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Abstract of the Dissertation

Development, Characterization, and Applications of Self-Assembling, Photocrosslinkable

Collagen-based Hydrogels
By lan D. Gaudet
Dissertation Director:
David I. Shreiber

Development of functional soft-tissue engineered constructs for use in regenerative
medicine is currently limited by homogeneity within scaffolds that fails to recapitulate
the complex architecture that supports normal function in healthy tissues. Additionally,
recent breakthroughs in our understanding the biomechanical cell-matrix interface have
provided insight into the role of substrate compliance during development and in the
pathophysiological environment. This thesis is the result of investigation into using
type-I collagen as a base material for creating dynamic, self-assembling, mechanically
and biochemically tunable 3D hydrogel scaffolds into which instructive cellular cues can

be imparted anisotropically via the directed application of light.

This overarching goal was approached by (1) evaluating extant methods for photonically
manipulating type | collagen mechanical properties, which led us to the conclusion that
published methods were inadequate for our purposes. Following this realization, we (2)

developed a novel process for derivatizing free amines on collagen amino acid residues



to reactive methacrylamide moieties, allowing robust spatiotemporal control of
mechanical properties through photocrosslinking with long-wave UV light and the
water-soluble photoinitiator Irgacure 2959. Thorough characterization of this material,
collagen methacrylamide (CMA), provided the basis for multiple applications in the field
of soft tissue engineering. Additionally, (3) CMA was used in conjunction with synthetic
photopolymers in an effort to create a hybrid natural/synthetic hydrogel material. CMA
was also (4) employed as a dynamic hydrogel scaffold which we showed could be used
to culture a number of neurogenic stem and progenitor cell types with a focus on using
photomodulation to impart instructive heterogeneity to the mechanical and
biochemical microenvironment. Finally, (5) we used a computational modeling approach
to explain interesting yet poorly understood material phenomena exhibited by CMA
observed during characterization. Using sequence and structure based models of an
optimized triple helical segment of type-I collagen, we obtained valuable insight into the
role of amino acid electrostatic interactions in CMA thermodynamic behavior as well as
in the context of understanding the biophysical mechanisms of native type | collagen

self-assembly and stability.
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1. Chapter 1: Background

1.1 Collagen Hydrogels

Hydrogels are attractive materials for use as
tissue engineering scaffolds due to their
potential to be injected into a defect or
wound, then polymerized to provide a stable
matrix for cellular growth, remodeling and
regeneration into functional tissues [1]. Acid-

soluble type | collagen, when pH neutralized,

self assembles into a network of fibrils (Figure

Figure 1-86: Type | Collagen Network. Scale Bar = 10um

1-1) to form a natural hydrogel, and has been

used extensively in medical devices and pharmaceutics due to its availability, cytocompatibility,
and inherent functional binding sites [2]. Type | collagen is the most abundant protein in
mammals, comprising 30% of all protein in humans, and is the most common of the 28 known
isoforms of collagen [3]. In vivo, type | collagen serves primarily as a structural protein and is
found in skin, bone, tendon, ligament, corneal and connective tissue. The hierarchical structure
of collagen, formed from tropocollagen monomers into micrometer-scale fibers, is the
foundation behind the mechanical strength of collagen found in almost all load-bearing tissues
[4]. The basis of this structure is the triple helix of collagen, which has been extensively studied
during the last half century. The triple-helical tropocollagen molecule is made up of 3 left-
handed helical a-chains, which vary in composition depending on the specific type of collagen.
Each a-chain is defined by its characteristic Gly-X-Y sequence, where every third amino acid is

glycine. Various other amino acids make up the other two, but the most common are the imino



acids proline and hydroxyproline [5], which are believed to assist in stabilizing the backbone of
the triple helix. In type | collagen, the tropocollagen molecule comprises two identical al chains
and one a2 chain, with the formation of fibrils driven by an entropic process in which solvent
molecules are removed from the protein surface [6]. Fibrils are initially stabilized via hydrogen
bonds and interchain charge pairs [7], with further stabilization imparted in vivo via covalent
crosslinking, mainly through the actions of the enzymes such as lysyl oxidase [8]. This self
assembly of fibrils and concomitant secondary stabilization are what gives type | collagen its
mechanical strength. Younger collagens, such as that derived from bovine calf skin, have
significantly less covalent crosslinks, are thus mechanically weaker and more soluble, which has
led to their purification and use in the laboratory as hydrogels [9]. However, relative to many
native tissues, collagen hydrogels typically have poor mechanical strength and the mechanical
properties are not easily controlled, except through changing the macromer concentration or
chemical crosslinking [10,11]. Furthermore, cellular adhesion to collagen matrices is highly
variable and cell type-specific, and has profound implications on cell migration, proliferation,
and other phenotypic behaviors [12]. These qualities limit or prevent the use of collagen in
many applications. As such, many approaches have been developed to augment the natural

properties of collagen.

However, these previous attempts at modifying collagen’s material properties have presented
significant challenges. Although chemical crosslinking using glutaraldehyde provides significant
increases in mechanical strength, it is highly cytotoxic [13]. More cytocompatible crosslinking
compounds, such as genipin, allow crosslinking in the presence of cells, although the degree of
crosslinking is limited and localization of crosslinking is difficult due to diffusion of chemical
agents through the hydrogel [14]. Enzymes, such as transglutaminases, are non-cytotoxic but

are prohibitively expensive and are also subject to uncontrolled diffusion [15]. Other



approaches, such as exposure to UV light are either cytotoxic, in the case of UVC, or minimally
effective and slow, as with UVA exposure [16]. Collagen has been reportedly directly crosslinked
using UV light with riboflavin as a photosensitizing agent, although numerous tests in our lab
have shown that this method does not significantly change the mechanical properties, and is
quite cytotoxic as well [17]. More recently, there have been attempts made to modify collagen
with photoactive groups to allow light, in conjunction with a photoinitiator, to produce
significant changes spatially and in a cytocompatible manner. However, these approaches
appear to have the common problem that the reaction conditions under which the collagen is
modified are too harsh to preserve the complex tertiary structure, the result of which is that the
collagen becomes partially denatured and is no longer able to spontaneously self-assemble [18-

20].

1.2 Synthetic Hydrogels

Over the last two decades, synthetic polymer hydrogels have become increasingly popular as
tissue engineering scaffolds due to the high degree of control afforded by direct control of the
macromer composition [21]. One such material, polyethylene glycol (PEG), has been used in
medical implants and pharmaceuticals in a number of formulations for decades. In 1995 West
and Hubbell modified PEG by adding reactive acrylate groups to the end of the PEG macromer
to form PEG diacrylate, which was then photopolymerized and used to form synthetic hydrogel

matrices in which encapsulated cells could be grown [22].

More recently, photopolymerizable PEG-based materials have been produced for use as highly
tunable tissue scaffolds and drug delivery systems [23,24]. The mechanical properties of PEG
hydrogels can be precisely controlled by altering the polymer chain length and degree of

branching [25]. While PEG is well tolerated by both encapsulated cells and host tissues, it is also



inherently non-adhesive and non-degradable. This prevents cells from either infiltrating the

scaffold or remodeling it unless it is modified to include biodegradable moieties [26].

Hybrid materials, which contain a mixture of biomaterials and synthetic components, are also
becoming popular as tissue engineering matrices due to the combination of their respective
advantages. Several groups have successfully used combinations of natural and synthetic
materials to optimize and tailor the properties of tissue engineering scaffolds to the particular
application [27-29]. However, simply combining biomaterials with synthetics has limitations, due
to the drawbacks of having both materials everywhere within the scaffold. In the case of PEG,
this could prevent cell attachment. Other approaches using hybrid materials involve using
collagen as a base material, and admixing additional natural or synthetic components such as
hyaluronic acid and polyethylene oxide to form interpenetrating networks. A major drawback to
this system is again there is little control over where materials interact, and it may be hard to
determine with which material cells might interface due to the presence of two independent
matrices [30-32]. A scaffold comprised of a single natural material with localized tunable control
of its mechanical properties could be useful from a tissue engineering viewpoint in that the
bioactivity would be consistent throughout the scaffold with variable stiffness imparted in a
physiologically relevant manner. Furthermore, living tissues are highly variable in their localized
properties, with different mechanical and biochemical properties within different parts of the
tissue. To truly regenerate tissues with any real similarity to the original structure and
functionality, an efficient scaffold will need the ability to be tailored with a heterogeneous

structure.

13 Hydrogels as Scaffolds for CNS Regeneration




Mechanically tunable hydrogels have the potential to be used in a broad range of applications
where heterogeneous control of the material properties is desired. One possible clinical
application is in central nervous system (CNS) injury. The native tissue in the CNS has mechanical
properties similar to those of collagen gels, and neural tissue behavior has been shown to be
highly responsive to changes in stiffness [33]. Moreover, CNS injuries can result in lesion cavities
with non-uniform geometries that are not amenable to solid scaffold implantation without the
risk of additional damage to the injury site [34]. One major advantage of collagen is its ability to
self-assemble, which allows the material to be injected into a defect of almost any geometry
with minimal disruption of nearby healthy tissue, and then polymerize into a solid to provide a
stable matrix. Photocrosslinking could then be accurately introduced into any spatial pattern
where light application is accessible. As the photocrosslinking process can be cytocompatible,
cells in the liquid scaffold can be injected into a defect, followed by scaffold modulation in situ
to create an optimal environment for tissue regeneration that is customizable to an individual
patient. Hydrogel scaffolds can also allow for controlled release of therapeutic agents such as
growth factors, enzymes, and anti-inflammatory agents [35-38]. Here, the release rate of the
therapeutic can be controlled locally by increasing the crosslinking density and hence the
degradation rate of the scaffold. Local gradients of neurotrophic agents encapsulated within the
matrix could provide another method for guiding cellular behavior. It is well known that
chemotactic gradients present during neurogenesis contribute to proper axonal targeting; this
phenomenon has also been recreated in the adult rat brain facilitating properly targeted axonal
outgrowth [39]. The defined, anisotropic presentation of cues, such as adhesive ligands or
matrix stiffness, can also provide critical directional information to regenerating neural tissue to
potentially accelerate functional recovery. Neural recognition molecules, such as L1, Neural Cell

Adhesion Molecule (NCAM), poly-sialic acid (PSA), and Tenascin-R, have been implicated in the



recruitment and/or repulsion of neuronal cell migration and may provide attractive options for
photopatterning of neuroactive molecules [40,41]. In another instance, using a microfluidic-
based assay, our laboratory has demonstrated that the growth of regenerating neurites from
dorsal root ganglia is directed and enhanced down gradients of compliance. However, the scope
and profile of these gradients were limited by the tolerable concentrations of the soluble
crosslinker used, and by dimensional constraints associated with maintaining laminar flow
regimes in microfluidic networks. Moreover, guidance of cell types other than neurons, such as
astrocytes, has been shown to cause a secondary alignment of neurons [42]. Taking advantage
of this may allow reorganization of the glial scar present in many CNS injuries, and could allow

modulation of neurite ingrowth through the injury site in a long term manner.

Another potential use for tunable hydrogels is toward directing stem cell differentiation. The
microenvironment surrounding a stem cell, including the mechanical and biochemical properties
of the extracellular matrix, has been shown to have a profound effect on the proliferation rate
of stem cells as well as differentiation fate [43]. More recently, human mesenchymal stem cells
(hMSC) have been shown to not only differentiate into functional neuronal lineages [44], but
also that the mechanical properties of the matrix were directly and solely responsible for the
resultant differentiation fate [45]. Engler et al demonstrated that hMSC differentiation on 2D
substrates was determined by substrate stiffness. Substrate stiffness of 0.1-1kPa, 8-17kPa, or
25-40kPa resulted in neurogenic, myogenic, or osteogenic lineages, respectively [46]. It was also
shown recently that the combination of substrate stiffness and the presentation of adhesive
ligands may act synergistically to drive hMSC differentiation. Rowlands et al showed, for
instance, that hMSC differentiation could be pushed towards an osteogenic lineage via a stiff
(80kPa) substrate coated with type-I collagen, but that type IV collagen on the same substrate

resulted in differentiation into a myogenic lineage [47].



A spatially tunable hydrogel with the ability to control local properties within a 3D scaffold could
potentially allow directed differentiation of stem cells seeded therein into a heterogeneous
population, facilitating formation of complex tissues. Such constructs would have far reaching
implications for clinical regeneration of damaged tissue, creation of 3D in vitro models of
multicellular pathologies, and study of development in advanced geometries that more
accurately mimic realistic geometries. Several groups have recently used collagen gels as
matrices for stem and neural precursor cell-based therapies in CNS injury models[48,49]. While
their results show that collagen gels are suitable for supporting both stem cell proliferation and
differentiation into neural tissues, thus far these materials lack the ability to produce localized,
controlled heterogeneity, which may be necessary to completely regenerate damaged tissues

and restore function to pre-injury levels.

This dissertation discusses our examination of existing approaches for using light-based
crosslinking to modify type | fibrillar collagen scaffolds as well as a novel process for creating a
derivatized collagen-based material that allows robust, dynamic control of material properties.
First, in Chapter 1, | describe our attempts to exploit existing approaches from the literature to
modulate the stiffness collagen scaffolds, specifically photocrosslinking native collagen directly
with visible light and flavin mononucleotide and generating methacrylated collagen via
derivatization with methacrylic anhydride, as well as the problems associated with these
approaches. Extensive experimentation with these methods led to determination that existing
methods were not adequate for our desired applications, and motivated development of a
simple yet efficacious method for generating photosensitive collagen methacrylamide.
Optimization of this novel synthesis method as well as a thorough characterization of the
resultant material using a variety of experimental modalities is presented in Chapter 2. Chapter

3 investigates the use of photosensitive synthetic polymers in conjunction with our collagen



based material and discusses the salient mechanical and biological advantages and
disadvantages discovered thereupon. Chapter 4, | describe our screening of a variety of stem cell
types for biocompatibility with the photocrosslinking process, which indicated a number of
limitations for certain applications. Extended studies with the more robust cells detail specific
applications and the constraints which arose from their implementation. In Chapter 5, | review
our efforts aimed at using in silico molecular models of native collagen and collagen
methacrylamide to help understand some of the unexpected material properties observed
during characterization and experimentation with collagen methacrylamide, and how these
properties might present opportunities for new applications of the material. Finally, in Chapter
6, | summarize our findings and conclusions and place our results in context with other
photoactive materials, particularly the previous attempts at photocrosslinking type | collagen. |
also discuss future directions for the research and material from both basic science and

translation research perspectives.



2. Chapter 2: Prelude: Collagen Photocrosslinking Approaches from Literature

2.1 Introduction

Initial studies attempted to employ published methods of photocrosslinking collagen to create
photonically induced stiffness gradients that could be used to guide neurite outgrowth, with
potential applications in augmenting regeneration in the injured nervous system. Previous work
showed that stiffness gradients can be used to control cellular behavior [50,51]. In our
laboratory, Sundararaghavan et al., created durotactic gradients using microfluidic devices and
showed that sensory neurite outgrowth from embryonic chicken dorsal root ganglia (DRG) was
modulated to preferentially grow along a 1-dimensional gradient of decreasing stiffness in a 3-
dimensional gel [52]. While this finding was exciting from a mechanistic viewpoint of innate
neural regeneration and the implications for exploiting this phenomenon as a tool to regenerate
nervous tissue injury, the system was not easily adaptable for clinical use given the constraints
of creating these gradients in a microfluidic device. To exploit this phenomenon with a more
translatable platform, we hypothesized that using light and a photoinitiator to catalyze
crosslinking of collagen gels would allow formation of gradients in a more non-invasive way.
Several promising approaches were found in the literature that were or could be employed light
induced crosslinking of Type-I collagen. In particular, two approaches were chosen based on
their published findings: (1) Using riboflavin to directly photocrosslink collagen [17], and (2)
modifying collagen by derivatizing it with reactive acrylate or methacrylate groups and using a
photoinitiator to catalyze photocrosslinking [20,18]. These published methods indicated that
light could be used to modulate the mechanical properties of type-I collagen, and that control of

the incident light exposure could be used to impart variable stiffness to the resulting scaffold.
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Figure 2-87: Structure of FMN

Flavin-mononucleotide (FMN, Figure 2-1) is a naturally
occurring biomolecule involved in cellular metabolism
via the electron transport chain [53]. FMN is also found
in plants as a blue light-absorbing chromophore
involved in the photosynthesis pathway [54]. FMN has
also been used as a photoinitiator for the
photocrosslinking of collagen gels and films [55,56].

Based on the results from Ibusuki et al., we attempted

to use FMN to crosslink type-l bovine collagen using

visible light. Using rotational rheometry, we characterized the mechanical properties of collagen

hydrogels photocrosslinked with a range of FMN concentrations, light exposure times, and light

intensity. We also examined the effect on cells encapsulated within gels to determine if the

photocrosslinking process was compatible. Cytotoxicity was determined using live/dead staining

and MTS assays. Finally, we looked at whether cytotoxicity could be mitigated using

antioxidants.

2.3

Methods

2.3.1 Collagen Stock Solution

Acid soluble Bovine type | collagen from calf skin (Elastin Products Company, Owensville, MO)

was dissolved in 0.02M acetic acid overnight at concentrations from 2-5mg/mL for stock

solutions. Briefly, weighed masses of lyophilized collagen were mixed with the appropriate
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volume of acetic acid in a 50mL conical tube and rotated at a moderate pace at 4°C. Solutions
were then degassed under vacuum to remove air bubbles and finally stored at 4°C until further

use.

2.3.2 Collagen Gels

For FMN crosslinking studies, collagen stock solution was brought to physiological pH and
osmolality on ice in 1 mL batches. Typically, 677uL stock solution (3mg/mL) was added to a
precursor solution composed of 20 uL 50X HEPES, 140 uL 0.1N NaOH, 100 pL 10X MEM, 52 pL 1X
PBS or M199, 10 uL L-Glutamine, and 1 uL Penicillin/Streptomycin. For conditions where FMN
was added to the precursor solution, FMN (Riboflavin 5" monophosphate sodium, Sigma) was
dissolved in the 10X MEM solution prior to mixing. Initially, aliquots of 800 pL were then
dispensed into annular PDMS molds with an inner diameter of 25mm that were contact-sealed
onto the inner surface of 35mm polystyrene Petri dishes. The method was later changed to form
gels on 2” x2” glass slides with the PDMS ring contact molded on the surface of the glass to
simplify transferring the gel to the rheometer. Molded solutions were then placed into a
humidified incubator at 37°C and allowed to gel. Culture medium or 1x PBS was then added on
top of the gels to maintain hydration, and the gels were returned to the incubator for at least an

hour

2.3.3  Photocrosslinking

FMN forms free radicals following absorption of long-wave ultraviolet (UVA) and blue light, with
radical generation reportedly dependent on light wavelength [57]. In the presence of oxygen,
reactive oxygen species (ROS) are formed, which are believed to catalyze the formation of
crosslinks between amino acid side chains on adjacent collagen molecules through the

formation of covalent bonds such as the Schiff base [56,58,59] (see Figure 2-2). The final
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photocrosslinking was performed H? Schiff base ?H

with a Nikon Intensilight with the Figure 2-2: Schiff Base Formation

iris shutter set at 1/8 and with an

EXFO Mercury Bulb connected to a fiber optic light guide with a rectangular light diffuser.
Irradiance of white light was ~0.5 and 5mW/cm? with the Intensilight and the EXFO source,
respectively. UVA light was provided by a UVL-21 (Industrial UV Products, Upland, CA), with
irradiance measured at 4-8m mW/cm’. Light sources were positioned above samples at a
distance of 1cm or directly underneath samples with the polystyrene dish between the sample
and the light source. Printed masks were used to modulate the incident light intensity. Adobe
Photoshop was used to create variable transparency masks with 0-100% opacity, which were
used to control bulk crosslinking as well as to impart gradient exposure and, theoretically,
gradient crosslinking. Masks were printed on overhead projector transparencies using a 600dpi

laser printer.
2.3.4 Light Intensity Measurement

Light source irradiance was measured using a PDA10A silicon photodetector (Thorlabs, Newton
NJ) connected in parallel across a 1 kQ resistor to a multimeter. Current from light converted
through the silicon detector element was read as a voltage on the multimeter, which was then

used to calculate the power of the incident light according to the equation:
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Power = Voltage /(Resistance * F)

where F is an empirically derived spectral responsivity that depends on the wavelength of the

incident light, provided with the photodetector as a plot of F vs A (Figure 2-3).
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Figure 2-3: Spectral Responsivity of PDA10A Photodetector. Source:
http://www.thorlabs.com/images/Tablmages/PDA10A_response_large.gif
The irradiance was calculated by dividing the power by the area of the silicon element, 0.8mm?
in this case, to give irradiance in units of W/cm?. Irradiance was measured in each experiment to

ensure light intensity remained consistent.
2.3.5 Rotational Rheometry

Gels were gently transferred onto on the lower parallel plate of a Rheometrics SR-2000
rotational rheometer. A 20mm upper parallel plate was lowered until the gel was sandwiched

between the plates at a gap of 750-800um. Excess water was removed, and gels were
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equilibrated to 37°C using a Peltier plate connected to a circulating water/ethylene glycol bath.
Following temperature equilibration, gels were oscillated at 1% strain in an increasing frequency

sweep mode from 0.08Hz-10rad/s, and the storage and loss moduli were recorded.

2.3.6 Cell Culture

Mouse NIH-3T3 fibroblasts were grown on tissue culture treated polystyrene flasks in
humidified 37°C incubators containing 5% CO,. Culture medium was complete medium (DMEM,
10% FBS, 2mM L-glutamine, 1X P/S), sterile filtered. Cells were routinely passaged using 0.25%
Trypsin with EDTA when cultures reached 90% confluence. Following detachment with trypsin,
cells were washed with complete medium to inhibit trypsin, centrifuged for 2 minutes at

2000RPM, and resuspended in media for either re-plating or use in experiments.

Chicken dorsal root ganglia (DRG) were harvested from embryonic day 8 chicks. Briefly, chick
embryos were decapitated, skin and internal organs removed using #5 fine tip forceps, and
limbs were bluntly dissected away from the spinal cord to reveal rows of DRG, which were then
transferred via the PNS-side tail to a dish containing HBSS on ice. DRG were cultured intact in

collagen gels, with a growth medium comprising complete medium plus 50ng/mL NGF.

2.3.7 Cytotoxicity Testing

To test the cytotoxicity of FMN-derived radicals directly on cells, cells were plated on
polystyrene microplates, cultured in complete medium until 80-90% confluent, and then media
was changed to include various concentrations of FMN. Samples were then exposed to light

from the various sources for variable amounts of time.

To examine the cytocompatibility of FMN-mediated crosslinking with encapsulated cells, mouse

NIH-3T3 fibroblasts were admixed with the 52uL M199 volume of the precursor solution and
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distributed into the gels, which were prepared as above. Following irradiation with and without
the presence of FMN, complete medium was added to the cell-encapsulated gels and they were
allowed to culture in a humidified incubator at 37°C with 5% CO, for 24-48 hours. Following the
culture period, cellular viability was assessed via standard live/dead staining assay and/or the

MTS assay.

2.3.8 Live/Dead Assay

Live/Dead staining was adapted from the protocol that accompanies the documentation in the
Invitrogen Live/Dead Viability/Cytotoxicity Kit for Mammalian Cells (Life Technologies).
Following incubation, culture medium was removed, and samples were washed once with PBS.
Live/Dead stain (PBS containing calcein acetomethoxy (calcein-AM, 2uM) and ethidium
homodimer (EthD, 4uM) was added to cells and incubated at 37°C for 45 minutes to allow
staining and then immediately imaged using an Olympus IX81 epifluorescent microscope.
Calcein-AM is a membrane-permeant molecule that is cleaved by endogenous esterases in live
cells. The cleaved calcein, which cannot exit live cells, is highly fluorescent and can be seen with
a standard green fluorescence filter set (494nm excitation, 517nm emission). Ethidium
Homodimer is a membrane-impermeant nucleic acid stain that only enters dead cells, which lack
membrane integrity. When EthD binds to DNA, it increases its fluorescence 40-fold, and can be
seen under standard red fluorescence (528nm excitation, 617nm emission). Thus, cells that stain
green are counted as “live” whereas cells with red nuclei are counted as “dead”. Percent
viability is then calculated as (number of live cells/(number live cells + number dead cells)) x 100.
For 3-D culture experiments, viability was estimated semi-quantitatively due to difficulty

counting cells due to overlapping fluorescence in adjacent focal planes.

2.3.9 Antioxidants
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Two antioxidants were tested to determine if they could mitigate free-radical induced cell death
observed as a by-product of photocrosslinking. Ascorbic acid, [L-Ascorbic Acid (LAA) and
Ascorbic Acid 2-phosphate sesquimagnesium salt hydrate (AAS)], and reduced L-glutathione
(GSH) were added to encapsulated gels after photocrosslinking. Concentrations ranged from

S5uM-5mM.

2.4 Results

2.4.1 Rheometry

Frequency sweep tests showed that crosslinking collagen gels with 1mM FMN and the low-
power Intensilight resulted in a slight increase in the storage modulus of the gels. A different
light source, the EXFO lamp, with a rectangular fiber optic light guide, resulted in a modest

increase in storage modulus.
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Figure 2-4: Frequency sweep of storage modulus of collagen crosslinked by FMN using different light sources
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Further experiments which varied experimental parameters indicated that reducing FMN
concentration increased photocrosslinking effectiveness. In addition, it was discovered that if
the collagen solution was irradiated in the liquid phase, prior to gelation, then allowed to gel,
the modulus was increased significantly higher than exposure after gel equilibration. These
process changes are evident in Figure 2-5, which displays the increase in storage modulus

obtained via photocrosslinking liquid collagen with an FMN concentration at 0.2mM.
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Figure 2-5: Frequency sweep of storage modulus of collagen crosslinked with FMN in the liquid phase prior to
gelation

Using alternate light sources, it was determined 5 minutes of long-wave UV (UVA) light
exposure at an FMN concentration of 0.1mM in the liquid phase yielded the best increase in
storage modulus, nearly two-fold. Loss modulus was not significantly altered when compared to

control collagen.
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Figure 2-6: Frequency sweep of storage and loss moduli of liquid phase collagen crossinked with FMN using
longwave UV light

Indeed, in comparison with crosslinking collagen using 1mM genipin exposure for 24 hours,
which our lab has shown resulted in biologically relevant modulation of the mechanical
properties, 5 minutes of UVA exposure with 0.1mM FMN obtained nearly the same increase in

storage modulus.
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Figure 2-7: Frequency sweep of collagen gels photocrosslinked with FMN compared to 0.1mM Genipin crosslinking

FMN was also tested to see if it could be used to photocrosslink fibrin gels. Fibrinogen
(10mg/mL) was dissolved in PBS without calcium or magnesium, cleaved using 1U/mL thrombin,
and allowed to gel at 37°C in the incubator for 30min. To strengthen gels, 10mM calcium
chloride was added to the thrombin solution. FMN (0.1mM) was included in a separate set of
samples, also dissolved in the thrombin solution, and the gels were exposed to UVA for 5
minutes. One sample was not exposed to UV so serve as a control for FMN alone. All samples
were tested on the rheometer in a similar mode to the collagen gels. Rheological analysis
showed that FMN photocrosslinking was able to robustly increase the storage modulus of the
fibrin gels more than 4-fold, although the effect was less pronounced at higher strain

frequencies. In comparison, exogenous calcium addition increased G’ by just over two-fold.
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Figure 2-8: Fibrin 10mg/mL Rheometry: Effect of FMN X-linking and Exogenous Calcium

2.4.2 Light intensity Modulation via Masking

Masks on printed transparencies were placed in between the UV light source and the bottom of
sample containers to impart variable light exposure. To test whether the mask successfully
modulated the light exposure, we measured the irradiance of light masked with solid black
filters of variable opacity. The result was an inversely linear dependence of light intensity on

opacity.
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Figure 2-9: Modulation of light intensity using opacity filters

2.4.3  Cytotoxicity

Initial studies were carried out to assess the toxicity of FMN on NIH-3T3 fibroblasts with and
without exposure to light. Culture medium with 0, 0.25, 0.5, and 1mM FMN was added to cells
and then samples were exposed to 0 or 10 minutes of light from the EXFO source. After 24h,
live/dead staining was performed to assess viability. For all three concentrations of FMN,
viability was dependent on light exposure, i.e., 100% of cells died as evidenced by ubiquitous
nuclear EthD staining. In contrast, cells exposed to either FMN or light, but not both, were near
100% viable as seen by calcein staining. Hence, FMN appears to be highly cytotoxic at these

concentrations if light is exposed.
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Figure 2-10 Cytotoxicity of FMN on NIH3T3: A, B, D, F, H: Calcein C, E, G: Ethidium. A- No FMN, +10min Exp; B- No
FMN, No Exp, C- 0.25mM FMN, +10min Exp; D- 0.25mM FMN, No Exp, E- 0.5mM FMN, +10min Exp; F- 0.5mM FMN,
No Exp, G- 1ImM FMN, +10min Exp; H- ImM FMN, No Exp

Further testing with 3T3s encapsulated in collagen, with and without 0.2mM FMN, and exposed
to 2-5 minutes visible light showed that even at low exposure times (corresponding to minimal

increases in storage modulus) there was pronounced toxicity (Figure 2-11).
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Figure 2-88: FMN Cytotoxicity on Encapsulated 3T3 Fibroblasts



23

To test the cytotoxicity of UVA activation of 0.1mM FMN, which was shown to have a significant
effect on mechanical properties via rheometry, 3T3 fibroblasts were suspended in collagen with
FMN, exposed to UVA for 5 or 10 minutes during the liquid phase, and then allowed to gel and
culture for 24 hours. Both 5 and 10 minute exposures largely killed most cells as compared to
control cells that were exposed to neither FMN nor light (Figure 2-12). However, the 5 minute
exposure conditions had marginally more viable cells, and the cells that survived appeared to

extend more robust processes than the cells exposed for 10 minutes.

| Dead

Live

| OmM, 0 min O.mM, 5 min 0.1mM, 10 min

Figure 2-89: Cytotoxicity of Encapsulated 3T3 Fibroblasts in collagen crosslinked by 0.1mM FMN

Due to the incompatibility of the photocrosslinking process with live cells, we sought to
investigate if free radical scavengers could be used to mitigate the observed cytotoxicity. We
tested 2 well-characterized antioxidant agents, Ascorbic acid and Glutathione, to see if their

presence before and/or after the photocrosslinking process had a beneficial effect on viability.
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Ascorbic Acid was tested in 2 forms, LAA and AAS, with a standard “cytotoxic” crosslinking
regime of 5 minutes UVA crosslinking with 0.2mM FMN, which normally produced ~95% cell
death. LAA was added to the medium that was used directly after crosslinking and 45 minutes of
gelation. In this case, LAA had no discernible effect at any dose, and viability was not improved

by its inclusion as compared to negative controls.

Dead

Live

~0.2mM FMN 0.2mM FMN 0.2mM FMN
OmM LAA 5mM LAA 125uM LAA

Control

Figure 2-90: LAA effect on post-photocrosslinking viability

Another form of ascorbic acid, AAS, was tested in a similar manner, mixed into the medium that
was added to the cell-encapsulated gels following crosslinking. AAS concentrations ranged from
5-125 uM. Positive and negative control conditions were included for comparison. Here, a low,
5um, dose of AAS, resulted in the rescue of ~5-10% viability compared to the crosslinked control
condition. Ascending concentrations had a decreased effectiveness, with no benefit seen at 125

uM.
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Figure 2-91: AAS effect on post-photocrosslinking viability

Glutathione, the oxidizing agent in the glutathione reductase enzymatic pathway involved in
metabolism of reactive oxygen species, was also tested as a potential strategy for scavenging
radicals. L-glutathione (GSH) was tested at 0.125-10mM. Again, FMN was kept at 0.2mM and
light exposure was 5 minutes of UVA, with appropriate controls. A minor beneficial effect was
also observed, with a broad range of GSH concentration conferring a similar benefit of ~5%

increased viability.
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Figure 2-92: GSH effect on post-photocrosslinking viability
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As the effect of both AAS and GSH were measurable but inadequate at restoring viability to
acceptable levels, a combination of both was tested to determine if they would act additively or
possibly synergistically. Using the same 0.2mM FMN, 5 minute UVA crosslinking paradigm, 5 uM
AAS was combined with 5, 50, and 500 uM GSH. The antioxidant cocktail was again included in
the medium added immediately following the gelation period. The most profound effect was
seen with 5 uM AAS plus 50 uM - 5 mM GSH, where roughly 40-50% of cells were viable,

whereas 5 uM of each antioxidant produced only a 5-10% increase.
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No FMN, No UVA + FMN, 2' UV + FMN, 2' UV + FMN, 2' UV
No AAS, No GSH 5uM AAS, No GSH  5um AAS, 5mM GSH No AAS, 50uM GSH

Figure 2-93: Effect of AAS + GSH on post-photocrosslinking viability

FMN photocrosslinking was also performed with chick DRG encapsulated in collagen gels. DRG
were harvested from E8 chicks, immediately plated in collagen with 0.2mM FMN and exposed to
UVA for 5 minutes. Following gelation, 5 days of culture in complete medium plus NGF, fixation,
and staining for neurofilament-200, DRG were imaged to examine whether neurite outgrowth
had taken place in the photocrosslinked collagen. Indeed, the FMN photocrosslinking process

had no apparent effect on DRG viability or neurite outgrowth. Representative images, shown in
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Figure 2-17, show equivalent morphology in terms of neurite number and outgrowth between

DRG in uncrosslinked and crosslinked gels.

Figure 2-94: DRG encapsulated in collagen gels +/- FMN photocrosslinking

2.4.5 Fibrin Photocrosslinking with Encapsulated Cells

3T3 fibroblasts at concentrations from 4x10* — 1.4x10° cells/mL were encapsulated in fibrin gels
and photocrosslinked to determine the effect of cell density on post-crosslinking viability.
Briefly, cells in complete medium were admixed with an equal volume of fibrinogen (10mg/mL),
and thrombin (10U final) and FMN a final concentration OF 0.1mM was included. Gels were
allowed to form for 10 minutes at 37°C and then exposed to 5 minutes of UVA. Following
exposure, medium was added to the gels and they were returned to the incubator for 24 hours
prior to live dead staining. As seen in Figure 2-18, it appears that there is a direct positive

correlation between cell concentration and post crosslinking viability.
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Figure 2-95: Effect of 3T3 Concentration in FMIN Photocrosslinked Fibrin gels. A- Control (No FMN, UVA) ax10*

cells/mL; B-Crosslinked 1.4x10° cells/mL; C- Crosslinked 7x10° cells/mL; D- Crosslinked 3.4x10° cells/mL; E-
Crosslinked 1.7x10° cells/mL; F- Crosslinked 8x10* cells/mL; G- Crosslinked 4x10° cells/mL;

Another factor that was tested with fibrin gels was time after photocrosslinking and gelation
until medium addition. Fibrin gels with a high density of cells, NSC-34 in this case, were cast,
crosslinked, and then medium was added 5, 10, 15, 20, 25, 35, or 45 minutes following 10
minutes allowed for gelation/FMN crosslinking. Here we observed that cells in gels where

medium was added more than 30 minutes after gelation had a significant drop-off in viability.

Figure 2-96: Effect of time of medium addition on post-crosslink viability. A- Control; B-5min; C- 10min; D- 15min; E-
20min; F- 25min; G- 35min; H- 45min.
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2.5 Discussion: FMN Photocrosslinking

Previously published work indicated that FMN could be used to modulate the mechanical
properties of collagen gels. Our attempts to replicate these results were minimally successful in
cases where the collagen was allowed to gel fully before light was applied. It appeared that
regardless of light source or intensity, and across all tested concentration of FMN, crosslinking
the liquid macromer solution on ice and then allowing self assembly resulted in much more
robust changes in rheological properties than when crosslinking was attempted after self-
assembly. The mechanism by which this occurs was unclear, but may be due to the availability
of crosslinkable side chains which, in the liquid phase were available due to the mobility of the
molecules in solution and that may have been physically constrained after self-assembly such
that the distance between reactive groups was too far for FMIN mediated crosslinking to have a
significant effect. It was clear that the source of light was an important factor in achieving useful
levels of crosslinking. Although FMN has absorption peaks in the visible range, the radicals that
resulted from UV-based photoinitiation may be of higher energy and thus are able to catalyze a
broader range of crosslinking reactions. Our results indicated that the most robust crosslinking
resulted from using a low concentration, 0.1mM, of FMN with exposure to UVA for 5 minutes.
We were thus successful in developing a process that allowed significant mechanical modulation
of collagen gels, equivalent in magnitude to the change in mechanical stiffness resultant from 24
hour exposure to the chemical crosslinker genipin at 1mM. Previous work in our lab showed that
neuronal cells were able to sense stiffness changes in this range, and that introducing gradients
of stiffness could be used to preferentially direct neurite outgrowth. Attempts to replicate this
phenomenon using FMN-crosslinked gels were unsuccessful. While DRG were able to survive the
photocrosslinking process and extend neurites into FMN-crosslinked gels, we saw no

preferential growth due to variable mechanical properties. Given that the crosslinking was
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performed in the liquid phase, it is likely that any gradients in crosslinking formed were
distorted after self assembly. Indeed, bulk flow of collagen was difficult to prevent in
transferring gels into the incubator following crosslinking. Another possibility for the lack of
differential neurite outgrowth observed may be due to the mechanism of crosslinking. If
individual tropocollagen molecules are forming intra-fibril crosslinks, but there are no interfibril
crosslinks, then the bulk properties of the gel might be changed, as seen by our rheology data,
but the modulus may be minimally changed at the individual fibril level, thus neurites may not
be able to sense a difference in stiffness at that scale. More experiments where the collagen

was more constrained during the gelation phase might be useful for determining a lack of effect.

Another detriment to this method is the significant cytotoxic effect observed for encapsulated
single cells. While DRG are large clusters of hundreds-to-thousands of cells, with multiple cell
types and trophic support, single cell suspensions are a more vulnerable population. Indeed,
with multiple cell types we observed a severe cytotoxic effect when exposing cell containing gels
to FMN crosslinking conditions. Even short exposure times, which only induced small changes in
storage modulus, resulted in significant cell death in as little as 12 hours after crosslinking. We
were unable to find a regime where crosslinking was significant but cytotoxicity was not. Several
strategies were tested to examine whether the detrimental effect of excess radicals could be
mitigated. By adding a cocktail of antioxidants to the medium after crosslinking, increasing the
concentration of cells present during crosslinking, and minimizing the time after photoinitiation
until medium was added, cytotoxicity was reduced significantly. However, the number of dead
cells resulting from radical exposure, as well as obvious changes in morphology observed in
surviving cells, made it extremely difficult to decouple whether changes in cellular behavior
were due to the change in mechanical properties or the insult from the radicals and reactive

oxygen species produced as byproducts to the intended photocrosslinking.
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FMN was also shown to be a potent crosslinking agent when used to modify fibrin gels. We
showed that FMN-UVA crosslinking was able to increase the storage modulus, but not the loss
modaulus, of a fibrin gel by 3-4 fold across a range of oscillation frequencies, indicating that the
material was more linearly elastic, which has a number of implications for modifying fibrin gels.
However, in our application of designing tissue engineered constructs, since fibrin gels are
quickly degraded in vivo, the effect of modifying mechanical properties is less useful since the
mechanical environment likely changes too quickly for the relatively minor effect from
photocrosslinking to be instructive. Furthermore, the cytotoxicity observed in collagen gels was

also, as expected, present in fibrin gels.

In light of the numerous disadvantages of FMN-mediated crosslinking and the significant but
limited range of mechanical properties achievable through its use, other methods of
photocrosslinking collagen were investigated in the hope that more a more robust process could
be developed. Specifically, a photocrosslinking protocol that could be performed after gelation
to allow more spatial control of the mechanical environment, with a broader range of stiffness,
and with less harmful byproducts would provide a superior tissue engineering material. Several
groups have investigated using collagen as a starting material, but chemically modifying its side-
chains with reactive to allow more material control than provided by the limited reactivity of the

native amino acids.

2.6 Methacrylate Derivatized Collagen

Several groups have published on adding functional groups to collagen in order to augment the
material properties with light. Poshusta and Anseth reported a method whereby photolabile
acrylate groups were added to type | collagen in suspension in HCl via the addition of glycidyl

acrylate [18]. The reaction was performed at low pH to prevent self-assembly, but the required
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temperature of 37°C combined with the duration of the reaction (72h) resulted in significant
denaturation of the collagen. Although the extent of the denaturation was not characterized,
the authors did note that the material lost a significant portion of its collagenolytic
degradability, indicating loss of triple helical structure. Additionally, while photopolymerization
of this material was shown to be feasible through the formation of an artificial mandibular
condyle purely via light exposure, the authors did not show whether self-assembly of this
derivatized collagen was possible. Lastly, photocrosslinking this material in the presence of cells
was not addressed; instead chondrocytes were exposed to photoinitiation in an acrylated PEO
system. While they showed post-crosslinking viability and functionality, the question of whether

the same holds true with their acrylated collagen was only hypothesized.

Another approach published by Dong et al., used a cinnamate group as the photoactive moiety
and reported a photosensitive type-I collagen-based material that still retained the propensity
to self-assemble upon pH neutralization, indicating preservation of secondary and tertiary
structure [60]. Comparison of CD spectra showed no difference in the characteristic triple helix
peak, providing further evidence that secondary structure was minimally perturbed. However,
the wavelength of light required to initiate photocrosslinking, 254nm, is highly cytotoxic and
cannot be used in the presence of cells. Thus, this approach is not useful in for crosslinking in

vivo, a major consideration for a useful CNS regenerative therapeutic.

