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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 [1]. 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 [11], indicating that cancerous cells “feel”
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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 [14]. 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 1.1) [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 1.2)

[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].
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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 (o-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].
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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 o-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 o-NB groups focused on organic chemistry and polymer applications, these photodegrad-

able o-NB groups eventually found applications in biomedical fields. Photocleavage of o-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

[37].

Looking to utlize the o-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 1.3) [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 1.3, 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, o-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 o-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 o-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. c) 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.
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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, 45]. 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, 49, 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

o-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 µm3.

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 o-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

o-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

10



conjugated to naturally-derived dextran polysaccharide polymers [55]. These o-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 o-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 that researchers have commonly used is polyacrylamide (PAAm),
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which has been heavily used in to study cell mechanobiology [64]. As a way to dynamically

crosslink PAAm gels, White et al. co-copolymerized acryalmide with a catechol methacrylate

group that complexes to iron under basic conditions and forms a bis-catechol crosslink [65].

By adding a photoacid generator (diphenyliodonium chloride) and exposing to 254 nm light,

the ferric-phenoxide coordinative bond is protonated and dismantled. While this system is

not applicable for cell culture, it has potential applications for photo-reversible adhesives.

As described above PAAm-THMMA based photodegradable gels have been synthesized to

explore shape-shifting gels [54]. Photodegradable polyacrylamide gels have also been pro-

duced by transforming the photoinitiator Irgacure-2959 into a bis-acrylate crosslinker [66].

Again, this photodegradable hydrogel system was not used for cell culture, likely due to the

production of harmful free radicals upon irradiation.

Researchers have also looked for different ways to form photodegradable hydrogels. In

order to produce more homogeneous network structures, reversible addition-fragmentation

chain transfer (RAFT) polymerization was utilized to synthesize hydrogels incorporating

the photodegradable o-NB group [67]. When compared to conventional PEG-based pho-

todegradable free-radical polymerized hydrogels, RAFT gels display faster degradation ki-

netics, likely due to their more homogeneous nature. Using a slightly different approach to

produce photodegradable hydrogels, the group of Professor Bettinger has investigated block

copolymers that disintegrate upon exposure to light[68, 69, 70, 71]. Triblock copolymers com-

posed of a hydrophobic, photolabile blocks (either poly(o-nitrobenzyl methacrylate) [68, 71]

or poly([6-bromo- 7-hydroxycoumarin-4-yl]methyl methacrylate) [69]) and hydrophilic PEG

blocks were synthesized. These block copolymers formed physically crosslinked gels when

hydrated. Upon irradiation, the photolabile group was cleaved leaving a pendant car-

boxyl group on the block copolymer. This cleavage changed the charge density of the

polymer chains and rendered the hydrophobic blocks to become hydrophilic. The physi-

cally crosslinked networks disintegrated. Other groups have also looked to produce pho-

todegradable physically crosslinked block copolymer gels. Using a very similar approach, a

four arm star polymer composed of hydrophilic PEG blocks and hydrophobic, photolabile

poly(gamma-o-nitrobenzyl-L-glutamate) blocks were synthesized [72]. Again, hydrophobic
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interactions of the o-NB group physically crosslinked the gels and also provided a hydropho-

bic domain to encapsulate hydrophobic drugs.

1.5 Assaying cell response to changes in matrix mechanics

The great benefit of the photodegradable hydrogels is the ability to ask and answer ques-

tions in cell biology that are otherwise inaccessible. As such, detailed protocols, aimed at

the cell biology community, to synthesize photodegradable hydrogels, have been established

[73]. Since PEG does not inherently contain any cell binding domains, the short peptide

arginylglycylaspartic acid (RGD), which is found within many matrix proteins, has been

incoproated. RGD domains can either be acrylated and directly incorporated into the gel

during formation [74], or a cysteine residue can be added to the RGD peptide which un-

dergoes a Michael addition with a pendant acrylate group on non-photodegradable PEG

[75, 53]. Since many of the polymerization mechanisms used are non-toxic, and the wave-

length of light used to degrade the gels do not affect gene expression [40] or the proteome

more generally [41], cell behavior in photodegradable hydrogels can be studied in both 2D

and 3D culture. Using the sliding photomask technique described above, hydrogels with

a gradient of elastic modulus were created, and used to analyze valvular interstitial cell

(VIC) activation into myofibroblasts [48]. By utilizing a gradation of material properties,

specific moduli that suppress VIC activation could be identified. Myofibroblasts could also

be dynamically de-activated by softening the matrix stiffness in-situ [48, 74, 76]. Levels of α-

smooth muscle actin stress fibers and proliferation could be actively reduced upon substrate

softening and reactivated upon addition of TGF-β [74].

The role of dynamic and heterogeneous matrix mechanics on stem cell differentiation has

also been explored. Yang et al. found that human mesenchymal stem cells (hMSCs) exhibited

“memory” of previous mechanical environments. Using photodegradable PEG-based gels,

hMSCs were cultured on initially stiff gels which were then softened upon irradiation. If the

culture time on initially stiff hydrogels was long enough (10 days), once the gels were in-situ

softened, hMSCs behavior no longer reverted to the behavior observed when cultured on
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initially soft gels [77]. Research has also shown that cells respond to spatial mechanical cues.

Photodegradable PEG gels were patterned with subcellular changes in matrix mechanical

properties to study hMSC fate. Different patterns of matrix stiffness lead to disruption of

actin organization, altered response of transcriptional regulators, and different cell fate [78].

Cell behavior to topographical signals can also be studied. By pre-softening photodegradable

gels, then erroding channels, cell response to dynamic and topological features can be studied:

VICs de-activated upon in-situ softening and myofibroblast activation recovered after in situ

channel creation [76].

Various methods to explore three-dimensional cell culture using photodegradable hydro-

gels have also been carried out. By degrading arrays of cell culture wells into photodegradable

hydrogels, cell differentiation in response to well geometry was studied. Furthermore, indi-

vidual cell clusters in adjacent wells could be connected at any time point via controlled

two-photon irradiation [59]. Similarly, axon growth of encapsulated embryonic stem cell-

derived motor neurons was directed by in-situ creation of user defined tunnels created by

two-photon irradiation [57]. Vascular networks have also been explored where, 3D per-

fusable vessels within photodegradable hydrogels were created via two-photon irradiation.

These networks can be readily modified over time, in the presence of cells [60]. Alternatively,

photodegradable hydrogels have been used as a way to mold cells into particular shapes. By

using the gel folding techniques described above, C2C12 mouse myoblasts were encapsulated

into photodegradable gels that could subsequently be folded into tubes at a user-defined

time point [53]. Photodegradable hydrogels have also been used as a sacrificial material

that can be removed after cell cultures have maturated. Epithelial cells were cultured on

the surface of photodegradable hydrogel microspheres, which were then embedded in non-

photodegradable gels. The photodegradable component was then eroded away with 365 nm

light, leaving a hollow cyst-like architecture that resembled functional epithelial layers [79].

This same technique has been applied to recapitulate the native alveolar tissue architecture

[80].
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1.6 Limitations

While much research has been performed with photodegradable hydrogels, there are still

several factors limiting their development and use. The central theme of this dissertation is

to explore these insufficiencies and find potential solutions. The topics I explore all aim to

make photodegradable hydrogels more applicable for the study of cell biology. In Chapter

2 I explore mathematical models of photodegradable PEG gels, to more precisely predict

their properties. Current models of photodegradable hydrogels are insufficient to properly

explore the gel microstructure as well as the complexities surrounding their degradation. I

pay special attention to how diffusible photoabsorbing species mediate the degradation of the

polymer network. Through a series of mass-action models I show how including the diffusing

of photoabsorbing species significantly affects the degradation profile of these gels. The

model also examines the experimental conditions in which diffusion of these species is more

or less important. Next, in Chapter 3, I precisely model the polymer network microstates

being formed (on the order of 100 individual network strands). I create a mathematical

model to determine the distribution of network microstates during network polymerization

or degradation. The model subsequently explores how networks may be formed if the network

bonds can dynamically bind and unbind and thus reach an “equilibrium” state rather than

an irreversible (or quenched) network formation process.

While some alternatives to PEG-based photodegradable hydrogels have been explored,

there still exist some material-based limitations. In Chapter 4 of my dissertation I ex-

plore the fabrication and use of protein-based photodegradable hydrogels. Thus far, most

photodegradable hydrogels have been composed of polymers that are not optimal for three-

dimensional cell culture. They do not allow for cells to restructure the matrix surrounding

them. While some photodegradable gels have incorporated protease-sensitive sites, their

fabrication is tedious, and they may not properly mimic the native environment. I explore

the use of gelatin, a naturally derived material that contains both enzymatically liable sites

and cell binding domains, and synthesize photodegradable gelatin-gels. More generally, this

chapter explores the conditions and techniques needed to conjugate hydrophobic moieties to
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protein macromers at high conjugation efficiency. In Chapter 5 of my dissertation, I explore

the synthesis of photodegradable polyacrylamide gels, and their use as a dynamic biomate-

rial to study cellular mechanotransduction. Polyacrylamide gels the most commonly used

hydrogel systems to study mechanobiology. They are easily fabricated, their mechanical

properties can be precisely tuned, and any protein of choice can be covalently attached to

the gel surface. However, the mechanical properties of polyacrylamide gels for cell culture

can not be dynamically tuned. We show that for the particular cell type investigated, cells

respond more strongly to dynamic changes in matrix elasticity than the matrix elasticity

alone. Furthermore, we utilize the flexibility of polyacrylamide gels to readily attach any

protein of choice to the surface. We explore cell response to both cell binding domains and

dynamic mechanical changes.

Finally, while simple photomasks and two-photon illumination have been used to pattern

photodegradable hydrogels, we find these methods to be limiting. The ability to spatially

pattern matrix stiffness to a high degree of control has been challenging. Physical photomasks

only allow for binary degraded/nondegraded patterns. While two-photon techniques give

perhaps the most control of three-dimensional patterned degradation, they are prohibitively

very slow. A very high-powered focused laser beam must scan in a raster-like manner, thus,

degradation times run into hours. In Chapter 6 of my dissertation, I explore the use of

maskless photolithography as a method to pattern photodegradable hydrogels with custom

graphics. Using this technique, I show that photodegradable hydrogels can be patterned

rapidly, in a highly controlled fashion with stiffness patterns at the sub-micron scale. Due to

the speed of the technique, incredibly fine grayscale patterns can be patterned across length

scales spanning several orders of magnitude.
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CHAPTER 2

Diffusion of Photoabsorbing Degradation Byproducts

in Photodegradable Polymer Networks

2.1 Abstract

Photodegradation of crosslinked, hydrated polymer networks is an important lithographic

process in the fabrication of structured biomaterials. In order to better understand the prop-

erties of materials fabricated using photodegradation, the process is mathematically modeled,

paying special attention to how diffusible photoabsorbing species mediate the degradation of

the polymer network. These light-absorbing species may significantly alter light attenuation;

thus, understanding the spatial movement of these species is critical in developing a predic-

tive model of photodegradation. Using a series of mass-action models, diffusion of absorbing

species is shown to play a significant role in determining the final state of the photodegraded

network. The predicted degree of degradation is significantly different when including the

effects of diffusion than that predicted when neglecting diffusion. This model also explores

degradation profiles that result from different experimental geometries. This model is the

most accurate description to date of the relationship between experimental conditions and

resulting photodegradation.

2.2 Introduction

In the last decade, reports of photodegradation as a mechanism to control biomaterial

properties have steadily increased. Photodegradable moieties can be used as photocages to

reveal chemical patterning, and/or can be incorporated into hydrogel backbones to allow
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physical patterning. Linkages such as the ortho-nitrobenzyl (o-NB)-based moieties [38, 39]

have been used extensively to produce complex cell-culture and targeted drug-release sys-

tems. In these systems, photodegradation of the o-NB linkages allows for external, real-time,

spatial and temporal control of the substrate’s properties.[38, 81, 52, 44, 45, 82, 35] The un-

derlying mechanism of o-NB degradation consists of an intact o-NB linkage attached to two

different molecular groups (R1 and R2) that is degraded by exposure to light (Figure 2.1a).

The two groups are released from one another and result in an irreversible cleavage.

This simple molecular photodegradation procedure has been applied in two ways. First,

o-NB linkages are used to attach molecular groups – releasable therapeutics, growth factors,

or cellular binding domains – to a polymeric network or surface. [83, 84, 85] Second, the o-

NB linkages are incorporated into the backbone of a crosslinking linear polymer chain such

as a poly(ethylene glycol)-diacrylate (PEG-DA) macromer[38, 53, 52, 44, 45] (Figure 2.1b),

(the use that is the focus of this study). These photodegradable crosslinking macromers

can undergo an end-linking gelation process where the reactive functional groups of the

macromers chemically crosslink with one another to form a branch point/crosslink. These

crosslinks can be formed by addition polymerization of the reactive end groups or step

growth polymerization with a complementary multifunctional linker with a functionality

f > 2. Here, the functionality f is the number of active sites or the number of network

strand attachments to a single branch point. However, the model presented here is not

specific to the network formation mechanism. A general network structure with f = 4 is

shown in Figure 2.1c. Here, the crosslinks (indicated by red dots) are connected to one

another by polymeric network strands (black lines) with photodegradable end-groups (green

ovals). Using photodegradation, the number density of intact network strands and therefore

the elastic modulus of the network, can be modified.

The degradation of the o-NB linkages can be externally controlled by exposure to light,

allowing physical and chemical patterning of hydrogels. However, measurement of interior

physical and chemical properties is difficult, if not impossible, with current characterization

techniques. Mathematical models assist in understanding and predicting of the physical

and chemical properties of such patterned materials and provide an additional tool to guide
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Figure 2.1: Network Structure.
(a) Photodegradation of an example o-NB molecule: the 4-(4-(1-hydroxyethyl)-2-methoxy-5-
nitrophenoxy) butanoic acid chemistry. (b) Incorporation of the o-NB linkages into the back-
bone of a poly(ethylene glycol) diacrylate to form a photodegradable crosslinking macromer.
(c) 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). Exposure to
light degrades the photoactive linkages (blue ovals). The photodegradable network strands
are left in one of three states: 1) intact; 2) dangling; or 3) free.
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in their design, synthesis and characterization. In this paper, we focus on modeling the

photodegradation of nitrobenzyl-based linkages, yet our mathematical model is sufficiently

general to be applicable to all systems containing photodegradable linkages.

2.2.1 Photochemical Reaction Kinetics

Previous mass-action kinetic models have been developed to characterize and predict

hydrolytically and enzymatically degradable hydrogels that undergo bulk degradation.[86, 87]

These models consist of first-order, spatially homogeneous rate equations. They do not

account for spatially heterogeneous rate equations or the spatial diffusion processes present

in a photochemical reaction. In a hydrolytically degradable hydrogel, it is reasonable to

assume that water is uniformly distributed throughout the network, resulting in a constant

rate of degradation. In contrast, in a typical photochemical reaction, light is attenuated

along the beam path. As the local intensity of light changes, so does the degradation rate of

the photosensitive o-NB linkages. The attenuation of light is modeled by the Beer-Lambert

law, in which the intensity of light I(x, t) at a given position x and time t is expressed as

I(x, t) = I0 exp

−∑
j

αj

∞∫
x

cj (x′, t) dx′

 , (2.1)

where I0 is the incident light intensity (mW cm−2) at the entrance to the system. Any light

absorbed or scattered above this point is assumed to be negligibly small. The concentra-

tion (M) and molar absorptivity (M−1cm−1) of the jth photoabsorbing species are denoted

cj and αj, respectively. Any variations in the light intensity, calculated by Equation 2.1,

are directly caused by variations in concentrations of photoabsorbing species. Figure 2.2

shows a basic schematic of the model. The water-swollen polymer network occupies the

space between 0 < x < L. Above this network, in the space x > L, exists a water layer

where degradation products (Figure 2.1c) may readily diffuse. Light enters the system in

the negative-x direction, and enters the photodegradable polymer network at the x = L

surface. In this analysis, we assume that all photon absorption is single-photon and that
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Figure 2.2: Basic model schematic.
A photodegradable polymer network occupies the space 0 < x < L. Above, exists a fluid layer
where degradation products may readily diffuse. Light enters the system in the negative-x
direction.

the relaxation time of the photoabsorbing species is negligibly small, i.e., the photoabsorber

instantly relaxes after absorbing a photon, immediately allowing it to continuously absorb

subsequent photons.

In nitrobenzyl-based systems, only two photoabsorbing species exist: the undegraded,

photodegradable/photoactive linkage and the degradation product(s) (i.e., o-nitrosoketone),

as shown in Figure 2.1a. This assumes only one possible photodegradation product, which

may not be true for all o-NB linkers or other photoreactive species. In this paper, the con-

centrations of these two species are denoted as cpd and cdeg, respectively. This work assumes

that absorption of photons by degraded o-NB linkages causes no further chemical changes

to the system. Since the photochemical reaction rate is proportional to the local intensity of

light, variations in the light intensity create spatial heterogeneities in the chemical kinetics.

This heterogeneity is substantial when using high concentrations of photodegradable species

with large extinction coefficients.

Photo-based network reconstruction mass-action models that account for light at-

tenuation have been developed previously to examine: 1) photoinitiation during

photopolymerization;[88, 89] 2) individual reaction steps such as propagation, chain transfer,

and termination of thiol-vinyl photopolymerizations;[90, 91] and 3) mass transport during

photopolymerization.[92] The kinetics of crosslinking photopolymerizations have also been

well studied experimentally in order to investigate the various factors (chemical and physical)

that dominate mechanisms of network formation.[93] These explicit models, while helpful to
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determine the effects of individual experimental parameters on output polymer structure,

are limited in applied settings where many of the factors involved are difficult to measure

experimentally. To this end, coarse-grained or “minimal” models have been created.[94]

These models condense factors important to photopolymerization and rely on measurable

quantities. They have been used to study parameters such as thermal diffusion[95] and mass

transport[96] on the kinetics of photopolymerization.

To investigate the effects of light attenuation on photodegradable hydrogels, Tibbitt et

al.[42] adapted coarse-grained bulk-degradation models[87] and set the degradation rate to

be proportional to the light intensity I(x, t). The one-dimensional form of this equation is

∂cpd(x, t)

∂t
= −kI(x, t) · cpd(x, t), (2.2)

where the light intensity-independent kinetic constant is defined as

k =
αpdλφ

NA2π~c
, (2.3)

where αpd is the molar absorptivity of the undegraded o-NB linkage (M−1cm−1), λ is

the wavelength of light (cm); NA = 6.022 × 1023mol−1; ~ ≈ 1.055 × 10−30cm2kg s−1 is

Planck’s constant; c ≈ 3 × 1010cm s−1 is the speed of light; and φ is the quantum yield

(events per photon absorbed). In previous work by Griffin and Kasko[39] a factor of 10−6 is

included in the kinetic degradation rate equation for unit conversion. We assume that the

quantum yield of individual o-NB linkages is unaffected by light absorption-induced tem-

perature changes, or the functionality of the branch point. From conservation of mass, the

mass-action equation of the degraded species is simply ∂cdeg/∂t = −∂cpd/∂t. Analysis of this

degradation process typically assumes the initial conditions cpd(x, 0) = cpd,0 for 0 < x < L

and cdeg(x, 0) = 0 for all x. The solution to Equation (2.2) has been widely used to describe

the spatial and temporal properties of network photodegradation and properly matches the

corresponding experimental data.[42]
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Table 2.1: Summary of variables used.

Symbol Representation Units Value Definition

I Light intensity mW cm−2 Eq. (2.1)
I0 Incident intensity mW cm−2 Experimental variable
αj Molar absorptivity of species j M−1cm−1 αpd = 8061, αdeg = 6073
cj Concentration of species j M
cpd,0 Initial o-NB linkage concentration M Experimental variable cpd(x, t = 0)
t Time s
x Coordinate cm
k Kinetic degradation constant mW−1cm2s−1 3.3× 10−4 Eq. (2.3)
D Diffusion coefficient cm2s−1 Experimental variable
L Thickness of substrate cm Experimental variable
h Quiescent layer thickness cm Experimental variable
I∗ Dimensionless light intensity I/I0, Eq. (2.11)
α∗
j Initial absorbance parameter, species j αjcpd,0L

Cj Dimensionless concentration, species j cj/cpd,0, (Eq. 2.9)a)

τ Dimensionless time (“degree of degradation”) ktI0
X Dimensionless coordinate x/L
H Dimensionless quiescent layer thickness h/L
D∗ Dimensionless diffusion coefficient D/(kI0L2)

∆Cj Diffusion-induced degradation discrepancy Eq. (2.18)
(α∗)2D∗ Ratio of time scales (degradation/diffusion) α2

pdc
2
pdD/(kI0), Eq. (2.4)

a)The dimensionless concentration of the network strands is 2cj/cpd,0 to account for two o-NB linkages per network strand.

2.2.2 Movement of Photoabsorbing Network Components

Diffusion of photoabsorbing network strands. As indicated in Figure 2.1c, after pho-

todegradation has occurred each photodegradable network strand will exist in one of three

states: 1) neither of the o-NB end groups are cleaved, and the network strand remains fully

“intact” and continues to contribute to the elastic integrity of the network; 2) one of the

o-NB end groups is cleaved and the network strand “dangles” from the network backbone,

unable to bear stress; or 3) both of the o-NB end groups are cleaved and the network strand

is “free” from the network. Additionally, partially degraded dangling network strands can

be further photolyzed to become “free” network strands. Typically, the molecular weight of

polymer-based network strands is 1-10 kDa. At this size, “free” network strands will readily

diffuse.[97] These free network strands continue to absorb light through their two degraded

o-NB end groups and may significantly affect the light intensity profile of the gel. While the

work by Tibbitt et al.[42] has been fundamental in the study of photodegradable networks,

it does not account for the diffusion of the photoabsorbing free network strands.

In order to quickly evaluate whether spatial rearrangement of free network strands is

significant during photodegradation of polymer networks, we compare time scales of degra-
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dation and diffusion. Diffusive transport of photoabsorbing species along the light path will

be significant when the dimensionless parameter, δ, is greater than 1:

δ =
α2

pdc
2
pdD

kI0

=
degradation time scale

diffusion time scale
> 1, (2.4)

where D is the diffusion coefficient of the free network strands and 1/(kI0) can be thought

of as the time scale of degradation. Accordingly, 1/(α2
pdc

2
pd,0D) can be thought of as the

time scale of diffusion, where 1/(αpdcpd,0) is the distance over which the concentration of

the diffusing species changes significantly. As the optical density increases, this distance

decreases. Thus, we can think of δ as a ratio of the reactive and diffusive time scales. If δ

is large, the diffusion of photoabsorbing species will be significant during the photodegra-

dation reaction.[92, 96] Given typical experimental conditions of αpd ≈ 5000 M−1cm−1,

cpd,0 ≈ 0.05 M, D ≈ 100 µm2s−1, k ≈ 3 × 10−4 cm2mW−1s−1, and I0 ≈ 10 mW cm−2:

α2
pdc

2
pd,0D/(kI0) ≈ 20. Thus, diffusion of photoabsorbing molecules is expected to be signif-

icant and impact the light intensity profile.

Movement of larger network structures. As photodegradation proceeds, large finite-

size aggregations of branch points and network strands may separate from the network. For

example, as shown in Figure 2.1c, a branch point can be freed from the network if all network

strands surrounding the branch point are dangling or free. This forms a soluble cluster that

includes a branch point and any dangling network strands attached. For networks formed

through addition polymerization, the branch point can have a functionality of f ≈ 15 − 20

depending on fabrication conditions.[42] The molar mass of these finite-size clusters can be

significant. Additionally, larger aggregates of multiple branch points, connected by intact

network strands, can break off if there is no connecting path to the parent gel. In the

work presented here, it is assumed that these soluble photoabsorbing aggregates do not

diffuse throughout the system. This is due to the much larger molar masses and diffusion

coefficients involved. Only the free photoabsorbing individual network strands are assumed

to be mobile.
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Model considerations. In order to quantitatively understand the effects of network

strand diffusion in photodegradable gels, we develop and analyze a mathematical model

of the process. In this model, the effects of the following variables are examined: 1) initial

photodegradable group concentration cpd,0; 2) incident light intensity I0; 3) sample thickness

L; 4) diffusion coefficient D of the free network strands; and 5) the imposed boundary condi-

tions. This work focuses on the 4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy) butanoic

acid chemistry,[39] as it is the most common nitrobenzyl linkage used and easiest to synthe-

size. 1,3-Di(hydroxymethyl)-2-nitrobenzene[39] is also heavily used, however, due to its large

kinetic constant of degradation and low photoabsorbance in both the intact and degraded

state, the effect of its degraded byproducts diffusing throughout the system is minimal and

insignificant for the applications discussed. This chemistry has the following photochemical

properties at λ = 365 nm, which have been measured previously:[39] αpd = 8061 M−1cm−1,

αdeg = 6073 M−1cm−1, and k = 3.3 × 10−4 cm2mW−1s−1 (see Table 2.1). These values

are used in this study. The values for αj given above assume that the Beer-Lambert law

uses the Napierian (e-based) form. These coefficients are easily converted from their decadic

(10-based) form εj as given by Griffin and Kasko.[39]

However, any photodegradable chemistry can be used with this model as long as the rate

constant of degradation and the molar absorptivities of the intact and degraded species are

known.

In this work we demonstrate that the diffusion of photoabsorbing free network strands

strongly affects the network degradation profile. This is particularly true when the pho-

tolabile linkage degrades slowly, the degraded linkage is optically dense, and/or the freely

diffusing species is highly mobile. These criteria are fulfilled by the o-nitrobenzyl class of

linkages.[39] Moreover, we demonstrate that diffusion is important in systems with steep

concentration gradients of the diffusing species. These steep gradients can arise from sharp

variations of micro-patterned structures,[81, 52] sample surfaces that quickly remove the de-

graded byproducts, and/or spatial degradation gradients caused by the strong attenuation

of light along the beam path.[53]
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2.3 Mathematical Model

2.3.1 Diffusionless Model

We examine the degradation of the photoactive o-NB linkages in one dimension, x, along

the path of light propagation using mass-action kinetics. Shown in Equation (2.2), the kinetic

equation for the o-NB linker is a first-order equation and proportional to the intensity of

light. In the context of this work, light is attenuated as it passes through the sample and

is absorbed by each type of photoabsorbing species present, including both degraded and

undegraded species. To simplify this analysis, we nondimensionalize (see Table 2.1) our

equations by introducing dimensionless time τ ≡ ktI0, position X ≡ x/L, concentration

Cj ≡ cj/cpd,0, and a dimensionless initial absorbance parameter α∗j ≡ αjLcpd,0 where cpd,0

is the intital concetration of intact photodegradable linkage. The light intensity (Equation

(2.1)) is thus rewritten in dimensionless form as

I∗(X, τ) =
I(x, t)

I0

=

exp

− ∞∫
X

{
α∗pdCpd (X ′, τ) + α∗degCdeg (X ′, τ)

}
dX ′

 . (2.5)

The dimensionless mass-action integro-differential equations for the photodegradable and

degraded groups are

∂Cpd(X, τ)

∂τ
= −I∗(X, τ) · Cpd(X, τ), (2.6a)

∂Cdeg(X, τ)

∂τ
= −∂Cpd(X, τ)

∂τ
, (2.6b)

with the initial condition: Cpd(0 ≤ X < 1, τ = 0) = 1, where Cpd(X, τ = 0) = 0 otherwise

and; Cdeg(X, τ = 0) = 0. For the remainder of this paper, we use the nondimensionalized

form shown above unless otherwise stated. In the case where the degraded products do not
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Table 2.2: Representation of different species
concentrations. Below, Cdeg ≡ Cf + Cd/2 rep-
resents the sum of degraded o-NB photoab-
sorbing species.

Symbol Representation Units

cpd Photodegradable linkages (M)
cdeg Degraded linkages (M)
Cpd Photodegradable linkages unitless
Cdeg Degraded linkages unitless
Ci Intact network strands unitless
Cd Dangling network strands unitless
Cf Free network strands unitless

absorb light, the solution to this equation has been solved analytically by Wegscheider:[98]

Cpd(X, τ) =
[
1− e−α∗

pd(1−X) (1− eτ )
]−1

. (2.7)

While this solution is not applicable to the photodegradable o-NB linkages presented here,

it is used to validate the accuracy of the numerical method and calculate the error.

2.3.2 Kinetic Equations for Network Strand Types and Added Diffusion

In this model, concentrations of absorbing species change in one of two ways: 1) through

the photodegradation reaction; or 2) through diffusion. We first examine the production

of network strands absent diffusion. A coupled system of differential equations is created,

where each equation in the system pertains to an individual network strand type. Once the

kinetic contribution to the individual network strand types has been established, diffusion

of individual network strands can be incorporated.

In order to accurately model all network strand concentrations rather than just the

concentration of the intact o-NB linkages, we decompose the population according to the

three network strand types seen in Figure 2.1c. The relationship between the network strand

concentrations and the concentrations of the photodegradable linkages is calculated using

combinatorial statistical arguments. This relationship assumes a random photodegradable

linkage degradation as seen previously for similar hydrolyzable networks in Metters et al.[87]
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In the thermodynamic limit, the probability that a randomly chosen o-NB linkage has been

degraded approaches the fraction of degraded o-NB linkages. The linkages are assumed to be

broken in an identical, independent manner. No spatial correlations exist. The probability

that within a region of space at position X a linkage is degraded is

P (X, τ) = Cpd(X, 0)− cpd(X, τ)

cpd,0

= Cpd(X, 0)− Cpd(X, τ).

