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ABSTRACT OF THE DISSERTATION

Development of Photodegradable Polymer Networks: Cellular Applications and
Mathematical Models.

by

Sam Carsten-Puisis Norris
Doctor of Philosophy in Bioengineering
University of California, Los Angeles, 2019
Professor Andrea Marie Kasko, Chair

The field of cell and tissue engineering is far from being systematic. Historically, the field
follows a guess-and-test methodology; new materials are produced and tested in search of the
“right” combination of material properties, chemical/growth factor concentrations, reactor
conditions, etc. While developmental biologists have extensively studied signaling factors,
gene expression and other components governing early tissue development, researchers still
do not have a full picture of how these signaling cascades are initiated or how spatial and
temporal tissue inhomogeneities initially form. To address this issue, new materials must be
developed that can mimic the intricacies of native tissue in order to correctly study their be-
havior. Hydrogels incorporating controlled photodegradation are a novel class of polymeric
biomaterials that our group at UCLA has developed. The outstanding benefit of these ma-
terials is that their physical and chemical properties can be altered on-demand, in real-time
without the presence of toxic compounds, allowing cells to be present during modification.
In addition, the degradation, and thus the mechanical properties, is a strict function of
the exposure of light (exposure time, wavelength, and intensity) such that the precise spa-
tial and temporal control of the degree of degradation far surpasses that of hydrolytic and
enzymatic degradation mechanisms. In this dissertation, I develop new photodegradable
materials, find solutions to better characterize their behavior, and expand the techniques
necessary for their successful use in cell biology. First, by developing a series of mass-action

and kinetic mathematical models, I examine the physical properties of photodegradable gels
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formed by end-linking gelation. I pay special attention to how diffusion of photoabsorb-
ing byproducts affect degradation. These models are further enhanced by examining the
specific microstructure and micro-heterogeniety of the gels formed. Second, I expand the
photodegradable materials library. In order to better mimic three-dimensional cellular en-
vironments, I successfully synthesize photodegradable protein-based gels and showcase their
applicability towards three-dimensional cell culture. I specifically fabricate photodegradable
gelatin gels, however, the techniques I develop here more generally aid in the conjugation
of hydrophobic moieties to protein materials. Next, I synthesize and fabricate photodegrad-
able polyacrylamide gels. I utilize the flexibility of the polyacrylamide gel system by ex-
ploring cell response to both changes in cell binding domain and dynamic softening of the
underlying matrix. Finally, I develop the application of maskless photolithography for pho-
todegradable hydrogels. Using this technique, I rapidly pattern grayscale stiffness patterns
into photodegradable hydrogels in a highly controlled fashion with sub-micron resolutions.
Cell response to complex patterns of grayscale stiffness are tested. Through the develop-
ments made in this dissertation, I expand our ability to test cell behavior in spatially and

temporally heterogeneous environments.
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CHAPTER 1

Introduction

1.1 Physical changes of tissues in time and space.

It is the aim and challenge of cell biologists and tissue engineers to understand the
fundamental principles by which native tissue structures are formed. By mimicking the
native environment, through a combination of cell-supporting scaffolds and growth factors,
researchers hope to deconstruct the mechanisms of tissue formation. It has long been known
that cell behavior is influenced by the surrounding physical environment [I]. As an example,
extra cellular matrix (ECM) stiffness has played a vital role in stem cell differentiation, where
stiffer substrates promoted the differentiation of stiffer cell lineages [2], 3]. Tissue structures,
however, are highly complex and often composed of many different types of cells that can
exhibit varying cell phenotypes with precise spatial positions. Cells organize in both time
and space to dynamically form interfaces and boundaries in both structure and function
[4]. Spatially, changes in tissue physical properties can occur at subcellular lengthscales [5];
temporally, tissue remodeling and physical changes can occur on timescales shorter than the

life of a single cell (on the order of a single day) [6] [7].

