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Abstract

Enhancing and directing axon regeneration through an injury site represents a prime goal
for therapies following nerve or spinal cord injury. The objective of this thesis is to
develop a system to create durotactic and haptotactic gradients with a biomaterial
scaffold for control of neural cell behavior. Gradients of mechanical properties and
adhesion are generated in a 3D collagen gel using microfluidics. To spatially control the
mechanical properties, gradients of genipin - a naturally occurring, cell-tolerated
crosslinking agent - are created in 3D through a fibrillar collagen gel using a simple
source-sink network. Durotactic gradients of mechanical properties are evaluated by
measuring genipin-induced fluorescence, which we demonstrated can be correlated to the
rheological properties of the collagen gel. Neurite growth from chick dorsal root ganglia
was assayed in gradients and appropriate controls. Neurite growth was biased down a
gradient of stiffness of ~60Pa/mm towards a more compliant region, and neurites were

significantly longer in this direction than up the gradient and than in uniform conditions
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without crosslinking. Haptotactic gradients are generated by first grafting laminin derived
peptides, IKVAV and YIGSR, onto the collagen backbone using I1-ethyl-3-(3-
Dimethylaminopropyl) carbodiimide (EDC). Peptide-grafted collagen solutions are
mixed with untreated collagen in the network Neurite outgrowth was enhanced in all
laminin peptide-grafted collagen gradient conditions compared to the untreated collagen
controls. Neurite growth was more responsive to gradients of YIGSR than IKVAV.
Enhanced growth was observed in all YIGSR-grafted conditions with the greatest bias in
the steepest gradient of (24.7 pg/ml/mm). Enhanced growth was also observed in
IKVAV-grafted collagen conditions, but stunted growth occurred in collagen with
uniform IKVAV presentation, implying IKVAV may be too ‘sticky’ for neurite
outgrowth at the highest concentration studied. Since both peptides are present on the
whole-length laminin molecule, the results suggest that gradients of laminin would be
sub-optimal because of the contradiction in the response to the two peptides. These
results demonstrate that neurite growth can be enhanced and directed by durotactic and
haptotactic gradients, and suggest that including a combination of these gradients in

regenerative therapies may accelerate nerve and spinal cord regeneration.
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Chapter 1: Introduction

Spinal cord injury (SCI) affects 253,000 people with 11,000 new injuries annually
in the United States [1]. Until recently, SCI was thought to be a permanent, incurable
condition. This idea was first challenged in 1980 by Richardson et al. [2], when they
showed that neurons from the central nervous system (CNS) can re-grow if in the right
environment. SCI is caused by a traumatic blow to the spinal cord and is characterized by
damage to the white matter of the spinal cord and a disconnection in neuronal
transmission. This leads to loss of motor and sensory function, the gravity of which
depends on the location and severity of injury. After injury, a series of events occur that
lead to further disruption of neuronal communication. The initial injury causes damage to
neuronal cells and a break in the neuronal network. This cellular damage leads to many
damaging events including release of excitatory amino acids, influx of cellular calcium,
free radical formation and activation of immune response [3, 4]. The body’s immune
response causes further cell death, secondary tissue deterioration and leads to the
formation of a glial scar surrounding the injury site, separating it from the surrounding
healthy tissue [5]. This produces a physical and chemical barrier that neurons, even if
healthy, cannot cross and therefore the injury cannot repair itself. In addition to glial scar
formation, cells that compose the scar express neuron-inhibitory molecules and are
known to release factors that hinder neurite growth [6, 7]. This is unlike the environment
following peripheral nervous system (PNS) injury, where Schwann cells are known to be
aligned, able to direct neurite outgrowth, and are able to express molecules that are
favorable for neurite outgrowth [4]. Current studies in treating SCI investigate ways to

protect healthy cells from secondary insults, rehabilitate injured cells, and spur



regeneration of axons to ultimately restore lost functions. These studies include
biomolecular and cellular therapies [8], guidance therapies [9], and rehabilitation
strategies [10]. Since it is known that injured neurons of the CNS are able to re-grow in a
better suited microenvironment, therapies should be aimed and masking neuron-
inhibitory molecules and factors, and aligning and directing neurites through the injury
site, making implantable biomaterials a promising therapy in SCI [8].

This thesis focuses on developing a biomaterial that promotes and directs neurite
growth by using durotactic and haptotactic gradients. During development, the body
exhibits physical [11] and chemical [12] cues to direct growing axons to form synapses in
the nervous system, however, these cues are no longer exhibited after initial connection.
In vitro, chemotaxis, the migration of cells in response to soluble factors, and haptotaxis,
the migration of cells in response to cellular adhesion sites (insoluble factors), have been
studied in an attempt to mirror in vivo conditions. More recently, cells have been shown
to respond to durotactic properties, or changes in mechanical stiffness [13]. During spinal
cord growth and development, growth cones follow guidance cues of attractive and repulsive
diffusible factors [14]. In vivo, chemotactic agents are differentially synthesized by cells of the
nervous system to provide a temporal and spatial guidance system [15, 16]. However,
chemotaxis is difficult to integrate into an engineered biomaterial, since a drug-releasing source
would be needed for the chemoattractant. By focusing on the biophysical properties of the
biomaterial, we can make properties permanent and immobilized on the biomaterial itself,
allowing cells to sense these properties indefinitely. We believe that by incorporating gradients
of mechanical properties and adhesion into 3D collagen gels, we will be able to not only

promote neurite outgrowth but also directs neurons.



Durotaxis

In the last 10 years it has been show that cells can react to the mechanical
properties of the substrate on which they are grown [13, 17, 18], and this response varies
based on cell type. One cellular phenomenon that is affected by substrate stiffness is cell
migration. Lo et al first found that fibroblast migration depends on whether they are on
the soft or stiff region of a polyacrylamide substrate. Fibroblasts that began on the soft
side of the gel migrated to the stiff side, however, fibroblasts that began on the stiff side
did not cross into the soft region and the term durotaxis was used to describe this
phenomena [13]. This behavior is different depending on the type of cell and range of
mechanical properties used. Janmey’s group found that neurons and astrocytes react
differently to the mechanical properties of the substrate. Astrocytes prefer stiff substrates,
whereas neurons prefer soft substrates [17]. It is conceivable that there is an optimal
mechanical property for neurons, or each cell type, which would lead to the longest
neurites, or ‘best’ migration.

Engler et al. showed that the cytoskeletal organization of muscle cells depends on
the stiffness of the substrate on which they are grown with optimal substrate stiffness
closest to that of relaxed muscle bundles [19]. A review by Discher et al [18] stressed the
importance of substrate stiffness on cellular motility for anchorage dependent cells.
Anchorage dependent, contractile cells show an increase in cellular adhesions and a more
organized cytoskeleton with increasing stiffness of the substrate on which they are grown.
This could be because of the natural environment in which they grow. We know that in

vivo muscle and skin is much stiffer then the brain and the spinal cord and this could



explain why neurons prefer soft substrates, whereas muscle cells and fibroblasts prefer
stiff substrates.

Effect of substrate stiffness has also been studied specifically for neurons.
Georges et al. [17] found that cortical neurons show more branched morphology on softer
polyacrylamide gels (200 Pa vs 9000 pa). Balgude et al [20] found that in chick dorsal
root ganglia (DRG) neurons the rate of neurite extension is higher in softer gels. A study
on PC12 cells (a ‘neuron-like’ cell) found that at very low storage modulus (10 Pa), cells
do not show much extension or growth [21]. These studies imply that there is an optimal
substrate stiffness for neuronal cells that is between 10 Pa and 200 Pa.

From these studies we see the importance of substrate stiffness on neurite
outgrowth. We would expect that neurons prefer a soft substrate for growth and we
hypothesize that we can direct and possibly enhance neurite outgrowth using a gradient

of mechanical properties from stiff to soft.

Haptotaxis

Besides gradients of soluble factors, cells are also presented adhesion molecules in vivo
via other cells or extracellular matrix (ECM) molecules [14, 22]. Molecules such as neural cell
adhesion molecules (NCAMs) and N-cadherins dictate many cell-cell interactions [23], while
ECM molecules such as vitronectin and laminin provide critical guidance cues to the
developing nervous system [24,25]. Molecules that are attractive to one cell type may not be to
other cells. For example, vitronectin has been shown to strongly attract astrocytes but has
little effect on neuronal migration [26]. Conversely, L1 (an NCAM) strongly promotes

adhesion of neurons, but has minimal influence on astrocytes in the same culture [27].



Laminin derived peptides, IKVAV and YIGSR, have also been used to increase neuron
adhesion and neurite outgrowth [28, 29].

Borkenhagen et al. [29] studied chick DRG growth on 3D agarose gels grafted
with YIGSR and YIGSR-scrambled peptides. They found that neurite outgrowth
increased for DRGs grown on YIGSR grafted gels as compared to no-peptide and
scrambled peptide conditions. Similarly, Schense et al. [30] studied chick DRG
outgrowth on RGD grafted fibrin gels and scrambled condition. They found that growth
shows a biphasic response, with increased growth in low RGD concentrations when
compared to controls, but decreased growth in high RGD concentrations implying high
RGD concentration are too ‘sticky’ to allow for neurite outgrowth. This work has shown
that peptides can be important in increasing and directing neurite outgrowth and that
there is an optimal concentration of peptide for the most favorable neurite outgrowth.

Though most studies to date have been on neurite outgrowth in discrete samples
of varying adhesion, there has been some recent work using 2D and 3D gradients of
neuron adhesion sites for neurite outgrowth. Adams et al used a photolinker linked
IKVAV peptide system to make 2D gradients of IKVAV on polystyrene [31]. In both
steep and shallow gradient cases, neurons preferentially grew ‘up the gradient’ of
IKVAV but once they chose a direction, they showed no indication of growth cone
turning. Dolda et al. studied 3D gradients of laminin grafted to agarose gels. Using an in
ViVO rat sciatic nerve model, they show that some regeneration can be produced if laminin
gradients are used in conjunction with NGF gradients [32], however, there is little neurite
regeneration with laminin gradients alone or isotropic laminin conditions. In all

conditions, neurite outgrowth was significantly less then nerve graft controls. In vitro,



they showed laminin gradients increase the rate of neurite outgrowth and directed growth
‘up the gradient’ of laminin in ‘shallow’ gradient conditions [33]. We believe neurite
outgrowth can be directed by using 3D gradients of IKVAV and YIGSR, where growth

can be optimized over laminin gradients by decoupling the effects of whole laminin.

BioMEM S/Microfluidics

Gradient studies are important to gain information on directed cell migration and
neurite growth. Over the past 40 years, several methods have been used including the
Boyden chamber [34], under-agarose assay [35], and Dunn chamber [36]. Though these
studies have been useful, they have one major drawback in that they do not form stable
gradients; the gradients change with time due to diffusion. This drawback has led to the
development of microfluidic gradient generators. Microfluidics has many advantages
including, small reagent volumes, shorter reaction times, and most importantly low
Reynolds number flow to allow for controlled mixing of inlet solutions.

Microfluidic gradient generators were first developed in the Whitesides lab [37].
Several chemotactic studies have been done using the Whitesides gradient generator [38-
40]. Gradients are made using two inlet channels which are split into three, then four,
then five, then six channels and so on. Channels are then brought together to form a
single outlet with adjacent stripes of solutions with increasing concentrations from inlet
channel one. Initial studies were done using neutrophils and interleukin-8 (IL-8), a
chemoattractant for neutrophils, where they found that neutrophils migrate ‘up the
gradient’ of IL-8 from 0-50 ng/ml in 90 mins. Wang et al. studied the effects of EGF
gradients on MDA-MB-231 breast cancer cells [40]. These studies show the versatility

of this technique making it possible to use any combination of cell type and



chemoattractant. Dertinger et al. [41] studied the effects of substrate bound laminin 2D
gradients generated by microfluidics on hippocampal neurons and found that neurites
extend ‘up the gradient’ of laminin after 24 hours.

In the last 10 years microfluidics has become a more widely used method to
develop gradients for cell migration studies. Most commonly, chemotaxis is being
studied in 2D, but recent work has been done in 3D microfluidic gradients [42].
Microfluidic devices can be filled with a hydrogel in order to study cell migration and
growth in a more natural, 3D environment. Previously, microfluidics devices have been
used to study chemotactic gradients and 2D haptotactic gradients but no work has been
done in making 3D durotactic or haptotacic gradients. We believe this simple method can
be an easy way to find optimal mechanical and adhesive properties for neurite outgrowth.
This method promises to be a versatile emerging technology that can be adapted to many

different cell/gradient systems.

Summary

A successful approach for spinal cord injury repair will be a combination of many
currently investigated strategies. The goal of this thesis is to investigate the use of
modified collagen biomaterials, fabricated using microfluidics, for directed and enhanced
nerve growth. We study the affect of both stable durotactic gradients and haptotactic
gradients. Most current work on the use of modified biomaterials for nerve regeneration
has been on discrete samples. Though discrete samples can be used to determine the
range of effectiveness of mechanical and adhesive properties, gradients are important for

directed growth. We believe that if we know the preference of neurons for a particular



substrate property, we can grow neurites in the direction of their targets. In addition, it is
possible to enhance neurite growth through the use of these gradients.

In chapter 2, we present the effects of genipin, a crosslinking agent, on 2 mg/ml
collagen gels. Collagen gels were treated with 0, 1, 5, and 10mM collagen and tested
using parallel plate theometry at 2, 4, 6, and 12 hours post treatment. Genipin has the
additional effect of fluorescing as it crosslinks and we were able to correlate this
fluorescence to the mechanical properties of the gel, developing a non-contact way to
measure the mechanical properties of a gel. Gels showed increase in storage modulus and
fluorescence as concentration of genipin and duration of exposure increased.

In chapter 3, we develop a microfluidic system that is used to study the effect of
gradients of mechanical properties on neurite outgrowth. Our system has a bottom ‘cell
channel” underneath a gradient ‘H-model’ device. Gradients of mechanical properties are
made using genipin at a concentration 0-ImM for 12 hours and 24 hours; controls are
performed with 1-1mM genipin for 12 hours and no-genipin controls. We used this
system to study chick DRG neurite growth in gradients of mechanical properties. We
found that neurites grow down a gradient of stiffness in both gradient cases. More
interestingly, we found that neurite growth in our 0-1mM, 12 hour gradient gels was
longer then growth in our control samples implying that gradients are not only directing
neurite growth but also enhancing it.

In chapter 4, our microfluidic system is used to study DRG response to adhesion
gradients. We studied gradients of both IKVAV and YIGSR which components of
laminin and have been shown to direct neurite outgrowth. Gradients are studied in four

different slopes created by changing inlet concentrations as well as the length of the



gradient. Gradient experiments are preformed as 0-37 pg peptide/mg collagen (0-100%)
and 0-18.5 ng peptide/mg collagen (0-50%) at two different gradient lengths of 3 and 5
mm for both IKVAV and YIGSR. Controls were performed at 100%-100% and 0%-0%
(no peptide) at Smm. In IKVAV experiments we found that neurite outgrowth is
increased in all gradient conditions with some directionality in the 0-50%, Smm condition,
which is our shallowest gradient case. In the uniform 100%-100% case we see no
increase in neurite outgrowth as compared to the no-peptide control implying that
IKVAV-grafted collagen may be too ‘sticky’ at the highest concentration that we used. In
the YIGSR case we see increased neurite outgrowth in all YIGSR-grafted collagen
conditions including the 100%-100% uniform conditions. Growth is significantly directed
in the 0-50%, 3mm, and 0-100%, 3mm, conditions which are our steepest gradient cases.
These results show that neurons can be directed using gradients of IKVAV and YIGSR,
however the concentrations at which outgrowth is enhanced and directed is very
different; for IKVAV we need a shallow gradient and for YIGSR we need a steep
gradient.

