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ABSTRACT: We report a microfluidic approach to impart
alignment in ECM components in 3D hydrogels by continuously
applying fluid flow across the bulk gel during the gelation process.
The microfluidic device where each channel can be independently
filled was tilted at 90° to generate continuous flow across the
Matrigel as it gelled. The presence of flow helped that more than
70% of ECM components were oriented along the direction of flow,
compared with randomly cross-linked Matrigel. Following the
oriented ECM components, primary rat cortical neurons and
mouse neural stem cells showed oriented outgrowth of neuronal

processes within the 3D Matrigel matrix.
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he extracellular matrix (ECM) is a complex environment

consisting of proteins, proteoglycans, and other bio-
chemical molecules. The ECM provides structural support for
cells,' influences cell fate,” and regulates cell growth3 and
development.* Therefore, the use of reconstituted ECM is a key
feature in the realization of in vitro models of normal cell
functions. However, native ECM is extremely thin,® such that it
has been difficult to directly apply in vitro models and to study
its composition, structure, and function. Therefore, over the
past decade, many studies have shown the possibility of
mimicking the native ECM in in vitro cell culture by using a
variety of hydrogels,é_8 taking advantage of their high water
content and mechanical properties to replicate those of tissues
in vivo.

In this light, engineering ECM with ordered functional
structures is an attractive prospect. The formation of patterned
hydrogels has been the subject of several investigations. Major
efforts have been invested in fabricating three-dimensional
scaffolds with the help of heat,” light,1 = rnolding,12 and
nanoimprinting,"> followed by bioprinters."* Techniques of
building multilayered gel scaffolds, such as layer-by-layer
stereolithography,'®> have also been applied toward three-
dimensionally patterned hydrogels.'® Furthermore, two-photon
laser scanning photolithography has recently enabled a
postgelation process following the initial gelation of a
preformed hydrogel only at the focal point.'” Contrary to
these, patterning methods involving self-polymerization, which
require physical modification of gel structures during gelation,
have been introduced in a wide range of techniques. Such
investigations have attempted to reconstitute hydrogel
structures using various methods including electro-s,pinning,18
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exposure to strong magnetic fields' or electrical gradients,”
prompt pressure-driven flow’"** or hydrodynamic flow
through a microfluidic device,”® combinations of fluid flow
and magnetic fields,>*** dip-pen nanolithography,26 and
freezing and thawing.”” Collagen fibril orientation has recently
been applied in the alignment of astrocytes*® and neurons” in
three-dimensional (3D) gels with the technique of unidirec-
tional draining during the gelation of collagen solutions.
However, despite the development of these techniques, the
alignment of ECM components does not only demand
complicated steps, but the application of these techniques to
Matrigel is also rare while the alignment technique can be
applied to various other hydrogels. Moreover, the 3D
patterning of hydrogels lacks specific realization, and is still at
an initial stage of development.

In this study, we used microfluidic techniques of constraining
independent hydrogels and generating continuous flow to test
whether fluid flow-induced shear stress mediated 3D Matrigel
alignment. Figure la shows a photograph of the microfluidic
device used in this work. The microfluidic device was fabricated
with polydimethylsiloxane using soft lithography. The design
contains three separate channels separated by an array of
hexagonal pillars as described previously.”® The main function
of the pillars was to allow selective filling of each channel
independently by engineering the capillary burst pressure. The
main channel in the middle was used in the 3D hydrogel and
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Figure 1. Schematic diagram of the experimental steps for flow-
induced hydrogel alignment in a microfluidic device. (a) The entire
microfluidic device was about 1”7 X 1” in size. (b) The device
contained three separate microchannels (1000 ym wide, 250 #m high)
separated by an array of posts that allowed selective filling of each
channel with different gels or media. (c) The microfluidic device and
hydrogel were placed on ice (T = 4 °C) to maintain the hydrogel at
the liquid state. (d) First, the middle channel was loaded with non-
cross-linked Matrigel. Before the Matrigel solidified, media was added
to the left channel and the entire device was tilted at 90°. (e) The
microfluidic device was placed in an incubator (T = 37 °C) for 1 h
while the Matrigel solidified. Media continuously percolated through
the Matrigel as it solidified. Gravity-induced flow across the middle
Matrigel-filled channel resulted in aligned structures in Matrigel. (f)
Additional media was added to the reservoirs before loading cells or
further experiments.

the two outer channels were used for cell culture media. The
microchannels were 250 um in height and 1000 gm in width
(Figure 1b) and the pillars (d = 100 ym) were spaced 100 ym
apart from each other.

