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Abstract

We developed a live imaging system enabling dynamic visualization of single cell alignment
induced by external mechanical force in a 3-D collagen matrix. The alignment dynamics and
migration of smooth muscle cells (SMCs) were studied by time lapse differential interference
contrast and /or phase contrast microscopy. Fluorescent and reflection confocal microcopy were
used to study the SMC morphology and the microscale collagen matrix remodeling induced by
SMCs. A custom developed program was used to quantify the cell migration and matrix
remodeling. Our system enables cell concentration-independent alignment eliminating cell-to-cell
interference and enables dynamic cell tracking, high magnification observation and rapid cell
alignment accomplished in a few hours compared to days in traditional models. We observed that
cells sense and response to the mechanical signal before cell spreading. Under mechanical stretch
the migration directionality index of SMCs is 46.3% more than those cells without external
stretch; the dynamic direction of cell protrusion is aligned to that of the mechanical force; SMCs
showed directional matrix remodeling and the alignment index calculated from the matrix in front
of cell protrusions is about 3 fold of that adjacent to cell bodies. Our results indicate that the
mechanism of cell alignment is directional cell protrusion. Mechano-sensing, directionality in cell
protrusion dynamics, cell migration and matrix remodeling are highly integrated. Our system
provides a platform for studying the role of mechanical force on the cell matrix interactions and
thus find strategies to optimize selected properties of engineered tissues.
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1. Introduction

Many types of cells live in a stretch-rich condition in vivo and mechanical factors also
control stem cell fate[1], tissue morphogenesis[2] and system development[3]. Mechanical
stretch, which is a major form of mechanical force, plays an important role in maintaining
cell activity and phenotype[4]. There are also many fundamental biological process which
are controlled by mechanical stretch, among which cell alignment parallel or perpendicular
to the direction of the mechanical stretch attracts the attention of many scientists[5,6]. In the
past, various in vitro models have been used to study the relationship between mechanical
stress and cell alignment, one of which was to seed cells on an elastic silicone sheet and the
stress was applied by stretching the sheet[7,8]. Live imaging was also applied to this 2-D
system, which provided scientists direct observation of the process of cell alignment [9].
However, cells live in a three dimensional environment in vivo, in which cells show
different morphology and phenotypic characteristics compared with those in 2-D culture
[10] [11,12]. Therefore, a 3-D in vitro model is needed to better understand the in vivo
phenomena. In the past, a hydrogel matrix (such as collagen) model using cell-generated
force has been widely used[13]. In 1982, a two-blocker assay was introduced by Bellows et.
al[14], in which cells compact the gel and the compaction force generates uniaxial stretch to
the gel because the gel can only shrink in the direction without the blockers. This model is
easy to setup and has been widely used with various cell types [15-17]. However, there are
instinct drawbacks to this model. First, it is impossible to use live imaging microscopy to
track a single cell within the gel because of the large amount of displacement in X,Y and Z
axes[14]. In the past, because cells are commonly out of the working distance of high
magnification lenses, it was considered impossible to perform high resolution microscopy,
such as reflection confocal microscopy, to study cell-induced matrix remodeling even with
static microscopy[18]. And dynamic imaging would obviously be even more challenging.

Another drawback of the model is the high cell density requirement and the cell
concentration needs to be at least 10°cells/ml (hydrogel) to generate enough cell force to
induce cell alignment. The cell contact at high concentration makes it much more complex
to study the specific mechanism of the external mechanical effect at the single cell level. It is
a further dilemma that low cell concentrations (such as 20,000/ml) generally require 42 days
to generate visible alignment[15].

Because of the limitation of the traditional blocker cell alignment assay and the lack of
dynamic information, several fundamental questions regarding 3-D mechanical force-
induced cell alignment remain unanswered: 1) the mechanism of the cell alignment, 2) at
what time point a cell is able to sense the mechanical signal in a 3-D environment, 3) the
dynamics of the cell protrusions, and 4) real time interactions in cell migration and matrix
remodeling. In order to solve the problems of traditional models and answer the questions
above, we developed a live imaging system to study and quantify the dynamic change of cell
alignment and migration under mechanical stretch and the associated matrix remodeling.

