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Abstract

The aim of this study is to develop an aligned collagen matrix to examine cell
migration of ligament fibroblasts, which natively reside in a highly collagen fibrous and
anisotropic microenvironment made of type I collagen. This highly aligned arrangement
has been shown to modulate fibroblast morphology, migration rate and attachment.
However, cells also exhibit significantly different behaviors in 2D and 3D environments.
In the current study, a microfluidic device was developed to create aligned collagen
hydrogel and examine cell migration behavior in 2D and 3D collagen matrix. Cells are
subjected with an electrical field to apply a homogenous field of migration stimulation.

Cells in both 2D and 3D show high alignment to the collagen matrix and cell
migration show preference of contact guidance over EF stimulation. However, cell
migration directionality is influenced by matrix thickness, possibly through regulation

of cell attachment disassembly and tensional homeostasis.

Key Word: Cell migration, 3D collagen matrix, tensional homeostasis, electrical field
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Chapter 1

Introduction

1. Cell migraion

Cell migration is an important behavior for multicellular organisms. During

embryonic development, cells migrate and proliferate to form tissues. One example is

the migration of neural crest cells, which leave the neural tube during development,

migrate to other region and differentiate into tissues such as the peripheral nervous

system. Cell migration plays a major role in for wound healing. For example, if a bone

fractures, chondroblasts followed by osteoblasts will migrate into the fractured area to

proliferate and differentiate separately into chondrocytes and osteocytes, either to

produce a cartilaginous or bony matrix to fill in the wound. At the wound site,

macrophages can migrate through tissue to engulf bacteria at the infection spot, just as

fibroblasts can migrate though connective tissue to remodel and repair damaged tissue.

Cell migration is also important in cancer metastasis, where cancer cells penetrate into

blood and lymph vessels to transport and spread. Cell migration has been studied in

vitro. Most of these studies seed cells on glass slides or Petri dishes to monitor their

activities.

Cell migration, is generally modeled as a three step process [1]. At the first stage,



polarization, the cell polarizes into front and rear side and performs different molecular

process at each side. For example, in some cells, the microtubule organizing center

(MTOC) and Golgi apparatus are localized between the front side and the nucleus. This

orientation is possible to support the intensive vesicle transportation from the Golgi

apparatus toward the front edge. Several proteins are also incorporated in polarization,

especially cdc42, which is considered “ master regulator of cell polarity. [1]” Cdc42 is

found active in the front edge, and influences lamellipodia formation and MTOC

localization [2]. As for the rear side, signal factors like Rho are found. Rho is related to

cell contraction, in which inhibiting Rho usually leads to extended tail [3].

In the second phase, protrusion and adhesion, the front side of a cell first forms

protrusions that extend out of the cell body. These protrusions, which can be classified

as lamellipodia or filopodia, are supported by actin polarization. The actin network

usually shows an orthogonal array in a lamellipodia, in contrast to the tightly packed,

parallel bundle of actin found in filopodia [4]. These protrusions are further stabilized

by adhesion with the extracellular matrix (ECM). Although adhesion involves several

kinds of proteins, integrins are the major receptor family that bind and react to the

outside world during migration. The integrin is composed with two sub chains: ¢ chain

and /3 chain [5]. Each of these two chains have sub families that allows mix matching



between the two, forming different kinds of integrin combinations to recognize different

ECM surroundings. Integrin in some cases cluster with other proteins to form focal

complexes, or sometimes even more mature, larger assemblies called focal adhesion [6].

Focal adhesion is a protein complex that connects the ECM to the cell’s cytoskeleton. In

a focal adhesion, the ECM binds with integrin, which binds with protein such as as talin,

vinculin and focal adhesion kinase that connects with the actin cytoskeleton. Focal

adhesions serve as anchors during cell migration as cells contract or extend themselves

over the ECM.

In the final stage, contraction, the cell must first detach the adhesion at the rear

edge and then apply a force to pull on adhesion on the front edge and so to advance.

This contraction force mainly derives from myosin II activity, which is regulated by

MLC kinase (MLCK) and Rho kinase (ROCK) [1].

Cell migration is inducible via chemical or physical stimulation. Cells can be

orientated by a chemical gradient, as cells tend to migrate toward higher or lower

concentrations depending on the stimulation. This phenomenon is found both in vitro,

for example cells have been shown to migrate toward higher glucose concentrations [7],

and in vivo, as cells during embryonic development are shown to response and

communicate with chemical signals, creating specific tissue structures [8]. Cells also



response to physical stimulations like electric field (galvanotaxis) [9] or stiffness

gradients (durotaxis)[10, 11]. For example, fibroblasts seeded on a glass slide are shown

to migrate toward the cathode under an electrical field [10].