Lastly, Brinkman et al. published a methodology for derivatizing type | collagen to collagen
methacrylamide (CMA) using methacrylic anhydride (MA)[20]. This method, based on a
previously published protocol for derivatizing gelatin in a similar manner[61], claimed to
produce a photosensitive type | collagen that could still self-assemble and could be

photocrosslinked in the presence of live cells to increase the storage modulus of the gel by an
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order of magnitude. In this method, the authors reacted type | collagen with MA at pH 7.5 using
varying molar ratios of collagen:MA to achieve different amounts of derivatization. Based on
their findings, this method seemingly met our criteria for producing a material that could be
used to instruct neurite outgrowth in situ with minimal detrimental complications. While this
method used rat-tail acid-solubilized type-l collagen, the high degree of sequence homology
between murine and bovine collagen indicated that this method should work similarly with the

type | collagen from fetal calf skin used by our lab.

2.7 Methods

2.7.1 Methacrylate Derivatization

Similar to that described in Brinkman et al., Type | collagen was dissolved in dilute acetic or
hydrochloric acid overnight at concentrations from 1-3 mg/mL. Following dissolution, in some
cases pH was neutralized with Na2HPO4 or NaOH to achieve pH 7.5. MA was added at various
molar ratios, and the final product was dialyzed against multiple changes of dilute acetic acid,
lyophilized for 48 hours, and reconstituted at 3mg/mL in 0.02M acetic acid overnight for further
experiments. Other protocols involved using up to 50% v/v DMSO to facilitate dissolution at

neutral pH.

2.7.2 Photoinitiation

4-(2-hydroxyethoxy)phenyl-(2-hydroxy-2-propyl)ketone, known by the trade name Irgacure
2959 (12959), was a kind gift from Ciba Specialty Chemicals and was made in bulk solution (10%
w/v) in either 70% ethanol or neat methanol. Further dilution into CMA solutions gave final
concentrations of 12959 at 0.01-0.1% w/v. UVA exposure was applied either in liquid phase or

following gelation. Light exposure times ranged from 1-60 minutes, with light intensity from the
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UVL-21 measured at 4-8 mW/cm?. Gels were prepared in similar fashion to studies performed
using FMN. Samples were tested mechanically using the same rheometry test protocol as the

FMN studies as well.

2.8 Results

Despite multiple attempts with a range of pH conditions, solvents, reactant concentrations,
reaction times, and temperatures, we were unable to replicate the results published by
Brinkman et al. In cases where the pH was neutralized prior to reaction, the collagen invariably
gelled in the reaction container, even at low temperatures, concentrations, and reaction times.
Attempts to re-solubilize the product following the reaction via addition of titrating amounts of
HCl were unsuccessful, and while some product went back into solution a large proportion
remained gelled despite extended exposure to acidic conditions. DMSO was also used to
prevent gelation during the reaction by solvating the collagen, and while reaction gelation was
avoided the DMSO caused a number of unwanted reactions with collagen and the result was
unusable product. The reaction was also attempted at low pH, and while gelation during
reaction was prevented, the end product either failed to gel properly upon standard gel
formation assays, presumably due to denaturation from reaction conditions, or gelled normally
but showed no change in stiffness upon exposure to UV-activated 12959. In cases where the
collagen failed to gel properly, either small clumps would form, indicating some collagen was
still intact but most had become disrupted, or it would fail to gel at all, even after extended
incubation periods, indicating complete denaturation. Additional tests using 12959 and FMN
with these liquid CMA solutions failed to produce any gelation either, indicating that not only
was the fibrillar assembly disrupted, the derivatization efficiency was apparently too low to

initiate hydrogel formation via photopolymerization.
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2.9 Discussion: Methacryic Anhydride Derivatization

Considerable effort was spent attempting to replicate the reaction described by Brinkman et al.
with our collagen. This may have been due to some difference in collagen formulation that
allowed the reaction to proceed without gelation, although our understanding of collagen
assembly kinetics made this difficult to adapt with our system. We anticipated that collagen
would self-assemble during the reaction, so it was not surprising; however, there is no mention
of this issue in the published method. We contacted the corresponding authors for elucidation
on this, although the authors had no recollection of this being a complication in their process. In
any case, we attempted myriad strategies for circumventing this problem, none of which was
successful. Either the end product would be liquid during reaction, but would stay liquid despite
conditions that should initiate assembly, or the material would behave undesirably if gelation
did occur. Reasons for these outcomes are poorly understood; some unknown sidechain
reactions may have occurred during the low-pH derivatization attempts that prevented normal
fibrillogenesis, or reactive groups may have formed premature crosslinks during reaction that
caused a similar phenomenon. DMSO is a good solvent for collagen, in terms of solvent-solute
interaction, but it does not appear to be useful as an adjuvant to methacrylate derivatization.
Although cysteines are relatively scarce in type | collagen, comprising ~1% of all amino acids, the
possibility for disulfide bridges forming at higher DMSO concentration is possible. In addition,
since type | collagen truly is soluble in DMSO (compared to a quasi-soluble suspension state in
acidic aqueous conditions), the unfolding of the triple helix due to the increased solubility may

have been irreversible.

Whether it was due to differences in source material, an omitted crucial detail in the published

method, or simply our inability to replicate this process, the overall results of our many
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attempts was unfortunately an unusable material. Taken together, our results indicate this
strategy for obtaining a useful, photocrosslinkable hydrogel based on type-l fetal calf skin
collagen is less than optimal, and further efforts toward optimizing reaction conditions using
methacrylic anhydride were abandoned. Instead, we devised a new strategy that took
advantage of some of the beneficial aspects of the previously mentioned methods and
combined them. Specifically, the EDC-based derivatization used in the cinnamate-derivatized
method does not require neutral pH to proceed, while including a methacrylate as the
photosensitive group allows photoinitiation with Irgacure 2959, which can be activated with
UVA and has been widely used in the presence of cells using other photopolymers. Since our lab
also has extensive expertise in using EDC to graft functional peptides onto free amines on type-I
collagen via activation of the C-terminus, we evaluated a method using EDC to activate the

carboxyl on methacrylic acid.

2.10 Conclusion

Several approaches for photonically modulating the mechanical properties of fibrillar collagen
adapted from published literature were evaluated as the potential basis for further work
utilizing photocrosslinking to impart anisotropic material properties to hydrogel scaffolds. Flavin
mononucleotide was investigated in a direct photocrosslinking paradigm, whereby FMN was
used to impart crosslinking of available side-chains on type-l collagen. In a separate modality,
methacrylation of collagen via derivatization with methacrylic anhydride was attempted, with
activation of a soluble photoinitiator used to catalyze crosslinking of reactive methacrylates with
free radicals. FMIN was only able to impart minimal differences in mechanical properties, and
was effective at doing so only when photocrosslinking was performed prior to self-assembly.
Furthermore, FMN-based photocrosslinking resulted in severe cytotoxic effects when used in

the presence of live cells. Derivatization of collagen with methacrylic anhydride under several
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reaction conditions resulted in either failure to impart photosensitivity or significant
denaturation of protein structure. None of the methods tested was adequate for producing a
self-assembling collagen-based biomaterial suitable for further investigation as a method to
modulate cellular behavior with photonically induced heterogeneous mechanical properties.

Further investigation is required to produce such a material.
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3. Chapter 3: Collagen Methacrylamide Derivatization via EDC/Sulfo-NHS and
Methacrylic Acid

3.1 Introduction: EDC Crosslinking as a Functionalization Modality

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) is a popular reagent used to alter protein
chemistry (Figure 3-1). EDC is used to activate carboxylate groups by forming an unstable o-

acylisourea ester that will readily react with |
+ I:_r
NH

N
free amines to form a stable amide bond. The I__,a-'““-.NéE‘} N

main advantage of EDC functionalization is EDC
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environment, does not require addition of Figure 3-1: EDC; Source: Thermo Scientific, Pierce Protein
Biology Division. Reproduced with Permission.
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range that is amenable to most proteins. The reaction conditions required for EDC therefore
typically don’t result in significant denaturation of protein structure, allowing robust
modification of protein chemistry while maintaining existing functionality. EDC is a zero-length
crosslinker, meaning it catalyzes the formation of covalent crosslinks between carboxyls and
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reaction efficiency. As a result, N-hydroxysulfosuccinimide (sulfo-

NHS, Figure 3-2) is commonly used to form a semi-stable intermediary NHS-ester which has
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more longevity in an aqueous environment and allows for increased derivatization. This 2-step
process allows for complete activation of the carboxyl of interest without carboxyls on the
target protein being reacted. The standard process involves combining EDC, a carboxylic acid,
and sulfo-NHS in MES (2-(N-morpholino)ethanesulfonic acid) buffer, which maintains the pH
within the 4.7-6 range in which carboxyl activation occurs. After a 10 minute activation period at
37°C to fully react the two-step formation of the NHS-ester, the reaction milieu is added to a
solution containing the target protein, and mixed well for the duration of the reaction. While the
reaction of the NHS-ester is most efficient at a slightly alkaline pH (8-9) and higher temperature,
it will still proceed, albeit slowly, at lower pH and temperatures, which makes it ideal for use
with sensitive proteins such as type-l collagen. The general schematic of EDC crosslinking is

outlined in Figure 3-3, showing amide bond formation with and without the presence of NHS.
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Figure 3-3: Schematic of EDC/NHS crosslinking reaction. Source: Thermo Scientific, Pierce Protein Biology Division.
Reproduced with Permission.
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3.2 Derivatization of Collagen to CMA via EDC and methacrylic acid

Initial attempts at derivatizing type | collagen with EDC were promising, in that that reaction
conditions appeared to allow functional grafting of methacrylic acid (MAA) without the obvious
detrimental effects observed with previous methods. After reaction of a collagen solution to
EDC-activated methacrylic acid in MES buffer, dialysis, lyophilization, and reconstitution, the
gelation assay indicated that self-assembly was not significantly disrupted. Additionally,
rheological investigation indicated that 12959 photoinitiation could be used to increase the
storage modulus significantly. However, a consistent product was not yet possible due to a lack
of a developed reaction process, and optimization of the derivatization was necessary before
further experiments were possible. Optimization of CMA synthesis via EDC required addressing
a number of factors. Reactant concentrations, specifically molar ratios of EDC, sulfo-NHS, MAA
and collagen, as well as overall collagen concentration and MES buffer volume were included as
variables. Reaction time, dialysis parameters, lyophilization, and reconstitution were all

considerations as well.

Previous work in our lab that incorporated EDC crosslinking has focused on grafting functional
peptide sequences to the collagen backbone, and we have successfully added numerous
molecules to type-l collagen while maintaining its positive attributes[62,63]. In these methods,
due to the limited amount of expensive peptide used, the amount of EDC was relatively small
given that the ratio of [peptide : EDC : primary amine] is constrained since excess EDC will
aberrantly crosslink amino acid side-chains on collagen if there is not enough free amine
available on the N-termini of the peptide. Using this as a starting point to determine the optimal
molar ratios needed for methacrylate yielded extremely low derivatization, evidenced by
minimal change in modulus upon photocrosslinking. However, since MAA is inexpensive,

strategies utilizing large molar excesses were employed to maximize derivatization efficiency.
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Concomitant increases in EDC and sulfo-NHS were then investigated to determine the optimal
concentrations for maximum derivatization efficiency. Proton NMR and trinitrobenzenesulfonic
acid assay were employed to characterize the extent of derivatization by direct analysis of CMA
chemistry as compared to native collagen, while rheometry was used to assess
photocrosslinking functionality. Rheometry was also used to optimize the photocrosslinking
parameters by modifying the rheological setup with optical plates to allow real-time analysis of
both self-assembly and photoinitiated crosslinking. Once optimization of CMA synthesis and
photocrosslinking was considered complete, we further characterized the material properties to
investigate whether derivatization with methacrylates resulted in ancillary modification of
collagen structure. In particular, we examined tertiary and quaternary structure using circular
dichroism (CD) spectroscopy, dynamic light scattering (DLS), and scanning electron microscopy
(SEM). We also characterized the collagenolytic behavior of CMA gels before and after
crosslinking compared to native collagen using a standard microplate assay as well as a novel
rheological assay used to analyze the rate of change of mechanical properties in the presence of
collagenase. Rheometry and viscometry were also used to investigate thermal stability of gels

and molecular weight distribution, respectively.

3.3 Methods

3.3.1 CMA Derivatization Optimization

For optimization, CMA was derivatized in multiple, small (>10mL) batches where molar ratios of
EDC, NHS, and MAA were varied between 1, 5 and 10 combinatorially and the ratio of MAA: free
amine was varied from 1:10 to 40:1. The number of free amines was calculated based on
published sequences of bovine type | collagen (Protein Database). Adding the number of lysines

present on 2 al chains and 1 a2 chain, and using the average molecular weight of the collagen
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provided by EPC, we determined that there are approximately 0.245mmol e-amine groups per
gram of lyophilizate. Molar ratios were calculated appropriately, and combinations of EDC,
sulfo-NHS, and MAA were mixed, incubated for 10 minutes at 37°C, then cooled on ice and
added to a solution of collagen, where stock collagen used was either 3 or 3.75 mg/mL.
Reactions were allowed to proceed for 24-48h at 4°C on a rotator to ensure constant mixing.
The reaction was then transferred to either dialysis tubing or a dialysis cassette, both employing
the same regenerated cellulose membrane with a 10K MWCO (Thermo Scientific). After multiple
dialysis bath changes in 0.02M acetic acid at 4°, the remaining protein product was extracted
from the dialysis membrane and transferred into pre-weighed conical tubes and placed in a -
20°C freezer for 4 hours, then transferred to -80°C overnight. Frozen samples were then
uncapped, covered in perforated parafilm, then placed into a glass lyophilization jar and freeze
dried for at least 48h to remove all liquid. Product was weighed, and reconstituted in 0.02M

acetic acid similar to stock native collagen solutions.

3.3.2 Proton NMR

'"H Nuclear magnetic resonance (NMR) was used to analyze CMA for evidence of successful
derivatization. Initial experiments aimed to use D,0 with 10mM DCI as solvent. However, while
both native collagen and CMA became homogeneous solutions, spectra were unavailable due to
improper solvation. Later experiments were performed with deuterated DMSO and acceptable
spectra were resolved. NMR spectra were obtained with a Bruker Avance 360 MHz NMR.
Lyophilized native collagen and CMA were dissolved in deuterated DMSO (10 mg/mL) overnight

and NMR spectra were calibrated to the residual solvent peak (2.50 ppm).

3.3.3 TNBSA Assay
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Derivatization efficiency was also evaluated using a trinitrobenzenesulfonic acid (TNBSA) assay,
modified from Sheu et al.,[64] to quantify the free amine content before and after
derivatization. To a sample of 100 uL CMA (3 mg/mL), 100uL of 4% (w/v) sodium
bicarbonate and 100 pL of freshly prepared 0.5% (v/v) TNBSA solution in deionized water was
added. After reaction at 37°C for 2 h, 200 uL of 6 M HCl was added, and the temperature was
raised to 60°C to solubilize CMA. The resulting solution was diluted with 500 pL of deionized
water, and the absorbance was measured at 345 nm. Native type-l collagen that was not

reacted with methacrylic acid and 0.02 M acetic acid were used as controls.

3.3.4 Optimized CMA Synthesis Protocol

Type | bovine collagen was modified by reacting free amines with methacrylate groups
to create collagen methacrylamide (CMA). Batches were made as follows: 100 pg 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 50 pg N-hydroxysuccinimide
(NHS), both freshly dissolved in MES buffer were mixed with 100 uL methacrylic acid
(MA) and brought to 2 mL total volume with additional MES buffer. After thoroughly
mixing, reactants were placed at 37°C for 10 minutes to fully react the EDC/NHS/MAA
mixture. The mixture was then cooled on ice for 5 minutes and added to 30 mL collagen
(3.75 mg/mL) in 0.02 M acetic acid and reacted for 24 hours at 4°C on a rotator with the
tube set at a 45° angle top encourage continuous mixing. Following the reaction, the
CMA reaction mixture was centrifuged at 2000 RPM at 4°C for 2 minutes to reduce
foam, aspirated into a 60mL disposable sterile syringe using an autoclaved large bore
stainless steel cannula and injected via 18G needle into a pre-soaked, y-irradiated 12-30

mL capacity Slide-a-Lyzer dialysis cassette with a MWCO of 10,000. The reaction mixture



44

was dialyzed against 4 L 0.02 M acetic acid for 4, 12, and 24 hours to fully remove all
reaction reagents. The purified product was frozen at -20°C for 4 h in pre-weighed 15 mL
conical tubes wrapped in foil, transferred to -80°C overnight, and then lyophilized for 72
hours. Freeze dried samples were weighed to determine product yield and stored
wrapped in foil at 4°C. For experiments, CMA was resuspended at 4°C overnight with
gentle rotation in 0.02 M acetic acid at various concentrations from 3-5 mg/mL. Parallel
plate rheometry was used to determine self-assembled and photocrosslinked storage
moduli as a quality control (QC) metric after every synthesis, with a 4-fold increase in G’
upon exposure to 2 minutes UV with 0.05% 12959 as the minimum benchmark for batch
release. CMA solutions were initially stored for up to 2 months during experiments but
later protocol used CMA within 2 weeks post-reconstitution to ensure minimal
spontaneous reaction methacrylate groups. CMA solutions were stored, foil wrapped, at

4°C and kept on ice during experiments.

3.3.5 Rheometry

Rheology experiments were initially performed on the Rheometrics SR-2000 parallel plate
rheometer with the same protocol used in the FMN crosslinking experiments. Initial
optimization was performed in the original modality, creating samples in PDMS molds on glass
slides, then removing the mold and transferring the gels to the rheometer plate. Further
development led to a method in which vacuum grease was used to affix the glass slide to the
bottom plate, and then samples were run sandwiched between the upper parallel plate and the
glass slide. This method resulted in less manipulation of the gels due to the lack of a step

requiring transfer from slide to rheometer. Additionally, a Bohlin Gemini Il rheometer was used
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during late stage CMA optimization due to maintenance issues with the SR-2000 that resulted in
significant downtime. Similar but not identical experimental processes were performed on the
Bohlin instrument based on differences in control modalities between it and the SR-2000. Later
experiments, and the majority of the mechanical property characterization, were performed on
a Kinexus Ultra rotational rheometer (Malvern Instruments, Worcestershire, UK). Sample
loading for Kinexus experiments was initially performed using gels pre-formed on glass slides
and immobilized on the lower parallel plate using vacuum grease. Late-stage optimization and
mechanical characterization was performed using an in situ modality where the liquid macromer
solution was loaded in between the parallel plates and allowed to self-assemble, which
eliminated gel sample manipulation altogether. To form gels, 677 uL CMA (3-5.12 mg/mL) was
added to 20 pL HEPES, 140 pL 0.15 N NaOH, 100 pL 10X PBS, 53 pL PBS, and 10 pL of a
photoinitiator solution containing 2.5-10% (w/v) Irgacure 2959 (12959) in methanol to form a 1
mL batch. In the preformed gel protocols this collagen solution was immediately loaded into
PDMS molds, gelled for 1 hour, photocrosslinked, and then loaded on the rheometer using 10%
compression of the sample to ensure a no-slip condition. In the in situ testing mode, 200 pL ice-
cold collagen solution was pipetted onto the bottom parallel plate and then the upper geometry
was lowered slowly to allow uniform flow of the macromer solution into a 600 um gap between
a 20 mm stainless steel top parallel plate and a custom-modified quartz glass lower plate with

in-line diffusers and band pass filtration to provide uniform light in the UVA range (Figure 3-4).
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Figure 3-4: UV Rheometry Schematic (A) and Photo of parallel plates with UV light ‘On’ (B)

The solvent trap reservoir was filled with 700uL deionized water and the solvent trap covers
were used to prevent evaporation during the test. The temperature was raised from 25 to 37°C
with a Peltier-controlled stage to induce fibrillogenesis. After equilibration of fibrillogenesis, as
evidenced by stabilization of storage and loss moduli, the sample was exposed to UV light (365
nm, 100 mW/cm2) from an EXFO mercury arc lamp connected via a liquid light guide through
the quartz bottom plate for exposure periods ranging from 10-300s to photocrosslink the gel.
The iris of the EXFO source was used to control light intensity and light exposure time was
controlled using the digital timer mode on the light source. Light intensity was measured
periodically with the photo detector to source intensity drift. Throughout the equilibration and
photocrosslinking process, and continuing for 20 min after exposure, the sample was oscillated
(0.5% strain, 1 rad/s), and the resultant torque was measured to obtain mechanical properties

of the material during both self-assembly and photocrosslinking.

3.3.6 Circular Dichroism Spectroscopy

CD spectroscopy was performed in two sets of experiments. The first set was executed using an

Aviv Model 400 Spectropolarimeter (Aviv Biomedical Inc., Lakewood, N.J.). Native collagen and
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CMA at 0.1 mg/mL, along with a reference sample of 0.02 N acetic acid buffer, were injected
into optically matched 0.1 cm path length quartz cuvettes (model 110-0S; Hellma USA).
Ellipticity was averaged over 10 s and recorded from 290 nm down to 190 nm in 1 nm intervals.
Samples were run at 10°C. A separate set of experiments was performed with similar cuvettes
where collagen and CMA were in solution (0.1 mg/mL) in two separate buffers, 0.02 M acetic
acid (as before) and 1X PBS to simulate physiological pH and initiate fibrillogenesis. Wavelength
scans were conducted from 190 to 260 nm at 4°C (number of scans 1, averaging 1.0 s). CD
spectra were plotted with buffer signal from the same cuvette subtracted out. Reported values
were given as concentration normalized ellipticity, as molarity of solutions was unknown due to
uncertainty of native collagen and CMA molecular weight. Here, a wavelength scan was
repeated to determine peak ellipticity, and then a melting curve experiment was performed
with a freshly prepared set of samples to examine thermal stability. The analysis of thermal
stability was based on similar studies using triple helical synthetic peptides [65]. Thermal
denaturation CD measurements were performed on the same instrument. Ellipticity was
monitored at 222nm while temperature increased at 0.33°C/step with a 2 minute equilibration
time. Apparent melting temperature, Tm, was calculated by estimating the fraction folded using:

6(T)-6y(T)

F(T) = 5. )=6, ™)

where 6(T) is the observed ellipticity and 8¢(T) and 6y(T) are estimated ellipticities derived from
linear fits to the folded and unfolded baselines. The melting temperature is estimated as T

where F(T) = 0.5.

3.3.7 Dynamic Light Scattering
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Dynamic light scattering (DLS) analysis was used to assess tropocollagen molecule size in acidic
conditions as well as fibril formation at physiological pH. The methodology was based on a
protocol published by Parmar et al [66] using a Zetasizer Nano S (Malvern Instruments) with a 3
mW He-Ne laser at A = 633 nm, collecting back-scattered light at © = 173°. Collagen and CMA
solutions (0.1 mg/mL) in 0.02 M acetic and 1X PBS were equilibrated to 37°C, controlled to
within £0.1°C by the built-in Peltier element. DLS analysis was performed at 0, 5, 30, and 60
minutes following thermal equilibration. Scattering intensities were determined from the
average of five correlation functions, with a typical acquisition time of 60 s per correlation
function. The derived count rate (DCR) was used to determine steady state, defined by lack of
statistical difference (P > 0.1) between averaged DCR at a given time point. For acetic acid
samples, steady state was achieved at 5 minutes and remained so throughout the remainder of
the 60 minutes. For PBS, steady state was achieved at 30 minutes and remained at 60 minutes.
Data within steady state groups were pooled and averaged. Only monodisperse data were
analyzed. Acetic acid data consisted of the mean radius of the single monodisperse volumetric

peak whereas PBS data consisted of both monodisperse intensity peak mean radii.

3.3.8 Scanning Electron Microscopy

Native collagen and CMA gels were prepared as previously described, except on 15mm diameter
No. 1 circular glass coverslips. Following self-assembly and photocrosslinking with 2 minute
exposure to the EXFO light source, gels were dehydrated in a series of aqueous acetone
solutions (25%, 50%, 75%, 95%, 100% v/v) and critical point dried (CPD 020, Balzers Union
Limited, Balzers, Liechtenstein). Samples were then sputter coated with gold/palladium (SCD
004, Balzers Union Limited, Balzers, Liechtenstein) and imaged via SEM (Amray 1830l, Amray

Inc. Bedford, MA). Fibril diameter was measured on 20 separate images per condition. Diameter
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was sampled on fibrils at the grid intersections of an overlaid 8x12 grid, and measured using

Imagel (ImagelJ, NIH, Bethesda MD).

3.3.9 Degradation via Collagenase

Degradation of the mechanical properties of gels was evaluated via reduction in storage
modulus (G’) due to enzymatic cleavage of collagen fibrils. For rheological analysis during
enzymatic degradation, collagen or CMA solutions were prepared as above and loaded onto the
rheometer in a poly(dimethyl siloxane) (PDMS) ring, allowed to gel at 37°C, and exposed to UV
for crosslinking. Samples were then cooled to 15°C and Type-l collagenase (0.1 mg/mL) was
added and allowed to diffuse into the gel for 5 minutes. After aspiration of excess collagenase,
the upper parallel plate was lowered onto the gels, the temperature was returned to 37°C, and
the sample was exposed to 3 seconds of oscillatory shear (1 rad/s, 0.5% strain) every 5 minutes
for 1 hour. Degradation of the fibrillar structure was evaluated with a separate assay, adapted
from Damink et al [67]. Collagenase (0.01 mg/mL) was added to gelled native collagen, CMA and
photocrosslinked CMA in a 96-well plate, where samples of the gel supernatant were removed
every 30 minutes and the total liberated protein determined by the commonly-used

bicinchoninic acid (BCA) assay for total protein.

3.3.10 BCA Total Protein Assay

A BCA Assay (Pierce BCA Protein Assay Kit, Thermo Scientific) was used to determine the
concentration of protein in solution following collagenolytic degradation and following gelation
to determine if both native collagen and CMA fully fibrillized. This assay was developed by Smith
et. al., and is commonly used to analyze general protein concentrations [68]. The BCA assay

operates on the principle that peptide bonds reduce divalent copper ions (Cu*) to Cu®, which
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then form chelates with bicinchonate to form a purple product [69]. Samples of protein
supernatant (10 pL) were plated into a 96-well clear-bottomed microplate. BCA Assay working
solution was prepared freshly by adding 400 ul of BCA Protein Assay Reagent B to 20 mL BCA
Protein Assay Reagent A in a 50ml conical tube and vortexed. A 200l aliquot of the working
solution was then added to each sample well. After Incubation for 30 min at 37°C, absorbance
was read at 562nm using a DTX 880 Multimode Detector plate reader (Beckman Coulter,
Fullerton, CA). Serially diluted native collagen and CMA standard curves were used to calculate

labile protein concentrations from unknown sample absorbance.

3.3.11 Gel Mass Analysis

Gravimetric analysis was used to determine if CMA gels (+ photocrosslinking) differed in mass of
protein following fibrillization and equilibrated hydration compared to native collagen. CMA and
native collagen solutions (50uL samples, 2.5 mg/mL, 1.25 mg protein/sample) were plated in 12-
well plates, and allowed to self-assemble at 37°C for 1 hr. One set of CMA samples was
photocrosslinked, and all samples were washed with 2mL diH20 4 times (15 min, 30 min,
overnight, 5 minutes) and then aspirated dry. Gels were transferred to pre-weighed
microcentrifuge tubes and lyophilized for 48h. Tubes were again weighed and dry weights were

recorded.

3.3.12 Cold Melt Rheometry

Native collagen and CMA solutions were prepared as before and loaded onto the Kinexus Ultra
with the standard parallel plate temperature-controlled lower module and stainless steel lower
plate with the solvent trap setup included and filled with 700ul diH,0 to prevent sample

evaporation. Gels were allowed to equilibrate for 10 minutes and then temperature was ramped
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at 2°C/min down to 4C and back up to 37C. Storage and loss moduli were recorded to compare

mechanical stability of native collagen and CMA gels at low temperature.

3.3.13 Viscometry

Native collagen and CMA in solution in 0.02M acetic acid (4.43mg/mL) were loaded onto a pre-
cooled (4°C) stainless steel lower parallel plate and loaded using a 40mm upper cone with an
angle of 4°. Samples were run in viscometry mode using a table of shear rates from 0.01-100 s,
3 samples per decade, and the viscosity of the solution was recorded. A Moore model was fit to
a plot of viscosity vs. shear rate and the zero-shear viscosity was determined through

extrapolation using the Kinexus rSpace software.

3.4 Results

3.4.1 CMA Optimization

After testing multiple combinations of molar ratios of reactants, reaction times, and various
other parameters, it was determined that a large molar excess of MAA: free amine (40:1) at a
molar ratio of 5:2:1 (MAA:EDC:sulfo-NHS) reacted for 24h and dialyzed excessively (3 dialysate
changes at 133-fold volume), lyophilized for 72 hours and reconstituted in a low shear mixing
regime resulted in a type-I collagen based material with properties similar to collagen and the
reactivity to increase its storage modulus five-fold via photocrosslinking via exposure to UVA for
2 minutes. Increasing reactant concentrations relative to collagen concentration past these
ratios resulted in denaturation/crosslinking of collagen during the reaction and difficulty
removing unreacted materials during dialysis. Decreasing ratios of reactants resulted in

accompanied decrease in photocrosslinkable functionality.

3.4.2 Proton NMR
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Multiple rounds of NMR experiments were necessary to determine both a successful NMR
protocol as well as the optimal reaction conditions for CMA synthesis. Initial attempts using
D,0/DCl were unsuccessful due to the good suspension solubility of type-I collagen in dilute acid
but poor molecular solubility. As a result, useable spectra didn’t show up. After testing several
solvents, DMSO seemed to provide suitable solubility. Samples were dissolved in deuterated
DMSO (Sigma) and NMR spectra were obtained. Strangely, the native collagen was poorly
soluble in this solvent despite it easily going into solution in standard lab grade DMSO. Thus
comparisons between native collagen and CMA were meaningless. However, the NMR data did
result in determination of some reaction condition parameters. Here, MAA:e-amine ratios of
10:1, 1:1, and 1:10 were used as experimental conditions to determine whether large molar
excesses of reactants provided increased derivatization. We discovered that only the 10:1 ratio
produced resolvable peaks (seen near 5.3-6.1 ppm in Figure 3-5B) whereas in the 1:1 and 1:10

ratio conditions there were no observable peaks.
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Figure 3-5: NMR of Native Collagen (A); CMA with MAA:e-Amine ratios of 10:1 (B); 1:1 (C); 1:10 (D) in Deuterated
DMSO

A second round of NMR experiments compared the spectra of native collagen, native collagen
with MAA without EDC as an ‘undialyzed’ control, and CMA reacted with the 10:1 ratio of
MAA:free amine with and without sulfo-NHS. Unlike the first round, native collagen was indeed
soluble in deuterated DMSO (Figure 3-6A). Additionally, the ‘undialyzed’ control was included to
determine where the methacrylate peaks would show up and to help determine in the future if
our dialysis protocol was sufficient. The peaks from undialyzed concentrations of MAA showed
up where expected and were massive compared to grafted methacrylate peaks (Figure 3-6B).
Lastly, we saw that sulfo-NHS was necessary in the reaction as the EDC/MAA only condition did

not produce measurable peaks, whereas the condition with EDC/sulfo-NHS/MAA had
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discernible, albeit small, peaks equivalent to those seen in the first experiments (Figure 3-6

C&D).
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Figure 3-6: NMR spectra of native collagen (A); native collagen + 100ul free MAA (B); CMA without (C), and with (D)
sulfo-NHS. Red Arrows Denote Methacrylate Peaks

Rheological data indicated that a MAA:s-amine ratio of 10:1 was sufficient to impart
photosensitivity, further increasing the concentration of reactants produced greater
functionality. This is discussed in depth in Section 4.4. By increasing the MAA: €-amine ratio to
40:1, and maintaining an MAA:EDC:sulfo-NHS ratio of 5:2:1 provided the best material from a
mechanical properties standpoint. A last NMR experiment was performed to determine whether

this functionality was visible as larger peaks at the characteristic section of the spectrum seen in
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previous experiments. As seen in Figure 3-7, the peaks are indeed measurably larger than with

previous experiments where reactant molar ratios were lower.

Wy

9 8 T 6 5 4 3 2 1 ppm

Figure 3-7: NMR spectrum of optimized CMA protocol showing derivatized methacrylate peaks at 5.3-6.1

However, while the peaks from the derivatization were evident, the noise associated with a
complex spectrum of large protein like type-l collagen made quantification of derivatization
efficiency difficult compared with similar reactions where the exact structure and concentration
is known, such as with polyethylene glycol diacrylate (PEGDA). As such, a separate methodology
used to quantify the percentage of free amines before and after the functionalization reaction

was required.

3.4.3 TNBSA Assay for Amine Quantification
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A literature search revealed previous work by Steffens et. al., who used EDC crosslinking to
covalently graft VEGF onto collagen, and quantified their grafting efficiency using a colorimetric
assay based on the reaction of TNBSA with the free-amines present on collagen [70]. Further
details on this protocol were adapted from another published report using TNBSA to quantify

amine concentration in collagen gels [64].

The assay was run in duplicate and data was averaged. The absorbance at 345nm, which is
proportional to the amine concentration, was 2.19£0.02 for CMA as compared to 2.24+0.04 for
native collagen. The absorbance of the acetic acid blank, 2.06+£0.05, was subtracted from each
sample value, and the resulting net absorbance was used to calculate the derivatization

efficiency (E):

E= (ABScva— ABSACA)/ (ABSyc — ABSpca)

From this assay we determined that absorbance due to the amine concentration of CMA
derivatization was 73.8% of the net absorbance of native collagen, hence the efficiency of
methacrylamide functionalization was approximately 26%. TNBSA data was only obtained for

the optimized CMA synthesis protocol. Results of the TNBSA assay are plotted in Figure 3-8.
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Figure 3-8: TNBSA Assay Data. Mean absorbance shown, error bars + SD

3.4.4 Rheometry

Substantial effort was involved in development of a robust rheological testing methodology
simultaneous to optimization of CMA derivatization and crosslinking parameters, the bulk of
which was driven by rheological data. The details of this optimization process are described in
Appendix A. The results of the optimized photocrosslinking process, based on UV exposure
during rheological measurement of moduli, can be observed in Figure 3-9 A, which shows a
summary comparison of real-time gelation and photocrosslinking data of CMA vs. native
collagen. Shown are G’ and G” vs. time for both materials at 2.5 mg/mL using an 12959

concentration of 0.025%. Rheological analysis of CMA gels demonstrates self-assembly of the
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material into a fibrillar hydrogel as evidenced by the increase in storage modulus around 200-
300 seconds after incubation at 37°C. The kinetics of self-assembly were slightly delayed
compared to native collagen, which self-assembled from 100-200 seconds following the
temperature increase. Photolabile functionality of CMA was demonstrated by the rapid, five-
fold increase in storage modulus (G’) upon irradiation with UV light in the presence of
photoinitiator. A small increase in the loss modulus (G”) was observed during irradiation,
however after the 90 s exposure period, the equilibrium loss modulus was slightly lower than
prior to photocrosslinking. The large increase in storage modulus from pre-crosslinked (323.4 +
7.8 Pa at t=600 s) to post-crosslinked (1316.8 + 51.3 Pa at t=1200 s) along with the slight
decrease in loss modulus (57.7 + 4 Pa to 39.8 + 6.5 Pa) indicates that photocrosslinking of CMA

results in a mechanically stiffer and more elastic material (Figure 3-9 B).
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Figure 3-9: Summary of CMA vs. Collagen Storage and Loss Moduli. Full Real-time G’ and G” vs. Time (A) and
average Equilibrium G’ and G” (B)

The final rheological analysis highlights the tunability of CMA via UV exposure time. Controlled

stiffness modulation is demonstrated in Figure 3-10 A, where exposure for 30, 45, and 90
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seconds resulted in 30%, 60%, and 100% crosslinking as determined by increase in storage
modulus. Figure 3-10 B displays dynamic control of the material, as six distinct 15 s UV exposure
periods incrementally and additively increased the storage modulus (~ 5, 30, 60, 80, 90, 100% of

maximum) while maintaining a stable modulus immediately after removal of light.
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Figure 3-10: Mechanical Tunability of CMA Gels via Differential Light Exposure Periods (A) and Dynamic Temporal
Control using Multiple Light Exposures (B). Arrows Indicate Onset of 15 s UV Exposure Period.

3.4.5 (D Spectroscopy

A preliminary CD experiment yielded curves that showed very little difference at the
characteristic triple helix peak. Samples were dissolved in 0.02M acetic acid and CD
measurements were obtained at 10°C. The ellipticity of CMA as compared to native collagen
presented no significant differences in either wavelength shift or amplitude at the characteristic

222 nm peak, indicating an equal concentration of triple helix in both materials (Figure 3-11).
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Figure 3-11: CD Spectra of CMA & Native Collagen in 0.02 M Acetic Acid

Due to sample preparation error, a second round of CD experiments compared 0.175 mg/mL
native collagen and 0.1 mg/mL CMA in both the acetic acid buffer and a physiological-pH
buffered PBS solution. Comparison of raw curves showed that CMA had the same peak
wavelength but lower amplitude in both buffers, indicating a lower concentration of triple helix
as compared to native collagen (Figure 3-12). However, when normalized to concentration,
native collagen in PBS and acetic acid had ellipticities of 4.4 and 5.4 mdeg/mg, respectively,
while CMA had measured at 4.6 and 5.5 mdeg/mg, respectively, indicating similar triple helix

content between both materials in corroboration with previous data.
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Figure 3-12: CD Spectra of CMA and Native Collagen (NC) in Phosphate Buffered Saline (PBS) and 0.02M Acetic Acid
(Ac)

Next, melt curves were obtained for the same conditions by increasing the sample temperature
from 4 to 60°C and measuring the ellipticity at 222nm to characterize the concentration of triple
helix as a function of temperature (Figure 3-13). Melting temperature, calculated as described in
the methods section, was similar for native collagen (41.9°C) and CMA in acetic acid (41.5°C),
indicating that the soluble macromer stability was similar. However, looking at the melt curve of
CMA, there are 2 apparent inflections during the melt phase, compared to only one for native
collagen, indicating 2 distinct phase transitions for CMA and possibly implying the presence or
absence of different molecular interactions between CMA and native collagen that are not
recognized with the melt temperature calculation as is. In pH 7.2 PBS buffer, the melting

temperature of CMA (33.2°C) was higher than native collagen (25.1°C).
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Figure 3-13: CD Melting Curve of CMA and Native Collagen (NC) in Phosphate Buffered Saline (PBS) and 0.02M
Acetic Acid (Ac)

Repeats of the wavelength scan and melt curves were performed with all conditions at the same
concentration of 0.1 mg/mL. Wavelength data verified that native collagen and CMA have
identical concentrations of triple helix (Figure 3-14). In addition, the triple helical content was
not distinguishable between buffers, indicating that negligible self-assembly had taken place
during CD signal acquisition. Again, maximum ellipticity was observed to be near 222 nm for all
samples. Thus, based on three sets of CD data, we have determined that triple helix content as
measured by CD spectroscopy is not appreciably disrupted by CMA derivatization when
compared to native collagen. In addition, at 4°C, there is not a measurable change in triple helix
concentration of either CMA or native collagen during the 2 hour time period required to obtain

CD data, a result which corroborates observations made during rheological testing in which pH
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neutralized collagen was kept on ice for up to 3 hours with no observable change in self

assembly kinetics or mechanical properties of the stable gels.
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Figure 3-14: CD Spectra of CMA and Native Collagen (NC) in Phosphate Buffered Saline (PBS) and 0.02M Acetic Acid
(Ac)

Melting curves of native collagen and CMA in PBS and acetic acid at 0.1mg/mL yielded largely
similar results during this round of experimentation (Figure 3-15). Baseline ellipticity was highly
consistent among all groups, in agreement with wavelength scan data, as was unfolded melted
protein, which all measured close to zero as would be expected for denatured protein with no
remaining helical structure. Melting temperatures were identical for native collagen and CMA in

acetic acid (42.2°C), which was similar to results obtained previously. However, in this round, we
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did not observe the double transition of CMA during melting that was seen previously, as curves
for both native collagen and CMA were essentially identical and contained only one inflection.
Another departure from the previous data was that here we saw Ty, for native collagen in PBS
increase slightly, to 28.0°C, while Ty, for CMA in PBS decreased marginally to 30.6°C.
Additionally, while comparison of the negative ellipticity in the PBS condition was not
meaningful in the previous melt curve due to the protein concentration difference, here we can
directly compare the curves, and we see that CMA presents a markedly larger ellipticity
amplitude. However, it is unclear what type of structure this negative signal is resulting from,

and yet further CD experiments are necessary to answer this question.