In chapter 5 we present the overall discussion and conclusions of this work and
future directions. We believe the results from chapter 3 and 4 can be combined to
increase and further enhance neurite growth to develop the optimal biomaterial for nerve
regeneration. Additionally, a chemotactic gradient, such as a gradient of NGF, could be
added to further enhance growth. It is important to note the versatility of the system
developed in this project. This system can be extended for any number of cells types and
gradients, providing a “limitless” platform for the study of cell migration and neurite

growth.
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Chapter 2. Genipin-induced changes in collagen gels.
correlation of mechanical propertiesto fluorescence

Abstract

Controlled crosslinking of collagen gels has important applications in cell and
tissue mechanics as well as tissue engineering. Genipin is a natural plant extract that has
been shown to crosslink biological tissues and to produce color and fluorescence changes
upon crosslinking. We have characterized the effects of genipin concentration and
incubation duration on the mechanical and fluorigenic properties of type I collagen gels.
Gels were exposed to genipin (0, 1, 5, or 10mM) for a defined duration (2, 4, 6, or 12hrs).
Mechanical properties were characterized using parallel plate rheometry, while
fluorigenic properties were examined with a spectrofluorimetric plate reader and with a
standard, inverted epifluorescent microscope. Additionally, Fourier Transform Infrared
Spectroscopy (FTIR) was used to characterize and track the crosslinking reaction in real-
time (Appendix 2-1). Genipin produced significant concentration- and incubation-
dependent increases in the storage modulus, loss modulus, and fluorescence intensity.
Storage modulus was strongly correlated to fluorescence exponentially. Minimal
cytotoxicity was observed for exposure of 1.929 fibroblasts cultured within collagen gels
to 1mM genipin for 24 hrs, but significant cell death occurred for SmM and 10mM
genipin. We conclude that genipin can be used to stiffen collagen gels in a relatively short
time frame, that low concentrations of genipin can be used to crosslink cell-populated
collagen gels to affect cell behavior that is influenced by the mechanical properties of the
tissue scaffold, and that the degree of crosslinking can be reliably assayed optically via

simple fluorescence measurements.
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I ntroduction

It is now clear that in many tissue systems, the mechanostructural properties of
the extracellular matrix contribute to the regulation of cellular functions in addition to the
mechanical functions of the tissue [1, 2]. To investigate these phenomena, and to properly
design bioartificial, tissue-engineered replacements, it is frequently desired to control the
mechanical properties of biomaterials. Collagen-based tissue equivalents are of special
interest, largely because collagen is a primary mechanostructural element in many
connective tissues, including dermis, blood vessels, tendons, and ligaments [3-6].
Additionally, collagen’s superior biocompatibility and nearly ubiquitous bioactivity have
made it one of the most extensively investigated biomaterial scaffolds for engineering the
tissues listed above, and others, including hepatic [7] and neural tissue [8]. It is, therefore,
critical to maintain the ability to manipulate the mechanical properties of collagen gels,
both to study mechanotransduction and to improve the properties of bioartificial tissues.
While the properties of a collagen scaffold can be altered by merely changing the
concentration of collagen monomers prior to self-assembly, thereby making a more
concentrated gel, most often a crosslinking mechanism is implemented.

A variety of methods exist to crosslink collagen. In vivo, tissues are naturally
crosslinked by enzymes such as lysyl oxidase [9, 10] and tranglutaminase [11, 12].
However, use of these enzymes for bulk changes in mechanical properties in cultured
tissue mimics is cost prohibitive. Chemical treatments with aldehydes are often used to
preserve and stiffen tissues. However, for cell-populated collagen gels (often termed
“tissue equivalents”), these treatments are highly toxic. Non-enzymatic glycation has

been used to improve the mechanical properties of bioartificial blood vessels in vitro by
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including a reducing sugar, such as ribose, in the culture medium [13]. However, the
concentrations necessary to achieve sufficient crosslinking to significantly affect the
mechanical properties in a timely manner (<1-2 weeks) are toxic, requiring longer
incubations at lower concentrations. Irradiation with ultraviolet (UV) light has also been
used to crosslink collagen [14], but has limited use in cellular tissues and tissue
equivalents because of the potential for UV-mediated DNA degradation. Furthermore,
UV light may crosslink thicker tissues non-uniformly. Non-enzymatic nitration, which is
linked to many age-associated changes, including alterations in collagen connective
tissues consistent with nitrite end-products of nitric oxide, has been shown to increase
type I collagen crosslinking and deplete tyrosine residues, and is not immediately
cytotoxic [15]. Nitrites can also alter the structure of other proteins and enzymes to affect
their regulatory functions [16].

Recently, genipin, a compound extracted from the fruit of the Gardenia
Jasminoides, has been shown to crosslink cellular and acellular tissues [17-21], as well as
biomaterials including gelatin microspheres [22], alginate-chitosan composites [23], and
poly(ethylene)-glycol hydrogels [24]. Additionally, results suggest that genipin is cell-
tolerated [25]. For these reasons, genipin has been offered as an alternative crosslinking
agent for improving the mechanical properties of bioartificial tissues.

Genipin has been found to crosslink gelatin through nucleophilic attack by
primary amine groups on lysine and arginine residues on the C3 atom of genipin [26],
subsequently embedding a tertiary nitrogen in the six-membered ring in place of an
oxygen atom [27]. We expect a similar mechanism for the reaction of collagen and

genipin. In addition to crosslinking collagen and increasing mechanical strength,
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treatment with genipin, which is blue in crystalline form but produces a clear solution
when dissolved in water or saline, has two unique outcomes: (1) following crosslinking
with genipin, normally opaque collagen turns blue [28]; and (2) these crosslinks emit
fluorescence at 630nm when excited at 590nm [29]. Thus, genipin crosslinking generates
a molecular fingerprint that may be probed optically in situ to evaluate the degree of
crosslinking and, possibly, the mechanical properties of collagen. Herein, we
characterize the effects of genipin exposure on the mechanical properties of acellular
collagen gels, and we correlate these properties to fluorescence intensity. We examine
the molecular changes during crosslinking with Fourier Transform Infrared Spectroscopy
(FTIR) in situ (Appendix 2-1). We also assess the cytotoxic effects of direct exposure of
genipin to cells in collagen tissue equivalents. These data provide a valuable blueprint
for future studies applying genipin for efficient crosslinking in vitro to evaluate
mechanotransduction and to assist in the design of bioartificial tissues for a variety of

tissue systems.

Methods
Collagen gels

Type I collagen gels were prepared as previously described [30] by mixing 20 ul
IM Hepes buffer, 140 ul 0.1N NaOH, 100ul of 10X PBS , 60 ul of PBS (Invitrogen,
Carlsbad, CA), and 677 ul of 2.0 mg/ml collagen (Elastin Products Company, Owensville,
MO) to make a 2.0 mg/ml collagen solution. The collagen solution self-assembles into a
gel upon incubation at 37°C. For mechanical testing and fluorescence studies, acellular
type I collagen gels were incubated in OmM, 1mM, 5SmM, or 10mM genipin (Challenge

Bioproducts Co., Taiwan) in phosphate buffered saline (PBS) for 2, 4, 6, or 12hrs.
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Samples were placed on a rocker to ensure adequate diffusion and equilibration of

genipin through the gel.

Mechanical testing

Mechanical testing was done using a Rheometrics SR-2000 parallel plate
rheometer with a temperature-controlled incubation chamber set to maintain 37°C (TA
Instruments, New Castle, DE). A 25mm diameter hole was punched in a 4mm thick layer
of poly(dimethyl siloxane) (PDMS). Collagen solution (800ul) was pipetted into the well
and transferred to a 37°C incubator to induce self-assembly. Following gel formation,
4.8ml of PBS with a defined concentration of genipin (0, 1, 5, or 10mM) was added to
the Petri dish and the dish placed on a rocker to ensure complete mixing. Collagen gels
were incubated in genipin for a defined period of time (2, 4, 6, or 12hrs), after which the
solution was aspirated, and gels were rinsed generously with PBS. The gels were
carefully removed with a spatula and transferred to the bottom plate of the rheometer.
The top plate was lowered to a height of 0.8 mm. The dynamic storage and loss moduli of
the gel were evaluated at 1% shear strain amplitude at frequencies ranging from 0.1 —
10Hz. Three samples prepared from separate batches of collagen were tested at each
combination of genipin concentration/incubation duration. The data were analyzed
statistically with ANOVA with genipin concentration and incubation of duration as fixed

effects. Significance levels were set at P < 0.05.
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Fluorescence testing

Changes in fluorescence intensity due to genipin crosslinking were evaluated in
gels prepared in a 96-well tissue culture plate. A 40uL aliquot of collagen was pipetted
into each well. The plate was incubated at 37°C to induce self-assembly. PBS (240ul)
with defined concentrations (0, 1, 5, and 10mM) of genipin was added to each well and
the plate placed on a rocker plate to ensure equilibration of genipin throughout the gel.
The gels were incubated in genipin for defined durations (2, 4, 6, 12hrs) that matched the
conditions from the rheology studies. At the appropriate time point, the genipin solution
was removed, and the gels were rinsed extensively with PBS.

Genipin-induced fluorescence was evaluated in two ways. Some plates were
transferred to the computer controlled stage of an Olympus IX81 inverted microscope
(Olympus, Melville, NY) to evaluate the feasibility of evaluating the fluorescence with
standard epifluorescence microscopy for tissue engineering and mechanotransduction
applications. An image of the fluorescence intensity of a representative field from each
well (generally near the volumetric centroid of the gel) was captured digitally
(Hamamatsu ORCA, Hamamatsu City, Japan) (590nm Exc, 630nm Em), and the mean
intensity of the field was measured using Olympus Microsuite software (Olympus,
Melville, NY). Identical exposure settings were used for all epifluorescent imaging.
Each combination of genipin concentration/incubation time was tested in at least
triplicate from at least three replicates per condition per experiment. Separate plates were
read with a Cytofluor spectrofluorimetric plate reader (Applied Biosystems, Foster City,
CA) with 590nm excitation and 645nm emission filters to demonstrate the ability to

rapidly screen the degree of crosslinking based on fluorescence.
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Cytotoxicity

Cytotoxic effects of genipin were evaluated using Calcein-AM (Invitogen Corp,
Eugene, OR) as an indicator of live cells. L929 fibroblasts were uniformly suspended in
collagen solution at 50,000 cells/ml. Aliquots of collagen solution (40ul) were then
pipetted into individual wells of a 96-well plate, which was transferred to a 37°C
incubator to allow the gel to self-assemble. Genipin (0, 1, 5, or 10mM) was added to the
media, and the plates were placed on a rocker to facilitate mixing. Gels were incubated in
media with genipin for 12 or 24hrs. At the appropriate time point, gels were rinsed in
PBS, and 20ul of 8uM Calcein solution was added to each well. Plates were transferred
to the computer controlled stage of an Olympus IX81 inverted microscope operating in
epifluorescence mode (480nm Exc, 535nm Em). Three representative areas from each
well were imaged serially through the thickness of the gel. The images were stacked to
project all of the cells through the imaged volume on to one plane, and the cells were
counted manually. The number of cells was compared across conditions with ANOVA (P

< 0.05).

Results

Mechanical testing

Rheological testing with parallel plate rheometry revealed that incubation in genipin
increased the storage and loss moduli of acellular collagen gels (Fig. 2-1 and Fig. 2-2,

respectively). No shrinkage of the gels was observed with crosslinking (data not shown).
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Figure 2- 1: Storage moduli following parallel plate rheometry. (A) 2hr incubation; (B)
4hr incubation; (C) 6hr incubation; (D) 12hr incubation. Samples were subjected to 1%
shear strain amplitude over a range of frequencies. Results are average +/- std err. Both
genipin concentration and the duration of incubation significantly affected the storage
modulus. Storage modulus tended to decline at higher frequencies, which was associated
with damage to the gels.
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Figure 2- 2: Loss moduli following parallel plate rheometry. (A) 2hr incubation; (B) 4hr
incubation; (C) 6hr incubation; (D) 12hr incubation. Results are average +/- std err. Loss
modulus tended to decline with frequency and then rise concurrent with the decline in
storage modulus at higher frequencies. Both genipin concentration and the duration of
incubation significantly affected the storage modulus.



22

Storage moduli increased gradually with frequency for all conditions, and then dropped
off at higher frequencies for many samples. Inspection of gels revealed damage to the
samples, which did not occur if experiments were run only at lower frequencies (data not
shown), and we assumed that the damage was responsible for the apparent decrease in
stiffness. In general, increased crosslinking delayed this damage. Loss modulus decreased
gradually with frequency in all conditions, and generally began to increase concurrent
with the decrease in storage modulus, which we again attribute to damage to the gel,
though the increase in loss modulus was more gradual than the corresponding decrease in
storage modulus. Increasing genipin concentration and the duration of incubation also
produced significant increases in storage and loss moduli (P < 0.001). Cell-induced strain
of tissue equivalents, such as the strains produced during cell-mediated gel compaction or
cell migration, generally occurs at a low strain rate [31]. We therefore focused on storage
moduli at 0.1Hz, which are shown for the different genipin concentrations and incubation
durations in Fig. 2-3. Post hoc analysis (Fisher's Least Significant Difference test)
revealed significant differences among all pairwise comparisons for the effects of genipin
concentration on storage modulus (all P < 0.001) and all pairwise comparisons of loss
modulus (max P = 0.046). For incubation duration, all pairwise comparisons of storage
modulus were significantly different (max P = 0.001) except 4hrs vs. 6hrs (P = 0.913).
Similar results were obtained for pairwise comparisons of the effects of duration on loss
modulus at 0.1 Hz: all pairwise comparisons were significantly different (max P =0.013),
except 4hrs vs. 6hrs (P = 0.655). Nearly identical results were observed for comparisons
of storage moduli at 2Hz, which represents a loading rate more consistent with functions

of many load-bearing tissues. Comparisons of loss moduli at 2Hz showed significant
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Figure 2- 3 : Average storage moduli (A) and loss moduli (B) (+/- std err) at 1% shear
strain amplitude and 0.1 Hz vs. incubation time. Increasing genipin concentration and the
duration of incubation in genipin significantly increased the storage and loss moduli of
the collagen gels (two-way ANOVA, P < 0.001). Fisher's LSD test revealed significant
differences among all pairwise comparisons of concentration for storage modulus (all P <
0.001) and loss modulus (max P = 0.046). For incubation duration, all pairwise
comparisons of storage modulus (max P = 0.001) and of loss modulus (max P = 0.013)
were significantly different except 4hrs vs. 6hrs.
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differences between all concentrations (max P = 0.003) except 0OmM vs. ImM (P =
0.270). Loss moduli at 2Hz were significantly different only between 12hrs and each of

the other durations (max P < 0.001).