2. Cellular microenvironment

Cell migration on a glass slide or Petri dishes has been studies for decades, yet cells

in vivo reside in not only a 3 dimensional but also a structural environment. For

example, connective tissue such as skin, cartilage, tendon and ligament all base on

collagen to form their structure and provide strength. Although these tissue are mostly

composed by the same protein: collagen fibrils, these fibrils from different structures to

serve different functions. Collagen fibrils in skin appear as a cloth like structure, as

fibrils interweave with each other. In contrast, collagen fibrils in mature bones and

cornea show “orderly plywoodlike layers™ as fibrils in each layer do not interweave, but

each layer stacks on each other perpendicularly. Collagen fibrils in ligament and tendon

form parallel bundles and facials, a structure to resist tension along the major axis.

Ligament and tendon collagen fibrils also exhibit planar and helical “crimp-like”

structures [11] for absorbing shocks and providing flexibility.

In fact, structural environment has been shown to affect cell behavior. For example,



aligned matrices are common in animal tissue, and have been shown to effect cell

alignment, migration and protein expression. Cells seeded on nano groves etched on a

quartz substrate show alignment and migration along the direction of the groves, a

phenomenon named as contact guidance [12]. Doyle and coworkers have also used

microcontact printing to create linear pattern for cell seeding, and shown that cells tend

to align and migrate along these patterns [13]. Previously, we have shown that when

ligament fibroblasts are seeded on sections of their native matrix, they also tend to

migrate along the direction of collagen fibril orientation under an aligned EF

stimulation.

In addition, 3D studies have revealed that cells behave differently from those in 2D

model, both in morphology and protein expression [14, 15]. Cells in 3D studies, such as

seeding fibroblasts with in collagen gels, usually lack wide lamellipodias and instead

have a more dentric shape, with extended ‘“cylindrical pseudopodia”[16]. These

pseudopodia contain both microtubules and f-actin bundles, but the ends of pseudopodia

contain mostly f-actin. For protein expression, cells in 3D exhibit a more diffused

integrin and vinculin distribution [14], compared to large focal adhesion for 2D flat

cells [17]. This diffused attachment may lead to an increase of 3D cell migration, as Sun

and coworkers have applied a EF on cells embedded in 3D collagen gels and



demonstrated that compared to cells on glass slides a smaller EF strength is sufficient

for 3D cells to migrate [18]. Sun then suggests that in 2D systems, which requires more

EF strength, may represent an “exaggerated state of cell adhesion.”

3. Hypothesis: Matrix stiffness affects cell migration in aligned collagen matrix

In this study we apply anterior cruciate ligament fibroblsts (ACLF) to study the

differences of 2D and 3D migration. Yet, we also consider the native aligned, tensional

environment of ACLFs and hypothesize that their migration may also be affected by

tensional homeostasis. Tensional homeostasis is the tendency of cells to regulate cell

contractile forces in response to an increase of outside microenvironment tension, for

instance, a soft or rigid collagen matrix. Matrix stiffness regulates many cellular

activities. For example, cells in 3D collagen gels [17] or on soft substrates lack focal

adhesion [19]. Also focal adhesion size and amount are found to decrease when cells are

located further from the bottom glass slide and deeper into the 3D gel, thus a softer

environment [20]. Matrix stiffness also has a dominant effect on Rho activity. In fact, a

soft floating collagen matrix can down regulate Rho even when cells are incubated with

serum, which contains growth factors that stimulates Rho activity [21].

This mechenotransduction of Rho and focal adhesion seem to form a feedback



model that affects each other. Focal adhesions act as transducers for sensing matrix

stiffness by linking the ECM to the cytoskeleton, and as the stiffness of the ECM

increases, cells respond by up regulating Rho, Rock and myosin to increase cell

contraction [21], yet up regulation of Rho also increases focal adhesion kinase (FAK)

phosphorylation.

The Rho and focal adhesion crosstalk regulation is still not fully understood, but a

possible mechanism is through microtubule. Rho regulation shifts the glu/try tubulin

ratio [22], resulting in a more stabilized (glu-dominent) or dynamic (try-dominent)

microtubule network. This affects integrin turnover rate as microtubule is found heavily

involved in focal adhesion disassembly [23] and integrin trafficking [24].