For example, the role of the dynamic and heterogenous physical properties of the ECM in
cancer research has garnered significant attention. Tumors remodel the ECM around them,
which is well associated to malignancy and enhanced cell proliferation [8] as well as increased
deposition, linearization, and thickening of interstitial collagen [9]. The microenvironment of
breast cancer tumors tissues and tumor-adjacent stroma are between 5-20 times stiffer than
normal mammary gland tissue [10]. Traction stresses are also significantly higher in cancer

cell lines than their non-metastatic counterparts [I1], indicating that cancerous cells “feel”



their surrounding environment to a greater extent. These cellular forces are transmitted
through molecular complexes and actin filaments that eventually reach the nucleus [12],
altering transcription and cell fate [2]. As such, it is well known that changes in nuclear
shape are a hallmark process of tumorigenesis [13]. Yet, still to be identified are the molecular
mechanisms of how force and the physical environment dictate cell fate [I4]. In vitro, ECM
stiffness has been shown to dictate tumor progression and metastatic potential [10, 15} [16].
Development of breast cancer is strongly correlated with tissue stiffening, where the tumor
stiffness increases during cancer progression (Figure [17]. In this context, the native
tumor environment is neither mechanically static nor homogeneous. However, in vitro studies
correlating matrix stiffness to malignancy have relied on ECMs whose mechanical properties
cannot be controlled in time nor space [10) 15, [16]. Recent studies have indicated that the
mechanical history of the underlying substrate [18, 19, 20] has a significant impact on cell
fate. Thus, researchers have become interested in how time-dependent stiffness changes of

the surrounding ECM affect tumor development.

As another example, tissue interfaces, such as the alveolar bone to periodontal ligament
to tooth transition, are highly anisotropic in structure, composition, and function. Teeth
contain gradients in composition and mineral density, which give rise to gradients in the
material stiffness [21]. In the articular surfaces of the mandibular condyle, chondrocytes
progressively calcify the interterritorial matrix as they approach the stiffer ossification zone,
eventually forming mineralized bone. Even within cartilage tissue, chondrocytes spatially
transition from a rounded to flat morphology, and the collagen produced transitions from

type II to type I, respectively [22].

In the case of dental and craniofacial structures, mesenchymal stem cells (MSCs) have
been of interest to researchers due to their multipotent nature. During tooth development,
neural crest-derived MSCs have the ability to differentiate into multiple cell types as a
function of time and spatial position. In particular, during the bud and subsequent cap
stages, MSCs spatially differentiate into odontoblasts that form the tooth pulp and dentin,
as well as the dental follice that form the periodontal and cementum tissues (Figure
[23]. Such MSCs also differentiate into non-dental lineages including osteoblasts and chon-
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Figure 1.1: Mechanically active cancerous tissues.

In adult tissues, significant dynamic changes to the tissue physical properties can occur. One
such example is the development of breast cancers. Within the mammary gland, proliferation
of luminal epithelial cells is triggered by a transformation event, leading to abnormal pre-
neoplastic luminal mammary epithelial cells. Immune cells are stimulated and fibroblasts
are activated in the breast stroma which leads to changes in the ECM composition and
mechanical properties. Due to genetic modifications and in response to these mechanical
changes to the ECM, luminal epithelial cells invade the breast parenchyma. Reproduced,
with permission, from Macmillan Publishers Limited. Copyright: (2009) [17].



drocytes, which form bone and cartilage, respectively [24]. This simple spatial segregation of
cell types gives rise to the complex structure and the building blocks required to create both
a functional tooth and entire orofacial structures [25]. Consequently, MSCs have become an
essential cell type to study tissue regeneration. Understanding how MSCs spatially differen-
tiate based on their surrounding environment and how this spatial differentiation affects the

formation of tissue interfaces are important problems.

1.2 Exploiting photodegradation

The barrier to understanding how these tissue anisotropies form — for instance tissue
polarity, cell orientation, and cell differentiation as a function of time and spatial position —
is largely due to lack of proper materials that can reconstitute such complex environments.
Ideally, an artificial material should be able to mimic the biophysical and biochemical mi-
croenvironment of native tissues, including spatial and temporal control over material prop-
erties. To date, research to relate physical microenvironments to cellular response has been
largely limited to un-patterned, homogeneous materials in small numbers. Some strategies
to microengineer hydrogels [26], incorporate bioresponsive functionalities [27], and integrate
metalloproteinase-sensitive structural elements [28] into hydrogel materials have been suc-
cessful. However, investigators have been largely unable to successfully probe cell behavior
in mechanically heterogeneous environments that properly mimic native tissue. For these
reasons, researchers have sought to produce novel classes of advanced materials to produce

a cell-supporting scaffolds that can achieve spatial and temporal heterogeneity [29].