(2.8)

Recall that an intact network strand requires that both end groups remain intact, a dan-

gling network strand requires one end group to be degraded while the other remains intact,

and a free network strand requires that both end groups are degraded. Therefore, the local

probability of finding a particular network strand is related to the local probability that a

photodegradable linkage is degraded, assuming no network strand diffusion. The dimension-

less concentrations of the network strand types (Table 2.2) are expressed as

Ci(X, τ) = C2
pd(X, τ), (2.9a)

Cd(X, τ) = 2Cpd(X, τ) (Cpd(X, 0)− Cpd(X, τ)) , (2.9b)

Cf(X, τ) = (Cpd(X, 0)− Cpd (X, τ))2, (2.9c)

where Ci, Cd, and Cf are the dimensionless concentrations of the intact, dangling, and free

network strands, respectively (Figure 2.1c). The dimensionless time rate of change of these

concentrations is:

∂Ci(X, τ)

∂τ
= 2Cpd(X, τ)

∂Cpd(X, τ)

∂τ
, (2.10a)

∂Cd(X, τ)

∂τ
= 2 (Cpd(X, 0)− 2Cpd(X, τ))

∂Cpd(X, τ)

∂τ
, (2.10b)

∂Cf(X, τ)

∂τ
= 2 (Cpd(X, τ)− Cpd(X, 0))

∂Cpd(X, τ)

∂τ
. (2.10c)

For the remaining equations in this section, we have suppressed the dependence on (X, τ)

for brevity. Since the concentrations of intact and degraded o-NB linkages are calculated
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from the concentrations of the different network strand types (Cpd = Ci + Cd/2 and Cdeg =

Cf +Cd/2, respectively), the dimensionless intensity profile (Equation (2.5)) is expressed as

I∗ = exp

− ∞∫
X

{
α∗pd

(
Ci +

Cd

2

)
+ α∗deg

(
Cf +

Cd

2

)}
dX ′

 , (2.11)

where I∗ is integrated from X to ∞ to account for free network strands that may have

diffused out of the hydrogel, into the surrounding fluid (in the space X > 1), but still

attenuate light. The differential equation of the photodegradable group (Equation (2.6a))

becomes
∂Cpd

∂τ
= −I∗

(
Ci +

Cd

2

)
. (2.12)

Now, Equation (2.10) and (2.12) are combined such that the kinetic equations are functions

of only the network strand type. Without diffusion, all network strand species remain within

the polymer network space (0 ≤ X < 1). The differential equations for the network strand

concentrations due to photodegradation within and only within this space are:

∂Ci

∂τ
= −2I∗

(
Ci +

Cd

2

)2

, (2.13a)

∂Cd

∂τ
= −2I∗

((
Ci,0 +

Cd,0

2

)
− 2

(
Ci +

Cd

2

))(
Ci +

Cd

2

)
, (2.13b)

∂Cf

∂τ
= −2I∗

((
Ci +

Cd

2

)
−
(
Ci,0 +

Cd,0

2

))(
Ci +

Cd

2

)
, (2.13c)

where I∗ is given in Equation (2.11), Ci,0 = Ci(X, 0), and Cd,0 = Cd(X, 0). Equation (2.9),

(2.10), and (2.13), however, only account for the number of network strands as produced

by the photodegradation reaction. Any contribution to the number of network strands via

diffusion must be considered separately. As expected, whether or not free network strands

diffuse in or out of a given region, the kinetics of the photodegradation reaction (Equation

(2.6a)) do not change. Production of network strands through photodegradation, as seen in

Equation (2.13), does not depend on the local concentration of free network strands. Only

the local light intensity (Equation (2.5) and (2.11)), which can be considered independently,

is subject to change.
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In order to fully quantify the entire process, we must account for network strands that

have been added or subtracted from a region of space by diffusion. For the polymer networks

described, the intact and dangling network strands are immobile – only free network strands

diffuse with diffusion coefficient D. In this case, intact and dangling network strands remain

only within the polymer network space (Ci(X, τ) = Cd(X, τ) = 0, for X ≥ 1) while free

network strands are able to diffuse out of the polymer network into the space X ≥ 1. The

contribution of diffusion to the free network strand concentration is simply

∂Cf

∂τ
= D∗

∂2Cf

∂X2
, for X ≥ 0, (2.14)

where D∗ ≡ D/(kI0L
2) is a dimensionless diffusion coefficient of the free network strands.

Within the polymer network (0 ≤ X < 1), the dimensionless time rate of change, including

both photodegradation and diffusion, of the network strands is now:

∂Ci

∂τ
=− 2I∗

(
Ci +

Cd

2

)2

, (2.15a)

∂Cd

∂τ
=− 2I∗

((
Ci,0 +

Cd,0

2

)
− 2

(
Ci +

Cd

2

))(
Ci +

Cd

2

)
, (2.15b)

∂Cf

∂τ
=− 2I∗

((
Ci +

Cd

2

)
−
(
Ci,0 +

Cd,0

2

))(
Ci +

Cd

2

)
+D∗

∂2Cf

∂X2
. (2.15c)

Outside of the polymer network, in the space X ≥ 1, only diffusion contributes to changes in

Cf. For X ≥ 1, Ci(X, τ) = Cd(X, τ) = 0 and Equation (2.15c) simplifies to Equation (2.14).

Here, we assume the substrate is an infinite slab with finite thickness and that network strand

densities vary only along the normal direction. Subsequent analysis assumes the following

initial conditions:

Ci(X, τ = 0) =


1 if 0 ≤ X < 1

0 otherwise

, (2.16a)

Cd(X, τ = 0) = Cf(X, τ = 0) = 0. (2.16b)
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Figure 2.3: Boundary conditions.
(a) The substrate is bounded on surfaces ends by no-flux (Neumann) boundary conditions,
e.g., two glass slides. (b) The top surface is directly exposed to an instantly absorbing sink
(Dirichlet) boundary condtion (Cf = 0). The bottom surface retains the no-flux condition.
(c) The substrate has an overlying unmixed fluid of dimensionless height H into which
mobile species can diffuse. (d) Mixing of fluid in the upper unbounded reservior is not
perfect, giving a quiescent, unmixed fluid layer of height H above the substrate.

2.3.3 Experimental Geometry and Boundary Conditions

During an experimental degradation, varying laboratory conditions will cause the bound-

ary conditions to change. This impacts the overall result. Figure 2.3 shows four different

boundary conditions that are motivated by experimental applications:

• BC1: When the polymer network sample is sandwiched between two glass plates (Fig-

ure 2.3a) no flux of free network strands occurs at the boundaries. The conditions at

both boundaries are no-flux (Neumann) conditions as described by Equation (2.17a)

below. In this case, free network strands diffuse throughout the sample and are not

removed from the system.

• BC2: If the top surface of the sample is unconstrained and exposed to an “instantly

absorbing sink” (Figure 2.3b), we set the concentration of free network strands to zero

(Dirichlet condition) at X = 1 (Equation (2.17b)). Such a condition is physically

realized by a large fluid reservoir that is well mixed or is quickly being replaced by

pure medium.

• BC3: If the experimental sample involves an unmixed fluid of fixed thickness h (in

dimensionless form H = h/L) above the top surface of the sample (Figure 2.3c), we

31



allow free diffusion up to X = 1 + H. Since the fluid-air interface at X = 1 + H

reflects free network strands, no-flux (Neumann) boundary conditions are applied at

both X = 0 (bottom glass plate) and X = 1 + H, as represented in Equation (2.17a)

below.

• BC4: If mixing or fluid replacement in an unbounded upper reservoir is not perfectly

efficient, there will be a quiescent, unmixed fluid layer above the sample (Figure 2.3d).

This quiescent layer has a typical thickness of h ∼ D/V , where V is the typical

fluid mixing velocity. Beyond this distance, the diffusing species are in the well-mixed

medium in which their concentrations are approximately constant (Equation (2.17b)).

An absorbing sink condition is imposed at an effective distance h. In general, the size

of h depends on how the mixing process is experimentally implemented.

For this set of experimental conditions, the boundary conditions are set as:

two no-flux boundary conditions (BC1 & BC3):

∂Cf (X = 1 +H, τ)

∂X
=
∂Cf (X = 0, τ)

∂X
= 0, (2.17a)

asymmetric boundary conditions (BC2 & BC4):

Cf (X = 1 +H, τ) =
∂Cf (X = 0, τ)

∂X
= 0. (2.17b)

If no medium exists above the top surface of the polymer network (BC1, Figure 2.3a) or the

solution is very well mixed (BC2, Figure 2.3b), H ≈ 0. For boundary conditions BC3 and

BC4, we must consider that the diffusion coefficient is not necessarily constant throughout

the region of interest. The diffusion of macromolecules within a swollen hydrogel matrix will

be restricted compared with their movement in water (Dgel ≤ Dwater). Additionally, spatial

differences in the diffusion coefficient may arise from a degradation-induced change in the hy-

drogel mesh size or a local temperature change due to light absorption. Spatially-dependent

diffusion coefficients can be computed as a function of the mesh size,[99] temperature as

given by the Einstein-Smoluchowski equation, or measured experimentally.[97] However, for

simplicity, we assume a uniform diffusion coefficient in this work.
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2.3.4 Numerical approach

In order to numerically model the degradation process, the problem is discretized spatially

and temporally. During each time step, three computations are performed: first, the light

intensity profile integral (Equation (2.11)) is evaluated by the trapezoid rule; second, the

kinetic equations (Equation (2.15) - excluding diffusion) are evaluated by Newton iteration;

and third, the diffusion of the free network strands (diffusion term of Equation (2.15c) ) is

analyzed implicitly by the Crank-Nicolson method which is second order accurate in time.

Matrix inversion is performed through a tridiagonal matrix algorithm. Due to the wide range

of model parameter values (see Table 2.3), a large number of time steps (100,000) and small

mesh size (∆X = 1/50, 000) are required in order to keep the error low.

When a particular model parameter is examined, all other model parameters are fixed

(Table 2.3). For example, if D is varied from 0.1 to 10,000 µm2s−1, then L, I0, and cpd,0

are fixed at 2000 µm, 5 mW cm−2, and 0.05 M, respectively. To compare the effects of

diffusion-mediated degradation across different experimental conditions, the dimensionless

time parameter τ = ktI0 is fixed. That is, if the value of I0 is varied as a model parameter,

the illumination time t must be appropriately adjusted to maintain the same degree of

degradation since k is a fixed material property. This dimensionless time parameter τ is

considered the time integrated “degree of degradation.” All numerical computations were

performed in MATLAB.

Table 2.3: Range of variable model parame-
ters.

Model Variable Variable Fixed
Parameter Minimum Maximum Value

D (µm2 s−1) 0.1 10,000 100
L (µm) 1 10,000 200
I0 (mW cm−2) 0.05 5,000 5
cpd,0 (M) 10−3 10 0.05
h (µm) 0.5 5,000 0
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Figure 2.4: Instantaneous diffusion. (a)
Intact network strand concentration profiles for three different boundary conditions. Results
for D →∞ are compared to those for D = 0 (dashed black curves). 1) For the asymmetric
boundary conditions in which one boundary is an absorbing sink, an infinitely fast diffusivity
leads to instantaneous removal of free network strands from the system (blue curves). 2)
When both boundaries are no-flux, fast diffusion quickly leads to a uniform/homogenous
free network strand concentration throughout the sample (red curves). 3) When an infinite
half-space exists above the sample surface, free network strands diffuse into this region.
Accordingly, when diffusion is infinitely fast, all free network strands diffuse into the overlying
medium (green curves). (b) A plot that shows the diffusion-induced discrepancy (∆Ci) as
defined by Equation (2.18) for each boundary condition.

2.4 Results and Discussion

2.4.1 Limit of Instantaneous Diffusion

We first consider a simple limiting model in which the mobile species diffuses instanta-

neously: D → ∞. This allows us to quickly and easily estimate whether diffusion has an

effect on the degradation profile and determine the upper bound of the diffusion-induced

changes to the network. While an infinitely large D is not physically realizable, recall that

the dimensionless diffusion parameter (D∗ = D/(kI0L
2)) is inversely proportional to kI0.

That is, for sufficiently small kI0, diffusion is fast compared to the photodegradation reac-

tion. Photodegradation using low incident light intensities, or photodegradable linkages with

low k, are both realistically accessible experimental parameters. Small L also causes D∗ to

increase, however, the substrates are virtually transparent (I(x, t) → I0) as L → 0, regard-
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less of the distribution of light absorbing species. Three cases, each based on a particular

boundary condition, are represented:

Case 1) Diffusion occurs throughout the sample bulk with two no-flux boundary condi-

tions (BC1, Figure 2.3a). In this case, the diffusable species is contained within the sample

boundary. When diffusion is infinitely fast, the concentration of the mobile species instantly

reaches a spatially uniform value that increases with time – i.e., the free network strands are

“instantly homogenized” (Figure 2.4) throughout the sample bulk.

Case 2) One of the sample boundaries obeys a fixed concentration (Dirichlet) boundary

condition (BC2, Figure 2.3b, Cf(X = 1) = 0). When diffusion is infinitely fast, the flux of

mobile species across the Dirichlet boundary will be infinitely large, and all mobile species

will be “instantly removed” (Figure 2.4) from the sample.

Case 3) Above the sample is an infinitely large upper reservoir of medium into which free

network strands diffuse (BC3/BC4, Figures 2.3c & 2.3d, H → ∞ ). We consider this as a

theoretical simplification of the boundary condition when the unmixed and unreplenished

fluid above the sample surface is very large. Unlike the case with two no-flux boundary

conditions, the diffusable species are not restricted to the sample boundaries but are able

to move into the medium above. This medium is considered an “infinite half-space” (Fig-

ure 2.4). Since the mobile species are instantly distributed throughout both the sample

and the infinitely large upper reservoir, all mobile species instantly reside in the overlying

medium. Light is, accordingly, attenuated before reaching the sample surface.

Each case is compared to a degradation model without diffusion where there is no change

in the total number of network strands at every point in space and time: Ci + Cd + Cf =

Ci(t = 0). Without diffusion, degraded photoabsorbing species accumulate at the optical

entrance of the substrate where the light intensity is the greatest. This accumulation prevents

degradation from propagating deep into the substrate. The diffusion-induced degradation

discrepancy is defined as the change in concentration of a network strand species when

diffusion is applied:

∆Cj(X, τ) = Cj(X, τ)︸ ︷︷ ︸
with diffusion

− Cj(X, τ)︸ ︷︷ ︸
without diffusion

. (2.18)
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Figure 2.5: Maximum diffusion-induced network change.
Plot of the maximum change of intact network strand concentration across the sample depth
max|∆Ci| from Figure 2.4b as a function of the degree of degradation τ and time of degra-
dation t. Free network strands diffuse instantaneously. The dotted line indicates the degree
of degradation used in this study: τ = 4. Here, as the degree of degradation increases –
due to some combination of time, light intensity, or reaction kinetics – the movement of free
network strands increasingly affects the final state of the network.

As demonstrated in Figure 2.4a, homogenization (Case 1) or removal (Case 2) of diffusable

species leads to increased light penetration and greater degradation (reduction of Ci) along

the optical path. This occurs since the photoabsorbing mobile species are diluted (Case

1) or removed from (Case 2) the uppermost region of the substrate, allowing deeper light

penetration through that region. Accordingly, instant removal of the diffusable species leads

to a greater depth of degradation than instant homogenization. When the free network

strands instantly diffuse into the overlying medium (Case 3), they attenuate light before the

light reaches the sample surface. Unlike cases 1 and 2, the depth of degradation decreases

with respect to the diffusionless model (∆Ci > 0) when the photoabsorbing species are

allowed to diffuse into the overlying medium. This difference is most pronounced near the

sample surface (Figure 2.4b). Figure 2.4, however, represents only one fixed “degree of

degradation” (τ = 4).

For larger τ the magnitude of the diffusion-induced discrepancy |∆Ci| is expected

to increase. In Figure 2.4b, the maximum of |∆Ci| for a particular τ is indicated as

max|∆Ci(x, τ = 4)|. In Figure 2.5, max|∆Ci| is plotted as a function of τ for the three
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Figure 2.6: Finite diffusion coefficients.
The free network strand concentration and light intensity profiles with and without diffusion.
A fixed concentration boundary condition is applied at the sample surface Cf(X = 1, τ) = 0.
When free network strands are removed from the sample surface, light is able to penetrate
further into the sample.

different boundary conditions with D → ∞. As seen within this range of τ , max|∆Ci| in-

creases with larger τ . In both Case 1 and Case 2, when degree of degradation τ is large,

diffusion plays a significant role in the degradation behavior. When an infinite half-space of

medium exists above the sample (Case 3), almost no deviation from the diffusionless model

occurs even at large degrees of degradation. Still unknown, however, are the experimental

conditions under which ∆Ci will be significant.

2.4.2 Finite Diffusion Coefficients

In network photodegradation, photoabsorbing free network strands are relocated via

diffusion, which changes the light intensity profile. Figure 2.6 shows a sample network

degradation with and without diffusion. It plots the light intensity profile I∗(x, τ = 4)

and the free network strand concentration profile Cf(x, τ = 4) across the sample’s physical

depth. At the sample surface, a fixed concentration boundary condition Cf(X = 1, τ) = 0 is

applied which decreases the concentration of free network strands close to the surface. This

redistribution of free network strands allows light to penetrate further into the network. As

such, the degradation of intact linkages is affected.
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Figure 2.7: Depicting changes to network degradation.
(a) A representative contour plot of the diffusion-induced discrepancy of the intact network

strand concentration (∆Ci) as a function of time and depth with D = 10 µm2 s−1 and
asymmetric boundary conditions (BC2). (b) This plot is expanded across a range of diffusion
coeffients. ∆Ci is plotted as a function of the depth and D at a fixed degree of degradation
τ = 4.
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Figure 2.7a shows ∆Ci(x, τ) as a function of the degradation time and depth from the

sample surface. While this time-dependent degradation profile is important, we are more

interested in what impact experimental factors have on ∆Ci. We calculated ∆Ci as a function

of the following variables: 1) the diffusion coefficient D, 2) the incident light intensity I0, 3)

the initial concentration of the photodegradable linkages cpd,0, 4) the total sample thickness

L, and 5) the quiescent layer thickness h. To examine the effect of the diffusion coefficient,

we expand Figure 2.7a – which pertains only to a single coefficient D = 10 µm2 s−1 – over

a range of coefficients and plot ∆Ci(x, τ = 4;D) as a function of D and x. Figure 2.7b

shows how these two plots are related, where ∆Ci(x, τ ;D) is plotted as a function of all

three variables and the two plots connect at τ = 4 and D = 10 µm2 s−1.

2.4.2.1 Double No-Flux Boundaries (BC1/BC3)

First, we examine the geometry of a sample is bounded by two no-flux boundaries (Fig-

ure 2.3a, 2.3c and Equation (2.17a)). In the following analyses, unless otherwise stated,

the experimental parameters are fixed at I0 = 5 mW cm−2, cpd,0 = 0.05 M, L = 200 µm,

D = 100µm2 s−1, and h = 0 µm (Table 2.3). The dimensionless time parameter, or degree

of degradation, is again fixed at τ = 4. In Figure 2.8, we see that ∆Ci changes across the

sample depth. Thus, the physical location where |∆Ci| is largest is indicated by a dashed

red line on the contour plots. The value of max|∆Ci| is plotted as a function of the respec-

tive experimental variable above each contour plot. Since both D and I0 are included in

the dimensionless diffusion coefficient D∗ = D/(kI0L
2) their effect on the network degra-

dation can be combined into a single figure (Figure 2.8a). When either D increases or I0

decreases, D∗ becomes larger. As δ increases, diffusion has a greater impact on the system.

When the diffusion coefficient is varied, we see higher D∗ corresponds to greater degrada-

tion of the sample (∆Ci < 0). At very large D∗, ∆Ci approaches an asymptotic value:

limD∗→∞max|∆Ci| → 0.19. Free network strand diffusion starts to become a significant

factor at D ≈ 100µm2 s−1 or larger. Similar values for D are exhibited by 10kDa macro-

molecules in hydrogels.[97] In the case of incident radiation intensity variability, lower I0

leads to increased degradation (∆Ci < 0). At low intensities, the degradation time required
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Figure 2.8: Two no-flux boundary conditions.
These contour plots show ∆Ci as a function of the sample depth and the experimental
variable of choice. The dashed red line indicates the location of the maximum discrepancy
max|∆Ci| across the sample depth. This maximum discrepancy value is plotted as a func-
tion of the particular experimental variable: (a) the diffusion coefficient and incident light
intensity, (b) the concentration of the photodegradable linkage, (c) the sample thickness,
and (d) the quiescent layer thickness, where the red crosshatch marks indicate regions where
diffusion of photoabsorbing species causes less degradation of the substrate (∆Ci > 0).
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is long; thus, the mobile species are able to sufficiently move throughout the network and al-

ter the light intensity profile. Conversely, at higher intensities, the degradation time required

is much smaller and the effect of diffusion is negligible. We see that diffusion becomes signif-

icant around I0 ≈ 10 mW cm−2, which is within the range of intensities used experimentally

for network degradation.[39] In Figure 2.8a, increases in ∆Ci are first seen at D ≈ 1 µm2s−1

or I0 ≈ 500 mW cm−2 which corresponds to δ ≈ 1. As predicted, above δ = 1, diffusion

becomes increasingly fast compared to the photodegradation reaction. Changes in ∆Ci are

also seen across the sample depth. Near the surface, the light intensity profile is nearly

uniform, regardless of δ, and diffusion of attenuating species has limited effect. At deeper

regions, there is very little degradation due to significant light attenuation. The magnitude

of ∆Ci, accordingly, decreases.

When increasing the initial concentration of the photodegradable linkages (cpd,0, Fig-

ure 2.8b), |∆Ci| grows and eventually reaches the asymptotic value: limcpd,0→∞ max|∆Ci| →

0.33. With larger cpd,0, the majority of the degradation is localized to a thin region near

the sample surface due to a substantial optical attenuation. This degradation localization

increases the concentration gradient of mobile species and their diffusive flux. As cpd,0 is

further increased, the degradation is limited to an infinitesimally thin region at the surface,

and the flux of mobile species increases. In the limit of cpd,0 →∞, the dimensionless flux

|D∗∇Cf| → ∞. Increasing cpd,0 also has the effect of increasing the dimensionless parameter

δ (see Equation (2.4)). Diffusion is predicted to occur faster than the photodegradation re-

action. Conversely, as cpd,0 is lowered, the light intensity and degradation profiles approach

uniformity along the light path and the flux decreases: as cpd,0 → 0, D∗∇Cf → 0. The ratio

δ decreases, and diffusion will be much slower than the photodegradation reaction. Again,

we see a region where diffusion becomes a significant factor and occurs at concentrations of

cpd,0 ≈ 0.05 M, which is also well within the range of values used experimentally. In this

example, δ = 1 when cpd,0 ≈ 5× 10−3 M; above which |∆Ci| increases.

Considering sample thickness L (Figure 2.8c), we notice that thicker samples increase

|∆Ci|, with |∆Ci| becoming significant around L ≈ 100µm. Thicker samples allow the mobile

species to spread across a larger depth, leading to greater diffusion of photoabsorbing species
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away from the zone of degradation. Accordingly, the ratio of timescales δ does not depend

on L. Diffusion does not become faster or slower with respect to the photodegradation

reaction as L→∞. At large L, only the dilution of the free network strands changes where

limL→∞Cf → 0 at equilibrium. The maximum effect a change in sample thickness has on

the diffusion-induced discrepancy is: limL→∞max|∆Ci| → 0.26.

When comparing the effects of the diffusion coefficient, the photodegradable linkage con-

centration, and the sample thickness, the maximum discrepancies are different and obey

the following sequence: max|∆Ci|cpd,0→∞ > max|∆Ci|L→∞ > max|∆Ci|D→∞. As mentioned,

with very large cpd,0, the degradation is limited to a very thin region at the sample surface.

This results in a large diffusive flux. With large L, light is able to penetrate further into the

sample since the diffusable photoabsorbing species are more diluted. Yet, the diffusive flux

does not increase greatly. When the diffusion coefficient D is large, the mobile species move

quickly. However, the dilution of these photoabsorbing species is limited and significant

attenuation of light occurs before reaching the zone of degradation.

When an unmixed, unreplenished quiescent fluid layer of height h is imposed above the

substrate, mobile network strands can diffuse into this layer. When the free network strands

reside in this layer they absorb light and reduce the degree of degradation within the underly-

ing sample (Figure 2.3c). Increasing h allows for a greater number of mobile photoabsorbing

species to reside in the layer, which further increases the attenuation of light. As a result,

larger quiescent fluid layers increase the concentration of intact network strands within the

sample below (Figure 2.8d). As shown, a fluid layer as thin as h ≈ 30 µm will have a sig-

nificant effect on the degradation profile. This condition most noticeably differs from that

of the other variables (D, I0, L, and cpd,0) in that ∆Ci is positive near the substrate surface

(as indicated by the red crosshatch marks). As shown in Figure 2.4 and 2.5, when D →∞

and h → ∞, ∆Ci never reaches large positive values. During photodegradation, most free

network strands are produced at the sample surface and attenuate light. If these free network

strands diffuse further upbeam (into the overlying medium), the degradation of intact pho-

todegradable linkages below remains relatively unchanged. Only when photoabsorbing free

network strands diffuse downbeam (negative X-direction) or are removed completely from
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the uppermost regions of the substrate does the rate and depth of degradation increase.

2.4.2.2 Asymmetric Boundary Conditions (BC2/BC4)

When asymmetric boundary conditions are applied across the sample (BC2, Figure 2.3b),

the fixed concentration (Dirichlet) boundary condition at the sample surface acts as the pri-

mary sink for diffusing species. The mobile photoabsorbing species produced at the sample

surface are quickly removed through the high-flux Dirichlet boundary at X = 1. In contrast,

models with two zero-flux boundary conditions (BC1/BC3), do not allow for the complete

removal of mobile photoabsorbing species. This difference between the two boundary con-

ditions leads to key distinctions in the photodegradation behavior (Figure 2.9). When a

fixed concentration boundary condition is applied at X = 1, diffusion becomes significant

across a larger range of experimental variables. We find that |∆Ci| increases at lower diffu-

sion coefficients (D ≈ 1 µm2 s−1 Figure 2.9a), higher light intensities (I0 ≈ 100 mW cm−2,

Figure 2.9a), lower photodegradable linkage concentrations (cpd,0 ≈ 0.01 M, Figure 2.9b),

and thinner sample thicknesses (L ≈ 30 µm, Figure 2.9c). As shown, diffusion significantly

alters the degradation of the resulting network under practical experimental conditions.

Since a perfectly absorbing boundary condition is not physically realizable, the “instantly

absorbing sink” boundary condition (BC2) is only an approximation. To more accurately

model the effects of stirring in the supernatant, we impose an unmixed layer of thickness h

(BC4, Figure 2.3d, Equation (2.17b)). The exact relation between the height of the unmixed

layer thickness h and the “speed” or “vigor” of mixing is not well characterized, but approxi-

mated to be inversely proportional: h ∝ 1/V , where V is the approximate velocity of mixing.

The results given in Figure 2.9d indicate that the amount of fluid mixing has an effect on

the final state of the degraded substrate. The thickness of the unmixed medium layer, at

which |∆Ci| drops significantly, is larger when applying asymmetric boundary conditions

(h ≈ 200 µm) than when applying two no-flux boundaries (h ≈ 30 µm).
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Figure 2.9: Mixed boundary condition.
These contour plots are analogous to those in Figure 2.8 except that they represent results
computed for systems with asymmetric boundary conditions. As shown, when an absorbing
sink boundary condition is added at the sample surface, diffusion becomes a more signifi-
cant factor than when two no-flux conditions are applied. Again, the experimental variables
shown are (a) the diffusion coefficient and incident light intensity, (b) the concentration of
the photodegradable linkage, (c) the sample thickness, and (d) the quiescent layer thick-
ness. The red crosshatch marked regions are where diffusion of mobile species causes less
degradation of the network.
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2.4.3 Effects of o-NB chemical properties

In addition to the model parameters presented here, it is also possible to elucidate the

dependence of the model on linkage-specific chemical properties. The molar absorbtivity

αj is related to cpd,0 through the dimensionless initial absorbance parameter α∗j = αjcpd,0L.

Hence, figures with variable cpd,0 (Figures 2.8b and 2.9b) can predict changes in the network

degradation as a function of αj. With higher α∗j , the zone of degradation is limited to a very

thin region near the sample surface and diffusion is much faster than the photodegradation

reaction. Both the diffusive flux and diffusion-induced discrepancy increase. Variation in

the kinetic degradation constant k can be directly related to I0 through dimensionless time

τ = ktI0 and the dimensionless diffusion coefficient D∗ = D/(kI0L
2). With increasing k,

the time a diffusing species has to travel is shortened. At large k the degradation happens

quickly and not enough time is allowed for diffusion have a significant effect. Conversely,

when k is small, the mobile species are given sufficient time to diffuse. This behavior is

predicted by a decrease in δ as k increases. Figures 2.8a and 2.9a predict changes in the

network degradation as a function of k, for different values of D∗. For example, certain o-NB

linkages have very low molar absorbtivity or very high rate constants of degradation such as

the 1,3-dihydroxymethyl-2-nitrobenzene or 4-(3-(1-hydroxyethyl)-4-nitrophenoxy) butanoic

acid moieties respectively.[39] For these linkages, diffusion is predicted to have diminished

influence on the system.

2.5 Summary and Conclusions

The concentration of intact network strands Ci is an important attribute of water-swollen

polymeric networks since it determines physical properties of the network such as the modu-

lus E, swelling ratio Q, and network mesh size ξ. As photodegradable hydrogels gain use in

lithography, accurate spatio-temporal modeling of these physical network properties is neces-

sary. In photodegradable hydrogels, network strands freed by degradation continue to absorb

light. When these photoabsorbing free network strands are removed and/or redistributed

by diffusion, the light intensity profile is altered. As a direct consequence, photodegradation
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models incorporating diffusion give significantly different results than models not incorpo-

rating diffusion. We show that the degree of this difference strongly depends on certain

experimental variables such as the incident light intensity I0, diffusion coefficient D, pho-

todegradable linkage concentration cpd,0, and thickness of the substrate L. Accordingly, we

demonstrate the importance of the boundary conditions during an experimental degradation.

We find that if a no-flux (BC1) or absorbing sink (BC2) boundary condition is applied at the

sample surface, the concentration of intact network strands is lowered (i.e., the hydrogel un-

dergoes a greater degree of degradation). In a system containing an unmixed, unreplenished

fluid layer of thickness h above the sample surface, mobile photoabsorbing species diffuse

into this layer and attenuate light. As a result, less degradation of the underlying substrate

takes place in certain regions.

Guide for Design and Optimization. Changes in the final network state, as caused by

the diffusion of mobile photoabsorbing species, may or may not be desirable. When mass

transfer by diffusion is accounted for, the shape of the Ci(x, t) profile changes and the concen-

tration gradient of intact network strands along the beam path is more shallow (Figure 2.4).

As photoabsorbing species are removed, the light intensity profile of the sample becomes

more uniform. Thus, the diffusion of byproducts can be used to manipulate the mechanical

gradation through the depth of the sample. Here, we classify cpd,0 and αj as “length scale

altering” properties. Variation of cpd,0 or αj changes the attenuation length of the photons

throughout the sample, as given by Beer’s law. This influences the degradation rate profile

along the sample depth and, consequently, the mobile species flux profile. However, cpd,0 and

αj are inherent chemical properties of the o-NB linkages.It is possible to alter αj somewhat

by changing the chemistry of the photodegradable linkage.[39] They are not useful tools

to controllably alter the degradation of the substrate. Likewise, D and I0 are classified as

“time scale altering” properties. These properties change the normalized characteristic time

it takes a diffusing particle to travel a given distance. The diffusion coefficient D changes

the travel speed of a molecule and I0 changes total degradation time (lower I0 requires a

longer degradation time). The light intensity, which is externally controllable over several
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orders of magnitude, is the most reasonable way to use diffusion to alter the network strand

density profile.

Model Limitations and Future Considerations. Recall that when hydrogel network

strands are broken, the equilibrium swelling ratio Q increases, modulus E decreases, and

mesh size ξ increases. These physical properties can be estimated from attributes of the

polymer network.[100] In this model we do not account for how dynamic changes to the

network physical properties might impact the degradation. For example, as the mesh size

increases, mobile species diffuse more freely. However, we assume constant diffusion co-

efficients during the degradation process. As the volume of the network increases due to

swelling, the diffusive species must also travel longer distances. These factors may play a

significant role in the degraded state of the network. As an improvement, a more dynamic

model accounting for changing physical properties can be constructed. This work also as-

sumes that larger degradation products consisting of finite-sized aggregations of crosslinks

and network strands are immobile. At large degrees of degradation or low branch point

functionality f , the gel transitions from an highly crosslinked insoluble polymer network

to an assembly of highly branched soluble polymeric aggregates. Thus, aggregate diffusion

becomes more reasonable. While complete modeling of this process is complex, appropriate

models can be created that account for aggregate diffusion.
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CHAPTER 3

Stochastic-induced heterogeneities of end-linking

polymer gel microstates

3.1 Abstract

Polymerization and formation of crosslinked polymer networks in an important process

in manufacturing, materials fabrication, and in the case of hydrated polymer networks,

biomedical materials, drug delivery, and tissue engineering applications. While considerable

research has been devoted to the modeling of polymer networks to determine “average”

properties in the mean-field, studies that specifically examine the variance and distribution of

the polymer network micro-states are limited. In the present study, we mathematically model

polymer networks composed of bifunctional A2 network strands that undergo an end-linking

gelation process to a multi-functional crosslink center. The distribution of the network

microstates is examined as a function of the extent of reaction. We specifically looked at

how the micro/nano-structure of polymeric end-linking gels is formed, and the heterogeneity

of these micro-regions in the gel (on the order of 100 individual network strands). We find

that simply by the randomness of polymer strand end-linking, micro-regions within a larger

gel network show high variability in terms of their crosslink density and topology. Adding to

the strength of this model, we explore how such micro-regions are affected by the dynamics

and kinetics of end-linking gelation. We allow the end-groups to reversibly bind and control

the specific reactivity of the end-groups. As a result, we are able to better characterize the

heterogeneous topology of polymer network microstates.
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3.2 Introduction

The study and development of crosslinked polymer networks has been important in a wide

range of applications from heavy industry to biomedical [101, 102, 50, 100, 103, 104, 105, 106].