Adding in the factor of matrix thickness, we exaimned cell migration in aligned

collagen matrix with different collagen heights. Aligned collagen were created by

combining flow inducing techniques [25] and initial cold incubation [26]. EF is

preferred then chemical gradient to serve as a cell migration stimulation, due to its ease

of applying a homogeneous field over cells embedded in 3D gels [27]. EF was subjected

on cells whether parallel or perpendicular with the original collagen direction, and cell

migration speed, angle and directional velocity, a parameter from multiplying cell

migration speed and angle, are used to represent overall cell migration inclination. Cell



morphology is observed by examining the two major cytoskeletons: actin and

microtubule. Finally, possible underlying mechanisms that effect cell migration are

discussed.



Chapter 2
Materials and Methods

1. Cell Culture

Anterior cruciate ligament fibroblasts (ACLFs) are harvested from porcine knee

via matrix digestion. ACL were taken from young porcine ankles and was first cut into

cubes of sizes about 5*5*5 mm and then wash briefly with a 9% Pluronic® F-68

(Sigma, 10% sterile-filtered) in 1X PBS solution (Biowest) [28]. The explants were then

transferred into a centrifuge tube containing sterile 0.2 % type I collagenase (Gibco) in

culture medium, which contains DMEM (Biowest), 10% FBS (Sigma), penicillin (100

U/mL, Gibco), and streptomycin(100 U/mL, Gibco). The tube was then kept on a shaker

at 37°C for 18hr. After incubation, the mixture was passed through a cell strainer (BD)

and then centrifuge at 3000rpm for 10 min. The supernatant was discarded and the cell

pellet was re-suspended with culture medium.

ACLFs were seeded in T-75 flasks at 1 million cells per flask and were cultured

for 5~7 days before used for further experiments. Culture medium was changed every 3

days.



2.  Microchannel Fabrication

Collagen matrix alignment was prepared by sheer stress caused by flowing

collagen solution through a polydimethylsiloxane (PDMS) microchannel [25]. Specific

dimensions of the PDMS microchannels were fabricated according to soft lithography

procedures [29] (figure 1). In brief, SU8 photo resist (Gersteltec Sarl) was spin coated

on a silicon wafer, exposed with UV and developed to reveal patterns. The

microchannel was designed with dimensions of Height: 400 pm, Width: 3mm, Length:

10mm, and the inlet of the microchannel was branched to increase homogeneity of the

injected flow. PDMS (Sylgard 184, Dow Corning) was molded over the SU8 master,

and allowed to set for two days before separating the PDMS microchannel from the

master, PDMS channels were then cured at 70°C over night.

After cooling down to room temperature, the PDMS channels were punctured and

carved for inlets and outlets. As shown in figure 1C, the outlet is funnel shaped in

contrast to the inlet. This design maintains the liquid surface level difference between

the inlet and the outlet thus induces siphon flow that causes sheer stress.

3. Collagen Preparation

The PDMS microchannel was sterilized with EtOH, air dried in hood, treated with

10



3% Pluronic® F68 overnight to prevent collagen adhesion [30] , rinsed with sterilized
water and air dried in hood before use. In order to handle samples more easily,
glutaraldehyde treated glass slide were used to increase collagen matrix adhesion [31].
Silane coated glass slides were immersed in 5% of glutaraldehyde (25% Aqueous
Solution, Electron Microscopy Science) in 1X PBS for 30 minutes, rinsed with
de-ionized water, immersed in EtOH for 30 minutes for sterilization, rinsed with
sterilized water and air dried in hood. The PDMS channels were then bonded to the GA
treated slides to enclose the channels.

Collagen (BD, rat tail collagen type I) is prepared following suggested protocols
of the manufacturer. Namely, 1M NaOH, 10X PBS and purified water were used to
neutralize collagen solution, while culture medium was used for dilution, giving a final
pH of about 7.4 and a collagen concentration of 3 mg/ml. Collagen solution was then
kept at 4°C for 90 minutes before further experiments [26].

After the 4°C cold incubation, four kinds of collagen samples were prepared by
combining 2 factors: cell position (2D or 3D) and matrix thickness (thin or thick).