Fluorescence testing

Incubation of acellular collagen gels in genipin caused the normally opaque, non-
fluorescing gels to turn blue and emit a red fluorescence. The fluorescence intensity of
collagen gels was measured in separate samples in parallel to the mechanical testing (Fig.
2-4). Fluorescence intensity measured from digital images captured with epifluorescence
microscopy increased significantly with genipin concentration (P < 0.001) and incubation
duration (P < 0.001) (two-way ANOVA). Post-hoc analysis (Fisher's LSD) revealed
significant differences among all pairwise combinations of concentration (all P < 0.001)
and durations (max P = 0.003). Similar statistically significant trends were observed in
measurements taken spectrofluorimetrically (P < 0.001). Post hoc analysis of plate reader
fluorescence revealed significant differences (max P = 0.033) among all pairwise
comparisons of concentrations except SmM vs. 10mM (P = 0.199) and among all
pairwise comparisons of duration except 4hrs vs 6hrs (P = 0.240). As with any
fluorimetric (or colorimetric) optical assay, intensity measurements tended to saturate at
high levels of fluorescence for both systems of measurement using a constant exposure

setting.
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Figure 2- 4: Fluorescence intensity (average +/- std err) of genipin-crosslinked collagen
measured using (A) epifluorescent microscopy (590nm excitation, 630nm emission) and
(B) spectrofluorimetrically (590nm excitation, 645nm emission). For both, the intensity
of fluorescence emission increased significantly with genipin concentration and duration
of incubation (P < 0.001). Post hoc analysis (Fisher's LSD test) revealed significant
differences among all pairwise comparisons of concentrations except SmM vs. 10mM
(max P = 0.033) and among all pairwise comparisons of duration except 4hrs vs. 6hrs (P

= (.240).
G’ = Aexp(B x Intensity)
Fluorescent 2
Measurement Frequency A (+/- std err) B (+/- std err) R
Microscope 0.1 Hz 22.9 +/-7.33 | 3.05e-5 +/- 4.30e-6 0.782
Microscope 2 Hz 243 +/-7.82 | 3.12e-5 +/- 4.32e-6 0.788
Spectrofluorimeter 0.1 Hz 33.2+4/-8.36 | 8.34e-4+/-1.1e-4 0.808
Spectrofluorimeter 2Hz 35.7+/-9.11 | 8.5le-4+/-1.1e-4 0.810

Table 2- 1: Results of storage modulus-fluorescent intensity correlations
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The concurrent increase in fluorescence intensity with crosslinking presents a unique
opportunity to assay the stiffness of the gels optically, if the fluorescence measurement
can be appropriately calibrated against a measure of the mechanical properties. The
average storage moduli at 0.1Hz and at 2Hz (~largest frequency before a drop-off was
observed) were plotted against the average fluorescence intensity at each combination of
genipin concentration and duration of incubation (Fig. 2-5). For both fluorescence
measurement techniques and both frequencies, stiffness was correlated exponentially to
intensity (Table 2-1). The correlation coefficients were nearly identical for 0.1Hz and
2Hz (R* = 0.808 and 0.810, respectively, for measurements taken microscopically, and R?
= 0.782 and 0.788, respectively for measurements taken spectrofluorimetrically). The
exponential correlation curves shifted to the left slightly with increasing frequency,
consistent with the increase in storage modulus. However, the resulting constants from

the correlation were statistically indistinguishable.

Cytotoxicity Data

Most of the previous cytotoxicity studies of genipin had examined cell death following
rinsing of genipin-crosslinked tissues or biomaterials prior to addition of cells. For tissue
equivalent studies, knowledge of the cytotoxic effects of the genipin solution is required.
Cytotoxicity studies using 1929 fibroblasts indicated that genipin does cause significant
cell death (ANOVA, P <0.001) (Fig. 2-6). However, individual comparisons against the
control condition (post hoc analysis — Fisher’s LSD test) demonstrated that the adverse
effects were limited to exposure SmM (P < 0.001) and 10mM (P < 0.001); though lower,
cell numbers from samples incubated in 1mM were statistically indistinguishable from

controls (P = 0.26). The results at 12hrs were consistent with the 24hr results.
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Figure 2- 5: Correlation of average storage modulus (+/- std err) with average
fluorescence intensity (+/- std err) measured with epifluorescence microscopy (A) or
spectrofluorimetrically (B) for 0.1Hz and 2Hz. In all cases, strong, exponential
correlations were observed, indicating that stiffness can be assayed optically following
appropriate calibration. Increasing frequency shifted the correlation curve to the left.
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Figure 2- 6: Cytotoxic effects of genipin. L929 fibroblasts entrapped in collagen gels
were exposed for 24hrs to culture medium with defined concentrations of genipin
immediately upon completion of self-assembly. Live cells were labeled fluorescently
with Calcein-AM, and the average number of cells (+/- std err) in a vertical field through
the thickness of the gel was determined by manually counting the cells in a stack of
several images taken through the height of the gel. Genipin was cytotoxic (ANOVA, P <
0.001), but only a small fraction of cells were lost at ImM, and these results were not
statistically different than the 0OmM control (Fisher’s LSD post hoc test, P = 0.26).
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Discussion

We have characterized the effects of genipin-induced crosslinking of collagen
gels on rheological properties, fluorescence, spectroscopic changes, and cytotoxicity.
Rheological measurements were performed at 1% shear strain amplitude over a range of
shear rates, which is consistent with previous characterizations of collagen and other
biopolymeric gels using similar techniques [32-36]. We found that both the concentration
and the duration of incubation in genipin significantly influenced the storage and loss
moduli. The storage modulus measurements demonstrated a gradual increase with
increasing frequency and were generally consistent with previous reports of collagen
rheology [32-35]. Loss modulus showed a gradual decrease with frequency. We further
found that genipin-mediated crosslinking produced significant changes in fluorescence
that are well-correlated to the stiffness, and that genipin has marked cytotoxic effects at
concentrations of SmM and above. We conclude that genipin-induced crosslinking offers
a simple alternative to improve the mechanical properties of tissue constructs, though
caution must be taken to preserve cell viability.

We also observed a decline in the storage modulus (and increase in loss modulus) at
larger frequencies that we associated with damage to the gel. In previous reports, where
this trend was not observed, gels were generally prepared directly on the parallel plates
[32-35]. In our case, the lengthy incubations in genipin precluded this possibility, and
instead gels were transferred to the rheometer. It is possible that the adhesion to the plates
was not as optimal as when gels are directly prepared or that the transfer increased the

potential for damage. Nonetheless, the observed decrease in storage modulus was
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consistent among samples and, interestingly, the 'failure' properties of the gel improved
with increasing concentration and crosslinking duration, indicating that it is a stress-based
phenomenon.

Previously, genipin has been used to crosslink biological tissues [21, 37] chitosan-
based tissue equivalents [38], and gelatin [39] with genipin concentrations ranging from
1-10mM. In several of these studies, the influence of genipin-mediated crosslinking on
cytotoxicity and/or cell viability has been evaluated for different cell types in several
different conditions, each in the context of development of a genipin-crosslinked
biomaterial [39-41], and relatively low toxicity has been identified following rinsing of
the crosslinked tissue. Unlike these studies, we have assessed the cytotoxic effects of
genipin on cells directly exposed to controlled concentrations of genipin during
crosslinking. We found that exposure to ImM genipin for 24hrs was mildly cytotoxic to
L929 fibroblasts, while exposure to SmM and 10mM caused significant cell death. Thus,
studies involving cellular collagen constructs should be limited to exposure to <= 1mM,
while studies with acellular constructs, or at least ones that are initially acellular and rely
on cells deposited post-crosslinking to migrate into scaffold, can employ higher

concentrations, provided the free genipin is rinsed prior to exposure to cells.

The rheological studies presented herein provide a screening of the effects of
genipin on stiffness, but not a direct indication of the utility of the chemical for tissue
engineering applications, particularly because we have not yet evaluated the effects of
genipin on functional properties of cells. Additionally, the strains and rates used, while
consistent with standard parallel plate rheology protocols, are insufficient to assess the

utility of genipin for crosslinking bioartificial tissues that routinely experience finite
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deformations at accelerated rates. Future studies are aimed at identifying the appropriate
timing and incubation durations to optimally influence the mechanical properties of
cellular collagen constructs, including mechanical testing to larger strain levels at high
rates more appropriate for tissue engineering applications. Previous characterizations
with native tissues suggest that such treatments with genipin are plausible and may

improve the mechanical properties of the constructs [17, 19, 20].

Beyond providing significantly improved mechanical stiffness of acellular collagen gels,
the ability to manipulate the mechanical properties of cellular tissue equivalents on a
reasonably short time scale affords the opportunity to study, and potentially exploit, the
phenotypic response of cells to changes in mechanical properties within a 3D tissue
construct, if it is shown that genipin does not adversely influence cell viability and/or
function. The past decade has shown increased focus on quantifying the behavior of cells
grown on substrates or in systems of varying compliance, beginning with Pelham and
Wang’s studies of fibroblast durotaxis using functionalized poly(acrylamide) gels [42].
This system has been adapted to study neural cells [43], endothelial cells [44], and
smooth muscle cells [45-47]. In vivo, tissue cells reside within a three dimensional (3D)
matrix, which presents a significantly different set of environmental cues than when cells
are cultured on a 2D substrate. Quantitative studies of the effects of mechanical
properties on cell behavior in 3D, where cells are uniformly distributed throughout the
tissue equivalent, rather than seeded on a gel and/or coaxed to invade the gel, have been
limited to thin layers of collagen on top of poly(acrylamide) with controlled compliance
to indirectly control the stiffness [48]. Genipin can be used to crosslink the 3D tissue

equivalents to influence the mechanical properties of the tissue matrix directly, allowing
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more complex shapes and boundary conditions to be investigated. For example, culturing
cells within collagen gels seeded on poly(acrylamide) membranes naturally mimics a
constrained system, where stress is generated at the poly(acrylamide)-collagen boundary
as cells exert traction and attempt to contract fibrillar network. However, it has been
shown that the accumulation of network stress in a constrained system significantly
affects the response of the resident cells [49]. Genipin could be used to stiffen
unconstrained, free-floating tissue equivalents as well as constrained ones to distinguish
between the influence of the intrinsic mechanical properties of the fibrillar, extracellular
matrix network and the mechanostructural properties dictated by the network and its
attachments/constraints to external entities.

Genipin also has the added novelty of producing crosslinks that appear blue and fluoresce
allowing easy visualization and quantitation of crosslinking. The fluorigenic quality was
first identified in forensics research that investigated genipin as a potential fingerprint
reagent with increased sensitivity [29]. We hypothesized that the same properties could
be used to differentially indicate the degree of crosslinking in collagen gels, which would
potentially enable the optical evaluation of mechanical properties. We measured the
fluorescence intensity in parallel to mechanical properties in extensively rinsed samples
to remove all free genipin, and found strong correlations between the genipin-generated
fluorigenic properties and the mechanical properties of the collagen gels using both an
epifluorescent microscope and a spectrofluorimetric plate reader. Spectrofluorimetric
plate readers have advantages of high throughput and consistent measurement with no lag
time between measurements of different samples. The plate reader will also capture the

intensity signal through the thickness of the gel. However, only standard plate geometries
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can be used for measurement. Epifluorescent imaging is more cumbersome with each
sample requiring manual focusing and measurement but could prove useful for samples
that do not fit into standard well plate configurations, and for identifying any spatial
variance in the degree of crosslinking. Traditional epifluorescent microscopy will also
capture a signal through the thickness, but the signal will be strongest at the focal plane,
while confocal microscopy could be used to pinpoint the fluorescence changes through
the depth of the sample, as well.

The kinetics of the fluorescence changes roughly matched those in stiffness, but
the intensity began to saturate at higher levels of crosslinking, leading to the exponential
correlation of stiffness with fluorescence. In our experiments, fluorescence intensity was
evaluated over a wide range of crosslinking regimens — from no crosslinking solution to
incubation in 10mM genipin for 12hrs. To appropriately compare intensity values across
this range, constant exposure settings were used for all conditions, and using the same
settings necessary to measure low intensity levels at low levels of crosslinking can cause
saturation at higher levels of crosslinking. A more sensitive calibration can easily be
achieved by optimizing the exposure times for a narrower range of fluorescence.

The strong correlation of genipin-generated fluorescence to mechanical properties
allows simple, non-invasive confirmation of mechanical properties for crosslinked
gels/equivalents of various geometries that may not be particularly amenable to
mechanical characterization to provide measures of within- and between-experiment
variabilities. The ability to visualize crosslinks also enables direct observation of spatially
varying crosslinking fields, such as defined patterns and gradients, and associated indirect

assessment of the spatially varying mechanical properties. In all cases, the thickness of
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the actual sample and the ones used to generate a standard curve of fluorescence intensity
vs. crosslinking (duration or concentration) must be carefully considered, as a thicker
sample (of the same collagen concentration) will generate increased fluorescence; the
correlation presented is specifically derived from the samples probed in this study. A
separate calibration is necessary for other sample sizes and/or collagen concentrations.
Moreover, the introduction of cells and subsequent compaction of the collagen gel will
alter the observed fluorescence by increasing fiber density. The fluorescent labeling of
collagen via genipin also presents interesting opportunities to observe and measure
collagen degradation via lost fluorescence. Thus, while the quantitation of stiffness via
fluorescence may be best applied for prescribing and screening initial conditions to evoke
specific, stiffness-driven behavior, the fluorigenic potential of genipin may also be used

to evaluate matrix remodeling.
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Appendix 2-1: FTIR characterization of Genipin-induced changesin
collagen gels

M ethods:

The reaction between genipin and collagen was monitored in situ using FTIR for up to
4.5 hours in Attenuated Total Reflection (ATR) geometry (Fig. 2A-1). A type I collagen
solution was pipetted onto a silicon plate (~1cm x1.5cm) with the longer side beveled at a
45° angle for entry and exit of the IR beam. The plate was sandwiched between two
pieces of Teflon® with the top piece hollowed out to contain the collagen. The ATR
setup was maintained at 37°C in a nitrogen-purged Magna-IR 760 FTIR Spectrometer
(Thermo Electron Corporation, Waltham, MA) to facilitate self-assembly of the collagen.
After self-assembly, a solution of 10mM genipin was deposited on top of the collagen
and allowed to diffuse into the gel to the silicon-collagen interface. Only the highest
concentration of genipin was studied with FTIR to see the most exaggerated response to
crosslinking. The infrared beam entered the silicon wafer and was reflected internally
(~8x in the top face) creating an evanescent wave that probed a depth of ~2 um above the
surface of the silicon wafer into the collagen gel. Spectra for collagen crosslinked with
10mM genipin for 12hrs (with genipin solution equilibrated throughout the gel as
described above), and then rinsed extensively with PBS to remove all free genipin, which
represents the most extreme condition characterized rheometrically and fluorimetrically,
and the spectra for a pure 10mM genipin solution were similarly acquired. Spectra from
untreated type I collagen gels served as the reference for the crosslinked collagen, while

the spectrum from water was used as the reference for the genipin solution.
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Figure 2A- 1: ATR setup showing genipin deposition for time-resolved study. Genipin
solution (10mM) is deposited on top of and diffuses through the collagen gel. A 2pum
region of the collagen gel is probed by the IR evanescent field during genipin-mediated
crosslinking. The genipin solution (10mM) and collagen crosslinked with genipin for 33
hours are probed in a similar way.
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Results:

The FTIR spectra of 10mM genipin, ‘fully’ genipin-crosslinked collagen (exposure to
10mM genipin for 12hrs and extensively rinsed of free genipin), and collagen during in
situ crosslinking with 10mM genipin are presented together in Fig. 2A-2. The spectrum
of the genipin solution is dominated by three modes at 990, 1080, and 1635 em™,
assigned to the ring C-H out-of-plane bend [1], ring C-H in-plane bend [1], and C=C
double bond ring stretch modes [1, 2] of the core of the genipin molecule, respectively.
The absorption at 1080 cm™ may also include the C-O stretch mode of the primary
alcohol on the genipin molecule [1]. Additionally, the C-O-C asymmetric stretch and the
CHj; bend of the methyl ester are observed at 1300 and 1433 cm™, respectively. The 12hr
crosslinked collagen spectrum features these modes, as well as bands at 1104 cm™ and
1370 cm™ that are believed to be vibrational modes related to the formation of new bonds
between genipin and the primary amines of lysine, hydroxylysine, or arginine residues in
collagen. The band at 1370 cm™ is assigned to the C-N stretch of the tertiary aromatic
amine [1, 3] of the crosslinked genipin nitrogen iridoid [4] that is bound covalently to the
collagen. The broad, flat appearance of the crosslinking band at 1370 cm™ in the 12hr
spectrum is likely due to the flanking of two genipin molecule modes at 1360 and 1395
cm’' (unassigned). The band at 1104 cm™ is assigned to the C-N stretch of the tertiary
nitrogen with the adjacent aliphatic carbon atom present in lysine or arginine residues [1,
5]. An absorption near 1104 cm™ is also present in the unreacted genipin molecule as a

shoulder to the absorption at 1080 cm™. It is assigned to the vibrations of both the cyclic
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ether and secondary alcohol on the six-membered ring of the genipin molecule. When

genipin reacts with collagen, both of these moieties are removed.
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Figure 2A- 2: IR Absorbance spectra of 10mM genipin referenced to a spectrum of pure
water (top); collagen after 12 hours of crosslinking with 10mM genipin and extensive
rinsing, referenced to a spectrum of uncrosslinked collagen (second from top, scaled 2x)
and collagen crosslinked with 10mM genipin in situ, 0.2, 0.4, 0.8, 1.7, 3.1, and 4.5 hours
after adding genipin, referenced to the initially genipin-free collagen gel (bottom).
Several spectral features that are present in the genipin solution alone, and/or the
crosslinked and rinsed collagen are seen to evolve during the in situ crosslinking.
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Furthermore, the band at 1104 cm™ in the 12hr crosslinked spectrum is significantly
stronger than the corresponding band in the spectrum of pure genipin (relative to the band
at 1080 cm™), suggesting that this absorption band is mostly associated with modes

formed as a result of crosslinking.