15 1 L
< NC PBS
oNC Ac
10 H
~ CMA PBS
o CMA Ac
5
b° “
— o
2 0 o
T o &
E .
2> 5 s
S '
el
E_ o |a
= -10 o
T} o K
%l
-15 ‘” 9
a
A sl
g g pte s
-20
-25
4 8 12 16 20 24 28 32 3 40 M4 48 52 56 60
Temperature (°C)

Figure 3-15: CD Melting Curve of CMA and Native Collagen (NC) in Phosphate Buffered Saline (PBS) and 0.02M
Acetic Acid (Ac)
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3.4.6 DLS

DLS was performed on native collagen and CMA in both PBS and 0.02M acetic acid at 37°C.
Samples were all run in parallel, with readings taken at 0, 5, 30 and 60 minutes, and each
reading averaging light scatter at 173° over 30 seconds. Steady state in PBS was achieved at 30
minutes, as per plateauing of the derived count rate, which is in agreement with fibrillogenesis
kinetics seen via rheometry. Acetic acid steady state was reached at 5 minutes, and likely
entailed simple temperature equilibration after sample loading. 5 minutes Comparison of mean
peak intensity of CMA and native collagen in PBS at after steady state was achieved revealed
that there were 2 distinct monodisperse peaks for both CMA and native collagen (Figure 3-16).
Intensity and volume analysis indicated that the majority of the signal was due to the larger
peak, likely corresponding to self-assembled fibrils. The smaller peak is likely due to
unincorporated protein fragments, which other experiments (discussed later, Gravimetric
Analysis of Gel Mass) show are negligible, also supported by the relative size of the DLS peaks
seen in both the intensity and volume distributions, representative examples of which are

shown in Figure 3-17.
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Average size of both intensity peaks was calculated from the combination of the mean peak size
of each peak at 30 and 60 minutes (Figure 3-18). No statistical differences were found between
native collagen and CMA for either peak, although the larger peak corresponding to the
assembled fiber size trended as larger than native collagen (468.5£56.7 and 430.1164.1 nm,
respectively). Unincorporated/aggregated peptide fragment peaks were nearly identical in

magnitude between CMA and native collagen (48.1+14.5 and 48.0£19.6 nm).
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Figure 3-18: DLS Mean Intensity Peak Size (nm) for Native Collagen and CMA in PBS

Acetic acid solubilized native collagen and CMA DLS data was highly polydisperse, indicating the
presence of a spectrum of macromer association states, likely due to random aggregation.

Analysis of volume peaks in comparison to intensity peaks indicates that the volume fraction of
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aggregated protein is small, especially higher order structures, as evidenced by the small volume
peaks at larger radii. However, intensity data is skewed due to the higher intensity observed for
larger radius objects due to the highly nonlinear relationship between object size and intensity
that magnifies the signal of larger objects disproportionately (Figure 3-19). As we do not expect
that any significant self assembly is occurring at the acidic pH of the 0.02M acetic acid, peaks
corresponding to aggregate structures were excluded and only the single large volume peak was
considered for analysis to compare sizes of single triple helical native collagen and CMA

macromers.
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Figure 3-19: DLS Intensity and Volume Peaks for Native Collagen (A) and CMA (B) in Acetic Acid. Representative
Plots shown.

Average size of volume peaks corresponding to single macromer was determined from the
mean peak radius of the combined data from the steady state time period from 5-60 minutes
(Figure 3-20). Analysis of individual macromer size indicated no significant difference between
CMA and native collagen (10.634.1 and 11.4%4.2 nm, respectively), although overlap from
nearby polydisperse peaks resulted in a large experimental error and made statistical numerical

comparison of molecular size difficult.
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Figure 3-20: Mean Monodisperse Volume Peak Size (nm) for Native Collagen and CMA in 0.02 Acetic Acid

3.4.7 SEM

SEM revealed similar fiber morphology for CMA, photocrosslinked CMA, and native type |
collagen (Figure 3-21 A-C). No substantial differences in fiber size, orientation, or quantity were
observed, further indicating that the methacrylation reaction largely preserves the quaternary
structure of the collagen, and that the photocrosslinking process does not significantly alter the
fibrillar ultrastructure. Quantification of fiber diameter (Figure 3-21 D) confirmed that there

were no statistical differences in average diameter or size distribution.
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Figure 3-21: SEM of CMA (A), CMA Photocrosslinked (B), and Native Collagen (C); Histogram of Fibril Diameter (D)

3.4.8 Collagenase Degradation

Collagenase degradation assays were performed to assess whether the derivatization reaction
or the photocrosslinking process had an effect on enzymatic degradation of the gels. The rate of
mechanical degradation, reported here as the reduction in storage modulus as a percentage of
initial storage modulus over time, was not statistically different between native collagen and
CMA, indicating similar degradation kinetics. However, the degradation rate of photocrosslinked
CMA was significantly lower (P <0.05) than both native collagen and uncrosslinked CMA (Figure
3-22 A). A separate collagenase test assayed the percent of protein liberated from the gels
following 3 hours of exposure to collagenase. A BCA assay determined the total protein in

solution after the degradation time period (Figure 3-22 B). Native collagen (72.8 £ 0.2% protein
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liberated) was most degraded after 3 hours, followed by CMA (55 + 2.8%), and finally

photocrosslinked CMA (35.9 + 4%).
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Figure 3-22: Rheological Collagenase Degradation Rate (A); BCA Assay Quantification of Collagenase-Liberated
Protein (B)

Ancillary collagenase experiments that admixed enzyme into the precursor solution were
developed that did not yield consistent data. This process required augmentation of the gelation
kinetics. Previously, we observed that altering the salt concentration through substitution of 10X
PBS with less concentrated solutions resulted in faster gelation. To characterize the effect of PBS
concentration, we compared native collagen and CMA gelation kinetics with 5X, 7.5X, and 10X

PBS as part of the precursor solutions.

At 5X, the native collagen gels began to self assemble as soon as they were plated, and thus
were not able to be tested rheologically. Figure 3-23 shows the gelation kinetics for both native
collagen and CMA at 10X and 7.5X PBS. Median gelation time, defined as the time when the
storage modulus equals half of the average equilibrium G’, was 160 and 75s for native collagen

with 10X and 7.5X PBS, and 330 and 210s for CMA with 10X and 7.5X PBS, respectively. The
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average equilibrium G’ for native collagen with 10X and 7.5X PBS was 514.9 + 9.3 and 507.4
12.2 Pa, respectively, and for CMA the average G’ with 10X and 7.5X was 255.9 £ 6.7 and 253.0
t 5.4+ Pa. Median gelation time differences were statistically significant between 10X and 7.5X
PBS among native collagen and CMA groups (P < 0.05), while equilibrium G’ was not significantly
different between PBS concentrations for native collagen or CMA. Thus, changing the PBS
concentration can effectively alter native collagen and CMA gelation kinetics in a predictable

manner without affecting the mechanical properties of the stabilized gel.
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Figure 3-23: Real-time G': Effect of PBS Salt Concentration on Native Collagen (NC) and CMA Fibrillogenesis Kinetics

3.4.9 Gravimetric Analysis of Gel Mass

Analysis of dry protein mass following self-assembly, extensive washing, and lyophilization
revealed that there was no significant difference between CMA (+ photocrosslinking) and native
collagen, indicating that similar amounts of material comprise gels of both materials, and that
photocrosslinking has no effect on the solid fraction of gels (Figure 3-24). Theoretical initial mass

of protein was calculated as 1.25mg for each sample (50uL x 2.5mg/mL). Percent of macromer
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that underwent incorporation into the fibrillar network was calculated as final mass divided by
initial theoretical mass. Acetate and salts included in the precursor solution were considered
negligible. Results were 96+0%, 99+5%, and 101+17% incorporation for native collagen, CMA,

and photocrosslinked CMA, respectively.
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Mass (mg)

Native CMA CMAXL

Figure 3-24: Dry Weight of Native Collagen, CMA, and Photocrosslinked CMA Gels

3.4.10 Viscometry

To analyze whether the molecular weight distributions were the different between native
collagen and CMA solutions in acetic acid, the viscosities of high concentration (4.4 mg/mL)
samples were analyzed over a table of shear rates from 0.01-100s . Fitting the data to a Moore
model, the zero shear viscosity (no) for each was extrapolated, with ny = 1.0 +0.2 and 0.68 +0.01

Pa s for native collagen and CMA, respectively (Figure 3-25). Zero shear viscosity is assumed to
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be proportional to the 3.4™ power of the average molecular weight for a polydisperse mixture of
polymers [71]. The zero shear viscosity of CMA was significantly lower than that of native
collagen, indicating a difference in either molecular weight distribution or hydrodynamic radius

of the macromers.
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Figure 3-25: Zero shear viscosity of 4.4 mg/mL Native Collagen and CMA at 4°C from Moore fit
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3.4.11 Cold Melt Rheology

It was observed previously, including experimentation with CMA for use in biological sponges
[72], CMA gels liquefy when stored at 4°C, which was unexpected. To investigate the thermal
stability profile of CMA gels compared to native collagen, a rheometry test was performed to
measure storage modulus over time as the temperature was first raised to initiate gelation, then
lowered at 2°C/min down to 4°C, and back up to 37°C (Figure 3-26). Native collagen and CMA
both followed the same trend initially, with G’ increasing until the temperature decreased from
37°C to ~30°C, whereupon both gels’ G’ sharply decreased. However, native collagen G’ reached
a minimum at around 10°C, and then began to increase again, whereas CMA returned
completely to liquid phase, as evidenced by the G’/G” crossover at 9°C. Upon raising the
temperature back up, native collagen again showed a minimum near 10°C, then raised back up
to approximately the same stable modulus as prior to the temperature ramping. CMA remained
liquid until the temperature was raised back to ~34°C, indicating that fibrillogenesis had to
restart completely. Interestingly, CMA G’ was more than 100 Pa higher after re-assembly as

compared to G’ before temperature ramp.
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Figure 3-26: Cold melt and reassembly curves of Native Collagen and CMA

A separate experiment was performed with the UV crosslinking module to determine if

photocrosslinked CMA exhibited a similar thermal stability profile (Figure 3-27). G’ Curves are

not directly comparable between data in Figures 3-26 and 3-27 due to differences in thermal

response times, although it seems that crosslinked CMA does not exhibit any cooling-induced

mechanical instability. Indeed, similar to native collagen and CMA, photocrosslinked CMA

increases in modulus upon cooling. However, instead of then entering a phase of decreasing G,

the storage modulus continues to increase by a full order of magnitude as the temperature

reaches a nadir of 5°C.
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Method Properties Analyzed Characterization Results
'H NMR Chemical Structure EDC/sNHS derivatization results in grafting of
methacrylate groups; no other differences
observed Between NC and CMA
TNBSA Assay Chemical Structure EDC/sNHS derivatization decreases free amine
concentration of CMA to ~% of NC
Rheometry Hydrogel Mechanicals Basal CMA G’ is half of NC; photocrosslinking

CD Spectroscopy

DLS

SEM

Collagenase
Degradation

Viscometry

Cold-Melt
Rheology

Kinetics of Self-assembly

Macromer Structure and
Stability

Fibrillogenesis
Thermodynamics

Z-average
Size/Hydrodynamic
Radius

Fibrillar Structure
Enzymatic Degradation:
Mechanical
Enzymatic Degradation:

Chemical

Zero-Shear
Viscosity/Hydrodynamic
Radius

Low Temperature
Structural Stability

increases CMA G’ ~3 fold over NC
NC self-assembly time is ~50% of CMA

CMA and NC macromers have similar triple-
helical content and thermal denaturation
temperature

Significant thermodynamic and structural
differences exist between CMA and NC at
physiological pH and temperature

CMA appeared marginally larger than NC; data
difficult to interpret due to aggregation,
polydispersity, protein linearity

CMA and NC have similar average fibrillar
diameter and size distribution

Mechanical degradation rate is similar for NC
and CMA, lower after photocrosslinking

Liberation of cleaved peptide fragments is
reduced for CMA; photocrosslinking greatly
reduces peptide liberation.

CMA zero shear viscosity is significantly lower
than NC, indicating smaller hydrodynamic
radius

Fibrillized CMA reversibly disassembles at <
10°C; NC remains a solid hydrogel.

Table 3-1: Comparison of Native Collagen and CMA Properties with Various Characterization Methods
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3.5 Discussion

We have developed, optimized and characterized a robust, photosensitive material based on
type-l collagen to modulate hydrogel mechanical properties via the application of light.
Optimization of multiple reaction and process parameters resulted in a repeatable and robust
method for reacting commercially available type | collagen with readily available reagents, and is
relatively easy to carry out, making it attractive as a platform material for many applications.
This method allows us to synthesize CMA by derivatizing a large percentage of the available free
amines with reactive methacrylate groups without significantly altering the structural and
functional properties that make type | collagen an attractive and versatile scaffold material.
These methacrylate groups impart CMA with reactive groups that provide significant mechanical
control compared to native collagen. CMA derivatized with this methodology is able to self-
assemble from a liquid macromer solution into a fibrillar hydrogel at physiological pH and
temperature, with similar assembly kinetics and resultant structure as compared to native type |
collagen, although the onset of self-assembly of CMA following the temperature ramp is
delayed. This discrepancy might be caused by subtle changes in the protein structure or by loss
of low-molecular weight protein fragments during dialysis of the reaction milieu. We also
developed an advanced characterization platform utilizing modern rheological testing
equipment that allows full temporal characterization of hydrogel behavior during self-assembly
and photocrosslinking in real-time. Analysis of photocrosslinking kinetics allowed us to identify
and characterize a large parameter space spanning a range of photocrosslinking factors such as
macromer concentration, gelation time, light intensity, exposure time, and photoinitiator
concentration. This body of data allows predictive design of optimized conditions for
application-driven scaffold modulation in cases where biological constraints dictate specific

material properties.
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Rheological analysis revealed that both CMA and native collagen formed mechanically stable
gels less than 10 minutes after temperature was increased to 37°C. Following photocrosslinking
for 90 seconds, the storage modulus of the crosslinked CMA is increased nearly 6-fold, and is
almost 3 times that of native collagen at the same concentration. The 5-6 fold increase of
storage modulus from uncrosslinked CMA to the fully crosslinked state represents a significant
range of mechanical properties achieved through this system, with addition control afforded by
varying the starting CMA concentration. The storage modulus of uncrosslinked CMA hydrogels is
slightly lower than that of native collagen, potentially due to unwanted crosslinking between
collagen molecules during the synthesis step, which, while minimized through the large molar
excess of MAA during synthesis, may still occur to some degree over the course of the 24
reaction. Another possibility is that the reduction in storage modulus is due to the loss of
intrafibril ionic associations between the positively charged amine groups and negatively

charged residues, which form stabilizing salt bridges [73].

Analysis of triple helix content and protein structure stability through CD spectroscopy provided
insight into differences between CMA and native collagen in various states and temperatures. In
the acid-solubilized state, triple helix content appeared similar for CMA and native collagen. In
the physiological pH-buffered PBS, ellipticity was similar for both CMA and native collagen,
although in the initial comparative wavelength scan it appeared that overall ellipticity was
slightly lower than acetic acid, which might expected due to some self-assembly resulting in
overall triple helix concentration going down as macromers polymerized. However, in the
second set of experiments, there was no difference in ellipticity between any group in either
buffer, indicating that triple helix concentration was equal and that self-assembly was not
occurring to an appreciable extent. Given the inconsistencies in the data of the initial data,

experimental error was likely responsible. Taken together, the wavelength scan data implies
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that derivatization of collagen to CMA does not appreciably disrupt the macromeric triple helical
structure, a claim strengthened by the similarity of our native collagen spectra with previously
published results elsewhere [74]. Furthermore, pH-driven conformational changes produced no
significant differences in CD signal at 4°C. However, CD spectra for the melt curves showed
intriguing differences in fundamental thermal stability properties between CMA and native
collagen. Based on our calculations of melting temperature, native collagen had essentially an
identical melting temperature than CMA in the soluble, acidic environment, a trend observed in
both experiments. However, analysis of curve geometry in the first melt experiment revealed an
inflection in ellipticity present in CMA that is not seen in native collagen. Since this inflection is
minor compared to the major drop in ellipticity due to complete protein unfolding, it was not
picked up in the melting temperature calculation, but it does indicate that there may have been
a subtle change in macromer stability before the triple helix completely denatured. However,
this phenomenon was not seen in the second melt curve experiment. Hence, we can’t conclude
whether this was due to some experimental error during CD sample preparation, aberrant
crosslinking during synthesis, or a fundamental reason such as fewer stabilizing salt bridges in
CMA compared to native collagen. Further CD studies are planned to evaluate structure at
different temperatures and wavelengths to help answer these questions. Interestingly, CD
analysis of CMA and native collagen at physiological pH indicated that CMA had a significantly
higher melting temperature than native collagen, which would imply that CMA is somehow
more stable than collagen. However, following the initial melt, we observed development of a
large negative ellipticity, indicating that another structure may be formed at this temperature,
likely a product of the self-assembly into a coiled coil with optical properties different than
those of the triple helical macromer. Thus, the higher melting temperature of CMA may actually

be related to the latent self-assembly we have observed with rheological experiments. The
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considerable gap in negative ellipticity between native collagen and CMA observed in the
second melt experiment may imply that there is a substantial difference in the either the
geometry or stability of the fibrillized quaternary structure Additional wavelength/temperature
scans near the respective transition temperature will need to be performed in the future to
resolve the nature of the assembled structure and may improve our understanding of the
fundamental properties of both CMA and native collagen. These results may have important
biological consequences in terms of in vivo remodeling of fibrillar networks, as one theory
suggests that evolution of mammalian collagen sequences has resulted in thermodynamically
stable molecules that are intentionally unstable at normal body temperature to facilitate matrix
remodeling [75]. Whether CMA or native collagen can be remodeled more readily in vivo at

physiological temperature remains unknown.

DLS experiments provided another avenue for determination of molecular structure of CMA as
compared to native collagen. Acid solubilized protein size intensity spectra were highly
polydisperse due to random protein aggregation, although filtering the size peaks from volume
data and focusing on the peaks due to single macromers indicated that protein size was similar
for both CMA and native collagen. However, error due to the polydispersity makes drawing
conclusions about the structure of CMA impossible. A different methodology designed for
discerning between the sizes of large, linear polymers might allow better resolution of whether
CMA macromers are appreciably different from native collagen in molecular weight. Gel
Permeation Chromatography (GPC) may be a suitable method, although at present our
laboratory is not equipped to perform these experiments. DLS analysis of self assembled CMA
and native collagen in PBS was more readily interpreted due to the monodispersity of intensity
peaks. These data indicated that CMA and native collagen fibrils were similar in size, although

CMA appeared to be marginally larger. Again, large error suggests that DLS may not be a
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particularly effective method for analyzing CMA due to the size and aspect ratio of the
molecules involved. Overall, DLS data corroborated information obtained in other experimental

modes leading us to believe that structurally CMA and native collagen are similar.

Analysis of quaternary structure via SEM image analysis indicated that average fibril diameter
and fibril size distribution were essentially identical between native collagen and CMA, which is
expected tertiary structure has been preserved, as the CD data propose. While fibrillar structure
was qualitatively similar, there were occasional rosette-like structures seen within the CMA gels.
These rosettes could be due to branching incidents during self-assembly, which could be a result
of multiple collagen molecules being crosslinked during the CMA synthesis reaction, or from
spontaneous reaction between methacrylates of CMA macromers in solution after
reconstitution. These rosettes may potentially disrupt the local mechanical properties of the
gels by forming small discontinuities within the fibrous network that may be prone to
microscopic tears, thus resulting in a lower bulk storage modulus. This reduction in bulk material
properties can be offset by altering the initial CMA concentration. However, there is the
possibility that localized differences in material properties exist at the microscale, and these
pockets of heterogeneity may have undesired consequences with respect to the cell matrix
interface. A more in depth examination of the mechanical microenvironment with a more
appropriate testing modality such as atomic force microscopy [76] may help elucidate these
guestions in the future. Minimizing the storage time and light and heat exposure of CMA
solutions prior to use in forming gels may also minimize this phenomenon, although the
presence of these rosettes in gels from freshly synthesized and reconstituted CMA indicates this
may not be the dominant mechanism responsible and that some ectopic crosslinking between

collagen macromers is unavoidable in the derivatization reaction as developed.
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Viscometric analysis of CMA and native collagen solutions in acetic acid showed significant
differences that appear to contradict other experimental data. Specifically, DLS and SEM data
indicate that CMA macromers are similar in size to native collagen, and that the assembled
fibrils are similar in size as well. Extrapolation of zero shear viscosity from a Moore model fit of
viscosities at various shear rates indicates that CMA has a significantly lower average molecular
weight compared to native collagen. While these data likely indicate an actual difference, there
is some question about the validity of the data at lower shear rates, the curve fitting had
significant error at that part of the curve. What appears to be an artifactual torque signal may
be caused by small torque provided by the relatively inviscid fluid at the low shear rates. Further
experimentation with this modality using larger samples with a larger diameter tool may provide

more reliable data.

We also compared protein mass of CMA gels with and without photocrosslinking to native
collagen to determine if there was a difference in the amount of protein that was incorporated
into the fibrillar structure. If during the self-assembly process a specific fraction of CMA was
sufficiently modified or denatured such that it could not undergo fibrillization, then it should
diffuse out of the network and the gel would have less mass. Less protein per unit volume would
potentially help explain the lower mechanical properties seen in CMA compared to native
collagen at identical macromer concentrations. However, there was no significant difference in
protein mass between any of the three groups analyzed, which leads us to conclude that CMA
and native collagen gels contain the same percentage of protein, thus CMA derivatization
doesn’t prevent any fraction of the macromer solution from fibrillizing. This result further

strengthens our hypothesis that CMA is highly similar to native collagen, and that the
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mechanical differences are likely due to subtle differences in triple helical stability rather than

higher order protein structure.

Collagenase degradation assays were performed to determine if the methacrylate derivatization
had any effect on the enzymatic degradation of the CMA gels before crosslinking, and if
photocrosslinked CMA gels were significantly less degradable than the uncrosslinked CMA and
native collagen samples. Since type-l collagenase requires an intact triple helix to effectively
degrade fibrillar collagen, if the tertiary structure was indeed altered significantly then
collagenase degradation rates should also be affected, which may influence the biodegradability
of the material as well as the extent that cells may remodel the scaffold [77]. Also, crosslinking
of collagen has previously been shown to decrease the collagenolytic degradation rate, as
crosslinks between collagen molecules increase the number of ligations necessary to liberate
protein fragments and affects the availability of recognizable triple helical segments [78,79]. We
evaluated separately the mechanical degradation and the chemical degradation of pre- and
post-photocrosslinked CMA gels as compared to native collagen. Rheological testing was
performed to evaluate the percent reduction in initial storage modulus over time during a
continuous hour-long test. Chemical degradation was assessed via sampling collagenase-
exposed gels over a three hour period. Rheological tests showed that the mechanical
degradation rate was not statistically significant between native and uncrosslinked CMA gels,
while photocrosslinked CMA gels showed a significantly lower degradation rate (P < 0.05). The
chemical degradation assay indicated that the degradation rate of CMA was lower than that of
native collagen gel, and that crosslinking CMA further decreased the degradation rate. This
apparent discrepancy between the rheological and chemical assays may again be attributed to
ectopic crosslinks that result in anomalous structure formation during fibrillogenesis. These non-

helical structures may be protected from collagenase degradation by a lack of enzyme binding



87

sites as well as stabilizing covalent bonds. Thus, they are not liberated into solution, as seen by
the BSA assay, and do not contribute to the mechanical strength of the gels. As such their lack of
degradation has no effect on the storage modulus during the rheological collagenase
degradation assay. Most importantly, in both assays the photocrosslinked CMA was significantly
less degradable. This aspect may prove extremely useful, as photocrosslinking may be exploited

to spatially control the degradation rate of individual regions of the scaffold.

Additionally, characterization of the thermal stability of CMA gels compared to native collagen
revealed that CMA gels could be quickly liquefied upon reducing temperature below 10°C, and
that this liquefaction was completely reversible upon restoration to physiological temperature.
Our understanding of this process is quite underdeveloped at this time, as native collagen does
not exhibit this trait. Such a characteristic is unique, and could possibly be exploited for a
number of applications. For instance, for tissue culture, in vitro, CMA could be used as a ‘smart
polymer’, in which a layer of CMA would be gelled as a substrate for cell adhesion and then
returned to a liquid phase to harvest cells later simply by cooling the flask on ice, and without
the use of potentially detrimental proteolytic enzymes such as trypsin. Furthermore, since
photocrosslinking appears to completely remove this cold melting behavior, patterned
crosslinking followed by cooling and washing could be used to control gel geometry quickly and
easily using only temperature and light. Further investigation of this phenomenon, while

tangential to this thesis, may coincide with better understanding of the structure of CMA.

3.6 Conclusions
We have created and characterized a novel method for derivatizing type-l collagen with

photocrosslinkable methacrylate groups, resulting in a robust material that can be mechanically
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tuned via the application of light. We can effect up to a 6-fold increase in the storage modulus
with application of UV light for only 90 seconds, and the change in stiffness can be easily tuned
within that range by adjusting the amount of UV exposure. Our laboratory has previously shown
that modulation of the mechanical properties of collagen via chemical crosslinking provides cues
that can be used to direct cellular behavior [52]. While a multitude of strategies exist for
chemically crosslinking collagen to affect bulk material properties [80,14] these techniques
cannot easily be applied in a localized manner, nor can they affect the properties as rapidly. The
power to locally tune the mechanical properties within a gel is desirable for creating a soft-
tissue scaffold with controlled heterogeneity. This material largely retains the characteristic
structure and attributes of fibrillar collagen while also being mechanically dynamic, resulting in a
self-assembling, bioactive, biocompatible hydrogel that provides a high degree of spatial
material control. We believe this material has utility as a potential scaffold for regenerating soft
tissues with irregularly shaped defects which require an injectable, self-assembling scaffold to
fill the wound site without further disruption of nearby viable tissue. This material may be
particularly useful as a scaffold material for central nervous system injuries, as the range of
stiffness allowed from uncrosslinked to crosslinked CMA is similar to that of native CNS tissue
[81]. Following stabilization of the hydrogel within the defect, mechanical heterogeneity may be
introduced, allowing the creation of complex, customizable scaffolds that mimic the structure of
the lost tissue and increase the chance of restoring function by recapitulating some aspects of

the original tissue.

CMA retains a large number of the attractive attributes of native collagen as a degradable, self-
assembling, fibrillar hydrogel. Furthermore, there are significant differences in other qualities
that may be further exploited in applications beyond the scope of this thesis. Most notably, the

mechanical properties of CMA are unique at low temperatures, after fibrillization, and upon
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thermal denaturation. In addition, enzymatic degradability is altered following derivatization.
Making use of these differences may allow for creation of novel cell and tissue scaffolds that
afford utility in a variety of desired situations untenable with conventional collagen scaffolds.
However, further characterization of the molecular structure is necessary as our understanding
of the molecular structure of CMA is incomplete, which may hamper our ability to take full

advantage of its capabilities as a dynamic biomaterial.

3A Appendix: Optimization of CMA Photocrosslinking and Rheological Testing

Utilizing the same rheometry protocol as with previous experiments, CMA derivatized with the
10:1 MAA:E-AMINE ratio was shown to be readily modulated following photoinitiation of 0.1%
(w/v) 12959 with the UVL-21 lamp. Storage modulus of CMA was more than doubled after
crosslinking (Figure 3A1), while loss modulus was minimally changed (not shown). While storage
modulus was markedly lower for CMA as compared to native collagen at the same
concentration, gelation appeared similar and manual manipulation of gels revealed similar bulk

properties, although CMA gels did appear to be more fragile during sample loading.
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Figure 3A-1: G': CMA +/- Photocrosslinking via SR-2000

During this period of optimization, the SR-2000 rheometer became unusable due to
instrumentation breakdown, and further testing was transferred to a similar rotational
rheometer, a Bohlin Gemini Il. While this rheometer operates with the same basic principle as
the SR-2000, some differences in instrument control were somewhat different, with sample
loading being the most impactful on this research. Specifically, the rate at which the upper
geometry lowered onto the sample was less manually operated, with the result being that
samples were loaded under different compressive rates and forces. We compared SR-2000 data
with native collagen gels run with similar oscillatory frequency sweep parameters to the Gemini
to determine the effect that the difference in loading conditions had on the storage modulus
data. As seen in Figure 3A2 below, there was a significant difference in the rheological behavior
of native collagen gels between the 2 instruments, with storage moduli measuring higher on the
SR-2000 compared to the Gemini Il across all shear frequencies. Additionally, whereas on the

SR-2000, the storage modulus displayed a logarithmic dependency on frequency, on the Gemini
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Il the storage modulus appeared to increase exponentially at higher frequencies. However, both
instruments provided measurements in the same general stiffness range, and the variability
between samples was acceptable, so the Gemini Il was used to further optimize CMA as the
relative difference between crosslinked and uncrosslinked materials was quantifiable even if a

direct comparison with previous moduli data was not.
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Figure 3A-2: Native Collagen: Rheometer Comparison

Next, we analyzed whether CMA photocrosslinking rheology curves were comparable between
the two instruments in order to continue optimization studies. As seen in Figure 3A3, a more
than two-fold increase in storage modulus due to photocrosslinking was observed on data from
both instruments, although the G’ data distribution is again different. In particular, the storage
moduli of the CMA control conditions were on average much higher than seen on the SR-2000.
There also appeared to be more variability between CMA control samples on the Gemini Il, as

seen by the larger standard deviation. As CMA gels are inherently weaker than either native
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collagen or photocrosslinked gels, successful loading of the sample onto the instrument without
disrupting the gel structure is challenging. Accordingly, the variability in observed mechanical
properties due to gel manipulation may be exacerbated by the change in loading procedure.
Whether this was effect was due to loading conditions or from another intangible factor such as
difference in heat transfer or parallel plate surface properties of the Gemini Il versus the SR-
2000 was not determined. Additional operator practice and development of the state of the art

with this system may have produced decreased variability.
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Figure 3A-3: G': CMA +/- Photocrosslinking via Gemini Il

We next looked at what effect CMA macromer concentration had on the relative increase in
storage modulus of the gels achieved by photocrosslinking. Final CMA concentrations of 2, 2.5,
3, and 3.5 mg/mL were looked at. All samples were crosslinked under the same conditions, 0.1%
12959 and 5 minutes exposure to UV from the UVL-21. Due to the nonlinearity of storage

modulus at higher shear frequencies on the Gemini Il, comparisons were made at an
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intermediate frequency of 1 rad/s, which was typically in the linear viscoelastic range regardless
of which rheometer was used. The results indicate that storage modulus increases linearly with
macromer concentration (Figure 3A4). Variability among CMA groups made statistical analysis of
this linearity difficult, as the storage modulus was not significantly different between adjacent
concentration groups. However, the average fold increase of G’ after photocrosslinking of 2.2,
2.2, 2.5, and 2.2 for concentrations of 3.5, 3, 2.5, and 2 mg/mL, respectively, indicate that the

fold change is invariant of the CMA concentration within this range of concentrations.
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Figure 3A-4: G": Effect of CMA Concentration +/- Photocrosslinking

Next we examined whether increasing the UV exposure time had a discernible effect on the
photocrosslinking efficiency. Standard protocol was used to make CMA (3 mg/mL) gels
containing 0.1% 12959, and exposed to UV light for 0, 1, 2, 3, 5 and 10 minutes using the UVL-21

source. Samples were run in triplicate. Full frequency sweeps were obtained for all conditions to
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ensure valid data, although for clarity of comparison storage moduli at only one frequency were
analyzed. Again, 1 rad/s was used.

These results, displayed in A5, indicate that under these conditions, there was no significant
difference between 1 and 10 minutes of exposure, implying that maximal photocrosslinking
occurs during the first minute and that subsequent exposure does not result in any further
increase in stiffness. Conversely, while not statistically different, the modulus after 5 or 10

minutes did appear to be slightly lower than the modulus after 1-3 minutes.
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Figure 3A-5: G': Effect of UV Exposure time on Photocrosslinking

Continual optimization of the CMA derivatization protocol through rheological analysis and NMR
studies led to increasing the molar ratio of MAA:E-AMINE to 40:1 to drive the conversion of

more amine groups toward the methacrylamide product, including sulfo-NHS in the reaction,
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and more thoroughly dialyzing the unreacted MAA. Photocrosslinking parameter optimization
dictated that CMA at 2.5mg/mL, crosslinked by exposure to UVA for 3 minutes provided the
greatest increase in storage modulus. Furthermore, optimization of the loading procedure to
remove the gel transfer step, instead loading and testing the gel directly on the glass slide
affixed to the lower plate via vacuum grease, resulted in a reduction in experimental variability.
These optimizations are evident in Figure 3A6, which shows a 3-fold increase in storage modulus
at low shear frequencies, as well as the greatly minimized variability in both control and
photocrosslinked samples. The storage modulus of the uncrosslinked CMA is slightly lower than

with the previous derivatization protocol.
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Figure 3A-6: G': Optimized CMA +/- Photocrosslinking. Data From Bohlin Gemini Il

The procurement of a new, state-of-the-art Kinexus Ultra rotational rheometer allowed a
substantially improved characterization of the material properties. In particular, torque
sensitivity, system response, temperature control, and displacement resolution on the Kinexus

Ultra allowed us to obtain better data with smaller samples, with a greater throughput provided
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by much quicker temperature equilibration. While the previous data was useful for optimizing
the derivatization and photocrosslinking protocols to the present state, some tests were rerun
on the Kinexus to provide data continuity going forward. Using the optimized reaction and
crosslinking protocols described previously, samples were tested using a standard frequency
sweep with similar parameters to the Gemini Il settings. Loading of samples was markedly easier
due to customizable subsequences available using the rSpace software package. Briefly, the
upper plate was lowered quickly until the sample was barely in contact with the plate, and then
an exponentially slower mode was used to move the geometry into testing position at the
standard gap height. Results of the frequency sweep (Figure 3A7) show that equivalent data is
obtained with the Kinexus platform as compared to previous modalities, and that the loading
conditions are repeatable, seen by the low variability. Furthermore, the exponential tail that
was observed with the Gemini Il curves was not present, possibly due to enhanced loading

control which provides better fidelity to the material properties by maintaining structure during

loading.
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Figure 3A-7: G': Kinexus Validation - CMA +/- Photocrosslinking
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Concurrently, to verify that the increase in stiffness from photocrosslinking was due solely from
the presence of the derivatized methacrylamide groups and not from existing side-chain
moieties, we exposed stock collagen to the standard photocrosslinking conditions. To test this,
unmodified native collagen gels (2.5 mg/mL) containing 0.1% 12959 were exposed to 2 minutes
UVA to determine if any change in mechanical properties occurred. Here, we saw that there was
no difference in storage modulus after exposure of native collagen to photocrosslinking
conditions (Figure 3A8). Thus, it was concluded that methacrylation is the sole mechanism by

which CMA becomes sensitive to the UVA/12959 photoinitiation system.
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Figure 3A-8: G': Native Collagen +/- Photocrosslinking Conditions

Additionally, it was observed that the foam content in CMA was substantially higher compared
to native collagen following reconstitution. To measure the effect of the final product of
reconstitution shear conditions, CMA was put into solution with high and minimal shear via
adjustment of mixing angle, which resulted in negligible foam formation in the low shear

condition. CMA storage moduli with and without photocrosslinking were compared between
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the 2 mixing regimes using the standard frequency sweep. Figure 3A9 shows the marked

increase in moduli both before and after photocrosslinking using the low shear reconstitution

protocol.
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Figure 3A-9: G': Effect of Shear during CMA Reconstitution +/- Photocrosslinking

Another issue that was producing variable results was the consistency of the source material,
type | collagen. While it is generally accepted that biological materials will have lot-to-lot
variability, it was unclear how severe this might be and what parameters that might change with
respect to our process. Heretofore, the same Lot of collagen, #141, had been used for the
majority of the CMA optimization experiments. This lot was no longer in stock, and Lot 159 was
instead supplied. We ran a standard frequency sweep with native collagen from both lots and
compared storage moduli. As evidenced by Figure 3A10, native collagen from Lot 159 has a

significantly lower storage modulus than Lot 141.
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Figure 3A-10: G': Native Collagen QC Lot 141 vs. 159

To Compare how this translated to CMA modulus, since previously it was seen that
methacrylate derivatization significantly reduced the basal G’, a frequency sweep of a newly
synthesized batch of CMA from Lot 159 was performed. Here, as displayed in Figure 3A11, we
saw that the storage modulus of CMA from this lot was similar to that of CMA made with the
previous collagen Lot. Thus, it seems that comparisons of raw G’ values on CMA batches made
from different Lots of collagen are reasonable even if the mechanical properties of native
collagen are inconsistent. The limited difference in basal CMA G’ between Lots 141 and 159
after derivatization, in comparison with the significant difference between native collagen G/,
indicates that methacrylate derivatization or the associated processing results in a more

consistent starting material.
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Figure 3A-11: G': CMA Synthesis QC: NC Lot 159

A process development breakthrough came about upon the acquisition of a prototype UV-
crosslinking lower module. Using a lower Kinexus module designed for in-cup rheometry, we
inserted a modified geometry that contained a quartz glass upper plate. Using a liquid light
guide connected to the EXFO lamp, we were able to form gels in the testing geometry, and then
apply UV light while testing. This modality provides more accurate material properties through
the omission of loading steps that not only disrupted material structure, as well as no longer
requiring exogenous compression of the sample to obtain data, which is of particular concern
with viscoelastic materials. Using the ‘in situ’ testing modality, the gel forms in the exact shape
that it is tested in, providing data that directly corresponds to the true material properties.
Utilizing the superior torque sensitivity and temperature control capabilities of the Kinexus
platform, we were able to develop a methodology for analyzing the gelation kinetics of collagen
and CMA, as well as characterizing the photocrosslinking process in real time by looking at the
change in storage and loss moduli over time at a single oscillation frequency. The oscillation

frequency of 1 rad/s was used according to previously discussed rationale. 200 pL aliquots of
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liquid phase, ice-cold, pH-neutralized collagen or CMA macromer solutions were loaded onto
the quartz plate and the upper 20mm plate was lowered in 2 steps to allow the solution to flow
symmetrically into the gap, forming and ideal cylinder. Solvent traps were used to minimize
evaporation, and then temperature was raised to 25 or 37°C to initiate gelation. Moduli were
measured continuously during and after gelation to obtain complete gelation curves. Time until
gelation initiation (marked by G’/G” crossover), gelation rate (linear slope of increase in G’), and
equilibrium moduli were used to quantify gel and crosslink formation and kinetics. Real-time
analysis was also used for quality control of collagen to validate new EPC Lots and verify that
batches prepared by newly trained personnel conformed to expected parameters, as previous

QC procedures were purely qualitative (Figure 3A12).
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By analyzing the rate of modulus increase, as well as being able to directly observe when
crosslinking was complete, it was possible to quickly optimize a number of parameters
simultaneously, as exposure time no longer needed to be independently controlled. For
photocrosslinking parameter optimization, samples were gelled for 10 minutes and exposed to
UV light for 2 minutes. Light intensity was varied by adjusting the lamp iris across multiple
concentrations (0.01-0.1%) of 12959, and rate of photocrosslinking fold increase of storage
modulus were compared across conditions. The optimal fold increase occurred using an iris
setting of 12%, corresponding to a light intensity measured at 100mW/cm? (Figure 3A13). The
optimal 12959 concentration of was broader, with 0.025-0.05% (w/v) resulting in similar
increases in modulus, although rate of increase was lower with higher 12959 concentrations

(Figure 3A14).
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Figure 3A-13: Real-time G': Effect of Light Intensity Modulation
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Figure 3A-15: Effect of 12959 Concentration on Photocrosslinked

CMA Equilibrium G'. P < 0.05.

1200
00 .05%
| 2959
1000
e 0025%
2959
800
—~ o 00125%
o 600 2959
]
400
200
D 1 1 1
500 550 650 750 800
Time (s)
Figure 3A-14: Real-time G': Effect of Photoinitiator Concentration
. o i .
1200 To verify that 0.025% is the optimal
® concentration, a repeat experiment
1000
= . was performed to compare 0.025%
o 800 +
) 2959 with 0.0125%. Briefly, 4
B 600
2 samples of CMA were created with
|
O
q::' 400 each photoinitiator concentration,
Q
-E 200 and the post crosslinked G’ was
0 time-averaged from 750-850s to
0.025% 12959 0.0125% 12959
minimize rheometer and sample

variability. The averaged storage

moduli, plotted Figure 3A15, show that CMA photocrosslinked with 0.025% 12959 is significantly

stiffer after photocrosslinking compared to 0.0125% i2959. Thus, it was determined that the
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optimal photoinitiator concentration of 0.025% (w/v) provides the maximal benefit while

minimizing excess photoinitiator.

Thus far, storage modulus has been used primarily as the metric for analysis of material
property modification. This is due to the minimal change observed in the loss modulus, which
contributes a negligible amount to the calculated complex shear modulus. However, it is worth
noting that the loss modulus does exhibit a measurable change during the UV exposure. A small
peak is present during the initial phase of photocrosslinking, which then decays to a stable G”
concomitant with the stabilization of G’ as seen in Figure 3A16 A, with a zoomed in image of G’
and G” during the UV exposure in Figure 3A16 B to enhance the details. The sinusoidal behavior

is an aliasing artifact due to the sampling rate.
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Figure 3A-16: Complete CMA G' and G" Curves (A) and Magnification of UV exposure period (B)

Due to the profound differences in mechanical properties observed using the preformed gels
versus the real-time data as well as various small protocol changes such as EDC storage
conditions, we re-ran several rheometry experiments to gain further insight into the material
properties of CMA gels as derived from a more ideal testing geometry and with a further

optimized protocol. CMA at 2.5, 3.0, and 3.5 mg/mL were photocrosslinked with standard
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optimized photoinitiation parameters. Figure 3A17 displays the storage moduli of these
conditions, which represent the present state-of-the-art of photocrosslinked CMA hydrogels.
Average equilibrium moduli of CMA at 2.5, 3.0, and 3.5 mg/mL before photocrosslinking (t =
600s) were 261.4 + 19.7, 387.8 + 2.6, and 537.6 £ 9.1 Pa, respectively. After Photocrosslinking,
average equilibrium moduli (t = 1100 s) were 1697.7 + 298.5, 2411 + 131.4, and 3299.3 + 41.3

Pa, respectively.
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Figure 3A-17: Real-time G' of CMA at 2.5, 3.0 and 3.5 mg/mL
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4. Chapter 4: CMA PEG hybrids and CMAX2

4.1 Introduction: Hybrid Hydrogels

However, collagen hydrogels typically have poor mechanical strength and the mechanical
properties are not easily controlled, except through changing the macromer concentration or
chemical crosslinking [10,11]. Furthermore, cellular adhesion to collagen matrices is highly
variable and cell type-specific, and has profound implications on cell migration, proliferation,
and other phenotypic behaviors [12]. These qualities limit or prevent the use of collagen in
many applications. Another material, (o]

0 M-
polyethylene glycol (PEG), has been used in /\“/ \(CHzCHZO)n /
0

medical implants and pharmaceuticals in a Figure 4-97: Poly-(Ethylene Glycol) Diacrylate (PEGDA)
number of formulations for decades. In 1995 West and Hubbell modified PEG by adding reactive
acrylate groups to the end of the PEG macromer to form PEG diacrylate (Figure 4-1), which was

then photopolymerized and used to form synthetic hydrogel matrices in which encapsulated

cells could be grown [22].