For aligned 3D thin collagen studies, ACLF cell suspensions were trypsinized
(Trypsin-EDTA 0.25% , Gibco) from flasks and added to collagen solutions, resulting

in a 1.5 g/ml collagen and 200,000 cells/ml mixture. Immediately after mixing, 500 ul

11



of the collagen mixtures were injected and added on to the inlet of each channels,
initiating the siphon flow (figure 2A). For control, random collagen matrices were
prepared by spreading 40 pl of the mixtures on 1 cm® All collagen samples were
incubated for 10 min at 37°C for gelation, and the PDMS channels were then removed
as culture medium was added.

For aligned 2D thin or thick collagen studies, 100 um or 400 um microchannels
were flooded with collagen solutions that were adjusted with culture medium to 1.5
mg/ml. For control, 40 ul of the collagen solution was spread on 1 cm®. After gelation,
the PDMS channels were removed and ACLFs were seeded on the matrices at 3000
cells/cm’.

Cells mixed in 3D collagen samples tend to sink to the bottom of the collagen gel
during gelation, resulting in a thin collagen thickness (figure 3). For comparison, we
developed a doubled layered 3D samples to represent a thick 3D collagen sample.
These samples (figure 2B) first use a “wall and ceiling” composed 400 pum height
channel to prepare the first aligned collagen layer without cells, and then uses a 400
um normal channel to add on a second layer of collagen with cells.

All collagen samples were incubated for 24 hr without changing culture medium

before being used for further cell migration studies.

12



4. Pharmacological reagents

Rho-kinase (ROCK) of ACLFs were inhibited with Y27643 that was dissolved as

20mg/ml in DMSO (sigma) as stock solution. After samples were prepared, cells were

incubated for 24 hr, and then were treated with a final concentration of 10uM of

Y27632 (Caymen) in medium for 4 hrs [32]. Samples were then rinsed with fresh

culture medium before further migration studies.

5. Electric Field Studies

The 3D cell cultures are subjected to applied DC EFs in a modified electrical

stimulation chamber and placed on an inverted microscope, as shown in figure 4 [33].

Two EF applying methods are used, parallel or perpendicular to the aligned collagen

direction. Images are taken every 15 minutes for 2 hours. Each experiment is repeated at

least three times.

6. Cell Morphology and Migration Analysis

Cell spreading area, orientation and migration was measured in this study. Cell

spreading area was measured by circling cells using the “free hand selection” of image J.

Cell orientation was measured by the angle between the EF axis and the long axis of the

13



oval that best circles the cell. For cell migration, it has been shown that fibroblast

migration in 3D collagen matrix under EF can be characterized by assuming “planar

lateral cell migration [18].” In other words, fibroblasts migrate mostly in the plane of

observation, and movement in the optical axis can be neglect. Therefore, cell migration

speed and angle (0) along the EF axis is calculated by the displacement of the geometry

centroid of each cell. Directional velocity, a representation of cell migration in the

direction of the field, is calculated by multiplying migration speed with Cos (0).

Cellular tail retraction time, which is defined by the time needed for cells to perform a

sudden retraction of protrusions, significant change of cell spreading area and increase

of cell migration afterwards, was measured by tracking individual cells along an EF

study time course.

7. Scanning Electrical Microscopy

Collagen samples were fixed with 0.5% GA for 30 minutes, stained with 0.5%

Osmium tetroxide (Electron microscopy science) for 30 minutes followed with graded

series acetone dehydration. Collagen samples were then substituted into t-butyl alcohol

(Sigma) and then freeze dried overnight [34]. The dried samples were mounted on an

aluminum stub, coated with gold using a sputter coater, and observed with a field

14



emission SEM.

8. Immunofluorescence Microscopy

Cells were stained according to protocols from previous works with modifications

[16]. Cells were fixed with 3% formalin in 1X PBS for 1 hr, washed 3 times with PBS,

permeabilized with 0.5% Triton X-100 (Sigma) in PBS for 30 min and then washed 10

min each for 3 times with PBS. Cells were then blocked with a mixture of 5% horse

serum (SAFC) and 0.05% TWEEN(Sigma) in 1X PBS (HTPBS) for 30 minutes, and

then treated with primary antibodies (anti a-Tubulin, clone DM1A, Sigma) in HTPBS at

4°C overnight. Afterwards, cells are washed 10 min each for 3 times with HTPBS, and

then treated with secondary antibodies (Alexa Fluor® 568 goat anti-mouse IgG,

Molecular Probes) at 1:200 in HTPBS for 4°C overnight. Cells were then washed with

PBS alone. To stain F-actin, phalloidin (Alexa 488-conjugated phalloidin, Molecular

Probes) was used for 30 minutes after the immunostaining.