Figure 1c—f show the schematics of the preparation steps of
the aligned Matrigel. First, the sterilized microfluidic device
bonded to a glass coverslip was placed on a block of ice and
allowed to equilibrate thermally before gel loading (Figure 1c).
Matrigel is thermally sensitive and can be cross-linked rapidly at
room temperature. Separately, Matrigel was thawed and
maintained at 4 °C to be kept at the liquid state before being
loaded into the microfluidic device using a pipet. Next, Matrigel
was loaded into the middle channel and allowed to polymerize
briefly for S min before 50 yL of media was added to one of the
side channels (Figure 1d). To obtain aligned Matrigel, we
applied constant flow during the gelation step. This was
accomplished by simply tilting the entire device at a 90° angle,
perpendicular to the substrate and allowing the media to flow
across the gel-filled middle channel (Figure le, f).

Immediately following Matrigel injection into the micro-
fluidic device, S0 uL of media was added to one of the side
channels while keeping the opposite media channel empty.
When the entire assembly was tilted at 90°, creeping flow
across the pre-cross-linked Matrigel was generated (Figure 1c).
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Because the Matrigel was viscous and thick, it did not allow the
media to flow readily from the top channel to the bottom
channel. Media percolated through the gel as it became cross-
linked and solidified.

To model this condition and to determine the presence of
fluid flow inside the Matrigel that resulted in the alignment of
ECM components, we used a commercial finite element
method (FEM) solver. Figure 2a shows the result of the
simulation over the entire device. The flow line across
hydrogels was uniform and parallel near the middle region of
the device. The fluid velocity showed varying magnitudes along
the entire analysis area, but was largely constant around the
middle region. Figure 2b shows a magnified image of the
simulation results. Flow velocity profile and flow direction were
influenced by the pillar structures. The fluid flow profile near
the hexagonal pillars displayed a dissimilar tendency of the fluid
flow in the middle of the microchannel. The flow velocity in the
vicinity of pillars reached a maximum, while the flow was slow
behind the pillars. The flow line diverged radially from the
space between the pillars. The flow velocity and direction
became uniform around 150 pm away from the top channel.
Furthermore, the simulation of Matrigel showed deformation
effects, such as sagging caused by gravity and the soft nature of
Matrigel.

Figure 2c¢ shows the graph of fluid flow velocity for two
different fluids, Matrigel and water. We assumed that the fluids
moved along the microchannel and simplified the microfluidic
device into the spatially restricted zone to model the 3D single-
phase flow. The flow of water and that of Matrigel in the
spatially restricted zone were modeled independently. The two
fluids moved with different velocities. Because of the viscous
nature of Matrigel, it moved insignificantly along the flow
direction, whereas water showed a faster flow velocity in the
microfluidic channel. The relative movement between the water
mode and the hydrogel mode caused frictional force that could
be a source of shear stress as a deformation force. This fact
indicated the role of shear flow in the alignment of the ECM
components as Matrigel solidified.

Figure 2e and d show the simulation and experimental result
of the cross-linked gel after exposure to fluid flow. Matrigel
showed sagging between the posts, which was due to the effect
of gravity and media flow. This phenomenon is shown in Figure
2d and was confirmed experimentally as shown in Figure 2e.
Although the magnitudes of sagging are in slight disagreement,
the presence of high flow velocity must exhibit an additional
influence on top of the gravitational force.

Regions next to the pillars showed slow velocity profiles in
contrast with the neighboring areas. However, approximately
150 pm away from the fluid/gel interface, the flow was well-
developed and showed uniform velocity. This phenomenon was
also confirmed in the experimental result shown in Figure 2e.
The bright-field micrograph shows uniform parallel lines
indicative of aligned ECM components.

Figure 3a—d shows bright-field images and fluorescently
labeled images of the randomly cross-linked and flow-induced
aligned Matrigel. When Matrigel was cross-linked in a
microfluidic channel without flow, it showed a randomly
structured morphology similar to that of a sponge. Both images
show unorganized meshlike structures with irregular pores that
could be found in conventional hydrogels.