In order to overcome the inability to modulate the cellular microenvironment as an on-
demand process, researchers looked to incorporate photocleavable moieties into the backbone
of hydrated polymeric networks. The photoactive ortho-nitrobenzyl (0-NB) group became
an optimal choice as a photocleavable, bi-functional linker due to its high yield photocleav-
age, relatively simple synthesis, and an absorbance spectrum that was well suited for live
cell applications [30]. The unimolecular photocleavage event requires no additional com-

ponents to proceed, and thus follows first-order rate kinetics. The photodegradable o-NB
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Figure 1.2: Progressive development of a functional tooth.

In both time and space, cells organize, forming distinct layers and gradients of cell type and
function to form a functional tissue. In early stages of tooth development simple interactions
between the epithelium (ep) and the neural crest derived mesenchyme (mes) give rise to a
cascade of signalling events. The epithelium segregates into basal cells along the basement
membrane and stellate reticulum (sr), the layers of which eventually form the stem cell niche
of the epithelium. The dental mesenchyme (dm) splits into the dental papilla (dp), which
gives rise to tooth pulp and odontoblasts (dentin formation), and the dental follicle (df) which
form into cementoblasts and periodontal tissue. Through these seemingly simple interfaces
and changes, the shape of the tooth starts to become apparent. Cells at the epithelial-
mesenchymal interface differentiate and secrete mineralizing matrices. Enamel knot (ek),
epithelial cell rests of malassez (erm), hertwig’s epithelial root sheath (hers). Reproduced,
with permission, under the Creative Commons Attribution. Copyright: (2008) Irma Thesleff
and Mark Tummers [23].



functionality first found widespread use as a photocleavable protecting group for solid-phase
peptide synthesis. Photoremovable ortho-nitrobenzyl protecting groups could be conjugated
to protect primary amines, carboxyl groups, among a variety of other functional groups
[31], 30 32). Upon photoirradiation, the protecting group would cleave via a photoinduced
intramolecular hydrogen abstraction, releasing the 2-nitrosobenzaldehyde/ketone group and
the deprotected functional group, allowing for an additional degree of orthogonality in pep-
tide synthesis. Photocleavable 0o-NB groups have also been used in polymeric applications
as a method to photorelease polymeric thin films [33], as positive-type photoresists for mi-
crofabrication [34], and as photocleavable linkages in polymer networks [35]. While early use
of 0-NB groups focused on organic chemistry and polymer applications, these photodegrad-
able 0-NB groups eventually found applications in biomedical fields. Photocleavage of 0o-NB
groups has found use in uncaging of fluorophores in the presence of cells [36] and as a sul-
phydryl protecting group in order to pattern biochemical cues to guide axonal growth in-situ
[31].

Looking to utlize the 0-NB group as a photodegradable linkage within the physical struc-
ture of hydrogels, Kloxin, Kasko, et al. incorporated 2-methoxy-5-nitro-4- (1-hydroxyethyl)
phenoxybutanoate o-NB linker into the backbone poly(ethylene glycol) (PEG) diacrylate
macromers (see Figure [38]. These macromers, capable of being polymerized by free
radical polymerization into polymer network structures, allowed for precise, on-demand ma-
terial stiffness control. As shown in Figure [I.3) upon illumination with light, cleavage of
the ortho-nitrobenzyl group occurs, the elastically effective intact network strands break,
and the modulus of the gel decreases. To their benefit, 0o-NB moieties can be cleaved at
long-wave UV or short-wave visible light. Most commonly, researchers have used the I-line
(365 nm) or the H-line (405 nm) of a mercury arc lamp to degrade the o-NB linkages.
Subsequently, Griffin and Kasko expanded the library of photodegradable hydrogels, taking
advantage of different photochemical properties of different 0-NB moieties to produce differ-
ent mechanical responses [39]. The outstanding benefit of these materials is that cells can be
present not only during fabrication (as is the case with traditional PEG-diacrylate gels), but

also during modification via photodegradation. The wavelengths, irradiation intensities, and
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Figure 1.3: Network structure of photodegradable gels.

a) Photodegradation of an example 0-NB molecule: the 4-(4-(1- hydroxyethyl)-2- methoxy-
5-nitrophenoxy) butanoic acid chemistry. b) Incorporation of the o-NB linkages into the
backbone of poly(ethylene glycol) diacrylate macromer to form a photodegradable crosslink-
ing macromer. ¢) End linking of the photodegradable crosslinking macromer forms a network
that can be subsequently degraded. Crosslinks (red dots) are connected to one another by
polymeric network strands (black lines) with photodegradable end-groups (green ovals). Ex-
posure to light degrades the photoactive linkages (blue ovals). The photodegradable network
strands are left in one of the three states: 1) intact; 2) dangling; or 3) free.

times of degradation used have been shown to be cell compatible [40), 41]. The degradation,
and therefore the material stiffness, is a strict function of the exposure to light (exposure
time and intensity) [42]. As such, spatial and temporal control of the material stiffness is
achieved. This process is far more precise than related mechanisms, such as hydrolysis and
enzymolysis. While early reviews on photodegradable polymers have been written [43], a
comprehensive look at hydrogels whose structure can be disassembled using light has yet to
be fully explored. In this chapter, we explore the applications, novel techniques, exploration

of cell behavior, and future perspectives of photodegradable hydrogels.