Cells were visualized with either a 40X or 60X water immerse objective on a

Leica TCS SP2 confocal microscopy. Collagen fibrils are also visualized with the

reflectance mode as in previous literature [35]. Namely, using a 488nm laser for

exitation and imaging with a band pass filter of 490~500 nm. Co-localization analysis of

actin and tubulin was performed by analyzing image stacks with an image J plugin

15



“Intensity correlation analysis” [36]. Collagen orientation was measured by applying a

“Fourier transform” function in Image J and then using the “Oral profile” function to

sum up the spectrum area in each degree [37].

9. Statistical analysis

STATISTICA (Statsoft) was used to perform Student’s t-test and ANOVA

analysis with post-hoc tests (LSD, a=0.05). P-value of cell detachment percentage was

calculated by pair comparison difference between two proportions, and then multiplying

p with the total pair number.

16



Chapter 3

Results

Collagen fibril formation is shown to be affected by multiply factors: incubation
temperature, electrolyte concentration and pH. To confirm the collagen morphology of
our samples, SEM was used to examine the collagen structure. Figure 5 shows the
morphology of collagen fibrils using whether 130 mM NacCl (Fig 5SA) or DMEM (Fig
5B) as diluting solution. The fibrils in DMEM show bundle like structures, in contrast
to thin, network like fibrils in 130mM NacCl.

Collagen fibrils can be aligned by sheer flow deposit. Figure 6A and 6B compares
sheer flow aligned collagen with random collagen. Despite having cells embedded in
them, collagen fibrils in flow induced samples show alignment. Therefore this indicates
that the inlet flow is not disturbed even when cells are included in the collagen mixture.
Saeidi and coworkers have suggested a model for computing the sheer stress on the
floor of microchannels by approximating the system as a 2-dimensional flow between
two flat plates [25]. By assuming laminar flow, which gives a no-slip condition on the

glass, the shear stress on the floor can be computed as:

(et
- wH?

T
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Where 7 is the sheer stress on the floor, (is the dynamic viscosity of the solvent, Q is
the flow rate, w is the width and H is the height of the microchannel. In addition, the
flow rate can be calculated by Bernoulli's equation. By assuming zero flow speed at the
reservoir and zero elevation at the channel, we can compute that:

QQ = wiH2gz
With g is the acceleration due to gravity and z is the elevation of the reservoir. By

substituting Q we can find sheer stress 7 as:

i TRV PTE
o H

As shown in this equation, sheer stress is proportional to the square of reservoir
elevation when the channel height is fixed. In our experiment, we used a PDMS with
400 pm channel height and changed the inlet reservoir height by 4mm, 8mm and 12 mm.
As shown in figure 6C, the alignment of collagen fibrils to the x axis increases from
random to 4mm to 8 mm. For the 8mm groups, the percentage of fibrils lying between
T 15 degrees is significantly higher then other groups (Fig 6D). Therefore, 8mm was set
for inlet height for future experiments. The decrease of alignment for 12 mm groups
may result from higher flow rates, which drains the reservoir too soon before collagen
gelation. Collagen fibrils in double layer samples are also examined. Collagen fibrils

that are 50 um above the interface (between the first and second layer) still shows

18



significant alignment, compared to those in random collagen. This indicates that

fabricating multiple layers of aligned collagen is possible.

Cells align to the aligned matrix, whether in 2D or 3D samples. Figure 7A and 7B

shows cell orientation distribution of 3D and 2D samples. Cell orientation is defined by

the major axis of the oval that best circles the cell. In parallel collagen samples, both 2D

and 3D cells show alignment along the x axis, while cells in random collagen do not.

Figure 7C shows that in parallel collagen samples, over 50% of cells lie in £ 15

degrees to the x axis, which is significantly more than random samples.

By examining cross sectional view, we found that during collagen gelation, cell in

3D samples mostly sink to the bottom of the gel, a position similar to 2D thin samples

(figure 3). In contrast, cells seeded on 2D thick or embedded in 3D thick collagen

matrix are found 100 um above the glass slide.

The thickness of collagen gel affects cell morphology. As shown in figure 3, both

2D thin and 3D thin cells express stress fibers that are aligned to the collagen

orientation. In contrast, cells in the 2D thick and 3D thick samples do not express stress

fibers, and are localized in the distal ends of pseudopodia. The degree of actin and

tubulin colocaliation is also significantly higher in thin aligned collagen samples. The

average Pearson correlation coefficient for thin samples is 0.6, in contrast, thick

19



collagen samples are around 0.35. However, no significant difference was found

between 2D random and 3D random, even they have similar collagen gel heights with

aligned samples.