In contrast, when Matrigel was cross-linked under constant
exposure to flow, the gel showed aligned fibrous structures
along the direction of flow. Both the dehydrated sample (Figure
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Figure 2. Simulation of the flow effects on the alignment of ECM components. (a, b) Flow simulation of gel in the tilted microfluidic device
indicates that the media was soaked into the hydrogels and created flow inside gels through the center channel. (c) The pressure from the media
volume in the microchannel created two types of flow and the mixed material across the Matrigel from the top to the bottom. And the velocity was
acquired from two sections. One is a section between a post and the opposite post, another is a section between an interval and the opposite interval.
The difference of each flow velocity at a height of 250 ym (a dotted line) means the shear flow across the Matrigel reorganized the cross-linking of
the hydrogel during the gelling time. (d) The magnified image of the flow across the hydrogel at the initial position. The hydrogel experienced a large
deflection under the pressure of media. (e) The experimental Matrigel was observed with the blue dye. Scale bar, 100 ym.

3¢) and immunostained collagen IV (Figure 3d) showed starkly
different morphologies compared with those of random gels,
with finer and more elongated structures.

As described earlier, to generate flow across the gel, 50 uL of
media was added to only one of the side channels and the
whole device was tilted at 90°. However, the volume of liquid
that traveled across the gel was significantly smaller than the
total volume of media added. Most of the media remained in
the original channel even after the gelation was completed. As a
control experiment, no medium was added to the side channel,
and the Matrigel-loaded sample was tilted at 90°. The absence
of media did not generate flow or shear stress, and the resulting
gel showed random sponge-like structures. The flow of Matrigel
itself under the influence of gravity failed to generate aligned
ECM components. This experiment confirmed the importance
of shear stress because of continuous fluid flow across the gel.

Using the immunostained images (n = 10) of collagen IV
similar to the ones shown in Figures 3b and 3d, the orientation
of structures with respect to flow direction was analyzed. Figure
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3e shows the graph of orientation angle for random and aligned
Matrigel. As expected, randomly cross-linked Matrigel showed
no preferred orientation in the structures while the aligned
Matrigel showed a sharp peak centered along the direction of
flow. Close to 70% of the structures showed preferred
orientation within +15° along the direction of flow.

In addition to the stained images of collagen IV, we wished
to confirm the presence of aligned ECM components using an
indirect approach. The cells were introduced into one of the
side channels, plated on the gel after the Matrigel was injected
into the microfluidic device, and solidified, as the ECM
provides the cells with an environment for physical interaction
and axonal outgrowth, in turn acting as proof of the oriented
3D gel environment.

Images a and b in Figure 4 show the schematic of the
approach described in this section. We hypothesized that if the
Matrigel contained aligned ECM components, they should
direct the axonal outgrowth across the 1000 ym wide Matrigel
channel. To test whether cell behavior is dependent on a single
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Figure 3. Bright-field images and fluorescently labeled images of the
randomly cross-linked and flow-induced aligned Matrigel. (a)
Dehydrated Matrigel cross-linked in a microfluidic channel showed
random morphology. (b) Corresponding random gel was stained for
collagen IV. The fluorescent micrograph shows similar random
network structures of dehydrated gel. (c, d) When the Matrigel was
cross-linked under constant exposure to flow, the network showed
aligned structures. Dehydrated Matrigel and collagen IV showed
aligned fibrous structures along the direction of flow. The structures
were finer and more elongated than those of the randomly cross-linked
Matrigel. (e) Graph of distribution over all angles to the flow direction
shows the difference between nonfibrillar hydrogels without and with
flow. Random hydrogels were distributed evenly over all angles (—90°
to +90°). However, the flow-induced alignment of ECM components
in Matrigel had high concentration at angles between —15° to +15°. In
the flow-induced hydrogels, 70% of hydrogels were aligned (+15°)
whereas the hydrogel without flow was distributed randomly (less than
20% for each angle). The numbers in the graph were calculated with
MATLAB. Scale bar, 20 um. Statistical comparisons were performed
by ¢ test; *P < 0.01, **P < 0.001.

cell type, we used both primary rat cortical neurons that were
plated as dissociated single cells and mouse neural stem cells
that were plated into the device as neurospheres (diameter,
~100—150 pm). The cells were introduced into the device. and
the device was tilted to make the cells settle onto the side wall
of the Matrigel.