To better identify the origin of features present in the spectrum of 12hr
crosslinked collagen, the changes in the collagen spectrum were monitored in situ during
the first 4.5hrs of crosslinking (Fig. 2A-2). In this time-resolved experiment, spectral
features were expected to increase due to: 1) diffusion of genipin into the region probed
by the IR beam (the bottom surface of the collagen gel); and 2) crosslinking of collagen,
leading to the appearance of new vibrational modes due to bonds formed during
crosslinking. The in situ time-resolved spectra show the growth of several bands that are
present in both crosslinked collagen and genipin, such as modes at 990, 1080, 1443, and
1633 cm™. In addition, the beginning of the growth of a band centered near 1370 cm™ is
observed. This feature is only seen in crosslinked collagen. Fig. 2A-3 summarizes the
time dependence of several absorbance features. Due to the proximity of the various
genipin molecule and crosslinking bands, calculated band areas may include components
of smaller bands adjacent to the dominant spectral feature. The 1080 cm™ band area
(spanning 1040-1180 cm™) likely includes the growth of a number of other smaller bands
possibly including the crosslinking feature at 1104 cm™, although it is too small to
contribute substantially to band area. The feature at 1370 cm™ is adjacent to genipin
bands as stated earlier, and all are included in the area calculation (band complex

spanning 1344-1414 cm™). To facilitate comparisons between trends in band growth,
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Figure 2A- 3: Changes in absorbance band areas versus crosslinking time for some of the
highlighted bands in Figure 2A-2: two genipin bands (triangle, 1080 cm'and circle, 1630
cm™), and a new genipin-to-collagen crosslinking feature (square, 1370 cm™). To allow
all spectra to be viewed on a common plot, values of smaller band areas were scaled by a
constant, as indicated in the inset. Crosslinking time began (at t = 0) when genipin
reached the bottom of the collagen gel at the interface with silicon. Error bars combine
two sources of errors: 1) baseline selection for area calculations, and 2) reproducibility of
runs. End point area values of each band for different runs were normalized to a common
value due to variation in absolute absorbance area possibly caused by variation in
collagen density among samples.
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area absorbance values pf the weaker band at were 1370 cm™ were scaled by a constant
(indicated in the inset). Band area growth also differed in absolute value from run to run.
Therefore, final in situ values (t = 4.5 hours) of absorbance band areas amongst runs were
normalized to a common value for each band, respectively. Similar increasing monotonic
trends were observed for change in absorbance of genipin bands at 1080 and 1630 cm™,
however, the growth of the crosslinking band at 1370 cm™ appeared to slow down within
several hours. Indeed, the small area of the crosslinking band at 1370 cm™ and its
apparent slowing in growth are likely due to the relatively small number of genipin-to-
collagen crosslinks in the gel that can form compared with the amount of genipin that
diffuses to the region. A description of the modes marked in the spectra of Figure 2A-2 is

shown in Fig. 2A-4.
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Vibrational modes (wavenumber, cm1) of
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Figure 2A- 4: Description of the modes marked in the spectra of Figure 2A-2.
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Discussion:

The colorimetric and fluorimetric properties of the crosslinked collagen are associated
with molecular changes produced during crosslinking. In our study, the FTIR spectra
include features at 1104 cm™(C-N stretch) and 1370 cm™ (C-N stretch), that are neither
characteristic of genipin nor collagen alone, and are therefore presumably associated with
the crosslinked collagen and, perhaps, the color/fluorescence changes. The in situ FTIR
demonstrated temporal changes in these features that paralleled the early changes in
stiffness and fluorescence at 10mM. However, due to limitations in the FTIR set-up, the
in situ spectroscopy could only be performed for ~4.5 hrs before evaporation began to
introduce inconsistencies in the results, and a true correlation of stiffness-to-fluorescence-
to-spectroscopy was not obtained. Interestingly, Touyama et al. examined the
intermediate pigment changes that occur upon reaction of genipin with methylamine.
Brownish-red intermediates were associated with 2-methyl-4-carbomethoxy-2-pyrindine

-133,55
. We also observed a peak

derivatives, which had a spectroscopic feature at 1630cm
at ~1630cm™ in the rinsed, crosslinked collagen, which is shifted slightly to the left of a
corresponding peak at ~1635cm™ in the genipin solution. This shift may be artefactual
due to water vibrational peak subtraction and/or due to double bonds, which contribute to
the 1630/35 cm™, being slightly affected due to their proximity to the covalent bonding

upon crosslinking and subsequently causing a small 5 cm™ shift for the average of all

double bonds.
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Chapter 3: Neuritegrowth in 3D collagen gelswith gradients
of mechanical properties

Abstract

We have designed and developed a microfluidic system to study the response of cells to
controlled gradients of mechanical stiffness in 3D collagen gels. An 'H'-shaped, source-
sink network was filled with a type I collagen solution, which self-assembled into a
fibrillar gel. A 1D gradient of genipin — a natural crosslinker that also causes collagen to
fluoresce upon crosslinking — was generated in the cross-channel through the 3D collagen
gel to create a gradient of crosslinks and stiffness. The gradient of stiffness was observed
via fluorescence. A separate, underlying channel in the microfluidic construct allowed the
introduction of cells into the gradient. Neurites from chick dorsal root ganglia explants
grew significantly longer down the gradient of stiffness than up the gradient and than in
control gels not treated with genipin. No changes in cell adhesion, collagen fiber size, or
density were observed following crosslinking with genipin, indicating that the primary
effect of genipin was on the mechanical properties of the gel. These results demonstrate
that (1) the microfluidic system can be used to study durotactic behavior of cells and (2)
neurite growth can be directed and enhanced by a gradient of mechanical properties, with
the goal of incorporating mechanical gradients into nerve and spinal cord regenerative

therapies.
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Introduction

The mechanical stiffness of tissue substrates and/or the surrounding network of
extracellular matrix has proven to be a crucial regulator of cellular functions [1-3].
Growth and movement of several cell types can be dictated by the substrate/matrix
stiffness. Lo and colleagues first reported the preferential movement of fibroblasts with
respect to mechanical stiffness and coined the term 'durotaxis' to describe this
phenomenon [4]. Since then, quantitative differences in cell motility and process growth
have been identified for neurons [5, 6], smooth muscle cells [7], and epithelial cells [8].
In addition, many other phenotypic and functional phenomena have been observed for
these and other cells that affect proliferation, differentiation, matrix synthesis and
degradation, and traction-mediated events [9].

Directed cell migration is fundamental in many physiologic and pathologic
processes such as tissue morphogenesis, wound healing, and tumorigenesis, and is also
desired frequently in several tissue engineering applications. Of particular interest is the
directed growth of neurites for regeneration of peripheral and central nervous system
tissue. During development, axons are guided by attractive and repulsive soluble
chemotactic cues and adhesion-based haptotactic cues, as well as contact guidance fields
established by glia, aligned ECM proteins, and other axons, all of which are naturally
presented in a three dimensional environment. Approaches to regenerating peripheral
nerves and spinal cord tissue have attempted to include these directional cues to orient
neurite growth [10]. Another parameter, mechanical stiffness, has been shown to
significantly affect neurite outgrowth [5, 9], and has been used to enhance growth

isotropically by tuning matrix stiffness to entice neurite growth [2], with improved
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growth occurring generally on or in more compliant systems. However, gradients of
stiffness in a 3D, tissue-like system have not been employed to orient and potentially
enhance growth via durotaxis.

Several approaches have been devised to probe the influence of substrate/network
stiffness on cellular behavior. Simple techniques involve functionalizing
poly(acrylamide) gels of different concentrations and/or crosslinking density with
proteins that foster cell attachment [4], or coating these gels with a thin 3D layer of
collagen in or on which the cells are cultured [3] to examine the response to uniform
presentation of stiffness. Microfabrication techniques have been used to develop more
elaborate systems comprising, for example, calibrated, elastomeric microposts of
different dimensions, which maintain different bending properties to present a 2D
substrate of varying stiffness to the cells [11], or gradients of stiffness generated through
photo-initiated crosslinking of a 2D substrate [12].

We have developed a system to generate stable 1D gradients of mechanical
properties through a 3D collagen gel. Microfluidic networks are pre-filled with a type I
collagen solution, which is allowed to self-assemble. Gradients of genipin, a cell-
compatible, fast-acting crosslinking agent [13], are generated through the collagen gel
using a source-sink network for a defined period of time to establish a 1D gradient
through the 3D gel. Collagen crosslinked with genipin fluoresces at 630nm when excited
by light at 590nm [14]. In a previous study, we found that the intensity of the
fluorescence correlates well with the degree of crosslinking and storage modulus of the
collagen gel [15]. As such, genipin-generated patterns of crosslinks are directly

visualized via fluorescence, and interpreted as a gradient of stiffness. We demonstrate the
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functionality of these gradients by biasing and enhancing neurite outgrowth from chick
dorsal root ganglia (DRGs). Potential effects of genipin-mediated crosslinking on cell
adhesion and collagen fiber size and density were examined in separate assays and

judged to minimally contribute to the observed neurite growth.

Methods

Microfluidic Networks

A simple, 'H'-shaped, 'source-sink' arrangement was used to generate gradients in a cross
channel connecting source-to-sink (Fig 3-1). Channel dimensions for the source-sink
network were selected by simulating flow in networks with a computational fluid
dynamics package (ESI-CFD Huntsville, AL) to achieve uniform gradients across the
width of the cross channel, which showed that the source and sink channels should be at
least 2x wider than the cross-channel. Source and sink channels were 500um wide x
100pum deep and were connected by a Smm long, 150um wide, and 100um deep channel
(Fig 3-1A). Microfluidic networks were fabricated using standard photolithography
techniques [16] at Bell Labs/Lucent Technologies (Murray Hill, NJ) through a grant from
the New Jersey Nanotechnology Consortium. The photomask was printed from an
AutoCAD drawing of the network design. A silicon wafer was spin-coated with SU-8
negative photoresist (Microchem, Newton, MA) and baked for 5min at 65°C followed by
10min at 100°C. The photoresist was exposed to UV light through the photomask using a
Quintel 2001 CT Mask Alignment/Exposure system. The coated wafer was baked again
and immersed in SU-8 developer for 12min to clear un-reacted photoresist and form the

final 'master’.
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Figure 3- 1: Schematic of 'H'-shaped microfluidics network used to create gradients. (A)
After filling the network with collagen solution and allowing the collagen to self-
assemble into a gel, a gradient of genipin is created in the cross-channel by supplying
culture medium with genipin in the source inlet (dark arrows) and medium alone in the
sink channel (white arrows). (B) To introduce cells into the gradient, a second network
(facing channel-side up) comprising a straight channel and circular well is filled with
collagen and a DRG placed in the well. After self-assembly, the 'H'-network is placed on
top of the straight channel, creating a collagen-collagen interface at the intersection. The
gradient is then formed in the cross-channel as in (A). (C) Top view of the network
shown in (B) with neurite growth drawn in. Neurite growth is quantified by counting the
number of processes and the average length of processes that extend from the DRG and
grow up and into the cross-channel in the left (L) and right (R) directions.
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A poly(dimethyl siloxane) solution (PDMS; Dow Corning, Midland, MI) was poured
over the master and baked overnight at 50°C to produce a negative relief. The PDMS was
removed, the design was cut out of the mold, and holes were punched for the inlet and
outlet using a blunt 19-gauge syringe. The PDMS and a clean glass slide were plasma
treated and bonded together to form the final device. The inlets were connected to a
syringe pump (Harvard Apparatus, Cambridge, MA) using polyethylene tubing (Small
Parts, Miami Lakes, FL).
Collagen Preparation

Type I collagen solutions were prepared as previously described [17] by mixing
20ul 1M Hepes buffer , 140ul 0.1N NaOH, 100ul 10X PBS , 52ul of PBS (Invitrogen,
Carlsbad, CA), and 677ul of a 3.0mg/ml type I collagen solution (Elastin Products Co.,
Owensville, Missouri) to make a 2.0mg/ml collagen solution. The collagen solution self-

assembled into a fibrillar gel upon incubation at 37°C.

Generation of Gradients of Mechanical Properties

The microfluidic networks were first filled uniformly with a type I collagen
solution using a syringe pump operating at 0.1ml/min while viewing the network with an
upright tissue culture microscope to ensure that the network was filled properly with no
bubbles. After inspection, the filled microfluidic network was transferred to a humidified,
37°C, 5% CO, incubator, and the collagen was allowed to self-assemble for at least one
hour. The source solution was then changed to culture medium (DMEM + 10% FBS
(Atlanta Biologicals, Lawrenceville, GA), 1% glutamine, 1% penicillin/streptomyosin
(Sigma, St Louis, MO)) plus a defined concentration of genipin (Challenge Bioproducts

Co., Taichung, Taiwan) of either ImM or 10mM, while the sink solution was changed to
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the same medium without genipin. These solutions were flowed gently through the
fibrillar gel-filled microfluidic network at 0.3ul/min at 37°C for 12hrs. To remove the
remaining genipin from the network following the desired incubation period, the inlets
were switched to medium without genipin. The cross-channel was flushed by actuating
only one randomly selected inlet syringe at 0.3ul/min for 3hrs, after which medium was

again delivered through both inlets.

Gradient Evaluation

Gradients of genipin-mediated crosslinking were verified by examining the
fluorescence intensity emitted by the crosslinked collagen (590nm Exc, 630nm Em),
which indirectly verified the pattern of mechanical properties. Our previous study
confirmed that fluorescence intensity strongly correlates with the storage modulus
measured in shear using parallel plate rheometry for a range of fluorescence intensities
generated by crosslinking gels for 2-12hrs with 0-10mM genipin in 24-well plates [15]
This calibration was repeated for 0, 0.1, 0.5, and ImM genipin crosslinked for 12 hrs in
single channel microfluidic networks with the same channel depth as used above.
Collectively from these studies, the storage modulus in shear at 0.1Hz (the lowest
frequency tested) ranges from ~60Pa for untreated collagen to ~360Pa for collagen
crosslinked with ImM genipin and ~800Pa for 10mM genipin for 12hrs of crosslinking.
Following rinsing, networks were transferred to a computer controlled stage and imaged
using an Olympus IX81 inverted microscope (Olympus, Melville, NY). The fluorescence
intensity in the cross-channel was quantified using Olympus Microsuite Image Analysis

Software (Olympus, Melville, NY).
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Neurite Outgrowth Assay

To evaluate if the changes in stiffness can induce phenotypic changes in cellular
behavior, neurite outgrowth from chick DRGs was evaluated in the presence of durotactic
gradients. The microfluidic system was modified to include a small well for DRG culture.
A second network was generated that comprised a Imm diameter well connected to a
straight 500pum wide and 100um deep channel (Fig 3-1B). This network was place upside
down (channels facing up) on a glass slide and filled with collagen solution. DRGs were
isolated from E8 chick embryos (Charles River Laboratories, Willmington, MA), and a
single DRG was placed in the collagen-filled circular well. The network was transferred
to a 37 °C incubator to facilitate self-assembly, entrapping the DRG in the collagen gel.
The ‘source-sink’ network was then plasma treated and bonded to the gel-filled
underlying network such that the middle of the cross channel of the 'source-sink'
intersected with the straight channel of the underlying network approximately 1000pm
from the circular well containing the DRG. The top network was filled with collagen
solution, which was allowed to gel. Gels were then treated with genipin and rinsed as
described above. Gradients of crosslinking were again confirmed by visualizing the
gradient of fluorescence.