Cell migration in 3D and 2D collagen matrix seem to divide into two phases: tail

detachment and persistent migration. This phenomenon is illustrated in figure 8A. At

the beginning of EF stimulation, cells in aligned collagen samples show a bipolar shape

due to contact guidance of collagen fibrils. As EF stimulation begins, cells express

increase activity of protrusions on the side facing the cathode. However, cells need to

retract protrusions on the rear side, to then significantly migrate toward the cathode.

Figure 8B shows the percentage of cells that undergo a detach phase, and indicate that

cells in soft aligned samples (2D thick and 3D thick) significantly detach more easily

than others cells. In addition, cells that are parallel to the EF show a trend of a higher

detach percentage then perpendicular cells of the same condition. We also examined

whether actin and tubulin co-localize in a cell, but did not found any trend. Notably, 2D

thick parallel cells have a high detach rate and a low actin/tubulin co-localization

degree.

Contact guidance is more dominant then EF stimulation. Figure 8C shows polar

plots of cell under EF stimulation. In general, cells tend to migrate in both ways along

20



the collagen fibril direction, with preference toward the cathode side in 3D thin samples

and the anode side in 3D thick samples. Cells in 3D random collagen matrix show a

more scattered migration pattern, as 2D random samples express tendency toward the

cathode.

Matrix thickness affects cell migration directionality but not migration speed. In

figure 9 shows cell directional velocity towards the cathode (figure9A) and cell

migration speed (figure 9B). In general, cell migration speed is increased about two fold

under EF stimulation, but there is neither significant difference from matrix thickness,

nor from 2D or 3D conditions. However, these two factors affect directional velocity. In

2D thick random samples, cells show significant migration tendency toward the cathode

compared to cells without EF. Also, cells in 3D thin aligned collagen matrix show

significance when the EF axis matches the collagen orientation.

Inhibiting Rho-kinase (ROCK) increases cell migration directionality. ROCK is a

downstream factor of Rho and is found to regulate actin formation and myosin I, thus,

increases cell contractility. By inhibiting ROCK, 2D cells all show dominant

directionality toward the cathode, whether random or aligned, thin or thick, (figure 10A).

Also, 3D cells show a change of migration tendency toward the cathode, especially as

3D thick aligned cells show a change from anode to cathode. However, 3D cells’
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directionality is not as dominant as 2D cells. This difference between 2D and 3D

probably results from the effect of ROCK inhibition on migration speed. For example,

aligned 2D cells show no increase in migration speed, yet all 3D samples show a

decrease in migration speed (figure 10B).
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Chapter 4

Discussion

In this study, we have devloped a model to exaimne cell migration in an aligned

collagen matrix, combing the influence of matrix stiffness. Collagen fibrils are

significantly aligned in our system, disregarding the different heights and cell positions.

Many methods have been proposed to align collagen fibrils, such as applying

electro-spinning [38] , magnetic [39], dip-pen nanolithography [40] and freezing and

thawing [41]. Above all, these approaches require complicated methods and systems to

achieve the goal. Although our method may not exceed other methods in collagen

alignment degree, the ease of preparing and the possibility of designing specific flow

pattern and matrix thickness allows us to create different microenvironments to meet

experimental needs.

ACLFs show contact guidance and alignment in an aligned collagen matrix, this

phenomenon is found whether in 2D or 3D, thin or thick samples. It is possible that

cells’ contraction during incubation causes the gel to align more, as the tension is

transmitted throughout the gel and collagen gel is known to align between cells [42].

Since the collagen is fixed to the glass slide surface through GA, the collagen gels can

be viewed as a fixed fibroblast populated lattice model (FPLC), where cells develop
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tension in contrast to non-fixed floating gels. Although many studies uses the FPLC

model as a 3D representative [43], our findings that cells tend to sink to within 50um

from the glass surface suggest that future studies should take this aspect in consideration.

Cells that end up at the surface between the gel and glass slide, may form attachments

with the glass slide, and therefore show significant morphology differences form cells

that are totally embedded in the gel [17].