Rat cortical neurons immunostained with class III S-tubulin
antibody are shown in Figure 4c. The photograph was taken on
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Figure 4. (a, b) Immunofluorescence image of f-tubulin representing
axons derived from rat cortical neurons (12 days in vitro) and
quantitative analysis of axonal alignment. The concept diagram aids in
the understanding of the alignment of ECM components induced by
shear flow and the axon alignment from rat cortical neurons (12 DIV)
inside the Matrigel. (c) The immunofluorescence image of axon inside
hydrogels in a microfluidic device indicates the hydrogel structure.
Axons derived from rat (E17—18) grew randomly without flow across
the Matrigel while axons were aligned in flow-induced hydrogels. (d)
The results describe that the majority of axons in the aligned ECM
components induced by flow grew in a straight fashion within the
angle of +15° compared with the results without flow. Scale bar, 200
pum. Statistical comparisons were performed by t test; **P < 0.001.

12 DIV, allowing enough time for the axons to project from the
left side across the aligned Matrigel. For random cross-linked
gels, the axons did not project in an orderly manner, and the
total length of the neuronal processes was noticeably shorter
than that of the aligned gels (not shown). Similar results were
obtained for mouse neural stem cells (Figure S1, Supporting
Information). Analysis of the orientation of neuronal processes
along the direction of flow is shown in Figure 4d. Similar to the
results obtained earlier for the orientation of the immunos-
tained collagen IV, neuronal processes also showed preferred
orientation along the direction of flow in the aligned gels. Close
to 70% of the processes were aligned within +15° along the
direction of flow. As expected, the neuronal processes showed
random orientations in random gels.

The flow in the microfluidic device was simulated, revealing
that media flow created the shear flow that occurred rapidly
across the hydrogel during polymerization. The simulation
result of the flow direction was correlated with the experimental
results. The flow model was simplified as a single-phasic flow
model, and it was also assumed that no chemical reaction and
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no substantial entanglement occurred. Because Matrigel was
thought to be a mixture of a solid polymer network and water,
the two-phasic flow model for hydrated tissues, involving a solid
phase and a liquid phase, could be employed. However, the
phenomenon that we intended to simulate was the flow across
hydrogels during gelation. The simulation of gelation with flow
is one of the interesting problems involving rheology, which is
beyond this work.

The experimental result showed that the flow rate was an
important variable that exerts an influence on the alignment of
ECM components in Matrigel. The degree of hydrogel
alignment position close to a pillar or at the edge of
microchannels became noticeably lower. The region was
correlated with both the highest and lowest flow rate, as
shown in the simulation results. Therefore, the hydrogel was
thought to be aligned in the region of the flow velocity over a
certain level. This fact alluded to the involvement of shear flow
in hydrogel alignment, as the flow velocity was linearly
proportional to the shearing deformation rate. In particular,
major components in the hydrogel such as type IV collagen
usually exhibit a complex branch network. Therefore, reforming
them into anisotropic structures would demand mechanical
stress over a certain level. However, the mechanical stress from
gravity induced by tilting was not enough to deform or to break
the polymer backbone, such as the perpendicular polymer
networks, even though they were elastic and mechanically
versatile. The noticeable event in our process was rather the
gelation. The materials remained as viscous fluids before
polymerization and flowed in company with the media along
gravity. The relative movement between two other materials
could prevent physical interaction perpendicular to the flow
direction. The media trickled out from between the opposite
pillars during the tilting process, and moved into the other
microchannel while the Matrigel was stagnant in the micro-
fluidic device. The simulation also resulted in different
velocities of the two kinds of materials. These results meant
that before Matrigel was randomly cross-linked, the relative
movement worked as a kind of shear flow and determined the
direction of polymerization. With the observation of these
properties, we believe that the shear flow across the hydrogel
could cause the deformation of the Matrigel without fibrillar
networks along the direction of flow.

The goal of this study was to develop a robust method to
align ECM components in hydrogels for use in 3D cell culture
systems. We found that ECM components in 3D Matrigel
could be assembled in an orderly aligned fashion by fluid flow.
The gel alignment process was modeled using FEM modeling
and compared with the experimental results. The shape and
arrangement of immunostained collagen IV showed sharp
contrasts between random and aligned gels. Large random
networks of collagen IV were transformed into narrower and
orderly aligned fibrous structures. In the indirect confirmation
of the aligned ECM components, when rat cortical neurons
were cultured, the axons and neuronal processes were
preferentially oriented along the direction of flow. Our results
implied a new technology to manipulate and impart alignment
in 3D ECM structures with potential applications in 3D cell
culture research. The method could be used to obtain gel
alignment as effectively as other methods could, without the use
of specialized machines and other materials. With further
development, this method could serve as the basis for building
organized neural networks in 3D.
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Immunofluorescence image of f-tubulin, GFAP derived from
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