2 Materials and methods

2.1 Mechanical force loading for live imaging systems - design and calibration

The system consists of two chambers custom machined from FDA approved polystyrene as
shown in Figure 1. Chamber one has a rectangular shape well for preparing the cell-collagen
construction. Chamber two has two rectangular wells for stretching the collagen hydrogel
and a central square observation window for imaging. Line segments Al and A2 were pre-
marked on Chambers one and two respectively and vertical lengths between Al and A2
were the same in the two chambers. Line segments B1 and B2 are also pre-marked on
Chamber two to make the vertical length between B; and B, 20% longer than that between
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Al and A2. The cell-collagen mixture was added to Chamber one and two marker threads
(C1, C2) and two stainless steel rods (D1, D2) were imbedded in the collagen solution
before polymerization in Chamber one. The C1 and C2 threads exactly overlapped with line
segments Al and A2. After polymerization the cell-collagen construction was detached from
the walls of Chamber one and transferred to Chamber two by lifting the stainless steel rods.
The marker threads C1 and C2 were positioned to overlap line segments Al and A2 in
Chamber two. The degree of stretch is 20% by length, which is controlled by pushing the
stainless steel rods downwards with a micropositioner until the two marker threads C1 and
C2 overlap line B1 and B2 respectively.

For any imaging assay, the long axis of an acquired image is set to be parallel to the
direction of the mechanical force. Collagen-SMC constructs prepared in a traditional
way[14] to generate cell alignment by cell contraction-generated force were used as
controls.

2.2 Preparation of collagen-SMC constructs

SMCs were obtained from canine carotid arteries and identified and expanded by our
previously published explant cell culture techniques[19,20]. Bovine dermal type | collagen
were prepared according to the instructions from the manufacture (PureCol™, Inamed
BioMaterials, Fremont, CA). In brief, collagen stock was neutralized and mixed with 10X
DMEM (Sigma-Aldrich, St. Louis, MO) to form a collagen solution. Trypsinized SMCs
were resuspended in 1X DMEM (Invitrogen, Carlsbad, CA) and mixed with the collagen
solution. The final concentration of the collagen was 2mg/ml and of SMCs was 20,000/ml.

2.3 Cell viability

SMC-collagen mixture was prepared as above in 2.2. A group prepared in the absence of
stretch was used as the control. Cell viability was evaluated after 1h, 12h and 24h using
calcein AM (Molecular probe, Invitrogen, Carlsbad, CA) according to the instruction of the
manufacture and DAPI was used for nuclear counter staining.

2.4 Image processing software

The software used for image processing were Image J (Rashand, W.S., ImageJ, U. S.
National Institutes of Health, Bethesda, Maryland, USA, http://rsh.info.nih.gov/ij/, 1997—
2010), and our custom designed software using JAVA(Sun Microsystems, Inc, Santa Clara,
CA) and Matlab (The MathWorks, Inc., Natick, MA).

2.5 Cell alignment dynamics study under mechanical stretch using differential interference
contrast (DIC) live microscopy

After the gel was stretched as described above, 15ml of CO, independent media (Invitrogen
was added and a temperature control unit was used to maintain the culture condition at 37°C
Live imaging was then started immediately and images were acquired at 5 minute intervals
using an Axiovert 200 inverted microscope (Carl Zeiss, Oberkochen, Germany) coupled to
an Axiocam HRC camera using Axiovision software. High magnification objectives (40X,
63X) in DIC mode were used to track the morphology changes at a single cell level.
Samples without stretch were used as controls.