By examining cell migration in collagen samples, we found that cells exhibit a two

phase migration pattern: protrusion detachment and migration. The percentage of

detachment is related with EF stimulation orientation and matrix stiffness. While EF is

known to cause cell polarization, it is possible that cells that are parallel to the EF are

more polarized then cells that are perpendicular, since the cell is subjected with a higher

total voltage drop. Also, matrix stiffness may be related with protrusion dettachment,

possbily through glu-microtubule regualtion. Matrix stiffness has been shown to relate

with Rho activity, as a soft matrix can down-regulates Rho activity, even with serum

stimulation [21]. In addition, enhancing Rho is shown to up regulate glu-tubulin, while

inhibiting Rho disrupts this structure [22]. Since microtubule has been shown to target,

reach and dissemble focal adhesion [44], a upregulation of glu-tubulin may deter cell’s

ability to dissemble focal adhesions. In fact, stabalizing micrutubule with taxol does
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inhibits this phenomenon [44]. The up regulation of glu-tubulin is not related with actin

str9ess fiber [23], and indicates that a stiffer microtubule network is directly regulated

when cells are subjected to higher tention states.

Basing on cell migration polar plots, we found that cells under EF stimulation

seem to prefer to follow contact guidance in all groups. This finding matches with other

studies [12] and our previous work of cell migration on ligament sections. In addition,

we found that although cells do prefer to migrate along collagen fibrils, the

mechanotransduction of matrix stiffness is also incorportaed in the process. For

example, 3D cells in soft aligned collagen gels express an anode-side directionality, in

contrast, 3D cells in thin aligned collagen gels show cathode-side migration tendency.

By inhibiting ROCK with Y27632, cells in 3D samples show a decrease in cell

migration speed, compared to 2D samples which mostly do not. This is might explained

that cells might require more strength to infiltrate a 3D collagen network, compared to

crossing a 2D collagen surface. However, inhibiting ROCK seems to increases

directionality in almost both 2D and 3D samples. While Y27632 has little effect on

eletrotaxis of cells seeded on flat qurtz with nanogroves [12], cells seeded on 2D thin

aligned collagen gels express an increase in directionality, impling that different integrin

attachment are invovled. In fact, Y27632 enhances the spreading and motility of FAK-/-
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cells [45].

This phenomenon may be explained that cells tend to maintain tensional

homeostasis under EF stimulation. When cells are seeded on glass slides are polarized

by an EF, a increase of protrusion activity is found on the cathode side [46], and cells

extend protrusions perpendicular to the EF axis. A possible reason is that cells sense the

stiff glass slide surface and try to re-establish a high-tension state, yet as the front side

of the cell is constantly ruffling under EF stimulation, therefore cells are forced to

change their orientation, develop stress fibers and contraction forces perpendicular to

the EF axis [47].

Considering this effect in our study, cells on a 2D aligned matrix sense the

anisotropic collagen fibrils and try to re-establish a new tension balance with the outside

environment under EF. However, the matrix mainly provides support along the fibril.

Also, contact guidance suppresses cells ability to form new attachment across fibrils. As

a result, cells are stuck in desperate state trying to maintain tensional homeostasis,

causing the cells to migrate in both direction along the fibrils. In contrast, cells on a 2D

random collagen gel supposing are in a more low tension state, therefore cells can show

high directionality under EF stimulation.

This aspect may also explain the high directionality of 3D thin aligned cells, as
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fibrils near the glass slide are fixed and therefore provide more side support. However,

directionality is not the case in 2D thin aligned samples. One possible reason is that 3D

cells, although still in a stiff microenvironment, still express weaker focal adhesion then

2D cells. This is supported by when in thin collagen samples, 3D cells still have a

higher detachment rate then 2D cells. Another possible reason is that cells in 3D are

allowed with more attachment around the cell body, in contrast to the limitation of the

base surface attachment of 2D cells. 3D cells are likely to have more side support then

2D cells, and therefore are more able to balance forces along the EF stimulation and

profit from contact guidance to increase directional migration.

By treating cells with ROCK inhibitor Y27632 prohibits cellular actin filaments

formation and cell contractibility [45]. However, Y27632 does not disrupt

zyxin-containing adhesion structures at the cell periphery and leading edge [48]. This

means that inhibiting ROCK only deters cellular tension state, not cellular attachment.

In our study, ROCK inhibited cells show increasing directionality under EF, without a

significant increase in migration speed. This may indicate that ROCK inhibited cells are

prevented to maintain tensional balance with the outside environment, therefore

showing obedience to the EF stimulation.