Crosslinked polymer networks can be formed by various techniques, leading to different struc-

tures and properties. Of these network types, considerable attention has been paid to those

formed by a process termed “end-linking”. During end-linking gelation, polymer strands

with two or more reactive ends bind at branch points/cross-links to form an infinite polymer

network [107, 108]. For example, polyethylene glycol (PEG) based hydrogels are typically

formed through the reaction of its end-groups. The end-groups of the bifunctional A2 PEG

polymer precursor can either react through 1) a binary condensation reaction with a multi-

functional (> 2) junction/crosslink/branchpoint; or 2) if the end-groups are polymerizable,

to multiple other end-groups – e.g., free-radical polymerization of vinyl end-groups. As this

end-linking process proceeds, the respective reactive polymeric strands may exist in one of

many states. In the case of bifunctional A2 polymeric strands, each polymeric strand may

exist in one of three states (see Figure 3.1): 1) the strand may be “free” where neither of the

reactive ends have bound; 2) the strand may “dangle” where only a single end has bound

and the strand dangles from the rest of the network; or 3) the strand may be “intact” where

both ends are bound to the larger polymer network and bridge two different crosslink centers

[109]. Strands with both ends bound, may form a loop, where both ends are bound to the

same crosslink center [110]. In water-swollen polymeric networks, the proportion of these

network strand states has important implications with regards to the material modulus,

mesh size, and swelling[50].

3.2.1 Examination of polymer network microstates

While the average number of network strand states in the mean-field can be calculated

as a function of the extent of reaction (p) [101, 102, 111, 112, 109], there is no bijective

relation between the number of end-groups that have bound and the exact tallies of respec-

tive network strand states. This holds true for both the bulk network and the individual
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(a)

(b)

(c)

(d)

(e)

Branchpoint

`free’ s0-strand

`dangling’ s1-strand

`intact’ s2-strand

Figure 3.1: Schematic of polymer network microstate evolution.
During the formation of a end-linking polymer network composed of A2 polymeric strands,
the network strands may exist in one of three states: “free” – neither end group is bound
(s0-strand); “dangling” – a single end group is bound (s1-strand); or “intact” – both end
groups are bound (s2-strand). (a) During network formation, all network strands are ini-
tially in the s0-state. (b-d) As end-linking proceeds, the composition of network strands
can follow many paths. For example, when the extent of reaction p = 0.5, the is a finite
probability that many different network microstates will exist. At the extremes, the different
microstates could be composed of network strands that (b) all exist as s1-strands, (c) exist
as a combination of s0-, s1-, and s2-strands, or (d) exist only s0- and s2-strands. (e) When
the extent of reaction of complete (p = 1), only one microstate is possible where all network
strands exist in the s2-state.
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micro-regions within the gel. A single extent of reaction, will instead, only give a probability

that a specific set of network strand states exist (Figure 3.1). Thus far, researchers have

mainly calculated the “average” number of network strand states, but not individual proba-

bilities of individual sets of network strand states. Such “average” models, however, do not

account for larger heterogeneities in the network structure that can occur though thermal

concentration fluctuations of network strands (termed “frozen concentration fluctuation”),

or heterogeneous distribution of crosslinking[113, 114, 115]. While network formation simu-

lations have been performed to examine certain topological heterogenieties of the networks

[116, 117, 118, 119, 120, 121, 122], they rely on Monte Carlo simulations, and do not study

the probability distributions of large polymer network microstate configurations. In this

work, we expand on these models: the dynamics and probability distributions of network

microstates due to random end-linking is examined mathematically to find analytical solu-

tions.

As proposed by Stepto and coworkers [123, 124, 125] the population of molecular species

in the network-forming polymerizing mixture may be realized as a population of the states,

or “subgraphs,” of the monomeric network strands, where only a subset of the states is

needed to describe the polymerization process. The existence probabilities of these states

can be formulated. This subset of states approach has been expanded to examine topological

defects of the polymer networks[126]. However, to the best of our knowledge, there is a lack

of investigations examining analytical solutions to higher order combinations of network

strands, e.g., where the number of network strands in each individual microstate/subgraph

is & 10. The study of the heterogeneity and distribution of microstates with high-network

strand numbers is particularly important when the extent of reaction (p) is incomplete

(p < 1), where p is defined as the fraction of end-groups that have bound to the network. At

incomplete extents of reaction, variability of microstate populations will be highest. In this

work, we consider and model the formation of very large microstate “subgraphs” of polymer

network strands.

We consider the reaction of bifunctional A2 polymer precursors, and also look more

generally at higher order functional polymer precursors AN where N is the number of reac-
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Table 3.1: Summary of variables used.

Symbol Representation Value Definition
N Number of reactive end-groups per polymer precursor 2 -
` Number end-groups that have bound per polymer precursor 0, 1, 2 -
s` Designation of strand type with ` bound end-groups - -
Ns Number polymer strands per microstate variable n0 + n1 + n2

n0 Number of s0-polymer strands (no bound end-groups) variable -
n1 Number of s1-polymer strands (a single bound end-group) variable -
n2 Number of s2-polymer strands (two bound end-groups) variable -
m Number of end-groups that have bound per microstate variable n1 + 2n2

p Extent of reaction variable m/(NsN)
P (n1, n2) Probability of microstate with composition {Ns − n1 − n2, n1, n2} variable (see Master Equation)

tive end-groups on each polymer precursor. For simplicity, we consider the reaction of the

multifuctional AN polymer precursor that combine at their end-groups without restriction

to the number of end-groups that can combine at the crosslink/branchpoint (Figure 3.1).

Accordingly, the total number of branchpoints in a single microstate has no effect on this

model and can be incorporated afterwards to determine network physical properties. We

simply examine the distribution of network strand states only. Based on models examining

stochastic self assembly and nucleation [127, 128], we produce a Master Equation that is

more complete than current mathematical methods to not only find average quantities of

the network strand states, but also the entire probability distribution. This Master Equation

allows us to further calculate quantities such as variance and first passage times. We also

use the Master Equation to account for different reactivities of the different network strands

during gelation, and devise a model where the network strand end groups can dynamically

bond to the network.

3.3 Current combinatoric models

3.3.1 Bounded strand probability

Thus far the most common analyses of networks formed by end-linking of multi-functional

strands have used combinatoric approaches which we here review [129, 130, 109, 42, 131].

For convenience, we refer to the different strand types in the network as s`-strands where `

is the number of strand end-groups that have bound to a branchpoint/crosslink center and,
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thus, to the greater network. We also assume that a maximal number of N end-groups per

strand can bind the network so that 0 ≤ ` ≤ N . Hence, an unbound “free” strand where

no reactive ends have bound is an s0-strand; a singly-bound “dangling” strand where only

one end-group has bound is a s1-strand; a k-bound “partial” strand with k < N end-groups

bound is a sk-strand. Finally, if all N end-groups have reacted and bound we have a fully

integrated sN -strand. It is typical to define the extent of reaction p as the percentage of

all possible end-groups bound to the network at equilibrium. The value of p can also be

interpreted as the probability that any end-group has joined the overall network. We can

evaluate the probability P`(p) of finding s`-strands with 0 ≤ ` ≤ N bound end-groups as

P`(p) =

(
N

`

)
p`(1− p)N−` (3.1)

which assumes that of N end-groups ` are bound and N − ` are not. The binomial formula

ensures that the above probabilities are normalized to one

N∑
`=0

P`(p) =
N∑
`=0

(
N

`

)
p`(1− p)N−` = (p+ 1− p)N = 1. (3.2)

This combinatoric approach yields the probability of observing a given total number of

different network strand states at equilibrium assuming that the fraction of bound end-

groups is fixed. In Figure 3.2 we show schematics of A2 and A3 networks and corresponding

plots of P`(p) of finding s`-strands as a function of the extent of reaction p. Equation 3.2 is

the basis for many other end-linking gelation models which assume that all end-groups carry

the same reactivity α, regardless of the state of the strand they are attached to. This may

not always be the case in realistic scenarios. For example, end-groups of an unbound strand

might bind more readily than a dangling, partially bound strand, since diffusion may allow

the unbound strand to more freely navigate the environment and find appropriate reaction

sites. Conversely, in other realizations, the unbound end-group of a dangling strand might

more readily bind due to its proximity to the overall polymerizing network, especially when

the polymer concentration is dilute.
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(a) (b) (c) (d)

Figure 3.2: Representation of A2 and A3 networks.
Representation of (a) A2 and (b) A3 network strands and the corresponding networks that
are formed from these strands, respectively. Such networks can be modeled in the mean-
field where the probability P (`) of the different s`-strand types is plotted as a function of
the extent of reaction p for (c) A2 and (d) A3 network strands.

Furthermore, network formation (or induced degradation) may occur in a different set-

tings: it may be an irreversible or “quenched” forward processes that follows a specific path,

and that is highly dependent on the initial conditions; but it may also be a reversible phe-

nomenon, and rearrangements may also be possible. Finally, one may be interested in the

probability distribution for a specific microstate configuration, where the number of nul, sin-

gle, k, or N bound end-groups is specified, or in the time-evolution of the system. The goal

of this paper is to present a mathematical framework to allow for a more detailed analysis of

the system that can go beyond Equation 3.2. We will do this via a Master Equation where

different reactivities of unbound or partially bound end-groups are specified and where re-

versible or irreversible binding events will be considered and where explicit time-dependence

will be included.

3.3.2 Equilibrated distribution

Before introducing our Master Equation, we determine the equilibrium probability distri-

bution for a given network microstate based on combinatoric arguments and under complete

reversibility of the system. We consider a pool (or solution) of Ns polymeric network strands,

where at most N end-groups per strand can bind, resulting in a total of NsN available end-

groups. For simplicity we set N = 2, the most representative experimental scenario [107].
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Our goal is to determine the number of ways one can distribute n0 unbound s0-strands, n1

singly bound s1-strands, and n2 doubly bound s2-strands among the total number of strands

Ns, given that a specific number of end-groups m have bound. The above quantities are

related by n0 + n1 + n2 = Ns since all strands must be accounted for, and by n1 + 2n2 = m

to include the contribution of each strand type to the total end-group count. Hence a

given microstate {n0, n1, n2} can be equivalently described by {Ns,m, n2}. The extent of

reaction p can also be determined from {Ns,m, n2} via p = m/NNs = m/2Ns; by definition

0 ≤ p ≤ 1 since the number of bound end strands m cannot exceed the total number of avail-

able ones 2Ns. If we now assume that the reactive end-groups bind and unbind reversibly

while maintaining constant m, we can write the number of ways N (n0, n1, n2) to realize a

given microstate {n0, n1, n2} at equilibrium through a simple combinatoric argument

N (n0, n1, n2) = 2n1

(
Ns

n0 n1 n2

)
. (3.3)

Here the 2n1 factor arises from the fact that bound end-groups on s1-strands can be arranged

in two configurations per strand. The above can be rewritten using n0 = Ns −m + n2 and

n1 = m− 2n2 as follows

N (Ns,m, n2) =
2m−2n2Ns!

(Ns −m+ n2)!(m− 2n2)!n2!
(3.4)

Upon summing over n2 we derive ZNs,m the partition function for all possible configurations,

once Ns,m are fixed

ZNs,m =

[m/2]∑
n2=0

N (Ns,m, n2) (3.5)

where [·] indicates the integer part of its argument. The equilibrium probability distribution

can now be calculated as PNs,m(n2) = N (Ns,m, n2)/ZNs,m, from which we can calculate the

following average strand populations
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〈n2〉 =

[m/2]∑
n2=0

n2PNs,m(n2) (3.6a)

〈n1〉 = m− 2〈n2〉 (3.6b)

〈n0〉 = Ns −m+ 〈n2〉 (3.6c)

The expression for PNs,m(n2) can be useful to also determine other quantities of interest, such

as the variance and higher moments. So far, we have assumed that the binding and unbinding

of any strand end-group is independent of the number of bound end-groups already present

on a strand. At times, however, bound end-groups may promote or hinder the binding of

other end-groups, leading to so called cooperative or uncooperative binding. For example,

two s1-strands may more easily link, forming an extra s2-strand due to the proximity of

their unbound end-groups. Cooperative binding is at play here ; the opposite case may

also emerge, wherethe formation of an s2-strand from two s1-strands is instead hindered by

negative allosteric effects. We thus write

N (Ns,m, n2, α) =
(2/α)m−2n2Ns!

(Ns −m+ n2)!(m− 2n2)!n2!
. (3.7)

Here, α > 1 represents cooperative binding, which penalizes configurations with n1 = m−2n2

partially bound end-groups, thus favoring s1 → s2 events. The case α < 1 represents the

opposite case of uncooperative binding. Finally, the probability distribution at equilibrium

PNs,m,f (n2) can be written as

PNs,m,α(n2) = N (Ns,m, n2, α)

/
[m/2]∑
n2=0

N (Ns,m, n2, α). (3.8)
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3.4 Master Equation

In this section we introduce the Master Equation to describe the time evolution for the

probability P (n0, n1, n2, t) of finding the polymer network in a given {n0, n1, n2}microstate at

time t. The transition rates between states are dictated by a reaction matrix as we will outline

below. Since the total number of strands is constant, the overall constraint n0 + n1 + n2 =

Ns will be obeyed. We will consider various realizations, including irreversible/reversible

binding, and the possibility of cooperativity. We will compare equilibrium or steady state

solutions to Equation 3.1 and Equation 3.7; where possible we will also determine the full

time-dependent solution.

3.4.1 Irreversible end-group binding to the network

The first case we consider is that of irreversible attachment, whereby once an end-group

has bound to the network, it will not detach. We also assume the binding rate λ is constant,

although cooperative binding effects may be included. Under these conditions, the Master

Equation for the probability P (n1, n2, t) of a microstate with n1 network strands bound at

one end and n2 network strands bound at both ends at time t, evolves according to

dP (n1, n2, t)

dt
=2λ(Ns − n1 − n2 + 1)P (n1 − 1, n2, t)+

λα(n1 + 1)P (n1 + 1, n2 − 1, t)−

λ[2(Ns − n1 − n2) + αn1]P (n1, n2, t),

(3.9)

where we have explicitly used the n0 = Ns−n1−n2 constraint. The parameter α represents

possible cooperative effects: α > 1 implies that the s1 → s2 binding event is more likely

than the s0 → s1 one; the reverse is true for α < 1. The first term on the right hand side of

Equation 3.9 represents the process of an unbound strand attaching to the network structure

to form a singly bound dangling strand (s0 → s1, Figure 3.3), which gives the microstate

transition {n0 + 1, n1 − 1, n2} → {n0, n1, n2} (See Figure 3.4). The multiplicative factor

Ns − n1 − n2 + 1 represents the number s0-strands in the previous microstate that have
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s0-strand

s1-strand

s2-strand

Figure 3.3: Schematic of the process of end-group binding to the overall network
and network strand transition.
An unbound s0-strand initially binds to the overall network at one of it’s two end groups to
form a s1-strand. This s1-strand can undergo further binding via the unbound end-group to
form a s2-strand that is fully bound to the network.

the ability to bind to the network; the 2 prefactor is also included since a s0-strand can

bind to the network at either of its two unbound end-groups. Similarly, the second term

represents an unbound end-group from a singly bound strand binding to the network and

forming a doubly bound strand (s1 → s2, Figure 3.3). The related transition is {n0, n1 +

1, n2 − 1} → {n0, n1, n2} (Figure 3.4). The multiplicative factor n1 + 1 represents the

number of s1-strands that can bind to the network to form an s2-strand. Finally the last

term describes the processes that drives the system out of the {n0, n1, n2} microstate, where

either an s0 → s1 transition, with {n0, n1, n2} → {n0−1, n1 +1, n2}, or a s1 → s2 transition,

with {n0, n1, n2} → {n0, n1 − 1, n2 + 1}, occur (Figure 3.4). Due to the irreversibility of the

dynamics, at t→∞ the system will consist of only s2-network strands P (n1, n2, t→∞) = 0

for all {n1, n2} 6= {0, Ns} and P (0, Ns, t → ∞) = 1 (Figure 3.1f). For simplicity we rescale

time in Equation 3.9 via λαt→ t′ to give

dP (n1, n2, t)

dt
=z(Ns − n1 − n2 + 1)P (n1 − 1, n2, t)+

(n1 + 1)P (n1 + 1, n2 − 1, t)−

[z(Ns − n1 − n2) + n1]P (n1, n2, t),

(3.10)
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{n0, n1, n2}

{n0+1, n1-1, n2}

{n0, n1+1, n2-1}

{n0-1, n1+1, n2}

{n0, n1-1, n2+1}

{n0-1, n1+2, n2-1}

{n0+1, n1-2, n2+1}

Figure 3.4: Schematic of potential microstate transitions where Ns = 6 network
strands.
In this schematic we examine, as an example, the “ground state” where {n0, n1, n2} =
{2, 2, 2}, and the paths in which the microstate can transition. Microstate transitions
from left-to-right represent the process of more end-groups binding to the network. The
{n0, n1, n2} microstate can be formed, or dismantled. In the case of reversible end-group
rearrangement, the number of bound groups is constant, but the microstate changes form
(vertical direction).

where z = 2/α and where we have dropped the prime notation (t′ → t) for simplicity. We

can now define the average number of strand types 〈n`(t)〉 via

〈n`(t)〉 =
∑
n1,n2

n`P (n1, n2, t), (3.11)

for ` = 1, 2, under the constraint that 0 ≤ n1 + n2 ≤ Ns. The corresponding mass action

equations can be derived by multiplying Equation 3.10 by n` and by summing over n1, n2
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under the same constraint so that

d〈n0(t)〉
dt

=− z〈n0〉, (3.12a)

d〈n1(t)〉
dt

=z〈n0〉 − 〈n1〉, (3.12b)

d〈n2(t)〉
dt

=〈n1〉, (3.12c)

Equation 3.12 can be solved under the initial condition n0(0) = Ns, modeling an initially

totally unbound network. We find

〈n0(t)〉 =Nse
−zt, (3.13a)

〈n1(t)〉 =Ns
z

z − 1
(e−t − e−zt), (3.13b)

〈n2(t)〉 =Ns

(
1 +

e−zt − ze−t

z − 1

)
(3.13c)

from which it can be seen that 〈n`(t → ∞)〉 → 0 for ` = 0, 1 and 〈n2(t → ∞)〉 → Ns. To

connect Equations 3.13 to Equation 3.1 we evaluate 〈m〉 = 〈n1〉+ 2〈n2〉 to find

〈m(t)〉 =
Ns

z − 1

[
[(2− z)e−zt − ze−t + 2(z − 1)

]
. (3.14)

Inverting the above transcendental equation is not possible, however upon setting z = 2,

that is, under neutral cooperative conditions α = 1, we find

〈m(t)〉 = 2Ns[1− e−t], (3.15)

which can be inverted to yield

e−t = 1− 〈m(t)〉
2Ns

= 1− 〈p〉, (3.16)

where we have identified the average extent of the reaction 〈p〉 with 〈p〉 = 〈m(t)〉/2Ns, and
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where t and 〈p〉 are monotonic functions of each other. Equations 3.13 can be now recast as

〈n0(p)〉 =Ns(1− 〈p〉), (3.17a)

〈n1(p)〉 =2Ns〈p〉(1− 〈p〉), (3.17b)

〈n2(p)〉 =Ns〈p〉2. (3.17c)

As can be seen upon comparison with Equation 3.1, Equations 3.17 obey the following

identity 〈n`(p)〉 = NsP`(p), implying that the standard combinatoric approach is recov-

ered when we consider a time-dependent irreversible deposition process described by Equa-

tion 3.10 without cooperative effects, α = 1. The Master Equation 3.10 however is much

more powerful as it allows us to follow the time dynamics of the system and offers much more

information than Equation 3.1. For example, Equation 3.10 can be solved directly to find

the microstate distribution at all times, P (n1, n2, t). To do this we introduce the generating

function G(x, y, t) defined as

G(x, y, t) =
∑
n1,n2

P (n1, n2, t)x
n1yn2 , (3.18)

under the constraint 0 ≤ n1 + n2 ≤ Ns. Upon multiplying Equation 3.10 by xn1yn2 and

summing over n1, n2, under the same constraint, we find the following differential equation

for G(x, y, t)

∂G

∂t
= −z(x− y)

∂G

∂x
− (y − 1)

∂G

∂y
. (3.19)

Equation 3.19 is coupled to the corresponding initial condition G(x, y, t = 0) = xNs . Using

the method of characteristics we find

G(x, y, t) =

[
xe−zt +

zy

z − 1
(e−t − e−zt) +

(
1− 1

z − 1
(ze−t − e−zt)

)]Ns

. (3.20)

After performing a Taylor series expansion in x, y and upon comparison with Equation 3.18
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we find

P (n1, n2, t) =

(
Ns

n1, n2

)
e−z(Ns−n1−n2)t

(
ze−t − ze−zt

z − 1

)n1
(

1− ze−t − e−zt

z − 1

)n2

. (3.21)

Note that P (n1, n2, t → ∞) = 0 for {n1, n2} 6= {0, Ns} and that P (0, Ns, t → ∞) = 1

as expected from an irreversible process. Also note that the time-dependent solution for

P (n1, n2, t) in Equation 3.21 depends on the initial conditions.

3.4.2 Reversible end-group rearrangement/redistribution

We now include an equilibration process that allows the bound end-groups to dynamically

rearrange their binding sites on the network if the extent of reaction is not complete and

m < NNs (Figure 3.4). Note that we are assuming that the total number of bound-ends

m = n1 + 2n2 is fixed, and that the system readjusts the manner in which these bound-

ends divide into singly-bound, or doubly-bound. Since the equilibration process yields a

distribution that is independent of the initial configuration, we can select any starting point

that yields m bound-ends. We write the equilibration Master Equation for P (n1, n2, t) as

follows:

dP (n1, n2, t)

dt
=2κα2

(
n1 + 2

2

)
P (n1 + 2, n2 − 1, t)+

4κ(Ns − n1 − n2 + 1)(n2 + 1)P (n1 − 2, n2 + 1, t)−

2κα2

(
n1

2

)
P (n1, n2, t)−

4κn2(Ns − n1 − n2)P (n1, n2, t).

(3.22)

where κ is the rate at which network strand end-groups move within the network which we

assume for simplicity to be constant. The first term on the right hand side of Equation

3.22 accounts for the process of forming a s2-strand and a s0-strand from two s1-strands

(2s1 → s0 +s2; Figure 3.4). In this process the bound end-group of one of the two s1-strands

“hops” to the unbound end-group of the other s1-strands to give the microstate transition

{n0 − 1, n1 + 2, n2 − 1} → {n0, n1, n2}. The combinatorial factor accounts for how many
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pairs of s1-strands are available for this process, while the 2 prefactor is due a bound end-

group being able to hop from either of the two s1-strands to the other. The binding factor

α is squared, since the formation of an s2-strand arises from the binding of two s1-strands.

The second term on the right hand side represents the reverse process, a bound end-group

“hops” from a s2-strand and relocates to an unbound end-group on a s0-strand, {n0 +

1, n1 − 2, n2 + 1} → {n0, n1, n2} (Figure 3.4), giving rise to two s1-strands. The factors

(Ns − n1 − n2 + 1)(n2 + 1) represent the number of unbound and doubly bound network

strands available, respectively. The 4 prefactor accounts for the number of possible bond

movements: either of the two bound end-groups on the s2-strand can relocate to either of the

two unbound end-groups of the s0-strand, yielding a total of four combinations. The last two

terms represent the the same two processes described above, but driving the system away

from the configuration {n0, n1, n2} as shown in Figure 3.4. Note that in Equation 3.22 there

are no terms that represent the process of network bonds leaving a s2-strand to populate a s1-

strand; this transition would not change the overall the microstate configuration {n0, n1, n2}.

Finally, the probability Pb(m, t) of having m bound-ends at time t can be written as

Pb(m, t) =

[m/2]∑
n2=0

P (m− 2n2, n2, t) (3.23)

where the weight of all possible n1, n2 combinations that yield m = n1 + 2n2 bound-ends are

added. Equation 3.22 ensures that dPb(m, t)/dt = 0; that is that m does not change once

the rearrangement dynamic is at play as expected.

In addition to the n1 + 2n2 = m constraint, the number of strands is also fixed so that

n0 +n1 +n2 = Ns. As a result of these two relationships we can cast Equation 3.22 in terms

of only one of the network strand populations {n0, n1, n2}. We choose n2 and determine the

steady state P (n2, t→∞) ≡ P ∗(n2) by imposing detailed balance between the first and the

last term on the right hand side, or equivalently, the second and the third. One can verify
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that the conditions are the same. We find

P ∗(n2 − 1)

P ∗(n2)
=

4n2(Ns −m+ n2)

α2(m− 2n2 + 2)(m− 2n2 + 1)
(3.24)

which can be solved to yield

P ∗(n2) =
1

Zm,Ns

(2/α)m−2n2Ns!

(m− 2n2)!n2!(Ns −m+ n2)!
, (3.25)

where Zm,Ns is the normalization constant

Zm,Ns =

[m/2]∑
n2=0

(2/α)m−2n2Ns!

(m− 2n2)!n2!(Ns −m+ n2)!
. (3.26)

As can be seen, this result is the same as in Equation 3.7, confirming that the combinatoric

result evaluated through the equilibrated distribution, is equivalent to allowing for relaxation

on the network with a fixed number of bound end-strands m.

3.5 Numerical Results And Discussion

3.5.1 Equilibrated distributions using the partition function

In this section we present and discuss results from the numerical evaluation of the equi-

librated distribution in Equations 3.4 and 3.7 and related quantities. The equilibrium mi-

crostate distribution Pm,Ns(n2) for a given extent of reaction p = m/2Ns, but for different

numbers of n2 s2-strands is plotted in Figures 3.5a – 3.5c for three different values of the

cooperative factor α. We choose this representation since the number of “intact” or “elas-

tically effective” s2-network strands determines both the mechanical modulus and swelling

behavior of the polymer network [50].

Note that as α increases, the probability of finding microstates with more s2-strands, at

lower values of m, increases as might be expected. Accordingly, in Figure 3.5d we plot the

average strand fractions 〈n`〉/Ns as evaluated via Equations 3.6 for Ns = 40 and as a function
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Figure 3.5: Microstates as produced by the equilibrated distribution.
(a-c) Distribution of microstates in a system with 10 network strands as a function of the
extent of reaction p. Each data point represents a different microstate {n0, n1, n2}. The
individual microstate probabilities are calculated given (a) α = 0.5, (b) α = 1, and (c)
α = 2. Microstates with the same number of s2-strands are connected with lines. (d)
Average microstate strand populations 〈n`〉/Ns when Ns = 40 given (dotted line) α = 0.5,
(solid line) α = 1, and (dashed line) α = 2. (e) The variance of n2 as a function of p with
variable α and Ns = 40. Dotted lines indicate the inverse value of the solid lines of the
same color. (f) To compare the strand variance across microstates of increasing Ns, the
variance of the fraction of strands in the s2-state (n2/Ns) is plotted. The fractional strand
variance across the possible microstates maintains a maximum at p = 0.5 and decreases as
the microstate grows in size.
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of the extent of reaction p. Under neutral conditions, for α = 1, the resulting average strand

probabilities closely follow that of Figure 3.2c as calculated by the combinatorical approach

in Section 3.3.1. Similarly to Equations 3.6 one can also calculate the second moments of the

strand populations 〈n2
`〉 =

∑Ns

n`=0[n2
`P(n`)] and the resulting variance Var(n`) = 〈n2

`〉−〈n`〉2.

Figure 3.5e shows Var(n2) as a function of p for different values of α. In each panel, the

maximum variance occurs when half of all possible end groups have bound. As α deviates

from 1, the bias towards certain bond types causes the variance to decrease. Interestingly,

when α is equal to a number and that number’s reciprocal, the maximum variance is equal.

The shape of the two curves, however, differ as shown by the solid and dotted lines of the

same color. We also examine how the size of the microstate affects the variance of microstate

topologies. The variance of the fraction of s2-strands Var(n2/Ns) is shown in Figure 3.5f at

different values of Ns. Clearly, as the number of strands in the microstate increases, the

variance in the fraction of strands in the s2-state decreases.

3.5.2 Solution to the Master Equation

3.5.2.1 Irreversible end-group binding

While the equilibrated distribution method is an improvement over the combinatoric

approach, it still assumes that end-group bonding is reversible in order to achieve thermody-

namic equilibrium. Thus, the model’s results are independent to the path/history in which

the network was formed and not representative of networks formed by “quenched” (non-

reversible) end-group binding. Additionally, end-group binding is a stochastic process. At

a single time point, each individual microstate within the network will not have the same

number of bound end-groups as every other microstate. Rather, there will be a probability

distribution of m across the microstates as a function of time. The equilibrated distribution

approach only gives the microstate probability distribution when m is fixed.

Evaluation of Equation 3.13 is shown in Figures 3.6a-c. The average strand number

fractions 〈n`〉/Ns are plotted as a function of time where Ns = 40 at different values of α.

Similar to the statistical mechanics approach, formation of s1-strands is favored at smaller
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Figure 3.6: Solutions to Equation 3.13.
Solutions to Equation 3.13 as a function of (a-c) time and (d-f) p, where (a,d) α = 0.5,
(b,e) α = 1, and (c,f) α = 2.

α, and formation of s2-strands is favored at higher α. These figures can subsequently plotted

against the average extent of reaction 〈p〉 of the system (Figure 3.6d-f), where

〈p(t)〉 =
2〈n2(t)〉+ 〈n1(t)〉

2Ns

. (3.27)

When plotted in this manner, the strand probabilities take on a distinctly different shape

from previous models when α 6= 1. Most noticeably, the 〈n1〉 probability loses its symmetric

behavior as observed previously in Figure 3.5d and becomes skewed (Figures 3.6d,f). As

shown in Figure 3.9d, this skewed behavior of 〈n1〉 as evaluated by Equation 3.21 exists at

all α 6= 1. Dotted lines represent 〈n1〉 evaluated by Equations 3.6 and 3.7 with variable α

and solid lines represent the corresponding evaluations of Equation 3.21.