2.6 Cell migration under mechanical force

2.6.1 Analyzing migration trajectories—The experiment was set up as above and a
10X objective in DIC mode was used to track a group of cells. Cells that moved out of the
visual field were excluded. At least 50 cells were tracked for each assay. Cell migration was
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analyzed using Image J software and the coordinate of a cell at each time point was
acquired. The trajectory of each cell was plotted with custom written software.

2.6.2 Cell migration directionality analysis—In order to analyze the directionality of
a migrating cell, the direction of the mechanical fore in the groups under stretch or the
horizontal line in the group without stretch was used as the X-axis. The coordinates of the
geometric center of a cell was analyzed by our custom designed software and the migrating
direction at each time point was calculated. The angles (o)) between the migrating direction
of the cell and the X-axis at each time point in the groups with or without mechanical stretch
were calculated. The “directionality index” (DI) was calculated using the following
equation:

DI= N_1 cosa;

i=1

where the N is the total number of time points. The directionality index equals 1 when a cell
moves only horizontally no matter which direction it moves; equals 0 when a cell moves
only perpendicularly no matter which direction it moves. The bigger the number of the DI is,
the cell moves more directionally toward the mechanical force or the horizontal line.

2.6.3 Cell protrusion dynamics during migration—The directions of the cell
protrusions, defined as the angle between the long axis of each protrusion and the X-axis
(horizontal line) at each time point was analyzed by the software. The values of angles over
time were plotted. SMC-collagen constructs prepared with the same protocol and
concentration, cultured in the absence of mechanical stretch were used as the controls.

2.7 Cell morphology analysis by confocal microscopy

At the endpoint in each assay, collagen gels were rinsed with PBS and fixed with warm 4%
paraformaldehyde for 30 minutes and rinsed again with PBS. After treatment with 0.1%
Triton X-100 and blocking of non-specific binding with 2% BSA for 30 minutes, SMCs
were stained using two methods for visualization: 1) Alexa Flour 488 staining: samples were
stained with Alexa Flour 488 labeled Phalloidin (Molecular Probes, Invitrogen), which
specifically binds to actin fibers in a cell, according to the manufacturer’s instructions and 2)
a-SMA staining: as detailed previously, samples were incubated with a mouse monoclonal
anti a-SMA antibody (Sigma, Carpinteria, CA), and then incubated with rhodamine-
conjugated goat anti-mouse secondary antibody (MP Biomedicals, Solon, OH). Reflection
confocal microscopy was used to visualize the collagen fibers and the fluorescent mode was
used to visualize the actin fibers in SMCs using an Olympus Fluoview 300 confocal
microscope with a 60X objective. Optical sections were performed and 3-D image
reconstructions were made according to our previously published protocols[19-21].

2.8 Analysis and quantification of matrix remodeling and cell alignment

SMC-collagen constructs were prepared as above and after 16h of culture, collagen gels
were fixed and imaged using confocal microscopy as above. The images were further
processed by the software, including mosaic image stitching and image 3-D reconstructions
in batch mode as we reported previously[19,21].

Images of collagen fibers were stitched into a mosaic image and areas of interest were
selected as follows: 1) immediately adjacent to the tips of cell protrusions: within 10 um
from the tip of a cell protrusion excluding any other cells and 2) immediately adjacent to the
cell bodies: within 10 um above or below the cell body in the acquired images excluding any
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other cells. Fast Fourier Transform (FFT) was used to quantify the orientation alignment of
remodeled collagen fibers in response to the direction of the mechanical force as described
before[19]. In brief, FFT transforms the image in the spatial domain into the frequency
domain. After rotating the spectrum image 90° in the frequency domain, the relative
intensity at different angles of the image in the frequency domain indicates the relative
number of the fibers in the same angle in the image in the spatial domain. In order to
quantify the degree of orientation, the spectrum images were transformed into histograms. In
Cartesian coordinates (X, y), X represents the angle and y represents the average intensity at
this direction. In polar coordinates R(6-¢), 6 represents the angle of the collagen fibers, ¢
represents the angle of the mechanical stretch and R represents the intensity in this direction.
An “alignment index” (Al) was used, which was calculated using the following equation