Networks were transferred to a humidified, 37°C, 5% CO, incubator and perfused
with fresh medium (DMEM supplemented with 10% FBS and 100 ng/ml NGF (R&D
Systems, Minneapolis, MN)) via gravity flow. DRGs were cultured in the networks for
five days to allow neurites to grow through the collagen gel and extend up and into the

cross-channel a significant distance, potentially in either direction.
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To visualize neurite growth after 5 days in culture, the neurites were stained
immunohistochemically in the networks for neurofilament proteins. Inlet solutions were
changed to 4% paraformaldehyde for 3 hours to fix the collagen and cells, then changed
to a rinse buffer comprising 1% BSA + 0.5% Triton in PBS for 3 hours. Inlet solutions
were changed to a 10% goat serum blocking solution in rinse buffer for 4 hours, and then
to an anti-neurofilament antibody cocktail of 1:200 o-NF 200 and 1:1000 o-NF 68
(Sigma) overnight. Networks were rinsed for 4 hours, and inlets were switched to a 1:400
dilution of goat anti-mouse Alexa 488 secondary antibody (Molecular Probes/Invitrogen,
Eugene, OR) and incubated overnight. Devices were rinsed a final time for 4 hours and
then transferred to an inverted epifluorescence microscope for imaging.

Neurite growth was quantified as the number and length of neurites projecting up
the stiffness gradient vs. down the stiffness gradient, or in opposite directions for control
experiments and uniform crosslinking where no gradient was present. For each device,
digital images were taken with a 40X objective at the intersection of the explant and
cross-channels and at the end of the individual growth cones. Using Olympus Microsuite
Image Analysis Software, the (X,Y) coordinates were recorded for each growth cone and
for the channel intersection to determine the distance of growth in the gradient channel
(Fig 1C). For a given experiment, one experimental condition (0-1mM for 12hrs, 0-1mM
for 24hrs, or 1-1mM for 12hrs) and one control condition (0-OmM) were performed, and
in all cases, explants for the paired experiments were from the same chick embryo.
Further elements of the data analysis for neurite outgrowth are presented in the Results

section.
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Adhesion Assay

Cell adhesion on collagen gels crosslinked to different degrees with genipin was
tested using primary rat dermal fibroblasts as a uniform cell type and with a mixed
population of cells harvested from dissociated E8 chick embryo DRGs. DRG explants
were suspended in a solution of 0.3% BSA (Sigma), 0.05% trypsin (Sigma) in HBSS
(Lonza, Allendale, NJ) for 10 min at 37 °C, vortexing every 3 min. The sample was
centrifuged for 2 min at 2,000 rpm. Cells were resuspended in 1ml media (DMEM
supplemented with 10% FBS, 100 ng/ml NGF) and triturated 10 times with a 200 pl
pipette tip placed on top of a 1,000 upl pipette tip. Cells were counted using a
hemocytometer. Collagen solution (100ul, prepared as above) was pipetted into each well
of a 24-well plate. The plate was then incubated at 37°C for 60min to allow the collagen
to self-assemble. The collagen gel in each well was incubated in 600l genipin solution at
0, 0.5, 1, 5, or 10mM in PBS for 12 hours to allow crosslinking, during which time the
plates were on a rocker to ensure rapid equilibration of genipin throughout the gel. The
0.5 mM condition was omitted for experiments with dissociated DRG cells. Each
concentration was performed in triplicate in each plate. After 12 hours, the gels were
washed three times with PBS. Fibroblasts or dissociated DRG cells (100,000 cells/well)
were seeded on top of the gels and allowed to attach for 4 hours. The gels were then
washed twice with PBS, and the remaining cells were labeled using Calcein-AM
(Invitrogen Carlsbad, CA). Plates were transferred to the computer controlled stage of an
Olympus IX81 inverted microscope operating in epifluorescence mode (480nm Exc,

535nm Em). Four images were taken at random per sample and the cells were counted
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manually. The adhesion experiment was repeated 3 times, and the average number of

attached cells per field compared with ANOVA, with significance levels set at P < 0.05.

Fibril size and density assay

To evaluate the effects of the genipin crosslinking regimen on collagen fiber size
and density (as an indirect assessment of gel porosity), straight microfluidic channels
(500pm wide, 100um deep, and 1cm long) were bonded to glass coverslips and filled
with collagen solution that was spiked with FITC-labeled collagen (10% v/v; Elastin
Products), to allow for visualization of fibers. Following self-assembly, inlets were
changed to genipin solutions at concentrations of 0, 1, or 10mM for 12 hours. Inlet
solutions were then switched to PBS and devices were rinsed for 3 hours. Devices were
transferred to a Leica TCS SP2/MP confocal microscope (Leica Microsystems, Exton,
PA). Images were taken at 63X with a 2X digital zoom at 488nm excitation with a 500-
535nm emission bandpass filter. All image frames underwent two line and frame
averaging. Three images were taken at random in each device. Each image was divided
into nine equal squares. The average number and diameter of fibers was determined in
three of the nine squares with the image analysis software. The analysis was repeated for
3 gels in each condition, and results were compared with ANOVA (significance set at P <

0.05).

Results

Gradient characterization

Exposure of fibrillar collagen within microfluidic networks to a gradient of genipin

generated a gradient of crosslinks in the collagen, which was observed as a gradient of
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fluorescence intensity. The intensity profile in cross-channels was evaluated with image
analysis tools (Fig 3-2). A source-sink combination of 10mM-0mM genipin generated a
steeper gradient in intensity than a gradient from 1mM-0mM. Uniform presentation of
genipin produced uniform increases in intensity compared to OmM solutions (data not
shown). When the underlying explant channel was included for neurite outgrowth
experiments, the intensity plot increased at the intersection of the gradient and explant
channels but returned to the original linear plot thereafter, indicating that the integrated
signal of fluorescence intensity from the thicker collagen gel at the intersection was
responsible for the increase, rather than an increase in crosslinking (Fig 3-3). Based on
the calibration of fluorescence intensity to storage modulus measured at 0.1Hz and 1%
shear strain amplitude, gels treated with 1mM genipin for 12hrs had an average gradient

(+/- SEM) of 0.064 +/- 0.005 Pa/um across the 5-mm long channel. When the exposure

time was increased to 24hrs, the gradient increased by ~12% to 0.075 +/- 0.005 Pa/pm.
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Figure 3- 2: Representative gradients of fluorescence generated by exposure to a gradient
of (A) 10mM genipin-OmM genipin or (B) ImM genipin-O0mM genipin for 12hrs. (C)
Grayscale intensity values along the cross-channel for the images shown in (A) and (B).
(D) The intensity of fluorescence correlates to the stiffness of the gel, as shown in this
representative calibration. The gradient of fluorescence is steeped when gels are exposed
to a steeper gradient of genipin.
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Neurite outgrowth assay

DRG explants were cultured in an underlying channel that intersects at the center
of the cross channel and therefore the approximate center of the gradient (e.g. ~170 Pa for
gradients generated by 12hr exposure to 0-ImM genipin). In all conditions, several
neurites (typically 15-30) grew from the underlying channel into the cross-channel,
although most remained in the original channel (Fig 3-4). Those that entered the cross-
channel could grow in either direction — either up or down the stiffness gradient, or for
control cases, in uniformly untreated or uniformly crosslinked channels. For each
experiment, the average length within the cross-channel of the neurites that grew in each
of the two directions was calculated. These were then plotted collectively for a given
condition on the same set of axes, where the longer length was plotted on the abscissa
and the shorter length on the ordinate. The data from each of the four experimental
conditions was fit to a line that passed through the origin to evaluate the uniformity of
growth. For completely uniform growth, the average lengths should be equal in the two
directions, and the best fit line should have a slope of one. Biased growth would result in

a shallower slope.
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Figure 3- 3: (A) Representative gradient of fluorescence in modified networks with
underlying explant generated by a gradient from OmM (left) to 10mM (right) of genipin
for 12hrs. (B) A roughly linear gradient of intensity is observed in the cross-channel, but
includes a spike in intensity at the intersection of the two channels, after which intensity
returns to the same linear contour. The increase in intensity is due to the integration of
fluorescence through the thicker gel at the intersection.
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Cross-Channel

Explant Channel

Figure 3- 4: Confocal micrograph of neurite growth in the collagen gel-filled network. A
DRG was placed within a collagen gel in the underlying explant channel and cultured for
5 days, at which time the networks were perfused with paraformaldehyde and then
stained immunohistochemically for neurofilament proteins. Neurites grew from the DRG
and either continued in the explant channel or grew up and into the cross-channel of the
overlying 'H'-shaped network. Scale bar: 150um.
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Data from gels exposed to a genipin gradient for 12hrs, 24hrs, and uniform presentation
are shown in Fig 3-5. In no case was growth exactly uniform, and all points fell below
the line that indicated perfectly symmetric growth. Control experiments were clustered
near the ideal line and had slopes (+/- 95% confidence intervals) of 0.89 +/- 0.025 for
assays not exposed to genipin, 0.90 +/- 0.059 for assays exposed to 0.5mM genipin
uniformly, and0.83 +/- 0.068 for assays exposed to ImM genipin uniformly. In gradient
experiments, the longer length was always in the direction of greater compliance (down
the gradient of stiffness). The slopes of the lines fitted through the 0-1mM gradient
experimental points and the origin were 0.45 +/- 0.209 for 12hr exposure and 0.57 +/-
0.230 for 24hr exposure, which were both substantially lower than the slopes of the
control experiments and clearly below a slope of one. As a measure of the strength of
bias, the ratio of relative growth down the gradient (or in the 'longer' direction for
uniform 0.5mM and 1.0mM assays) vs. the relative bias in the controls for that was taken
and averaged across all experiments. On average, neurite bias was 2.51 +/- 0.77 times
greater for 0-1mM, 12hr exposure and 1.77 +/- 0.24 times greater for 0-1mM, 24hr
exposure. For uniform presentation, the average ratios were 1.00 +/- 0.03 for exposure to
0.5mM genipin, and 1.04 +/- 0.05 for exposure to 1.0mM genipin. The experimental

conditions and relative growth biases are summarized in Table 3-1.
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Figure 3- 5: Growth in gradients of stiffness generated by exposing to 0-1mM genipin for

12hrs, 24hrs, and uniform presentation. Each point represents the average growth of
neurites in a single network. The longer growth was always expressed as the x-

coordinate. Thus, perfectly uniform growth would have a slope of one (dashed line), and
biased growth would have a slope less than one. In no case was growth perfectly uniform,

though in control experiments, the points fell very close to the dashed line. In gradient

experiments, the direction of longer growth was always in the direction of lower stiffness,

and these points deviated significantly from the line indicating uniform growth.
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Condition Storage modulus across microfluidic network * n Relative growth bias °

1-0 mM, 377+25-57+2.8Pa 7 251+0.77

12 hour exposure
1-0 mM, 432 +25-57+2.8 Pa 5 1.77+£0.24

24 hour exposure
I-1 mM, 377+25-377+25Pa 5 1.04+0.05

12 hour exposure
0.5-0.5 mM, 160 + 28 — 160 + 28 Pa 5 1.00 +0.03

12 hour exposure

* Storage modulus range estimated from calibration of storage modulus measured at 0.1
Hz and 1% shear strain to fluorescence intensity. Results are average + SE.

® Relative growth bias calculated by taking the ratio of growth down : growth up the
gradient of stiffness, normalizing by the same ratio from the matched, untreated control
experiment, and averaging across all experiments. Results are average + SE.

Table 3-1: Summary of growth assays.
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No statistically significant differences in the number of neurites that extended in
the two directions were observed for the untreated control or controls treated with
uniform presentation of 0.5mM or ImM genipin (Fig 3-6). Significantly fewer neurons
extended in the 1mM uniform cases than in the untreated controls, but not the 0.5mM
uniform controls (P = 0.83). The number of neurites extending down the stiffness
gradient was significantly greater than up the gradient for the 0-1mM gradient, 12 hr
exposure experiments (P = 0.01); however, this trend was not observed for the
experiments treated with a gradient of genipin for 24hrs (P = 1.0).

Significant variability in the magnitude of growth and in the number of neurites
was observed in all conditions among different experiments. For example, while always
close to uniform, growth in some control experiments was double the growth in other
experiments, and the day-to-day trends in growth in the experimental conditions typically
paralleled that in the untreated controls. As such, the variability seemed to be linked to an
experimental condition — most likely differences in the viability of explants from
particular chick embryos. These day-to-day variations were accounted for in the
statistical analysis of the length of neurites in gradient and uniform conditions by
comparing the length of neurite growth among the control condition, up the gradient of
stiffness, and down the gradient of stiffness for the 0-1mM, 12hr exposure experiments
with a two-way ANOVA using Type III sum of squares, where the gradient condition
was a fixed effect and the day of the experiment was a random effect [17], followed by
Scheffe's post hoc test for pairwise comparisons. Average length in gradient experiments

is shown in Fig 3-7.
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Figure 3- 6: Neurite numbers in experimental cases were compared to matched controls
performed on the same day with DRG explants from the same chick. Neurite number was
significantly decreased up the gradient of stiffness compared to down the gradient and
compared to control cases for 12hr exposure, but not 24hr exposure. Neurite number for
uniformly treated ImM gels was less than matched controls. *, ANOVA followed by
Scheffe's post hoc test, P < 0.05.
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Figure 3- 7: Neurite lengths in gradient cases were compared to matched controls
performed on the same day with DRG explants from the same chick. For both 12hr and
24hr treated gels, the average growth down the gradient of stiffness was significantly
greater than growth in control, untreated gels, which was greater than growth up the
gradient of stiffness. *, two-way ANOVA followed by Scheffe's post hoc test, P < 0.05.
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The length of neurite growth down the stiffness gradient was significantly greater than
growth in the control condition (P = 0.002), and growth in the control was significantly
greater than growth up the stiffness gradient (P = 0.001). Similar results were observed in
experiments where the gradient was generated with 24hr exposure. Growth down the
stiffness gradient was significantly greater than the control growth (P= 0.001), and
control growth was greater than growth up the stiffness gradient (P = 0.016). Finally,
growth in untreated controls was significantly greater than in gels that were crosslinked
with a uniform presentation of 0.5mM for 12hrs (P = 0.38) 1mM genipin for 12hrs (P =

1.4e-5).