1.3 Achieving spatial and temporal complexity within pho-

todegradable hydrogels

Since their conception by the lab of Kristi Anseth [38], the use and creation of pho-
todegradable hydrogels has since expanded. As mentioned, one of the greatest advantages
to photo-sensitive gels is that the spatial position and time of light exposure is highly con-
trollable. Light can be projected on a two-dimensional surface, or concentrated to a very
small volume in three-dimensions with high precision in both time and space. Photolitho-
graphic techniques, long utilized in the microfabrication and wafer processing industries, are
uniquely applicable to photodegradable hydrogels, where the hydrated polymer networks can
be essentially classified as positive photoresists that degrade upon exposure. In the case of
photodegradable hydrogels, gels can be patterned to create topological features, or simply
softened with light. Both features have found use in cell biology. To mathematically model
the degradation process, a combination of polymer physics principles, the Beer-Lambert law,
and first order rate kinetics have been applied to model the photodegradation of these gels
[42]. Photodegradable hydrogels are unique from other degradable gel types in that the
photodegradable moiety absorbs light, thus, light is attenuated along the light path, leading

to a differential in the degradation rate along the path of light.

The most simple way to pattern photodegradable hydrogels is through the use of a
photomask where geometric patterns block light in some regions and lets it pass in oth-
ers. As mentioned, the production of low-cost, high quality, precision photomasks, and the
tools to “print” using 365 nm light, has been well already established by the photolithog-
raphy community. Many of the technological advances in the photolithography field are
directly applicable to photodegradable hydrogels. Using the combination of photomasks and
photodegradable gels, material modulus can be patterned as a function of time and space
[38., [44] 145]. More recently, researchers have used photodegradable hydrogels in combination
with and polydimethylsiloxane (PDMS) microfluidic devices. Photodegradable PEG hydro-
gel features within a microfluidic device can be polymerized and subsequently sculpted by

photodegradation using a photomask [46]. These devices act as a dynamic method to recon-
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figure biomicrofluidic systems and have been applied to capture and release specific cell types
[47]. These masks, however, only pattern the gels in an on/off manner. Thus, researchers
looked to make gradients of photodegradation, which lead to a gradient of intact network
strands, and hence modulus [48] 44]. Continuous gradations of material modulus were cre-
ated by pulling an opaque photomask across the surface of the photodegradable gel during
exposure. Regions that experienced longer degradation times were softer, and shorter times
lead to stiffer regions. Since mechanical gradients occur throughout our bodies, as mentioned

above, this ability was of immense interest.

Such photomasks, however, can only controllable pattern the gels in two-dimensions. In
order to expand photodegradable hydrogel patterning in three-dimensions, researchers have
taken advantage of laser scanning microscopes typically utilized for confocal microscopy
[38, 149, [45], 44]. Using such microscopes, a focused laser beam scans in a custom raster
pattern which degrades a single voxel of gel at a time. To increase the three-dimensional
resolution of this technique, two-photon absorption can be utilized [38] 49] [45]. Since near-
simultaneous absorption of two photons is extremely low, only the exposed regions of the
highest flux, and thus the focal point of the laser, cause the two-photon photolysis of the
0-NB moiety. Since the wavelength of light used for two-photon photolysis is of lower energy
(longer wavelength), attenuation of light through the gel is not an issue, allowing degradation
to be confined deep into the gel. Degradation can be restricted to a small small volume in

three dimensional space ~1 pum?3.