AI=2f(x) - 1

Where,

%2 R(@)cos(® - ¢)%d6

J&x)=
S R©6)d6

where ¢=0 in our assays, and the Al equals 0 when collagen fibers are in an ideal random
distribution, +1 or —1 when collagen fiber are totally parallel or perpendicular to the
direction of the mechanical stretch. Therefore, values closer to +1 mean greater alignment
and values closer to 0 mean more random distribution

2.9 Statistics

3. Results

Students t-tests were used to evaluate the differences between two groups with SPSS
software (SPSS Inc, Chicago, IL) with the level of significance at P < 0.05. Data were
expressed as mean + SD.

3.1 Characteristics of the new system

3.1.1 Capable of dynamic cell tracking—Because the mechanical force applied to the
cells was from external instead of the internal force generated by cell contraction, no visible
deformation of any in focus area in either X, Y or Z directions accrued during the image
acquisition, which means there was no matrix contraction pulling cells out of focus or out of
the visual field.

3.1.2 Compatible with high magnification low working distance objectives—As
shown in Figure 1, because the collagen was stretched from two sides downwards, the cell-
hydrogel construction in the A zone was tightly attached to the glass surface. The A zone is
sealed with a class zero coverslip, which is about 80-130 um thick, providing much greater
depth of focus into the collagen hydrogel. For example, even when oil or water immersion
63X or 60X objectives were used, depending on different microscope brands, we were still
be able to focus about 100-150 um into the collagen gel. All this above makes it possible to
use higher resolution objectives to visualize the detail of cell alignment.

Biomaterials. Author manuscript; available in PMC 2012 May 1.
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3.1.3 Alignment generation at low cell concentrations enabling single cell
tracking and eliminating cell-to-cell interference—As seen in Figure 3 and Figure
6A&C, cells in our system are separated from each other eliminating cell contact and
enabling investigation of the specific effect of the mechanical force on the matrix on a single
cell. The cells in the traditional alignment assay contact each other because high cell
concentrations were needed to generate tactile force (Figure 2). The morphology of the cells
in our new alignment system are spindle shape compared with the polygonal shape of the
contacted cells in the traditional alignment assay (see Figure 2).

3.1.4 Rapid cell alignment, which can be accomplished in a few hours
compared with a few days in traditional models—The new system is cell
concentration independent. As shown in Figure 3, SMCs in the new chamber were highly
aligned after 6h of incubation at a cell density of 20,000/ml. However, with the traditional
chamber, SMCs at 20,000/ml did not show any alignment for up to a week and the SMCs at
500,000/ml took more than 24h to show alignment with many cells contacting with each
other (Figure 2). In the new chamber, because mechanical force external to the hydrogel was
applied immediately, the SMCs started to show alignment in less than two hours after
collagen polymerization and more than 90% of the cells showed alignment within 8 hours.
By contrast, in the traditional chamber, because the force applied to the cells is generated by
hydrogel-compaction, with high cell density (=500,000/ml), it takes more than 24hs for the
SMCs to show visible alignment.

3.2 Cell viability in the stretched chamber

At every time point, the viability of SMCs cultured under stretch showed no difference
compared with the ones cultured in the absence of stretch(P=0.24).

3.3 Alignment dynamics in the stretch chamber

Time lapse imaging started right after the collagen hydrogel was fully polymerized. The
cells were in a spherical shape initially and there was no protrusion in any cell. Then the
mechanical force was applied to the collagen hydrogel globally to achieve a 20% stretch. As
shown in Figure3, the SMCs started to form protrusions as they began to spread and the
protrusions were only formed in the direction of the mechanical force. The fact that SMCs
reacted to the mechanical stretch before they were fully spread out indicated that SMCs
sensed the mechanical signal while they are still in a spherical shape and alignment was the
result of cell directional spreading.