Adhesion Assay

The influence of genipin-mediated crosslinking on the adhesion properties of collagen
gels was evaluated with a simple detachment assay using dermal fibroblasts as a
representative cell that could be uniformly presented. No significant differences were
observed in the adhesion of the fibroblasts to collagen gels crosslinked with 1, 5, or
10mM genipin for 12 hours compared to the untreated controls (Fig 3-8A; P = 0.679).
The assay was repeated with cells from dissociated DRGs (Fig 3-8B), which represent a
mixed population of primarily neurons, Schwann cells, and fibroblasts and again no
significant differences in adherent cells were detected (P=0.918). These results indicate
that exposure to a gradient of genipin did not introduce significant changes to the

adhesion profile presented to cells to influence cell behavior.
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Fibril size and density

The influence of genipin-mediated crosslinking on collagen gel fiber morphology was
estimated by evaluating the average size and density of collagen fibers in hydrated gels
from high magnification epifluorescent images taken with confocal microscopy.
Exposure to 1-10mM genipin for 12hrs did not produce any overt changes in fiber
morphology or density. No significant differences were observed in the average fibril size
(ANOVA, P =0.524) or fibril density (P = 0.194; Fig 3-9). These results suggest that the
gradient of genipin did not introduce a significant gradient of porosity to influence

diffusion or present spatially varying steric hindrance.
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Figure 3- 8: Effects of genipin treatment on cell adhesion. Collagen gels were formed in
24 well plates and crosslinked with defined concentrations of genipin for 12hrs and then
rinsed extensively. (A) Rat dermal fibroblasts or (B) cells from dissociated DRG explants
were seeded on the gels and allowed to attach for 4hrs. Detached cells were removed
with rinsing, and the remaining cells were counted. Fibroblast adhesion to collagen gels
treated with 0-10mM genipin for 12hrs did not vary.
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Figure 3- 9: Effects of genipin treatment on collagen fiber morphology. Collagen
solutions were spiked with fluorescent collagen, and gels treated with (A) OmM, (B)
ImM, or (C) 10mM for 12hrs and imaged using confocal microscopy. Images were
divided into a 3x3 grid, and the number of fibers and diameter of fibers counted in 3
boxes (the main diagonal). No significant differences were identified in either the fibril
size (D) or the number of fibers (E). Scale bar: 10um.
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Discussion

By developing an assay to study the response of cells to spatially varying
mechanical properties in a 3D system, we hoped to improve the physiologic relevance of
previous studies that demonstrate the importance of substrate mechanical properties in
dictating cellular functions, and move towards implementing patterned mechanical
properties for tissue engineering applications. Previous studies have demonstrated
neuritic preference for compliant substrates [2, 6, 18] but have not shown how neurites
respond to spatial changes in tissue or substrate mechanical properties. Using our system,
we have shown that neurites preferentially grow down a gradient of stiffness with a 3D
collagen gel.

The storage modulus of our gels in the experiments where gradients were formed
from 12hrs of exposure to genipin ranges from 57Pa to 375Pa over the Smm channel,
which is a gradient ~0.064 Pa/um. A typical growth cone is less than Sum, and it seems
remarkable that the growth cone would maintain transducing elements capable of
detecting a 0.35 Pa difference in mechanical properties. However, the thin filipodia that
protrude from the growth cone and probe the environment can be as long as 50 um and
average ~30 um in chick DRG neurites [19]. Furthermore, the growth cone itself is
merely the leading edge of a much longer neurite that, in this study, grows >1mm within
the cross-channel in 5 days. It is possible that the neuron integrates the stiffness
information from filopdia and/or contact points along the trajectory of the whole or parts
of the neurite to control the rate of growth. Although the length of neurites growing down
a steeper gradient of stiffness appeared to be increased with a steeper gradient by ~11%

(Fig 9; 24hr vs. 12hr genipin gradient exposure), the differences in the baseline control
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response prevented comparisons across these two conditions, and we cannot comment yet

on the relationship to gradient steepness.

Rather than driving neurite growth with the gradient, it is also possible that the
neurites are merely growing in a 3D environment with an optimal range of mechanical
properties. Recent studies have shown that PC12 cells, an immortalized adrenocortical
cell that exhibits a neuron-like phenotype when incubated in nerve growth factor, have a
biphasic response to stiffness with shorter neurites on gels with a compliance ~10 Pa, and
increased growth and branching in gels of a higher compliance from 10?-10* Pa [6].
Other studies show that neurites from primary neurons sense differences between ~200Pa
(‘soft') and 2kPa ('hard") substrates [9]. Combined with our results, these studies point to
the possibility that the optimal stiffness for neurite growth lies between the stiffness at the
middle of the cross-channel (e.g. ~150-200Pa for 12hr exposure experiments) and the
stiffness at the sink (~60Pa), and that the enhanced growth down the stiffness gradient is
because the stiffness of the gel in the control cases is sub-optimal. However, our results
following uniform crosslinking with 0.5mM demonstrate that the midpoint stiffness in
gradient cases is sub-optimal for growth compared to control conditions, which further

indicates that the gradient drives growth.

Genipin as a crosslinking agent

We generated changes in the mechanical properties of collagen gels using a
naturally occurring compound, genipin, which we have previously shown to increase
stiffness of collagen gels with increasing concentration and genipin exposure times [15].
Genipin has been shown to crosslink cellular and acellular tissues [13, 20-22], as well as

biomaterials including gelatin microspheres [23], alginate-chitosan composites [24], and
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poly(ethylene)-glycol hydrogels [25], and is increasingly observed in the literature for
tissue engineering applications, including nerve regeneration, without adverse affects on
cell behavior post-crosslinking. However, we have found the compound to be cytotoxic
following direct exposure of cells to >1mM genipin [15], which limited our ability to

create gradients with steeper slopes.

Genipin also has the unique feature of causing collagen fibers to fluoresce as it
crosslinks, which was particularly beneficial for this study in that it allowed the gradients
to be visualized during and after crosslinking as well as to be calibrated to mechanical
properties. In principal, however, we have demonstrated the ability to impose a gradient
of a soluble factor through a collagen-filled microfluidic network. Thus, any soluble
crosslinking agent could be employed, such as aldehyde or enzyme (eg lysyl oxidase and
transglutaminase). Moreover, the generation of a gradient of soluble factors also
demonstrates that controlled chemotactic gradients can be generated through collagen

gels using microfluidics.

Introduction of alternate guidance fields via genipin-mediated crosslinking

In addition to altering the stiffness, genipin may produce other changes in the
collagen gel that could also drive or contribute to the biased neurite growth. Specifically,
neurite behavior may be affected by direct exposure to genipin. Genipin-mediated
crosslinking may produce changes in the adhesion properties of collagen to generate a
haptotactic gradient, and/or genipin-mediated crosslinking may alter the porosity of
collagen to potentially generate diffusion gradients of nutrients and/or sterically hinder

growth.
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The cytotoxic effects of higher (>1mM) doses of genipin [15] suggest that genipin may
decrease cellular trophism, in general, and neurotrophism, specifically, since the DRG
was exposed to genipin during gradient formation. Alternatively, the soluble genipin may
act as a chemorepellant. However, the gradient of soluble genipin was maintained for as
short as 12hrs, and then the gels were rinsed extensively, well before any neurites reached
the cross-channel. If genipin exposure decreased neurite outgrowth from DRGs, we may
still expect biased growth away from the genipin source and down the stiffness gradient,
but we would also expect that growth to be stunted compared to growth in control
conditions, where DRGs were not exposed to genipin or genipin-crosslinked collagen for
any period of time. We found that growth was enhanced down the gradient of stiffness
compared to untreated controls, which demonstrates that the exposure to genipin or
genipin crosslinked gels did not negatively affect neurite growth.

Separate sets of experiments were performed to evaluate the effects of genipin
crosslinking on cell adhesion and on fiber density and thickness. We did not observe
significant differences in the adhesion of fibroblasts or a mixture of cells from dissociated
DRGs seeded on genipin-treated collagen gels vs. control gels, suggesting that
haptotactic gradients were not responsible for the observed results. We also did not find
significant differences in fibril size or density between control gels and gels treated with
genipin, suggesting that neither steric gradients nor nutrient gradients generated by
spatially varying porosity were responsible for the observed results. Nutrient gradients
may also have been introduced by the simple, source-sink arrangement, which results in
stagnant flow and pure diffusive transport in the center of the cross channel when

medium is supplied through both of the legs. (This is somewhat ameliorated by having
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access to medium at the inlet and outlet of the underlying channel.) This nutrient gradient
would be symmetric about the middle of the cross-channel, and would provide an equal
driving force up or down the stiffness gradients, or left or right in control conditions. Our
results in gradient experiments demonstrated significantly biased growth down the
gradient of stiffness, again suggesting that nutrient gradients were not responsible for the
observed outgrowth. Collectively, these results indicate that the primary change to the
collagen across the gradient channel that affected neurite behavior was in gel stiffness.
The experiments were performed with chick DRG explants, which naturally
provide a mixture of tissue cells, including neurons, fibroblasts, and Schwann cells.
While neurites were specifically labeled with neurofilament antibodies, we did not
attempt to explicitly stain for other cell types. In preliminary experiments, fluorescently
labeled phalloidin was used to visualize growth in the networks, and the morphology of
the main structures was consistent with neurites, but we cannot discount the possibility
that the other cells responded to the stiffness gradient and produced a cellular contact
guidance field for the regenerating neurites. It has been shown that fibroblasts prefer to
migrate in the direction of increased stiffness [4], which is the opposite of what we have
observed for neurite growth, but no data exists for the response of Schwann cells to

changes in substrate compliance.

Natural and applied durotactic gradients

The potential to bias and enhance growth with patterns of mechanical properties
in 3D gels/scaffolds presents intriguing possibilities for introducing spatial properties into
regenerative therapies. For instance, it has been suggested that haptotactic and/or

chemotactic gradients could be incorporated into scaffolds for peripheral nerve
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regeneration, spinal cord regeneration [6, 10], and re-establishment of neuromuscular
junctions to direct axon growth. We now suggest that durotactic gradients could also be
included in scaffolds. Durotactic gradients could also be employed in other therapies
where directed cell motion is desired, such as wound healing, where re-populating the
engineered tissue with host fibroblasts, endothelial cells, and epithelial cells is critical.
Durotactic gradients may play a role in natural physiological and pathological processes.
For instance, recent studies have demonstrated that the high density pyramidal cellular
layers of the postnatal (8-10 day old) rat hippocampus maintain heterogeneous
mechanical properties, with the CA3 layer being significantly stiffer than the CAl layer
[26]. At this age, the rat CNS is still undergoing significant developmental changes. In
light of our results presented herein, these heterogeneous properties may be important in
guiding axons and dendrites for establishing proper neuronal connections, and the

properties may change with development to provide dynamic guidance fields.
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Chapter 4. Microfluidic generation of adhesion gradients
through 3D collagen gels: implications for neural tissue
engineering

Introduction:

During development, neurons are directed by gradients of chemoattractants and
adhesion sites to find their targets. However, once connections are established and
synapses are functional, several of these important directional cues are lost. Even if
neurons are influenced to regrow following injury — for instance, by implanting a
permissible substrate for neurite outgrowth — they need to be guided across the injury site
in order to reconnect and allow for functional recovery. Neurites can be directed by a
number of modalities, including contact guidance, chemotaxis, durotaxis, and haptotaxis.
Aligned gel fibers, guidance channels, and aligned glial cells have all been used to direct
neurites [1-7]. In vitro, chemical gradients have been used extensively for neurite
direction [8]. However, these systems are difficult to integrate into an in Vivo system,
where complex drug delivery mechanisms are needed for continual chemical cues and
therefore, substrate-bound adhesive cues may be a simpler, more ‘permanent’ way to
direct neurite growth, post injury.

The speed and direction of migration of different cell types are strongly correlated
to the adhesion type and density present on the substratum. In 2D systems, cell speed
depends biphasically on the extracellular-matrix ligand concentration [9] with the highest
migration speeds at intermediate ligand concentration (Figure 4-1). If ligand
concentration is too low, few adhesions can be made between the cell and the matrix,

making cells unable to attach and move on these surfaces. If ligand concentration is too
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Figure 4- 1: Biphasic curve demonstrating cell migration on surfaces of increasing
adhesion. At low concentration of adhesion, cells are unable to attach to the surface and
activate sequences to move forward. At high concentrations cells are unable to detach
from the surface and move forward.
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high, adhesion strength is too high, making cells unable to detach from the substrate in
order to migrate. Similarly, adhesion strength is important to neurons because stable
formations of adhesive growth cone and filopodial contacts to the substrate are essential
for growth cone steering and for neurite growth stimulation [10]. RGD, a ubiquitous cell
adhesion peptide has been shown to increase adhesion of a number of different cell types
including fibroblasts, smooth muscle cells, and neurons. Neurite outgrowth is affected
biphasically by RGD concentration in chick DRG neurons [11]. At a high concentration
of RGD, the substrate was found to be ‘too sticky’ for neurons and neurite growth
decreased, but at an ‘optimal’ intermediate concentration, growth is increased when
compared to controls. Though RGD can be used to increase neurite outgrowth, it also
increases attachment of various cells types and therefore a more specific protein, laminin,
which has been shown in vivo to be necessary for growth cone turning [12], can be used
to increase neurite outgrowth more specifically [13]. Two peptide regions of the laminin
structure are particularly important for neuron adhesion and outgrowth, IKVAV and
YIGSR. Over the last 30 years YIGSR and IKVAV have been used in 2D as well as
conjugated to 3D hydrogels to increase neuron attachment and neurite outgrowth [14, 15].

Several studies have shown increased neurite outgrowth with YIGSR and IKVAV
in 2D [16-18], and some isotropic in vivo-like 3D conditions. YIGSR-grafted isotropic
3D gels have been studied with alginate, chitosan and collagen [19-22]. In all cases,
YIGSR grafting increased neurite outgrowth over controls and in one case over laminin
controls [21]. These studies show that using YIGSR can be an important way to increase
neurite outgrowth and make the injury site after SCI more permissible to neurite

outgrowth. However, simply increasing neurite outgrowth may not be sufficient for repair
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after SCI, since neurons need to be guided to their targets; therefore, directed growth of
neurons is an important area of study.

Though much work has been done on discrete samples of varying concentrations
of adhesive peptides, little work has been done on directed growth. Photo-immobilized
gradients of NGF within poly(2-hydroxyethylmethacylate) [p(HEMA)] gels have been
used to guide neurite outgrowth from PCI12 cells [23]. In 2D, it has been shown that
gradients of IKVAYV direct neurite outgrowth in chick dorsal root ganglia (DRG) neurons
[18]. 3D gradients of laminin and NGF were studied recently in an in vivo model [24].
Regeneration only occurred in experimental conditions where there was both a gradient
of NGF and laminin. If either component or both was presented uniformly, they did not
obtain regeneration in a sciatic nerve regeneration model. In all cases, this regeneration
was lower then in the nerve graft control. Bellamkonda’s group has also studied laminin
3D gradients in vitro where they showed that neurites from chick DRG’s grow faster up
and are more directed in a shallow gradient of laminin as compared to a steep gradient
[25].

Our goal is to develop a haptotactic gradients of bioactive peptide — in this cases,
IKVAV and YIGSR — within a growth-permitting 3D scaffold. We generate these
gradients in type I collagen and study the functionality of these gradients using chick
DRGs. Previous work in our lab has demonstrated the functionality of using 1-ethyl-3-(3-
Dimethylaminopropyl) carbodiimide (EDC) to couple GRGDS and GRDGS to the
collagen backbone in order to modulate cell adhesion [26]. Grafted gels significantly
affected adhesion, migration and traction of rat dermal fibroblasts (RDFs) and human

smooth muscle cells (SMCs), and did not change mechanical properties or pore size of
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collagen gels significantly. Similar methods are employed in this study to conjugate
IKVAYV and YIGSR to the collagen backbone. Gradients are created in a simple source-
sink microfluidic network, and are studied at four different slopes created by either
changing inlet concentrations or the length of the cross-channel connecting source-to-sink.
Gradient experiments were performed at 0-37 pg peptide/mg collagen (0-100%) and 0-
18.5 pg peptide/mg collagen (0-50%) at two different gradient lengths of 3 and 5 mm for
both IKVAV and YIGSR. Controls were performed at 100%-100% and 0%-0% (no
peptide) at Smm. Previous work in the lab has demonstrated the Microfluidic systems use
of a microfluidic system to study neurite outgrowth in 3D mechanical gradients, and a
similar system is used to study neurite response to gradients of IKVAV and YIGSR

peptide-grafted collagen.