More recently, photopolymerizable PEG-based materials have been produced for use as highly
tunable tissue scaffolds and drug delivery systems [23,24]. The mechanical properties of PEG
hydrogels can be precisely controlled by altering the polymer chain length and degree of
branching [25]. Although PEG is well tolerated by both encapsulated cells and host tissues, it is
also inherently non-adhesive and non-degradable. This prevents cells from either infiltrating the

scaffold or remodeling it unless modified to include biodegradable moieties [26].

Hybrid materials, which contain a mixture of biomaterials and synthetic components, are
becoming popular as tissue engineering matrices due to the combination of their respective

advantages. Several groups have successfully used combinations of natural and synthetic
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materials to optimize and tailor the properties of tissue engineering scaffolds to the particular
application [27-29]. However, simply combining biomaterials with synthetics has limitations, due
to the drawbacks of having both materials everywhere within the scaffold. In the case of PEG,
this could prevent cell attachment. Other approaches using hybrid materials involve using
collagen as a base material, and admixing additional natural or synthetic components such as
hyaluronic acid and polyethylene oxide to form interpenetrating networks. Limited control over
where materials interact remains a major drawback of this approach, and it may be hard to
determine with which material cells might interface due to the presence of two independent
matrices [30-32]. A more useful application of hybrid materials would be to insert synthetic
materials in places where additional mechanical strength is needed while maintaining the
availability of the biomaterial’s functionality in other areas. Furthermore, living tissues are highly
variable in their localized properties, with different mechanical and biochemical properties
within different parts of the tissue. To truly regenerate tissues with any real similarity to the
original structure and functionality, an efficient scaffold requires ability to be tailored with a

hete rogeneous structure.

Although CMA is a useful material, it has limitations imposed by the relatively small percentage
of crosslinkable groups even with the optimized derivatization method outlined previously.
Furthermore, the small size of the methacrylate groups combined with the large inter-fiber
distances within the collagen network limits the possible number of interactions between
methacrylate groups, which in turn limits the ability to modulate the mechanical properties
across multiple orders of magnitude. The inclusion of synthetic bridging agents such as PEG may
allow for increased tunability within the material. As it is synthetic, PEG can be made at
molecular weights from the hundreds to the hundreds of thousands, allowing precise control of

mechanical properties as well as porosity as a property of the polymer chain length. PEG can
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easily be modified to have one or more acrylate or methacrylate groups attached to the end of
the polymer chain, and PEG molecules can be linear or branched, allowing control over the
density of functional groups which may be used as a tool to decouple crosslinking density
(mechanical modification) from porosity (geometric modification). Previous studies that have
used photocrosslinked polymers to control matrix stiffness also invariably created differences in
matrix porosity and network geometry, as stiffness can typically be tuned by varying either the
macromer concentration or molecular weight, both of which have significant effects on matrix
geometry. Using CMA in combination with PEG-variants of similar molecular weights but
different numbers of functional groups, allowing more crosslinks per unit mass, may provide a
platform whereby control of mechanics and geometry can be studied independently. A

schematic of this concept can be seen in Figure 4-2.

Figure 4-98: Schematic of CMA gels crosslinked with PEG linkers with 1 (A), 2 (B), and 4 (C) functional groups.

Branched PEG may also be used to multiply the number of functional groups, for instance by
using 4-arm PEG end-capped on each arm with a reactive group. By crosslinking one arm to the
methacrylated collagen backbone, 3 additional functional groups may be added dendritically
with each 4-arm PEG resulting in an exponentially larger number of photocrosslinkable groups.
As such, the inclusion of PEG variants into the hybrid hydrogels may allow a robust synergy,
taking advantage the natural benefits of collagen as well as the precision afforded by synthetic

material in a single hybrid material.
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Here, we evaluated whether PEG-based photopolymers could be used in conjunction with CMA
to create heterogeneous hybrid hydrogels in an effort to exploit the advantages of both
materials. We examined material properties of composite photocrosslinked gels containing a
variety of PEG variants with a range of molecular weights and reactive functional groups
including acrylates, methacrylates and thiols, as well as 4 and 8 arm PEG-based dendrimers. We
also examined a method for derivatizing carboxyl groups on CMA utilizing a functionalization

scheme based on EDC grafting of aminoethyl methacrylate.

4.2 Methods

4.2.1 PEGDA Synthesis

PEGDA was synthesized based off previously described methods [82]. Triethylamine (5 molar
excess) was added to PEG (Average Mw = 2000, Sigma) dissolved in benzene. Acryloyl chloride
(5 molar excess) was added drop-wise under nitrogen and reacted on ice for 6 h, followed by
reaction at room temperature for 12h. The product was vacuum filtered in benzene,
concentrated via rotovap, precipitated via drop-wise addition of excess hexane, re-dissolved in
methylene chloride, dried overnight in nitrogen, and stored at -20°C in powder form before use.
The reaction efficiency was characterized using *H nuclear magnetic resonance (Bruker Advance

360 MHz, Bruker, Billerica, MA).

4.2.2 PEG/CMA Hybrid Rheology

Standard CMA (2-3mg/mL) containing 0.1% (w/v) 12959 was admixed with reactive PEG variants
at 0.1-1% (w/v) and plated into PDMS molds. PEG variants included acrylated and methacrylated
PEG with molecular weights from 258-10,000 Da and 2 or 4 functional groups/molecule.

PEG2KDA was synthesized in-house, whereas other molecular weight PEGDA, PEGDM, and



110

single acrylate/methacrylate PEGs were purchased from Sigma-Aldrich. Four-armed PEG species
were purchased from Laysan Bio (Arab, AL) and Creative PEGWorks (Winston Salem, NC). After
self-assembly, samples were fully crosslinked by exposure to UV light (4mW/cm?) via UVL-21 for
5 min. Rotational rheometry using the previously described frequency sweep method was used

to determine the storage moduli.

4.2.3 PEG CMA Cytotoxicity

Cytocompatibility studies were performed with PEG variants with and without CMA and/or
crosslinking to determine whether PEG variants had any effect on cell viability directly or
through secondary effects from photoinitiation. To test direct cytotoxicity of low Mw PEG
variants, NIH 3T3 Fibroblasts were plated at 20,000 cells per well in a 96 well plate. After 24
hours of culture, media was changed to contain 0.1% (v/v) of PEGDA at molecular weights of
258, 575, and 2000 Da, as well as monoacrylated PEGs (PEGMEA) with molecular weights of 480
and 1100 Da. Following 24 h in culture, cells were assayed for viability using Live/Dead staining

described in Chapter 1 and the MTS assay.

4.2.4 MTS Assay

The MTS assay measures mitochondrial activity, and thus reports both cellular viability as well as
metabolic functionality, as both are necessary to produce colorimetric signal. This protocol is
based on the CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega, Madison,
WI)/. In this assay, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt (MTS), is reduced in metabolically active cells via the NADh/NADPH
pathway, catalyzed by an included electron coupling reagent (phenazine ethosulfate; PES). The
resultant product, Formazan, can be detected using absorbance spectroscopy at 490nm

following 1-4 incubation. MTS typically requires 20uL stock MTS per 100uL culture medium. A
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standard curve of known numbers of viable cells is used the internal calibration to determine
the number of viable, active cells in the unknown conditions and ensure that assay was

performed within the linear range of product development.

4.2.5 Collagen-PEG-Acrylate and Collagen-PEG-Thiol

We investigated whether functional PEG groups could be grafted onto the collagen backbone
using similar derivatization chemistry to CMA synthesis. Heterobifunctional PEGs from Creative
PEGWorks, acrylate-PEG-succinimidyl carboxy methyl ester (APS, Mw = 2000 Da) and thiol-PEG-
carboxyl (TPC, Mw = 1100) were used to synthesize collagen-PEG-acrylate (CPA) and collagen-
PEG-thiol (CPT), respectively. For CPA synthesis, a 10:1 molar excess of APN:ge-amine was
reacted directly, as the succinimidyl ester is readily reactive with the free amines of collagen in
an identical fashion to the 2-step EDC/NHS esterification of methacrylic acid. Collagen in 0.02M
acetic acid (3.75mg/mL) and APN were mixed on ice and reacted for 24h on a rotator at 4°C. CPT
was synthesized with a similar 10:1 molar ratio of TPC: €-amine, and a 1:1:2 ratio of EDC:sulfo-
NHS:TCP. Following a 10 minute activation of the carboxyl group via EDC/NHS in MES buffer at
37°C, the reactants were cooled on ice and mixed with ice-cold collagen solution in 0.02M acetic
acid (3.75mg/mL) and reacted for 24h on a rotator at 4°C. For both CPA and CPT, the reaction
mixture was then transferred to a dialysis cassette with a 20,000 Da MWCO and dialyzed
excessively with 5 changes of 250-fold volumes of 0.02M acetic acid dialysis buffer. Products

were then frozen and lyophilized, weighed, then resuspended at 3.75mg/mL for experiments.

4.2.6 CMAX2 Synthesis

An additional method for optimizing CMA derivatization efficiency was investigated in an

attempt to utilize carboxyl groups present on type-l collagen as methacrylation targets. The
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initial methacrylation step targets the free amines on collagen, of which there are approximately
164 per tropocollagen molecule. Although this number of potential grafting sites is large enough
to allow a functional modification of collagen, if more methacrylate groups could be added, then
CMA could be a more robust material in terms of the range of material properties achieved
through photocrosslinking. Another site of potentially graftable residues is on the carboxyl
group present on the amino acids glutamate and aspartate, of which there are a combined 387
per triple helical collagen molecule. After the free amines on collagen have been converted into
methacrylamides, a second round of EDC functionalization targeting the free carboxyls is
possible due to the paucity of amines present which would otherwise result in the collagen
crosslinking to itself and rendering the material an unusable gelatinous mass during the
reaction. After derivatization of native collagen with methacrylic acid and dialysis of the excess
reagents, the resultant CMA was then further derivatized using the same general reaction
scheme as with the methacrylic acid derivatization but instead using aminoethylmethacrylate
(AEM), which can form amide bonds with the EDC/sulfoNHS-activated carboxylic acid groups on
collagen (Figure 4-3). AEM:Carboxyl ratio was targeted at 10:1, with an AEM:EDC:NHS ratio set
at unity. The reactants were mixed on ice and added to a solution of CMA at 3.75mg/mL, then
reacted at 4°C for 24h. The product was then dialyzed, frozen, lyophilized, and reconstituted
similarly to the standard CMA process. The resulting material, which we dubbed CMAX2, could
theoretically have over 3 times the number of photocrosslinkable groups than the first

generation CMA due to the large number of carboxyls present on type-I collagen.
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Figure 4-99: CMAX2 Derivatization Schematic
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4.2.7 CMAX2 Characterization

Proton NMR similar to that used for CMA characterization was used to analyze derivatization of
CMA to CMAX2. CMAX2 was cast into gels using the standard collagen recipe used previously.
Standard rheology frequency sweep analysis of storage and loss moduli was used to characterize
the mechanical properties of CMAX2 before and after photocrosslinking. Functional PEG
variants were also included in photocrosslinking experiments to determine if CMAX2 allowed
additional interaction between collagen-bound methacrylates and functional PEGs compared to

CMA.

4.3 Results

4.3.1  NMR: PEGDA Synthesis

PEGDA synthesis was straightforward and resulted in an efficiency of >98% acrylation of the PEG
as per analysis of the peaks from the NMR spectrum (Figure 4-4). The product was an off white
powder that was readily soluble in water. Gelation tests involved admixing a 10% (w/v) aqueous
solution of the PEG2KDA with 12959 (0.1% w/v, final concentration) and exposing to 10 minutes
of UV light from the UVL-21. The result was the formation of a solid gel after light exposure,
indicating that the PEGDA was readily photopolymerizable. PEG2KDA, having no inhibitors to
prevent spontaneous polymerization, was stored desiccated at -20°C in foil-wrapped tubes to
prolong functionality. Aliquots were weighed individually for each new experiment and solutions

were prepared freshly immediately before each experiment.

4.3.2  PEG Solubility

Lower molecular weight PEG-based molecules (< 1000 Da) were first dissolved in 70% ethanol to

create 10% (v/v) solutions, and then diluted appropriately. Higher molecular weight species (>
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1000) were readily soluble in aqueous solutions and were dissolved in diH,0, PBS, or cell culture

medium prior to further dilution for experiments.
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Figure 4-100: '"H NMR spectrum of PEGDA. Peaks Corresponding to Derivatized Acrylate Hydrogens seen at 5.5-6.5
ppm

4.3.3 CMA-PEG Hybrid Gel Rheometry

Initial hybrid tests focused on low My, acrylated PEG. PEG258DA (Sigma) was admixed with
native collagen and CMA (2mg/mL) containing 0.1% 12959 for a final concentration of 0.1% (v/v)
and exposed to UV light for 5 minutes following a 1 hour gelation period. The excess
photoinitiator and light exposure time was included to ensure complete activation of
photosensitive groups on CMA and from the PEGDA. Native collagen mixed with PEGDA, with

and without photoinitiation, was included as conditions to test whether PEGDA would react
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independently of methacrylate derivatization and whether PEGDA would affect the mechanical
properties of native collagen, possibly through interfering with fibrillogenesis. Native collagen
conditions in Figure 4-5 showed no significant effects from PEG258DA, as G’ was similar for
native collagen with and without PEGDA, regardless of photoinitiation. On the other hand, CMA
storage modulus, which when photocrosslinked alone, increased by 2-3 fold, was increased
further by nearly 50% in the presence of 0.1% PEG258DA. Thus, PEG258DA changed the storage

modulus of methacrylated, and not native, collagen upon 5 minutes of photoinitiation.
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Figure 4-101: Effect of 0.1% (v/v) PEG258DA on Storage Modulus of Native Collagen and CMA Hydrogels

We next evaluated whether the increase in G’ was correlated to the CMA concentration. CMA at
2, 2.5, 3, and 3.5 mg/mL was admixed with 0.1% (v/v) PEG258DA and photocrosslinked with
0.1% 12959 and 5 minutes of UV exposure. A frequency sweep from 0.1-10 rad/s for all
conditions was performed, and the storage modulus at the median frequency (1 rad/s) was
compared after verification that behavior at this frequency was within the linearly viscoelastic

portion of the data. Figure 4-6 summarizes the storage moduli of all conditions. A linear
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correlation was inferred between CMA concentration and G’ increase from PEG258DA-mediated
photocrosslinking, with PEG258DA increasing the storage modulus threefold from the basal

value. The greatest net modulus value was obtained with CMA at 3.5mg/mL.
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Figure 4-102: Effect of CMA Concentration Photocrosslinked with 0.1% PEG258DA on Gel Stiffness

Continued optimization of CMA synthesis and the rheological testing procedure necessitated a
repeat of the CMA photocrosslinking characterization to obtain updated mechanical properties.
Figure 4-7 shows frequency sweep (0.1-10 rad/s) data of storage and loss moduli of CMA at 3
mg/mL photocrosslinked with and without PEG258DA. Here, CMA G’ was increased ~2-fold via
photocrosslinking alone, and ~4-fold increase in G’ when PEG258DA was included. G” was not
significantly different between any conditions, indicating that photocrosslinking, especially with

PEGDA, resulted in a stiffer and more elastic material at the strain rates tested here.
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Figure 4-103: G' and G" Characterization of 3.0 mg/mL CMA Photo + 0.1% (v/v) 258 Da PEGDA

We next evaluated whether similar mechanical modulation would result from the inclusion of
other acrylated PEG variants of different molecular weights and structures. PEG258DA and
PEG575DA, both from Sigma (0.1% v/v), and a four armed PEG-acrylate (PEG10KTA), (0.1% w/v,
Mw = 10KDa, Laysan Bio) were admixed with CMA (3.5 mg/mL) and frequency sweeps from 0.1-
10 rad/s were performed. Figure 4-8 summarizes the effect of photocrosslinking on G’ under
these conditions at the median frequency of 1 rad/s. PEG258DA again significantly increased
storage modulus, but PEG575DA and PEG10KTA were not statistically different from CMA
photocrosslinked alone. It was concluded that the molecular weight of the PEG variant has a
profound effect on its ability to modulate the mechanical properties of CMA gels through

photoinitiation.
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Figure 4-104: Summary of G' at 1 rad/s of CMA  photocrosslinking with Acrylated PEG Variants. p < 0.01.

Several other PEG variants, PEG2KDA, synthesized in-house, PEG dimethacrylate with Mw =

2000 (PEG2KDM), purchased from Sigma, and a four-armed PEG-acrylate (PEG2KTA, Mw =2000,

Laysan Bio) were tested at a higher concentration of 1% (w/v) to determine if any had a

significant effect on storage modulus following photocrosslinking. Here, we saw that all three

PEG variants had a quenching effect on the photocrosslinking G’ increase (Figure 4-9). G’ was

increased only minimally when these acrylated PEGs were included, but the increase was

significantly lower than for CMA photocrosslinked alone. These data imply that at a

concentration of 1%, acrylated and methacrylated PEGs with 2 or 4 functional groups did not

contribute to the photoinitiation-mediated augmentation of storage modulation; rather, these

species appeared to interfere with the crosslinking.
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Figure 4-105: CMA G' with crosslinking + 2000 Da PEG Variants

4.3.4 CPA and CPT Functionalization

Another strategy was examined that aimed to graft photosensitive PEG chains onto collagen,

then photocrosslink the resulting material under the premise that the additional spacing

provided by the presence of the PEG chains would increase photocrosslinking efficiency through
o] increasing the number of possible crosslinking

/\H/O N
J’J/X\TI/O_(CHQCHED% o interactions. A first attempt used Acrylate-PEG-SCM,

o
o

where SCM was used to directly derivatize free

Figure 4-106: Acrylate-PEG-SCM
amines. Multiple attempts with this method resulted in a product that failed to self-assemble,
either from denaturation of the collagen during the reaction or by disruption of the triple helical

structure through the presence of the grafted PEG chain. As a result, no meaningful rheological

data was obtained, and photocrosslinking was not evaluated.



121

A different strategy using thiol-PEG-carboxyl was attempted by using EDC chemistry to graft the

functional PEG onto the collagen backbone. As the HS\W_/\ - OH
O—(CH,CH,O) \(

n

2000 Mw APS disrupted the collagen self-assembly, a 2
smaller 1100 Mw TPC was used (Figure 10). The Figure 4-107: Thiol-PEG-COOH

result of this reaction was a material that did self-assemble, although the storage modulus of
the gel was lower than native collagen and visible heterogeneity was observed in the gel. In
addition, photoinitiation conditions appeared to actually lower the storage modulus, and
inclusion of PEGDA258 in the photocrosslinking mixture further reduced the storage modulus
(Figure 4-12). Further attempts at grafting functional PEG moieties onto collagen were
discontinued due to the lack of additional functional benefit and obvious disruption to the

fibrillogenesis of collagen networks.
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Figure 4-108: Storage Modulus of Collagen-PEG-Thiol Photocrosslinked + PEG258DA

4.3.5 PEG Cytotoxicity
NIH-3T3 fibroblasts were used to screen PEG variants for cytotoxicity both directly and through

indirect secondary effects following photocrosslinking. In the former case, NIH-3T3 cells cultured
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on TCP were exposed to PEG258DA, PEG575DA, PEG480MEA, PEG1100MEA, and PEG2KDA in
culture medium. After 24 hours in culture, medium was removed and medium containing MTS
was added and allowed to develop color based on the presence of live, metabolically active
cells. Cells were stained using the Live/Dead assay following MTS absorbance readings. MTS
data (Figure 4-13) indicates that PEG species below 1000 Da are highly toxic, with near 0%

viability following PEG exposure. In contrast, PEG1100MEA and PEG2KDA showed no significant

effect on viability.
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Figure 4-109: Cytotoxicity of Diacrylated and Monoacrylated PEG Variants of Different Molecular Weight

This drastic cutoff was also seen in the Live/Dead staining images, where all of the cells in the
sub-1000 Mw PEG groups (Figure 4-14 B-D) appear necrotic as per the ethidium positive

pyknotic nuclei and lack of cytoplasmic calcein staining, whereas cell morphology was similar
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between control condition cells and the higher Mw PEG conditions (Figure 4-14 A, E, F). The
significant number of dead cells in the latter group, in contradiction with MTS data, is likely due

to MTS toxicity as the same cells were used for both assays.

Figure 4-110: Live/Dead Staining of PEG Variant Exposure. Control (A), PEG258DA B), PEG575DA (C), PEG480MEA
(D), PEG1100MEA (E), PEG2KDA (F)

To understand the mechanism behind the cytotoxicity of the low Mw variants, we tested
whether the same cutoff for toxicity was observed for non-acrylated PEG molecules of similar
size. PEG (Sigma) of molecular weights 200, 400, 600, 1000, and 2000 was put into solution in
ethanol , diluted into culture medium at 0.1% (w/v), added to NIH-3T3 fibroblasts on tissue
culture plastic, cultured overnight, and tested for viability via MTS and Live/Dead assays.
Controls including Positive Control, Etoh at vehicle concentration (less than 1%), and a known
cytotoxic Negative Control with 10% Etoh were included with the MTS assay. The vehicle control
served as the only control condition for the Live/Dead staining. MTS data, shown in Figure 4-15,
indicated that none of the PEGs tested showed any significant cytotoxicity. These data were

confirmed my Live/Dead staining images (Figure 4-15), in which all cells stained positive for



124

calcein and very little ethidium staining was observed. Cellular morphology looked similar for all
conditions as well. From this study we concluded that the acrylated PEG toxicity is not due to

the PEG molecular weight, but has some other, unknown toxic mechanism.
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Figure 4-111: MTS cytotoxicity screen of PEG macromers. Columns “200-2K” indicate PEG Mw, “Etoh Control”
replicated PEG vehicle solution (0.63% Etoh), “Control” was Culture Media only (Positive Control), “10% Etoh” was
the Negative Control
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Figure 4-112: PEG Molecular Weight Effect on Cytoxicity. 200 Da (A), 400 Da (B), 600 Da (C), 1 KDa (D), 2 KDa (E),
Etoh Vehicle (F). Positive and Negative Control Conditions Not Shown.

To further elucidate the mechanism by which PEG258DA induces cytotoxicity, we looked at
whether PEG258DA was cytotoxic after being exposed to photoinitiation. NIH-3T3 fibroblasts
were plated on native collagen gels, photocrosslinked CMA, and 0.1% PEG258DA
photocrosslinked CMA. A positive control of 3T3 on tissue culture plastic (TCP) and a negative
control of TCP with 0.1% PEG258DA in culture medium were included. After 24 hours of culture,
Live/Dead staining was performed to analyze viability of fibroblasts in each condition. As seen in
Figure 4-17, NIH-3T3 fibroblasts adhered and were viable on native collagen gels and
photocrosslinked CMA gels, although there were fewer cells adhered to the CMA gels as
compared to the TCP control well. Cells on PEG258DA-photocrosslinked CMA gels were highly
viable as per nearly ubiquitous calcein positive/ethidium negative staining, but very little cell
spreading was observed indicating that adhesion to this material was limited. The PEG258DA

TCP control condition showed 100% toxicity, as expected from previous experiments. Hence,
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exposing PEG258DA to photoinitiation conditions appears to greatly mitigate its toxicity,

although cell adhesion may potentially be affected.

--

Figure 4-113: Live/Dead Staining of NIH-3T3 Fibroblasts on Native Collagen (A), CMA XL (B), CMA + 0.1% PEG258DA
(C), TCP (A), TCP + 0.1% PEG258DA

A dose response experiment was conducted to determine if adhesion to CMA-PEG258DA hybrid
hydrogels could be modulated by adjusting the concentration of PEG258DA prior to
photocrosslinking. CMA was admixed with 0.5, 0.1, 0.01, and 0.001% (v/v) PEG258DA, cast into
2 sets of gels, and half were photocrosslinked. Immediately after crosslinking and/or gelation,
NIH-3T3 fibroblasts were seeded on the gels and cultured for 24 hours. MTS assay was used to
assess viability, with a standard curve of cell concentration plated on TCP and used to quantify
viable cell number in the gel conditions. In both (UV ) CMA conditions, there were fewer viable
(49+3%, 40+6%) cells compared to native collagen (65+1%, 69+6%), as seen in the previous
experiment. In conditions containing PEG258DA, there was a dose-dependent decrease in cell
viability (21£7%, 9+3%, 7+1%, -2+1%) with increasing concentrations (0.001, 0.01, 0.1, 0.5%,

respectively) of PEG258DA in the photocrosslinked conditions, whereas in the uncrosslinked
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PEGDA gels there was a measured negative viability (-5£1%, -4+1%, -5+1%, -3+1%) for all
conditions (0.5, 0.1. 0.01 and 0.001%, respectively). The negative viability seen in the PEGDA
conditions is likely due to interference of the MTS conversion by either the PEGDA itself or the

trace polymerization inhibitors in the stock PEGDA solution.
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Figure 4-114: MTS Assay Data: Dose Response Cytotoxicity of CMA Photocrosslinked with Various Concentrations
of PEG258DA

4.3.6 CMAX2 Characterization

Initial rheological characterization of CMAX2 photocrosslinking via frequency sweep analysis of
the storage modulus showed that the double methacrylation synthesis process resulted in a
material that still formed a stable hydrogel, although with a lower storage modulus after
fibrillogenesis compared to CMA, indicating some additional disruption to the triple helical or

fibrillar structure. Upon photocrosslinking with 5 minutes UV light and 0.1% 12959, the result



128

was approximately a four-fold increase, significantly higher than the 2-fold increase obtained
from photocrosslinking the intermediate batch of CMA alone (not shown). In the presence of
0.1% PEG2KDA, which showed no effect with CMA, G’ was increased further to nearly 8-fold

above basal CMAX2 values (Figure 4-19).
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Figure 4-115: Storage Modulus of CMAX2 (Batch 1) with Photocrosslinking + 0.1% PEG2KDA

While the rheological results with CMAX2 were initially promising, subsequent batches of
CMAX2 showed a trend toward decreasing functionality, with almost negligible increase seen in
G’ by Batch 3, and no difference in modulus with PEG2KDA as compared to photocrosslinking
alone (Figures 4-19, 4-20). Self assembly appeared consistent, with basal values similar among

all batches.
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Figure 4-116: Storage Modulus of CMAX2 (Batch 2) with Photocrosslinking + PEG2KDA
200
OCMAX2 Ctrl
OCMAX2 XL
ACMAX2 XL PEG2ZKDA
w
S 100
o

SERTETELEEISESS

_..mmmmmmlill:ﬂ@

HBH —B—
B B
B
BB

B

0 T
0 1 10
Frequency (rad/s)

Figure 4-117: Modulus of CMAX2 (Batch 3) with Photocrosslinking + PEG2KDA

Troubleshooting was performed to determine if collagen lot number was potentially responsible
for the decreased functionality. CMAX2 was synthesized in parallel using two different lots of
native collagen, 141 and 159, and photocrosslinked samples of each were tested rheologically.
Basal storage modulus was higher for CMAX2 from Lot 159, a trend seen previously when

comparing CMA derivatized from these same lots. However, the increase is storage modulus
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was close to 2-fold for both batches of CMAX2, and it was concluded that collagen lot was not

responsible for the reduced CMAX2 functionality (Figure 4-22).
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Figure 4-118: Storage Moduli * Photocrosslinking of CMAX2 from 2 Different Native Collagen Lots

Additionally, frequency sweep analysis including PEG2KDA at 0.1% and 1% (w/v) was included
with CMAX2 from lot 159 to evaluate whether the different collagen lot had any effect on the
ability of the resultant CMAX2 interaction with PEG2KDA. CMAX2 from lot 159 did not replicate
the results seen in the initial CMAX2 rheology experiments. Storage modulus with 0.1%
PEG2KDA was not different from photocrosslinking alone, and 1% PEG2KDA significantly
decreased the increase in G’ upon photoinitiation, similar to results seen previously with CMA

(Figure 4-23).
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Figure 4-119: Storage Moduli of CMAX2 Photocrosslinked +- 0.1% and 1% (w/v) PEG2KDA

NMR spectra were obtained from CMA the resultant derivatized CMAX2. From these spectra,

seen in Figure 4-24, the peaks corresponding to CMA methacrylate grafting (5.5-6.5 ppm, Figure

4-24A) have disappeared on the CMAX2 spectrum (Figure 4-24B), which looks more similar to

spectra obtained from native collagen in previous experiments.

B

Figure 4-120: NMR of CMA (A) Further Derivatized to CMAX2 (B)
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4.4 Discussion

Photocrosslinking type-I collagen-based gels in the presence of photolabile PEG-based reactive
macromers resulted in a range of outcomes. We encountered difficulty in predicting the
changes in mechanical properties depending on the particular properties of the PEG variant
used, which underscores the complexity of the system, and to some degree our lack of
understanding as to the molecular nature of the photocrosslinking mechanisms. Using CMA as
the base material, we were able to achieve a significant increase in storage modulus upon
photocrosslinking in the presence of 0.1% PEG258DA, a low molecular weight homobifunctional
macromer. As this concentration of PEG258DA is far too low to for a hydrogel by itself, we can
infer that the increase in CMA storage modulus is due to the PEG258DA interacting with the
methacrylate groups on CMA, and forming intrafibril and/or interfibril crosslinks that serve to
stiffen the fibrillar matrix. Given the length of the PEG involved compared to the relatively large
interfibril distances, we believe that the former is more likely, as significant PEG258DA
polymerization coupled with the probability of successfully linking CMA groups is unlikely at the
concentrations used. This theory is supported by the fact that the relative increase in modulus
was linearly related to CMA concentration, as at higher gel density the average interfibril
distance is smaller, thus it can be expected that if interfibril crosslinking was a significant
contributor to matrix stiffness, a linear increase in CMA concentration would lead to an
exponential increase in modulus, which was not observed. Further supporting the theory that
intrafibril crosslinking is the primary mechanism responsible for the synergistic G’ augmentation
in CMA-PEG258DA hybrid gels is the observation that higher molecular weight PEG macromers
were not able to effect a significant increase in CMA gels’ storage modulus under the conditions
we tested. It is possible that only the smallest PEG, Mw = 258, was able to effective enter the

intrafibril space to allow crosslinking between available methacrylate groups, and that these
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interactions, in addition to the CMA-CMA photocrosslinking, was responsible for the higher G’. A
more complete knowledge regarding the position of the methacrylamide groups relative to the
orientation of the triple helix would be helpful towards validating this hypothesis, and may
require successful modeling of the CMA molecular structure, which we are currently attempting.
Another possibility is that the increased hydrophobicity of the PEG258DA compared to higher
Mw (and therefore more hydrophilic) PEG variants results in increased interaction with the
hydrophobic portions of the collagen molecule and allow photocrosslinking of groups that are

modulation unavailable to the higher Mw species.

While the additional mechanical modulation afforded by the inclusion of PEGDA in the
photocrosslinking process represents a useful tool for increasing the range of mechanical
properties achievable through this platform, it also has serious limitations. Foremost is the
severe cytotoxicity that results from including low Mw functional PEGs. Our data indicates that
only 258 Da PEGDA is effective at achieving a significant improvement over photocrosslinking
CMA alone. PEG species of Mw 500 and greater did not show efficacy at similar concentrations,
and when concentrations were increased, the increase in G’ compared to photocrosslinking
alone was reduced, presumably due to lack of crosslink formation while simultaneously acting as
a radical sink and preventing CMA from crosslinking to itself. However, all acrylated PEGs that
we tested with Mw less than 1000 exhibited strong cytotoxicity even at very low concentrations.
The reason for this toxicity is unclear. Additional studies using non-acrylated PEG macromers did
not show significant toxicity at similar concentrations at any of the molecular weights we used,
which spanned both toxic and non-toxic molecular weight variants. Another hypothesis was
tested, that inhibitors, included to prevent spontaneous polymerization in some of the
commercially available functional PEGs, could be responsible, as these inhibitors included

benzene, MEHQ, and BHT. However, after comparing inhibitors to viability data, it was clear that
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the PEG575DA, which contained no listed inhibitors, was highly toxic while PEG1100MEA, which
contained 100ppm MEHQ and 300 ppm BHT, was not toxic. PEG258DA contained 100ppm
MEHQ and was highly toxic, as was PEG480MEA which contained 0.5% benzene, 100 ppm
MEHQ, and 300 ppm BHT. PEG2KDA had no inhibitors. Thus, no inhibitor proved to be
responsible. Singly acrylated PEGs did not seem to differ in toxicity compared to diacrylated
PEGs, although a more thorough dose response may have elucidated whether toxicity was

correlated to functional group number.

As such, it does not appear that there is a parameter space within the CMA/PEG combinations
that we tested that would allow for modulation of gel mechanics in the presence of
encapsulated live cells, which was a major motivation for this platform. However, when
PEG258DA was photocrosslinked with CMA prior to cell seeding, the cytotoxic effect appeared
to be largely mitigated as seen by Live/Dead staining. It was observed that while photoinitiated
PEG258DA was not toxic, it did greatly limit fibroblast adhesion and spreading compared to pure
CMA gels. This effect is not entirely surprising, as PEG is commonly used to coat biomaterials
where adhesion is disadvantageous. Thus, photocrosslinking CMA gels with PEG258DA could
potentially be used to spatially control cellular adhesion in tissue engineering constructs or in

vitro experiments where differential adhesion is beneficial.

One other major motivation for creating CMA-PEG gels was the goal of using this platform to
study cellular behavior in 3D scaffolds of different stiffness, and using PEG-based
photocrosslinking to modulate mechanical properties while controlling matrix geometry.
However, as CMA did not appear able to form crosslinks with PEG variants that could be used to
develop this methodology, we were unable to pursue this goal. Instead, we focused on further

development of methacrylate derivatized collagen in the hopes that by adding more
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methacrylate groups, and on different side chain targets, PEG variants would be more effective

in forming crosslinks.

Given both the relatively low concentration of amines on collagen per unit mass and the
constraint of achieving ~25% derivatization of those, we investigated whether other amino acid
side chains could be methacrylated along with the free amines. The success in using EDC
crosslinking to derivatize collagen while maintaining its inherent advantages led us to attempt to
use a similar method to activate the carboxyls on collagen, rather than methacrylic acid, and
graft an amine-containing methacrylate. While it was previously impossible to do so with native
collagen, as the amines present on collagen would crosslink to the activated carboxyls, we
hypothesized that CMA, with a large percentage of its amines already derivatized, would result
in less unwanted crosslinking. Thus, we investigated a second round of methacrylation that used
aminoethyl methacrylate at the amine target to derivatize the activated carboxyls on CMA to
create the double-derivatized CMAX2. Initial results were promising, as we observed a much
larger range of crosslinking from basal CMAX2 to a photocrosslinked state, indicating that we
had indeed added more functional methacrylates. Additionally, it seemed that the orientation of
these additional methacrylates was such that PEG variants that were previously ineffective in
modulating the material properties of CMA were able to interact with CMAX2, as PEG2KDA
showed a significant increase in modulus and represented almost an order of magnitude of
dynamic stiffness range through crosslinking. However, the enthusiasm for this method was
quickly tempered as replication of the initial results proved difficult, and functionality of CMAX2
decreased with each successive batch despite our best efforts at keeping synthesis conditions as
similar as possible. Much effort was spent troubleshooting this phenomenon, but we were
unable to replicate the functionality of the first batch or understand the reason for this failure. It

was have been due to unique environmental conditions, a particular lot of reagent that was no
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longer available, or simply serendipitous error during the first batch that was not successfully
replicated in later attempts. NMR data was the most nonplussing, as not only did it show a
failure to additionally add methacrylate peaks to the spectrum, but instead showed that there
was less methacrylate present than before the second derivatization. One hypothesis to explain
this is that the methacrylates were potentially reacting with each other during some of the
reactions, thus rendering them unavailable to form crosslinks later during photocrosslinking.
Eventually it was decided that, given consistent, robust functionality of CMA, it was prudent to
focus on using that material without the viability constraints of low Mw PEGs, and investigate
how cellular behavior could be modulated using the stiffness range available along with

evaluation of photografting ligands to the CMA methacrylate groups.

4.5 Conclusion

The stiffness of CMA can be significantly mechanically modified using 0.1% (v/v) of very low
molecular weight (258Da) PEG diacrylate in the photocrosslinking reaction, although higher
molecular weight functional PEGs had no effect at low concentration (0.1%) and actually
mitigated the desired increase in modulus afforded by crosslinking alone at higher concentration
(1%). The mechanism by which PEG258DA allows this additional stiffness increase is unclear.
Furthermore, use of PEG258DA with live encapsulated cells is not plausible due to its severe
cytotoxicity even at lower concentrations than will produce significant mechanical effects,
although the cytotoxic effect appears to be greatly reduced after photocrosslinking is
conducted. Cytotoxicity appears unique to low molecular weight acrylated PEG, as PEGs lacking
of acrylate or having a molecular weight above 1KDa resulted in no significant toxicity. One
possible use of a hybrid CMA/PEG258DA gel would be in designing hydrogel materials where

mechanical and adhesive properties can be tuned for specific applications, where subsequent
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cell interaction will occur. Other methods for incorporating functional PEGs into hybrid
hydrogels, such as grafting heterobifunctional PEGs onto the collagen backbone, resulted in
significant disruption of the fibrillar self-assembly, and were not pursued further due to this
drawback. Lastly, derivatizing carboxyl moieties on collagen may be an avenue for increasing the
degree of functionalization of CMA gels, although our attempts at further derivatizing CMA in a
second reaction resulted in variable and irreproducible results. It appeared that in some cases,
but not others, that the second round of methacrylation produced a more derivatized material
with a broader range of stiffness available via photo initiation, and allowed for interaction with
larger, non-toxic PEG diacrylates. However, due to these inconsistencies and the high cost of
both time and materials in optimizing the CMAX2 reaction process to a useful state, further

development on this material were halted.



138

Chapter 5: In Situ Photomodulation of Hydrogels for Cellular Instruction

5.1 Introduction: CNS Tissue Scaffold Engineering

Mechanically tunable hydrogels have the potential to be used in a broad range of applications
where heterogeneous control of the material properties is desired. One possible clinical
application is in central nervous system (CNS) injury. The native tissue in the CNS has mechanical
properties similar to those of collagen gels, and neural tissue behavior has been shown to be
highly responsive to changes in stiffness [33]. Moreover, CNS injuries can result in lesion cavities
with non-uniform geometries that are not amenable to solid scaffold implantation without the
risk of additional damage to the injury site [34]. One major advantage of type | collagen is its
ability to self-assemble, which will allow the material to be injected into a defect of almost any
geometry with minimal invasion, and then automatically become a solid to provide a stable
matrix. Photocrosslinking could then be accurately introduced into any spatial pattern where
light application is accessible. As long as the photocrosslinking process is cytocompatible with
the cells of interest, a liquid scaffold/cell mixture can be injected into a defect, followed by
scaffold modulation in situ to create an optimal environment for tissue regeneration that is
customizable to an individual situation. Hydrogel scaffolds also allow for controlled release of
therapeutic agents such as growth factors, enzymes, and anti-inflammatory agents
[37,38,35,36]. Here, the release rate of the therapeutic can be controlled locally by increasing
the crosslinking density and hence the degradation rate of the scaffold. Localized patterns and
gradients of neurotrophic agents encapsulated within the matrix could provide another method
for guiding cellular behavior. It is well known that chemotactic gradients present during
neurogenesis contribute to proper axonal targeting; this phenomenon has also been recreated

in the adult rat brain facilitating properly targeted axonal outgrowth [39].
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Defined, anisotropic presentation of cues, such as adhesive ligands or matrix stiffness, can also
provide critical directional information to regenerating neural tissue to potentially accelerate
functional recovery. Neural recognition molecules, such as L1, Neural Cell Adhesion Molecule
(NCAM), poly-sialic acid (PSA), and Tenascin-R, have been implicated in the recruitment and/or
repulsion of neuronal cell migration and peptide mimics of these ligands may provide attractive
options for photopatterning of neuroactive molecules [40,41]. In another instance, using a
microfluidic-based assay, our laboratory has demonstrated that the growth of regenerating
neurites from dorsal root ganglia is directed and enhanced down gradients of compliance.
However, the scope and profile of these gradients were limited by the tolerable concentrations
of the soluble crosslinker used, and by dimensional constraints associated with maintaining
laminar flow regimes in microfluidic networks. Moreover, guidance of cell types other than
neurons, such as astrocytes and Schwann cells, has been shown to cause a secondary alignment
of neurons [83,42]. Taking advantage of these phenomena may allow reorganization of either
the glial scar or infiltrating Schwann cells, both present in many CNS injuries. This in turn could
allow modulation of neuronal ingrowth through the injury site and could provide strategies to

encourage proper targeting, a crucial step toward promoting functional recovery [84].