3.4 Migration

3.4.1 Migration trajectory and directionality—As seen from the cell migration paths
in Figure 4, SMCs under stretch migrated parallel to the direction of the mechanical force
compared with the non-directional migration of the cells in the absence of stretch. The
SMCs in the presence of stretch had a significantly higher DI (0.803+0.074) than the ones in
the absence of stretch (0.549+0.087) (P<0.001). As a cell migrated, it extended and
withdrew its protrusions parallel to the direction of the mechanical force, which led to the
directional migration of a cell.

3.4.2 SMC protrusion dynamics during migration—As shown in Video 1(Internet
Explorer is the recommended software for better visualization of both Video 1 and Video 2,
which are presented in the format of animated gif.), the extending and withdrawing of a
SMC under mechanical force are mostly parallel to the direction of the mechanical force
compared with the random direction of the SMCs without mechanical stretch (Video 2). As
shown in Figure 5-A, the directions of protrusions of a cell under stretch varied slightly
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around that of the mechanical force, compared with almost randomly distributed protrusions
from unstretched cells (Figure 5B).

3.5 Morphology

SMCs in the new system were uniformly spindle shaped and had less protrusions(Figure 6A
and C, Figure 7) compared with the SMCs in the traditional blocker assay which were more
polygonal shaped and with more protrusions at both high (Figure 2) or low concentrations
(Figure 6B and D). All the protrusions of the cells in the new system were parallel to the
direction of the mechanical force and have elongated shapes (Figure 6A and C, Figure 7). In
contrast, SMCs formed non-directional protrusions and each protrusion was curved when
cultured at the same concentration in the traditional blocker assay (Figure 6B and D).

3.6 Cell alignment and matrix remodeling

Under the mechanical force, the SMCs also remodeled the collagen matrix to the direction
of the mechanical stretch. As shown in Figure 7, the direction of the remodeled matrix in
front of the cell protrusion is also highly aligned to the direction of the mechanical fore;
however the direction of the collagen matrix below or above the cell body showed
significantly low alignment. With the direction of the mechanical force as the reference, the
Al calculated from in front of the cell protrusions (0.508+0.058) are about 3 fold greater
than that calculated from adjacent to the cell bodies (0.178+0.049, P<0.001). Time lapse
imaging showed that the protrusions of a cell mostly move in the direction of the mechanical
force (Video 1), which may be one of the reasons for the directional matrix remodeling.

4. Discussion

If the mechanical characteristics of an engineered tissue do not resemble the equivalent
natural tissue to a certain degree, it likely will not function optimally and may not be
implantable. Mechanical force also plays a fundamental role in shaping an engineered tissue
and in regulating its function [22,23]. Understanding the mechanism of mechanical signal
transduction and how cells are influenced by mechanical forces is a crucial step[24].

Seeing is believing- live imaging is a powerful tool to provide scientists with direct
observation and a better understanding complex biological processes [25,26]. Live imaging
obviously can provide detailed information with which to characterize the dynamics of the
cell under mechanical stimulation. However, because of the limitations of traditional blocker
based stretch assays, to the best of our knowledge there is no high resolution dynamic
imaging report about cell alignment under mechanical force in a 3-D environment. Because
stretch, also referred to as displacement, is one of the most common types of biomechanical
force, we applied it in our system. In this project, we developed a system for imaging cell
dynamics and studied SMC alignment dynamics under mechanical stretch with
quantification of stretch-induced SMC migration and SMC-mediated matrix remodeling.