Evaluation of the Master Equation allows us to directly calculate the probability distri-

bution of individual microstates. Figure 3.7 shows the probability of individual microstates

P (n1, n2) plotted against 〈p〉 at different values of α where Ns = 3. Due to the stochastic
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(a) (b) (c)

Figure 3.7: Solutions to Equation 3.21.
Solutions to Equation 3.21 to find the individual microstate probabilities P (n1, n2), where
(a) α = 0.5, (b) α = 1, (c) α = 2.

nature of end group binding, we find that at even very small values of 〈p〉 there exists a small,

but finite, probability that all network strands will be in the s2-state, P (n1 = 0, n2 = 3). As

an example, we can solve for P (n1, n2) when Ns = 3, α = 1, and 〈p〉 = 0.5 to give:

P (0, 0) = 0.0143, P (1, 1) = 0.1874,

P (0, 1) = 0.0455, P (1, 2) = 0.0994,

P (0, 2) = 0.0482, P (2, 0) = 0.1820,

P (0, 3) = 0.0171, P (2, 1) = 0.1930,

P (1, 0) = 0.0883, P (3, 0) = 0.1249.

(3.28)

One of the main benefits of this Master Equation, is our ability to explore the behavior of

microstates with very high strand numbers and investigate their probability distribution and

variability. Figure 3.8 plots the microstate probabilities P (n1, n2) with increasing Ns. When

Ns = 50, there exists 1326 distinct {n0, n1, n2} microstates, all with a non-zero probability

when t > 0. Calculation of microstate probabilities when Ns is larger than 50 is possible,

but graphically difficult to display.

From these microstate probabilities we can, again, look at the microstate variance. Fig-

ure 3.9a plots Var(n2) at different values of α when Ns = 40. In comparison to Figure 3.5e,

we notice two main distinctions. First, the variance of n2 is larger for the microstates cal-
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Figure 3.8: Microstate Probability with high Ns.
Microstate probability distributions for microstates with higher network strand numbers
where α = 1. Each line represents an individual microstate probability.

culated using the Master Equation when Ns is fixed. This makes sense. At each time point

(and thus at each individual value of 〈p〉), there exists a probability distribution, not only of

the different possible combinations of {n0, n1, n2} for a single value of m, but a distribution

of m itself. The total number of possible microstates at any given point in time further in-

creases. Figure 3.9b shows the variance of m, again, with variable α when Ns = 40. Var(m)

reaches a maximum as α → ∞ and a minimum as α → 0, the latter of which gives a bi-

modal distribution of Var(m). When α� 1 all end-group binding will initially only occur on

s0-strands. Therefore, when p = 0.5 all network strands will have transitioned to the s1-state

and the variance is at a minimum. Second, we notice that the variance of n2 is no longer

symmetric with 〈p〉 for all α. Rather, when α = 1 the variance reaches a maximum when

p ≈ 0.7. Similar to Figure 3.5f, Figure 3.9c shows that as Ns increases and the microstate

size increases, Var(n2/Ns) decreases. The shape of the Var(n2/Ns) does not change as the

size of the microstate increases, only decreases in magnitude.

3.5.2.2 Reversible end-group binding

From here, we can use the Master Equation to observe a system where the network bonds

are able to bind and unbind, eventually reaching thermodynamic equilibrium [132]. For
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α

Figure 3.9: Microstate variance
The variance of the number of (a) s2-strands and number of (b) bound end groups m across
the various possible microstates with variable α and Ns = 40. For α > 80 and α < 1/80
the variance curves to not change significantly from those displayed. (c) The variance of the
fraction of s2-strands Var(n2/Ns) across the various possible microstates with variable Ns

and α = 1. (d) Comparison of 〈n1〉 as calculated using (dotted lines) the thermodynamic
equilibrium approach and (solid lines) the Master Equation with variable α.

example network end-groups can be bound together by reversible hydrazone bonds [133],

imine bonds [134], or guest-host interactions [135]. Under the condition that the total

number of bound end-groups in each microstate remains constant, microstate transitions

occur according to Equation 3.22. The solution of which is the same as found through the

use of the equilibrated distribution (Equation 3.25). We combine the bond formation and

bond redistribution differential equations (Equations 3.9 and 3.25, respectively) to model

both processes simultaneously. A simplified version of the solution to this equation (as is

the case for Equation 3.21) could not be found. In Figure 3.10 we compare the results

of the Master Equation with and without reversible end-group binding. The solution and

evaluation to the system of coupled linear differential equations dP (n1, n2, t)/dt is plotted

against 〈p〉 and shown in Figure 3.10b with Ns = 3, α = 2, and κ � λ. This solution is

directly compared to the case where end-group binding is quenched (κ = 0, Figure 3.10a).

Figure 3.10b shows the redistribution of microstate probabilities due to the reversibility

of the bonds. To evaluate this redistribution, we looked at the variance of the different

strand types Var(n`). When α = 1, bond reversibility produces no change in the variance
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Figure 3.10: Microstate probabilities P (n1, n2) are plotted against 〈p〉.
Microstate probabilities P (n1, n2) are plotted against 〈p〉 for (a) quenched end-group binding
(κ = 0), and (b) reversible end-group binding (κ� λ) when α = 2 and Ns = 3. The variance
in the number of strand types Var(n`) is plotted for (c) quenched end-group binding and
(d) reversible end-group binding. For the variance plots, α = 2 and Ns = 10.

curves. When α = 2, bond reversibility produces only slight differences in the variance curves

(Figure 3.10d) as compared to the quenched case (Figure 3.10c). As α deviates further from

1, the magnitude of Var(n`) for networks with reversible bonds decreases slightly, and the

shape of the variance curves deviate more. In this sense, the bond reversibility works to

“anneal” the microstates when α 6= 1.

This “annealing” process can be more closely observed if we plot only the microstates

where m is fixed. Figure 3.11 shows the microstate probabilities P (5, 0), P (3, 1), and P (1, 2)

plotted against 〈p〉 for a Ns = 5 system. When bond reversibility is introduced (solid

lines), the probability curves shift, and become scalar multiples of one another. That is, the

ratio P (5, 0):P (3, 1):P (1, 2) is fixed for all time, and hence all 〈p〉. This result is expected

given the steady-state microstate probabilities when m is fixed. Equation 3.25 calculates

the distribution of microstate probabilities with fixed m and is independent of the network’s

average extent of reaction, or the time of the network formation process. This equilibration

process only requires that t be sufficiently large or κ � λ in order for equilibration of

microstate probabilities to occur.
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κ>>λ κ = 0

Figure 3.11: Probability of microstates with reversible binding.
The probability of individual microstates P (n1, n2) when α = 2, and Ns = 5. Only the
microstates with fixed m = 5 are shown ({n0, n1, n2} = {0, 5, 0}, {1, 3, 1}, or {2, 1, 2}).
Comparison is drawn between microstates formed with reversible end-group binding (solid
lines) and quenched end-group binding (dotted lines).

Redistribution of microstate probabilities can be further observed when the average

strand probabilities 〈n`〉/Ns are calculated according to Equation 3.11 as shown in Fig-

ure 3.12. Similar to Figure 3.6d-f the strand probabilities are plotted when α = 0.5, 1, or 2.

As expected, when α = 1, we find that reverible end-group bonding has no effect on these

curves. However, when α 6= 1, introduction of binding reversibility reverts this solution

back to the solution observed using the equilibrated distribution (Figure 3.5d). The most

noticeable feature being they symmetry of 〈n1〉 with 〈p〉 even when α has deviated far from

1 (Figure 3.12d).

3.6 Conclusions and applications in polymer science

3.6.1 Probability distribution of microstates as spatial heterogeneity.

In this work we use the Master Equation to produce probability distributions of polymer

network microstates. This model can now be applied towards modeling the composition

of larger polymer networks. We imagine the microstates as three-dimensional subspaces

that make up the greater polymer network, all with the same number of network strands.

Once we have calculated the probability distribution of the network microstates, we can

translate this distribution of probabilities into a spatial distribution of microstates. That is,
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Figure 3.12: Strand probabilities when with bond reversibility.
The average strand fractions 〈n`〉/Ns for networks with reversible end-group binding. Strand
probabilities are plotted for (a) α = 1, (b) α = 0.5, and (c) α = 2. (d) When bond
reversibility is introduced, the plot of 〈n1〉/Ns becomes symmetric with 〈p〉 for all α. For all
figures, Ns = 10.

the number density of specific microstates {n0, n1, n2} within the larger network will follow

the probability distribution of microstates.

For example, in Equation 3.28 we give the probability distribution of microstates for an

Ns = 3 system where 〈p〉 = 0.5 and α = 1. If we spatially divide the network into subspaces

of three network strands each, we expect that the makeup of microstates will follow the

aforementioned probability distribution. Thus, we can create a spatial map of microstates

and examine the spatial heteroginiety of the network. Taking this concept a step further,

we can model microstates with a large number of network strands to the point where the

microstates modeled are of tangable size. For example, we examine a network that consists

of 5 w/v% polymer where the polymer strands are 10 kDa each. For a space of (50 nm)3,

we expect ≈ 375 strands, which is a reasonable number of network strands to input into the

Master Equation.

We can then formulate a reasonably large network made up of (50 nm)3 subspaces, where

each individual subspace is given a specific microstate {n0, n1, n2} dictated by the probability

distribution. This tool is useful to investigate the heterogeniety of networks across multiple

length scales when the extent of reaction is not complete. The model does not examine
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heterogeneous mixing, but fixes each microstate to have the same Ns. Instead, local changes

in network strand concentration will subsequently shrink and expand the physical size of the

microstate which can be subsequently modeled in future iterations.

3.6.2 Elasticity

According to the phantom network theory, the shear modulus G of an ideal net-

work is related to the number density of “elastically effective” network strands ν by

G = (1−2/fcross)νkBT where αcross is the functionality of the network’s crosslink/branchpoint

centers, kB is the Boltzmann constant, and T is the absolute temperature [50]. In this sim-

ple estimation, we assume that all s2-strands are elastically effective, and that there is no

formation of loops. Loops do not act as elastically effective strands, however, the formation

of loops can be incorporated into the Master Equation in future models [136]. By creating

a spatial distribution of microstates with different numbers of s2-strands we can create a

spatial distribution map of elasticity using this above relationship.

3.6.3 Models of network degradation

In the past two decades, degradable sites have been increasingly incorporated into end-

linking polymeric network strands that allow for a de-gelation process that can occur after

the initial gelation process. The degradable sites typically degrade by enzymatic, hydrolytic,

photolytic, or other chemical mechanisms. Initially, the network strands exist in the “intact”

state where both ends are considered “un-reacted.” After a single end has reacted/degraded,

the network strand is a “dangle,” and after both ends have reacted/degraded, the network

strand is “free.” To mathematically model the degradation of such networks, researchers have

applied similar principles and methods as the mathematical models of gelation where the “un-

binding” process is now modeled. In particular, our group is interested in photodegradable

networks [39, 131]. End-groups are degraded by exposure to light, a process that follows

exponential decay.
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Mathematical models of photodegradable networks have been proposed [42, 131], but lack

the the intricacies of models we examine in this work: calculation of network microstates dis-

tributions, quenched network de-gelation reactions, and incorporation of a bias factor where

certain network strands react more readily than others. In the case of network degradation,

one might assume that the undegraded end-groups of a network strand that is bound at

both ends to the network, might degrade more readily due to the stress that is normally

induced in swollen polymeric networks. Once one of the end-groups has cleaved, and the

network strand dangles, the stress is removed rendering the remaining undegraded end-group

less susceptible to degradation. This cooperative process can again be modeled by the bias

factor α. Models that predict de-gelation behavior largely ignore this notion.

Furthermore, in such degradable networks, incomplete extents of reaction are especially

important and useful where network heterogeneity is highest. For example, photodegradable

gels have been used to pattern network stiffness as a function of time and space [81]. As we

have shown in this work, simple combinatoric models do not properly model such polymer

networks. This model can be very simply applied to degradable networks by labeling “in-

tact” network strands as s0-strands (0 degraded end groups), “dangling” network strands

as s1-strands (1 degraded end group), and “free” network strands as s2-strands (2 degraded

end groups).
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CHAPTER 4

Mechanically robust photodegradable gelatin hydrogels

for 3D cell culture and in situ mechanical modification

4.1 Abstract

Recent developments in photodegradable (PD) hydrogels have allowed researchers to

study cell behavior in response to spatial and temporal changes to the extracellular envi-

ronment. To date, most PD hydrogel systems have been composed of poly (ethylene glycol)

(PEG) based macromers that crosslink via end-linking gelation. PEG-based hydrogels, how-

ever, are not optimal for three-dimension cell culture, as they neither allow for cellular pro-

liferation nor restructuring of the matrix. Unlike PEG-based hydrogels, gelatin, a naturally

derived material, contains enzymatically degradable sites and cell binding domains, making

it an attractive biomaterial for three-dimensional cell culture. To this end, researchers have

modified gelatin to contain methacrylamide groups (GelMA). This allows the gels to be

chemically crosslinked, rendering them stable at physiological temperatures. A few groups

have also reported the synthesis of PD gelatin, but the incorporation of photodegradable

groups is hampered by poor conjugation efficiency and poor solubility, leading to insufficient

mechanical properties. In this work, we develop a PD gelatin hydrogel system that is me-

chanically robust and can be easily produced in large quantities. Specifically, we chemically

modify the gelatin with highly hydrophilic groups which, in turn, adjust the isoelectric point

and charge density of the protein. This modification results in a highly soluble PD-gelatin

that can be crosslinked into a gel and subsequently degraded with exposure to light. These

PD-gelatin gels exhibit mechanical properties similar to GelMA gels, but with the extra abil-

ity to be spatially and temporally patterned with light. Photodegradation of the gels can

76



be done either before cell seeding or in the presence of cells. We show that cells respond to

both patterned structures and in situ softening of the network in 2D, while in situ softening

in 3D does not affect morphology at the compositions and time scales investigated.

4.2 Introduction

Engineering a dynamic cell microenvironment that mimics the native ECM is of great

clinical interest for tissue (or organ) repair and replacement [137]. Hydrogels are extensively

investigated as two- and three-dimensional scaffolds for cells because of their high water

content, tunable mechanical and physicochemical properties and their ability to be formed

in the presence of biological materials such as cells, proteins and DNA [138, 139, 140, 141,

142, 143]. Largely due to advances in hydrogel development, researchers have been able

to elucidate fundamental phenomena, such as how cells feel and respond to the mechanical

properties of their substrate [144, 145].

Hydrogels are most commonly fabricated from synthetic water-soluble polymers or from

modified natural polymers (most commonly proteins or polysaccharides). Synthetic hydro-

gels including those fabricated from poly(acrylamide) (PAAm) and poly(ethylene glycol)

(PEG) typically require the addition of peptides or proteins to encourage cell adhesion [146].

Synthetic peptides are readily reactively incorporated, but can be tedious to synthesize,

and may induce unwanted cell signaling cascades or atypical adhesion [147, 148]. Proteins

can also be entrapped, adsorbed, or covalently conjugated to hydrogels. In both cases, the

concentration of the adhesive peptide or protein may be difficult to quantify. Furthermore,

synthetic hydrogels lack the intrinsic ability to be restructured by cells. Many authors believe

that this ability for the cells to either mechanically [149] or proteolytically [150] remodel the

matrix surrounding them is important for cellular differentiation and/or tissue development.

Researchers typically introduce either hydrolytically degradable groups or enzyme degrad-

able peptide sequences into synthetic hydrogels to mimic natural remodeling, although this

approach does not fully recapitulate the complexity of degradable sites in the ECM.

As an alternative to synthetic hydrogels, protein-based hydrogels inherently contain both
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cell binding domains and enzymatically degradable sites[151, 152]. Protein-based hydrogels

not only provide structural integrity, but also provide essential biochemical properties in the

cellular microenvironment through the binding and release of cellular mediators [153]. One

such protein that has gained traction as a biomaterial in recent years is gelatin. Gelatin,

which is derived from collagen and contains both enzymatically degradable sites and cell

binding domains is inexpensive, readily available in large quantities and can be chemically

modified. Indeed, several groups have reported modification of gelatin with polymerizable

groups such as glycidyl methacrylate [154] or (meth)acrylic anhydride [155, 156, 157, 158,

159, 160] to produce gelatin methacrylate and gelatin methacrylamide (GelMA), respectively.

These crosslinking groups enhance the mechanical stability of gelatin gels. Among many

applications, GelMA gels have been used to study cardiac [161], vascular[162], and epidermal

[163] tissues; they have been used as antimicrobial hydrogels [164]; and they have been

utilized for 3D projection stereolithography [165] and modular biomaterials [166].

In addition to introducing polymerizable groups, researchers may wish to add more com-

plex functionalities to hydrogel materials, such as functional groups that allow dynamic

control of the physical and chemical properties of the hydrogel. Chemical and mechanical

changes to the ECM occur during cell differentiation, morphogenesis, tissue development,

repair, and disease progression [167, 168, 168, 169], and replicating such dynamic changes in

biomaterials may be critical for controlling cell fate. For example, changes in environmen-

tal rigidity, structure, and cellular adhesion have been reported relative to the development

and progress of several types of cancer[170, 171, 172]. Changes in tension applied to the

vasculature by blood pressure changes can lead to diseases such as vasospasm and cere-

bral aneurysms[173]. Several recent reviews have focused on different aspects of dynamic

biomaterials design [174, 175, 176, 177, 178, 179, 180, 181].

To this end, our lab has developed a platform of photodegradable linkers that can be used

to control the chemical and physical properties of hydrogels. We designed and synthesized a

series of photodegradable ortho-nitrobenzyl (o-NB) groups, characterized their absorptivity

(including degradation products) and quantified their degradation rates via photorheology

[39]. We developed a predictive model of (multi-stage) photodegradation and release[182,

78



131]. Using several different lithographic techniques, we demonstrated precise mechanical

and topographical patterning of these gels [52, 53, 81]. We have also demonstrated the

utility of these hydrogels for live stem cell encapsulation and release. We have demonstrated

that doses of light used to achieve photodegradation do not induce any changes in gene

expression of human mesenchymal stem cells [40]. Importantly, we have reported significant

changes in gene expression by mesenchymal stem cells when encapsulated within a hydrogel

(3D construct) compared to culturing the cells on a chemically identical hydrogel a 2D cell

sheet. While these photodegradable systems are highly reproducible and easy to synthesize

and fabricate, there are several limitations. First, like most synthetic hydrogels require the

addition of a cell-adhesion peptide or protein. Additionally, PEG hydrogels lack the ability to

be restructured by cells. A few groups have produced photolabile, enzymatically degradable

PEG-based hydrogels [183, 59, 60, 184] but the MMP-sensitive linkages and the RGD cell

adhesion domains can be tedious to produce and purify, and their incorporation is difficult

to quantify.

A few groups have attempted to incorporate photodegradable o-NB linkers into gelatin-

based hydrogels by crosslinking GelMA with photoclevable PEG[185, 61]. However, the

storage moduli of these gels is extremely limited (< 1 kPa), likely due to the fact that PEG

precipitates gelatin out of solution above a certain concentration[186]. Additionally, one

group has attempted to directly link the photodegradable o-NB linker to gelatin [63], how-

ever, the synthesis this photodegradable gelatin is inefficient, and the degree of modification

is significantly limited due to the limited solubility of the o-NB moiety in aqueous solution.

To improve the modification of natural polymers such as gelatin, we have developed a

bioconjugation chemistry to enhance its solubility prior to functionalization with (relatively)

hydrophobic groups. In this report, we first describe the conjugation of cysteic acid to

gelatin, followed by functionalization with methacrylamide groups to produce soluble gelatin

methacrylamide with a high degree of functionalization. Second, as proof-of-concept of

the wider applicability of this technique, we functionalize the cysteic-acid modified gelatin

with photodegradable o-NB groups to produce highly soluble crosslinkable, photodegradable

gelatin.
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4.3 Experimental

4.3.1 Materials, Chemicals, and Reagents

Hydrochloric acid (Fisher, concentrated), sodium hydroxide (Fisher, ACS grade),

N -hydroxysuccinimide (NHS) (Alfa Aesar, 98+%), 3-(3-Dimethylaminopropyl)-1-ethyl-

carbodiimide hydrochloride (EDC-HCl) (Chem-Impex, 99.23%), sodium chloride (Fisher,

ACS grade), dioxane (Acros Organics, 99.8%, Extra Dry, stabilized), N,N ’-

dicyclohexylcarbodiimide (DCC) (Anaspec), methacrylic anhydride (Alfa Aesar, 94%, stabi-

lized), anhydrous magnesium sulfate (Fisher, certified), L-cysteic acid (Acros Organics, 99%),

anhydrous sodium carbonate (Fisher, ACS certified), sodium bicarbonate (Amresco, ACS

grade), sodium tetraborate decahydrate (Fisher, reagent grade), 9-fluorenylmethoxycarbonyl

chloride (Fmoc-Cl) (Oakwood Chemical), acetonitrile (BDH, ACS grade), granular fish

gelatin (J. T. Baker, 250 bloom), acetone (BDH, ACS grade), piperidine (Alfa Aesar, 99%),

N,N -diisopropylethylamine (DIEA) (Fisher, peptide synthesis grade), 2,4,6-trinitrobenzene

sulfonic acid (TNBS) (G-Biosciences, 1% solution in methanol), CBQCA protein quan-

tification kit, (Molecular Probes), lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)

(Sigma-Aldrich, ¿95%), deuterated solvents (D2O, (CD3)2SO, and CDCl3) (Cambridge Iso-

tope Laboratories), and silica gel 60 thin-layer chromatography plastic plates (EMD Mil-

lipore, F254) were used as received. Dichloromethane (DCM) (Fisher, 99.9%) was distilled

under argon (Ar) and stored under Ar in a dry, air-free flask. Dimethyl sulfoxide (DMSO)

(Fisher, ACS certified) was dried by storing over dried 4Å molecular sieves (Fisher, grad 514,

8-12 mesh beads) twice. Anhydrous N,N -dimethylformamide (DMF) was dispensed from a

Grubb’s-type Phoenix Solvent Drying System and stored under Ar in a dry, air-free flask.

Regenerated cellulose dialysis membranes (Fisher, nominal MWCO 3500) were hydrated in

deionized (DI) water for 30 minutes prior to use.
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4.3.2 Chemical Synthesis Techniques

All reactions were performed under argon atmosphere using a Schlenk line unless noted

otherwise. 1H NMR spectra (δ ppm) of the small molecules were recorded on a Bruker Biospin

Ultrashield (either 300 or 500 MHz) NMR spectrometer. All spectra were recorded in D2O,

(CD3)2SO, or CDCl3 using tetramethylsilane (TMS) as an internal standard. NMR spectra

of gelatin samples was performed at 40◦C. 4-(3-(Acryloyloxymethyl)-2- nitrobenzyloxy)-4-

oxobutanoic acid and 4-(4-(1-(acryloyloxy)ethyl)-2-methoxy-5-nitrophenoxy)butanoic acid

photodegradable linkers were synthesized as described previously [39].

4.3.3 Synthesis of 4-(3-(Acryloyloxymethyl)-2- nitrobenzyloxy)-4-oxobutanoic

acid succinimide (1).

4-(3-(Acryloyloxymethyl)-2- nitrobenzyloxy)-4-oxobutanoic acid (1.413 g, 4.193 mmol),

NHS (0.965 g, 8.38 mmol), and EDC-HCl (1.607 g, 8.838 mmol) were dissolved in DCM

(20 mL) and the reaction mixture was stirred overnight at room temperature (RT). The

reaction mixture was washed with saturated brine (4×), dried with MgSO4, filtered, and

concentrated to yield a pale yellow waxy substance (yield 1.922 g, 4.425 mmol, quantitative).

1H NMR (300 Mz, CDCl3) δ = 7.53 (3H, m, ArH), 6.43 (1H, d, OC(O)CHCH2), 6.13 (1H, q,

OC(O)CHCH2), 5.90 (1H, d, OC(O)CHCH2), 5.32 (2H, s, ArCH2OC(O)CHCH2), 5.28 (2H,

s, ArCH2OC(O)CH2CH2), 2.98 (2H, t, ArCH2OC(O)CH2CH2), 2.83 (4H, s, COONHS),

2.78 (2H, t, ArCH2OC(O)CH2CH2).

4.3.4 Synthesis of 4-(4-(1-(acryloyloxy)ethyl)-2-methoxy-5-

nitrophenoxy)butanoic acid succinimide (2).

4-(4-(1-(acryloyloxy)ethyl)-2-methoxy-5-nitrophenoxy)butanoic acid (696 mg, 1.97

mmol), NHS (459 mg, 3.99 mmol), and EDC-HCl (771 mg, 4.022 mmol) were dissolved

in DCM (25 mL) and the reaction mixture was stirred overnight at room temperature. TLC

shows the formation of the product and no left over starting compound. The reaction mix-

ture was washed with brine (4×), dried over MgSO4, filtered, and concentrated to yield
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a yellow oil (869 mg, 1.93 mmol, 97.9%). 1H NMR (300 Mz, CDCl3) δ = 7.65 (1H, s,

ArH), 7.06 (1H, s, ArH) , 6.59 (1H, q, Ar-CH(CH3)O), 6.49 (1H, d, O(CO)CHCH2), 6.21

(1H, q, O(CO)CHCH2), 5.92 (1H, d, O(CO)CHCH2), 4.21(2H, t, ArOCH2CH2CH2), 3.98

(3H, s, ArOCH3), 2.95 (2H, t, ArOCH2CH2CH2), 2.90 (4H, s, COONHS), 2.33 (2H, quin,

ArOCH2CH2CH2), 1.71 (3H, d, ArCHCH3).

4.3.5 Synthesis of Fmoc-Cys(O3H)-OH (4).

Synthesis of Fmoc-Cys(O3H)-OH followed a similar synthesis procedure for Fmoc-β-

Ala(SO3H)-OH as previously published [187, 188]. Briefly, L-Cysteic acid 3 (4.215 g, 24.92

mmol) and Na2CO3 (4.083 g, 38.52 mmol) were dissolved in water (14 mL) and the reaction

mixture was cooled in an ice bath. Fmoc-Cl (5.875 g, 22.71 mmol) was dissolved in dioxane

(10 mL) and this solution was added dropwise to the cysteic acid solution. The reaction

mixture was allowed to come to RT and stirred overnight. Formation of the product was

confirmed by TLC. The reaction mixture was then acidified with 2 M HCl to pH = 1, and the

product was dried by rotary evaporator. The resulting solid was triturated with acetonitrile

(20 mL) twice, filtered, then dissolved in water (10 mL) and recrystallized at 4◦ C. The

resulting product was filtered, washed with cold water to remove residual salts, and then

lyophilized to dryness to give the purified product (yield 5.892 g, 15.05 mmol, 66.3%). 1H

NMR (300 Mz, (CD3)2SO) δ = 12.54 (1H, s, COOH), 7.86 (2H, d, ArH), 7.66 (2H, d,

ArH), 7.42 (2H, t, ArH), 7.38 (1H, s, NH), 7.30 (2H, t, ArH), 4.23 (1H, t, CHCH2O),

4.21 (2H, d, CHCH2O), 4.17 (1H, d, -NHCHCOOH), 2.83 (2H, d, CHCH2SO3H).

4.3.6 Synthesis of Gelatin-Cys(O3H)-NH2 (sulfo-gelatin) (8).

(a) Preparation of N-hydroxysuccinimidyl ester (5). [187, 188] A combination of 4

(1.739 g, 4.444 mmol) and NHS (507 mg, 4.405 mmol) were dried under vacuum at 40◦ C

for 2h. The solution was brought to RT, backfilled with argon, and the compounds were

dissolved in dry DMF (20 mL). To this solution, DCC (897 mg, 4.347 mmol) was added and

the reaction mixture was stirred at RT overnight. The next day, the reaction mixture was
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quite cloudy due to the production of the dicyclohexylurea (DCU) byproduct. The solution

was transferred into centrifuge tubes and centrifuged to remove the major amount of DCU

precipitate. The colorless and transparent eluent, containing the activated NHS ester, was

used without further purification. The reaction yield was assumed to be quantitative using

DCC as the limiting reagent.

(b) Coupling reaction to gelatin (7). In a separate round bottom flask, fish gelatin

6 (5.000 g, 0.73 mmol lysine residues) and DIEA (1.2 mL, 6.89 mmol) were mixed with

DMSO (40 mL) under argon atmosphere and heated to 60◦ C while stirring to dissolve the

gelatin. Once the gelatin was dissolved, the reaction mixture was cooled to RT. The DMF

solution containing 5 was then added to the gelatin solution dropwise and stirred overnight

at RT. Conjugation of the Fmoc-Cys(O3H) group to the gelatin was checked by TLC. A

small aliquot of this solution was removed and precipitated in acetone for future analysis.

This precipitate was collected, dissolved in water and dialyzed against DI water to give 7.

The yield was assumed to be quantitative.

(c) De-protection of primary amine (8). To the remaining solution of 7, piperidine

(10 mL) was added and the reaction mixture was stirred for 15 minutes to cleave the Fmoc

protecting group. Cleavage of the Fmoc group from the gelatin compound was checked by

TLC. The reaction mixture was then added to 550 mL of cold acetone. This mixture was

acidified with 2 M HCl, added dropwise, until the pH of the solution became acidic and

the gelatin precipitated out of solution. The mixture was placed in the freezer to further

precipitate. The precipitate was collected by centrifugation, dissolved in DI water, and

dialyzed against water at RT for 5 days, with two water changes per day. The aqueous

solutions were lyophilized to give the pure product 8 (yield 3.954 g, 79.1%). 1H NMR shows

complete reaction of lysine residues to cysteic acid.
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4.3.7 Synthesis Acryl-oNB-sulfo-gelatin (oNB-Gel) (9).

A mixture of 8 (471 mg, 0.0687 mmol primary amine) was dissolved in DMSO (20 mL) at

65◦ C. Once dissolved, the reaction mixture was brought down to 35◦ C. Compound 1 (76 mg,

0.175 mmol) was added and the reaction mixture was stirred overnight. The conjugation of

the o-NB group to the gelatin was checked by TLC. The reaction mixture was precipitated

in acetone (200 mL) and acidified with 2 M HCl until the gelatin was fully precipitated.

The product was collected by centrifugation, washed twice with 20 mL acetone, dissolved in

water, and then titrated with 0.1 M NaOH (aq.) until the solution reached pH=7.0. The

solution was then dialyzed against water for 36 hours with four water changes and lyophilized

to yield a colorless foam 9 (yield 456 mg, 96.8%, 0.105 mmol o-NB per gram gelatin).

Acryl-oNB-sulfo-gelatin incorporating a 4-(4-(1-hydroxyethyl)-2-methoxy-5-

nitrophenoxy) butanoate linker instead of a 1,3-di(hydroxymethyl)-2-nitrobenzene

(acryl-oNB-sulfo-gelatin (10)) is described in the supporting information.

4.3.8 Synthesis of Gelatin Methacrylamide (GelMA) (11-12).

Two different procedures were used to produce GelMA.

(a) Standard aqueous method using native gelatin. Synthesis of gelatin methacry-

lamide followed a procedure previously published [189]. Briefly, sodium carbonate (159 mg

1.50 mmol) and sodium bicarbonate (293 mg, 3.49 mmol) were dissolved in water. To this

buffered solution, fish gelatin (2.000 g, 0.292 mmol lysine) was added and the mixture was

heated to 60◦ C to dissolve the gelatin. Once fully dissolved, the mixture was cooled to 40◦

C, the pH was adjusted to pH = 9 using 2 M HCl, and methacrylic anhydride (0.2 mL, 1.35

mmol) was added. The reaction mixture was stirred at 40◦ C for three hours. The gelatin

methacrylamide was then purified by dialyzing against water at 40◦ C for three days with

two changes of water per day. The solution was filtered and lyophilized to give a white foam

11 (yield 1.787 g, 89.4%, 0.259 mmol methacrylamide groups per gram gelatin).
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(b) High Conjugation Method in DMSO/DIPEA using gelatin-Cys(O3H)-NH2.

