12a). The
orientation value in the vertical protrusion part calculated from
an SEM image with 80,000X magnification (0.0162 + 0.0042,
Figure S12b) was comparable to that of the horizontal
orientation model. Thus, it is suggested that both the vertical
and horizontal directions of this model are well-oriented, as in
the horizontal orientation model. The mechanism of collagen
orientation is thought to be due to the influence of flow and
“walls” as in the horizontal orientation model. In our
experiment, because the collagen flow stopped first at the
vertical protrusion, it was considered to have gelated before the
main part. As the vertical protrusion part is narrower than the
horizontal, collagen forms “walls” more quickly in the vertical
protrusion part, leading to faster completion of gelation.
Consequently, fewer fibrils were produced in the vertical
regions than in the horizontal regions, and the fibers

https://doi.org/10.1021/acsbiomaterials.4c02156
ACS Biomater. Sci. Eng. 2025, 11, 2875-2887


https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.4c02156/suppl_file/ab4c02156_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.4c02156/suppl_file/ab4c02156_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.4c02156/suppl_file/ab4c02156_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.4c02156/suppl_file/ab4c02156_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.4c02156/suppl_file/ab4c02156_si_001.pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.4c02156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

Flow

V4

&

= =

=\ -

Cell
% Unstretched
i@ Stretched

Collagen

Molecule

e Sl

(5 5

Collagen "wall“]
II, Collagen fibril orient near the
channel wall and new collagen
“wall” are made.

Channel wall”

I, By inducing flow, collagen
molecule and fibril assemble to
channel wall

IIl, Fibrils aggregate into fibers.
Collagen molecule and fibril
assemble to the collagen “wall”

Collagen “wall'I

IV, Fibrils aggregate into fibers.
Cells eventually grow their actin
by the contact guidance of
collagen orientation.

Figure 8. Schematic representation of the mechanism of collagen and cell orientation by flow. Collagen molecules and fibrils align parallel to the
flow due to the influence of the flow and wall effect. This wall effect, starting from the outer channel wall, creates a gelated collagen “wall” toward
the inside of the channel. Then, collagen fibrils aggregate into collagen fibers. As the cells proliferate, by responding to contact guidance of collagen
fibrils and fiber orientation, focal adhesion and F-actin are activated and organize anisotropic traction forces, which, in turn, drive cell orientation.

aggregated by these fibrils were thinner in the vertical regions.
This explains the thinner fibers in the vertical protrusion than
those in the main part (Figure 6m,n). However, because the
NF model was unaffected by this flow, neighboring fibrils were
not parallel, and it was challenging to form thicker fibers, as
explained in the horizontal orientation model. From the cell
observations, cells were observed in the vertical protrusion part
with a vertical orientation (Figure 7c,m), whereas the main
part showed a horizontal orientation (Figure 7fn). The cells
were oriented by contact guidance of the collagen
orientation.”>* Our fluidic device model suggests the ability
to control both horizontal and fine vertical orientations. In
addition, the WF model achieved a model in which the
thicknesses were thinner in the vertical part and thicker in the
main part, similar to human dermal skin. In the human
papillary dermis, thinner collagen bundles are oriented
vertically, whereas the reticular dermis has thicker collagen
fiber bundles oriented horizontally.'” In other words, it is
possible that the collagen bundle thickness and orientation
could be controlled by inducing flow.

To investigate the limitation of collagen diameter thickness,
the effects of preparative conditions, such as flow rate, flow
channel width, and incubation time, on the orientation and
diameter of collagen fibrils and fibers were considered. For the
flow rate, at 0.3 mL/h, collagen fibrils and fibers were less
oriented and had smaller diameters than those at 3 mL/h
(Figure S10). In contrast, there were no significant differences
in the orientation and diameter of the collagen fibrils and fibers
between 3 and 30 mL/h (Figure S10). This result indicated
that 3 mL/h provided sufficient shear stress to the collagen
fibrils and fibers for orientation. These results indicated that
sufficient alignment was maintained when the collagen
diameter ranged between 50 and 60 nm. Next, to observe
the effect of channel width using two devices (2 X 3 mm and 1
X 1.5 mm), the inlet flow rate for the 1 X 1.5 mm device was
set to 0.739 mL/h based on the multiple COMSOL
simulations. Under these conditions, the flow velocity at the
center of the device corresponds to 3 mL/h in the 2 X 3 mm
device (Figure S13). SEM analysis (Figure S14) showed no
significant differences in collagen fibril and fiber orientation;
however, the smaller-width device produced thinner collagen
fibrils and fibers. The influence of the channel width on the
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collagen diameter confirmed the principle of collagen
orientation discussed in this study. Thus, the modes of
collagen diameter ranged between 10 and 20 nm in the vertical
protrusion part of our vertical/horizontal model (Figure 6m),
which was the smallest diameter in our study and was affected
by the small channel width. After 7 days, the highest mode
reached 140—150 nm, with a maximum of 1.52 um (Figure
30). Our findings indicate that the collagen diameter can be
controlled within 10—150 nm (mode) and up to 1.52 pm
(maximum), while maintaining orientation. This range aligns
with that of human tissues, including the dermis (50—70
nm)," cartilage (50—100 nm),*" tendon fibrils (100 nm),*
and tendon fibers (1—300 ym).*

In this study, micro-oriented and two-directional collagen
models were fabricated with a flow channel using 3D printing,
and the mechanism of cell alignment via collagen orientation
was elucidated (Figure 8). To date, it has been challenging to
form fine structures and simultaneously control their
orientation in horizontal and vertical directions. By developing
an experimental system using fluidic devices and 3D printing
technology, we successfully controlled the size and direction of
collagen fibrils, fibers, and cells. The microstructure of cell
scaffolds is crucial for cell adhesion, proliferation, and contact
guidance.** Oriented collagen hydrogels enhance mechanical
properties and mimic cellular environments, having been
applied in tissue repair and regeneration.’ A skin model
incorporating fibroblasts within a protrusion structure
improved barrier function, basement membrane formation,
and epidermal proliferation while maintaining differentiation.*
As these protrusion structures diminish with age,8 our model,
which controls cell orientation within the protrusion
structures, can replicate age-related and pathological changes
in collagen ECM. Our model enables the evaluation of
cosmetics and pharmaceuticals, and offers potential applica-
tions in tissue repair, transplantation, and safety assessments.

5. CONCLUSIONS

In this study, we developed a collagen tissue with multiscale
and multidirectional controlled orientation using fluidic
devices prepared using 3D printing technology. To date, the
mechanism of orientation has not been well explained at the
molecular level. However, our study carefully discussed the
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principle of collagen orientation by observing collagen fibers
on the nanoscale and focusing on collagen contraction. The
orientation of the two cell types, fibroblasts and MSCs,
suggests that this technology can be applied to various cell
types. In the future, this system will lead to the customization
of tissue-specific models using fine, multidirectionally oriented
biomaterial scaffolds for the preparation of various oriented
biological tissues.
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