M ethods:

Microfluidic Networks
A simple, 'H'-shaped, 'source-sink' arrangement was used to generate gradients in

a cross channel connecting source-to-sink. Source and sink channels were 500um wide x
100um deep and were connected by a either a 3mm or 5Smm long, 150um wide, and
100um deep channel. Microfluidic networks were fabricated using standard
photolithography techniques [27] at Bell Labs/Lucent Technologies (Murray Hill, NJ)
through a grant from the New Jersey Nanotechnology Consortium. The design was drawn
with AutoCAD and a photomask was professionally printed (Cad-Art services, Poway,
CA). A silicon wafer was spin-coated with SU-8 negative photoresist (Microchem,
Newton, MA) and baked for Smin at 65°C followed by 10min at 100°C. The photoresist

was exposed to UV light through the photomask using a Quintel 2001 CT Mask
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Alignment/Exposure system. The coated wafer was baked again and immersed in SU-8
developer for 12min to clear un-reacted photoresist and form the final 'master’. A
poly(dimethyl siloxane) solution (PDMS; Dow Corning, Midland, MI) was poured over
the master and baked overnight at 50°C to produce a negative relief. The PDMS was
removed, the design was cut out of the mold, and holes were punched for the inlet and
outlet using a blunt 19-gauge syringe. The PDMS and a clean glass slide were plasma
treated and bonded together to form the final device. The inlets were connected to a
syringe pump (Harvard Apparatus, Cambridge, MA) using polyethylene tubing (Small
Parts, Miami Lakes, FL).
Collagen Preparation

Type 1 collagen solutions were prepared as previously described [28] by mixing
20ul 1M Hepes buffer , 140ul 0.1N NaOH, 100ul 10X PBS , 52ul of PBS (Invitrogen,
Carlsbad, CA), and 677ul of a 3.0mg/ml type I collagen solution (Elastin Products,
Owensville, Missouri) to make a 2.0mg/ml collagen solution. The collagen solution is

kept at 4°C until use and self-assembled into a fibrillar gel upon incubation at 37°C.

Conjugation of peptides to collagen backbone

A 17-mer peptide sequence, CRARKQASIKVAVSADR, and a 9-mer peptide
sequence, CDPGYIGSR, were custom synthesized (Genscript, Piscataway, NJ) and
conjugated to the backbone of collagen in suspension. A hetero-bifunctional coupling
agent, 1-ethyl-3-(3-Dimethylaminopropyl) carbodiimide (EDC), was used to activate the
carboxylic group of the peptide by mixing 1ml of a 1M solution of EDC in MES buffer
(pH 2-4) with 1 mg of peptide for ten minutes at 37°C. The peptide-EDC mixture was

added to 5ml of a 3mg/ml suspension of type I collagen (Elastin Products, Owensville,
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MO) in 0.02N acetic acid. The activated peptide covalently binds to free amines on
residues on the collagen backbone via nucleophilic attack. A low pH buffer was used
while coupling peptides to avoid self-assembly of collagen fibers. Peptide-EDC-collagen
mixtures were incubated on a shaker overnight at 4°C and then dialyzed against 0.02N
acetic acid for 12 hours to remove any unconjugated peptide. Dialyzed peptide-grafted
collagen was lyophilized at -150°C and 50 mTorr for 12 hours to remove all water.
Lyophilized product was re-suspended in 0.02N acetic acid to make a 3mg/ml solution of
grafted collagen. Grafting efficiency was evaluated by using a FITC-tagged peptide.
FITC-tagged peptides were conjugated to the collagen backbone using the same method
described above. Efficiency was determined with a standard curve made by admixing
FITC tagged peptide to collagen solution and comparing the fluorescence of the final

product to the standard curve.

Neurite Outgrowth Assay

To assay neurite response to haptotactic gradients, the source-sink network was
modified to allow introduction of a DRG into the system (Figure 4-2). A second network
was generated that comprised a Imm diameter well connected to a straight 500um wide
and 100um deep channel. This network was place upside down (channel facing up) on a
glass slide and filled with collagen solution. DRGs were isolated from E8 chick embryos
(Charles River Laboratories, Willmington, MA), and a single DRG was placed in the
collagen-filled circular well. The network was transferred to a 37°C incubator to facilitate
self-assembly, entrapping the DRG in the collagen gel. The ‘source-sink’ network was
then plasma treated and bonded to the gel-filled underlying network such that the middle

of the cross channel of the 'source-sink' intersected with the straight channel of the
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Figure 4- 2: Schematic of the PDMS network. Cells are allowed to grow through the cell
channel and into the cross-channel. Projecting neurites then choose to grow up or down
the adhesion gradient, or left or right for control conditions.
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underlying network approximately 1500um from the circular well containing the DRG.
Peptide grafted collagen was pumped through one leg of the H and native collagen
through the other leg to form a gradient through the cross channel. Gradients were
visualized by spiking either the peptide-grafted collagen or the native collagen (selected
at random) with a FITC-tagged collagen solution.

After filling, networks were transferred to a humidified, 37°C, 5% CO, incubator
and perfused with fresh medium (DMEM supplemented with 10% FBS and 100 ng/ml
NGF (R&D Systems, Minneapolis, MN)) via gravity flow. DRGs were cultured in the
networks for five days to allow neurites to grow through the collagen gel and extend up
and into the crosschannel a significant distance, potentially in either direction. For 3mm
gradients, neurites grew for 4 days instead of 5 days to prevent neurites from entering the
source/sink channel.

To visualize neurite growth, after the culture period, neurites were stained
immunohistochemically in the networks for neurofilament proteins. Inlet solutions were
changed to 4% paraformaldehyde for 3 hours to fix the collagen and cells, then changed
to a rinse buffer comprising 1% BSA + 0.5% Triton in PBS for 3 hours. Inlet solutions
were changed to a 10% goat serum blocking solution in rinse buffer for 4 hours, and then
to an anti-neurofilament antibody cocktail of 1:200 o-NF 200 and 1:1000 o-NF 68
(Sigma) overnight. Networks were rinsed for 4 hours, and inlets were switched to a 1:400
dilution of goat anti-mouse Alexa 568 secondary antibody (Molecular Probes/Invitrogen,
Eugene, OR) and incubated overnight. Devices were rinsed a final time for 4 hours and

then transferred to an inverted epifluorescence microscope for imaging.
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Neurite growth was quantified as the number and length of neurites projecting up
the adhesion gradient vs. down the adhesion gradient, or in opposite directions for control
experiments without peptide grafted collagen or with uniform presentation of peptide-
grafted collagen, where no gradient was present. For each device, digital images were
taken with a 40X objective at the intersection of the explant and cross-channels and at the
end of the individual growth cones. Using Olympus Microsuite Image Analysis Software,
the (X,Y) coordinates were recorded for each growth cone and for the channel
intersection to determine the distance of growth in the gradient channel. For each
experiment, at least one adhesion gradient or full adhesion condition and one no-peptide
control was done with DRG explants from the same chick embryo. Smm IKVAV and
YIGSR experiments were performed at 100%-0 (14.9 pg/ml/mm — average concentration
of 18.5 pg peptide/mg collagen), 50%-0 (7.44 pg/ml/mm— average concentration of 9.25
ug peptide/mg collagen) and uniform, 74.5 pg/ml/mm. The average length of neurites
growing in either direction was calculated. For the 3mm length gradient condition,
neurites grew for 4 days to prevent neurite growth into source and sink channels. 3mm
IKVAYV and YIGSR experiments were performed at 100%-0 (24.7 pg/ml/mm— average
concentration of 18.5 pg peptide/mg collagen) and 50%-0 (12.4 pg/ml/mm-— average

concentration of 9.25 pg peptide/mg collagen) and no peptide control (Table 4-1).
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IKVAV / YIGSR
Gradient Concentration Average Concentration
Condition
(ug peptide/ml collagen/mm) (ng peptide/mg collagen)
100%-0 24.7 18.5
3 mm
50%-0 12.4 9.25
100%-0 14.9 18.5
5mm 50%-0 7.44 9.25
100%-100% Uniform 37

Table 4- 1: Table of all conditions tested for adhesion experiments.
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Results:
Peptide conjugation characterization:

To evaluate the efficiency of grafting of peptides to the collagen backbone, the
fluorescence of FITC-tagged peptide-grafted collagen was compared to a calibration
curve established by serially diluting FITC-tagged peptide grafted collagen solution
before removing unbound peptides (through dialysis, lyophilization, and reconstitution).
The fluorescence of our final collagen solution was compared to this calibration curve to
determine how much of the added peptide is conjugated to the collagen backbone (Figure
4-3). Our typical grafting efficiency was 55-65%. 100% peptide-grafted collagen is ~37

ug peptide/mg collagen or ~74 ug peptide/ml collagen.

Neurite outgrowth assay:

DRG explants from day 8 chick embryos were placed in the cell channel
underlying the gradient channel. Gradients were visualized by spiking either the peptide-
grafted collagen or the native collagen (selected at random) with a FITC-tagged collagen
solution (Figure 4-4). The cell channel intersects the gradient channel at the midpoint of
the gradient. Two different gradient channel lengths were studied, 3 and 5 mm. In the
Smm condition, neurites were grown for 5 days before fixing and
immunohistochemically staining. Neurites grow down the cell channel and a significant
number grow into the crosschannel (Figure 4-5). Those that grow in the cross channel can

either grow up or down the gradient (or either direction in the control cases).
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Figure 4-3: Representative calibration curve for -calculating grafting efficiency.
Calibration curve is created by admixing FITC-tagged peptides with collagen solution.
After grafting procedure, peptide grafted collagen is dialyzed against 0.02N acetic acid to
remove unbound peptide, lyophilized, and reconstituted in 0.02N acetic acid prior to use.
Fluorescence of FITC-tagged peptide grafted collagen is compared to calibration curve to
determine efficiency of grafting.
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Figure 4- 4: (A) Representative gradient of adhesion in H network visualized by spiking
collagen solution on left with 10% FITC-collagen.

Cross-Channel

Explant Channel

Figure 4- 5: Confocal micrograph of neurite growth in the collagen gel-filled network. A
DRG was placed within a collagen gel in the underlying explant channel and cultured for
5 days, at which time the networks were perfused with paraformaldehyde and then
stained immunohistochemically for neurofilament proteins. Neurites grew from the DRG
and either continued in the explant channel or grew up and into the cross-channel of the
overlying 'H'-shaped network. Scale bar: 150pum.



94

Though similar daily trends are observed between control and experimental conditions,
significant variability is possible day to day due to the variability in chicks used. This is
accounted for in the statistical analysis by performing a two-way ANOVA where the
experimental condition was a fixed effect and day of the experiment was a random effect.
Average length up and down the gradient for IKVAV, Smm experiments and their
respective controls are shown Figure 4-6. In this case, 100-0 shows significantly
enhanced growth both up and down the gradient of adhesion (P<0.05) and the 50-0 case
shows enhanced growth though this is not significant (Figure 4-6A). In order to
determine directionality of growth, the ratio of growth up the gradient over growth down
the gradient is calculated. Significantly directed growth ratios should be greater then one
meaning growth is greater up the gradient compared to down the gradient. Growth is
most directed in the 50%-0 condition (Figure 4-6B) though this is not significant for
IKVAV, 5Smm. In the uniform concentration, IKVAV-grafted control case, growth is not
enhanced compared to both gradient cases and the control. In the steeper gradients
conditions (3mm) growth is significantly enhanced in 50%-0 but growth is not directed in
either case (Figure 4-7).

In Smm YIGSR experiments, growth is significantly enhanced up the gradient of
adhesion for both the 100-0 and 50-0 (P<0.05) conditions (Figure 4-8A), with some bias
up the gradient of peptide in the 100%-0 case (Figure 4-8B). In the uniform concentration,
YIGSR-grafted collagen case, growth is significantly increased compared to control
conditions and enhanced over gradient conditions, implying that growth may be further
enhanced by increasing concentration of peptide. In steeper conditions (3mm) growth is

significantly increased in both gradient conditions compared to control (Figure 4-9A) and
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significantly directed growth in both the 50%-0 and the 100%-0 conditions (Figure 4-9B)
(P<0.05).

The number of neurites growing in either direction for all peptide grafted
conditions and controls were determined (Figure 4-10,4-11). There was no significant
difference in the number of neurites except in the IKVAV 100-0, 3mm case where

significantly more neurites grew up the gradient than in the control condition (P<0.05).
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Figure 4- 6: (A) Average length of growth in 'longer' and 'shorter' directions for different
conditions of IKVAV grafted collagen. Growth is not increased over controls when the
collagen is uniformly grafted with ~37ug IKVAV/mg collagen ('100%"), but is increased
in both directions (P<0.05). (B) Ratio of growth in ‘longer’ over growth in ‘shorter’
directions shows that directional bias is greatest in the shallowest conditions (50-0).
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Figure 4- 7: Average length of growth in 'longer' and 'shorter' directions for different

conditions of IKVAYV grafted collagen at 3mm gradient length. Growth is increased in all

IKVAYV grafted conditions. (B) Ratio of growth in ‘longer’ over growth in ‘shorter’

directions shows that growth is not significantly biased in either gradient condition (50-0,

100-0)
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Figure 4- 8: (A) Average length of growth in 'longer' and 'shorter' directions for different
conditions of YIGSR grafted collagen. Growth is increased in all YIGSR grafted
conditions and is longest in the uniform conditions (100%). (B) Ratio of growth in
‘longer’ over growth in ‘shorter’ directions shows that growth is most biased in the
steepest gradient condition (100-0)
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Figure 4- 9: Average length of growth in 'longer' and 'shorter' directions for different
conditions of YIGSR grafted collagen at 3mm gradient length. Growth is increased in all
YIGSR grafted conditions. (B) Ratio of growth in ‘longer’ over growth in ‘shorter’
directions shows that growth is significantly biased in both gradient conditions (50-0,
100-0)
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Figure 4- 10: Number of neurites for IKVAV conditions growing up and down the
gradient. Number of neurites growing in uniform conditions or up and down the gradient
is not significantly different except in the 100-0, 3mm case where significantly more
neurites grew up the gradient then the control (P<0.05).

Number of Neurites (+/- std err)

20

—_
(=]

—_
o

4]

YIGSR (5mm)
T 20
B Uniform
B Up Gradient
O Down Gradient oy
i
L}
I T 15
| 7]
- x
wn
LB}
H £ 10
=3
L
=
g
Q
L 8 5
£
3
=
control 50-0 100-0 100
Condition

YIGSR (3mm)

B Uniform
B Up Gradient
O Down Gradient

e

control

50-0 100-0

Condition
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Discussion:

We believe, analogous to development, multiple cues will be necessary to direct
neurons after spinal cord injury. Given that gradients of laminin have been shown to be
important for growth cone turning and guidance in vivo, we know adhesion gradients are
important for directed growth. We have developed a method to create smooth 3D
gradients of IKVAV and YIGSR grafted collagen and tested their functionality in
directing neurons using chick DRGs. Most previous work has focused on chemotaxis,
which is the use of chemical gradients, and has been shown to influence neurites to grow
in a particular direction. In the body, cells differentially synthesize factors to provide
chemical cues and in order to incorporate this into a biomaterial we would need a
continuous source for the chemoattractant. Rather then developing a complicated system
for chemical release, we believe we can use adhesion gradients for directed growth.
Adhesion gradients have an important benefit in that they are part of the biomaterial and
therefore will provide ‘permanent’ gradients to direct neurons.

In this study we investigated gradients of IKVAV and YIGSR, which are both
neuron-specific peptide regions of laminin [15, 29]. Most work in altering neurite
adhesion with IKVAYV and YIGSR has been in 2D [17, 29] or isotropic 3D conditions of
YIGSR grafted to different materials including collagen, chitosan and alginate [20-22,
29]. Adams et al. [18] looked at substrate bound 2D IKVAV gradients for directing DRG
neurites where they first directed neurites to the center of the gradient and then allowed
growth cones to choose to grow up or down the gradient of adhesion. They found in steep
gradients, most growth cones chose to grow “up the gradient”. In more shallow gradients,

there is still a bias “up the gradient” but once neurites chose a direction, up or down, they
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continue and show no indication of turning to grow “up the gradient”. However, because
of the constraint in gradient length, they were not able to look at the final length of
neurite outgrowth and found no change in the rate of growth in either direction of the
gradient.