To obtain a higher conjugation efficiency of methacrylic groups to the gelatin strands, we

modified the above procedure. We performed the reaction under anhydrous conditions to

reduce hydrolysis of the methacrylic anhydride. This reaction was first attempted using

non-sulfo (native) gelatin, but the reaction was inconsistent, often formed a gel-like product

during the reaction, and crashed out of solution during dialysis. Fish gelatin-Cys(O3H)-NH2

(200 mg, 0.0292 mmol primary amine) was added and the mixture was heated to 60◦ C

to dissolve the gelatin. Once fully dissolved, the mixture was cooled to 35◦ C and DIEA

(100 µL, 0.471 mmol) followed by methacrylic anhydride (82 µL, 0.533 mmol) were added.

The reaction mixture was stirred at 35◦ C overnight. We noticed that the resultant reaction

mixture remained a viscous liquid and did not form a gel-like texture as we had observed when

performing this reaction with native gelatin. The reaction mixture was added to acetone

(50 mL) where the mixture turned cloudy but did not form as cohesive of a precipitate.

The mixture was acidified with 2 M HCl to fully precipitate the gelatin. The product was

collected by centrifugation, dissolved in water and titrated with 0.1 M NaOH (aq.) till

the solution reached pH=7.0. Unlike the analogue reaction using native fish gelatin, the

centrifuged product dissolved very quickly in water and the solution remained transparent,

without any cloudiness after titration. The solution was then dialyzed against water for 48h

with 4 water changes and lyophilized to yield a colorless foam 12 (yield 192 mg, 96%, 0.759

mmol methacryl groups per gram gelatin).

4.3.9 Primary amine quantification.

The concentration of primary amine groups on the different gelatins was determined using

two methods:

(a) Quantification using the CBQCA assay. The CBQCA assay was performed ac-

cording the manufacturer’s protocol. All samples tested were dissolved in a 0.1 M sodium

borate buffer, pH 9.3. The pH of each sample solution was checked to insure the solutions

pH did not deviate from 9.3. Briefly, 5 µL of a 20 mM KCN solution was added to 135 µL of
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the different gelatin solutions (0.5 mg/mL in buffer ) in a 96-well plate. To this, 10 µL of a 2

mM CBQCA working solution was added and incubated at RT. A standard curve of glycine

in buffer (167, 83, 62, 42, 21, and 0 µM) was used to quantify primary amine concentration.

For comparison, we also created a standard curve of cysteic acid in buffer (167, 83, 62, 42, 21,

and 0 µM) to calculate the concentration of primary amines. After 1 hour (as suggested by

the manufacturer), the fluorescence of the samples was measured with an excitation at 465

nm and emission at 550 nm. We noticed, however, that the cysteic acid standard curve was

very weakly fluorescent. The incubation was allowed to proceed for 11 more hours, before

measuring again. The fluorescence reading for the cysteic acid samples greatly improved,

and the fluorescence intensity values for all other samples remained relatively unchanged.

Data reported in this work used the readings after 12 hours of incubation.

(b) Quantification using the TNBS assay. The TNBS assay was performed according

the manufacturer’s protocol. All samples tested were dissolved in a 0.1 M sodium barcarbon-

ate buffer, pH = 8.5. The pH of each sample solution was checked to ensure they remained

at pH = 8.5. Briefly, 250 µL of a 0.01% TNBS working solution in buffer was added to 500

µL of the different gelatin solutions (0.5 mg/mL in buffer ) and incubated at 37◦ C for 2

hours. The reaction was stopped by adding 250 µL 10% sodium dodecyl sulfate and 125 µL

1M HCL. A standard curve of glycine in buffer (167, 83, 62, 42, 21, and 0 µM) was used to

quantify primary amine concentration. Absorbance at 340 or 405 nm was used to measure

the chromogenic product of the reaction.

4.3.10 Iso-Electric Point.

The iso-electric point of the different gelatin macromers was calculated using a PRO-

TEAN) i1TM isoelectric focusing system. Briefly, 5 µg of gelatin was loaded to each iso

electric focusing gel (BioRad ReadyStripTM IPG Strip 17 cm pH 3-10) by allowing the gels

to soak in the gelatin solutions overnight. Isoelectric focusing was performed according the

manufacturer’s instructions with a total of 57.5 kVh over 12 hours. The gelatin was visu-

alized on the focusing gels using standard silver staining for gel electrophoresis. Gels were
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scanned using a transparency scanner (Epson Perfection V700).

4.3.11 Titration Curves.

The titration curves of gelatin were performed using a previously described method [190].

Briefly, 150 mg of each gelatin sample tested was dissolved in 15 mL distilled water, heated

to 40◦ C, and the pH was measured with a digital pH meter. The solutions were first acidified

using 300 µL 2 M HCl then back titrated by adding 0.1 M NaOH while recording the pH.

Sufficient time between additions was given for the pH reading to stabilize. A blank titration

in 15 mL pure distilled water was performed using the same conditions as above. From this

data, combined ions could be quantified using a calculation as described previously [190].

The titration curves were then spline fit to remove noise from the data. The limits of the

displayed titration curves was set at pH’s 1.33 and 11.82 since pH values of the gelatin and

water only solutions beyond this point were so small that even the slightest deviation of the

pH gave wildly inaccurate results.

4.3.12 Glass Silanization.

(a) To covalently adhere the hydrogels to a glass substrate, round pieces of coverglass

(12 mm diameter, Fisher) were functionalized with methacrylate groups using the following

procedure. The coverglass was first cleaned with hexanes, acetone, water and methanol

(in that order), dried, and activated with oxygen plasma (Plasma Prep II, SPI Supplies)

for 5 minutes. The activated coverglass was then reacted with 3-(trimethoxysilyl)propyl

methacrylate (0.5 mL) in 25 mL of a (Ethanol and acetic acid) solution for 30 minutes.

The coated coverglass was then washed with methanol three times before drying. Silanized

coverglass pieces were used within two hours of functionalization.

(b) Glass slides were rendered hydrophobic, and thus non-adherent to the polymerized

hydrogels, by wiping a drop of Gel Slick (Lonza) on the slide surface. This process was

repeated once to ensure a sufficient coating. The slides were then briefly rinsed with DI

water to clean the surface and dried before use.

87



4.3.13 Hydrogel Fabrication.

Stock solutions of GelMA (13.3 w/w%), oNB-Gel (13.3 w/w%), and LAP (0.1, 1.0, or 4.0

w/w%) in phenol red-free cell culture media were prepared and mixed together at different

compositions to form the pre-polymer solutions. Gels with o-NB content were polymerized

with 0.25% LAP, and pure GelMA gels were polymerized with 0.025% LAP. Gels containing

both o-NB and GelMA content used the traditionally synthesized GelMA (11). To prepare

the gelatin stock solutions, the stocks were heated in a 55◦ C water bath until dissolved and

then centrifuged to remove any bubbles. Since the gelatin used was fish-based, once dissolved

the stock solutions remained liquid at room temperature for approximately one hour. If the

gelatin stock solutions underwent physical gelation, they could easily be re-liquefied in a 40◦

water bath. The pre-polymer solution was polymerized, and thus chemically crosslinked,

into a hydrogel using a collimated light source (EXFO Omnicure S1000) filtered with a

405 nm bandpass filter (Newport) with an output intensity of 4.8 mW/cm2 as measured

by a spectroradiometer (International Light Technologies, ILT950) between 350 and 500

nm. All gels were polymerized for 5 minutes. To subsequently degrade the gels containing

photodegradable gelatin macromer, gels were exposed to the same collimated light source,

but filtered with a 365 nm bandpass filter (Newport) with an output intensity of 7.8 mW/cm2

for a specified amount of time. Striped photomasks were used to block light from reaching

certain regions of the gels as prescribed.

4.3.14 Cell Culture.

NIH/3t3 mouse fibroblast were obtained from ATCC (CRL-1658). 3T3 mouse fibroblast

cells were thawed and expanded according to ATCC’s recommended protocol. Cells were

grown in complete growth medium made up of DMEM (Corning, high glucose) supplemented

with 10% fetal bovine serum (Corning) and 1% Penicillin-Streptomycin (Life Technologies).

For steps requiring photo-irradiation, DMEM without phenol red (GE HyClone, high glu-

cose) was used instead. Cells were incubated and grown at 37◦ C, 5% CO2. Cells were

removed from the cell culture flasks using Trypsin-EDTA (Corning). From here, cells could
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either be seeded on the surface of sterilized gels or encapsulated as described below.

4.3.15 3D Cell Encapsulation.

To encapsulate cells, media was aspirated from the cell culture plates which were then

washed with PBS. Cells were dissociated from the plates with trypsin-EDTA, pelleted via

centrifugation (5 min, 0.2 relative centrifugal force (RCF)), resuspended in cell culture me-

dia, and counted with a hemocytometer. The necessary volume of media corresponding to

the desired number of cells was calculated, and the corresponding amount of cell suspension

was pipetted into a 1.5 mL Eppendorf tube. These cell suspensions were centrifuged (5 min,

0.2 RCF) and the media was removed carefully, paying special attention to remove as much

of the media as possible. The cell pellets were then resuspended in the corresponding pre-

polymer solution (4 million cells/mL). The suspension (5.0 µL per gel) was pipetted between

a hydrophobically modified glass slide and 12 mm round glass coverslips functionalized with

methacrylate groups that were separated by 200 µm spacers, and polymerized. The resul-

tant cell-hydrogel discs were then placed into 24-well plates, covered with culture media, and

incubated at 37◦ C and 5% CO2. The cell culture media was replaced with phenol red-free

media when the gels were exposed to light.

4.3.16 Hydrogel and Cell Imaging.

All samples were imaged with a fluorescence microscope (10×, Axiovert Observer Z1,

Zeiss) in PBS. For live/dead analysis LIVE/DEAD viability/cytotoxicity kit (ThermoFisher)

was used where calcein AM was used as the live stain, and ethidium homodimer-1 (EthD-1)

to stain dead cells. Staining was performed according the manufacturer’s instructions. For

oNB-Gel gels, a higher concentration (10×) of EthD-1 was required to properly stain dead

cells. A series of Z-stack images were collected across the sample depth. An orthogonal

projection across the Z-direction was produced and the quantification of live and dead cells

was performed using a customized pipeline (CellProfiler). For the live/dead assay, we tested

three different gels for each condition and imaged the cells at five unique locations at both
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the gel interior and edge. For cytoskeletal and nuclear staining, the gels were fixed with

4% paraformaldehyde (Fisher), permeabilized with 0.1% Triton X-100 (Fisher), and blocked

with 1% bovine serum albumin (BSA; Fisher). The samples were then incubated with

fluorescein-isothiocyanate-conjugated phalloidin (Invitrogen) for 2 h. Nuclei were stained

with 4’,6-diamino-2-phenylindole (DAPI; Invitrogen).

4.3.17 Atomic Force Microscopy.

Prepolymer solutions (10 µL) were pipetted between a hydrophobically modified glass

slide and 12 mm round glass coverslips functionalized with methacrylate groups that were

separated by 200 µm spacers. The glass slide/prepolymer/coverglass sandwich was then

immediately polymerized. After polymerization, the coverglass (with the attached hydrogel)

was pried off the glass slide, and submersed in 1× PBS to swell overnight. The next day,

the gels were exposed to 365 nm light or left unexposed. The gels were then submersed in

1× PBS to swell overnight. Surface topography and elastic modulus were measured using

Atomic Force Microscopy (AFM) in PBS using a JPK Nanowizard 4a BioScience AFM using

the force spectroscopy mode in the Nano and Pico Characterization Laboratory at California

Nanosystems Institute, UCLA. A CP-qp-CONT-SiO-B probe with a 3.5 µm diameter SiO2

sphere (sQube) was used to indent the sample. For the quantitative measurements of moduli,

the spring constant of the cantilever was measured using the AFM’s internal contact-free

thermal tuning method. Single indentations were performed with a total force of 4.0 nN. At

least 15 indentations were performed at 15 unique locations across the gel surface. All AFM

force curve analysis was performed using the JPK Data Processing software. The Young’s

modulus was calculated by using a Hertz/Sneddon spherical fit with a Poisson’s ratio of ν

= 0.5.

4.4 Statistical analysis

All statistical calculations were performed in Origin(Pro), OriginLab Corporation. All

error bars indicate standard deviations of the mean. To calculate statistical significance,
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two-sample t-tests were performed. Significance is indicated by *, **, or n.s. for p < 0.05,

0.01, or not significant, respectively.

4.5 Results and discussion

4.5.1 Synthesis of Gelatin Macromers.

One limitation of modifying gelatin with polymerizable groups is that solubility generally

decreases as degree of modification increases [191, 192, 193, 194, 195]. Because the number of

crosslinkable groups is limited, the crosslink density is limited, and therefore the mechanical

properties of the hydrogels are limited. For example, we synthesized gelatin methacrylamide

using anhydrous DMSO as a solvent, an excess of methacrylic anhydride, and diisopropy-

lethylamine (DIEA) as a base. We purified the reaction by dialysis against water, and during

this process the product crashed out of solution and could not be dissolved in water, even at

elevated temperatures. Our group also pursued photodegradable gelatin by conjugating an

o-NB group to unmodified, native gelatin. However, this conjugation resulted in insoluble

macromers that precipitated from solution during dialysis purification (Figure 4.11, simi-

lar to when a high degree of methacrylation was attempted) and the resultant macromers

could not be redissolved in aqueous solution. Other groups have observed similar effects

on gelatin solubility after modification [63]. In order to enable modification of gelatin with

hydrophobic groups such as methacryloyl or o-NB, we sought to further enhance its aque-

ous solubility prior to functionalization. Sulfonate groups have been used extensively in

chemistries for biological applications to vastly improve water solubility of highly hydropho-

bic compounds.[188, 187] Drawing inspiration from this approach, we used cysteic acid, a

naturally occurring amino acid generated by the oxidation of cysteine, to improve the aque-

ous solubility of gelatin. Our approach is depicted in Scheme 4.1. Fish gelatin is used due

to its greater solubility at lower temperatures [196]. First, we protected the amine group

of cysteic acid with Fmoc, and subsequently formed the N -hydroxylsuccinimidyl (NHS) es-

ter at the carboxylate group using dicyclohexylcarbodiimide and NHS. Next, we reacted

the Fmoc-protected cysteic NHS ester with lysine residues in gelatin to form hydrolytically
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Fmoc-Cl

Dioxane/H2O
Na2CO3, 24h

DCC/NHS

DMF, RT, 24h

DMSO, DIPEA, RT, 24h 20 % piperidine
10 min, RT

4 (66 %)3 5 (quantitative)

6

7 (quantitative) 8 (73 %)

Figure 4.1: Production of Gelatin-Cys(O3H)-NH2 sulfo-gelatin through the at-
tachment of Fmoc-Cys(O3H)-OH and subsequent Fmoc deprotection.

stable amide linkages. Finally, we deprotected the amine using piperidine. This amine is

then available for further functionalization. To produce gelatin methacrylamide (GelMA),

we reacted the cysteic-acid modified gelatin with methacrylic anhydride.

To produce photodegradable gelatin (oNB-Gel), we reacted cysteic-acid modified gelatin

with the NHS ester derived from (1,3- dihydroxymethyl)-2-nitrobenzene), as depicted in

Scheme 4.2. (We also synthesized o-NB-Gel with the more frequently used 4-(4-(1-

hydroxyethyl)-2-methoxy-5-nitrophenoxy) butanoate linker (Figure 4.12)). All macromers

are quite easy to purify, as gelatin has very limited solubility in solvents other than water

or DMSO. Simply diluting the reaction medium with acetone precipitates the product while

any excess reactants or side products remain in solution.

4.5.2 1H NMR Characterization.

We characterized the gelatin-based macromers via 1H NMR spectroscopy. Applying a

previously reported technique [197], the amino acids valine, leucine, and isoleucine can be

considered chemically inert, and their methyl peak at 1.2ppm is easily separated from the

rest of the 1H NMR peaks in gelatin; we can therefore use this peak as an internal standard

when quantifying conjugation to the gelatin macromer (Figure 4.13, Table 4.3). GelMA, (11)
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Figure 4.2: Attachment of hydrophobic linkages to Gelatin-Cys(O3H)-NH2 in an-
hydrous conditions.

shows the expected methacrylamido peaks at ≈5.25-5.75 ppm (Figure 4.14). Notably, there

are small peaks approximately 0.5 ppm downfield of the major olefinic peaks, suggesting

that in addition to reacting with lysine residues, some methacrylic anhydride may react

with other amino acids. When gelatin is modified with cysteic acid, the peak for the ε-

methylene group in lysine disappears, and new peaks for cysteic acid appear (Figure 4.15).

When sulfo-gelatin is reacted with methacrylic anhydride, the sulfo-gelatin methacrylamide

(sulfo-GelMA, 12), the olefinic peaks from the methacrylamide shift downfield since the

methacrylamide is on the cysteic acid α-amine rather than on the ε-amine of the lysine for

typical GelMA (Figure 4.16). Also, there are additional olefinic peaks, indicating conjugation

of the methacryloyl moieties to other side groups on the gelatin. These other side groups

are most likely the alcohol groups on serine, threonine, and possibly tyrosine.

Figure 4.3 shows the 1H NMR spectra of native fish gelatin used in this study compared to

oNB-Gel; additional 1H NMR spectra are available in Supporting Information (Figure 4.17

& 4.18) . The protons of the aromatic ring of the o-NB group appear around 7.5 ppm,

and the acrylate peaks appear at 5.75-6.25 ppm. The methylene group of cysteic acid is at
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Figure 4.3: 1H NMR spectra of native fish gelatin and acryl-oNB-sulfo-gelatin.
Peaks corresponding to the o-NB moiety are indicated. Loss of the native gelatin lysine peak
is observed at 2.93 ppm.

≈2.5 ppm, and the methylene peaks from the succinimidyl linker are visible at 2.75 and 3.25

ppm, indicating successful conjugation. Table 4.1 summarizes the conjugation efficiency of

the functionalization of gelatin with methacrylamide alone (GelMA), sulfo-methacrylamide

(sulfo-GelMA), and two different syntheses of oNB-Gel.

Table 4.1: Conjugation efficiencies of the specified gelatin macromolecules using the valine,
leucine, and isoleucine residues as an internal standard.

Conjugation
(mmol/g gelatin)

acryl-oNB-sulfo-gelatin (9) 0.105
acryl-oNB-sulfo-gelatin (10) 0.098

GelMA (11) 0.259
Sulfo-GelMA (12) 0.759

Briefly, we normalized the integration of the methyl peak from the isoleucine, valine and

leucine residues to the number of these residues in reported composition of gelatin [197],

which allowed us to calculate the number of free lysine groups in this gelatin. We then

integrated the protons for methacryloyl or acryloyl or groups to determine the extent of

conjugation of the GelMA, oNB-Gel and sulfo-GelMA, respectively. Significantly, the degree
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of functionalization of the sulfo-GelMA is artificially high since we see a variety of peaks in

the methacryloyl region, indicating that groups other than the amine of the cysteic acid may

be methacrylated. This indicates that the sulfo-gelatin may have better solubility during

this reaction, allowing a higher degree of modification than is possible during methacrylation

of native gelatin.

4.5.3 Primary Amine Assay

We initially used a TNBS assay to quantify primary amines in our modified gelatins, as

it is commonly used to calculate conjugation efficiencies in GelMA synthesis. However, we

observed that the assay produces an unusual pinkish hue when used with the sulfo -gelatin,

(8) (Figure 4.21). Quantitatively, the TNBS assay showed a large decrease in primary amine

concentration for Fmoc-sulfo-gelatin (7) as expected, but only indicated partial recovery of

primary amine groups after deprotection to give the sulfo-gelatin (8) (Figure 4.20). Since the

TNBS assay should only give varying levels of a yellow chromogenic product we suspected

the sulfonated groups, which are in close proximity to the primary amine, may somehow

interfere with the assay. We therefore performed a CBQCA assay. The CBQCA assay

(CBQCA: 3-(4-carboxybenzoyl)quinoline-2-carboxaldehyde) is commonly used to quantify

the concentration of proteins in solution and can be used to quantify the number of free

primary amines in protein samples. Using glycine as a standard for the calibration curve,

the CBQCA assay indicates that the conjugation of the Fmoc-cysteic acid moiety (7) nearly

removes all free amino groups from the gelatin (0.76% remaining, Figure 4.4). Once the

Fmoc group is cleaved to reveal the free amino group of cysteic acid (8), the CBQCA

assay only indicates a partial recovery of primary amines (6.78%), similar to the results

of the TNBS assay. However, if cysteic acid is used to produce a standard curve instead

of glycine, the resultant calibration curve is significantly different (Figure 4.19), with a

lower signal at a given amine concentration for cysteic acid compared to glycine. Applying

the cysteic acid standard curve, we observe 125% recovery of the primary amines on the

sulfo-gelatin (compared to native gelatin). While 125% recovery is not possible, we believe

that this value represents both amines from the cysteic acid functionalization, as well as
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other amines in the gelatin (i.e., even a very small amount of unreacted free amines from the

lysine residues will contribute disproportionately to the assay readout based on the difference

between the glycine and cysteic acid calibration curves). That is, different primary amines

exist in sulfo-gelatin, and a single calibration curve (either using glycine or cysteic acid

as a standard) is not sufficient to quantify the free amine content. None-the-less, the data

presented in Figure 4.4 indicate nearly quantitative conjugation of free amines in gelatin with

cysteic acid (Fmoc-sulfo-gelatin(7)), recovery of primary amines upon deprotection (sulfo-

gelatin(8)), and a subsequent reduction in amine content upon functionalization with the

o-NB group (oNB-Gel (9)), comparable to GelMA (11). Taken together with the 1H NMR

data (which shows complete disappearance of the lysine primary amine after conjugation to

Fmoc-cysteic acid, and also complete disappearance of the Fmoc peaks after deprotection as

well as appearance of cysteic acid peaks), we believe that that the de-protected cysteic acid

moiety has successfully, and fully, conjugated to the gelatin strands via the lysine residues.

4.5.4 Iso-Electric Point

To further characterize the gelatin macromers, we performed isoelectric focusing to de-

termine their pI (Figure 4.22). We found that native fish gelatin has an isoelectric point of

pH 6, which is within the range given by the manufacturer. We expect that incorporation

of the highly acidic sulfonic acid group in cysteic acid (pKa ≈ 1.3) will drastically reduce

the isoelectric point. We were unable to observe a pI for sulfo-gelatin, however this is not

unexpected. The pKa of protonated lysine is around 10, while the pKa of the sulfonate

group of cysteic acid is close to 1.3. The isoelectric focusing gels can only probe for protein

isoelectric points in the range from pH = 3-10. Likely, the sulfonate acid group, and the

loss of the lysine primary amine, lowered the isoelectric point below this range. Therefore,

the disappearance of the isoelectric point for the modified gelatin is an indirect indication of

successful modification.
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Figure 4.4: Results from the CBQCA Assay.
To calibrate the amine quantification we used both glycine and cysteic acid to form the
standard curve (see supporting information). Conjugation of the Fmoc-cysteic acid clearly
reduces the amount of primary amines. Partial recovery of primary amines is visible after
Fmoc deprotection using the glycine standard curve, however when calibrated against the
cysteic acid standard curve, full recovery of primary amines is observed. Both the gelatin
methacrylamide and o-NB gelatin clearly have a reduced number of primary amines.
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Figure 4.5: Titration curves of various gelatin macromers.
(a) All macromers show protonation of Glu and Asp carboxylic acid side groups. (b) Native
gelatin shows protonation of lysine amine side group. (c) Both the fmoc-protected sulfo-
gelatin and de-protected sulfo-gelatin show modification of Lys primary amine and loss of
Lys protonation. Protonation of α-amino group of sulfo-gelatin could possibly be at the
small inflection point at approximately pH 6.5. (c) Progressive addition of base eventually
degrades the ester groups in the acryl-oNB-sulfo-gelatin.

4.5.5 Titration Curves

We also characterized the native and modified gelatin via titration. Titration curves can

provide more information about individual charged groups within the protein, instead of an

overall average like isoelectric points. As shown in Figure 4.5, all macromers show a region

of protonation of the carboxylic acid groups around pH=3.5-4, which correlates well with the

pKas of glutamic and aspartic acid. Native gelatin (6), shows the protonation of the primary

ε-amine of lysine around pH = 10.5. Once the gelatin is modified with cysteic acid (7 &

8) the protonation of the lysine disappears. Appearance of the protonation of the primary

α-amine of cysteic acid appears around pH ≈7; this is expected since the sulfonate group

is electron withdrawing. Once the o-NB moiety is conjugated to the sulfo-gelatin, we no

longer see the protonation of the α-amine on cysteic acid, nor do we see the protonation of

the primary ε-amine of lysine. Instead, we see degradation of the ester groups on the o-NB

group at pH ≈ 11, which is very sharp and very pronounced, and not observed for any other

gelatins.
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Figure 4.6: Schematic of hydrogel formation and degradation.
(a) The ortho-nitrobenzyl heterobifunctional groups link the gelatin backbone to a poly-
merizable acrylate end group that forms a crosslink center when polymerized. (b) These
acrylate end groups can be polymerized via the visible light (405 nm) initiation mechanism
of LAP to form the network. These networks can be subsequently degraded by a shorter
wavelength of light (365 nm) to cleave the o-NB linkages which subsequently degrade and
softens the network.

4.5.6 Fabrication of hydrogels.

While there are many different o-NB groups available, we chose the o-NB linker based

on 1,3-di(hydroxymethyl)-2-nitrobenzene due to its low molar absorptivity. It absorbs vir-

tually no light at 405 nm49, allowing photopolymerization using LAP. Furthermore, since

this o-NB group also exhibits relatively low absorptivity at 365, light is not significantly

attenuated during degradation and degradation is therefore more uniform throughout the

gel. Figure 4.6 depicts the formation and degradation of these photodegradable gelatin hy-

drogels. (oNB-Gel incorporating the 4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy) bu-

tanoate linker (10) significantly attenuates light and is therefore better for surface modifica-

tions or self-folding gels, and was therefore not used to fabricate gels in this study.)

We fabricated photodegradable gels with three different compositions, all at 10 wt%

macromer: 10 wt% oNB - Gel/0wt% GelMA; 6.7 wt% oNB - Gel /3.3wt% GelMA, and

5 wt% oNB - Gel /5wt% GelMA. For comparison, we also fabricated 5 wt% and 10 wt%

GelMA gels. We also produced 10 wt% sulfo-GelMA gels. Notably, gels incorporating oNB-

Gel require more initiator, presumably due to radical chain transfer to the nitro- group.
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All gels were transparent. The 10% GelMA gel exhibited the highest modulus, which is

not surprising given that its degree of functionalization is higher than that of oNB- Gel.

The sulfo-GelMA gel was significantly softer than the corresponding GelMA gel (10 wt%),

which is surprising given the higher degree of functionalization. We hypothesize two possible

reasons. First, the negative charge on the sulfo-GelMA chains will likely result in a more

extended solution conformation (due to charge charge repulsion), and thus reduce interchain

crosslinking. Furthermore, because sulfo-GelMA is less hydrophobic than GelMA, it may

exhibit less physical crosslinking [198], which is known to play a role in GelMA stiffness.

4.5.7 AFM of hydrogels

To characterize the mechanical properties of our gels, we used atomic force microscopy

(AFM) with a colloid (3.5 µm diameter bead) tip to indent the gels. AFM is optimally

suited for these gels since photodegradation creates a gradient across thick samples due to

light attenuation. Table 4.2 displays the as-fabricated (before photodegradation) Young’s

modulus of the gels described above as measured by AFM. Gels incorporating o-NB were

exposed to 365 nm light (7.8 mW/cm2) to demonstrate their photodegradability.

Table 4.2: Properties of gels made from GelMA (11), sulfo-oNB-gelatin (9) and modified
sulfo-GelMA (12) hydrogels as measured by AFM. Values for photodegradable gels are the
initial modulus.

Gel type Modulus via AFM (kPa)
10 wt% GelMA 35.9±2.8
5 wt% GelMA 3.1±0.3
10 wt% sulfo-GelMA 22.7±3.8
10 wt% oNB-Gel 15.8±1.1
6.7/3.3% oNB-Gel/GelMA 31.3±2.0
5/5% oNB-Gel/GelMA 34.4±3.8

As depicted in Figure 4.7, the modulus of these gels monotonically decreases as a function

of exposure time. Importantly, the range of dynamically achievable moduli is ≈5 kPa to

35 kPa using 10 wt% gelatin macromer. This stiffness range can be further expanded to

include different compositions such as a greater or lesser wt% gelatin macromer. This is

significant because this range is biologically relevant for soft and hard tissues[199, 200, 2, 201].

100



Figure 4.7: Young’s modulus of the respective gels as measured by atomic force
microscopy.
Gels containing photodegradable linkages monotonically decrease in modulus as a function of
exposure to light. Photodegradable gels also have modulus values similar to that of gelatin
methacrylamide at similar wt%. At each degradation time, the modulus of the gels are
significantly different from one another. **: P < 0.01, *: P < 0.05, n > 15 independent
locations on each gel were probed.

Furthermore, this stiffness range has not been achieved with any of the previously reported

photodegradable gelatins. For example, Truong et. al, conjugated o-NB groups to gelatin,

and reported a storage modulus of 0.8 ± 0.1 kPa at 5 wt/v% [63].

4.5.8 Cell Compatibility

While GelMA is widely used and known to be compatible with live cell encapsulation,

the compatibility of photodegradable oNB-sulfo-gelatin (9) is unknown.

2D. To demonstrate biocompatibility of the oNB-Gel and its photodegradation, we seeded

3T3 fibroblasts onto the surface of 10 wt% gels that were either undegraded or degraded prior
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to seeding (either homogenously or topographically patterned); we subsequently exposed the

undegraded gels to light to degrade them in situ. In situ exposure was divided into four

incremental exposures (365 nm, 10 min per exposure, 7.8 mW/cm2) to prevent heat build-

up in the samples. Figure 4.8 shows that the cells adhere to and spread on the undegraded

and pre-degraded gels, with organized actin cytoskeletal networks; more stress fibers can be

observed on the stiffer, undegraded gels. The cells that experience in situ degradation remain

adhered to the gel, although their morphology changes. The cells generally become more

compact, presumably due to the softer substrate. This experiment highlights an important

aspect of dynamically controllable materials. Even though the pre-degraded gel and the in

situ degraded gel have the same mechanical and chemical properties, the dynamic modulation

of the latter gel results in a markedly different cell morphology. That is, the absolute

properties (such as stiffness) may not be the only factor in determining cell fate. Cells were

also seeded on gels with a topographically and mechanically striped pattern fabricated using

a photomask containing 50 µm wide opaque stripes separated by 100 µm wide transparent

stripes. In Figure 4.8, we see a clear patterning of the cells. While the cell body can be

found in both the degraded and non-degraded regions, both the phalloidin and DAPI stains

show a clear preference towards the undegraded, stiffer regions of the gel.

3D. To further demonstrate biocompatibility, we encapsulated 3T3s in oNB-Gel/GelMA

gels of varying composition, and exposed them to light. As depicted in Figure 4.9, cell viabil-

ity after encapsulation was generally good, although somewhat lower in the o-NB modified

gels than those containing GelMA only. This is due to the need for a higher concentration

of photoinitiator, but can be optimized further. The cells also survive in situ light exposure.