To further utilize on photodegradable hydrogels, differential network swelling during pho-
todegradation was capitalized on to create folding hydrogels. The degree to which a polymer
network swells is based on a balance between the modulus of the gel, and the osmotic pres-
sure within the gel [50]. Polymer strands within the network attract solvent into the network
due to the free energy gain in mixing. The pressure of this inward flow is countered by the
elastic energy from the stretching of the gel network. Thus, the degree of network swelling
can be controlled by three parameters: 1) the solvent quality for the particular polymer
network; 2) the total amount of polymer in the gel; and 3) the stiffness of the network. All
three parameters can be controlled spatially and temporally by photodegradation of the net-
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works. As the network degrades, network strands are cleaved which decreases the modulus
of the gel. Eventually, polymer strands are completely removed from the system, reducing
the total polymer content. After cleavage of the 0-NB group, a pendant charged carboxylic
acid group is left attached to the network that changes the quality of the solvent (water)
and thus the osmotic pressure. Researchers have found that upon initial irradiation, the
0-NB-based PEG gels increase in volume. Eventually as more and more polymer strands are
removed, the gel network decreases in volume and eventually undergoes de-gelation where
there are not enough intact network strands to form an infinite molecular weight network
[51]. This volume expansion and contraction property has allowed researchers to create both
positive and negative features within the same gel, only by modifying the exposure condi-
tions [45], 52]. Since the stimulus used is light, such patterns can be controlled spatially
using photomasks and modified at different time points. To further explore and utilize the
swelling behavior of photodegradable gels, Kapyla et al. exploited the non-uniform degree of
degradation along the path of light. Upon irradiation, light is attenuated leading to a grada-
tion of material properties along the path of light. The gel volume at the surface increases
while remaining the same deeper into the gel. Given the proper gel geometry and expo-
sure conditions, the gels fold and change their three-dimensional shape [53]; a process that
can be induced in the presence of cells. Via the same mechanism, others have utilized the
asymmetric swelling of photodegradable networks formed by the copolymerziation of acry-
lamide (AAm), N -[tris(hydroxymethyl)methyl] acrylamide (THMMA), and a PEG-based

photocleavable crosslinker [54].

1.4 Expanding photodegradable hydrogels to alternative material

systems

While PEG-based hydrogels have proven to be incredibly effective biomaterials, and
well suited to be used in photodegradable systems, researchers have looked towards other
material systems incorporating photodegradable linkages. The use of both synthetic and

natural polymers has been investigated. Early on, acrylate-terminated o-NB moieties were
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conjugated to naturally-derived dextran polysaccharide polymers [55]. These 0-NB dextran
macromolecules were then crosslinked with dithiolated PEG via a Michael addition between
the acrylate and thiol groups. Similarly, looking to produce an injectable hydrogel to release
proteins or other biological cargo, heparin, a glycosaminoglycan, was investigated. Hep-
arin was functionalized with maleimide groups and crosslinked via Michael addition with
thiol-terminated photodegradable PEG macromers [56]. In order to reduce hydrolysis, the
ester bond of the 0-NB group was replaced with an amide. This amide linkage, however,
significantly reduced the photo-sensitivity of the linkage and resulted in much slower pho-
todegradation of the gel, which has been observed previously [57]. Hyaluronic acid (HA)
based substrates have also been utilized for photodegradable hydrogels. One of the main
advantages of HA is that it has a very high number of functional groups (in the form of a
nucleophilic alcohol) per strand: every other monomeric unit. Hyaluronic acid was modified
with acrylate terminated photodegradable linkages, methacrylate groups, and RGD domains
[58]. Herein, the polymer strands could undergo multiple gelation and degelation reactions:
1) using dithiothreitol, initial gelation occurred through thiol-acrylate Michael addition; 2)
exposure to 365 nm light subsequently degrades the o-NB linkages, softening the gel; and 3)

the methacrylate groups are subsequently photopolymerized.

One of the main drawbacks of many polymeric materials is that they may not be en-
zymatically active. Cells can not degrade the surrounding network, thus limiting cellular
proliferation and restructuring of the matrix. To circumvent this, in combination with pho-
todegradable linkages, metalloproteinase (MMP) sensitive structural elements have been
incorporated into the backbone of the PEG hydrogel network [59, 60]. The hydrogels can be
specifically degraded with light, and cells can restructure the matrix as well. Along a similar
vein, gelatin, a natural material that intrinsically contain MMP sensitive linkages and RGD
binding domains has been modified with methacrylate groups (GelMA) and copolymerized
with photodegradable PEG [61], 62]. Gelatin has also been directly conjugated with o-NB
photodegradable crosslinkers to form pure gelatin photodegradable hydrogels [63]. These

pure photodegradable gelatin hydrogels suffered from low conjugation efficiency, however.

Another biomaterial t