Another potential arena for employing tunable hydrogels is toward directing and maintaining
stem cell differentiation. The microenvironment surrounding a stem cell, including the
mechanical and biochemical properties of the extracellular matrix, has been shown to have a
profound effect on the proliferation rate of stem cells as well as differentiation fate [43]. More
recently, human mesenchymal stem cells (hMSC) have been shown to not only differentiate into
functional neuronal lineages ¥, but also that the mechanical properties of the matrix were

[45]

directly and solely responsible for the resultant differentiation fate Engler et al

demonstrated that hMSC differentiation on 2D substrates was determined by substrate
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stiffness. Substrate stiffness of 0.1-1 kPa, 8-17 kPa, or 25-40 kPa resulted in neurogenic,
myogenic, or osteogenic lineages, respectively [46]. It was also shown recently that the
combination of substrate stiffness and the presentation of adhesive ligands may act
synergistically to drive hMSC differentiation. Rowlands et al showed, for instance, that hMSC
differentiation could be pushed towards an osteogenic lineage via a stiff (80kPa) substrate
coated with type-l collagen, but that type IV collagen on the same substrate resulted in

differentiation into a myogenic lineage [47].

Several groups have recently used collagen gels as matrices for stem and neural precursor cell-
based therapies in CNS injury models [48,49]. While their results show that collagen gels are
suitable for supporting both stem cell proliferation and differentiation into neural tissues, thus
far these materials lack the ability to produce localized, controlled heterogeneity, which may be
necessary to completely regenerate damaged tissues and restore function to pre-injury levels. In
addition, endogenous neural progenitor cells involved in CNS regeneration may also be
instructed through the presence of exogenous functional ligands. Previous studies performed in
our laboratory showed that Schwann cell proliferation and process extension could be
augmented by culture on collagen gels grafted with a peptide mimic of PSA [85]. Schwann cells
present an attractive option for nervous system injury regeneration, and have been implicated
both as part of the innate CNS injury repair mechanism as well as a possible cell type for
transplantation into CNS injury lesions [86-89]. Furthermore, laminin patterning on 2D
substrates has been used to align Schwann cells in vitro [90]. However, strategies for guiding

Schwann cell ingrowth in clinically relevant situations are severely lacking.

Here, we investigate the use of CMA as a self-assembling hydrogel scaffold for fostering growth

and differentiation, and for manipulating cellular behavior via photoinitiated modulation of
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scaffold mechanics and biochemistry. We begin by examining biocompatibility via
comprehensive screening of multiple cell types in the presence of photoinitiator activation.
Following identification of robust cell types, we test whether photocrosslinking can be used to
affect neuronal differentiation and outgrowth within 3D gels as well as on 2D gel interfaces
through both stiffness augmentation and biochemical modification using photosensitive
bioactive peptides. The successes and failures with these approaches are discussed with
discussion of future implications for using CMA hydrogels as self-assembling soft tissue

constructs.

5.2 Methods

5.2.1 Cell Culture

NIH-3T3 Fibroblasts (ATCC) were cultured on tissue culture-treated polystyrene (TCP) flasks in
Complete Medium, (CM: Dulbecco’s Modified Eagle Medium (DMEM), 10% Fetal Bovine Serum
(FBS), 2mM L-glutamine, 1X penicillin/streptomycin (P/S)). Cells were routinely subcultured
when 90-95% confluency was reached. Cells were passaged by detachment using 0.25%
Trypsin/EDTA, inhibition with CM, and centrifugation at 400RCF for 2 minutes. Cells were then
replated at between 3-10-fold dilution for further expansion. For experiments, 3T3 cells were
harvested, centrifuged, resuspended in CM and used immediately for experiments in native
collagen and CMA gels as well as on TCP. Rat Aortic Smooth Muscle Cells (SMCs) were cultured
similarly in a medium consisting of a 50% DMEM 50% Ham’s F-12, supplemented with 20% FBS,

1% L-Glutamine, 1% P/S.

Intact chicken dorsal root ganglia (DRG) were dissected from embryonic day 8 chicks (Charles
River). Briefly, chicks were decapitated, skin and internal organs removed in room temperature

PBS, and limbs were bluntly dissected away from the spinal column to expose DRG. #5 Forceps
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were used to transfer DRG by the ‘tail’ to a dish containing HBSS on ice. DRG were kept in HBSS
for up to 1 hour post dissection before plating on or in collagen gels. DRG were cultured in CM

supplemented with 50ng/mL recombinant rat B-NGF (R&D Systems).

Human embryonic stem cells (hESC) were cultured according to a protocol developed by Carlson
et al[91]. Briefly, NIH-approved hESC WAQ9 (H9) from the WiCell Research Institute (Madison,
WI, USA) were maintained under feeder-free conditions on % Matrigel-coated dishes (BD
Biosciences) in mTeSR1 maintenance medium for hESCs (Stem Cell Technologies), as described
previously[92]. Cells were routinely passaged every 5-7 d using 1 mg/ml dispase (BD
Biosciences). Other ES cells, including Sox1-expressing mouse ES (Sox1-mES) were cultured in a

similar manner.

L2.3 rat neuroglial precursor cells were a kind gift from the Grumet Lab, and were cultured
according to a previously published protocol[93]. L2.3 were grown in neurosphere culture in
100mm Petri dishes in an incubator containing 10% CO,. Culture medium comprised a base
medium of DMEM/F-12, 25mM glucose, 1X P/S, supplemented with fresh 1X B27 supplement,
2ug/mL heparin, and 10ng/mL bFGF (Peprotech). Cultures were fed daily with a 10X
concentrated feed medium consisting of base medium supplemented with 10X B27, 20ug/mL
heparin, and 100ng/mL bFGF. Neurospheres were cultured until spheres started to show
necrotic cores, at which time the population was passaged. To passage, L2.3 spheres were
centrifuged at 100RCF for 2 minutes, supernatant aspirated, and triturated with 0.25%
trypsin/EDTA for 2minutes to dissociate neurospheres. Following inhibition with a soybean-
based trypsin inhibitor, cells were centrifuged at 100RCF for 5 minutes, aspirated, and
resuspended for further culture or use in experiments. Other experiments using intact

neurospheres were sedimented for 20 minutes and the supernatant carefully aspirated. Intact
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neurospheres and dissociated cells were encapsulated in native collagen and CMA gels or
exposed to 12959 and UV in culture medium for cytotoxicity testing. Later experiments with
cortical neuron precursor (CTX-8) neurospheres, also from the Grumet Lab, were cultured

similarly to L2.3 cells.

H1 hESC-derived RG8 neural stem cell (RG8-NSC) were kindly donated from Jocie Cherry of the
Moghe Lab. RG8 were grown on % Matrigel-coated flasks in Neural Proliferation Medium (NPM),
consisting of 50% DMEM/F-12, 50% Neurobasal medium, 0.5X N2 supplement, 0.5X B27 (w/o
vitamin A), and 20ng/mL bFGF. For use in experiments, cells were cultured to 95% confluency,
detached with Accutase, centrifuged and resuspended for use in cytotoxicity screening in gels as

well as on tissue culture plastic.

Adult human mesenchymal stem cells (hMSC) were provided by the Texas A&M Health Science
Center College of Medicine Institute for Regenerative Medicine. hMSC were seeded at 1000
cells/cm® in tissue culture flasks and expanded until 60-70% confluency to prevent contact
mediated spontaneous differentiation as determined by morphological analysis under bright
field microscopy. hMSC were cultured in a-MEM (Invitrogen, Carlsbad, CA) supplemented with
20% FBS (Atlanta Biologicals, Norcross, GA), 1% penicillin/streptomycin, and 2ng/mL bFGF
(Peprotech, Rocky Hill, NJ). Following expansion, hMSC were detached via 0.25% trypsin/EDTA,
washed in culture media, and replated for cytotoxicity on TCP or encapsulated in NC/CMA at
densities from 1-100x10" cells/mL. hMSC were also induced to a neural phenotype using several
published protocols. Initially, a protocol based on Woodbury et al. [94], adapted to
incorporated elements from several subsequently published works[95-100], was used to induce
neuronal differentiation. Briefly, hMSC were encapsulated in native collagen and CMA gels at a

density of 1x10° cells/mL, and gels were photocrosslinked. TCP with 1000 cells/cm? served as a



144

2D control. Cells were grown in pre-induction medium (PIM; aMEM, 20% FBS, 10ng/mL bFGF,
1X P/S) for 2 days. On day 2, medium was changed to neural differentiation medium consisting
of Neurobasal medium, 1% FBS, 1X N2, 10ng/mL bFGF, 20ng/mL BDNF, 50ng/mL NGF, 10uM
Forskolin, 2% DMSO, 200uM BHA, 1 uM BME, 1X L-Glutamine, and 1X P/S. Cells were cultured
for 2 weeks, changing medium once per week. Additionally, a separate method published by
Long et al.[101] was evaluated for inducing neuronal differentiation. Medium was changed from
standard proliferation medium to a neural induction medium consisting of Neurobasal, 1X
B27m, 1mM db-cAMP, 0.5mM IBMX, 20ng/mL EGF, 40ng/mL bFGF, 10ng/mL FGF8, and 10ng/mL

BDNF.

Induced pluripotent stem cell-derived neural stem cells (iPS-NSC) were obtained through
collaboration with Kristina Hernandez under the auspices of Dr. Bonnie Firestein. iPS-NSC were
derived from human foreskin-derived iPS cells, and further differentiated to a neural stem cell
phenotype. Briefly, iPS cells were grown in mTeSR/Neurobasal media supplemented with
500ng/ml Noggin. Noggin is a morphogen which plays a key role in neural induction and in the
inhibition of neuronal differentiation. After 11 days in this culture, cells were dissociated and
plated onto 20 pg/ml laminin coated dishes in Neurobasal media. Eight days later, the media
was changed to neural proliferation medium NPM (50% DMEM/F-12 with Glutamax, 50%
Neurobasal, supplemented with 0.5X N2, 0.5X B27 without vitamin A, and 20ng/ml bFGF, at
which point cells were characterized as neural stem cells. For further culture, iPS-NSC were
seeded at 30x10* cells/cm® on % Matrigel-coated tissue culture plastic flasks. Cells were
expanded in NPM until 95% confluent, at which they were harvested for experiments or
passaged for further expansion. For neural differentiation, confluent flasks were switched to
neural induction medium (NIM) to induce neural differentiation for 24h, then cells were

replated on PDL/Laminin, or later, % Matrigel, upon which medium was changed to neural
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differentiation medium (NDM) to terminally differentiate cells into neurons for 5-7 days. NIM
consisted of NPM without bFGF, while NDM was made up of Neurobasal medium supplemented

with 1X B27 (w/o vitamin A) and 10ng/mL BDNF (Peprotech).

Adult spinal cord progenitors (aSCP) were obtained from Dr. Audrey Petit at the University of
British Columbia in the lab of Dr. Jane Roskams. aSCP were expanded as neurospheres in
NeuroCult NSC Basal Medium (Stem Cell Technologies) supplemented with 10% NeuroCult NSC
Proliferation Supplement (Stem Cell Technologies), 2ug/mL heparin, 20ng/mL EGF and 20ng/mL
bFGF. To passage, cells were triturated in 0.25%trypsin/EDTA until a single-cell suspension was
obtained, washed in culture medium, and resuspended using a split ratio of 1:10. For
differentiation into glial cells, medium was changed to Neurobasal medium supplemented with 2

mM glutamine, 1XB27, and 1X P/S.

Skin-derived precursor-derived Schwann cells (SKP-SC) were a kind gift from Dr. Wolfram
Tetzlaff at the International Collaboration on Repair Discoveries (ICORD) in Vancouver, British
Columbia. SKP-SC were cultured on TCP coated with 2ug/mL poly-D-lysine (PDL) and 2ug/mL
Laminin-1 from from Engelbreth-Holm-Swarm murine sarcoma basement membrane. To coat
flasks, PDL/Laminin in deionized water was sterile pipetted into flasks and incubated overnight
at 37°C. Flasks were washed 2X with PBS prior to plating cells. SKP-SC were plated and at 2x10*
cells/cm? and cultured in Schwann Cell Medium (SCM), which consisted of 75%DMEM, 25% F-12,
2%N2 supplement, 5uM forskolin, 50ng/mL neuregulinl-B. Cells were expanded until 95%
confluent, then passaged using 0.25% trypsin/EDTA, washed in PBS with 10% FBS to inhibit
trypsin, centrifuged at 200RCF for 2 minutes, and resuspended in SCM for further expansion or

used in experiments.
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5.2.2 Immunohistochemistry (IHC)
Cell phenotype was characterized through IHC staining of expressed protein markers. Primary

antibody targets included are listed in the table below.

Cell Type Protein Target Species Source Dilution
hMSC, iPS- Nestin Mouse Millipore 1:500
NSC, aSCP (neural stem cell marker)
hMSC, iPS- Class Ill B-tubulin (Tujl1) Mouse Covance 1:1000
NSC, aSCP, (neuronal marker)
SKP-SC
DRG Neurofilament Heavy Chain (NF- Mouse | Sigma, AbCam 1:500
aSCP 200) (neuronal marker)
DRG Neurofilament Medium Chain (NF- Mouse AbCam 1:500
M) (neuronal marker)
iPS-NSC PAX6 (neural stem marker) Mouse Millipore 1:500
hMSC CD105 Mouse AbCam 1:500
(mesenchymal stem cell marker)
hMSC, iPS- Glial Fibrillary Acidic Protein Rabbit Dako 1:100
NSC, aPSC (GFAP) (glial marker)
hMSC, iPS- Microtubule-Associated Protein 2 Rabbit Millipore 1:500
NSC, (MAP2) (mature neuronal marker)
iPS-NSC Synaptophysin (SYN) Rabbit AbCam) 1:500
(neuronal synapse marker)
iPS-NSC Vesicular Glutamate Transporter 1 Rabbit Millipore 1:500
(VGLUT1)
(glutamatergic neuron marker)
SKP-SC S-100 (Schwann cell marker) Rabbit AbCam 1:50

Table 5-1: Primary Antibodies used in Immunohistochemistry

For IHC of cells grown on 2D substrates, cells were fixed in 4% paraformaldehyde (PFA) for
15min at RT then washed 3X with immunobuffer (IB) consisting of PBS, 1% bovine serum
albumin, 0.5% Triton-X. Following fixation and permeablization via IB, cells were blocked for 1 hr
at RT with IB + 10% goat serum. Blocking buffer was removed and primary antibodies at working
dilutions were then added and allowed to conjugate protein targets overnight at 4C. Cells were

then washed 3X with IB, and fluorescently-conjugated secondary antibodies at 1:1000 working
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dilution (Alexa Fluor, Life Technologies) were allowed to bind appropriate primary antibody
isotypes for 2 hr at RT. Cells were then washed 3X in IB, with DAPI included in the 2" wash for
nuclear counterstaining, and imaged. For 3D gel samples, samples were fixed with 4% PFA for
30min, followed by 3 washes with IB of 5, 10, and 30 minutes to allow complete diffusion of PFA
out of gels. Blocking was performed for 2 hours at RT, with primary antibody incubated at 4°C
overnight. Primary antibody was washed with 10, 15, and 30 minute incubations with IB at RT.
Secondary antibody was incubated for 4 hours at RT on a rocker, followed by washes of 30
minutes, 1 hr, and 4 hr at RT on a rocker, then overnight at 4°C to completely remove unbound
secondary antibody. DAPI was included in the 4 hour wash. Imaging was performed using an
Olympus 1X81 inverted epifluorescent microscope with an Olympus IX2-DSU spinning disc
confocal attachment. Images were captured with a Hamamastu ORCA (Hamamastu City, Japan)
or Hamamatsu ImagEM digital camera for 2D and 3D samples, respectively. Images were
obtained and processed with Olympus Microsuite and Olympus Metamorph software, with

further processing and quantification using ImageJ and Matlab.

5.2.3 Irgacure 2959

4-(2-hydroxyethoxy)phenyl-(2-hydroxy-2-propyl)ketone, trade name Irgacure 2959 (12959), was
chosen as the photoinitiator due to its water solubility and purportedly low cytotoxicity as
compared with other photoinitiators[102]. 12959 was supplied as a kind gift from Ciba Specialty
Chemicals and was stored in opaque containers at room temperature. Fresh stock solutions of
10% (w/v) 12959 were mixed weekly. 12959 stock solutions were made by weighing out
powdered 12959 and adding the requisite amount of solvent, initially 70% ethanol and later
100% methanol due to increased cytotoxicity with the former. Stock 12959 solutions were kept

at 4°C in foil wrapped tubes until needed, and all work done using 12959 was performed in a
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dark room with UV-masked fluorescent bulbs. All samples were foil wrapped and kept from light

when unreacted 12959 was present.

5.2.4  Photoinitiator Cytotoxicity Screening

Various cell types were seeded onto TCP 96 microplates, allowed to adhere (if necessary) and
cultured 0-2 days under the conditions described previously depending on the cell type.
Medium was then changed to either cell-specific culture medium or PBS containing from 0.01-
0.1% (w/v) 12959, exposed to UV light from the UVL-21 source for variable times of 1-10
minutes, and then cultured for 24-48 hours, at which time viability was assessed using Live/Dead

staining and the MTS Assays as described in Chapter 1.

5.2.5 3D Cell-containing Gel Photocrosslinking

Various cell types were encapsulated in native collagen and CMA hydrogels to examine the
compatibility of that cell type with both the hydrogel culture environment and the
photocrosslinking process. Briefly, Native collagen or CMA solutions were mixed on ice, similar
to the process described for rheological tests. The 1X PBS/medium volume (52uL per 1mL) was
reserved for cell suspensions, which were added in concentrated form to the other mixed
reagents to prevent pH and osmolarity induced toxicity from the precursor solution.
Macromer/cell solutions were then triturated to distribute cells evenly, plated for gelling, and
transferred to a 37°C incubator for 30 minutes to self-assemble into stable hydrogels. Following
this, gels were exposed to UV light to initiate photocrosslinking, immediate after which culture
medium was added and cells were returned to the incubator for culture. Cell compatibility in 3D
photocrosslinked gels was assessed quantitatively with MTS assay, semi-quantitatively with
Live/Dead staining, and qualitatively by morphological analysis using bright field and

fluorescence microscopy.
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5.2.6 Adhesion Assay

Cell adhesion using hMSC and smooth muscle cells was tested on both collagen/CMA gels as
well as an adsorbed layer of dilute protein in acetic acid. For gels, native collagen and CMA
(xphotocrosslinking) were pre-formed in 100yl aliquots in 48-well plates, washed with PBS and
hMSC were plated for 0.5-3 hours and allowed to adhere. Cells were then gently washed 3X with
medium to remove unadhered cells. Remaining adhered cells were then quantified either by
staining with Calcein-AM and Hoechst 33342 and counting via fluorescent microscopy or via
quantification using the MTS assay. For the adsorption assay, 0.1 mg/mL of four ratios of
CMA:NC (1:0, 1:1, 3:1, 0:1) in 0.02 acetic acid were coated onto a 48-well plate and incubated at
4°C overnight and allowed to adsorb. Following aspiration of the protein solution and washing
with PBS, plates were seeded with 100uL of a 5x10* cell/mL cell suspension of SMC. The cells
were incubated for 1.5 hours to allow adhesion to the substrates. TCP with no protein served as
a control. Cells were washed 3X with PBS to rinse unadhered cells an MTS assay was used to

quantify remaining adhered SMC.

5.2.7 Photopatterning

Differential crosslinking was achieved through masking incident light exposure. Aluminum foil or
high resolution printed transparencies were used to spatially control UV light exposure. Imaging
of photopatterning was performed by admixing acrylated fluorophores, such as fluorescein-o-
acrylate (FOA), Methacryloxyethyl thiocarbamoyl rhodamine B (Polyfluor 570, Polysciences), or
Nile Blue Acrylamide (NBA, Polysciences) into the macromer solution, allowing self-assembly,
exposing gels to masked UV, and then washing labile fluorophores out of the gels with multiple

rinses of PBS before imaging with epifluorescent microscopy.

5.2.8 Photolabile Peptides Crosslinking
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Acrylated peptides were custom synthesized by Biomatik (Biomatik USA, Wilmington, DE). N-
termini were targeted for acrylation. Acrylate groups were spaced from peptide sequences using
a six glycine (G6) repeat or a miniPEG oligomers chain. Laminin peptide sequences were as
follows: Methacrylate-GGGGGG-YIGSR (YIGSR) Methacrylate-GGGGGG-IKVAV (IKVAV), and the
scrambled control peptide Methacrylate-GGGGGG-VIVAK (VIVAK). Poly-sialic-acid (PSA) mimetic
peptide sequences were as follows: Acrylate-miniPEG-SSVTAWTTG (PSA) and Acrylate-miniPEG-
SVSATTWTG (PSA Scramble). Laminin peptides were first dissolved in DMSO due to poor water
solubility, then admixed with CMA macromer solutions at 0.1-1mg/mL. PSA peptides were more
soluble due to the miniPEG spacer, and were dissolved directly into 10X PBS, which was then
mixed in as part of the CMA precursor solution at final concentrations of 0.1-2mg/mL. Gels were
formed as 80-100uL cylinders in Mat-Tek glass bottom petri dishes, with 14mm diameter
cutouts and No. 0 coverslips as the base. UV light was exposed from the bottom up through the
gels. Gels were washed 3X with culture medium (30 minutes each) to remove unbound peptide.
Cells were either admixed into macromer solutions or plated on top of gels after washing. For %

gel photocrosslinking, aluminum foil was used to mask one half of the gel from light.

5.3 Results

5.3.1  hMSC Culture in 3D Photocrosslinked Hydrogels

A multitude of stem and precursor cell types were screened for compatibility with 12959
photoinitiation (see Appendix A at the end of this chapter for details). Based on this cytotoxicity
screen, nearly all neural stem cell populations, with the exception of RG-8 cells with which
further development was discontinued due to federal funding conflicts with the source hESC

line, appeared incompatible with UV-12959 photoinitiation. Conversely, hMSC were able tolerate
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12959 at concentrations sufficient to crosslink CMA. Summary of photoinitiation toxicity,

including cell types discussed later in the chapter, is provided in Table 2 below.

Cell Species 0.1% 0.05% | 0.025% | 0.01% Notes
Type

Significantly affected at
NIH-3T3 Mouse - - + ++ photocrosslinking-effective
12959 Concentrations

Highly incompatible, even at

hESC Human - - o - lowest 12959 concentrations
tested
Few viable cells; only

CTX-8 Rat — —— - - observed in neurosphere

cores at < 0.05% 12959
Suitable viable at 12959

RG-8 Human - -/+ + ++ concentrations suitable for
photocrosslinking

Marginally viable at low

L2.3 Rat — - - -/+ (0.01%) 12959 concentrations
at high cell density

Largely tolerant of 12959
hMSC Human - -/+ ++ ++ concentrations below 0.05%,
highly viable at 0.025%
Minor negative effects

DRG Chicken + ++ ++ ++ observed only at highest
concentration (0.1%)
Tolerant of 0.025% when pre-
iPS-NSC Human n/a - -/+ + differentiated and at 1x10’
cells/mLin 3D

Rat Marginally tolerant of 0.025%
asCP n/a n/a -/+ + when pre-differentiated and
at 1x10’ cells/mL in 3D

Rat Highly susceptible to 12959 at
SKP-SC n/a n/a - - concentrations useful for
photocrosslinking

Table 5-2: Summary of Irgacure 2959 Photoinitiation Cytocompatibility with Various Cell Types

Given these results, we then began to investigate whether photocrosslinking-mediated
modulation of matrix stiffness could be used to control neuronal differentiation in 3D CMA gels.

As 0.025% 12959 seemingly had a minimal negative effect on hMSC viability, and recent
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rheological testing implied that 0.025% 12959 could be used to impart significant mechanical
stiffness to CMA gels with 2 minutes of UV exposure, we compared hMSC encapsulated in native
collagen and CMA gels with and without photocrosslinking at 1x10° cells/mL. Using Live/Dead
staining and the MTS assay, we analyzed how hMSC morphology and viability were affected
under these optimized photocrosslinking conditions to assess whether differences in
differentiation fate could be attributed to matrix stiffness alone. Intriguingly, we saw that while
viability in the gels was similar to results determined previously, several distinct differences in
cell behavior were apparent. Foremost was the difference in contraction of the CMA gels as
compared to the other conditions. After 48 H in culture, uncrosslinked CMA gels had contracted
to ~25% of their original size, as seen by the increased cell density in Figure 5-1 A. Additionally,
cellular morphology of hMSC in photocrosslinked CMA (Figure 5-1 C) was distinct from the other
conditions in that cellular processes appeared to be more branched as compared to native

collagen, in which the hMSC morphology looked more bipolar (Figure 5-1 B).

Figure 5-121: hMSC in 3D Gels 48 H after Photocrosslinking with 2 minutes UV and 0.025% in Mat-Tek Dishes. A:
CMA Uncrosslinked Control, B: Native Collagen Photocrosslinked, C: CMA Photocrosslinked

A subsequent experiment employing MTS (Figure 5-2) further supported the Live/Dead images,
with absorbance at 490 nm of hMSC in photocrosslinked native collagen and CMA only slightly

lower than the native collagen control, implying similar cell viability and mitochondrial activity.
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Absorbance from hMSC in uncrosslinked CMA gels was significantly higher than native collagen
control gels. It was unclear whether this was caused by an actual increase in cell number due to
proliferation, an increased metabolic rate of the cells, or an artifactual signal caused by the large
difference in gel volume due to the cellular compaction. Control gels that contained no cells did

not imply that MTS interacted differently with native collagen compared to CMA.
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Figure 5-122: MTS Assay. hMSC in Native Collagen and CMA 48 H after Photocrosslinking

It was also unclear whether 48 hours was an appropriate culture period for assessing viability.
To evaluate the effect of post-crosslinking culture time on viability, we quantified viability of
entrapped hMSCs in native collagen without photocrosslinking and compared to CMA
photocrosslinked with 0.025% 12959 and 2 minutes of UV exposure. Following the

photocrosslinking process, hMSC were cultured for 24 (Figure 5-3) and 72 hours (Not shown).
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Live/Dead stain was added and cells staining positive for each were manually counted and used
to determine viability. Again, hMSC appeared at 24H to tolerate the photocrosslinking well, with
similar numbers of calcein positive cells in both conditions, as well as only a modest increase in
the number of ethidium positive cells. Morphology of cells in photocrosslinked CMA again
appeared to be more highly branched than those in native collagen, although overall cell size did

not appear to be different.

Figure 5-123: Cytocompatibility of hMSC encapsulated in (A) native collagen or (B) photocrosslinked CMA. Images
taken 24 hours after UV exposure. Scale bar = 200um

Viability quantification was performed by thresholding and binarizing images from standalone
Hoechst and ethidium channels, and using Image) to count the number of total and necrotic
nuclei in each. As outlined in Figure 5-4, minimal cell death was observed in the control
condition of native collagen (98+1% and 97+1% viable at 24 and 72 hours, respectively) without
UV/photoinitiator exposure, whereas in the photocrosslinked CMA condition there was a
significant drop in viability (71£5%) at 24 h that recovered to 81+2% at 72 h. There was no

significant difference in total cell number between any of the groups. Activation of the
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photoinitiator in the presence of hMSC within CMA has a noticeable effect on cellular viability,

although the majority of the photocrosslinked cells were viable at both time points.
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Figure 5-124: Quantification of hMSC viability at 24 and 72 hours after encapsulation and/or photocrosslinking.
Photo XL is photocrosslinked, while Control is native collagen without exposure to UV or 12959

5.3.2  hMSC Neuronal Induction

Following validation that hMSC could survive photocrosslinking in CMA gels, we sought to
investigate whether hMSC would differentiate into neurons in CMA gels based on the

mechanical properties alone, as published research by Engler et al., indicated that matrix
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mechanical properties similar to native CNS tissue was a sufficient to induce neuronal
differentiation[46]. Additionally, neural induction medium (NIM) was also used to induce
neuronal differentiation simultaneously to investigate whether soluble factors along with matrix
stiffness could have a synergistic effect on the resultant lineage of neutrally induced cells.
Differentiation potential of hMSC was initially evaluated on tissue culture plastic by growing
cells in standard growth medium (GM) or NIM. Cells were plated at 1000 cells/cm2 and cultured
in either medium for 7 days, after which they were fixed and stained for the neural progenitor
cell marker nestin, the neuronal dendritic marker microtubule associated protein 2 (MAP2), the
axonal marker Class Il B-tubulin (BT3), and the glial cell marker glial fibrillary acidic protein
(GFAP). This population of hMSC appears to have neurogenic potential, as seen by the presence
of nestin in hMSC grown on TCP in standard growth factor (Figure 5-5 A), which is
downregulated after 7 days in NIM as would be expected for cells undergoing differentiation
(Figure 5-5 E). MAP2 was not highly expressed in either GM or after 7 days in NIM (Figure 5-5 B
& F), whereas BT3 was slightly expressed in GM and upregulated in NIM (Figure 5-5 C &G). GFAP
appeared to be highly expressed in GM and even more so after NIM culture (Figure 5-5 D & H).
Overall, we take these data to imply that these hMSC are inherently capable of differentiating
into neural-type cells, and that 7 days of culture NIM increases the expression of characteristic

neural markers BT3 and GFAP while downregulating the neural stem cell marker nestin.
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Figure 5-125: hMSC after 7 days in GM (A-D) and NIM (E-H) on TCP. Nestin (A & E), MAP2 (B & F), B3T (C & G), GFAP
(D &H)

hMSC were also grown in 3D culture in native collagen and uncrosslinked CMA in both GM and
NIM. hMSC in native collagen followed similar, but not identical, trends for neural
differentiation protein marker expression as compared to TCP (Figure 5-6). Nestin was again
present in hMSC in GM, and expression disappeared after 7 days in culture in NIM. MAP2 was
not expressed in hMSC in GM, but was slightly more expressed in native collagen than TCP. BT3
was highly upregulated in NIM-cultured cells in native collagen, similar in expression to TCP.
However, GFAP appeared to be expressed less prevalently in hMSC in native collagen with GM,
and was downregulated following NIM culture, in stark contrast with GFAP expression in TCP.
While 3D culture in native collagen gels does not appear drastically different than on TCP, the
lack of GFAP upregulation may imply that hMSC are preferentially differentiating to a neuronal

rather than glial lineage.
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Figure 5-126: hMSC after 7 days in GM (A-D) and NIM (E-H) in Native Collagen. Nestin (A & E), MAP2 (B & F), B3T (C
& G), GFAP (D & H)

Uncrosslinked CMA was highly contracted by hMSC grown in GM as observed previously, making
direct comparison of protein expression somewhat difficult. However, similar trends were
observed in comparison to native collagen (Figure 5-7). Notably, hMSC grown in NIM did not
contract CMA gels to any noticeable degree after 7 days. Overall nestin expression appeared
somewhat higher in CMA in GM, although cell density was much higher in the compacted gels.
Some nestin expressing cells were still present in NIM cultures, although again the sheer
number of cells is likely responsible for this effect. MAP2 upregulation from GM to NIM
appeared minimally higher compared to native collagen, but overall expression was still low.
The most striking expression difference was observed in BT3 expression, which appeared to be
highly expressed in hSMC grown in GM, contrasting both TCP and native collagen. NIM culture
did not appear to change the expression level of BT3. Basal GFAP expression and its concomitant

downregulation after NIM culture were similar to native collagen.
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Figure 5-127: hMSC after 7 days in GM (A-D) and NIM (E-H) in CMA. Nestin (A & E), MAP2 (B & F), B3T (C & G), GFAP
(D &H)

A more thorough follow-up experiment was performed to examine differences in hMSC
phenotype in photocrosslinked CMA gels along with uncrosslinked CMA and native collagen.
Additionally, primary rat cortical neurons and rat brain-derived astrocytes were cultured in 3D
native collagen gels in parallel to examine BT3 and GFAP expression levels of hMSC in different
substrates to cells with characteristic expression levels. All images were taken under identical
optical conditions with exposure times and threshold levels set based on optimal parameters for
primary cells. As shown in Figure 5-8, BT3 expression was similar for hMSC regardless of
substrate, and staining intensity appeared similar to primary neuronal expression levels.
Astrocytes were typically negative for BT3, although a small percentage of cells, presumably

contaminating neurons, did stain positively.
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Figure 5-128: B3-Tubulin Staining of hMSC in Growth Medium in Different Culture Conditions compared to Primary
Neurons and Astrocytes

GFAP expression (Figure 5-9) was similarly poor in hMSC in both photocrosslinked and
uncrosslinked CMA, with slightly higher expression observed in native collagen gels.
Interestingly, hMSC on TCP expressed higher levels of GFAP than in any of the gel conditions,
which was morphologically distinct in that it appeared as tortuous bundles of protein ostensibly
on top of the hMSC monolayer, whereas in 3D conditions GFAP expression appeared colocalized
to the cytoplasm. Neuron controls were expectedly lacking in GFAP expressing cells except for a
small number of what appear to be contaminating astrocytes, and astrocyte control cells stained

appropriately for GFAP and presented with the standard stellate morphology.
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Figure 5-129: GFAP Staining of hMSC in Growth Medium Different Culture Conditions compared to Primary
Neurons and Astrocytes

The overall results of these data implied that, although our staining protocols were successful, (a
concern given the unexpectedly high levels of constitutive expression on neural markers in
hMSC), the panel of markers chosen was not appropriate for determination of differentiation
lineage. BT3 expression was high regardless of substrate or medium, MAP2 was not sufficiently
expressed by hMSC even after neural induction, and GFAP appeared highly expressed in hMSC
on stiff TCP and in GM while it was poorly expressed when cultured in softer 3D gels with NIM.
Nestin appeared to be the only useful marker, as its downregulation was predicted for cells
transitioning from a neural progenitor state to a more mature neural lineage, although the lack

of nestin expression alone is not sufficient to make any conclusions about neural differentiation.
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Additionally, we investigated how modulating the stiffness of CMA gels through controlling UV
light exposure time affected the viability of neurally-induced hMSC. Figure 5-10 outlines the
viability as per Live/Dead staining of hMSC in CMA with growth medium (Figure 510 A) as
compared to hMSC in CMA cultured with NIM following photocrosslinking of 0, 30, 60, 90, 120,

150, and 180 seconds (Figure 5-10 B-H).

Figure 5-130: Live/Dead staining of hMSC in 3D CMA Gels. A: Growth Medium, no 12959, B: NIM + 0.025% 12959 No
UV C: NIM + 0.025% 12959 + 30s UV, D: NIM + 0.025% 12959 + 60s UV, E: NIM + 0.025% 12959 + 90s UV, F: NIM +
0.025% 12959 + 120s UV, G: NIM + 0.025% 12959 +150s, H: NIM + 0.025% 12959 +180s

Here, we saw that increased light exposure time spanning none to more than necessary to
achieve maximum crosslinking resulted in a noticeable decrease in live cell number when light
exposure was longer than 30s. However, live cells with neuronal morphology were still observed
even in the highest exposure time, indicating that at least some neurally induced cells could

survive the full range of exposure parameters of the photocrosslinking process.
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5.3.3  Patterned Contraction

Although hMSC contraction of CMA was problematic with respect to analyzing differentiation,
the robust compaction of the gel, combined with the ability to spatially restrict contraction via
photocrosslinking has myriad applications for tissue engineering applications [103]. A proof of
principle experiment was conducted to show
that spatially controlled application of UV light
could be used to constrain the geometry of the
resulting contracted gel. Briefly, CMA gels with
1x10° hMSC were plated as thin disks in Mat-
Tek dishes with 20mm cutouts. The center of
the disks was photocrosslinked while keeping

the outer radius of the disks uncrosslinked with

Figure 5-131: Annular-contracted hMSC-encapsulated
photopatterned CMA disk

an annular photomask with a 7mm aperture.
The gels were then cultured for 5 days in GM
and allowed to contract fully. As seen in a representative image in Figure 5-11, the outside
diameter of the gel, initially 20mm (green circle overlay), is reduced by 13mm, to the exact
diameter of the hole in the photomask (blue circle overlay). Additionally, not only is the overall
geometry of the gel constrained to the geometry of the photocrosslinked region, the contraction
of the gel by the hMSC results in orientation cells as well as the collagen fibers within the gel
network. Live/Dead staining was used to show that the cells in the crosslinked center are still
viable, and that they are oriented randomly. The cells in the contracted annulus, constrained to
contract the gel circumferentially, also align the CMA fibers circumferentially as seen in Figure 5-

12 at 4X (left) and 10X (right) magnifications.
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Figure 5-132: hMSC in a 3D CMA Gel 5 72 H after Photocrosslinking Circular Pattern in Center of Gel

5.3.4 hMSC Adhesion Assay

To further understand the mechanism behind the contraction of CMA and not native collagen
gels, we tested whether there was a difference in the adhesion of hMSC to CMA gels %
photocrosslinking as compared to native collagen and TCP. Two modes of quantification were
employed to quantify hMSC adhesion. An image-based method made use of Hoechst labeling to
stain and count nuclei following a 90 minute adhesion period and three washes with PBS to
remove unbound cells. Results are outlined in Figure 5-13 where we observed that significantly
more cells adhered to all 3 gel conditions as compared to TCP, although no difference was
observed between gel conditions. These data indicate that CMA with and without
photocrosslinking and native collagen are all highly adhesive substrates, but no difference
between gel conditions was concluded. However, this method results in large standard
deviations in cell count due to unequal distribution of cells on gels and the physical forces

involved in washing.
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Figure 5-133: Image-based Adhesion Assay. hMSC on Various Substrates for 90 Minutes. p < 0.05.

Minimizing this sampling error would require exhaustive image collection. Another method for
guantification based on the MTS assay was implemented. In addition, 3 time periods were used
to monitor if the rate of adhesion or the overall adhesion window was dynamic between groups.
Cells were again seeded on the 4 substrates, then subgroups were washed immediately, and at
30, 60, and 90 minutes with culture medium added after the wash to keep adhered cells alive.
Following the last wash, MTS was added and absorbance was measured after 4 hours of
incubation. Figure 5-14 displays the results. Again, it was observed that for all time points, 3D
gels were more adhesive than TCP. Additionally, adhesion increased for all groups from 0 to 30
minutes, but additional incubation past 30 minutes did not increase adhesion of cells, indicating

that hMSC adhesion kinetics stabilize in a matter of minutes on these substrates. There were no
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significant differences in adhesion between 30, 60, and 90 minutes within any group.
Uncrosslinked CMA and native collagen were not statistically different at any time point,
although the averaged signal across the 30-90 minute time points was marginally lower for CMA
as compared to native collagen. However, photocrosslinked CMA was significantly (p < 0.05)

lower at all time points as compared to native collagen and uncrosslinked CMA.
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Figure 5-134: MTS Adhesion Assay. hMSC on Various Substrates for 0, 30, 60, & 90 Minutes

Rat smooth muscle cells (SMC) were also tested for adhesion to CMA. Briefly, CMA, native
collagen and a 50/50 and 75/25 ratio of CMA to native collagen were used to form gels, to which
SMC were allowed to adhere for 60 minutes. MTS was used to quantify the % of cells adhered
after this period compared to the number seeded initially. TCP was included for comparison. As

Figure 5-15 indicates, SMC preferentially adhered to all gel conditions compared to TCP. CMA
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was significantly less adhesive than pure native collagen as well as 3:1 CMA:native collagen (p <
0.05). CMA appeared less adhesive than the 1:1 CMA:native collagen, although the difference
was not significant (P = 0.051). Thus it appears that the presence of even 25% native collagen in

the composite gels resulted in an increase in SMC adhesion.
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Figure 5-135: Adhesion of SMC on Varying Ratios of CMA and Native Collagen

5.3.5 iPS-NSC Culture in 3D CMA Photocrosslinked Gels

Difficulty in determining actual hMSC neurodifferentiation, controversy over functionality of
hMSC derived neurons, batch variability in hMSC phenotype, and contraction of uncrosslinked
CMA gels by hMSC resulted in a decision to veer away from hMSC as a platform cell for neural
tissue repair. Recent work performed in the Firestein lab, with which our lab has collaborated

previously, resulted in a new research direction involving iPS derived neural stem cells (iPS-NSC).
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Given the huge potential for iPS-NSC in personalized regenerative medicine as well as in vitro
diagnostics, we evaluated whether iPS-NSC could be cultured in 3D CMA gels, which we
postulated could be tuned to recapitulate either native or pathological CNS mechanical
properties via photocrosslinking. Furthermore, we investigated whether Photolabile bioactive
peptides could be used to modulate biochemical microenvironment to tailor the stem cell niche

for specialized applications.

Development of protocols to allow photocrosslinking of iPS-NSC encapsulated CMA gels
required substantial optimization, including modification of the standard differentiation
procedure. Briefly, iPS-NSC undergoing differentiation were able to tolerate photocrosslinking
significantly better than proliferating iPS-NSC. However, harvesting significant numbers of viable
cells from PDL/Laminin coated flasks was not possible, resulting in the modified protocol. The
optimization of these processes is described in Appendix B at the end of this chapter. Using this
modified protocol, we were able to increase cell density to 1x10’ cells/mL, which along with the
gentler harvesting process and the inclusion of Y-27632, resulted in iPS-NSC derived cells that
looked morphologically like viable neurons and formed extensive networks of neurite-like
processes in CMA gels after 72 H (Figure 5-16 A). Furthermore, these differentiating iPS-NSC
were able to tolerate photocrosslinking much more robustly, although cellular density and
neurite extension was reduced following crosslinking compared to uncrosslinked gels (Figure 5-
16 B). In addition, we evaluated whether crosslinking could be constrained by masking one half
of the gel from UV (Figure 5-16 C, dotted line). Given that the boundary of neurite-like process
extension is confined to the mask edge, we show that the photocrosslinking effect on cells is
localized to the immediate area of light exposure (Figure 5-16 C), validating our hypothesis that

excess free radicals have a sufficiently short half-life such and don’t appreciably diffuse away
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from their location during photoinitiation. However, further experiments are needed to

precisely define the fidelity of masked photocrosslinking in cellularized CMA gels.