To study the dynamics of cell characteristics under mechanical stretch, a critical function of
a system is to enable specific individual cells to be observed in focus within the visual field
during image acquisition, which is impossible in the traditional blocker assay due to a large
degree to hydrogel compaction. However, the strategy of inhibiting hydrogel compaction to
fix a cell in stable dimensions is not realistic because it is hydrogel compaction that
generates the mechanical force. In order to solve this problem, in our new system
mechanical force was applied externally enabling immediate mechanical stimulation without
the hydrogel compaction as the force source. Low cell concentration eliminates the overall
gel compaction and only maintains the microscale matrix deformation, which enables cells
to remain in focus during image acquisition. Furthermore, the uniaxial stretch applied to the
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collagen hydrogel was generated by pulling the hydrogel downwards and the hydrogel is
tightly attached to the bottom cover-glass after stretch.

Applying the force external not only eliminated the overall hydrogel displacement, but also
has the following advantages. First of all, as in most cases in vivo, cells experience external
forces rather than the force generated by themselves. Our new system mimics the in vivo
environment better than the traditional assay in this regard. Secondly, our new system makes
the degree of mechanical force applied tunable by tuning the degree of stretch. More
importantly, applied external force is stable over a period of time and it generates rapid cell
alignment. Our results demonstrated that most of the cells showed alignment within 8 hours
and early alignment could be observed less than 2 hours after collagen gel polymerization.
Externally applied force doesn’t require a high cell concentration. Theoretically, in terms of
a successful cell alignment, the cell concentration could be as low as any number that the
experiment required. We have successfully generated the same pattern of SMCs in the
concentration of 2000/ml in the similar period of time (data not shown). The rapid alignment
generation capability makes our chamber system an open platform for the dynamical study
of any mechanical stretch-related biologic or pathologic phenomenon.

Using our new system, we observed five major phenomena of SMCs under mechanical
stretch in 3-D: 1) sensing and responding to the external mechanical force before spreading,
2) directional overall cell migration, 3) directional cell protrusion extension and withdraw
during cell spreading, 4) high polarization of cell bodies and reduced numbers of protrusions
and 5) directional matrix remodeling. All five phenomena of the SMCs are highly
integrated.

Mechanical signal sensing is the first step of alignment. In the traditional assay, it was not
possible to determine when a cell began to sense and respond to the external mechanical
force because all cells were in the system for many hours before they aligned; nor could
dynamic tracking be performed. There might be two major possibilities: 1) after a cell
spread out, because at this stage, there is an angle between the long axis of the cell body and
the direction of the mechanical force, so that the cell may change its orientation to minimize
the force or 2) a cell is able to sense and respond to the mechanical force before spreading.

We observed that a SMC sensed and responded to the mechanical force before it spread
because spherical cells spread out directly to the direction of the mechanical force. This
showed that mechanical sensing starts before spreading. As all the cells sensed and spread to
the same direction of the mechanical force, they showed a high level of alignment.
Therefore, the mechanism of cell alignment is directional cell protrusion extension or cell
spreading. During migration, the cells continuously sense and respond to the mechanical
stretch.

How SMCs migration is effected by stretch is also important because SMC migration is
central to vascular remodeling under in vivo mechanical conditions[27]. Reports have
suggested that mechanical pre-treatment affects the cell migration[28,29] but the real time
effects of mechanical force on cell migration, especially in 3-D, remains unclear. Using our
imaging system, we found that SMCs showed highly directional migration under static
mechanical stretch. We think that SMCs were able to sense and response to the mechanical
force continuously.

We further analyzed the mechanism of the directional migration. By plotting the angle of the
cell protrusions, we found that protrusion dynamic is also highly directional. The SMCs
responded to the external mechanical signal with the directional protrusion extending and
withdrawing, which leads to the directional movement of the whole cell body. The SMCs
showed a highly polarized morphology under mechanical stretch in DIC time lapse images.

Biomaterials. Author manuscript; available in PMC 2012 May 1.
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3-D reconstructed high resolution confocal images showed SMCs developed a greatly
elongated spindle shape with long straightly extended protrusions, which were highly
parallel to each other. These morphologies supported the dynamics phenomena of cell
alignment.