Figure 4.10 shows phase contrast micrographs of encapsulated cells after one, five and

eight days of culture using 6.7 wt% oNB-Gel/3.3wt% GelMA gels. We found that gels

made up of purely oNB-Gel tended to degrade more rapidly than desired, thus, some (non-

photodegradable) GelMA component was incorporated. A set of the gels were degraded

in-situ after one day in culture (365 nm, 7.8 mW/cm2 for 20 minutes). After only one day in

culture, the cells exhibited a rounded morphology with some very small protrusions visible.
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Figure 4.8: Cells seeded on top of 10 wt% oNB-Gel gels respond to the matrix
stiffness.
Cells seeded on nondegraded gels exhibit a well spread morphology with stress fibers clearly
visible. Cells seeded on gels that had been pre-degraded for 40 min at 7.8 mW/cm2 showed
a less spread morphology with more diffuse actin structure and less stress fibers. Cells
seeded on initially stiff gels which were subsequently exposed to 365 nm light for 40 min at
7.8 mW/cm2 one day after culture exhibited a shrunken morphology. Cells seeded on gels
with a pre-degraded stripped pattern tended to collect in the stiffer, undegraded regions,
especially the cell nuclei. Scale bar is 200 µm.
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Figure 4.9: Cell viability of cells encapsulated in 3D.
(a) LIVE/DEAD staining of encapsulated 3T3s and (b) quantification of LIVE/DEAD assay
demonstrate that cells maintain viability during encapsulation and after in situ exposure to
365 nm light. In-situ exposure of the gels did not significantly affect cell viability in all but
one (the 10% GelMA samples). In-situ exposed o-NB gels did show significantly less viability
than in-situ exposed 10% GelMA gels, but the p-values were not especially low: P = 0.04
and 0.009 for the 5/5 and 6.7/7.3 o-NB gels, respectively. *: P < 0.05, n = 3 independent
gels were tested with 5 different locations imaged per gel.
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Figure 4.10: Cell behavior in photodegradable gels as a function of culture time
and degradation state.
Cells were encapsulated in 6.7 wt% oNB-Gel /3.3wt% GelMA gels. After one day in culture
a subset of the gels were exposed to 365 nm light at 7.8 mW/cm2 for 20 minutes. The
progression of the cell morphology was observed as a function of time (1, 5, and 8 days in
culture). Scale bar for this figure is 100 µm.

After five days in culture, the cells started to spread into the gel volume, a process that was

not hindered by the in-situ degradation. After eight days of culture the cells are well spread

and some appear to have a stellate morphology. Differences in morphology are seen between

Day 1 and Day 8 for both experimental groups (photodegraded and unexposed), implying

that some enzymatic degradation is happening, allowing cells to spread. That is, the cells

exhibit the morphological changes equally in photodegraded and unexposed samples so any

changes must be due to a common effect.

Further supporting our hypothesis of cellular remodelling of the gel, the mechanical
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difference seen between the unexposed (33.8 ± 3.1 kPa) and photodegraded (25.5 ± 2.2

kPa) samples is not expected to significantly affect the fully differentiated fibroblasts used in

this study. However, this modulus range is important to investigate certain cell types [199],

including stem cells. From these experiments, we can conclude that cells can be cultured in

these gels over the course of weeks, survive in situ modification of the gels, and are able to

remodel their environment independently as well.

4.6 Conclusions

Protein modification for use in tissue engineering is both desirable an challenging, due to

the limited solubility and solution stability of many proteins. Many modifications, such as

modification with crosslinkable groups, increase the hydrophobicity of a protein and therefore

reduce its aqueous solubility. Herein we report modification of gelatin with a cysteic acid

group to increase its aqueous solubility. We characterized the modified gelatin via 1H NMR,

an amine assay, acid base titration and isoelectric point determination, demonstrating that

the lysine groups were modified. This modification allowed conjugation of methacryloyl

groups and photodegradable acrylate groups to the gelatin. These modifications resulted

in a (photo)crosslinkable gelatin with good water solubility, tunable mechanical properties

and good cell compatibility in both 2D and 3D experiments. This chemistry is widely

applicable to other proteins and polypeptides, and may enable a broader range of synthetic

modifications useful in biomedical applications.
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4.8 Supporting Information

Table 4.3: Amino acid composition of Red Tilapia.

Amino Acid Composition Composition # NMR mmol/g AA type mmol/g
(mg/g) (mmol/g) Protons Protons Protons

Aspartic acid 38.9±4.59 0.292 Val, Ile, leu 2.124
Glutamic acid 71.7±1.08 0.488 lys 0.292
Serine Not detected 0 tyr, phe 0.697
Glycine 308±12.1 4.107
Histidine Not detected 0
Arginine 29.5±0.84 0.17
Threonine 134±8.35 1.126
Alanine 76.1±5.20 0.855
Proline Not detected 0
Tyrosine 5.95±0.78 0.033 4 0.132
Valine 17.7±1.60 0.151 6 0.906
Methionine 14.2±2.03 0.095
Cysteine 1.51±0.14 0.012
Isoleucine 8.39±0.14 0.064 6 0.384
Leucine 18.2±1.27 0.139 6 0.834
Phenylalanine 18.6±0.51 0.113 5 0.565
Lysine 21.3±2.21 0.146 2 0.292
Tryptophan Not detected 0

Amino acid composition of Red Tilapia according to a previous study quantifying the
amino acid composition of red tilapia (Oreochromis nilotica) [202], we calculate the molar
amount of each amino acid per gram of gelatin. Once this data is known, we can calibrate

the NMR spectrum to the expected molar amount of protons detected at each peak. In
particular we calculate three specific peaks: 1) the methyl protons on Val (6 protons), Leu
(6 protons), and Ileu (6 protons)located at 0.84 ppm; 2) the ethylene protons attached to

the carbon next to the primary amine on lysine (2 protons) located at at 2.93 ppm; and 3)
the aromatic protons of phe (5 protons) and tyr (4 protons) at 7.25 ppm. We can then
calculate the mmol protons/g gelatin for these three respective regions (last column).
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Figure 4.11: o-NB gelatin precipitation.
Early attempts to produce photodegradable gelatin were unsuccessful. In these experiments,
we attempted to directly attach the o-NB acrylate moiety (1) directly to the lysine primary
amine using DMSO as a solvent. However, upon dialysis of the product, we found that the
product crashed out of solution, and could not be dissolved, even at elevated temperatures
or by using DMSO as the solvent.
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Figure 4.12: 1H NMR Spectrum of acryl-oNB-sulfo-gelatin (10)
Synthesis Acryl-oNB-sulfo-gelatin (oNB-Gel) (10).
A mixture of 8 (433 mg, 0.0632 mmol primary amine) was dissolved in DMSO (20 mL) at 65o

C. Once dissolved, the reaction mixture was brought down to 35o C. Compound 1 (76 mg,
0.168 mmol) was added and the reaction mixture was stirred overnight. The conjugation of
the o-NB group to the gelatin was checked by TLC. The reaction mixture was precipitated
in acetone (200 mL) and acidified with 2 M HCl until the gelatin was fully precipitated.
The product was collected by centrifugation, washed twice with 20 mL acetone, dissolved
in water, and then titrated with 0.1 M NaOH (aq.) till the solution reached pH=7.0. The
solution was then dialyzed against water for 36 hours with 4 water changes and lyophilized
to yield a colorless foam 10 (yield 427 mg, 90.7%, 0.098 mmol o-NB per gram gelatin).
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Figure 4.13: 1H NMR spectrum of Native Fish gelatin.
Location of the peaks according to Billiet et al. [197]. We pay particular attention to 1)
the methyl protons on Valine, Leucine, and Isoleucine at 0.84 ppm; 2) the ethylene protons
attached to the carbon next to the primary amine on lysine at 2.93 ppm; and 3) the aromatic
protons of phenylalanine and tyrosine at 7.25 ppm. These peaks can be used to quantify the
conjugation efficiency to the gelatin macromer. The integrated peaks of the NMR matches
well with the calculated proton concentration calculated above. For this study, we use the
Val, Leu, Ile proton peak as an internal standard.
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Figure 4.14: 1H NMR spectrum of gelatin methacrylamide (GelMA) (11)
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Figure 4.15: Comparison of 1H NMR spectra of different gelatins.
1H NMR spectra of native gelatin (6), Gelatin-Cys(O3H)-NH-Fmoc (7), and deprotected
Gelatin-Cys(O3H)-NH2 (8). In the native gelatin, we can see the ethylene proton peak
corresponding to the protons on the carbon adjacent to the amine of the lysine. Once
Fmoc-Cys(O3H)-OH (4) is conjugated, this peak disappears and we find the proton peaks
corresponding to the fmoc group. After deprotection of the fmoc group, we show that they
peak corresponding to lysine is still not present and the peak corresponding to the cysteic
acid appears. The fmoc proton peaks have disappeared, showing the successful deprotection.
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Figure 4.16: 1H NMR spectrum of sulfo- gelatin methacrylamide (12).
We notice how the protons on the methacrylamide peak shift now that the methacrylamide
is attached to cysteic acid rather than lysine. We also find the presence of other methacryl
protons around 6 ppm. These are likely methacryl groups attached to alcohol side chains
in the gelatin (serine, threonine, and tyrosine) or possibly to histidine since we see an extra
peak at 3.29 ppm.
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Figure 4.17: Comparison of the 1H NMR spectra of conjugated gelatins.
Comparison of the 1H NMR spectra of gelatin-Cys(O3H)-NH2 (8), gelatin methacrylamide
(11) and the two acryl-o-NB-sulfo-gelatin samples (9 & 10). We pay special attention to
the appearance and disappearance of several peaks corresponding to: 1) the benzyl peaks of
the o-NB moieties; 2) the acrylate peaks of the o-NB moieties; 3) the methacrylamide peaks
of GelMA; 4) the proton peaks on the cysteic acid; and 5) the lack of the lysine proton peaks
on all samples.
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Figure 4.18: 1H NMR spectrum of acryl-oNB-sulfo-gelatin (9)
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Figure 4.19: Standard curves for glycine and cysteic acid for the CBQCA assay.
As noted above, we noticed that the primary amines of cysteic acid tend to react less readily
than the primary amines of glycine. Thus, we produced a standard curve using cysteic acid
and found that it reacted with the CBQCA assay orders of magnitude less than glycine. We
paid special attention that the pH of the two amino acid solutions was the same. Thus, we
recalibrated the calculation of primary amines remaining for the sulfo-gelatin (8) and the
oNB-gelatin (9) using the cysteic acid standard curve.
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Figure 4.20: TNBS assay as measured using the absorbance of two different wave-
lengths of light.
We found that if the reaction of the TNBS reagent when analyzed by the absorbance of 405
nm light (instead of 340 nm as suggested by the manufacturer), the sulfo-gelatin (8) showed
a relatively higher signal, which could indicate that the chromogenic derivative of the assay
is different when assaying cysteic acid residues. We do not believe that there is only a partial
recovery of the amine group after Fmoc removal, but rather, the TNBS amine assay does
not properly assay for amines on cysteic acid residues.
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Figure 4.21: Images of TNBS assay solutions.
During the TNBS assay, we noticed that the sulfo-gelatin (8) has a pinkish hue, as opposed
to the yellow color of the glycine standards and the native fish gelatin (6). We have observed
this difference in color across several independent experiments and multiple batches of sulfo-
gelatin (8). We believe that the conjugated cysteic acid moieties may interact with the
TNBS assay differently than the primary amines of either gelatin’s lysines or the primary
amine on glycine (the typical/suggested source of primary amines for TNBS assay standard
curves). This is supported by the above image showing the 166 µM cysteic acid sample,
noticeably less saturated than the 166 µM glycine sample, even though they contain the
same number of primary amines (the pH of the two solutions was the same).

Figure 4.22: Iso Electric focusing gels.
The top most gel is of the acryl-oNB-sulfo-gelatin (9) sample. The second from the top is
the native fish gelatin (6). The second from the bottom is the Gelatin-Cys(O3H)-NH-Fmoc
(7) sample. The bottom most gel is of the deprotected Gelatin-Cys(O3H)-NH2 (8) sample.
In the native fish gelatin, we find a prominent band at pH 6.6. This corresponds well to the
pH range given by the manufacturer. There is a less prominent band at pH 5.7 which could
correspond to different molecular weight gelatin strands, and another very faint band at pH
3.7, which we disregard. The gelatin-Cys(O3H)-NH-Fmoc (7) sample has a faint peak at
pH 5.6, which is very similar to the peak found in the native fish gelatin, which indicates
that it could be an artifact. For the deprotected gelatin-Cys(O3H)-NH2 (8) sample we found
no observable bands. In the acryl-oNB-sulfo-gelatin (9) sample we found possibly one faint
band at pH 3.6, but this could again be an artifact since it also exists in the native gelatin
sample. Altogether, this results suggests that addition of the cysteic acid moiety reduces
the isoelectric point so strongly, that it is out of the range of this testing method. These
isoelectric focusing strips had the lowest pH range we could find.
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CHAPTER 5

Photodegradable polyacrylamide gels for dynamic

modulus control of cell culture platforms

5.1 Abstract

Crosslinked polyacrylamide hydrogels are commonly used in biotechnology and cell cul-

ture applications. These hydrogels are easily fabricated, with precise control over the ma-

terial stiffness, using readily available reagents, resulting in their widespread popularity.

Furthermore, specific proteins or cell binding domains can be covalently attached to the

surface of polyacrylamide hydrogels to allow for precise control of the chemical environ-

ment. However, once fabricated, the chemical and physical properties of polyacrylamide

gels cannot be altered. To this end, we have developed a photodegradable polyacrylamide

gel system that allows for dynamic control of the polyacrylamide gel stiffness with expo-

sure to light. Photodegradable polyacrylamide gels were produced by copolymerizing acry-

lamide and a photocleavable ortho-nitrobenzyl (o-NB) bis-acrylate crosslinker. Adhesive

proteins were covalently attached using standard functionalization techniques for polyacry-

lamide gels. Upon polymerization, hydrogel networks were readily formed, where the initial

stiffness could be precisely tuned by changing the concentrations of acrylamide and o-NB

bis-acrylate molecules, respectively. When the hydrogels were exposed to light, the o-NB

crosslinks cleaved and the stiffness of the photodegradable polyacrylamide gels decreased.

We were able to control the dynamic range of the modulus by the exposure time and in-

tensity of light. Fibroblast cells were successfully cultured on these materials and exhibited

similar proliferation and viability to cells cultured on non-degradable polyacrylamide gels.

In situ exposure of light decreased the modulus of the gels while maintaining cell attachment
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and viability. In-situ softening led to changes in cell behavior that were not observed when

cells were cultured on pre-softened gels, indicating that both dynamic and static environ-

ments, influence cell fate. Notably, we observed significant changes to nuclear localization of

YAP and cytoskeletal organization after in-situ softening. To further explore the capabilities

of polyacrylamide gels, we conjugated different amounts of the binding protein collagen or

laminin and compare how the combination of binding protein and in-situ softening affects cell

behavior. In this work, we have incorporated the simplicity and well-established protocols of

standard polyacrylamide gel fabrication with the dynamic control of photodegradable sys-

tems. This will allow cell biologists and engineers to study more complex cellular behaviors

that were previously inaccessible using standard polyacrylamide gels.

5.2 Introduction

Cells feel and respond to the physical properties of their surrounding environment. Pro-

cesses such as embryonic development, metastasis, morphology, tissue architecture, and cell

differentiation are all regulated, in some part, by their mechanical environment [7]. Through

a variety of pathways and mechanisms cells are able to convert physical stimuli into chemical

and electrochemical signals; a process generally termed as mechanotransduction. In order

to study the biophysical environment and to elucidate how mechanics can dictate cell fate,

researchers have utilized advances in hydrogel development [2, 203, 204, 1, 4]. Hydrogels,

which are water-swollen polymer networks, are ideal materials to study how cells respond to

their surrounding environment. Both the chemical and physical properties of hydrogels can

be easily and controllably tuned, allowing for a wide variety of processes to be studied.

While such studies using static mechanical environments have been transformative, cells

and tissues do not live in a static world, but rather continuously develop and remodel

their environment. Interest in dynamic mechanical environments, and how time-dependent

changes in the cells’ physical microenvironment play a role in cellular development, has

grown [18, 19]. In response, researchers have looked to improve upon classic hydrogel sys-

tems, and added the ability for their physical properties hydrogels to be tuned in both time
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and space [178, 179, 180]. One such method to achieve dynamic mechanics is to incorpo-

rate photodegradable ortho-nitrobenzyl (o-NB) linkers into the backbone of poly(ethylene

glycol) (PEG) diacrylate macromers which are polymerized by free radical polymerization

to form photodegradable hydrogels [38, 39]. This modification allows users to control the

number of intact network strands and thus the elastic modulus of the gels as a function

of exposure to light [131, 42]. Since this process uses non-toxic wavelengths of light, this

matrix softening process can be performed on-demand and in the presence of cells [40, 41].

These photodegradable gels have been used to control cell behavior by controlling the matrix

mechanics spatially [81, 78, 60], or temporally [48, 77, 58], through macroscale changes in

hydrogels shape [53], and have been modified to better suit 3D culture [59, 205, 63].

While current PEG-based photodegradable hydrogels can examine cell behavior with

in-situ changes to the matrix stiffness, we are interested to expand the photodegradable hy-

drogel system. Inspired by the flexibility of polyacrylamide (PAAm) gels, breadth of current

research, and desire to compare to current literature, this work explores the use of pho-

todegradable PAAm gels. Polyacrylamide gels are easy to fabricate and heavily used in cell

biology either as cell substrates or for polyacrylamide gel electrophoresis (PAGE). Without

modification, they are relatively chemically inert and do not nonspecifically bind to proteins

[64]. Important to mechanobiologists, the elastic modulus of PAAm gels can be controllably

and precisely tuned during fabrication [206]. Through various types of heterobifunctional

linkers, researchers are able to attach full length proteins (rather than short synthetic peptide

sequences [207, 208]) to the gel surface that allow for cell binding.

Thus far, polyacrylamide gels have been mechanically static and do not allow for re-

searchers to study cell behavior in response to dynamic mechanical environments. In this

study, we synthesize homobifunctional photodegradable bis-acrylate linkers that can be sub-

stituted for the bisacrylamide linkages typically used in PAAm gels. We derive a relatively

simple, high yielding chemical synthesis (Figure5.1) that utilizes o-NB chemistries currently

used for photodegradable PEG gels [39, 38, 35]. In order to incorporate the hydrophobic

photodegradable linkages, we use a process previously reported to incorporate hydrophobic

moieties into polyacrylamide gels [209, 66, 210, 211] and demonstrate the hydrogel fabri-
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cation of the photodegradable polyacrylamide gels (Figure 5.2). While other groups have

previously reported the fabrication of some forms of photodegradable PAAm, they were not

suited for live-cell applications [66, 54]. In this study, we demonstrate the flexibility of pho-

todegradable PAAm hydrogels for cell culture. Using primary mouse ear fibroblasts (MEF),

we dynamically modulate matrix mechanics to dictate cell behavior. We probe whether

photodegradable PAAm gels are suitable to study the interplay between delivering dynamic

matrix mechanical cues and cell-matrix interactions.

5.3 Materials and Methods

5.3.1 Materials

Deuterated solvents ((CD3)2SO and CDCl3) (Cambridge Isotope Laboratories), borane-

THF (BH3-THF) (Acros, 1 M), ethyl acetate (EtOAc) (Fisher, 99.9%), sodium bicarbon-

ate (Amresco, ACS grade), sodium chloride (NaCl) (Fisher, ACS grade), anhydrous mag-

nesium sulfate (MgSO4) (Fisher, certified), tetramethylethylenediamine (TEMED) (Om-

niPur), ammonium persulfate (APS) (Acros Organics, 99%), sodium hydroxide (NaOH)

(Fisher, ACS grade), Dulbecco’s Phosphate Buffered Saline (DPBS) (Corning, 1×), 3-(3-

Dimethylaminopropyl)-1-ethyl-carbodiimide hydrochloride (EDCl) (Chem-Impex, 99.23%),

N-hydroxysuccinimide (NHS) (Alfa Aesar, 98+%), 3-(trimethoxysilyl)propyl methacrylate

(Acros Organics, 98%), sodium dodecylsulfate (SDS) (OmniPr), acrylamide (AAm) (Fisher,

Electrophoresis Grade), Bis-acrylamide (BAAm) (Fisher, Electrophoresis Grade), HEPES

(Sigma), and 2-(N -morpholino)ethanesulfonic acid (MES) (Chem-Impex, 99.23%) were used

as supplied. Acryloyl chloride (Alfa Aesar, 96% stabilized with 400 ppm phenothiazine), and

dichloromethane (DCM) (Fisher, 99.9%) were distilled under Ar and stored under Ar in a

dry, air-free flask. Triethylamine (TEA) (Omnipur, 99.0%) was distilled under Ar and stored

over KOH pellets. Anhydrous tetrahydrofuran (THF) was dispensed from a Grubb’s-type

Phoenix Solvent Drying System and stored under Ar in a dry, air-free flask.
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5.3.2 Chemical synthesis techniques

All reactions were performed under argon atmosphere using a Schlenk line unless

noted otherwise. 1H NMR spectra (δ ppm) of the small molecules were recorded on

a Bruker Biospin Ultrashield (either 300 or 500 MHz) NMR spectrometer. All spectra

were recorded in CDCl3 or (CD3)2SO using tetramethylsilane (TMS) as an internal stan-

dard. 4-(4-Acetyl-2-methoxy-5-nitrophenoxy)butanoic acid and 1,3-di(hydroxymethyl)-2-

nitrobenzene (3) photodegradable precursors were synthesized as described previously [39].

6-Acrylamidohexylaminohexanoic (N6) acid was also synthesized as described previously

[212]

5.3.3 Synthesis of 4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy)butan-1-ol

(1)

4-(4-Acetyl-2-methoxy-5-nitrophenoxy)butanoic acid (8.000 g, 26.91 mmol) was dissolved

in 200 mL of THF in an argon atmosphere. The reaction mixture was cooled in a hex-

anes/liquid nitrogen bath (-20 oC) and 1 M BH3-THF (95 mL, 95 mmol) was added drop-

wise. The reaction mixture was allowed to come to room temperature slowly and stirred

overnight at room temperature (RT). The reaction mixture was cooled in an ice bath and 50

mL of water was added dropwise to quench any unreacted BH3. The reaction mixture was

concentrated by a rotary evaporator and 300 mL of ethyl acetate was added. The mixture

was washed 5× with a saturated aqueous solution of sodium bicarbonate followed by three

washes with brine. The organic layer was dried over MgSO4, filtered, and concentrated to

yield a yellow powder (6.715 g, 23.53 mmol, 87%). 1H NMR (300 Mz, CDCl3) δ = 7.56 (1H,

s, ArH), 7.26 (1H, s, ArH) , 5.52 (1H, q, Ar-CH(CH3)O), 4.11 (2H, t, CH2CH2OH), 3.97

(3H, s, ArOCH3), 3.73 (2H, t, ArOCH2CH2CH2), 1.98 (2H, quin, ArOCH2CH2CH2), 1.77

(2H, quin, ArOCH2CH2CH2), 1.55 (3H, d, ArCHCH3).
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5.3.4 Synthesis of 1-(4-(4-(acryloyloxy)butoxy)-5-methoxy-2-nitrophenyl)ethyl

acrylate (o-NB-bis-acrylate) (2)

4-(4-(1-Hydroxyethyl)-2-methoxy-5-nitrophenoxy)butan-1-ol (1) (1.845 g, 6.467 mmol)

was dissolved in a mixture of DCM (20 mL), THF (20 mL), and TEA (3.6 mL, 26

mmol). The mixture was cooled in an ice bath and acryloyl chloride (2.1 mL, 26 mmol)

was added dropwise. The reaction mixture was allowed to warm to room temperature

and stirred overnight. TLC shows the formation of the product and no left over start-

ing compound (DCM, Rf 0.49). Methanol was added to the reaction mixture to quench

the acryloyl chloride and the mixture was concentrated under reduced pressure. The

subsequent compound was dissolved in DCM washed twice with a saturated aqueous so-

lution of sodium bicarbonate followed by two washes with brine. The organic layer

was dried over MgSO4, filtered, and concentrated to yield a yellow oil. Product was

further purified by column chromatography in DCM (1.248 g, 3.172 mmol, 49%). 1H

NMR (300 Mz, CDCl3) δ = 7.62 (1H, s, ArH), 7.06 (1H, s, ArH), 6.59 (1H, q, Ar-

CH(CH3)O), 6.49 (1H, d, CHO(CO)CHCH2), 6.45 (1H, d, CH2O(CO)CHCH2), 6.21 (1H,

q, CHO(CO)CHCH2), 6.17 (1H, q, CH2O(CO)CHCH2), 5.92 (1H, d, CHO(CO)CHCH2),

5.88 (1H, d, CH2O(CO)CHCH2), 4.30 (2H, t, CH2O(CO)CHCH2), 4.14 (2H, t,

ArOCH2CH2CH2), 3.98 (3H, s, ArOCH3), 1.97 (2H, quin, ArOCH2CH2CH2), 1.95 (2H,

quin, ArOCH2CH2CH2), 1.71 (3H, d, ArCHCH3).

5.3.5 Synthesis of (2-nitro-1,3-phenylene)bis(methylene) diacrylate (4)

We previously described the synthesis of 2-acryloxymethyl-6-hydroxymethyl-

nitrobenzene, which uses acryloyl chloride as a limiting reagent [39]. This reaction

produces a statistical mixture of mono-functionalized (29.8 %), di-functionalized (27.1 %),

and unfunctionalized (12.8 %) products which are purified via column chromatography. We

previously utilized the mono-functionalized product [39, 81, 213], however, in this work we

used the di-functionalized side product. This product could be synthesized more efficiently

using a slight excess of acryloyl chloride. Briefly, 1,3-di(hydroxymethyl)-2-nitrobenzene
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(3.385 g, 18.5 mmol) and TEA (5.20 mL, 37.3 mmol) were dissolved in a mixture of DCM

(10 mL) and THF (20 mL) and cooled with an ice bath. Acryloyl chloride (1.50 mL,

18.5 mmol) was added dropwise. The reaction was allowed to warm to room temperature

and stirred overnight. The reaction mixture was concentrated under reduced pressure and

dissolved in 100 mL DCM. The organic layer was washed twice with brine and once with

water. The organic layer was dried over MgSO4, filtered, and concentrated to yield a yellow

oil. The three products (TLC: diacrylate – DCM, Rf 0.34; monoacrylate – DCM/EtOAc

9:1, v/v, Rf 0.46; diol – DCM/EtOAc 1:1, v/v, Rf 0.54) were separated by gradient column

chromatography (DCM to 1:1 DCM:EtoAc). The bis-acrylate product (4) was collected as

colorless powder (1.459 g, 5.009 mmol, 27.1%, ). 1H NMR (300 Mz, (CD3)2SO) δ = 7.71

(3H, m, ArH), 6.34 (2H, d, OC(O)CHCH2), 6.17 (2H, q, OC(O)CHCH2), 6.01 (2H, d,

OC(O)CHCH2), 5.28 (4H, s, ArCH2).

5.3.6 Glass functionalization

(a) To covalently adhere the hydrogels to a glass substrate, round pieces of coverglass

(12 mm diameter, Fisher) were functionalized with methacrylate groups using the following

procedure. The coverglass was first cleaned with hexanes, acetone, water and methanol

(in that order), dried, and activated with oxygen plasma (Plasma Prep II, SPI Supplies)

for 5 minutes. The activated coverglass was then reacted with 3-(trimethoxysilyl)propyl

methacrylate (0.5 mL) in 25 mL of a conjugation solvent solution (95 vol% Ethanol, 5 vol%

water, adjusted to pH = 5 with acetic acid) for 30 minutes. The coated coverglass was

then washed with methanol three times before drying. Silanized coverglass pieces were used

within two hours of functionalization.

(b) Glass slides were rendered hydrophobic, and thus non-adherent to the polymerized

hydrogels, by wiping a drop of Gel Slick (Lonza) on the slide surface. This process was

repeated once to ensure a sufficient coating. The slides were then briefly rinsed with DI

water to clean the surface and dried before use.
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5.3.7 Fabrication of hydrogels

To overcome the hydrophobicity of the two o-NB-bis-acrylate linkers, we adopted previous

procedures for incorporating hydrophobic moieties into polyacrylamide gels [214, 66, 209].

Photodegradable o-NB-bis-acrylate linkers (2 & 4) were mixed with a 25 w/v% sodium

dodecylsulfate (SDS) in water. These mixtures were heated in a 55 oC water bath and

vigorous vortexed. Rounds of heating and vortexing were repeated until the monomers were

solubilized. The mixtures were centrifuged before further use to remove any air bubbles.

We first prepared stock solutions of acrylamide (40 w/v% in water), bis-acrylamide (2

w/v% in water), o-NB-bis-acrylate (5.1 mg 2 +100 µL 25% SDS or 3.7 mg 4 + 100 µL

25% SDS), N6 (100 mg + 510 µL water + 134 µL 10× HEPES buffer pH 8 + 27 µL 10

M NaOH), APS (10 mg + 100 µL water). TEMED was used in its pure form. The stock

solutions were mixed together in the ratios given in Table 5.1, where APS and TEMED

were added last. The prepolymer solutions were quickly and gently vortexed, paying special

attention to not to create any bubbles, and 13 µL/gel was pipetted onto a hydrophobically

modified glass slide. 12 mm methacrylate functionalized glass cover slips were then placed

on top of the prepolymer solutions to create a glass slide/prepolymer/coverglass sandwich.

The prepolymer solutions were allowed to polymerize for 20 minutes. Gels attached to

the 12 mm coverglass were peeled off the glass slide and placed into a wash solution (3:1

1× PBS:isopropanol). Gels were then washed on a shaker plate in the PBS/isopropanol

solution[215] for five days with two changes of the wash solution per day.

5.3.8 Protein conjugation

To conjugate specific proteins to the gel surface, previously reported procedures were

adapted [216, 212]. Briefly, after washing the gels in the PBS/isopropanol solution, gels

were washed with 100% 1× PBS twice, with the second washing spanning overnight. The

next day gels were submersed in a MES buffer solution (0.1 M, pH = 6) for at least 2 hours.

The MES buffer was aspirated off, and 100 µL of an EDC/NHS solution (76 mg EDC +

115 mg NHS + 2 mL MES buffer) was added to the surface of the gel and incubated for 30
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minutes. The EDC/NHS solution was then aspirated off and the gels were washed in 1×

PBS for 5 minutes. The PBS was aspirated off and 100 µL of the desired protein solution

(1 µg/mL collagen, 10 µg/mL collagen, 100 µg/mL collagen (Type I, rat tail, Millipore),

or 100 µg/mL laminin (Engelbreth-Holm-Swarm mouse tumor, Corning) in 1× PBS) was

added to the gel surface. Gels were placed into the cell culture incubator overnight. The

following day, gels were sterilized in 70% ethanol and rehydrated in sterile 1× PBS. Cells

were cultured on these gels within the same day after sterilization.

5.3.9 Gel degradation and exposure conditions

Gels were degraded using a 365 nm Black Ray Bench Lamp light source; 115V 60 Hz, 0.68

Amps (UVP, LLC) with an output intensity of 7.8 mW/cm2 (integrated between 300 and

500 nm) as measured by a spectroradiometer (International Light Technologies, ILT950). All

samples receiving irradiation were exposed for 40 minutes in four increments of 10 minutes.