Figure 5-136: Pre-differentiated iPS-NSC in photocrosslinked CMA (A), uncrosslinked CMA (B), and a masked gel (C),
where dotted line indicates boundary of mask, with area left of line exposed to UV. A & B taken at 10X, C at 4X
maghnification.

Despite acceptable post-photocrosslinking viability, the effect of the photoinitiation still

appeared to have a profound negative impact on cellular compatibility as evidenced by the
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severe reduction in neurite outgrowth. As such, decoupling the effect of substrate stiffness from
free radical induced damage was sufficiently challenging to cause a shift in strategy. Another
avenue that we deemed worthwhile was the photografting of bioactive peptides containing a
photosensitive group. We posited that photografting could be used to attach functional
peptides to the CMA network, and that spatially patterning these peptides could be used to
guide neurite outgrowth. In addition, we sought to test whether post crosslinking viability was
improved by having a labile radical ‘sink’ which would reduce the free radical concentration.
While some cell death due to excess radicals is unavoidable, previous results with hMSC and
PEG2KDA were promising; at 1% w/v it was able to substantially mitigate even 0.1% 12959
induced cytotoxicity. Here, due to cost limitations of custom peptide synthesis, we first tested
whether low concentrations of methacrylate-conjugated laminin peptides with a 6-glycine (G6)
spacer would be able to affect post-crosslinking viability following 0.05% 12959 crosslinking, and
whether neurite outgrowth was affected due to increased adhesion via qualitative image
analysis. The G6 spacer was included based on published work by Wang et al., that suggested
that G6 spaced laminin peptides have improved functionality over unspaced peptides due to
increased availability of ligand [104]. In addition, CMA concentration was increased to 3.5mg/mL
to increase the number of functional grafting sites. Methacrylate-G6-Peptide, where peptide
was either of the functional laminin sequences IKVAK or YIGSR or the scrambled control peptide
VIVAK, was dissolved in DMSO and mixed into the CMA-cell macromer solution at a final
concentration of 0.1mg/mL and plated 100ul each into Mat-Tek dishes and gelled for 20 minutes
in the incubator. After exposure of UV light for 150s to ensure complete photoactivation of all
methacrylate groups, samples were washed with PBS, and then culture medium was added and
samples were cultured for 24 H. Live/Dead staining was used to assess viability and cellular

morphology. Visual inspection on Figure 5-17 implies no differences between uncrosslinked
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groups (Figure 5-17 A-D) or photocrosslinked groups (Figure 5-17 E-H), indicating that inclusion
of 0.1mg/mL methacrylate-G6-Peptide had no effect on either viability or apparent cellular
adhesion/outgrowth. Furthermore, 0.05% 12959 caused almost complete loss of iPS-NSC

viability.

Figure 5-137: Differentiating iPS-NSC in CMA gels 72 H after encapsulation. Control (A, E), IKVAV (B, F), YIGSR (C, G),
VIVAK (D,H). A-D were in uncrosslinked CMA, E-H photocrosslinked with 0.05% 12959 and 150s UV exposure.

A final set of analysis was performed using a high concentration (1mg/mL) of methacrylated
peptide in 3.5 mg/mL CMA (10% DMSO) with 1x10’ pre-differentiated iPS-NSC encapsulated
therein. Gels were % masked and the unmasked portions were photocrosslinked with 0.025%
12959 and 180 s UV exposure. Samples were washed 2X with PBS and NDM + 10 uM Y-27632,
then cultured for 5 days and Live/Dead stained to assess viability. No apparent differences were
observed between any group, as the photocrosslinked areas displayed typically poor process
extension, and the presence of methacrylates peptide did not appear to provide any benefit, at

least from a photoinitiation toxicity standpoint (Figure 5-18).
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Figure 5-138: Montaged images of iPS-NSC in 1/2 Photocrosslinked CMA Photografted Peptide Gels. 10% DMSO
Control (A), Me-G6-IKVAV (B) Me-G6-YIGSR (C) and Me-G6-VIVAK (Scramble Control). Area at Right of Dashed Lines
is Photocrosslinked.

A repeat experiment was performed, except that instead of Live/Dead staining, samples were
fixed and stained using immunohistochemistry for the neural stem cell markers nestin and Pax-
6, the neuronal markers class Il B-tubulin (Tujl), microtubule associated protein (MAP2), and
neurofilament medium chain (NF-M), and glial fibrillary acidic protein (GFAP). A number of
issues were apparent in the analysis of images obtained from this experiment. Foremost, non-
specific interaction between the anti-rabbit secondary antibody and methacrylated IKVAV
peptide highlighted a serious problem that was previously unnoticed, namely that the peptide
was aggregating. Previously, it was not apparent that peptide was aggregating as the

concentration was too low. However, upon re-inspection of all peptide groups, small clusters of
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amorphous debris were present. Analysis of IHC images of iPS-NSC in uncrosslinked samples
(Figure 5-19) in the IKVAV conditions, confirms the presence of these fluorescently bound-
aggregates readily apparent as red aggregates. Additionally, it appeared that the anti-rabbit
secondary antibody (red in all images in Figure 5-19) may have been dysfunctional. Neither
GFAP nor MAP2, for which differentiated iPS-NSC had previously stained positively, showed up
in any images. Another issue with these samples was the noticeably lower cell density compared
to previous experiments, possible caused by a number of problems such as improper cell
suspension quantification or low viability. Indeed, crosslinked samples looked mostly devoid of
viable cells with little staining of any of the protein markers (not shown). We also observed that
cells in all conditions were expressing nestin as well as B-tubulin Ill, indicating that a large
proportion of cells were still in the process of differentiating. Finally, we observed that in the
scrambled VIVAK condition, the neurite outgrowth was noticeably more extensive than other
conditions, particularly apparent in the NF-M staining. A literature and peptide database search
produced no evidence that VIVAK has any known function, although sample variability might

have been more responsible given the overall condition of the cells in this experiment.
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Figure 5-139: IHC staining of iPS-NSC after 5 Days in culture in CMA gels. Uncrosslinked Region Shown. 10X
Magnification.
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Another attempt at investigating the effect of photografting peptides into 3D gels was made
with ad hoc revisions to the methodology reflective of the previously encountered problems.
Primarily, peptide was solvated in DMSO for 1 H at 37C, then sonicated for 10 minutes, and
finally added to the premixed macromer solution in an attempt to minimize pH and aqueous
phase-induced aggregation. To address cell quality concerns, cells from a lower passage were
used, and cell counts were repeated after harvest to ensure proper cell concentration and
maximal viability. In addition, logistical changes were made concerning timing of mixing and
gelation to minimize time after gelation/photocrosslinking until medium was added. Finally, a
new batch of anti-rabbit secondary antibody was used. However, despite these efforts, the
results were essentially the same (Figure 5-20), with peptide actually aggregating into larger
chunks, as seen in the IKVAV condition. Interestingly, iPS-NSC in VIVAK containing gels, in both
uncrosslinked and photocrosslinked conditions, displayed increased neurite outgrowth

compared to control gels.

Control IKVAV VIVAK YIGSR

“ .

Photocrosslinked
CMA
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Figure 5-140: Tujl (Green) and GFAP (Red) staining of pre-differentiated iPS-NSC in CMA hydrogels
Photocrosslinking after 5 days in culture. Nuclei are counterstained with DAPI (Blue). Images taken at 10X.
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Analysis of iPS-NSC morphology with other neuronal markers revealed similar augmentation of
expression in VIVAK conditions compared to control CMA. MAP2, synaptophysin (SYN), and

vesicular glutamate transporter (VGLUT) were all expressed more highly in VIVAK gels (Figures 4-

21,4-22, 4-23).
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Figure 5-141: Pre-differentiated iPS-NSC in CMA t Photocrosslinking. Tujl (Green), MAP2 (Red), DAPI (Blue)
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Figure 5-142: Pre-differentiated iPS-NSC in CMA * Photocrosslinking. Tujl (Green), SYN (Red), DAPI (Blue)
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Figure 5-143: Pre-differentiated iPS-NSC in CMA t Photocrosslinking. Tujl (Green), VGLUT (Red), DAPI (Blue)

The presence of this phenomenon in both uncrosslinked and photocrosslinked conditions
indicates a possible interaction of the peptide regardless of whether it has been bound to the

CMA matrix via photocrosslinking. Further investigation with a simplified system such as bulk
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EDC grafting compared to VIVAK in solution may provide insight into the functionality of VIVAK

as a bioactive ligand and may elucidate whether it indeed has biological activity.

5.3.6  iPS-NSC Culture on 2D Peptide-Photocrosslinked CMA Gels

Lack of efficacy in maintaining cell viability through the inclusion of methacrylated peptide led
us to step back and analyze whether peptide photografting had a noticeable effect on cellular
behavior in the absence of the confounding free radical exposure. Experiments were performed
by plating differentiated iPS-NSC in 2D on top of 150 uL CMA gels previously photografted with
methacrylated peptides within 48 well plates. Initially, 0.2 mg/mL concentrations of
methacrylated peptide were used, with 0.05% 12959 and 180 s UV exposure used to ensure
completion of photoinitiation. After washing 3X with PBS, cells were plated in NDM (4x10°
cells/well) and cultured for 7 days, with medium changed every 2 days. Following culture cells
were then fixed and stained via IHC to analyze whether morphological differences resulted from
culture the various substrates. Nestin was used to assess stemness of cells, while other samples
were stained with Tujl and either MAP2, VGLUT, SYN, or GFAP, with all images counterstained
with DAPI to visualize nuclei. A significant difference was observed after examining
uncrosslinked conditions, where it appeared that the cells had sufficiently contracted the gel
near the center and pulled some of the gel off of the dish, which was not seen in any of the
other groups. Even though iPS-NSC are not contractile cells, the sheer number of cells,
exacerbated by apparent pooling of cells in the center of the well due to gel geometry, was
sufficient to disrupt the gel during the 7 days in culture. As seen in Figure 5-24, overall nestin
staining appeared equivalent among all groups where gel geometry was intact. Morphology of
cell colonies appeared similar across all crosslinked conditions, which consisted mostly of large

clusters of nuclei connected by networks of thin, axonal-looking processes, except where cells in
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the uncrosslinked gels were close to the contracted border, where nuclear clusters were
typically larger and had less neuronal processes. In all conditions, there were very few single
cells in areas between clusters. Fasciculation of axons appeared to be random, with a spectrum

of process bundle diameters and varying tortuosities.

Figure 5-144: Nestin (Green) and DAPI (Blue) IHC of Differentiated iPS-NSC after 7 Days in Culture on: CMA Control
(A), CMA Photocrosslinked (B), CMA + Me-G6-IKVAV (C), CMA + Me-G6-VIVAK (D), CMA + Me-G6-YIGSR (E). Images
at 10X.

In Tuj1/MAP2 stained samples, Tujl staining intensity was similar for all crosslinked conditions,
but appeared somewhat reduced in the uncrosslinked CMA gels, indicating that differentiation
was suppressed slightly in that condition. In all conditions, Tujl staining was similar in intensity
and morphology to nestin staining, indicating that both proteins were expressed simultaneously

and implying that differentiation is ongoing at this stage of culture (Figure 5-25). However,
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direct colocalization studies were not performed. Not surprisingly, MAP2, a more mature

dendritic neuronal marker, was not measurably expressed in any condition.

Figure 5-145: Tujl (Green), MAP2 (Red) and DAPI (Blue) IHC of Differentiated iPS-NSC after 7 Days in Culture on:
CMA Control (A), CMA Photocrosslinked (B), CMA + Me-G6-IKVAV (C), CMA + Me-G6-VIVAK (D), CMA + Me-G6-
YIGSR (E). Images at 10X.

Samples stained with Tuj1/VGLUT (Figure 5-26) displayed similar, low levels of VGLUT expression
among all photocrosslinked conditions, appearing, as expected, as puncta colocalized to axonal
processes and the boundaries of nuclear clusters. Soma and neurites on uncrosslinked CMA did
stain for VGLUT, although expression appeared less punctuate and was more diffuse throughout
all cytoplasmic regions as compared to cells on photocrosslinked substrates. Again, it appeared
that iPS-NSC cultured on the disrupted CMA gels were at a less developed state of
differentiation. No major differences were observed between any of the peptide conditions,

indicating a lack of influence based on the presence of any photografted peptides compared to
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gels crosslinked alone. As seen in Figure 5-26 A, some nuclear clusters had detached from the

gel surface, although it was unclear if this was during culture or processing for immunostaining.

Figure 5-146: Tujl (Green), VGLUT (Red) and DAPI (Blue) IHC of Differentiated iPS-NSC after 7 Days in Culture on:
CMA Control (A), CMA Photocrosslinked (B), CMA + Me-G6-IKVAV (C), CMA + Me-G6-VIVAK (D), CMA + Me-G6-
YIGSR (E). Images at 20X.

Tuj1/SYN staining (Figure 5-27) revealed that SYN was highly expressed by iPS-NSC in every
condition, largely colocalized to the nuclear clusters with some staining appearing to colocalize
with axonal projections. It was unclear from qualitative morphological analysis whether
prototypical synapses were formed, although the expression levels suggest that nascent
neuronal connections were possibly forming. Longer differentiation periods along with

electrophysiology would elucidate whether functional synapses are created in this culture
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system. Again, the presence or absence of peptide was insignificant towards augmenting

apparent synapse formation.

Figure 5-147: Tujl (Green), SYN (Red) and DAPI (Blue) IHC of Differentiated iPS-NSC after 7 Days in Culture on: CMA
Control (A), CMA Photocrosslinked (B), CMA + Me-G6-IKVAV (C), CMA + Me-G6-VIVAK (D), CMA + Me-G6-YIGSR (E).
Images at 20X.

GFAP expression was almost nonexistent in all conditions, indicating that culture on any of these

gels did not foster preferential glial differentiation over neuronal lineages (Figure 5-28).
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Figure 5-148: Tujl (Green), GFAP (Red) and DAPI (Blue) IHC of Differentiated iPS-NSC after 7 Days in Culture on:
CMA Control (A), CMA Photocrosslinked (B), CMA + Me-G6-IKVAV (C), CMA + Me-G6-VIVAK (D), CMA + Me-G6-
YIGSR (E). Images at 10X.

Interestingly, the morphology of iPS-NSC near the contracted edge was consistent in that
nuclear clusters increased in size, presumably due to the lack of other substrate to adhere to.
Due to the shape of the gels in the tall cylindrical wells, gels formed a concave shape, which
funneled cells toward the center of the well during plating. In addition, the gels were thinnest at
the center, resulting in a high concentration of cells on the thin center, which was then
disrupted as cells adhered and migrated into clusters. It is unclear whether iPS-NSC adhered
more to the uncrosslinked CMA or whether the reduced stiffness of the material compared to
the other photocrosslinked gels was the main factor in the uncrosslinked CMA gels being
compacted. In all staining conditions, the large nuclear clusters near the gel edge also had the

lowest expression of other protein markers. As outlined in the selected images of Figure 5-29,
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cells at the gel boundary cluster up and display lower expression of either nestin (Figure 5-29 A)
or Tujl (Figure 5-29 B-C). The circumferential alighment of cells and neurites at the compacted
gel edge is most striking in Figure 5-29 D, which at the low magnification of 4X shows the
curved, compacted gel edge, made almost entirely of nuclei, with very little accompanying Tujl

expression. It is unclear whether these cells have differentiated into a different lineage, as the

markers stained for here reveal little about the phenotype of these boundary cells.

Figure 5-149: iPS-NSC near Contracted Gel Edge. Nestin/DAPI at 10X (A), Tuj1/MAP2/DAPI at 10X (B),
Tuj1/SYN/DAPI at 20X (C), Tuj1/VGLUT/DAPI at 4X (D), Tuj1/GFAP/DAPI at 10x

As discussed previously, in the former 2D experimental setup, the meniscus formed by the
surface tension created concave gels, resulting in non-uniform gel thickness and causing cells to
pool in the center of the wells. The concomitant cellular compaction permitted by this

phenomenon complicated direct comparison of iPS-NSC behavior on uncrosslinked and
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photocrosslinked substrates. We repeated the experiment, this time using % masked gels
formed in Mat-Tek dishes similar to 3D experiments, which allowed for more uniform gel
thickness. The symmetrical gels resulted in more uniform cell distribution, and in addition
allowed smaller sample sizes, which enabled higher concentrations of peptide. Here we
increased the peptide to 1 mg/mL as the previous experiment showed no effect with peptide at
0.2 mg/mL. Briefly, CMA * methacrylated peptide was plated 100uL each into Mat-Tek dishes,
gelled, photocrosslinked, and extensively washed (2 mL/wash PBS, 4X: 5 minutes, 1 hour, 5
hours, overnight) to remove any unbound labile peptide. Differentiated iPS-NSC were plated at
4x10° cells/mL, 100 pL/ gel and cultured for 7 days in NDM. Cells were then fixed and stained to
analyze whether morphological differences resulted from the various substrates. Representative
samples are shown in Figure 5-30, in which montages of the entire well were imaged to examine
whether cell density or neurite outgrowth was effected after 7 days of culture on the substrates,
of which half of each was exposed to UV (left half of well) while the right half was masked from
photocrosslinking. As typified in these montages, there was no discernible difference in the
distribution, orientation, or colony morphology with respect to photocrosslinking or peptide
inclusion. Insets on the right margin of Figure 5-30 show magnified samples of colony
morphology, which was identical among and within each condition. While cell distribution was
more uniform in this experiment due to the symmetry of the gel geometry, there was still some
difficulty ensuring cell suspension was spread evenly near the edges of the gels due to surface
tension effects, resulting in some sparse populations. While this appears more severe some
images in Figure 58, this was seen to a similar degree in all conditions. Overall, differentiating
iPS-NSC were able to adhere to the surface of CMA gels and form extensive networks of
fasciculated axonal-like projections. The large, rapid colony formation indicates that these cells

prefer cell-cell adhesion compared to matrix attachment, and the presence of photografted
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laminin peptides at 1 mg/mL was not shown to be effective towards modulation of neuronal
adhesion or neurite outgrowth, although peptide aggregation likely reduced the availability of

peptide presentation as a functional ligand.

CMA Control

Figure 5-150: Montaged Images of CMA gels 1/2 Photocrosslinked with Methacrylated Peptide. Green is Tuj1, Blue
is DAPI. Montages taken at 4X, Inset (Right) Taken at 10X
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5.3.7 DRG Outgrowth in 3D CMA Gels Photocrosslinked with Methacrylated Laminin Peptide

Intact chicken DRG were encapsulated similarly to the 3D iPS-NSC experiments, in an effort to
determine if peptide photografting could be used to augment neurite outgrowth. DRG have
previously shown to tolerate photocrosslinking well, so here we investigated their use with CMA
and methacrylated laminin peptides at 1mg/mL, photocrosslinked with 0.025% 12959 and 180 s
of UV exposure. Control gels with photocrosslinking only were used to compare peptide effect.
Following 5 days in culture with complete medium supplemented with NGF, gels were fixed and
stained for neurofilament-M. Again, peptide aggregation was noticed in all groups, and IKVAV
condition again interfered with the secondary antibody, and so was excluded from analysis.
Morphologically, DRG neurite outgrowth appeared the same in all conditions. Representative

samples of DRG can be seen in Figure 5-31.

Figure 5-151: DRG stained with NF-M in CMA Control (A), CMA + Me-G6+YIGSR (B), CMA + Me-G6-VIVAK.
Montaged Images, 4X.

Seven DRG in each condition were cultured, and neurite outgrowth was quantified using ImageJ.
Montaged images were contrast enhanced, and neurite outgrowth area was manually obtained
by tracing a line from the tip of each neurite to its closest neighbor aound the entire DRG
perimeter. The resultant enclosed area was measured and considered the neurite outgrowth

penumbra. Area was averaged among each condition and compared statistically with one-way
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ANOVA. We found no significant difference in the average outgrowth area between any

conditions. The results of the quantification are presented in Figure 5-32.
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Figure 5-152: Quantification of neurite outgrowth from DRG in CMA Photocrosslinked + Methacrylated Peptide.
Area Reported as Average Pixel Area + SD

While conventional wisdom, published results, and charge calculations intimated that the G6-
spaced methacrylated peptides should be water soluble, our empirical data proved otherwise.
As peptide solubility and aggregation were a major limitation to the investigation of efficacy
towards modifying scaffold biochemistry, we attempted to improve solubility based on peptide
design using a hydrophilic spacer to replace the G6. Additionally, a cell type with better
scalability was desired to reduce cell culture costs, with a focus on clinical regenerative

applications critical to future experimental design.
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5.3.8 Cellular Response to CMA Photografting with PSA-mimetic Peptide

A new strategy, based on findings by other members of our laboratory that a PSA mimetic
peptide could be used to augment Schwann cell proliferation and process extension, focused on
modulating Schwann cell behavior via photografting. A new set of peptides were synthesized,
PSA mimetic peptide (PP) and a scrambled peptide control (SP). Again, N-termini were
methacrylated, but rather than spacing peptides with the 6-glycine sequence, a hydrophilic
miniPEG was included that we hypothesized would allow higher concentrations of peptide to be
water soluble, and limit aggregation that we presumed to be caused by the less hydrophilic

glycine groups upon transition from DMSO to aqueous phase.

Schwann cells were provided through a collaborative effort with UBC and iCORD, who kindly
donated skin derived precursor (SKP) derived Schwann cells (SKP-SC). SKP-SC are a clinically
relevant source of glial cells that originate from neural crest-related progenitor cells harvested
from dermal tissue sources and have immense potential for regenerating injured nervous
system tissue through a number of mechanisms [105,106]. Additionally, adult spinal cord
progenitor cells (aSCP) were evaluated for interaction with CMA modified mechanically and with
PSA peptide mimics. These cells represent a possible mechanism for innate repair of SCI, and
guided orientation of spinal cord glial cells is a promising strategy for permitting axonal growth
into the lesion cavity as well as guiding regenerating axons to proper downstream targets.
Lastly, DRG were also evaluated for interaction with PSA peptides, as previous work by Masand
et al. showed that PSA mimetic peptide, when covalently bound to collagen gels, is a powerful
cue for increasing neurite outgrowth from sensory neuronal populations, comprising the bulk of

DRG cells [85]. Furthermore, PSA-grafted collagen also improved myelination of regenerating
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peripheral nerves and improved functional outcomes in a murine femoral nerve injury model

[107].

One concern with the revised peptide design was the possible toxicity of the miniPEG spacer, as
previous experiments showed that small molecular weight methacrylated PEG could be toxic
even at minute concentrations. Thus initial testing was performed to assess the toxicity of the
peptides at concentrations ranging from 0.1-1mg/mL in the absence of photoinitiator. Briefly,
iPS-NSC in growth medium were plated into a 96-well plate at 15K cells/well and cultured
overnight to adhere. The following day, medium with 0.1, 0.5, and 1 mg/mL Me-mPEG-PP
peptide in solution in medium was added to cells for 24 H, and MTS was used to assay viability.
Positive control with no peptide and a negative control containing 10% Etoh were included.
Results, provided in Figure 5-33, indicated that peptide was highly toxic at 0.1% and 0.5%, but
strangely had no adverse effects at a higher concentration of 1 mg/mL. A possible explanation is
that at the higher concentration, peptide was either aggregating or spontaneously polymerizing
in solution, rendering it non-toxic by virtue of increasing the effective molecular weight above

the toxic.
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Figure 5-153: MTS Assay Results, Cytotoxic Effects of Me-mPEG-PP in Culture Medium on iPS-NSC. p < 0.001.

While this data was alarming, further experiments involving these peptides were performed at 1
mg/mL due to the lack of apparent toxicity. Cytotoxicity screening was performed with SKP-SC
(1x10° cells/mL) encapsulated in CMA and photocrosslinked + Me-mPEG-Peptides at 1 mg/mL to
evaluate whether SKP-SC would tolerate exposure to 0.025% 12959 and 2 minutes UV, and if
peptide at 1 mg/mL would protect against photoinitiator toxicity. Live/Dead staining was
performed after 72 H in culture following encapsulation/photocrosslinking to assess viability.
Results (Figure 5-34) indicate that while SKP-SC adhered and grew in CMA gels (Figure 5-34 A),
photocrosslinking, regardless of whether peptide was present, resulted in reduction of viability

to near zero, not surprising given the high proliferation rate of SKP-SC.
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Figure 5-154: Live/Dead Stain of SKP-SC 72 H after Encapsulation in CMA (A) with Photocrosslinking (B), and Me-
mPEG-P1 (C) or Me-mPEG-P2 (D)

Since SKP-SC appeared highly incompatible with the photocrosslinking process, we sought to
investigate differences in cell behavior through interaction with pre-photocrosslinked CMA gels
in a 2D culture system where the free radicals produced have been washed out of gels before
cell seeding. Additionally, methacrylated peptides were crosslinked prior to seeding, which by
virtue of washing out potentially toxic peptide beforehand allowed us to examine whether
photografting these peptides resulted in modulated process morphology similar to results seen
previously with bulk EDC grafting of the same sequences. Briefly, CMA gels in 48 well plates with
and without photocrosslinking and methacrylated peptide (1 mg/mL) were washed thoroughly

with PBS, and SKP-SC (5x10 cells/well) were seeded and cultured for 5 days, after which gels
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were fixed and immunostained for the Schwann cell marker S100. Figure 5-35 portrays

representative morphology of SKP-SC after 5 days, with DAPI included as a nuclear counterstain.

Figure 5-155: SKP-SC Cultured in 2D on CMA (A), Photocrosslinked CMA (B), and CMA Photocrosslinked with Me-
mPEG-PP (C) and Me-mPEG-SP (D). Images taken at 20X, Scale Bar = 100 pM.

Using Imagel, we quantified several morphological features to ascertain whether
photocrosslinking or peptide had a measureable effect on SKP-SC process extension. Mean cell

number per image was calculated by averaging the number of DAPI positive nuclei from 4
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images in each condition (Figure 5-36). After performing ANOVA combined with Tukey’s post
hoc test , we observed that the uncrosslinked CMA had significantly fewer cells per image (69.8
*+ 8.3) compared to photocrosslinked CMA, CMA + PP, or CMA + SP (104.2 £ 15.9, 93.3 £ 10.2, 99

1 6, respectively). Cell number between photocrosslinked groups was not significantly different.
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Figure 5-156: Quantification of SKP-SC Number on CMA Substrates after 5 Days in Culture. p < 0.05

Next, we measured the average number of primary cellular processes, normalized to cell
number in each image. Primary cell processes were also measured, defined as the path length of
the process from nuclear boundary to tip of furthest extended branch. Lastly, branch number
was quantified by counting the number of process tips, and normalizing to primary process

number as well as cell number for analysis. The results of these analyses are outlined in Figure 5-
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37. Average process number per cell was not significantly different between any groups,
although average process length was significantly longer in both photocrosslinked CMA and PP-
photocrosslinked CMA compared to uncrosslinked CMA. Average branch number, while not
significantly different between any groups, trended higher for SKP-SC cultured on PSA peptide-
photocrosslinked CMA when normalized to both process and cell number. Overall, it appears
that photocrosslinking CMA has a profound effect on SKP-SC interaction by increasing cellular
adhesion and augmenting process extension. Furthermore, PSA mimetic peptide appeared to

synergistically increase these effects, although only marginally.
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Figure 5-157: Quantification of SKP-SC Process Morphology on CMA Hydrogels (CC), Photocrosslinked CMA (CX),
and CMA Photocrosslinked with 1 mg/mL Me-mPEG-PSA (PP) and Me-mPEG-Scramble (SP) Peptides. Reported as
Mean * SD, p < 0.05.
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We also looked at whether adult spinal cord progenitor cell (aSCP) differentiation could be
performed on CMA with similar conditions, but with peptide concentrations increased to 2
mg/mL based on the marginal effect seen with SKP-SC at 1 mg/mL. Neurospheres of aSCP
cultured in proliferation medium were switched to differentiation medium for 24 hours, then
plated on CMA with and without photocrosslinking and methacrylated peptide. Differentiation
was allowed to continue for 5 days, and then samples were fixed and stained with a panel of
neural differentiation markers consisting of Nestin, Tuj1l, GFAP, and NF-200. Immunostaining
images were then qualitatively analyzed to determine if cell morphology or protein expression
was affected with respect to matrix conditions. Analysis of images, summarized in Figure 5-38,
revealed that aSCP cultured on uncrosslinked CMA gels exhibited very little process extension,
with neurosphere boundaries remaining distinct. Additionally, very few cells migrated away
from the neurosphere edge. Conversely, in the photocrosslinked CMA and CMA-PP gels, cellular
outgrowth and migration away from the neurosphere onto the gel surface was markedly
increased, with GFAP-positive cellular processes particularly more numerous and elongated on
the CMA-PP gels. CMA gels photografted with SP appeared to be less permissive for aSCP
outgrowth than the other crosslinked conditions, with neurosphere morphology more similar to
uncrosslinked CMA. Overall, protein expression levels were similar among all groups, indicating
that gel composition is more instructive for cellular orientation than differentiation lineage
guidance. These data indicate that photocrosslinking and PP functionalization help to facilitate
aSCP outgrowth into CMA gels, although variability in neurosphere size, shape, and distribution
on gel surfaces made quantification of outgrowth difficult. Furthermore, the wide array of
protein markers expressed concurrently indicate that differentiation at this timepoint is quite
nascent, and longer culture periods are needed to draw any meaningful conclusion of substrate

properties on aSCP differentiation.
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Figure 5-158: Immunostained Differentiating aSCP on CMA Gels * Photocrosslinking + PSA and Scramble
Photografted Peptide at 2 mg/mL. Scale Bar = 100 puM.

Peptide concentration was further increased to 4 mg/mL, as previous results were promising
although measurable effects were subtle. However, as peptide is solvated at 10X the final
concentration due to constraints for mixing CMA stock and precursor, this required stock
peptide solutions of 40 mg/mL, which resulted in a number of problematic issues. First, it was
unclear whether this concentration is beyond the solubility of these peptides, as visual

inspection of stock peptide during dissolution revealed that some precipitate remained after
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similar time periods with lower concentrations that appeared to completely dissolve all
lyophilized peptide. Additionally, viscosity of peptide at this concentration was noticeably higher
than previously seen, which made transfer of reagents difficult and resulted in some peptide lost
to container and pipette tip adhesion. Lastly, and most troubling, after eventually going into
solution with extended incubation in a heated water bath, it appeared that peptide in PP and to
a worse degree SC stock solutions began to aggregate to a substantial degree, forming a viscous
gel even before mixing with other CMA precursor reagents. As such, the effect concentration of
labile peptide was unknown, and almost certainly different between PP and SC CMA gels,
making comparison of effects on cells difficult to interpret. Even so, we plated SKP-SC and aSCP
onto the resultant gels in a similar fashion to the previous experiments, and allowed them to
culture. Additionally, PDL/Laminin on TCP was included as a control to compare CMA gel to
standard 2D substrates. Cells were cultured for 3 days and fixed and immunostained for salient
markers to assess morphological differences. Figure 5-39 shows the results with SKP-SC. Here,
given the issues observed with peptide aggregation, only cursory qualitative analysis was
performed. Briefly, all SKP-SC cell number and process extension on CMA conditions appeared
comparable to previous data, with PP appearing to be more conducive to SKP-SC process
extension than SC photografted and CMA control gels. However, process extension appeared
less branched overall for all conditions, possibly due to the shorter culture period. Process
extension in all CMA conditions was considerably lower than PDL/Laminin, indicating that SKP-
SC preferred the PDL/Laminin to CMA based materials, although the flattened morphology of
the SKP-SC in that condition was somewhat uncharacteristic for these cells, and over-confluence
in the PDL/Laminin condition may have influenced this atypical morphology. Interestingly,
proliferation on all CMA conditions appeared reduced compared to PDL/Laminin, which may be

a useful attribute for tissue engineering where exponential proliferation may be undesirable.
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Figure 5-159: 2D Culture of SKP-SC on TCP with PDL/Laminin (A), CMA (B), Photocrosslinked CMA (C), CMA + PP (D)
and CMA + SC (E). Green is S100, Blue is DAPI. Images taken at 20X Maghnification. Scale Bar = 100 um

Similar results were obtained from parallel experiments with aSCP. On TCP coated with
PDL/Laminin, differentiating neurospheres self-dissociated, and a monolayer of GFAP positive,
glial-like cells spread across that substrate, extending numerous processes. aSCP in all CMA
groups were consistent in remaining in tightly formed neurospheres with few cells migrating out
onto the hydrogel surface. Although a large fraction of the neurospheres themselves adhered to
the substrate throughout the culture process, it was observed that during medium changes that
a significant number of neurospheres were in suspension and were aspirated out of culture.
Thus, in this set of experiments, the increased concentration of peptide appeared to have a less
potent effect than at 1 mg/mL, presumably due to peptide aggregation. Representative images

of aSCP morphology are displayed in Figure 5-40.
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Figure 5-160: 2D Culture of aSCP on TCP with PDL/Laminin (A), CMA (B), Photocrosslinked CMA (C), CMA + PP (D)
and CMA + SC (E). Green is GFAP, Blue is DAPI. Images taken at 20X Magnification. Scale Bar = 100 pm

Encapsulated DRG in CMA gels containing 2 mg/mL PP and SP peptides were photocrosslinked
with standard procedures and cultured for 3 days in complete medium to investigate whether
this concentration of PSA peptide would increase neurite outgrowth in a similar fashion to EDC
grafted PSA-collagen previously described and published. DRG in CMA hydrogels %
photocrosslinking £+ PP and SP were fixed and stained for neurofilament-200. End-to-end
distance of neurite extension from the portion of the DRG not extending from the severed root
was measured from DRG soma to neurite tip. Data from four DRG per condition were averaged
and compared, and one-way ANOVA was performed with Tukey’s post hoc test to determine if
photocrosslinking or peptide presence had a significant effect. As per this analysis, summarized
in Figure 5-41, there was no significant difference in average neurite outgrowth between any of

the conditions. Figure 5-42 displays representative images of neurofilament-200 and DAPI
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stained DRG in each condition, which shows robust neurite outgrowth across all groups. Thus,

we concluded that photografting PP and SC at these concentrations had no measurable effect

on neurite outgrowth.
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Figure 5-161: Neurite Outgrowth from CMA-encapsulated DRG * Photocrosslinking with PP and SC. Bars are mean

neurite length + SD.

Figure 5-162: Neurofilament-200 (Red) and DAPI (Blue) Images of DRG Cultures in CMA (A), Photocrosslinked CMA
(B), and CMA Photocrosslinked with Me-mPEG-PSA (C) and Me-mPEG-Scramble (D)
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Lastly, we wanted to determine if patterning peptide at 4 mg/mL could be used to orient aSCP
growth when cells were encapsulated at 1x10’ cells/mL. After 24 H in differentiation medium to
reduce proliferation rates, aSCP were dissociated from neurospheres with 0.25% trypsin/EDTA
and encapsulated in 100ul CMA gels in Mat-Tek dishes. Masks with alternating 100 um stripes
were placed between the cover-glass bottoms of the Mat-Tek dishes and UV light was applied
for 2 minutes in the presence of 0.025% 12959. Following photocrosslinking, gels were washed
3X with differentiation medium and cultured for 72 H, after which Live/Dead staining was used
to ascertain whether cell cytotoxicity was observed in a patterned manor, and if potential
crosslinking of peptides in the pattern provided guidance to differentiating aSCP outgrowth.
Here, peptides were put in solution at 37°C and then quickly cooled to prevent spontaneous
gelation before admixing into CMA/cell solutions. No aggregation was observed in peptides
prior to incorporation to CMA solution, although viscosity of peptide stock resulted in some lost
material during reagent transfer. After analysis of Live/Dead stain, it was evident that PSA
peptide was highly toxic, as the majority of cells in that condition were dead regardless of
photocrosslinking. Photocrosslinking had no apparent adverse effects on the cells in the CMA
alone gels, as calcein staining was equivalent for both uncrosslinked and crosslinked samples.
However, while SP had no initial toxicity, cells crosslinked in the presence of that peptide were
significantly reduced in viability. It was noted that no specific orientation was produced via

masking of the gels. Results can be seen in Figure 5-43.
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5.3.9 Visualization of Photopatterning

To investigate the spatial limitations of photopatterning, we attempted to incorporate reactive
fluorophores into the photocrosslinking reaction process to determine pattering resolution as
well as quantify photografting efficiency. Several fluorescent molecules were tested, with
varying degrees of success towards visualizing photocrosslink patterns. Nile Blue Acrylamide
(NBA), fluorescein-o-acrylate (FoA), methacrylate-TRITC (MeT), FITC-conjugated methacrylated
peptide, DAPI-conjugated methacrylated DNA, and FITC-avidin conjugated to biotin-PEG1K-thiol
were tested as visualization agents. NBA, which fluoresces in water (Ex: 635 nm, Em: 674 nm)
was incorporated into CMA macromer solution, and gels were % masked and photocrosslinked.
While some visualization of photocrosslinking was apparent (Figure 5-44 A) as increased

fluorescence intensity on the UV exposed left portion of the image, the signal was extremely
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weak. In addition, NBA visually precipitated out of solution upon addition to the CMA precursor
solution even at concentrations that were not measurably fluorescent. Further attempts with
this reagent were not continued. FoA, seen in Figure 5-44 (B and D), required adjuvant solvents
(MeOH (B), DMSO (D)) to form solutions. With methanol, FoA precipitated out of solution when
added to CMA solutions. However, as seen in Figure 5-44 B, masking was able to impart
patterned fluorescence in the region exposed to UV, a Rutgers “R”, in this case. However,
precipitation and the resultant background fluorescence made quantification of fluorescence
unreliable as a mode of measuring photografting efficiency. When FoA was dissolved first in
DMSO, at low concentrations there was not substantial precipitation, although standard
fluorescence microscopy used for FITC visualization was unable to capture an increase in
fluorescence in UV-exposed regions. Interestingly, Illumination of %2 photocrosslinked gels with a
UVA-producing flashlight revealed that conjugation was present (Figure 5-44 D), although it was
unclear why this was not visible under either a standard DAPI or FITC filter set. Additionally,
rheometry data of CMA photocrosslinking with FoA in solution showed evidence that FoA
imparted additional stiffness to gels, distinct from storage modulus increase from [2959-
mediated photoinitiation, which complicated analysis of photografting efficiency due to
apparent interaction of FoA and CMA beyond the expected methacrylate-acrylate binding. Me-
TRITC, a commonly used fluorophore for visualizing PEGDA-based photocrosslinked hydrogels,
was unusable in our application as we observed that it non-specifically bound to CMA even in
the absence of 12959 or UV light, as per visualization of CMA fibrils (Figure 5-44 C). A similar
phenomenon was observed with DAPI-visualized methacrylated DNA, which also bound to CMA
even without photoinitiation (Figure 5-44 F). FITC-conjugated methacrylated peptide, with a PSA
mimetic as the peptide sequence, actually showed up as more fluorescent in the UV-masked

region of the gel (Figure 5-44 E, left side). Again, non-specific binding and/or aggregation of the
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peptide appeared to be present, and UV exposure of the fluorescent gels appeared to cause
rapid photobleaching, which resulted in less fluorescence than the non-photocrosslinked
portion. Lastly, biotinylated PEG-thiol (BPT, PEG M,y = 1KDa) was used as an analog for peptide
photografting quantification. Thiol functionalization was used instead of methacrylate/acrylate
due to commercial availability. Briefly, the BTP was added to the macromer solution, %
photocrosslinked, and the unbound BTP was washed out of the gel. Avidin-FITC was then
incubated with the gels and unbound fluorophore was washed out. However, across various
concentrations of both BPT and avidin-FITC, no measurable fluorescence was detected,
indicating negligible photografting efficiency with this system. Overall, we were able to show
that photocrosslinking patterns could be visualized via fluorescent monomers, although we
were unsuccessful in using any of the reagents tested for quantification of photografting
efficiency due to non-specific binding, fluorophore precipitation, and bleaching of fluorescence

tags by photoinitiation conditions.
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Figure 5-164: Photopatterning CMA with Various Acrylated/Methacrylated Fluorophores: Nile Blue Acrylamide (A),
Fluorescein-o-Acrylate (B,D), Methacrylated DNA/DAPI (C), Methacrylate-PSA-FITC (E), Methacrylate-TRITC (F)

One concern with patterning fidelity was attenuation of UV through interaction with CMA fibrils,
which may create anisotropy as a function with respect to distance from CMA gel boundary. We
examined the effect of CMA gel thickness by measuring UV light intensity penetration. Gels from
0-3 mm thick were cast in PDMS wells and UV irradiance was measured with and without gels
present. As outlined in Figure 5-45, UV intensity was measured to be 99% as compared to air
when gel thickness was 526 um, which was close to the thickness used for all real-time UV
rheometry characterization experiments. At 1.05 mm, UV intensity was attenuated by 4%. All
cell-encapsulated CMA gels in Mat-Tek dishes discussed previously were less than 1 mm thick.
Light attenuation increased linearly with gel thickness, with gels measuring 2.63 mm allowing

86% of the UV light intensity.
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Figure 5-165: Penetration of UV light into CMA Vs Gel Height

5.4 Discussion

In order to evaluate whether CMA photocrosslinking could be used as a tool for modulating
cellular behavior in the context of neural regeneration, we characterized the cytocompatibility
of UVA-I12959 photoinitiation in the presence of live cells. 12959 was chosen as the photoinitiator
based on its water solubility and published reports of its compatibility with mammalian cells in
photocrosslinking applications [102]. Initially, 12959 was screen with multiple cell types on TCP in
what we considered to be a ‘worst-case’ scenario where no photoactive material was present to
act as a sink for free radicals produced upon 12959 activation. Testing was performed in this
manner both to expedite testing as TCP-based assays are far simpler to execute and to remove

CMA variability as a factor during CMA derivatization optimization, which was ongoing
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concurrently to initial cytotoxicity screening. The rationale was that since 12959 photoinitiation
was cytocompatible, cells should be able to survive its use regardless of CMA presence, and cells
that screened positively in this regime would only be more compatible when encapsulated in
the radical-absorbing CMA matrix. Indeed, we saw that some cells, including 3T3 fibroblasts,
hMSC and RG-8 NSC, were largely tolerant of 12959 concentrations up to 0.05%, commonly
reported in literature as efficient for catalyzing photopolymerization with a variety of materials
[19,25,108,109]. Conversely, other cell types such as hESC, were highly susceptible to the free

radical production, and were not pursued at target cells in further experiments.