It is well accepted that SMC migration is a major factor affecting the remodeling of a blood
vessel wall[30,31]. We predicted that the highly directional migration behavior of SMCs
under mechanical stretch would lead to directional matrix remodeling. We explored this
question using reflection confocal microscopy and Fast Fourier Transform image processing
techniques. As we predicted, the orientation of remodeled matrix was also highly aligned to
the direction of the mechanical force.

5. Conclusion

We developed a new system for dynamically studying cell alignment in three dimensional
matrices under mechanical force. The system is capable of high resolution time lapse
imaging, rapid cell alignment and concentration-independence of cell alignment. Using this
system, we found that the mechanism of cell alignment is the result of directional cell
protrusion extension prior to cell spreading. Mechano-sensing, directionalities in cell
alignment, cell migration, protrusion dynamics and matrix remodeling are highly integrated.
Our system provides an open system for studying the mechanical interplay between cell and
extracellular matrix. We believe that it will be an effective tool for better biomaterials
development and for enhancing the strategies in regenerative medicine.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The schematic diagram of the alignment live imaging system. (A) The cell-collagen mixture
was added to Chamber one and two marker threads (C1, C2) and two stainless steel rods
(D1, D2) were imbedded in the collagen solution before polymerization. The C1 and C2
threads exactly overlapped with line segments Al and A2. (B) Live imaging with two pair
of line segments marked. B1B2 is 20% longer than A1A2. The vertical distances between
line segments Al to A2 are equal in chamber one and chamber two. (C) The collagen-SMCs
construct is moved from chamber 1 to chamber 2 and a micromanipulator is used to stretch
the hydrogel downwards to gain 20% stretch. (D) Side view of chamber 2 when collagen-
SMCs are overlaid.
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Figure 2.

SMCs in traditional blocker-based alignment assays contact each other because of the high
cell concentrations used and many SMCs are polygonally shaped. SMCs immunostained
with rhodamine labeled anti a-SMA antibodies were visualized by fluorescent confocal
microscopy (red in Fig 2A and 2B) and collagen fibers were visualized by reflection
confocal microscopy (green in Fig. 2B). The scale bar represents 100 micrometers.
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Figure 3.
Cell alignment dynamics were visualized by differential interface contrast microcopy over
250 minutes using a 40X objective in our cell alignment system.
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Figure 4.
A and B are two representative plots of the SMCs migration paths in the presence or absence

of mechanical stretch respectively. SMCs under stretch showed directional migration
compared with random migration of the cells without external stretch. Each colored line
represents an individual cell migration trajectory over time.
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Figure 5.

A and B are the representative plots of cell protrusion direction dynamics over the two hour
period in the presence or absence of stretch respectively. Each colored dot represents one
protrusion’s direction changes over time.
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Figure 6.

A and B are the three dimensional reconstructed fluorescent confocal images of SMCs in the
presence or absence of external stretch respectively. Figure 6A shows two aligned SMCs in
elongated spindle shapes; both the cell bodies and protrusions are parallel to the direction of
the mechanical stretch. Figure 6B shows an SMC in a polygonal shape with protrusions
pointing in multiple directions. Figure 6C and 6D show the collagen matrix (red) by
reflection confocal microscopy in which the SMCs (green) are embedded. A 60X oil
immersion objective was used for all the image acquisitions.
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Figure 7.

A representative mosaic image of aligned SMCs (green), shown by fluorescent confocal
microscopy, in collagen matrix (red), shown by reflection confocal microscopy. Square
dashed line areas of A1, A2 and A3 are the representative areas used to analyze the Al
immediately adjacent to cell protrusions and B1, B2 and B3 are the representative areas used
to analyze the Al immediately adjacent to the cell bodies. Figure 7A is an overlay image of
both collagen and cell channels and Figure 7B shows only the cell channel for better
visualization of the cell margin in relation to the dashed area.
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