In conclusion, we have developed a microfluidic method of aligning collagen
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fibrils. This method allows us to exaime cell behavior and cell migration in different gel

thickness and conditions. We found that despite cells tend to follow contact guidance

under EF stimulation, the directionality of cells varies from dimentional conditions and

matrix stiffness. This may indicate that traditional cell studies on 2D glass slides, which

cells are flaten and tensionlated, may not be able to fully represent cellular behavior in

their in vivo conditions. As more and more studies demonstrate that a physical [9, 49] or

spatial stimulation [50] can dramiticaly change cell morphlogy, gene expression and

behavior, our model of aligend matrix may serve as a more closer analogy to in vivo

conditions. Thus our, model may help future reasearchers to understand how tension

and dimentionality cues are incorporatted in cellular regulation, and discover new

cellular mechnism related to a more physical aspect.
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Figure 1. Pattern of microchannel. (A) Dimension of the main channel. (B) Bifurcation

at the inlets of the main channel. (C) Dimensions of PDMS microchannel. Unit: mm.

29



_ (&
@
Mix ACL cells with collagen
(1.5mg/mi) — m
= |

Fill microchannel Incubate at 37°C for Remove microchannel

15min (Siphon flow) Add media and Incubate
overnight

Microchannel

enclosed

First layer injection

Remove celling
collagen alone

Add on second collagen Doubled layered
layer with cells Collagen sample
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Figure 3. Above: Cross-sectional image of different collagen samples. The bright green
layer at the bottom of each picture is caused by reflection of the glass slide surface. Red:
Actin. Green: Collagen. Below: Cell morphology after 24hr corresponding with
different collagen gel heights. Cells are stained for « -tubulin (Red) and F-actin (Green),
yellow is shown when the two co-localize. R value: Pearson correlation coefficient of
actin and tubulin. Statistical significance: (*) p<0.05 against thick aligned samples. N=3
for each group. Scale bar: 40 um.
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Figure 5. SEM of collagen fibril with incubated at 4°C for 90 min after pH

neutralization, (A) diluted with 130mM NaCl (B) diluted with DMEM. Scale
bar=500nm

33



Percentage

=)
@

4 mm
8 mm
12 mm
Random
Double layer

=)
B
1
»

=
=
1
hdprasanm

=)
wn
1

=)
'’
|

=)
w

=)
[X)

01

oo

T T T T T T T T T T T T T T T
-0 -80 -70 -B0 -50 -40 -30 -20 10 0O 40 20 30 40 S0 60 70 80 &0

Angle

40%

35%
30%

25%

Callagen ovientation percentage hetween £15 degrees

Wh —

15%
10%

0% -

4 mm

%

3 mm

12 mm

Kundom  Double layer

Figure 6. (A) ACLF in random collagen and (B) aligned collagen. Cells are fixed and
stained for actin (Red) after collagen gelation (Green). Scale bar=100 um. (C) Collagen
fibril angle distribution. Flow induced collagen within PDMS channels with 4mm, 8mm
and 12 mm inlet heights are compared to random collagen gel and doubled layer
collagen samples. (D) Total percentage of collagen fibril angle within £15 degrees.

Statistic significance: (%) p<0.05 against all other groups. N=3 for each group.
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collagen samples. Symbol representive: (II) parallel (X) random. (C) Cell total cell
orientation percentage within £10 degrees. Statistic significance: p<0.05 for (%)

against 2D random and (> > ) against 3D random. N=6 for each group.
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Figure 8. (A) Examples of cell migration under EF stimulation. Tail retraction is
required for cells to migrate. Upper: 2D aligned thick. Lower: 2D aligned thin. (B)
Table of (1) Percentage of cells that undergo detach during a 2 hr EF study (2)
Pearson correlation coefficient of actin and tubulin co-localization. Symbol
representive: (l1) parallel (-1) perpendicular and (X) random. Statistic significance:
p<0.05 for red (higher) and green (lower) then figures in black. (C) Polar charts of
cells under EF stimulation, cathode at right hand side.
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Appendix

Working .. .. | Migration
Drug Morphology Con S Directionality Speed
C3 (Rho 2.0 pg/ml B |
Ll (Serum free, 4hr)
NO,Try 400uM _ .
(Destablize microtubulue) (Medium, 24hr)
10uM
e (Medium, 4he) t -

Chart of other pharmacological drugs tested on EF cell migration. 2D thin aligned
collagen matrix was used in EF cell migration experiments listed above. C3
(cytoskeleton), NO2Tyr (3-nitrotyrosine, Sigma) and LPA (L-a-lysophosphatidic acid,

Sigma) were used.
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