Our assumption that CMA would appreciably mitigate cytotoxicity appeared to not be well-
founded, as significant cytotoxicity was observed in photocrosslinked CMA-cell constructs even
with modest 12959 concentrations, which was somewhat unexpected data published elsewhere
using 12959 to polymerize and modify photosensitive hydrogel scaffolds. A study by Albrecht et
al.,, using 20% PEGDA photocrosslinked with 0.1% 12959 successfully formed stable hydrogels
with encapsulated 3T3 fibroblasts, and viability was not compromised [110]. In another study,
Burdick et al., evaluated viability of encapsulated 3T3 fibroblasts in acrylated hyaluronic acid
(AHA, 2-20% w/v), photocrosslinked with 0.05% 12959 [111]. Their results indicated that 3T3
viability was highly dependent on macromer molecular weight, indicating that significant
differences in photocrosslinking toxicity may result from aspects related to photocrosslinking
dynamics, which are poorly understood in CMA. One hypothesis for the overall high toxicity we
observed during CMA photocrosslinking may be the relatively low per mass ratio of
methacrylates on CMA compared to other photopolymers. The CMA concentration used (2-3.5
mg/mL, which equates to 0.2-0.35% of the overall mass of the hydrogel) was much lower than
the aforementioned studies using PEGDA or AHA, which both have many more reactive groups

per unit mass. This theory was largely validated in experiments where PEG2KDA was included at
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1% w/v, which significantly improved viability compared to similar 12959 concentrations and
CMA alone. Thus, the much higher concentration of reactive groups may result in a significant
sink for radicals and likely is responsible for mitigating some toxicity. The fact that CMA is
organized into a fibrillar network means that the methacrylate groups are confined to the fibrils,
which may further decrease their overall volumetric distribution to near negligible levels.
Furthermore, this non-uniform distribution may also explain why such relatively high 12959
concentration was required to achieve significant augmentation of mechanical properties as per

rheological analysis discussed in previous chapters.

In our studies, some cells, such as hMSC RG-8 NSC, appeared to be more viable when exposed to
12959 photoinitiation on TCP than in CMA gels, although cell density differences between the
two culture models were likely a deciding factor in the cytotoxic effects. Further evaluation of
cell density in CMA gels indicated that higher cell density resulted in greatly improved post-
crosslinking viability, which we conjectured was simply a stoichiometric relationship of the ratio
of free radicals to cells. DRG, consisting of large tightly packed multicellular aggregates,
appeared to be highly compatible with photocrosslinking in CMA gels as evidenced by robust
neurite outgrowth in photocrosslinked gels. However, it is difficult to determine whether this
was due to low proliferation rates of DRG neuronal cells, trophic support of associated glial cells,
or simply the sheer number of cells present. Our results also mirrored published findings that
proliferation rate was prognostic of 12959 compatibility, as highly proliferative cells such as L2.3
and CTX-8 exhibited significant photoinitiator toxicity even in dense neurosphere culture within
CMA gels, whereas hMSC, which are less proliferative, were generally tolerant of
photocrosslinking provided encapsulation density was sufficient. Additionally, hMSC are

purported to have a cyto-protective role in vivo, mediated by the secretion of soluble factors,
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which may have contributed to their robust survival of photoinitiation especially at higher cell

densities [112-114].

Given the tolerance for photocrosslinking and the published correlation between substrate
mechanical properties and neurogenic differentiation [46], hMSC were initially chosen as the
focal cell type for evaluating in situ mechanical modulation via photocrosslinking CMA gels. In
conjunction with real-time rheometry, we were able to optimize the UV exposure time for use
with 0.025% 12959 and obtain a 5-6 fold increase in storage modulus while maintaining > 80%
viability with encapsulated hMSC. This important benchmark allowed us to modulate the
stiffness of the gels within a range of properties that we believed would have an effect on
neurogenic differentiation, based on previously published values. Indeed, photocrosslinking
appeared to have a profound effect on the morphology of hMSC encapsulated in CMA, inducing
a highly branched process extension as compared to native collagen. However, comparison to
uncrosslinked CMA was rendered complicated due to extensive compaction of CMA by hMSC, a
surprising phenomenon that resulted in a material of dynamic material properties which was
problematic given our experimental platform was designed to evaluate the effect of mechanical
properties on hMSC differentiation. Furthermore, the question of whether hMSC are actually
capable of differentiation into functional neuronal cells is still being debated my many
researchers, and may be dependent on the source of cells. Our cells, from young adult donors,
appeared to constitutively express several neuroectodermal markers, including nestin, By
Tubulin, and GFAP, even when cultured in growth medium on TCP. Evaluation of these markers
in hMSC on TCP compared to in native collagen and CMA gels revealed no significant
differences. In an effort to decouple hMSC compaction of CMA from stiffness, we evaluated
several published methods for chemically inducing hMSC into a neuronal phenotype in the

hopes that these neurally-induced (NI-hMSC) cells would be less likely to exhibit contractile



212

behavior. Indeed, NI-hMSC were not able to compact uncrosslinked CMA gels, exhibited down-
regulated nestin expression, increased MAP2 expression, and maintained a high level of By-
Tubulin expression. However, the same was true for NI-hMSC in native collagen as well as
photocrosslinked hMSC. Additionally, changes observed in NI-hMSC from typical proliferation
morphology to a neuronal morphology occurred in a matter of hours upon addition of neural
induction medium, which raised questions about the validity of the induction and whether
cytoskeletal modulation by chemical factors was mainly responsible for the neuronal-looking
morphology. Indeed, over time in culture, cell morphology returned to a more typical hMSC
looking appearance, and replacement with fresh induction media resulted in further transient
neural morphology. Possibly, the cell source we used was inadequate for investigating neural
differentiation. Thus, while we successfully developed a platform to investigate hMSC
neurodifferentiation in mechanically dynamic 3D hydrogels, we decided eventually to refocus on
more clinically promising cell types for neural regeneration, although application with a more
appropriate cell source may be worthwhile in the future. Furthermore, other soft tissue
engineering applications may be better suited to CMA-hMSC gels. The ability of hMSC to
robustly compact CMA gels, and the spatial control afforded by crosslinking areas where
compaction is not desirable may possibly hold promise for creating cell compacted tissue
constructs with complex geometries. Additionally, the fibrillar structure of CMA results in
directed compaction creating oriented microstructures, such as circumferentially aligned fibrillar
bundles, which have unique biological and mechanical properties created by anisotropic scaffold
remodeling. One such application, shown as a proof of concept previously, is toward
engineering vertebral discs, where the native tissue geometry entails a gelatinous, amorphous
gel surrounded by bundle of aligned collagen fibers to provide mechanical integrity. Using CMA-

encapsulated hMSC, we were able to create a similar structure using only a 2 minute exposure
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of light. Other applications for CMA include vascular engineering, a possibility investigated by
undergraduates in our laboratory in which tube-like structures created by cellular compaction
were then photocrosslinked afterwards to improve the mechanical properties. Finally, we
evaluated hMSC and smooth muscle cell adhesion to CMA gels n comparison to native collagen
to determine if the compaction phenomenon was the result of CMA derivatization significantly
increasing the adhesive qualities. Our results indicated no drastic differences, leading us to the
conclusion that differences in CMA gel micromechanics are the driving mechanism, possibly due

to intrafibril instability as discussed in previous chapters.

Next, we evaluated CMA as a 3D substrate for culturing, differentiating, and influencing cellular
behavior with an array of neuroregeneration-relevant cells including human iPS derived neural
stem cells, embryonic chicken dorsal root ganglia, rat skin-derived precursor-derived Schwann
cells, and rat adult spinal cord progenitor cells. Proliferating iPS-NSC were highly susceptible to
12959 associated radicals, even at cell densities as high as 1x10’ cells/mL. However, when
proliferation was inhibited by pre-differentiated into a neuronal lineage, viability was improved
significantly, and cells exhibited neuronal morphology in CMA gels with and without
crosslinking. However, while cellular viability was acceptable, the effect of free radical
generation also greatly inhibited process extension, possibly implying that cellular health was
detrimentally affected. Decoupling radical damage from mechanical cues remains a significant
challenge for engineering mechanical microniches within cell-encapsulated CMA hydrogels. Thus
while mechanical property modulation via photocrosslinking may be an acceptable modality for
guiding cellular outgrowth through inhibition, the harmful effects of 12959 photoinitiation need

to be considered as an unavoidable consequence.
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Additionally, we sought to influence iPS-NSC differentiation and outgrowth through modification
of the biochemical properties of CMA gels with photografted functional peptides. Functional
sequences from laminin were used as model peptides as neuronal adhesion to laminin coated
surfaces is a well documented characteristic, and previous work has demonstrated that
micropatterned laminin can be used to guide neurite outgrowth[115]. Additionally, we believed
that the increased labile methacrylate groups present in the photocrosslinking milieu would
improve cell viability following photocrosslinking by reducing the excess radical pool available to
attack cells. Peptide design was performed using sequences used by other members of our lab
previously, as well as incorporating elements from the literature implicating increased efficacy
of peptide function through the use of a flexible poly-glycine spacer, which purportedly
improves cellular access to the functional sequence. Results with this peptide were problematic,
primarily due to unexpectedly poor hydrophilicity of the peptide. Methacrylation may slightly
reduce solubility due to replacement of the charged N-terminal amine with the neutral
methacrylate, and the six-glycine spacer may also be slightly hydrophobic, but either
modification alone had previously not exhibited the strong hydrophobicity we observed with all
three peptides, indicating that a synergistic combination of these charge effects might be
responsible for the solubility issues. As such, at high peptide concentrations, visible aggregates
were observed and implied that very little labile peptide was able to photograft onto CMA. At
lower concentrations, we did not see aggregates, although they may have been small enough to
go unnoticed. Alternately, low concentration peptides may have been more soluble, but the
effective concentration was too low to produce an effect. Interestingly, the only peptide
condition that had any noticeable effect was the scrambled control, VIVAK, which has no
published biological function. Possibly, the sequence order affected solubility, as the terminal

amino acid, lysine, may have imparted increased hydrophilicity compared to the laminin
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sequence IKVAV, which has a polar valine at the terminus. Solubility differences were observed
even in DMSO stock solvation times, although peptide purity may have been a factor. It is
possible that the presence of a soluble peptide, and not the sequence itself, resulted in the
morphological effects observed, particularly the increased outgrowth compared to control CMA.
Non-specific binding of secondary antibody to IKVAV peptide aggregates, while helping to
elucidate the aggregation problem, further compromised VIVAK-IKVAV comparison biologically.
Further investigation of VIVAK as a functional sequence may be warranted in the future.

Experiments with DRG and the same peptides were beset by similar issues.

Overall, iPS-NSC differentiation in CMA gels showed that these gels could be used as an effective
3D tissue culture substrate with potential as a clinical tissue engineering material or as a
platform for studying neurodevelopment and pathophysiology. However, in our experiments,
cellular susceptibility to photoinitiator toxicity and peptide design flaws resulted in a lack of
compelling data regarding guiding iPS-derived neural differentiation and outgrowth.
Furthermore, the time and material costs required to expand and differentiate tens of millions
of iPS-NSC per experiment became prohibitive for additional experiments. We determined that
1x10” iPS-NSC cells/mL was the minimum density in 3D gels to allow for viable long-term
culture, as lower densities failed to thrive even in the absence of photoinitiation. While feasible,
the material and reagent costs for growing such large quantities of cells became a significant
detriment for rationalizing additional experiments. In addition, recent findings suggest that

unexpected immunogenicity iPS cells may limit their clinical application [116].

Coinciding with the conclusion of these experiments was a collaborative research effort at the
University of British Columbia, which, among other things, resulted in procurement and culture

expertise with two clinically relevant cell types that were incorporated into experimental design
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with the subsequence set of peptide photografting experiments. Skin-derived precursor
Schwann cells have been implicated as potential target cell type for nervous system repair in
both CNS and PNS injury models. In addition, collagen grafted with PSA-mimetic peptide was
previously shown in our laboratory to positively modulate Schwann cell process extension, with
published results by our lab and other groups indicating that PSA-peptide was useful for
improving functional outcomes in peripheral nerve injury paradigms. The other cell type
acquired, adult spinal cord progenitor cells, are a recently discovered population of
multipotential glial precursors with exciting possibilities for spinal cord repair. Strong evidence
from others in our lab working with explanted organotypic spinal cord slices indicated that
spinal cord neuron regeneration could be modulated by PSA-mimetic peptide covalently bound
to collagen. Additionally, published results indicate that PSA, and to a lesser degree PSA-mimetic
peptide, may have a critical role in influencing the morphology of the glial scar, development of
the lesion cavity, and axonal regeneration in spinal cord injury, with important implications for

functional recovery [117-119].

However, peptide design again proved to be fundamentally flawed. Despite claims from
Biomatik Inc., which helped us design as well as synthesize the methacrylated miniPEG spaced
PSA-mimetic peptides, that miniPEG had no reported cytotoxicity, we observed that 0.1 and 0.5
mg/mL concentrations in medium resulted in severe toxicity during initial screening.
Additionally, the lack of toxicity at 1 mg/mL as well as visual inspection of peptide stock
solutions at higher (4 mg/mL) concentrations indicating that peptide aggregation was again a
serious issue, even in the absence of photoinitiator. Likely due to the toxicity at lower
concentrations and the reduction of labile peptide at higher concentrations, again we observed
no rescue of photoinitiator toxicity with SKP-SC in 3D photocrosslinked CMA gels. Additionally,

while DRG tolerance of photoinitiation allowed evaluation of photografting within 3D gels, no
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significant benefit in neurite outgrowth was observed from inclusion of functional or scrambled
control peptide, and within the samples analyzed, it appeared that the methacrylated, minPEG
spaced PSA-mimetic peptide may have decreased neurite outgrowth, possibly due to

aforementioned toxicity.

To test if PSA-peptide could be used to modulate cellular behavior, a 2D culture system was
employed where both photocrosslinking and peptide toxicity were mitigated by modifying gels
prior to introduction of cells, with 12959 radicals and toxic, labile peptide washed out
beforehand. Here, we observed a significant effect on cellular morphology when comparing
photocrosslinked gels to uncrosslinked CMA controls, which we interpreted as indication that
stiffness modulation was primarily responsible. Indeed, previously published results from
Georges et al., indicated that glial cells preferentially extend processes on stiffer substrates,
which agrees with both mechanical and biological data in our studies[29]. Photocrosslinking of
CMA gels may provide a valuable tool for instructive glial cell outgrowth, with applications for
nervous tissue repair and fundamental research as spatially tunable hydrogel scaffolds. Peptide
photografting results, while statistically insignificant, nevertheless implied that a marginal effect
was observed morphologically in both SKP-SC and aSCP in promoting augmented cellular
outgrowth. We attribute the lack of measurable effect via photografting compared to EDC-
grafted PSA-collagen to the assumption that the majority of the peptide was likely aggregated
and thus unavailable for 12959 coupled bonding to CMA groups. Further development and
design of photolabile peptides, however, is required to investigate utility of this modality of
biochemical modification, which will require significant resources. Future collaboration, both for
improved peptide design as well as small-scale synthesis, may be necessary to for cost-effective
development of effective next-generation peptides for use with this system. Conversely, there

are concerns that peptide grafting through photocrosslinking may not be able to functionalize
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fibrillized gels equivalently to bulk EDC-based grafting of soluble native collagen, as the much
longer reaction times and higher degree of freedom of well mixed reaction solutions likely allow
higher derivatization efficiency. However, until peptide design is improved, we can’t conclude
whether photografting allows functional quantities of peptide ligand to be introduced onto the
CMA backbone. Given the utility of introducing functional peptides in therapeutically relevant
spatial distributions, we feel that further development is worthwhile despite the significant

effort that will be required.

Lastly, characterization of photocrosslinking patterning through the use of commercially
available fluorescent monomers produced mixed results. A consistent issue was solubility in
CMA solutions, which is more difficult than with many synthetic photopolymer systems due to
the large number of process constrains implicit to collagen-based materials, such as pH, solvent
incompatibility, temperature, and time. While we were successful in demonstrating that CMA
gels could indeed be differentially patterned at biologically relevant scales, poor signal intensity
and fluorophore bleaching made determination of photopattern fidelity and photografting
efficiency data difficult to interpret. A promising mode for elucidating these parameters may
reside in as well in custom peptide design. Peptide side chain chemistries provide a number of
possibilities for detection and visualization that do not depend on pre-conjugated fluorescent
groups, which are not optimal in our process due to UV bleaching, solubility issues, interaction
with photoinitiation, and possible steric hindrance due to the typically large molecular weights
and complex ring structures compared to small, linear peptide sequences. However,
development of such peptides is not currently economically feasible with industrial peptide
suppliers due to the high cost and relatively large minimum product quantities required by such
companies, again implying that academic collaboration may be necessary to progress the state

of the art.
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5.5 Conclusion

We have developed a self-assembling photocrosslinkable type-I collagen biomaterial that can be
combined with cells as a liquid solution and used to form stable 3D hydrogel tissue constructs
upon pH neutralization and temperature increase. These gels are able to quickly polymerize,
resulting in encapsulation of cells into a stable, inherently bioactive matrix suitable for culture of
a variety of neuroregeneration-relevant cell types. Basal mechanical properties of these soft
tissue constructs can be adjusted through changing macromer concentration to recapitulate the
mechanical properties of native biological tissues. Additionally, we can quickly adjust the
mechanical properties of these gels through photocrosslinking with Irgacure 2959 and long-
wave UV light, allowing dynamic spatiotemporal control of the scaffold compliance within a
range of physiologically relevant stiffness. Cellular response to CMA gels with and without
photocrosslinking indicates suggests that photomanipulation of CMA hydrogels may provide a
useful tool for creating instructive, anisotropic scaffolds with a number of desirable qualities,
including inherent biocompatibility, cellular adhesion, and biodegradability. In addition, self-
assembly may allow for injection into irregularly shaped injury defects where pre-formed solid

scaffolds are impractical due to disruption of nearby healthy tissue.

However, one potential disadvantage of photocrosslinking as a mechanism for in situ scaffold
manipulation is the significant effect of free-radicals resulting from photoinitiation. While the
photoinitiator used in our system, 12959, has previously been used as an initiator with other
published photosensitive materials with varying degrees of cytotoxicity, its use in our platform
indicates that radical damage is more severe than previously reported, potentially due to
fundamental characteristics of our material. Photoinitiator toxicity, as reported elsewhere, is
highly dependent not only on biomaterial properties but biological parameters as well. Cell type,

proliferation rate, cell density, and differentiation state all dramatically affect the outcome of
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exposure to photocrosslinking conditions. In particular, hMSC are highly tolerant of
photoinitiation, and can be successfully encapsulated, photocrosslinked, and cultured as soft
tissue constructs with tailored mechanical properties. However, use of photocrosslinking to
modulate neurogenic differentiation of hMSC was not successful; although the fundamental
premise that hMSC can form functional neuroectodermal tissue is controversial and may

depend on cell source.

Photoinitiator cytotoxicity was more pronounced with other cell types tested, resulting in
contraindication of photocrosslinking as a mechanism for guiding differentiation and/or
outgrowth of encapsulated iPS-NSC, SKP-SC, and aSCP cells. However, culture on pre-modified
CMA gels with and without the inclusion of functional photolabile peptides indicated that
photopatterning could be used successfully to spatiotemporally instruct cellular behavior if cells
were not subjected to photoinitiation directly. Lastly, results pertaining to biochemically
modulating CMA scaffolds through peptide photografting were largely hindered by peptide
solubility and toxicity issue, which prevented straightforward analysis of biological efficacy.
Further development of adequate peptides which addresses these issues is required, and will

likely require outside collaboration.

5A Appendix: Stem Cell Cytotoxicity Screening of 12959 Photoinitiation

Stem Cell Screening of Irgacure 2959 Photoinitiator Toxicity

Initial screening of 12959 photoinitiation toxicity with NIH-3T3 plated on TCP revealed a
concentration-dependent relationship of viability when UV light exposure was applied for 5
minutes followed by culture for 24 hours under standard conditions. Qualitative analysis of
Live/Dead staining in Figure 5A1 indicated that 12959 toxicity readily increased from minimal cell

death at 0.01% (Figure 5A1 B), to a transition concentration between 0.4% and 0.5% (Figure 5A1



221

C and D) where cell death was noticeably increased, to almost complete ablation of the cell

population at 0.1% (Figure 5A1 F) as compared to control cells with no 12959 (Figure 5A1 A).

Figure 5A-1: 12959 Toxicity in NIH-3T3 24 H after Photoinitiation with 5 minutes UV light Exposure. A: Control, B:
0.01%, C: 0.02%, D: 0.04%, E: 0.05%, F: 0.1%
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However, upon photoinitiation of a similar range of 12959 concentrations with hESC, it was clear
that a distinct difference in cytotoxicity exists between cell types. Here, severe cytotoxicity was
observed even at the lowest dose (0.0125%, Figure 5A2 C), where 90% of cells appeared dead,
which increased to near 100% toxicity at the high dose (0.1%, Figure 5A2 F). UV alone was not

measurably cytotoxic as compared to control cells, (Figure 5A2 B and A, respectively).
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Figure 5A-2: 12959 Toxicity in hESC 24 H after Photoinitiation with UV. A: Control B: UV Ctrl C: 0.013% D: 0.025% E:
0.05% F: 0.1%

In contrast, hMSC showed remarkable resiliency to 12959 photoiniation toxicity. Upon exposure

of a monolayer of hMSC on TCP to 5 minutes UV exposure, only at the highest concentration,
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0.1% (Figure 5A3 E), did 12959 exhibit significant cytotoxicity as compared to negative control
(Figure 5A3 A). 10% Ethanol was included as a positive control for toxicity (Figure 5A3 F). Lower
Irgacure concentrations of 0.0125%, 0.025%, and 0.05% (Figure 5A3 B, C, D) did not result in any

appreciable cytotoxicity.

Figure 5A-3: 12959 Cytotoxicity in hMSC 24 H after Photoinitiation with UV. A: Negative Control B: 0.013% C: 0.025%
D: 0.05% E: 0.1% F: Positive Control (10% Ethanol)
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As hMSC will spontaneously differentiate at higher cell densities, 12959 toxicity screening was
repeated at a low enough areal density to prevent contact-mediated osteoblast differentiation
as determined by cellular morphology under bright field microscopy. Again, hMSC showed
resiliency at up to 0.04%, although at the lower cell density the cutoff concentration appeared
to be 0.05%, as significantly lower 12959 cytotoxicity was observed at 0.04% compared to 0.05%
(Figure 5A4 D and E). Thus cell density appears to be a strong factor in hMSC response to

Irgacure photoinitiation toxicity.

Figure 5A-4: 12959 Cytotoxicity in Sparsely Seeded hMSC 24 H after Photoinitiation with UV Light. A: Control, B:
0.01%, C: 0.02% D: 0.04%, E: 0.05%, F: 0.1%

Testing of 12959 in CMA gels in which E8 chicken DRG were embedded and photocrosslinked
showed that the high density primary cells were able to withstand photoinitiation of 0.05%
Irgacure with minimal toxicity as seen in Figure 5A5. Neurite outgrowth and glial cell migration
appeared similar in uncrosslinked CMA (A & B) as compared to 0.05% 12959 photocrosslinked

CMA gels (C & D).
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Figure 5A-5: 12959 Cytotoxicity in DRG Embedded in CMA Gels and exposed to UV photoinitiation. Control (A,B) and
0.05% 12959 Photocrosslinked (C,D)

To test whether stem cells grown in similar clusters displayed the same resiliency to
photoinitiator toxicity, we used rat L2.3 glial precursor cells. L2.3 cells grow in suspension
culture in neurospheres comprised of hundreds to thousands of cells and with similar cluster
sizes to DRG. We encapsulated L2.3 at a high density of 840K /mL in native collagen and CMA.
12959 at various concentrations was included, as was PEG2KDA at 1% to act as a radical sink. As
seen in the Live/Dead staining, L2.3 neurospheres were highly viable in both native collagen and
CMA without photoinitiator (Figure 5A6 A,B). However, significant cytotoxicity was observed in

L2.3 photocrosslinked in the presence of 0.05% 12959 (Figure 5A6 C), a stark contrast with the
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results seen with DRG. At a lower concentration of photoinitiator (0.01%, Figure 5A6 D), toxicity
was reduced but still present as seen by the relative lack of green calcein staining in the
neurospheres. Addition of PEG2KDA served to rescue some of the cells at 0.05% 12959 (Figure
5A6 E), and at 0.01% 12959 the inclusion of PEG2KDA caused the neurospheres to look similar to
the uncrosslinked controls (Figure 5A6 F). While the lack of calcein indicated non-viable cells, the
lack of significant ethidium in all conditions also implies that cells are potentially in the process
of dying or in a metabolically compromised state in which esterase production is reduced but
cells are still alive. The MTS assay data obtained in parallel to the Live/Dead staining
corroborates the latter theory. In Figure 5A7, we see that 0.05% 12959 caused a large ablation in

the MTS signal, which is only partly mitigated by PEGDA. However, at 0.01% 12959, 1% PEGDA is

able to completely rescue the MTS activity to control levels.

Figure 5A-6: Live/Dead Staining 48 H after 12959 Photocrosslinking of L2.3 Glial Progenitor Neurospheres in 3D Gels.
A: Native Collagen, B: CMA, C: CMA + 0.05% 12959, D: CMA + 0.01% 12959, E: CMA + 0.05% 12959 + 1% PEG2KDA, F:
CMA + 0.01% 12959 + 1% PEG2KDA
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Figure 5A-7: MTS Viability Assay: High Cell Density L2.3 Glial Progenitor Neurospheres 72 H after UV-Irgacure 2959
Crosslinking + PEG2KDA

This experiment was repeated with a lower concentration of L2.3 cells (300K/mL). In this
instance, cell number appeared to have a drastic effect on L2.3 viability following
photocrosslinking. Native collagen and CMA (Figure 8 A & B) were compared to CMA gels were
photocrosslinked with 0.1%, 0.05%, and 0.01% 12959 without (Figure 5A8 C-E) and with 1%
PEG2KDA (Figure 5A8 F-H). The complete lack of calcein positive cells combined with extensive
ethidium positive cells indicates that most L2.3 cells photocrosslinked with 0.1% or 0.05% 12959
were nonviable at the time of assay, and only a small percentage of cells with 0.01% 12959
survived. Additionally, PEG2KDA was only able to provide a marginal effect towards rescuing
photoinitiator toxicity in the lowest Irgacure group of 0.01%. MTS data also indicates that there
was very little difference in cell viability of L2.3 in all photocrosslinked conditions except for

0.01% 12959 with 1% PEGDA (Figure 5A9).
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Figure 5A-8: Live/Dead Staining 48 H after 12959 Photocrosslinking of L2.3 Glial Progenitor Neurospheres in 3D Gels.
A: Native Collagen, B: CMA, C: CMA + 0.1% 12959, D: CMA + 0.05% 12959, E: CMA + 0.01% 12959, F: CMA + 0.1%
12959 + 1% PEG2KDA, G: CMA + 0.05% 12959 + 1% PEG2KDA, H: CMA + 0.01% 12959 + 1% PEG2KDA

Absorbance @490 hm
.

—

0.2 [ R S— l ......
01 4 gy by ey by by L e
0 T T T T T T T
Native = CMAControl CMA0.1% CMAO0.05% CMAO0.01% CMAO0.1% CMA0.05% CMAO0.01%
Collagen 12959 12959 12959 12959 + 12959 + 12959 +
PEGDA PEGDA PEGDA

Figure 5A-9: MTS Viability Assay: Low Cell Density L2.3 Glial Progenitor Neurospheres 72 H after UV-Irgacure 2959
Crosslinking £ PEG2KDA
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Human embryonic stem cell derived neural stem cells (RG-8) were also tested for compatibility
with Irgacure photocrosslinking. Initial screening was performed with RG8 cells plated on TCP to
determine the effect of 12959 concentration. Figure 5A10 A shows RG8 with no 12959 compared
to decreasing 12959 concentrations (0.1%, 0.08%, 0.05%, 0.04%, 0.02%), where there seemed to
be a dose-dependent increase in viability as per qualitative assessment (Figure 5A10 B-F). Even
at the highest concentration of 0.1%, there were still some ‘live’ cells, although the ratio of
ethidium positive cells to calcein positive cells implies that most of the RG8 cells were killed at
that dose. Viability increased steadily as 12959 concentration decreased, with a strong drop-off
in viability observed between 0.04% and 0.05% 12959. The lowest dose of 0.02% 12959 looked
similar to controls in terms of staining and cell colony morphology. Indeed, MTS data (Figure
5A11) implies that 12959 concentrations of 0.04% and below had no measureable effect on MTS
activity as compared to the control group, whereas 0.05%, 0.08%, and 0.1% caused a similar
effect, apparently knocking down the metabolic activity in the RG-8 cells, although not
completely ablating all activity as medium only controls were significantly lower than all cell

groups.
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Figure 5A-10: 12959 Toxicity in hESC-derived NSC (RG8) 24 H after Photoinitiation with UV. A: Control B: 0.1% C:
0.08% D: 0.05% E: 0.04% F: 0.02%
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Figure 5A-11: MTS Viability Assay: 12959 Cytotoxicity in hESC-derived NSC (RG8) on TCP 24H after UV Exposure
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RG-8 cells were then examined for suitability in photocrosslinked 3D CMA gels. RG8 cells were
encapsulated in CMA gels at a density of 1x10° cells/mL then photocrosslinked with 0.1-0.01%
12959. After culture for 48 hours, RG8 were assayed for viability with Live/Dead staining and the
MTS assay. Again, a decreasing dose of 12959 was accompanied by an increase in calcein positive
cells, although qualitative assessment was more difficult in 3D culture (Figure 5A 12). Ethidium
positive cells were seen at a higher incidence in all photocrosslinked groups compared to
control. MTS data was conspicuously different, as all photocrosslinked groups produced only
marginally more MTS signal than medium controls, although the 0.01% 12959 group was slightly
higher than other Irgacure groups (Figure 5A 13). 12959 concentrations of 0.1-0.02% 12959 were

equivalent.

Figure 5A-12: Live/Dead Staining 48 H after UV-12959 Photocrosslinking RG8 NSC in 3D CMA Gels. A: CMA Control B:
CMA + 0.1% 12959, C: CMA + 0.08% 12959, D: CMA + 0.05% 12959, E: CMA + 0.04% 12959, F: CMA + 0.02% 12959, G:
CMA +0.01% 12959
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Figure 5A-13: MTS Viability Assay: 12959 Cytotoxicity in hESC-derived NSC (RG8) in CMA Gels 48 H after UV-12959
Photocrosslinking

Yet another neural stem cell type, multipotential rat Cortex-8 NSCs (CTX8), was tested in 3D
photocrosslinking conditions with various 12959 concentrations and 5 minutes of UV exposure.
As evidenced by Figure 5A14 A, neurospheres dissociated into single cells were viable in CMA
gels after 24 H in culture, as were cells with ethanol vehicle identical to 12959 conditions but
without photoinitiator (Figure 5A14 B). However, all concentrations of Irgacure from 0.0125%-
0.1% were highly toxic with complete ablation of viability observed after 24 H, indicating an
extremely low tolerance to photocrosslinking with these cells in single cell suspension (Figure

5A14 C-F).
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Figure 5A-14: Live/Dead Staining 24 H after UV-12959 Photocrosslinking single cell CTX-8 in 3D CMA Gels. A: CMA
Control B: CMA + Etoh Vehicle, C: CMA + 0.1% 12959, D: CMA + 0.05% 12959, E: CMA + 0.025% 12959, F: CMA +
0.0125% 12959

A separate experiment was performed to analyze whether CTX-8 cells, which are grown as
neurospheres in suspension culture, would be able to withstand photoinitiation if encapsulated
as intact neurospheres rather than dissociated into single cells. It was seen that even with
moderate concentrations of 12959, the majority of cells in the neurosphere were non-viable as
compared to control neurospheres, which appeared to be highly viable as per near-ubiquitous
calcein staining (Figure 5A15 A). However, in larger neurospheres, there did appear to be a
viable core at the center of the neurosphere, possibly due to shielding of cells by the shell of

cells surrounding it (Figure 5A15 B &C).
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Figure 5A-15: Live/Dead Staining 24 H after UV-12959 Photocrosslinking neurosphere CTX-8 in 3D CMA Gels. A: CMA
Control B: CMA + 0.05% 12959, C: CMA + 0.025% 12959

Thus, optimization of photocrosslinking in 3D CMA gels with encapsulated hMSC was focused
upon. Previous tests with hSMC in 2D indicated significant viability at mechanically active 12959
concentrations of 0.025-0.05%. However, these data were obtained using a confluent
monolayer of cells. To analyze compatibility at lower cell densities in 3D CMA gels, we again
varied the 12959 concentration from 0.02-0.1% and used Live/Dead staining and MTS to assay
for viability after 48 H in culture. As Figure 5A16 implies, hMSC compatibility with 12959
photocrosslinking in 3D CMA gels was similar to results seen with hMSC in 2D on TCP, although
more toxicity was observed in this situation overall. Again, a concentration of 0.04% 12959
seemed to represent a cutoff point for significant viability, above which the majority of cells

were non-viable. Furthermore, 0.02% appeared to impart only minimal loss of viability.
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Figure 5A-16: hMSC in 3D CMA Gels 48 H after Photocrosslinking with UV-12959. A: Control, B: CMA + 0.1% 12959, C:
CMA + 0.08% 12959, D: CMA + 0.06% 12959, E: CMA + 0.04% 12959, F: CMA + 0.02% 12959

MTS viability data corroborated these results, as seen in Figure 5A17, where statistical analysis
via ANOVA with Tukey’s HSD test post hoc implied that at 0.02% 12959, viability (84+7%) was not
significantly different than control cells in CMA without 12959 or UV light (100£11%), although it
did appear that there was some detrimental effect. Higher concentrations of 12959 did have
significant negative impact on viability, with 12959 at 0.1%, 0.08%, 0.06%, and 0.04% resulted in

-3+1%, 1+2%, 20£10%, and 61+£12% viable cells, respectively.
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Figure 5A-17: MTS Viability Assay: hMSC in 3D CMA Gels 48 H after Photocrosslinking with UV-12959. p < 0.01.

Further optimization of the photocrosslinking process resulted in a transition from ethanol to

methanol as the solvent for stock 12959 solutions, as comparison of dose-response curves of

ethanol and methanol implied that methanol had a less severe toxic effect at equivalent ethanol

concentrations, and that at the 1% concentration there was no measureable cytotoxic effect

(data not shown). Testing with hMSC at 1x10° cells/mL in native collagen, photoinitiated with

0.025-0.1% 12959, implied that 5 minutes of UV alone, 1% methanol vehicle, and 1% PEG2KDA

had no negative effects on hMSC viability as seen with Live/Dead staining (Figure 5A18 A-D).

Again, viability was drastically lower with 0.1% 12959, somewhat lower at 0.05%, and negligible

at 0.025% (Figure 5A18 E-G). Additionally, inclusion of 1% PEG2KDA resulted in rescue of a

measureable fraction of cells (Figure 5-18 H). Figure 5-18 I-L highlights cellular morphology at
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20X magnification of Control, 0.1% 12959, 0.05% 12959, and 0.1% 12959 with 1% PEG2KDA.
Notably, addition of PEG2KDA does not appear to significantly affect cell morphology compared

to control cells, while noticeably reducing the number of ethidium positive cells.

Figure 5A-18: hMSC in Native Collagen Gels 48 H after Photocrosslinking with UV-12959. A: Control, B: UV only, C:
UV + 1% MeOH, D: 1% PEG2KDA, E: 0.1% 12959, F: 0.05% 12959, G: 0.025% 12959, H: 0.1% 12959 + 1% PEG2KDA, I:
20x Control, J: 20x 0.1% 12959, K: 20x 0.05% 12959, L: 20x 0.1% 12959 + 1%PEG2KDA

Quantification of hMSC viability with the MTS assay in a parallel experiment displayed similar
trends to the Live/Dead staining (Figure 5A19). MTS viability for hMSC in native collagen, native
collagen with UV alone, native collagen with 1% methanol, and native collagen with 1%
PEG2KDA were all comparable with no significant reduction in viability compared to control
(100£6%, 105+5%, 104+3%, 92+2%, respectively). Inclusion of photocrosslinking with 0.1%
12959, 0.05% 12959, 0.025% 12959, and 0.1% 12959 with 1% PEG2KDA resulted in viability of

32+4%, 71+4%, 9518%, and 78+2%, respectively.
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Figure 5A-19: MTS Viability Assay. hMSC in Native Collagen 48 H after Photocrosslinking with UV-12959. p < 0.01.

5B Appendix: Optimization of Photocrosslinking Differentiated iPS-NSC in 3D CMA Gels

Initial screening of photocrosslinking compatibility indicated that iPS-NSC, even at high density
(7.5x10° cells/mL) in proliferation medium were not able to survive the standard
photocrosslinking in CMA (3mg/mL) with 0.025% 12959 and 90 seconds UV exposure, as
indicated by the near complete lack of calcein positive staining in the photocrosslinked condition
(Figure 5B1 B). Due to the requisite high areal cell density required for healthy cell culture in 2D,
proportionally high density was also necessary in 3D culture. However, iPS-NSC appeared to
favor cell-cell adhesion over adhesion to CMA, as seen by clustering of cells 72 hours after

encapsulation in CMA gels (Figure 5B1 A).
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Figure 5B-1: Proliferating iPS-NSC in CMA (A) and Photocrosslinked CMA after 24 H

Previous experience with photocrosslinking CMA with various cell types as well as results
published by others [102] suggested that among other factors, the proliferation rate of cells is
inversely proportional to post-photocrosslinking viability, as free radicals have a more
detrimental effect on actively dividing cells [120]. Additionally, as one goal of this project was to
modulate neural differentiation within 3D hydrogels, we decided to induce differentiation of
iPS-NSC prior to encapsulation, which would significantly reduce the average proliferation rate
as cells transitioned away from the highly proliferative growth phase to a differentiated lineage.
Initially, cells were induced to differentiation via withdrawal of bFGF for 24 hours, replated on
PDL/Laminin-coated TCP, and medium switched to NDM for 7 days. Differentiated cells were
then harvested and encapsulated in native collagen and CMA at a density of 1.8x10° cells/mL,
and again a subset of CMA gels were subjected to standard crosslinking conditions. After 7 days,
cells were assayed for viability with Live/Dead staining. As seen in Figure 5B2 A & B, overall
viability of cells is quite low, evidenced by the large number of ethidium-positive dead cells as

well as marginal cells that stained for neither ethidium or calcein. However, the few surviving



241

cells appear to display a neuronal morphology in both native collagen and CMA, indicating that
at least some cells are able to adhere to the matrix and extend neurites. However, the
photocrosslinked cells, while showing similar viability, did not form or extend processes to any

considerable extent.