Between degradations, the samples were placed in the incubator for 10 minutes to minimize

heat build-up and control pH.

5.3.10 Atomic force microscopy

After gel polymerization and subsequent washing steps, the gels were submersed in 1×

PBS to swell overnight. The next day, the gels were exposed to 365 nm light or left unex-

posed for a prescribed amount of time. The gels were then submersed in 1× PBS to swell

overnight. Elastic modulus was measured using Atomic Force Microscopy (AFM) in PBS

using a JPK Nanowizard 4a BioScience AFM using the force spectroscopy mode in the Nano

and Pico Characterization Laboratory at the California Nanosystems Institute, UCLA. A

CP-qp-CONT-SiO-B probe with a 3.5 µm diameter SiO2 sphere (sQube) was used to in-

dent the sample. For the quantitative measurements of moduli, the spring constant of the

cantilever was measured using the AFM’s internal contact-free thermal tuning method. Sin-

gle indentations were performed with a total force of 4.0 nN. At least 15 indentations were

performed at 15 unique locations across the gel surface. All AFM force curve analysis was
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performed using the JPK Data Processing software. The Young’s modulus was calculated

by using a Hertz/Sneddon spherical fit with a Poisson’s ratio of ν = 0.5.

5.3.11 Cell culture

Ear tissues from adult C57BL/6 mice were minced and then partially digested in a so-

lution of Liberase (0.025mg/ml, Roche) for 45 minutes under constant agitation at 37oC.

Partially digested tissues were plated and fibroblasts were allowed to migrate out (passage 0).

Isolated fibroblasts were expanded in MEF medium (DMEM (GIBCO +10% FBS (GIBCO)

and 1% penicillin/streptomycin (GIBCO)) and used exclusively at passage 2 for all experi-

ments. Cells were trypsinized and passaged onto gels at a density of 1,000 cells per cm2 in

phenol red-free MEF medium and allowed to attach overnight before initiating degradation

experiments. Two hours before the in-situ gel degradations occurred, 0.2 mg/mL glutathione

reduced (GSH) (Fisher) and 220 U/mL catalase from bovine liver (Thermo Scientific) were

added to all gels (those experiencing an in-situ degradation or not) in order to reduce any

possible oxidative stress in the culture media during exposure. For a subset of samples, cell

culture media was replaced with 20 µM Y-27632 ROCK inhibitor in low serum media two

hours before gel degradation.

5.3.12 Immunostaining

For immunostaining, cells were fixed with 4% paraformaldehyde (Electron Microscopy

Sciences) and washed with 1× PBS three times (each 5 minutes). Samples were then perme-

abilized with 0.5% Triton X-100 (Sigma) in PBS, washed with PBS three times, and blocked

with 5% donkey serum (Jackson Immunoresearch) in PBS for 30 minutes. Primary anti-

bodies were incubated overnight in blocking solution at 4oC, followed by 1h incubation with

Alexa 488- and/or Alexa 546-labelled secondary antibodies (Molecular Probes). For actin-

cytoskeleton staining, samples were incubated with fluorescein-isothiocyanate-conjugated

phalloidin (Invitrogen) for 1 hour. Nuclei were stained with DRAQ5TM(ThermoFisher).

Stained samples were mounted using Fluoromount (Southern Biotech).
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5.3.13 Image acquisition and preparation

All samples were imaged with a fluorescence microscope (10×, Axiovert Observer Z1,

Zeiss). Tiled images (7×7) were acquired at resolution of 0.645 µm/pixel. Image acquisition

times and intensity were kept constant for all samples. Tiles were stitched together using the

Zeiss Zen software and exported as TIF files without any histogram modification. In order

to automate the cell image processing procedure and remove user bias, we implemented a

series of machine learning and automatic cell classification processes. We found that simply

thresholding the fluorescent images did not suffice. Imperfections such as dust lead to false

positives, and image shading errors lead to low sensitivity and specificity, which can lead

researchers to count cells and cell properties by hand. Such non-automated procedures pro-

duce low sample numbers and can induce user error and bias. In this work, individual pixels

of the fluorescent images were classified (via a machine learning algorithm – ilastik software

[217]) as belonging to the nucleus, cytosol, background, or false positive stained gel imper-

fections. These segmented images were used to isolate single cells and define the boundary

between the nucleus-cytosol, cytosol-background, and the boundary between two cells using

a custom pipeline in CellProfiler [218]. Once the cell boundaries are determined, cell mor-

phology parameters (cell/nucleus area, perimeter, morphology,...) could be determined on a

cell-by-cell basis.

5.3.14 Calculation of nuclear/cytosolic YAP ratio

Once individual cells were classified, we measured the YAP staining intensity ratio be-

tween the nucleus and cytosol. Specifically, we wrote a custom pipeline in CellProfiler that

segmented the nucleus and a region 20 pixels dilated directly outside nucleus border. Any

part of the dilated region that fell into the background was removed so that the dilated region

only contained cell body. YAP staining intensities were then measured in these three regions

for each individual cell. Since YAP staining is not necessarily consistent between samples,

the median YAP staining intensity in pixels classified as background was subtracted from the

YAP staining intensities in the regions described above. The ratio of the median YAP stain-
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ing intensity between the nucleus and the region 20 pixels outside the nucleus was calculated

for every cell.

5.3.15 Calculation of actin orientation

To quantify the degree of stress fiber formation and degree of actin fiber orientation at

a certain length scale we applied a Fourier transform (FT) image analysis technique called

the orientation index (OI). Details on the calculation of the orientation index can be found

as used previously [219, 220, 221]. In this work, we were interested in fiber orientation

within a 22.58 × 22.58 um space (35 × 35 pixels) which is a length scale we found to be

most appropriate to quantify stress fiber formation. Briefly, a custom Matlab program was

written that randomly selected 35 × 35 pixel regions within the phalloidin stained images,

with the requirement that all pixels comprised cell body. Each 35 × 35 pixel region was mean

subtracted and multiplied by a two-dimensional Gaussian function to remove edge effects in

the discrete FT. The absolute value of the shifted FT was converted into polar coordinates

around the center of the FT (r, φ). The magnitude of the FT was calculated as a function of

φ by integrating across r. Here, the strength of the different angle bands within the FT are

an indicator of fiber alignment. The orientation index typically spans between 0 and 100,

where an index of 100 indicates perfectly aligned, strong fibers, and an index of 0 indicates a

completely flat, homogeneous, and isotropic distribution of actin with no directionality. For

each sample imaged, a total of 50 35 × 35 pixel regions were analyzed. Since each condition

was repeated in three independent experiments, a total of 150 total regions were analyzed

per condition.

5.3.16 Statistical analysis

All statistical calculations were performed in Origin(Pro), OriginLab Corporation. All

plots were made in Origin(Pro), Adobe Illustrator, and ChemDraw.

To compare the YAP ratio, cell size, and cell form factor between samples, we randomly

selected (via a computer algorithm) 50 cells for every sample tested. Each condition was
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tested in three independent experiments, thus a total of 150 cells per condition were analyzed.

The data for each condition are displayed as a box-and-whisker plots. The box is drawn with

ends at the quartiles, the statistical median as a horizontal line in the box, and the whiskers

are extended to the farthest points that are not outliers. The max and min are represented

by (–) symbols, the 99 and 1 percentile are represented by (×) symbols, and the mean is

represented by a solid box symbol.

To determine the degree to which the population means are different we apply a Student’s

two-sample t-test assuming equal variance with the null hypothesis that the sample means

are equal. For each pair of samples the p-value is calculated as a measure of the difference

between the two sample populations. The p-value can be used to test statistical significance

if it is below a set significance value (usually < 0.05, 0.01, 0.001, or less). Due to the sample

size in this work, we use the p-value of 0.01 as a threshold for statistical significance, but

examine the p-value more generally as an indication of the degree to which the sample means

are different.

5.4 Results and Discussion

5.4.1 Fabrication of hydrogels

Typically, PAAm gels are crosslinked using the bis-acrylamide (BAAm) small molecule.

BAAm has good water solubility, and can be easily polymerized into the PAAm backbone,

linking chains together through its homobifunctional vinyl end groups. To replicate this

monomer, we synthesized the diol version of two photodegradable moieties (1 & 3) and

reacted them with acryloyl chloride to produce the photodegradable ortho-nitrobenzyl bis-

acrylate crosslinkers (2 & 4). Once synthesized, we examined methods for incorporating

them into PAAm gels where they act as crosslinkers.

A major limitation in the production of photodegradable polyacrylamide gels is that the

photodegradable crosslinkers used have very low solubility in aqueous solutions. We initially

made stock solutions of the o-NB linkages in dimethyl sulfoxide and other water miscible
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Figure 5.1: Synthesis of photodegradable crosslinkers(2 & 4) and protein attach-
ment linker (8).

organic solvents, and added this stock solution to the overall aqueous gel solutions. However,

the o-NB monomers either precipitated out of solution, or produced gels with very irregular

and heterogeneous swelling. Following these experiments, we adopted previous procedures

to incorporate hydrophobic moieties into PAAm gels [214, 66, 209] and first solubilized the

o-NB linkages in a 25 w/v% solution of sodium dodecyl sulfate (SDS). The o-NB linkages

readily went into solution after several rounds of vigorous vortexing and incubating in a

55 oC water bath. Once dissolved, the o-NB solutions were centrifuged to remove bubbles.

From here, the o-NB SDS solution could be readily mixed with the other gel components

in various ratios as outlined in Table 5.1. Once the gels were produced, we paid special

attention to insure that all SDS had been removed. SDS is an ionic detergent that readily

breaks up cell membranes. To remove SDS, the gels were submerged into PBS with 25%

isopropanol and washed over the course of 5 days with multiple changes of the wash solution

to ensure complete removal of SDS [215]. In addition, since SDS is ionic, it increases the

osmotic pressure of the gels[209]. We found that washing with an aqueous solvent alone,

caused too much swelling, leading to gel creasing [222, 223]. Since isopropanol is a poorer
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Figure 5.2: Fabrication of photodegradable hydrogels.
Photodegradable polyacrylamide gels are formed by the copolymerization of acrylamide, pho-
todegradable o-NB-bis-acrylate and 6-Acrylamidohexylaminohexanoic acid. A standard free
radical initiator system (APS and TEMED) are used to polymerize the vinyl groups of the
monomers. Acrylamide polymerizes into linear chains which are crosslinked together with o-
NB-bis-acrylate. In order to attach cell binding proteins, 6-Acrylamidohexylaminohexanoic
acid copolymerized into the gel and provides free carboxyl groups. After polymerization, the
pendent carboxyl groups in the gel reacted with EDC to form an intermediate o-acylisourea
ester that reacts with NHS to form an NHS ester.

solvent than water for PAAm chains, swelling is reduced and the gels do not crease.

We found that gels with o-NB crosslinker incorporated required more of the

APS/TEMED initiator, presumably due to more radical chain transfer to the nitro-group

[224]. We have observed this effect previously for both PEG-based [39, 81] and gelatin-

based [213] photodegradable hydrogels incorporating o-NB moieties. We also found that

gels made with the o-NB linker based on 1,3-di(hydroxymethyl)-2-nitrobenzene (4) were

mechanically weaker than those using the 4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy)

butanoate linker (2). Gels made with 4 did not degrade as rapidly (as observed previously for

PEG-based gels [39] and swelled more, which led to gel creasing. For this reason, gels made

with 4 were not examined for the rest of this study. During the production of these gels, we

paid special attention to the total polymer content (%T ) and the crosslinker concentration
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(%C) given by:

%T (w/v) =
AAm (g) + crosslinker (g)

total volume (mL)
× 100% (5.1a)

%C(w/v) =
crosslinker (g)

AAm (g) + crosslinker (g)
× 100%, (5.1b)

where the crosslinker refers to either the o-NB-bis-acrylate or bis-acrylamide di-vinyl

crosslinkers. These values, along with the gel compositions, are reported in Table 5.1. As

is commonly known for PAAm gels, increasing both %T and %C will increase the elastic

modulus of the subsequent gels [206, 222]. It is also well known that the osmotic pressure

of polymer networks and solutions increase as a function of polymer concentration. The os-

motic pressure is balanced with the stored elastic energy to determine the volumetric swelling

ratio [50]. Increasing the crosslinker concentration while keeping the polymer concentration

constant, however, does not increase osmotic pressure. Thus, both properties %T and %C

can be tuned to achieve optimal gel properties. In Table 5.1 we show the compositions of

a variety of gels that were fabricated and tested. To name the gels, we used the following

scheme: standard PAAm gels have a “b” prefix (for bis-acrylamide) followed by a number

that represents the total µL of AAm stock; gels incorporating o-NB groups have an “o” pre-

fix (for o-NB), followed by the µL of AAm stock, and a suffix that indicates the %C value

(LL = 2.25, L = 2.75, M = 3.23, H = 3.75). We found that when we fixed %C = 3.23 we

achieved optimal properties: for %C < 3.23 gels attached to pieces of coverglass tended to

crease when swollen (especially after degradation); and for %C > 3.23 the dynamic range of

the elastic modulus was reduced. Thus, we fixed %C = 3.23 and controlled the mechanical

properties of the gels by modifying %T (See Table 5.2 & Figure 5.4).

5.4.2 AFM of hydrogels

To characterize the mechanical properties of our gels, we used atomic force microscopy

(AFM), indenting the surface of the gels with a 3.5 µm diameter colloid probe. Since

degradation of the gels occurs mostly at the surface (due to optical attenuation of the o-NB
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Table 5.1: Composition of different polyacrylamide gels, both photodegradable and non-
degradable. All volumes in µL.

Name Water AAm Bis o-NB N6 APS TEMED %T %C Initial
(µL) Stock Stock Stock Stock Stock (µL) (w/v)% (w/v)% Modulus

(µL) (µL) (µL) (µL) (µL) (kPa)

b150 774 150 25 n/a 40 10 1 6.05 0.830 2.49 ±
0.04

b200 617 200 132 n/a 40 10 1 8.26 3.19 27.8 ±
1.5

o300M 416 300 n/a 200 40 40 4 12.4 3.23 21.6 ±
3.0

o262M 479 262 n/a 175 40 40 4 10.9 3.23 16.1 ±
0.9

o225M 541 225 n/a 150 40 40 4 9.30 3.23 14.7 ±
1.6

o169M 634 169 n/a 113 40 40 4 7.00 3.23 7.25 ±
1.60

o145M 674 145 n/a 97 40 40 4 6.00 3.23 2.81 ±
0.11

o121M 714 121 n/a 81 40 40 4 5.00 3.23 1.33 ±
0.14

o097M 755 97 n/a 64 40 40 4 4.00 3.23 0.286 ±
0.028

o339L 385 339 n/a 192 40 40 4 14.0 2.75 42.6 ±
17.1

o301L 444 301 n/a 171 40 40 4 12.4 2.75 30.3 ±
13.5

o264L 503 264 n/a 149 40 40 4 10.9 2.75 11.8 ±
1.1

o341LL 418 341 n/a 157 40 40 4 14.0 2.25 16.7 ±
2.9

o303LL 473 303 n/a 140 40 40 4 12.4 2.25 6.11 ±
0.65

o261H 452 261 n/a 203 40 40 4 10.9 3.75 73.3 ±
2.3

o224H 518 224 n/a 174 40 40 4 9.30 3.75 13.2 ±
1.0

135



Photodegradable Crosslinker
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PAAm Backbone

N6-Linker

Figure 5.3: Structure of photodegradable polyacrylamide hydrogels with attached
cell binding proteins.
Free primary amines of the protein of choice (e.g., collagen, laminin...) react with the NHS
ester shown in Figure 5.2 to couple the protein to the gel surface.

linker), light-induced changes in the gel mechanical properties occur only at the surface.

AFM is an optimal suited technique to measure surface properties. In Figure 5.4 we show a

simple example of how increasing either %T (while keeping %C constant) increases elastic

modulus of the photodegradable PAAm gels. We demonstrate that o-NB-PAAm gels achieve

the same range of mechanical properties as traditional PAAm gels – a range relevant in cell

mechanobiology [200]. Once fabricated, gels incorporating the o-NB crosslinker were exposed

to 365 nm light (7.8 mW/cm2 – a previously identified cytocompatible dose [40, 38, 41]) for

different amounts of time (0, 10, 20, and 40 minutes). The Young’s modulus E of the gels

was measured to demonstrate their on-demand photodegradability and softening. In Table

5.2, we present seven different gel compositions, all with %C = 3.23, while increasing %T

between gels. For each gel composition, we measured the initial elastic modulus and the

subsequent moduli after set periods of degradation, exhibiting a wide range of mechanical

properties. In Figure 5.5, we graphically display a subset of this data, showing the monotonic

decrease in Young’s modulus as a function of exposure time.
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Figure 5.4: Controlling gel mechanics by composition.
Photodegradable gels can be stiffened by increasing the total polymer content (%T ) of the gel
while keeping the fraction of crosslinker fixed (%C = 3.23) . [206] The initial mechanics of a
subset of gels displayed in Table 5.1 are plotted here with corresponding labels. The gel com-
position can be tailored to match the mechanical properties of standard non-photodegradable
PAAm gels. Error bars represent the standard deviation, n ≥ 15 independent indentations
per sample.

Table 5.2: Gel mechanics as a function of composition and degradation time (kPa).

Gel Degradation time
Designation 0 min 10 min 20 min 40 min

o097M 0.287 ± 0.028 0.0922 ± 0.0329 0.0317 ± 0.0102 n/a
o121M 1.13 ± 0.14 0.873 ± 0.266 0.0407 ± 0.0600 0.235 ± 0.025
o145M 2.81 ± 0.11 1.84 ± 0.09 1.22 ± 0.08 0.804 ± 0.029
o169M 7.25 ± 1.60 5.85 ± 1.45 3.32 ± 0.67 2.23 ± 0.27
o225M 14.7 ± 0.8 11.0 ± 0.5 7.91 ± 0.30 6.12 ± 0.39
o300M 21.6 ± 3.0 15.4 ± 1.6 12.0 ± 0.7 9.42 ± 0.69
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Figure 5.5: Gel mechanics as a function of exposure time.
Upon exposure to light, the o-NB crosslinkers cleave and the modulus of the photodegradable
PAAm gels decrease. Gel modulus as a function of exposure time is plotted. The moduli of
four different gel types (Tables 5.1) are shown. Initial modulus is controlled by increasing
%T while maintaining %C = 3.23. Individual modulus values can found in Table 5.2. Using
both gel composition and exposure time, we can probe a large range of gel mechanics. Error
bars represent the standard deviation, n ≥ 15 independent indentations per sample.
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Figure 5.6: Fit of elastic modulus with exponential decay.
The young’s modulus is fit to an exponential decay function. The o225M gel is exposed to
365 nm 7.8 mW/cm2 light that softens the gel as determined by AFM. Error bars represent
the standard deviation, n ≥ 15 independent indentations per sample.

Using the o225M gels as an example, we calculated the rate constant of degradation.

Researchers have shown the elastic shear modulus G (which is proportional to the Young’s

modulus E) for PAAm hydrogels is proportional to %C given that %C / 4 [225]. Since the

cleavage of o-NB crosslinkers follow first order rate kinetics, the elastic modulus data was fit

to an exponential decay function as a function of the exposure time t:

E = Ae−2t/τ + y, (5.2)

where A is the amplitude, y is the offset and τ is the characteristic degradation time. Ac-

cording to Figure 5.6, for the o225M gels, we calculate τ to be equal to 2004 ± 536 seconds

for an irradiation intensity of 7.8 mW/cm2 using 365 nm light. Since the characteristic

degradation time is inversely proportional to the irradiation intensity, we can compare to

other photodegradable hydrogels currently in the literature by using the parameter τ · I0,

where I0 is the incident light intensity at the gel surface. For these photodegradable PAAm

gels, we found that τ · I0 = 15631 mW·s/cm2. In comparison, Griffin and Kasko measured
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τ · I0 = 3030 mW·s/cm2 for PEG-based hydrogels [39], and for hyaluronic acid-based pho-

todegradable hydrogels, Rosales et. al measured τ · I0 = 8000 mW·s/cm2 [58]. The τ for

these photodegradable PAAm gels is large in comparison to the PEG gels. We note, however,

that each PAAm chain has many crosslinks attached to it. Cleaving a single crosslink on a

PAAm chain will not drastically alter the elastic effectiveness of that chain. In PEG-based

photodegradable gels, cleaving a single end group renders the respective network strand elas-

tically ineffective, thus the gels degrade rapidly. In this regard, the mechanical behavior of

photodegradable PAAm gels more closely resembles that of photodegradable hyaluronic acid

gels, which also likely have more than two linkages per chain, and are more likely to contain

physical entanglements than PEG-based gels [58].

Furthermore, since the o-NB crosslinkers are solubilized using SDS, they likely become

grouped together in micelles. Upon polymerization the photodegradable crosslinks likely

group to form multi-monomer blocks along the polymer backbone [66]. The individual

crosslinks in the group will not individually crosslink to separate PAAm strands, rather,

they will likely bind to the same adjacent strand. If a single one of these crosslinks in the

group is cleaved, the two PAAm chains will remain bound at the “grouped crosslink” and

the mechanical properties of the network will not change. Moreover, the Beer–Lambert law

does not apply if local photoabsorbing species concentration is high, leading to irregular

behavior. Considering these factors, we aim to improve upon the degradation speed of these

photodegradable PAAm gels in the future.

5.4.3 Cell Response

While generally accepted that 365 nm light does not adversely modify cell function and

downstream effects [41, 40, 58, 77] we tested the exposure conditions used in this study

and determined the cytocompatibility of this system. To do this, primary mouse ear fi-

broblast cells were cultured on non-photodegradable PAAm gels coated with 100 µg/mL

collagen. After 24 hours of culture, the cells were exposed to three conditions: 1) cells re-

ceived no irradiation; 2) cells received the prescribed 40 minutes of irradiation; or 3) cells
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Figure 5.7: Light controls on non-photodegradable PAAm hydrogels.
Nuclear/cytosolic YAP, orientation index, and cell area are examined for cells cultured on
non-photodegradable hydrogels. Hydrogels with cultured cells were either not exposed to
light, exposed to light in-situ, or culture media is replaced with media from an exposed
photodegradable o-NB gel. We found no significant change in the cell area, orientation index,
or the nuclear/cytosolic YAP ratio given these conditions. n = 150 cells per condition. We
consider p-values where p < 0.01 indicates statistical significance.

received no irradiation, but after the irradiation period their media was replaced with a

“conditioned” media. This “conditioned” media was produced by incubating a set of o225M

photodegradable PAAm gels in culture media without any cells. We decided to transfer the

“conditioned” media immediately after exposure in order to test if any irradiation-induced

oxidative stress components were present, which can quench quickly. These cell-less gels

received the same irradiation conditions. The media in the presence of these irradiated gels

was labeled “conditioned”. Since the irradiation period lasted a total of 70 minutes (due to

10 minute incubation periods without light between irradiations) we estimate that this was

sufficient time for any photodegradation products to diffuse out into the media as well. Cells

were fixed and stained 48 hours after seeding. In Figure 5.7, we show that nuclear/cytosolic

YAP ratios, actin orientation index, and cell area do not significantly change between these

three conditions. These results indicate that the irradiation conditions alone, and any poten-

tial byproducts from the photodegradation reaction, do not adversely affect cell behavior. In

Figure 5.7, we show the box plots and the data points for individual cells. For each plot, we

indicate the p-value between the three different conditions, using p < 0.01 as the condition

for statistical significance.
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Next, we examined primary mouse ear fibroblast (MEF) cell behavior using o225M gels

with 100 µg/mL collagen attached. We examined how cell behavior responded to mechan-

ically dynamic environments. In general, all cell data on photodegradable PAAm gels pre-

sented in this work used the o225M composition. These gels had an initial Young’s modulus

of 14.7 ± 0.8 kPa and, after 40 minutes of exposure/degradation, had a Young’s modulus

of 6.12 ± 0.39 kPa (Table 5.2). Three different mechanical environments were tested. Cells

were seeded on: 1) gels that received no degradation – “non-degraded” (14.7 kPa); 2) gels

degraded before cell seeding – “pre-degraded” (6.12 kPa); and initially stiff gels that were

softened via photodegradation 24 hours after cell seeding – “in-situ degradation” (14.7 →

6.12 kPa). For all gel conditions, cells were fixed 48 hours after seeding.

For each gel condition, we examined cell properties shown previously to be mechanosensi-

tive. Of particular interest, nuclear localization of the transcriptional regulator yes-associated

protein (YAP) has been shown to be mechanosensitive for cells cultured on 2D substrates

and increases a function of increasing matrix stiffness [204]. We tested if our photodegrad-

able PAAm gels could induce a reversal of the nuclear translocation of YAP as the gels are

softened – a process researchers have observed previously [77, 58]. To do this, we measured

the median fluorescence intensity of stained YAP within the nucleus as well as within a 20

× 20 pixel region outside the nucleus (see image processing section). In Figure 5.8, we show

both the statistical box–whisker plots as well as individual cell data points. For each plot,

we indicate the p-value between the three different conditions. As shown in Figure 5.8, we

found that YAP did not necessarily localize to the nucleus more in the non-degraded (14.7

kPa) gels as compared to the pre-degraded (6.12 kPa) gels. However, cells that experienced

an in-situ softening markedly decreased the amount of nuclearized YAP (see Figure 5.9, first

column). This result was counter to our inclination that nuclear localization of YAP would

depend most strongly on the matrix stiffness felt by the cells [204], rather than the dynamics

of the matrix stiffness alone.

Qualitatively, we observed that actin structures in cells experiencing in-situ softening of

the underlying matrix were less organized, which could be correlated to the higher cytosolic

levels of YAP [226, 227, 228]. To quantitatively examine this observation, we calculated the

142



Figure 5.8: Cell response on photodegradable PAAm gels.
Cells were cultured on initially stiff (non-degraded, 14.7 kPa) and initially soft (pre-degraded,
6.12 kPa) gels. A subset of the initially stiff gels were exposed to light 24 hours after cell
seeding for 40 minutes to soften them (in-situ degraded, 14.7 → 6.12 kPa). All gels were
coated with 100 µg/mL collagen. For each condition, the nuclear/cytosolic YAP intensity
ratio, orientation index, and cell area were calculated. Individual data points represent data
for a single cell, and the box plots display the variation of the statistical populations. n = 150
cells per condition. We consider p-values where p < 0.01 indicates statistical significance.

orientation index (OI) of randomly selected 35 × 35 pixel (22.58 × 22.58 µm) regions of the

fluorescently-labeled phalloidin stain within the cells. The orientation index is a measure of

the power distribution of the spatial-frequency-averaged, two-dimensional Fourier transform

[229], allowing for measurement of local organization of actin fibers. We found that the

window size of 35 × 35 pixels was the best length scale to quantify localized bundles of

actin and stress fibers. Similar to the nuclear localization of YAP, we found that the actin

orientation index of cells cultured non-degraded (14.7 kPa) gels did not markedly differ from

that of cells cultured on pre-degraded (6.17 kPa) gels as shown in Figure 5.8. In Figure

5.13 (first column) we see that actin structure is generally preserved between cells on non-

degraded and pre-degraded gels. However, once cells experience an in-situ softenting, the

actin structure becomes more diffuse.

Cells have long been known to gradually spread more as matrix stiffness increases within

a range of ≈ 1 − 40 kPa [1]. In addition to nuclearization of YAP and actin structure, we

looked to see if the dynamic mechanical environment affected cell area. As shown in Figure

5.8, we found that average cell size decreased when cells were cultured on softer (pre-degraded
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Figure 5.9: Examples of YAP staining.
Cells cultured on gels with the same conditions as in Figure 5.10 are shown stained for YAP.
For each culture condition (100, 10, and 1 µg/mL collagen; 100 µg/mL laminin; and 100
µg/mL collagen + y27632) we show examples of gels that are either non-degraded (top row),
pre-degraded (middle row), or in-situ degraded (bottom row). Clear examples of cytosolic
and nuclear YAP can be seen. Error bars are 100 µm.
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≈ 3000 µm2) substrates compared to cells cultured on stiffer substrates (non-degraded ≈

4800 µm2), however, we do not consider this decrease to be statistically significant given

the relatively high p-value (p = 0.0118) between the two conditions when using p < 0.01 to

indicate significance. More surprisingly, the area of cells exposed to in-situ softening did not

further decrease (≈ 4200 µm2). Taken together, and given the relatively high p-values, we

do not conclude that cell area for this particular cell type, under these specific gel conditions,

was significantly affected by matrix mechanics – static or dynamic.

Next, we looked at the behavior of cells cultured on photodegradable PAAm gels with

variable conjugated protein density and different proteins types – an attractive versatility of

the polyacrylamide gels system. In Figure 5.9, we show example images of cells with YAP

staining, and in Figure 5.13 we show example images of cells stained with phalloidin (actin)

and DRAQ5 (nucleus) for each condition. In all conditions, we observe that cells undergoing

in-situ softening of their matrix lose nuclear YAP and that cell size typically decreases

with lower surface ligand concentration. Measured data from the cells corroborates this

observation as seen in Figure 5.10. For the three different collagen densities (100, 10, and 1

µg/mL) and gels with 100 µg/mL laminin, the nuclear/cytosolic YAP ratio of the cells drops

with in-situ matrix softening. For gels with laminin attached and lower collagen densities (10

and 1 µg/mL), cells seem to respond more to both the pre-degraded and in-situ conditions.

That is, cells respond differently to their surrounding mechanics when the binding ligand

density or type is different.

Similar to the results seen in Figure 5.8, Figure 5.12 shows that neither cells on initially

soft pre-degraded gels nor on in-situ softened gels have a significantly different cell area from

the non-degraded gels. Ligand type and density play a role in cell area, but for this cell type

and stiffness range, the elastic modulus of the gels does not. Upon examination of the actin

orientation index, we find that reducing the ligand density generally reduces the degree to

which actin is organized. Again, we observe that actin organization is approximately the

same in cells cultured on non-degraded gels and pre-degraded gels. However, the orientation

index drops for cells cultured on gels with in-situ softening (see Figure 5.13 for examples).

To further explore this behavior, we incubated cell cultures in Y-27632, a rho-associated
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Figure 5.10: Quantification of nuclear/cytosolic YAP for different gel conditions.
We subsequently examine cells cultured on gels with different concentrations of collagen
(100, 10, and 1 µg/mL), laminin (100 µg/mL), and collagen coated gels (100 µg/mL) where
ROCK inhibitor y27632 was added into the culture. Again cells were cultured on non-
degraded (14.7 kPa) pre-degraded (6.12 kPa) and in-situ degrade (14.7 → 6.12 kPa) gels.
Data is represented as box plots.

Figure 5.11: Quantification of orientation Index.
Given the same conditions outlined in Figure 5.7, the calculated orientation index is displayed
as box plots. (Again, only one sample was analyzed for the collagen
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Figure 5.12: Quantification of cell area.
Given the same conditions outlined in Figure 5.10, the measured cell area is displayed as
box plots.

protein kinase (ROCK) inhibitor, which reduces actin organization and contraction. As

shown in Figure 5.10, addition of Y-27632 removed the effect of in-situ softening on lowering

the nuclear/cytosolic YAP ratio. This indicates that the cell behavior we observe, for cells

experiencing an in-situ matrix softening, is related to how cells are feeling the mechanical

changes to the surrounding matrix. By reducing the cells’ ability to organize and contract

their actin filaments, we reduce their ability to sense the dynamic mechanical cues. Accord-

ingly cell area does not differ significantly as a function of matrix mechanics when Y-27632

is added. We do notice, however, that actin organization as measured by the orientation in-

dex very drastically diminishes for cells experiencing in-situ matrix softening that have been

treated with Y-27632. We are not exactly sure of the reason behind this drastic reduction

in actin organization. However, the result points to the fact that both chemical and phys-

ical cues produce a combined effect on the organization of cellular actin. Photodegradable

PAAm gels may be uniquely suited to study the combined cues on cell behaviour.