Dolda et al. [25] studied gradients of laminin grafted to agarose gels in shallow
and steep gradients. DRGs were mixed with the initial agarose gel and therefore, there
was little control over where each DRG started in the gradient. Depending on the location
of these DRGs they measured neurite growth rate either “up the gradient” or “down the
gradient” of laminin and found that in the shallow laminin gradient condition, in their
case 0.017 pg/ml/mm, they found a significant difference in growth rate “up the gradient”
vs “down the gradient” stating that this would be potentially important in directing
neurite outgrowth. However, due to the nature of their study, they were unable to
measure growth in both directions from a single DRG or look at the final average length
of neurites at the end of their experiment.

In our case, we studied both IKVAV and YIGSR gradients conjugated to collagen
in 3D. Neurite were first directed to the center of the gradient and were able to grow
either up or down the gradient. We measure the final length of neurites growing in either
direction from the same DRG. For both IKVAV and YIGSR, we studied 4 different
gradients: 7.44 pg/ml/mm, 14.9 pg/ml/mm, 12.4 pg/ml/mm, 24.7 pg/ml/mm. Though this
range is much steeper then previously studied laminin gradients, these concentrations are
in the range of those used for YIGSR-grafted collagen gels in isotropic conditions [22]
and laminin conjugated agarose gels used in vivo [24]. For IKVAV, we find that neurites

are most directed in the shallowest gradients, 7.44 pg/ml/mm. In our full IKVAYV control,
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we find that growth is decreased, implying that at our highest concentration, the IKVAV-
grafted collagen is too ‘sticky’ for neurite outgrowth and on the right side of the biphasic
curve (Figure 4-1). If we look at all of our IKVAV experiments together we see that the
range we tested displays the biphasic response of IKVAV-grafted collagen to neurites.
Neurites entering the gradients channel enter at the midpoint of the gradients which is 0,
9.25, 18.5, or 37 g peptide/mg collagen for 0, 50%-0, 100%-0 and 100-100%
respectively. From our results we see that growth is most increased in the gradient
conditions (50%-0, 100%-0) implying that the optimal concentration for IKVAV-grafted
collagen is between 9.25-18.5 pg peptide/mg collagen. Native collagen with no added
IKVAV is ~37 pg peptide/mg collagen and showed decreased growth as compared to
these gradient conditions.

In our YIGSR studies we find that growth enhanced in all YIGSR-grafted
conditions, most directed in the steepest condition and longest in the full YIGSR control
case. We were unable to compare the average growth in steep gradient conditions with
the uniform condition due to the difference in the duration of the experiment for each
study. When we compare 3mm gradients to Smm, we know that the concentration of
peptide grafted collagen at the midpoint is the same. The increased directionality of the
steeper gradients must be due to the slope of the gradient itself and not because of the
starting conditions for neurites in the gradients. We find all YIGSR gradients we tested
fall below, or possibly at, the optimal YIGSR-grafted collagen concentration. This is seen
by looking the uniform concentration tested at 37 pg peptide/mg, which increased growth

over gradient conditions.
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Our work confirms that there is a difference in the sensitivity of the response to
IKVAV and YIGSR. If we calculate molar concentration we see that the molarity at
which YIGSR is active is 0.115 mM, which is almost double the highest concentration
we tested for IKVAV (0.06 mM) where IKVAV-grafted collagen concentration was too
high for optimal growth. This means that IKVAV is active at a much lower concetration
(0.03mM — 0.015mM), that is almost an order of magnitude lower that that needed for
YIGSR to be active. Previous work has shown that DRGs are most directed in the
shallow gradient of laminin. Laminin has a fixed concentration of IKVAV and YIGSR
and these concentrations cannot be changed independently when making a gradient of
laminin. If we look at the gradients studied by Dolda et al.[25], they reported that shallow
gradients were most effective in directing neurons. When they used gradients of laminin,
they are not able to control the concentration of IKVAV and YIGSR they use. If they use
a high concentration of laminin, that would mean they are using a high concentration of
IKVAV. Based on our experiments, we expect that neurons will not be able to grow in
high concentrations of IKVAV and therefore, steep laminin gradients will not be able to
direct neurons regardless of the concentration of YIGSR present. Using our system we
are able to decouple these two effects and use the optimal concentration for each peptide

to make the most favorable substrate for neurite growth and direction.
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Chapter 5: Discussion and Future Work

In the preceding chapters, we have presented a novel technique to evaluate neurite
growth in gradients of mechanical properties and adhesion. In chapter 2, we discuss the
use of Genipin, a naturally occurring crosslinker, which has been previously used to
crosslink chitosan [1], gelatin [2] and poly(ethylene glycol) hydrogels [3] for crosslinking
collagen gels. In addition to crosslinking, it fluoresces as it crosslinks and we have shown
that mechanical properties can be evaluated through fluorescence measurements. As
explained in chapters 3 and 4, we have developed a system that can be used to create
gradients of mechanical properties and adhesion sites in 3D collagen hydrogels. Using
our system, we are able to find the optimal mechanical properties and concentration of
laminin derived peptides YIGSR and IKVAYV for neurite outgrowth using a chick dorsal
root ganglion (DRG) model system. In evaluating mechanical gradients we found we are
able to not only direct neurite growth but also enhance it over fully crosslinked and no
crosslink controls. Growth is optimal in gradients of ~375 Pa to ~60 Pa. In our adhesion
gradient studies, we find that migration is enhanced in all peptide-grafted collagen
gradient conditions compared to the native collagen controls. In the YIGSR case, we see
enhanced growth in all YIGSR-grafted conditions with the most increased growth in the
full YIGSR condition (~37 pg peptide/mg) implying the optimal concentration for
YIGSR-grafted collagen is > 37 ng peptide/mg collagen. For IKVAV, we see enhanced
growth in gradient conditions but stunted growth in the full IKVAV-grafted control,
implying IKVAV may be too ‘sticky’ for neurite outgrowth at the highest concentration
studied. We found the optimal concentration for IKVAV-grafted collagen to be between

9.25-18.5 ng peptide/mg collagen.
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The ultimate cure for spinal cord injury (SCI) will likely involve a combination of
many currently researched strategies including cell based therapies, drug delivery
therapies and biomaterial therapies. A successful therapy must be able to attract a
sufficient number of neurons into the bridge material, direct them across the injury site
and influence them to grow out of the bridge material and integrate with neurons on the
other side. Currently, the most promising approach to SCI repair has been a cell-based
tactic where cells are introduced into the injury site to replace the injured cells in the
spinal cord and guide neurons across the injury site. These approaches have included
adding neural stem cells [4], olfactory ensheathing cells [5], or a Schwann cell bridge [6]
with the intention of enticing injured neurons and providing supporting cells for the
remyelination of new neurons that are grown [7]. However, in many cases, these systems
have either not attracted a sufficient number of neurons, or not allowed neurons to grow
out of the bridge material and into the native tissue. In order to make nerve guidance
channels more attractive, gradients of soluble or adhesive factors can be used to direct
neurons through the bridge material. This could be done by adding drug delivery vehicles
commonly used to deliver uniform, steady concentrations of trophic factors such as nerve
growth factor (NGF), [8] to the bridge material with chemical factors that attract neurons
and/or supporting cells but this would require the development of a precisely placed,
compatible controlled-release technology as a source for the chemical factor. We believe
that by incorporating ‘permanent’ gradients of mechanical properties and adhesion into
an implantable biomaterial, we can guide neurons across the injury site.

Durotaxis has been a largely overlooked field in cell migration until recently.

Previous work with anisotropic mechanical surfaces has shown that fibroblasts prefer
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stiff substrates to soft substrates. Work with neurons and astrocytes grown on discrete
samples of stiffness have shown that neurons prefer soft substrates, whereas astrocytes
prefer stiff substrates. We have been able to further this work by demonstrating that with
a gradient of mechanical properties, we are able to not only direct neurons, but also
enhance their growth. This shows the importance of substrate properties on cell growth
and migration and has several implications for tissue engineering materials. Current
research has overlooked the importance of fabricating biomaterials with mechanical
properties optimized for the cell type that will integrate into the implant. Mechanical
gradients studied in this thesis can be incorporated into materials currently being studied
as nerve guidance conduits as a straightforward way to improve integration of an implant
with cells surrounding the injury site.

One drawback with our system for making mechanical gradients is the toxicity of
genipin. From our experiments, we found that at high concentrations (> ImM) genipin is
toxic. Using our system, the cell channel from which DRGs grow is exposed to genipin
during the crosslinking period and this prevents us from trying higher concentrations of
genipin. Therefore the maximum gradients we are able to evaluate are an order of
magnitude increase in storage modulus across our gradient length. Though we see a bias
in neurite growth, we expect that this can be further optimized if we increase the slope of
our gradient. One way we are investigating is to increase the slope of the gradient by
decreasing the length of our gradient as we did in adhesion experiments. Another way
this could be achieved is by either finding a non-toxic way to crosslink collagen or by

preventing our cells from being exposed to genipin by blocking the cell channel from the
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genipin solution during crosslinking. Current work in the lab is focused on using a non-
toxic photocrosslinker to make mechanical gradients of sharper slopes.

In our adhesion experiments, we find that there is a distinction in the
concentrations at which YIGSR and IKVAV are most effective and therefore separating
these two components from laminin will lead to better direction and growth of neurons.
Previous work by Dodla et al showed laminin can be used to direct neurons both in vivo
and in vitro [9, 10]. Using a rat sciatic nerve model, they found that both laminin and
NGF gradients were necessary in order to direct neurons across the gap; they get no
regeneration with just one component or if either component is uniform. In all cases, this
growth is less then in the nerve graft control. In vitro experiments showed that a gradient
of laminin can be used to direct neurons, with neurites begin most directed in their
‘shallow’ gradient case. These studies demonstrate that gradients can be very important
for directing neurons after injury. We believe that these results can be further enhanced
by deconstructing laminin gradients into YIGSR and IKVAV and incorporating
mechanical gradients. When using whole laminin as the gradient component, we expect
IKVAYV to dominate since IKVAV will prevent neurite extension at high concentrations,
making shallow gradient most useful for neurite direction, as was found. These results
match well with our results using IKVAV gradients. However, we found that YIGSR is
most effective in steep gradients. From our studies we see that a higher concentration of
YIGSR and lower concentration of IKVAV will be most effective. In our system we are
able to take apart these two peptide regions from whole laminin and look at how to make
each component most effective. We are also able to do “competing” gradients or YIGSR

and IKVAV in order to better understand their effectiveness in directing neurons.
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The next logical step for this work would be to combine the currently used
gradients and study what properties would lead to the most direction and enhancement of
neurite outgrowth. In our case, we find that a 12 hour, 0-1 mM genipin gradient is the
best mechanical gradient condition. For the adhesion gradient we found that YIGSR is
most favorable at a steep gradient and IKVAV at a shallow gradient. We can combine
these two concentrations into one collagen solution to make an optimized adhesion
gradient and overlay this gradient with a durotactic gradient. We expect that this would
lead to further direction and enhancement of neurite outgrowth. Any peptide can be
conjugated to the collagen backbone and used to make a gradient with the system
described in this study. In some cases, collagen may be inherently ‘too sticky’ for cell
migration and it has been demonstrated in our lab that adhesion sites can be masked by
conjugating scrambled peptides. The versatility of this system allows for many different
gradient conditions to be studied along with chemical gradients to improve growth and
direction.

It would seem that once optimal gradients are identified, gradient gels can be used
as implant material for nerve regeneration models. However, at this time we are not able
to remove gradient gels from their PDMS channels. Gradients gels are very small in size
(150 um x 5Smm x 100um) and even if they can be removed, would have to be scaled up
for use as a nerve growth conduit. We are investigating ways to remove our gels from the
PDMS channel but often the gels are torn during the removal since they do not
preferentially bind to either glass or PDMS. If we can determine a way to remove
gradient gels, gels can be stacked to make larger nerve guidance conduit with favorable

properties for nerve regeneration. It may be more useful to establish a method for
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fabricating large scale gradients for use in implant materials. However, the properties that
we learn from these experiments can be very important in order to determine future
experiment in directed nerve growth and optimal conditions for neurons. Additionally,
due to the micron scale of our experiments, we are able to determine optimal gradient
properties in an efficient, cost-effective manner and test a variety of conditions which,
once optimized, can be scaled up for implant experiments.

Perhaps the most useful result in the previous chapters is a system for making 3D
gradients. 3D environments are important in cellular studies because of their similarity to
in vivo conditions; cells can be stimulated in all directions instead of just the surface on
which they are attached. Most studies of cell migration in gradients have been in 2D
systems with chemical factors. Though chemical factors can be useful in directing cells,
they are not stable and will be lost once all chemicals have dissipated. Therefore, having
permanent biomaterial gradients that are a part of the 3D structure of the biomaterial used
will be very valuable. This system is versatile and can be used with an unlimited
combination of mechanical, adhesive and chemical gradients including competing
gradient conditions.

One of our current limitations is single cell viability in our system which has
prevented us from doing experiments with other cell types. When using single cells or
dissociated neurons, we remove the cell channel and replace it with a glass slide;
however, when we tried this with rat dermal fibroblasts, we found that the cells do not
survive. We believe this is caused by a lack of nutrient diffusion and waste exchange and
therefore current work explores methods to replace the glass slide with a porous

membrane material that will allow access to media. Once we increase our cell survival,
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we hope to use this system to study other cell types in gradients of mechanical and
adhesive properties including fibroblasts, smooth muscle cells, astrocytes, and embryonic
stem cells for various applications including wound healing and directed stem cell
differentiation. An ongoing project in the lab is on directed differentiation of embryonic
stem cells (ESC) using material properties. Discrete samples of collagen in a range of
mechanical and adhesive properties incorporated with ESCs are being evaluated for
directed ESC differentiation into neural lineages. A microfluidic approach would be very
efficient for this work allowing for a high throughput method to test cell preference for
mechanical and adhesive properties of the material. Each experiment can be consolidated
into one device and many replicates can be done at one time making experiments quick
and cost effective due to the small amount of reagents necessary in microfluidic devices.
Another application for this system would be to specifically pattern stripes of
substrates to separate cells such as astrocytes from neurons after injury. During spinal
cord injury, due to the body’s inflammatory response, a physical barrier, called a glial
scar, is created that prevents neurons from crossing the injury site [11]. Reactive
astrocytes are the primary component of the glial scar and chief source of inhibition of
growing neurons. Although there are many cell types in the injury site, astrocytes are
thought to be the most detrimental because they heavily proliferate after injury and are
most often encountered by growth cones [12, 13]. We know from previous work that
astrocytes prefer much stiffer substrates then neurons [14] and they are attracted to
different adhesive proteins such as vitronectin [15] rather then laminin. Interestingly,
astrocytes are growth promoting in some cases [16] and have been shown to assist in

axonal regeneration during development and in uninjured tissue as seen in the normal
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arrangement of astrocytes in the CNS [17]. Using a ‘Y-shaped’ microfluidic system we
are able to make adjacent 3D stripes with different adhesive and mechanical properties. It
is therefore possible to pattern a biomaterial with stripes tailored toward astrocytes
adjacent to stripes specific for neurons in order to separate astrocytes and neurons after
injury, allowing neurons to grow uninhibited.

Microfluidics/BioMEMs techniques have gained popularity in the last several
years as a method for studying cell morphology and migration in stable gradient systems
and high throughput assays. Most current research in microfluidic gradients are in 2D
systems with some macroscale gradient studies done in 3D. Though 2D experiments can
be important for as a first step in understanding cellular migration and differentiation, 3D
conditions are more physiologically relevant. BloMEMs devices have several advantages
including small reagent volumes, making them cost efficient and shorter reaction times,
making the time efficient. Using a microfluidic system we are able to spatially pattern
mechanical and adhesive properties in 3D for nerve guidance. The outcome of these
experiments can lead to the potential use of biomaterial based gradients in addition to
currently used techniques for SCI repair. We plan to test cellular migration of various cell
types in 3D but the soft lithography/microfluidic techniques described in this thesis can
be used for various patterns including gradients, stripes, and cellular islands and are
essentially ‘limitless’. We expect that future work with these devices will bring about
better understanding of cellular preferences and functions in a physiologically relavant

state and lead to improved implantable devices for various tissue engineering applications.
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