Figure 5B-2: 7 day-differentiated iPS-NSC in native collagen (A), CMA (B), and photocrosslinked CMA (C) after 7 days
in culture. Images taken at 10X

To investigate the temporal development of the loss of viability in CMA compared to
photocrosslinked CMA, iPS-NSC were encapsulated, this time at 1.4x10° cells/mL, exposed to
photocrosslinking, and Live/Dead staining was used to analyze cell viability at 1, 3, and 7 days
after encapsulation/photocrosslinking. Here, at 24 H after encapsulation/crosslinking, the
viability is only slightly lower in the photocrosslinked condition compared to CMA controls. At 72
H, while CMA control cells are still largely viable, the majority of cells in the crosslinking
condition appear dead. By 7 days, CMA control cells appeared less viable than at 72 H, whereas
in photocrosslinked CMA the viability appears unchanged, indicating that the cells that survived

to 72 H remained viable thereafter (Figure 5B3).
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Figure 5B-3: 7 day-differentiated iPS-NSC in CMA after 1 (A), 3 (B), and 7 (C) days and photocrosslinked CMA at 1
(D), 3 (E), and 7 (F) days in culture

Although iPS-NSC undergoing differentiation inherently have a significant spontaneous cell
death rate even in standard culture conditions, the unusually large number of cells in the CMA
control condition that failed to thrive after 72 H indicated an apoptotic mechanism distinct from
free radical generation. One possibility is that poor adhesion to the matrix may have contributed
to increased apoptosis, and thus by improving cellular adhesion we could increase viability. As
laminin is a required component for 2D culture of iPS-NSC (either as a major component of
Matrigel or adsorbed onto TCP with PDL), we hypothesized that inclusion of laminin with the
CMA might allow more uniform adhesion to the scaffold. As laminin contains a collagen binding
domain, we postulated that labile laminin would associate with CMA and provide additional
binding sites for the iPS-NSC. Again, iPS-NSC (2x10° cells/mL) were encapsulated and
photocrosslinked, and medium with 1, 5 and 10 pg/mL was added to gels once daily for 72 H,
after which Live/Dead staining was used to assay viability. However, as seen in Figure 5B4,

inclusion of laminin did not seem to affect cell viability or morphology in CMA * crosslinking.
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Figure 5B-4: iPS-NSC in CMA (A-D) and Photocrosslinked CMA (E-H) with 0 (A,E), 1 (B,F), 5 (C,G) and 10 (D,H) ug/mL
Laminin

Another process change included addition of the rho-associated protein kinase (ROCK) inhibitor
Y-27632, which has been implicated in preserving viability of hESC cells during processing
[121,122] as well as promoting cellular regeneration in injured axons [123]. In particular, Y-
27632 appears to protect stem cells from dissociation induced apoptosis, a possible mechanism
behind the loss of viability we have observed in transitioning cells into 3D culture where cell-cell
contact at similar levels to 2D culture is constrained by requiring extremely high cell densities. Y-
27632 was included in the medium of iPS-NSC following encapsulation in CMA at 10uM, and
after 72 hours a noticeable difference was observed in neurite outgrowth in the condition
containing the inhibitor (Figure 5B5). Hereafter, Y-27632 was included in culture medium added

to all encapsulated cells due to its beneficial effect.
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Figure 5B-5: CMA with encapsulated pre-differentiated iPS-NSC after 72 H in NDM (A) and NDM + Y-27632 (B)

While initiating differentiation of cells prior to encapsulation/crosslinking indicated that
substantially more cells were able to survive the free radicals compared to proliferating cells, a
major difficulty with this method was harvesting differentiating cells from PDL/Laminin coated
TCP. Differentiating cell adhesion to this substrate was such that even with prolonged enzymatic
treatment and manually imparted shear, a large number of cells remained bound to the flasks.
Indeed, combinations of Accutase, 0.25% trypsin/EDTA, TrypLE Select (Life Technologies), and
Dispase were all tested, and only trypsin or TrypLE Select (which contains trypsin) were able to
remove a usable quantity of cells, and even so, close to 10 minutes of enzyme exposure
combined with physically hitting flasks was required to detach cells. Not only did a large number
of cells remain adhered, but the harsh treatment required to detach the others caused concern
that we were inducing shear-mediated cell death, especially for differentiated cells with long,
fragile processes. Instead, future differentiation was conducted on % Matrigel coated flasks,
which while producing slightly lower differentiation as per cell morphology analysis, and allowed
a more cell-friendly Accutase-based detachment that required far less shear and vyielded

substantially more cells. This optimized protocol allowed evaluation of CMA modulation in the
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presence of cells, including mechanical and biochemical modification via photocrosslinking. As
discussed previously in Section 3.5, low concentrations of peptide had negligible effects on
cellular behavior, and higher concentrations of peptide were employed to determine if previous

experiments were performed with too little ligand to have a biological effect.

However, additional characterization was necessary to investigate the effects of higher
concentrations of peptide on photocrosslinking kinetics and mechanics. UV rheometry was
performed with similar parameters to cellular peptide photografting experiments, minus cells,
to investigate the effect on storage modulus from both the DMSO needed to dissolve the
peptide as well as the peptide itself. Interestingly, while there was no difference between the
photocrosslinked storage modulus of the DMSO control and the peptide condition, both
displayed a higher G’ than the control CMA (Figure 5B6). Additionally, the DMSO self assembly
was delayed compared to the peptide condition, which was delayed compared to control CMA,
indicating that 1% DMSO retards self-assembly, while the presence of 0.1mg/mL peptide returns
self assembly time closer to the control baseline. In any case, the UV exposure time appeared to
be insufficient at 150s to completely equilibrate the photocrosslinking, as storage modulus was

still increasing at 150s and didn’t reach steady state until approximately 180s.
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Figure 5B-6: Real-time UV rheology of CMA Control, CMA with 1% DMSO, and CMA with 0.1mg/mL Methacrylated-
G6- Peptide and 1% DMSO

Given the lack of any measurable efficacy of peptide at 0.1mg/mL, increasing the concentration
significantly was investigated. First, we set out to evaluate the limitations were for getting a
maximal amount of soluble peptide into the CMA gels. One obvious issue was the effect of
increased volumes of DMSO required to get the peptide into the macromer solution. Given the
delay in self assembly seen from 1% DMSO, we looked at the effect of 2, 3, 5 and 10% DMSO on
CMA self assembly kinetics. Interestingly, DMSO concentration appears to have a bimodal effect
on self assembly kinetics, with gelation time increasing with addition of 1, 2, and 3% DMSO,
then decreasing from 5 to 10%, where gelation time was slightly lower than control CMA.

Gelation times (time at G’/G” crossover) are plotted in Figure 5B7.
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Figure 5B-7: Effect of DMSO Concentration on Gelation Time of CMA

Additionally, we wanted to characterize whether photocrosslinking occurred in the presence of
cells, as the high cell density likely blocks some UV light and may potentially affect local 12959
concentration, given that cytotoxicity is derived from photoinitiator interacting with cells rather
than CMA groups. To test this, CMA suspensions with methacrylate-G6-peptide and 2% DMSO,
with and without iPS-NSC at 1x10’ cells/mL, were loaded onto the UV rheometer setup and
storage modulus was recorded during self assembly and photocrosslinking. Figure 5B8 suggests
that while a reduction in the increase in steady state photocrosslinked storage modulus is
observed when cells are present, overall, the self-assembly kinetics, self-assembled storage

modulus, and the rate of photocrosslinking is unchanged. Thus, we conclude that high density
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cell encapsulation is not contradictory to effective photocrosslinking, although some efficiency is

lost.
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Figure 5B-8: UV photocrosslinking of CMA with and without 1e7 cells/mL with Me-G6-Peptide an 2% DMSO

Given that even 10% DMSO did not prevent self assembly of CMA, we next asked what the
effect on differentiating iPS-NSC viability would be on transient exposure to 10% DMSO. CMA
gels with (1x10’ cells/mL) differentiating iPS-NSC were encapsulated in 3.5 mg/mL CMA, gelled
for 15 minutes, and photocrosslinked with 0.025% 12959 and 2 minutes UV exposure. Samples
were then washed 2X with PBS and then 2X with NDM (5’ each wash) and cultured for 72 H.
Total time in 10% DMSO was approximately 35 minutes. Conventional wisdom being that DMSO
is toxic to cells at 10%, we expected that the uncrosslinked cells would be less viable in the
DMSO condition, and the photocrosslinked cells would likely be further injured by the DMSO

along with free radical exposure. Surprisingly, not only did we not see a reduction in viability in
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either uncrosslinked or photocrosslinked CMA, but the DMSO conditions appeared to have

increased neurite outgrowth in both conditions compared to control gels, particularly in the

photocrosslinked condition (Figure 5B9).

Figure 5B-9: Pre-differentiated iPS-NSC in CMA (A,B) and CMA + 10% DMSO (C,D). A & C are uncrosslinked, B & D
are Photocrosslinked with 0.025% 12959 and 2 min UV.
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6. Chapter 6: Computer Modeling of CMA Molecular Structure

6.1 Introduction: Collagen Structure Characterization and Modeling

Collagen structure has been extensively studied and characterized for many decades, with data
obtained using X-ray diffraction techniques published as early as the 1930’s [124].
Ramachandran and Kartha first described the collagen triple helix in 1954 [125], a model that
was further developed by Rich and Crick [126], and is being subsequently improved as our
understanding of its complex molecular structure improves. In the last few decades, our
structurofunctional knowledge of fibrillar type-l collagen, the most abundant protein in
mammals, has increased immensely. Through peptide sequencing, researchers have determined
the complete amino acid sequences of the individual type | collagen a-chains for numerous
species. These display strikingly similar sequence homology [127-131], which is presumed to be
an important factor in the use of xenogeneic type | collagen as a tissue engineering scaffold in
the clinic [132-134]. X-ray crystallography, NMR, and scanning and transmission electron
microscopy have provided insight into the left-handed polyproline-ll-like conformation [135] as
well as triple helical tropocollagen structures formed by association of the a-chains, and has
helped to elucidate the resultant quaternary structures formed by the association of triple
helices into fibrils [136-139]. These fibrils have a characteristic D-periodicity of 670 A caused by
electrostatic and hydrophobic interactions of axially staggered residues, which serve to facilitate
fibrillogenesis as well as stabilize the resultant fibrils [140,141].

Fibrillogenesis of type | collagen has also been extensively studied, resulting in an increased
understanding of the role of tropocollagen structure in fibril formation dynamics and kinetics. In
vivo, collagen fibril formation begins with the secretion of procollagen, which comprises a linear

triple helical region, ~1000 residues long, bounded by non-helical Cand N-terminal propeptides
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[142]. Following cleavage of propeptides by appropriate C and N-proteinases, the triple helical
tropocollagen macromer spontaneously self assembles into fibrils, which can grow to reach 1 cm
in length and 500nm in diameter[143]. Although evidence suggests that the cleaved propeptides
may affect the kinetics of fibrillogenesis [144,145], they are not necessary for the in vitro self-
assembly of tropocollagen [146], which is a entropy-driven process governed by tropocollagen
interaction with surrounding solvent [147,148]. Additionally, the effects of temperature,
osmolarity, and buffer pH have been well characterized regarding their effects on fibril size and
formation rates [149-151]. More recently, advanced imaging techniques have been successful in
analyzing fibrillogenesis in real time [152].

However, despite intensive efforts towards understanding the relationships between collagen
sequence, structure, and fibrillogenesis, significant controversy still remains regarding molecular
mechanisms underlying the thermal instability and dynamics involved in collagen folding and
unfolding [153-155,75]. Furthermore, the role of individual amino acid residues on overall fibril
structure and stability is even less well understood given the astronomical number of possible
sequences. The large size, heterogeneity, and insolubility of native collagen, in addition to its
complex quaternary structure, have impeded molecular-scale investigation of the sequence-
structure relationship through conventional biochemical analytical methods. A common strategy
that has been adopted to circumvent the problems associated with the complexity of native
collagen has been to study short, triple helical peptide sequences with similar sequence
characteristics, typically based on the Gly-X-Y motif that typifies triple helical formation in type |
collagen [156,157]. Using synthetic, triple helical collagen analogs with defined sequences, a
number of fundamental questions have been addressed by taking advantage of the increased

compatibility of these molecules with contemporary analysis methods [158]. In particular, the
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role of specific amino acids on triple helix stability and fibrillogenesis dynamics has been

examined using collagen mimetic peptides [159-161].

Recently, advances in computational physical chemistry technology have resulted in
development of molecular models of collagen-like peptides. Additionally, a combination of
experimental peptide synthesis with molecular modeling in silico has resulted in a powerful
platform for investigating the molecular mechanisms involved in self-assembly, by allowing
analysis of tertiary structure dimensions and energy states within peptides with respect to
specific amino acid sequences [162]. Of particular interest is the effect of charged amino acid
side-chain interactions on triple helix assembly and stability, which have been shown to
contribute significantly to the thermodynamic processes governing fibrillogenesis [163].
Recently, Nanda and colleagues have developed a computational analysis paradigm utilizing
explicit positive and negative design to study specificity and stability in collagen-mimetic peptide
self-assembly, which aided in and rational design of novel triple helical peptides [65].
Complementary thermodynamic and structural characterization of synthetic heterotrimeric
collagen mimics via CD and NMR revealed that electrostatic interactions involving lysine
residues are particularly important contributors to peptide stability and molecular
structure[164]. Indeed, previous studies by Persikov et al., indicated that salt-bridge formation

involving lysine residues may be critical to collagen stability [165].

The role of lysine in triple helix structure and fibrillogenesis thermodynamics is especially
relevant to CMA characterization, as our derivatization methodology is based on the conversion
of the free amines to photosensitive methacrylamide groups. Previously discussed data indicate
that a large proportion of the available amines are derivatized in our current CMA synthesis

protocol. However, the differences in molecular structure and stability resulting from the
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replacement of amines with methacrylates are poorly understood, and may have substantial
biointerfacial implications that affect the efficacy of CMA as a dynamic tissue scaffold. During
our extensive characterization of CMA, we observed a number intriguing mechanical and
thermodynamic behaviors distinct from native collagen, including altered self-assembly kinetics,
reduced shear moduli of CMA hydrogels, significantly different melting temperature of CMA
macromers, and reversal of fibrillogenesis upon cooling. Despite a plethora of material
characterization modalities, the fundamental molecular differences between native collagen
and CMA responsible for these phenomena are not well understood and are difficult to resolve
using conventional biochemical analytical techniques. However, simplified models of truncated
collagen sequences may allow molecular scale examination of the effects of lysine-methacrylate
substitution. Here, we used a modified algorithm based on the Nanda model to screen bovine
type | collagen native sequences to identify segments with exceptional electrostatic interactions.
We then employed a molecular dynamics simulation of all-atom model based on these
sequences to examine the differences in molecular structure arising from varying degrees of
methacrylamide substitution. We discuss the implications of these models towards
understanding CMA structure and explaining the unique properties of CMA. Additionally, we
address these results in the context of photocrosslinking, based on the simulated orientation of

methacrylate moieties and how that may affect mechanical and biochemical modification.

6.2 Methods

6.2.1 Sequence-based Model

Full length sequences of native bovine type | collagen were pulled from the protein database
(PDB) for a1 (UniProtKB/Swiss-Prot: P02453.3 ) and a2 (UniProtKB/Swiss-Prot: P02465.2) chains.

From these, the triple-helical region consisting of the Gly-X-Y repeat sequence of the al and a2
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chains (residues 109-1123 & 33-1047, respectively) were input as parent A and B chains from
which our model sequence would be derived. A Matlab algorithm was used to calculate the total
energy based on the electrostatic interactions of nearby charged residues (K, R, D, E) within all
possible trimers (AAA, AAB, ABA, ABB, BAA, BAB, BBA, and BBB) within the canonical axially-
staggered arrangement of the triple helix. Windows of 50-200 residues were analyzed
sequentially along the length of both full a-chains and used to create charge-charge interaction
maps of all trimers to determine sequence loci with the largest electrostatic energy density. The
algorithm was then used to substitute 0-100% of the lysine residues with a neutral amino acid
methacrylamide analog, and the resultant energy differences were used to determine a model
triple helix sequence optimized to the energy gap for further use in an all atom molecular

dynamics simulation.

6.2.2  Structure-based Model
Following the analysis of charge-charge interactions from the sequence model, 153 residue
segments were selected from type | collagen for all-atom modeling, starting at residue 466 on

each a-chain. Sequences were as follows, with lysine residues underlined in bold:

A (al):
GLPGPAGPPGEAGKPGEQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGD
AGAPGAPGSQGAPGLOQGMPGERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPG

DKGEAGPSGPAGPTGAR

B (a2):
GLPGPAGTAGEAGKPGERGIPGEFGLPGPAGARGERGPPGESGAAGPTGPIGSRGPSGPPGPDGNKGEPGV
VGAPGTAGPSGPSGLPGERGAAGIPGGKGEKGETGLRGDIGSPGRDGARGAPGAIGAPGPAGANGDRGEA

GPAGPAGPAGPR
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A hi-resolution crystal structure for a 9-repeat POG sequence was obtained from the PDB.
Although this sequence formed the most idealized triple helix available in the PDB, there was
still variation along the length. As such, a central residue sequence for each chain was selected
and then spliced together to form 153-residue chains. The selected sequences from native
collagen were then threaded on to these chains to form type | al and a2 chains, from which we
could form homo- or heterotrimers. The rotamer positions of the side chains of threaded
residues were optimized with ProtCad. The structure was then minimized and equilibrated in
Amber, and a dynamic simulation was run for 100ns. Simulations were performed for AAA and
AAB trimers, then run again with all lysine residues replaced with leucine to simulate
methacrylate derivatized CMA where lysine amines have been replaced with an uncharged side-
group. An additional sequence containing a methacrylamide group, rather than the leucine

substitution, was also created, with which ongoing simulations are being performed.

6.3 Results

6.3.1 Sequence-based Charge-Charge Energy Characterization

Charge-charge energetic calculation data from the Matlab algorithm using 100% lysine
substitution to maximize electrostatic differences revealed that removal of lysine-related salt
bridges from the total charge energy landscape caused a significant deficit along nearly the
entire windowed trimer. An optimal energy trough was observed using 150 residue windowing,
which also corresponded to the upper end of the simulation parameter space due to
computational resource constraints. Figure 6-1 displays the total charge-charge energy of full
length triple helices for each possible trimer using the 150 residue window. Overall, the energy
deficit was similar for all trimers, with the most substantial continuous energy gap occurring

when the window function corresponded to a starting residue between positions 400-650 of the
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full sequence. To span the energetic trough with the model sequence, we concluded that
starting at residue 466 resulted in the optimal electrostatic energy gap when using a 150-residue
sequence with mutated lysine groups. Of particular interest was the energy trough observed in
the AAB heterotrimer, as this most closely approximates the trimeric arrangement observed

naturally occurring in type-I collagen.
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As such, further Matlab algorithm simulation of electrostatic energy was performed to analyze
the energy gap between the wild-type AAB trimer and AAB with 25% of the lysine residues
randomly targeted for substitution to model energy gap of CMA, where previous experimental
data implied similar lysine modification. To account for error introduced by the random
choosing of lysines to modify, the algorithm was repeated 50 times using the 150 residue
window and the energy gap was averaged. As is evident in Figure 6-2, the energy trough is again
maximized when starting residue occurred between between 400 and 650, indicating that our
chosen model sequence also optimized salt-bridge energy differences with lysine derivatization
efficiency similar to experimentally determined values with CMA, verifying that this model

should provide relevant information.
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Figure 6-167: Energy Gap between Full Length Collagen AAB Heterotrimer and AAB with 25% Total Lysines Mutated
to Leucines. Average of 50 Simulations Shown.
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6.3.2  Structure-based Molecular Dynamics Modeling

Based on additional computational constraints concerning alignment of model triple helices,
model sequence length was optimized to be 153 residues, which we culled from the full length
sequences of type-l collagen a-chain residues. For the all-atom structures, triple helix models
were created of the AAA homotrimer and the ABA and AAB heterotrimers, including a mutant of
each whereby all lysine residues were substituted with the uncharged amino acid leucine, to
allow investigation into molecular dynamics with the presence and absence of lysine-mediated
salt bridges. Figure 6-3 summarizes staggered trimer sequence of AAA homotrimer and the AAB
heterotrimer, with positively charged residues highlighted green and negatively charged
residues highlights red. The naturally occurring placement of positively and negatively charged
residues near each other results in a high probability of salt-bridge formation, which is clearly
reduced in density following removal or lysine (blue boxes). However, arginine-mediated salt
bridges, which are theoretically unaffected in our CMA synthesis reaction, are still able to form a

significant number of salt bridges even in the absence of lysines.
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Figure 6-168: Schematic of 153 Residue AAA and AAB Trimers, Wild-type vs. 100% Lysine/Leucine Substitution
Mutant. Positively Charged Residues (K,R) in Green, Negatively Charged Residues in Red (D,E). Blue Boxes Indicate
Areas of Significant Salt Bridge Differences after Mutation.
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Following molecular dynamics simulation for 100 ns, backbone atomic RMSD was analyzed to
evaluate ‘rigidity’ of trimers during simulation time as a measure of molecule stability. Figure 6-
4 displays backbone RMSD from t = 0 until equilibrium. As Figure 6-4A shows, the homotrimer
AAA was initially highly unstable, but quickly settled into equilibrium as seen by the lack of
RMSD fluctuation. The heterotrimers ABA, AAB and mutated AAB (Figure 6-4 B, C, & D) exhibited
more unsteady behavior over longer simulation periods, indicating that the homotrimeric state
may be a more rigid molecule. Lysine substitution appeared to have no significant effects
towards modulating RMSD variability compared to wild type, although interestingly the mutated

AAB trimer reached equilibrium more quickly than the wild-type AAB.
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Figure 6-169: RMSD of Backbone Atoms during Molecular Dynamics Simulation. AAAyt (A), ABAyt (B), AAB; (C),
AAByyr (D)
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Additionally, the hydrogen bonding within the trimer backbone was measured during a 50 ns
period post-equilibrium for AAA homotrimer and AAB heterotrimers, both wild-type and
mutated. Hydrogen bond occupancy % over the duration of 50 ns was determined using 3 levels
of criteria (Weak, Moderate, Strict), based on maximum bond length (3.0, 3.25, 3.5 R) and angle
(20, 30, 40°). Initial analysis of average hydrogen bond occupancy indicated that no significant
differences existed between any of the trimers regardless of criteria set (Figure 6-5). Total
number of hydrogen bonds was similar within each criteria set (Weak: 943, 989, 922, 977,
Moderate: 548, 566, 527, 549; Strict: 194, 206, 181, 186) for AAAwr, AAAvuT, AABy7, and AAByyr,

respectively.
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Figure 6-170: Average Backbone Hydrogen Bond Occupancy % During 50 ns Post-Equilibration Period



262

However, the large standard deviation of all data prompted further investigation into the
distribution of bond occupancy to investigate whether significant differences existed among
trimers or due to lysine substitution. Analysis was performed on the Weak criteria set to
maximize the range of possible hydrogen bonds. As seen in Figure 6-6, all trimers contained a
trimodal distribution of bond occupancy, with distinct separation between clusters of 70-100%,
10-70%, and 0-10%, possibly indicating the presence of three hydrogen bond formation
mechanisms. Additionally, hydrogen bond occupancy in the AAB mutated trimer displays a
noticeably different distribution, with the two higher % clusters appearing to have higher

average occupancy times compared to the other trimers.
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To investigate whether significant differences existed in these clusters, we separated the
datasets by parsing all hydrogen bonds into three occupancy groups: less than 10%, 10% to 70%,
and greater than 70% occupancy. To ensure that data wasn’t being gerrymandered between
trimers, we analyzed the number of hydrogen bonds in each trimer for each cluster group and
determined that bond number was not appreciably skewed by our cluster separation (Figure 6-

7).
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Figure 6-172: Total Number of Hydrogen Bonds within Occupancy % Clusters. Criteria: 3.5 A & 40° Bond Angle. Filter
Cutoff (X-Axis) Corresponds to Bond Occupancy % over Entire Simulation.

Comparison of hydrogen bond occupancy after cluster separation revealed that the hydrogen

bonds in the upper two clusters of the AAB mutant trimer displayed significantly higher average
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occupancy times, indicating a difference in the helical stability between the AABy,: and all other

trimers, which were not significantly different from each other (Figure 6-8).
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Additionally, we quantified charge-charge interactions due to salt bridge formation between

lysine, arginine, glutamate, and aspartate. A similar characterization to the hydrogen bond

occupancy method was performed, with the % of time all salt bridge interactions of 6.5 A or less

recorded during the 50 ns equilibrium period. Here, we compared the occupancy time of extant

salt bridges in AAA and AAB trimers compared to their respective mutant trimers with all lysines

substituted. The loss of salt bridge number in the AAA homotrimer is evident in Figure 6-9,

where comparison of salt bridge occupancy spikes reveals substantial regions comparatively
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absent of occupancy time, indicating that loss of lysines significantly impacts the electrostatic
energy landscape. Salt bridges that exist in both curves, mediated by arginine residues, display

similar occupancy times, indicating that loss of lysines does not impact arginine-based

interactions.
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Figure 6-174: Comparison of Salt Bridge Length within 153 Residue Wild-type AAA Trimer vs. Lysine-Leucine
substituted AAA Trimer during 50 ns Post-equilibration Period

Similar observations were obtained by analysis of salt bridge occupancy of AAB (Figure 6-10).
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Figure 6-175: Comparison of Salt Bridge Length within 153 Residue Wild-type AAB Trimer vs. Lysine-Leucine
substituted AAB Trimer during 50 ns Post-equilibration Period

Finally, while molecular dynamics simulations of the 153 residue trimers provided valuable
insight regarding the effects of lysine modification on collagen stability, some concerns
regarding the validity of these results exist based on the potential differences in electrostatic
characteristics between the leucine residue we used as an analog to methacrylamide
derivatization and methacrylamide itself. In particular, the complete lack of charge in the leucine
side chain is likely different from the methacrylamide that is present on CMA, which still retains
some partial charge from the amide moiety. We initially used the readily available leucine
residue for simplicity of building the model, as the actual methacrylamide structure proved
difficult using Amber due to the peculiar behavior of the double bond in the methacrylate vinyl.
However, with help from one of the developers of Amber, Dr. David Case, we were eventually
able to resolve our difficulties and successfully implemented methacrylamide substitution into
the mutant chains. Images of the all-atom structure models with native lysine and the modified

methacrylamide can be seen in Figures 6-11 and 6-12, respectively. Simulations using the
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methacrylamide substitution are currently running, and should provide a more accurate
simulation of CMA structure and dynamic stability. Indeed, preliminary data of hydrogen bond
occupancy implies that the methacrylate substitution may not only allow increased helical
stability compared to the leucine-substituted model, but potentially may increase helical
stability beyond that of the wild-type helix. As the heat maps in Figure 6-13 suggests, the overall
hydrogen bond occupancy % in AAB trimers appears to be substantially higher in the
methacrylate-modified heterotrimer (AABX) as compared to the leucine-substituted
heterotrimer (AAB K/L) and wild type (AAB), particularly in the ‘Weak’ bond criterion group.
Additional analysis of longer simulation times will be necessary to determine if this

phenomenon is significant, statistically and otherwise.

Figure 6-176: AAB trimer segment containing wild-type lysine
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6.4 Discussion

The goal of this computational modeling research focused on understanding how perturbations
to the lysine residues targeted during CMA synthesis affect the overall stability and
conformation of the triple helix. Our experimental characterization of CMA elucidated a number
of fundamental differences in protein behavior that we were not able to fully understand using
conventional analytical techniques due to the complexity and size inherent to natural collagen
and materials derived from it. We hypothesized that we could develop a model of CMA based
on recent developments with synthetic collagen-mimetic peptides that have profoundly
augmented our understanding of the sequence-structure relationship of native collagen. We
utilized a number of existing tools developed by the Nanda group for computational modeling
of these collagen mimics, and successfully developed novel triple helical models of based on

native collagen and CMA.

Sequence-based modeling was employed to determine functionally-relevant sequences of type-I
collagen that could be used to analyze structural behaviors using molecular dynamics
simulations. Analysis of electrostatic interactions between charged residues of the full length
triple-helical segment of native bovine type | collagen using Matlab resulted in identification of
several regions vulnerable to electrostatic energy disruption following substitution of charged
lysines with the uncharged residue leucine. Using a discrete windowing approach, we observed
several regions within the native collagen sequence that formed substantial energy troughs
when comparing charge-charge energy in trimers formed from wild-type vs. lysine substituted
sequences. Optimization of this energy gap resulted in determination of 153-residue sequences
of the al and a2 chains with a high degree of sensitivity to lysine-based mutations with respect
to charge-based electrostatic energetic. We showed that even modest substitution of 25% of

the lysines with leucines, on par with experimental data concerning CMA derivatization,
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produced a measureable energy gap in single AAB trimers formed by the mutated sequences.
These data have significant implications regarding the triple helical stability of individual
collagen and CMA macromers, as well as the self-assembly of those macromers into higher
order fibrillar structures. Indeed, the presence of charged residues was shown to be a dominant
mechanism responsible for self-assembly of a synthetic AAB heterotrimeric collagen mimetic
peptide [166]. Similar studies have shown that electrostatic interactions are important for
driving self-assembly kinetics and stabilizing the resultant fibrils[167]. Other experiments
involving N-methylation of lysine and hydroxylysine amines on native type | collagen showed
that self-assembly kinetics were retarded in vitro, likely due to the disruption of salt-bridge
formation [73]. All of these data corroborate rheological data we have observed where CMA
self assembly was markedly slower than native collagen, and we can conclude with some
certainty that methacrylation of collagen amines results in disruption in salt-bridge formation,
and may also explain the reduced storage modulus of CMA hydrogels. The reduction in salt
bridge stabilization in CMA fibrillar networks may also be responsible for some of the biological
consequences we observed, such as the substantial difference in hMSC compaction of CMA gels
compared to native collagen. However, the complex effects of salt-bridge interactions within

higher-order fibrillar structures are still poorly understood.

The 153-residue chains determined from the sequence-based modeling were then used to
further probe the effects of lysine substitution with a structure-based model using molecular
dynamics simulations. We imported these optimized sequences into an all-atom model that
allowed us to investigate the ramifications of lysine modification on triple helical stability,
interhelical hydrogen bond dynamics, and salt bridge formation in a variety of trimer
organizations. RMSD was used to characterize the kinetics of equilibrationas well as post-

equilibrium molecular ‘rigidity’. Interestingly, we found that the homotrimer AAA was
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significantly more rigid than any of the heterotrimers examined. While this may not be directly
relevant to understanding CMA behavior (AAB trimers did not exhibit similar traits), it is an
interesting result in the context of understanding the role of heterogeneity in natural collagens,
in which the balance of stability and specificity in triple helical associating proteins is driven by a
biological requirement for a certain degree of instability [168,75]. Additionally, we concluded
that lysine modification did not affect the molecular rigidity in the AAB trimer, which may have
implications for explaining the ability of CMA macromers to form morphologically similar fibrillar
networks despite the difference in charge characteristics. However, RMSD data did not provide
any especially useful insight into why CMA thermodynamics are so drastically different than

native collagen.

More intriguing to our understanding of fundamental CMA molecular structure differences was
the backbone hydrogen bond characterization. These data suggest several important
components regarding the stability of the triple helix in these simulations. It appears that that
three distinct regimes of hydrogen bonding occurred during the post-equilibration period of the
simulation, visible as clustered occupancy percentages. This which agrees with recently
published results by Fallas et al., in which charged groups may participate in hydrogen bonding
through ionic hydrogen bonding with residues of opposite charge, hydrogen bonding with a
polar peptidic atom, or via a water-mediated bridge [169]. In our results, transient, low level
hydrogen bonding, possibly mediated by nearby water molecules, was not significantly different
across any trimer conditions. However, we observed a significant difference in the distribution
of hydrogen bond occupancy times in the two higher occupancy percentage clusters when
comparing the AAB mutant to its wild type counterpoint as well as both AAA trimers. Somewhat
counterintuitively, the lack of positively charged lysines had the effect of increasing the

occupancy times in the two high occupancy clusters in the AAB mutant trimer. This result
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highlights the complexity in the network of molecular forces that govern collagen stability, and
underscore our current lack of complete understanding regarding the interaction of charged
residues, not only in salt bridge formation but with nearby uncharged residues as well.
Potentially, the lack of charge-charge interactions allows the formation of other more stable
hydrogen bonds. Indeed, previous results have shown that in some cases, introduction of
charged groups may have a destabilizing effect [159]. Other results produced in similar
molecular dynamics simulations imply that charged side groups interact dynamically with
nearby water, thus producing a disruptive effect on other hydrogen bonds in the vicinity [170].
Furthermore, these results were obtained with the leucine substitution, and simulations
currently running employing the methacrylamide mutation may provide further insight into how
modaulation of lysine charge affects the overall state of hydrogen bonding.

Analysis of salt bridge formation further validated our original hypothesis that lysine
substitution would result in reduction in salt bridge formation, as we indeed observed that
mutated trimers formed significantly fewer salt bridges, as expected. One interesting result
seems to be that the lack of lysine-mediated salt bridges had no synergistic effect on arginine-
mediated salt bridge stability, which is somewhat surprising given that both lysine and arginine
are oriented near oppositely charged residues. Again, results with the methacrylamide mutation
may help to elucidate whether CMA derivatization necessarily prevents salt bridge formation, or
if the remaining partial charge is adequate for initiating ionic hydrogen bonds. Additionally,
other implications of improving this model in conjunction with rheological assessment of fibrillar
mechanics may have more far reaching impact beyond correlating CMA structure to function.
For instance, understanding how alteration of salt bridge formation affects both macromer
rigidity as well as fibril strength may lead to improved understanding in genetic diseases

affecting collagen triple helix stability such as osteogenesis imperfecta [171-173].
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6.5 Conclusion

We employed sequence and structure based computational modeling of native type | collagen
and a modified CMA analog to investigate the molecular basis of intriguing thermodynamic
behaviors observed during CMA characterization and experimental application. We have
developed a novel, energetically optimized triple helical model based on native type | collagen
that we have shown is useful in analyzing the molecular dynamics of trimeric molecules with
modified amino acid side chain chemistries. Overall, we gained an appreciation for the
significance of lysine-based electrostatic contributions to the stability of the triple helix, and the
loss of stability through CMA derivatization is likely responsible for many of the thermodynamic
behaviors observed in CMA, such as delayed fibrillogenesis and cold-induced disassembly. This
computational model paradigm holds promise for analyzing molecular structural characteristics
of collagen based materials that are not easily evaluated with existing experimental techniques.
However, additional development with the structure-based model is needed before definitive
conclusions can be inferred. Continual development, including currently ongoing simulations
with methacrylamide substitution, may result in improved understanding of CMA structure-
based behavioral phenomena as well as the fundamental role of charged amino acids in native

collagen triple helical stability.
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7. Concluding Discussion and Future Directions

We successfully developed a type-I collagen based hydrogel material, collagen methacrylamide,
which we showed could be mechanically tuned through the application of light within a range of
stiffness relevant to myriad soft-tissue engineering applications. The impetus for this
development was based on previous work in our laboratory by Sundararaghavan et al. and
Monteiro et al., in which type | collagen gels were modified mechanically and biochemically for
use as instructive scaffolds in neuroregeneration applications. Their pioneering results implied
that stiffness gradients and the presence of functional ligands could be used to influence neurite
outgrowth and ectodermal differentiation, both of which hold promise as potential strategies
for repairing injured CNS tissue and improving functional outcomes. However, the fundamental
limitation of their approaches, namely the lack of spatial control over these parameters in a
clinically relevant manner, posed severe limitations for translation into useful therapies in
people. To this end, we aimed to incorporate their approaches into a platform by which light
could be used to achieve the desired material properties, the rationale for an optical-based
mechanism being that minimal disruption of spared tissue in CNS injuries is of paramount

importance.

Initially, we sought to leverage existing photocrosslinking techniques, as our laboratory’s field of
expertise resides primarily in biomechanics rather than biochemistry. However, extensive
evaluation of existing methodologies for photocrosslinking fibrillar collagen resulted in a
determination that the state of the art was insufficient for our needs. We desired significant
mechanical changes, produced quickly, while preserving the majority of the material
characteristics inherent to type | collagen that formed the basis for its selection as the base

material. We evaluated flavin mononucleotide and UVA as a direct collagen crosslinking



275

photoinitiator system, which has previously shown utility for corneal crosslinking [56], as well as
published methods for derivatizing collagen with methacrylic anhydride to allow radical
polymerization of pendant vinyl groups. In the former case, we determined that the range of
stiffness provided by FMN and UV were insufficient for our applications, where the most
substantial modification of fibrillar gels was limited to crosslinking macromers prior to self-
assembly, and that FMN photoinitiation was highly toxic to encapsulated cells, all of which
resulted in evaluation of more appropriate methods for imparting photocrosslinks into collagen
gels. Collagen methacrylamide has been derivatized from native collagen previously, and we
sought to employ these methods into our strategies based on published results. However, again
we found limitations in these techniques, mainly that the derivatization reaction required
conditions not compatible with the sufficient preservation of the collagen triple helix. Despite
numerous attempts, the conclusion we reached implied that a different method for derivatizing
collagen under gentler conditions was necessary for collagen methacrylamide to be a useful

material for our research goals.

By employing EDC and sulfoNHS crosslinking of methacrylic acid, we developed a process for
derivatizing CMA while maintaining its ability to self-assemble, and we showed that it formed
fibrillar gels morphologically similar to native collagen, could be degraded enzymatically,
retained characteristic triple helical structure, and provided a stable, biofunctional scaffold
suitable for culturing multiple cell types. Through a laborious optimization process, we
developed a platform based on CMA for spatiotemporally modulating the material properties
within a self-assembling hydrogel, which we believe holds promise for a wide array of soft-tissue
engineering applications. However, our initial rationale for development of this material was
centered on creating instructive scaffolds for CNS injury repair, which became the focus of our

biological application experiments.
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Characterization of the material properties elucidated the capabilities of CMA photocrosslinking;
characterization of its biological compatibility uncovered its limitations. A large portion of the
developmental rationale rested on the assumption that Irgacure/UV crosslinking could be used
to modify CMA in the presence of cells with acceptable negative side effects, based on
numerous published studies that supported this assumption. Our results were quite different.
Given the structure of CMA, the distribution of methacrylate groups, and likely a litany of other
factors us yet unknown, the concentration of photoinitiator required for achieving the desired
material modification was also high enough to significantly impact cells encapsulated prior to
the photoinitiation. In some cases, complete ablation of viability was observed, in others, only
minimal detriment. While the 12959 concentrations we determined were necessary for CMA
photocrosslinking are similar to those used without apparent toxicity in other platforms, the
unique distribution of reactive groups within CMA was often inadequate for reacting with

radicals, leaving them free to wreak havoc on cells instead.

Despite this drawback, some cell types were able to tolerate photocrosslinking quite well, with
hMSC appearing to suffer minimally even under maximal crosslinking conditions. In light of this,
along with recently published literature that showed hMSC capable of neural differentiation
dictated by substrate mechanics, we investigated whether CMA could be used to direct neural
differentiation in a spatially controlled manner using photocrosslinking. Again, limitations of
CMA hampered our application with this platform. While hMSC could be grown in CMA gels with
and without crosslinking, and showed neurogenic potential, differences in CMA fibrillar
structure previously believed to be insignificant were observed to have profound effects on
hMSC behavior, with dramatic cellular compaction occurring overnight in CMA gels without
crosslinking. While fibrillar diameter and macromer structure were observed to be

indistinguishable by our biochemical analysis with SEM, DLS, and CD, the molecular differences
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between CMA and native collagen proved to have significant biological consequences. As such,
the dynamic nature of the material properties in gel undergoing compaction largely obviated
any further application of CMA as a platform for studying hMSC neural induction. Additionally,
concerns regarding the functionality of hMSC-derived neural cells by ourselves and others, led
to alternate strategies for utilizing CMA as a neuroregenerative matrix. However, hMSC
compacted gels may be useful in other soft-tissue engineering applications such as vascular
tissue repair, tendon replacement, and vertebral disc regeneration. In particular, the ability to
constrain gel compaction spatially may prove extremely useful for designing oriented,

anisotropic tissue equivalents.

In a separate regime of photonically induced material modification, we hypothesized that CMA
gels could be used as a 3D ‘canvas’, upon which we could paint a biofunctionally instructive
mural. Recent work in our lab by Dr. Shirley Masand implied that collagen grafted with
functional peptide mimics could be used to not only augment neurite outgrowth in a peripheral
nerve guidance conduit, but that specificity in the regenerating axons could be targeted as well,
a result with important implications for downstream targeting and functional recovery. These
phenomena, coupled with the spatial control of CMA photocrosslinking, led us to investigate
whether photografting of functional methacrylated peptides could be used to directionally guide
neurite outgrowth, potentially providing a robust axonal targeting mechanism. In addition, the
increased concentration of reactive groups on these peptides was hypothesized to improve
cellular viability outcomes following photoinitiator-produced radical exposure. However, a
number of unforeseen complications with this approach caused serious limitations to its
implementation and evaluation of efficacy. Foremost among them, peptide design flaws
resulted in solubility issues and aggregation of peptide within CMA solutions. The presence of

photosensitive methacrylate groups, along with spacer sequences intended to maximize peptide
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presentation to cells, combined to prevent significant coupling efficiency in the photografting
paradigm. Additionally, peptide synthesis costs and long product turnaround times created
significant logistical difficulties that we were unable to overcome in the scope allowed by this
thesis work. While promising results indicated that this approach may be feasible in the future,
significant improvements in future peptide design and access to collaborative efforts with
peptide synthesis experts will be necessary for development of this technique into a functional
modality. Overall, we were successful in demonstrating that CMA gels are useful substrates for
neural stem and progenitor cell culture and differentiation, as well as showing utility in
encouraging directed cellular behaviors with clinically relevant populations such as Schwann
cells. Further development with these platforms may provide useful culture systems for
regenerative medicine as well as fundamental investigation into the mechanisms of disease

progression in pathological conditions.

Additionally, CMA exhibited a number of intriguing behaviors not observed in its native collagen
counterpart, particularly the ability of CMA to reversibly disassemble at temperatures below 10
C°. One application that may be exploited from this quality resides in the use of CMA gels as a
novel culture substrate, where temperature alone could be used to harvest sensitive
differentiated cell populations without the use of enzymatic cleavage, a major impediment to
transplantation of therapeutically relevant cells. Furthermore, the ability to spatially constrain
specific populations through focal application of crosslinking provides an avenue for creating
complex multicellular coculture systems in physiologically relevant geometries utilizing only light
and temperature. The molecular basis for this ‘cold-melting’ phenomenon is still poorly
understood, but evidence provided through our investigation with computational models of
CMA model peptides using sequence based energetic analysis and structure based molecular

dynamics simulations indicate that the partial shielding of charged groups on collagen residue
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side chains following CMA derivatization may be responsible for the altered thermodynamic
behavior. Indeed, complementary experimental results using circular dichroism to analyze
protein structure indicate that significant differences exist in triple helix stability, with
substantial alteration to the formation of resultant higher order fibrillar structures. Ongoing
development of both molecular dynamics modeling and CD analysis experiments will hopefully
elucidate the precise mechanisms driving this behavior, and may allow us to capitalize on the
use of CMA as a dynamic scaffold. Lastly, this in silico approach may also provide insight into our
current understanding of native collagen structural stability and self-assembly, with implications
for augmenting our ability to design new materials as well as address pathological conditions
resulting from mutations in the genes responsible for producing native collagen, such as

osteogenesis imperfecta.
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