5.5 Conclusions

In this work we demonstrate the synthesis and cell biology applications of photodegrad-

able polyacrylamide gels. We simply present a new tool for analyzing cell behaviour and
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Figure 5.13: Examples of nuclear and cytoskeleton stained cells.
Cells were stained with phalloidin (cytoskeleton - green) and DRAQ5 (nucleus - red). We
show example cells as the same conditions as Figure 5.10. Clear examples of actin fiber
orgainization and cell size/morphology can be seen. Error bars are 100 µm.
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demonstrate potential applications. We utilized the classic ortho-nitrobenzyl chemistry to

produce two different o-NB-bis-acrylate linkers. These linkers were used to crosslink poly-

acrylamide chains during hydrogel formation. They hydrogel formation process is simple and

analogous to that of the traditional PAAm gels already used for cell culture. In this work, we

focused on the feasibility of photodegradable polyacrylamide gels to study dynamic matrix

softening on cell behavior. Our main objective was to be able to take the well-established

PAAm system for cell culture and expand its utility by adding the ability to dynamically

tune the matrix mechanics in the presence of cells. Our goal is to be able to broaden the

already expansive set of results obtained using standard PAAm gels and add an extra di-

mension to the questions that can be asked. Furthermore, unlike the already established

PEG-based photodegradable hydrogels, we show that the photodegradable PAAm system

allows researchers to quickly and easily test different cell binding ligands, and important

feature when studying the interaction between cells and their surrounding matrix.

As a brief introduction to the usefulness of the photodegradable polyacrylamide gels, we

examine the behavior of primary mouse ear fibroblasts and their response to gel mechanics. In

general, we show that under the conditions tested, these cells respond more to in-situ changes

in matrix mechanics than they do to the static mechanical environment alone. Overall, since

we use primary cell lines, which are quite heterogeneous, we may not expect that their

response to static mechanical cues will show statistical differences in the cell behavior. We

also examine the roll of cell binding ligand type and density. Here, we show that there exists

a complex interplay between static mechanics, dynamic mechanics and cell binding domains.

The results point to the fact that both chemical and physical cues produce a combined effect

on the organization of cellular actin. Photodegradable PAAm gels may be uniquely suited

to study the combined cues on cell behavior.
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CHAPTER 6

Direct Gradient Photolithography of Photodegradable

Hydrogels with Patterned Stiffness Control with

Sub-Micron Resolution

6.1 Abstract

Cell response to matrix mechanics is well known; however, the ability to spatially pattern

matrix stiffness to a high degree of control has been difficult to attain. This study describes

the use of maskless photolithography as a flexible process for direct, non-contact gradient

patterning of photodegradable hydrogels with custom graphics. Any input gray scale image

can be used to directly chart hydrogel crosslink density as a function of spatial position.

Hydrogels can be patterned with submicron resolution, with length-scales within a single

substrate spanning several orders of magnitude. A quantitative relationship between input

grayscale image pixel intensity and output gel stiffness is validated, allowing for direct gradi-

ent patterning. Such physical gradient hydrogel constructs are rapidly produced in a highly

controlled fashion with measured stiffness ranges and length-scales that are physiologically

relevant. Mesenchymal stem cells cultured on these physical gradients matrices congregate

and align orthogonal to the gradient direction along iso-degraded lines. This approach re-

sults in a robust and high throughput platform to answer key questions about cell response

in heterogeneous physical environments.
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6.2 Introduction

In tissue biology it is well known that cell organization, boundaries, and interfaces are

important in tissue formation and repair.[4] For example, changes in tissue stiffness occur nat-

urally, such as the bone to cartilage interface in the articular surface. Additionally, changes

in composition and mineral density give rise to gradients in material stiffness in teeth.[21]

As such, cell behavior, in the context of the surrounding physical environment of the extra-

cellular matrix (ECM), has been well studied.[1, 4] In vivo, the cellular microenvironment

is highly heterogeneous. Spatial variations in extracellular matrix stiffness from neighboring

cells and tissues can occur at subcellular lengthscales,[5] but, the mechanisms by which cells

spatially organize and form tissue interfaces (as triggered by the mechanically heterogeneous

ECM) are still unknown. The investigation, of how such interfaces form, has been limited by

a lack of materials that allow real-time, on demand control of the mechanical environment

across a broad range of physiologically relevant length scales. Photodegradable hydrogels,

a novel class of polymeric biomaterials exhibiting precisely controlled on-demand degrada-

tion, have been recently developed and optimized by our group.[38, 39] ortho-Nitrobenzyl

(o-NB) linkers are easily incorporated into polymerizable poly(ethylene glycol) diacrylate

(PEG-DA) macromers that can be crosslinked via a number of chemical approaches (ie. free

radical polymerization, Michael addition, etc.) to yield photodegradable hydrogels (6.1).

The outstanding benefit of these materials is that their physical and chemical properties can

be altered externally, in real-time, without the presence of small molecule catalysts or other

toxic compounds, allowing cells to be present during fabrication as well as modification. In

addition, the degradation, and hence the material property of interest, is a strict function

of the exposure to light (exposure time and intensity) such that precise spatial and tempo-

ral control of the degree of degradation can be achieved to an extent far surpassing other

mechanisms (such as hydrolysis and enzymolysis).

To date, controlled photodegradation has been limited to using physical photomasks[48,

230, 52] and two-photon techniques.[48, 49, 45] A physical photomask blocks light from

reaching certain regions of the substrate, thus, creating a binary, degraded/non-degraded
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Figure 6.1: Fabrication of photodegradable hydrogels.
A combination of photodegradable PDG-PEG4k-DA and non-degradable PEG4k-DA were
polymerized by redox-initiated (APS and TEMED) radical chain polymerization into net-
work form. After exposure to light, photodegradable o-NB linkages degrade and the PDG-
PEG4k-DA chains are released from the network.

substrate. While hydrogels with very fine feature size and resolution can be produced,

direct gradation between fully exposed and non-exposed regions is not possible. Methods

have been developed using non-photodegradable hydrogels systems to produce mechanical

gradient patterns using a moving photomask,[231, 232] microfluidic techniques,[233] or a

peristaltic pump,[234, 235] but these methods produce relatively large gradient sizes (on the

order of millimeters) and the gradient strength and shape is difficult to control, thus reducing

the potential complexity of the engineered substrate. More recently, researchers have been

able to produce smaller mechanical gradient patterns on the order of 50 µm, however, the

methods still rely on the physical movement of a photomask.[236] In two-photon lithography,

a focused laser beam scans in a raster-like manner. This method is prohibitively slow when

degrading a three-dimensional gel. Furthermore, since most current two-photon systems

have been designed for confocal microscopy, the software is insufficient for complex three-

dimensional photolithography.

As an alternative to physical photomasks and multi-photon patterning, maskless,
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projection-based lithography, which has been used with photopolymerizable biomaterials

to create topological features,[237, 238, 239, 240, 241] offers several advantages. First, litho-

graphic pattern creation only requires an 8-bit grayscale image file, which can be easily,

quickly and inexpensively created by most graphics editors. Second, implementation is im-

mediate: image files are directly loaded into the system for use. Thus, a hydrogel with

an entirely new degradation pattern can be produced within minutes to hours, rather than

waiting days to weeks for a custom physical mask to be manufactured. Third, the degree

of degradation is direct: the system imposes a spatial map of crosslink density and matrix

stiffness as a function of the input grayscale image’s pixel intensity values and their spatial

position. This system is not limited to movement of photomasks or controlled mixing to

achieve gradation of crosslink density. Fourth, length scales of the resultant lithograph can

scale many orders of magnitude. While the system presented here does not produce true

3D patterning like that of two-photon lithography, cells can be cultured in 3D where the

projected 2D pattern spans the depth of the sample. Here spatial hydrogel patterning is

orthogonal to the direction of light propagation across the sample depth. In this system, the

purpose of the patterning is not to produce surface topology, like that of photopolymerized

systems, but rather to spatially pattern the material stiffness with limited topology variation.

Mask-less photolithography to modulate surface chemistry and mechanical properties allows

experimentalists to assay biological response to a variety of conditions in high-throughput

compared to traditional soft or hard lithographic techniques.[242, 243, 244, 245, 246, 247, 248]

Such an adaptable approach significantly reduces experimental turn-around, and is thus a

valuable tool to rapidly assay the biological and material responses to stimuli gradients.[249]

6.3 Materials and Methods

6.3.1 Materials.

2-Nitro-m-xylene (Alfa Aesar, 99%), hydrochloric acid (Fisher, concentrated), sodium hy-

droxide (Fisher, ACS grade), potassium permanganate (Alfa Aesar, 98%), tetrahydrofuran

(THF) (EMD, anhydrous, 99.9%, ACS Grade, DriSolv), borane-THF (1M) (Acros), ethyl
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acetate (Fisher, 99.9%), succinic anhydride, (Alfa Aesar, 99%), 4-(dimethylamino)pyridine

(DMAP) (Alfa Aesar, 99%), N,N -dimethylformamide (DMF) (BDF, ACS grade), thionyl

chloride (Alfa Aesar, 99%), poly(ethylene glycol) (PEG) ( Mn = 4000 g/mol ) (Mallinck-

rodt), dichlorodimethylsilane (DMDCS) (Sigma 99.5%), di(isopropyl) ethyl amine (Alfa Ae-

sar, 99%), Ammonium persulfate (APS) (Acros Organics, 99%), tetramethylethylenediamine

(TEMED) (OmniPur), Dulbecco’s Phosphate Buffered Saline (DPBS) (Corning, 1×), and

RGD peptide (Ac-GCGYGRGDSPG-NH2, GenScript) were used as received. Acryloyl chlo-

ride (Alfa Aesar, 96% stabilized with 400ppm phenothiazine), and dichloromethane (DCM)

(Fisher, 99.9%) were distilled under Ar and stored under Ar in a dry, air-free flask. Tri-

ethylamine (TEA) (Omnipur, 99.0%) was distilled under Ar and stored over KOH pellets.

MesenPro medium (Invitrogen), bone-marrow derived mesenchymal stem cells (Invitrogen),

penicillin-streptomycin-glutamine solution (Invitrogen), slowfade with DAPI (Invitrogen),

phalloidin 200 U/mL (Invitrogen), formaldehyde (4%, Boston Bioproducts), and triton-X

100 (invitrogen) were used as received for cell culture. Coverglass (Electron Microscopy

Sciences) and micropore filters (0.22µm filter unit, Millex) were used for hydrogel fabri-

cation. The PEG 4000 4-(3-(Acryloyloxymethyl)-2- nitrobenzyloxy)-4-oxobutanoate photo

degradable macromer (PDG-PEG4k-DA) was synthesized as described previously.[39] PEG

4000 diacrylate (PEG4k-DA) PEG 4000 was synthesized according to a modified literature

procedure.[250]

6.3.2 Chemical Synthesis Techniques.

All reactions were performed under Ar atmosphere using a Schlenk line unless noted

otherwise. 1H NMR spectra (δ ppm) were recorded on a Bruker Biospin Ultrashield 300

MHz NMR spectrometer. Unless noted otherwise, all spectra were recorded in (CD3)2SO or

CDCl3 using tetramethylsilane (TMS) as an internal standard.
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Table 6.1: Details of hydrogel compositions.

20 wt% gel 10 wt% gel 39 wt% gel
Total PEG (wt%) 20% 9.9% 39%
PEG4k-DA (wt%) 10% 2.9% 35%
PDG-PEG4k-DA (wt%) 10% 7.0% 4.3%
APS (wt%) 1.9% 1.9% 1.7%
TEMED (wt%) 0.55% 0.55% 0.50%
RGD (wt%) n/a 0.24% n/a

6.3.3 Cover glass salinization.

Coverglass was cleaned with filtered water and methanol, dried, and cleaned with UV-

light and ozone (UVO cleaner 42, Jelight Company) for 30 minutes. The activated coverglass

was then reacted in a solution of toluene (25mL) and DCDMS (500 µL) for 30 minutes. The

coated coverglass was then washed with clean toluene and filtered methanol before drying.

6.3.4 Hydrogel Fabrication.

All hydrogels were fabricated by dissolving PEG4k-DA and PDG-PEG4k-DA in water

and radically polymerizing them into network form using solutions of APS and TEMED 6.1.

All concentrations are given Table 1. For cell studies, PEG4K-DA was first pre-reacted with

a peptide containing the cell binding motif Arg-Gly-Asp (RGD) and a cysteine residue via

Michael addition. Solutions of the macromers, APS and TEMED were filtered through a

microfilter. The components were combined, vortexed and quickly dispensed between two

microscope cover glasses separated by a coverglass spacer (thickness 0.17 mm). The top

cover glass was coated with dichlorodimethyl silane. These gels polymerized for 10 min then

submersed in water for 30 min before removing the top cover glass. Each hydrogel was then

allowed to swell in water at 4o C overnight before further use.

6.3.5 Hydrogel Lithography.

All photolithography was performed on a SF-100 XPRESS maskless photolithography

system (Intelligent Micro Patterning, LLC, St. Petersburg, FL) using its mercury arc lamp
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light source. For this study, no bandpass filter was used as to accelerate degradation times.

Grayscale, 8-bit artworks were constructed in Photoshop or MATLAB. Grayscale light pro-

jection was provided by Smart FilterTM Technology made up of a Digital Micro-Mirror Device

(DMD). Hydrogel lithograph size could be controlled by the system objective power (see sup-

porting information) or the artwork size. Exposure conditions for each sample presented here

is included in the supporting information.

6.3.6 Cell Culture.

Bone marrow human mesenchymal stem cells at passage 6 were thawed and grown

in MesenPro medium (2% serum, 1% penicillin/streptomycin glutamine). Cells were

trypsinized and seeded onto substrates, and allowed to incubate and grow overnight at

37o C, 5% CO2. Samples were subsequently fixed in warm 4% formaldehyde solution for

15 minutes, and permeabilized in 0.5% triton-X 100. Samples were finally incubated for 20

minutes in 0.2 U/mL phalloidin in PBS at room temperature. Samples were mounted in

slowfade with DAPI, and affixed to a glass slide with nail polish for imaging.

6.3.7 Hydrogel and Cell Imaging.

Degraded hydrogels were imaged by a reflected light microscope (LV100 Eclipse, Nikon).

Cell-seeded samples were imaged with a Nikon, inverted fluorescent microscope with a 10×

objective. Large image areas were captured using an ASI motorized stage (Applied scien-

tific instrumentation). Images were minimally edited through contrast adjustments and a

high pass filter for shading correction. Measurements of the cell density as a function of

the spatial position along the gradient were performed with a custom algorithm produced

with MATLAB. Cell material was segregated from the background by using the phalloidin

cytoskeletal stain to produce a binary image of location of cellular material. The binary

image was then averaged over the iso-degraded lines to give the cell density as a function of

the gradient position. This data was then averaged across the numerous repeated gradient

features.
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6.3.8 Atomic Force Microscopy.

Surface topography and elastic modulus were measured using Atomic Force Microscopy

(AFM) in deionized water using a Bioscope Catalyst AFM (Bruker) in the Nano and Pico

Characterization Laboratory at California Nanosystems Institute, UCLA. Images were ac-

quired in peak force tapping mode with MLCT probes (Bruker), tip E or D. For the quan-

titative measurements of moduli, the spatial sensitivity of the AFM photodetector was first

calibrated against a clean glass slide. The spring constant of the cantilever was measured

using the thermal tuning method. All AFM force curve analysis was performed with a cus-

tom MATLAB algorithm adopted from previously published procedures.[251] The Young’s

modulus was calculated by using a Sneddon fit with a Poisson’s ratio of ν = 0.3.[252] For

each sample, the topology, PeakForce error, deformation, and elastic modulus images were

collected at a digital resolution of 256 pixels × 256 pixels. AFM images found in Figure 6.4

and Figure 6.5 were edited by subtracting each line by its mean as to remove scan lines.

Details for determining the pattern resolution are found in the Supporting Information.

6.4 Results and Discussion

6.4.1 Grayscale “Printing” of Photodegradable Hydrogels.

To demonstrate the use of the maskless lithography system, photodegradable hydrogels

were prepared with varying concentrations (Table 1) of the photodegradable PEG 4000 4-(3-

(acryloyloxymethyl)-2- nitrobenzyloxy)-4-oxobutanoate macromer (PDG-PEG4k-DA) and

PEG 4000 diacrylate (PEG4k-DA) in water. Non-degradable PEG4k-DA was incorporated

into the sample to prevent de-gelation and increase the basal stiffness of the gel (Figure 6.1).

Figure 6.2 shows the basic schematic of the maskless photolithography procedure. In this

technique a UV light source with a band pass filter illuminates a digital micromirror device

(DMD). The DMD device uses an array of fluctuating mirrors to spatially regulate the output

light intensity of the projected image. A grayscale image is loaded into the system where

the image pixel intensity values are transcoded by the DMD into a grayscale pattern. The
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Figure 6.2: Photolithograpy schematic.
(a) A schematic of the maskless photolithography process for fabrication of hydrogels with
grayscale degradation. (b) An input 8-bit image file is loaded into the system, transcoded
by the DMD, and (c) projected down onto the hydrogel surface as a “negative” which gives
(d) the resultant hydrogel where the degraded regions absorb more light and appear darker.

patterned light is then directed through a reduction lens as a projection of collimated UV

light on the desired surface. Unlike digital movie or presentation projectors, which use an

enlarging lens, the maskless lithography system uses a reduction lens to project the image

in to a small 1 mm2 or less area.

The projected pixel and single exposure window size depends on the power of the reduc-

tion lens where smallest projected pixel size is 250 nm using a 20× lens. Hence, compared to

other lithographic techniques, resolution and feature sizes are not compromised in this sys-

tem. This allows for hydrogel stiffness to be controllably altered over very small distances.

For example, a stiffness gradient can be easily applied across the length of a single cell.

Furthermore, many exposure windows can be stitched together to form larger structures on

the order of centimeters. To show the capabilities of this system to “print” patterns with

length-scales spanning many orders of magnitude, a combination of different input pattern

sizes and reduction lens powers was used (Figure 6.3). Figure 6.3a shows a hydrogel de-
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Figure 6.3: Photolithograpy lengthscales.
Variation of hydrogel lithograph length scales can be achieved using (a) the 4× reduction
lens with nine exposure windows stitched together (3 × 3), or using a single exposure window
with the (b) 4× reduction lens (c) 10× reduction lens, and (d) 20× reduction lens. The 20
wt% gel was used for these images.

graded using the 4× lens and is made up of nine exposure windows stitched together. The

total pattern size is 3.84 × 2.40 mm. An even greater number of exposure windows can be

stitched together with any lens to yield patterns on the order of centimeters. Figure 6.3b,

c, and d show hydrogels degraded using the 4×, 10×, and 20× lenses, respectively, but only

a single exposure window. As shown in Figure 6.5f, the minimum resolution and feature

size achieved is less than a single micron, hence, hydrogel physical properties can be directly

patterned across length-scales spanning five order of magnitudes (single microns – tens of

centimeters) all within a single substrate and degradation pattern. Any apparent differences

in the darkness/brightness/contrast of the degraded hydrogels in Figure 6.3 are attributed to

the imaging lens used as well as illumination/shading effects with reflected light microscopy.

Furthermore, when using different lenses, the exposure time needs to be calibrated to achieve

similar exposure conditions across reduction lens powers (see Supplementary Information for

details). For subsequent cell studies, the lens power and exposure conditions were fixed across

all samples.
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6.4.2 Direct Mechanical Patterning.

To directly characterize the sample material properties, atomic force microscopy (AFM)

in PeakForce TappingTM mode was used. Two different regions of interest (ROI) of the

hydrogel lithograph presented in Figure 6.3c were examined and are presented in Figure 6.4:

the top of the cypress tree (Figure 6.4a-e) and part of the central spiral (Figure 6.4f-j). Fig-

ure 6.4 shows representative input grayscale image (a, f), the resultant hydrogel lithograph

(b, g), the peak force error (PFE) images (c, h), the DMT Modulus maps (d, i), and the de-

formation maps (e,j). The gels presented in Figure 6.4 have the “20 wt%” composition (Fig-

ure 6.4). Upon preliminary inspection, it is clear that the degree of degradation—indicated

by the shading of the hydrogel in the visible light images (Figure 6.4b, g)—is a function

of the original image pixel intensity value Figure 6.4a, f). This patterned degradation is

further observed by the PFE (Figure 6.4c, h), which is data derived from the constant force

feedback control of the machine and allows for visualization of the stiffness variation—i.e.,

any contrast indicates a change of substrate stiffness. Here, sharp changes in the substrate

modulus are observed to the extent that even individual brushstrokes of the original artwork

can be discerned from one another (Figure 6.4f, h). DMT Modulus (Figure 6.4d, i) and

deformation maps (Figure 6.4e, j) of the hydrogels were also obtained to better quantify the

mechanical environment. The DMT Modulus is the Young’s Modulus obtained by fitting the

retract force curves using the Derjaguin, Muller, Toropov [253] model and the deformation

is the maximum deformation of the sample caused by the probe under a constant force:

softer regions will deform more. For these images, data was centered line-by-line around

the mean value of each line to reduce misaligned scan lines as to better visualize the change

of mechanical environment. Thus, the modulus and deformation values are only relative

(absolute stiffness values of this system were measured in the experiment in Figure 6.5 de-

scribed below). It is clear from these images that in regions of increased degradation, the

DMT Modulus decreases and the deformation increases. Again, fine artwork features can

be resolved and artwork pixel intensity generally corresponds to a change in the material’s

local stiffness. The AFM, however, struggles to map modulus and deformation in scanning

mode properly on soft (<1MPa, according to the manufacturer), hydrated materials, so the
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resolution and contrast are noise-limited.

To better understand the quantitative relationship between input image pixel intensity

and output gel stiffness, a gradient pattern was produced and exposed on the sample surface

in a repeated pattern. Figure 6.5a shows the grayscale photomask used, which is a linear

gradient of pixel intensities. Lighter pixels of the photomask correspond to more degrada-

tion since the image is inverted during exposure. This pattern is then repeated in a grid-like

fashion where each gradient block is ≈ 130× 100µm, as shown in a reflected light image of

the gel (Figure 6.5b). First, the 20 wt% gel was exposed with the 10× reduction lens (the

same gel composition and reduction lens as Figure 6.4). Single indentations were performed

with the AFM and the Young’s Modulus was calculated (Figure 6.5c) as a function of the

position along the gradient. The red box in Figure 6.5b indicates the approximate ROI ex-

amined by the AFM. The resultant modulus depends on the input pattern pixel intensities

and monotonically decreases from 220.8 ± 1.4 to 151.0 ± 1.1 kPa for this particular gel

composition and degradation conditions. From this, the modulus of any grayscale hydrogel

lithograph pattern—such as the Starry Night gels shown previously—is assumed to corre-

spond to the input pattern pixel intensities. Next, the experiment above was repeated for

a softer gel (10 wt% - Table 1) exhibiting more physiologically/biologically relevant moduli.

The 4× reduction lens was used (to match conditions of subsequent cell studies) to expose

the repeated gradient pattern. Figure 6.5c shows the Young’s Modulus decreases from 52.7

± 1.6 to 12.9 ± 0.3 kPa as a function of position. This stiffness range has been found to be

useful for studying the cell fate in response to substrate stiffness.[1, 2]

6.4.3 Resolution and Feature Size Determination.

After confirming the direct gradient patterning capabilities, the resolution and minimum

feature size of this photodegradable hydrogel/maskless lithography system was determined.

To do this, a simple photomask was created by alternating white (on/exposed pixels) and

black lines (off/non-exposed pixels) of increasing size (Figure 6.5d). Using the 20× lens,

the width of a single projected pixel is 0.25µm. For this experiment, the gel density was
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Figure 6.4: Hydrogel mechanical lithography.
Selected ROIs of the (a-e) top of the cypress tree and (f-j) central spiral of the Starry Night
image. (a, f) Input grayscale images, (b, g) reflected light images, (c, h) the peak force error,
(d, i) DMT Modulus, and (e,j) deformation maps of the resultant hydrogel. Scale bars are
30 µm, 20 wt% gels.
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Figure 6.5: Hydrogel mechanical gradients.
Stiffness gradients that are created from (a) a linear gradient mask and (b) exposed on a
hydrogel’s surface in a repeated fashion—scale bar 250 µm. (c) AFM force measurements
across the degradation gradient for the 20 and 10 wt% gels. (d) The image negative (pro-
jected image) created to test the resolution of this system. Smallest line width is one pixel
(≈ 0.25µm). (e) Reflected light image of the degraded hydrogel—scale bar 50 µm. (f) AFM
Young’s modulus image of the selected region and the line-spread function of the AFM image
showing the variations in modulus. The finest resolution/feature size was measured to be
0.85 µm.

increased to 39 wt% (see Table 1) which increases the modulus of the gel and allows the

AFM to better measure the DMT modulus in scanning mode. Figure 6.5e shows a reflected

light image of the degraded hydrogel, where lines of decreasing size are clearly observed.

To measure the resolution/feature size, the DMT modulus was measured in the region of

smallest line sizes (Figure 6.5e—black box) using the AFM in scanning mode (Figure 6.5f).

The darker vertical lines of the AFM image correspond to the degraded regions. Data from

this image was processed (see Supplementary Information for details) and presented as a

line spread function (Figure 6.5f) where the peaks and valleys correspond to the degraded

and non-degraded lines. As marked in Figure 6.5f, the smallest distinguishable line size is

0.85µm that corresponds to the three pixel wide line. The following lines were measured to

be 1.02, 1.27, 1.61 and 1.86µm which seemingly correspond to the 4, 5, 6, and 7 pixel wide

lines, where the size of a single pixel is 0.25µm. The 1 and 2 pixel wide lines apparently

merged together and cannot be distinguished in the AFM image.
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6.4.4 Influence of Stiffness Gradients on Mesenchymal Stem Cell Response.

Next, the response of human mesenchymal stem cells (hMSCs) to patterned hydrogels

was examined (Figure 6.6). Similar to that of Figure 6.5a,b, a repeated linear gradient

pattern was used as the input “negative” (Figure 6.6a) and projected down on the hydrogel

surface (10 wt% gels, incorporating the cell adhesive RGD peptide motif). The darker, more

exposed regions were visualized by reflected light microscopy (Figure 6.6b) and corresponded

well to the input projected image. The stiffness of the gradient exposed 10 wt% hydrogels

was measured by AFM (Figure 6.5c), as described above, where the measured substrate

moduli correlated well with the input image pixel intensities. hMSCs were seeded on the

surface of samples with the same composition and exposure conditions as those measured

by AFM. The hMSCs were observed to line up orthogonal to the gradient direction (along

iso-degraded lines). Simultaneous phase contrast imaging shows the patterned hydrogel

underneath where the degraded regions appear raised due to network degradation-induced

swelling. Figure 6.6d shows a magnified view of a single gradient pattern with the position

of the cells and the superimposed, corresponding stiffness measurements. To align the AFM

stiffness measurements with the corresponding degraded hydrogel gradient, the sharp edge of

the saw-tooth gradient pattern was lined up with the sharp stiffness transition of the AFM

measurements with reasonable accuracy. Furthermore, the size of the modulus gradient

observed by AFM directly matches the exposed gradient observed by the phase contrast

and reflected light images. Here hMSCs were observed to congregate in the most degraded,

softest region of the gel. That is, faced with a choice of moduli ranging from ≈ 13-53 kPa,

the hMCs preferentially align along the softest region (confirmed via AFM, Figure 6.6d).

To test the lengthscale dependence of this behavior, the size of the gradient pattern

was increased. The lengths of the gradients patterns tested were measured to be 1340 µm

(Figure 6.6e), 445 µm (Figure 6.6f), 268 µm (Figure 6.6g) and 134 µm (Figure 6.6h). The

measured gradient sizes were within 5% of the predicted values given by maskless lithography

machine manufacturer. In Figure 6.6e-h, the fluorescently labeled phalloidin cytoskeleton

stain is shown to adsorb slightly more in the degraded regions, as confirmed by comparison to
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Figure 6.6: Cell response to mechanical gradients.
Stiffness gradients that are created from (a) a linear gradient mask and (b) exposed on a
hydrogel’s surface in a repeated fashion—scale bar 100 µm—(c) were created to test hMSC
response—scale bar 100 µm. Phalloidin cytoskeleton staining is labeled in red and DAPI is
labeled in green. Phase contrast imaging shows the patterned hydrogel underneath where
the degraded regions appear raised due to network degradation-induced swelling. These cells
lined up along iso-degraded lines in a position that was both the softest and topologically
highest on the hydrogel surface. (d) A close up view of a single gradient pattern with the
position of the cells and the superimposed, corresponding stiffness measurements. (e-h)
Wide-field images of cell behavior stained with phalloidin—scale bars 500 µm—with pattern
sizes of: (e) 1340 µm; (f) 445 µm; (g) 268 µm; and (h) 134 µm.
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the phase contrast images. This contrast was used as an indicator of the gradient direction

and pattern edges. Importantly, this slight difference in fluorescent molecule adsorption

did not affect the cell imaging, but rather, the difference was considered useful background

fluorescence. Similar to the cells shown in Figure 6.6c,d, the hMSCs prefer the more degraded

regions of the hydrogel. Interestingly the alignment and shape of the cells is a function of

the scale: larger gradient sizes show much different behavior than the smaller gradient sizes.

When the gradient size is the small (∼= 134 µm—Figure 6.6h) the hMSCs lose their ability

to exclusively follow the iso-degraded lines and jump across the gradient from one pattern

to another, although the cytoskeleton remains aligned orthogonal to the gradient. As the

gradient size is increased (∼= 268 µm—Figure 6.6g), the cells congregate on iso-degraded lines

and do not cross from one gradient to the next. When the gradient size is increased further

(∼= 445 µm—Figure 6.6f and ∼= 1340 µm—Figure 6.6e ), the hMSCs congregate in the most

degraded regions but become more randomly aligned as the pattern becomes larger.

To better understand the spatial distribution and orientation of the cells along the gradi-

ent patterns, Figure 6.7 shows a magnified view of the individual, different lengthscale gra-

dient patterns (∼= 1340 µm—Figure 6.7a; ∼= 445 µm—Figure 6.7b; ∼= 268 µm—Figure 6.7c;

∼= 134 µm—Figure 6.7d). As shown, the cells congregate in regions with similar degrees of

degradation and appear to prefer the more degraded side. In addition the orientation of the

cell cytoskeleton as a function of the pattern size is more clearly observed. Arrows within

the gradient patterns of Figure 6.7 show the direction of increasing degradation. To quantify

this effect, the fraction of surface covered with cell matter was calculated as a function of the

spatial position along the gradient pattern (Figure 6.7e). Figure 6.7e shows that the fraction

of the surface covered by cells (or cell density) is maximzed in the most degraded region,

regardless of the gradient pattern lengthscale. While the magnitude of the cell densities

might be different across different lengthscale patterns, the shape of the cell density curves

are strikingly similar. This effect shows that the cell adhesion and preference is strongly cor-

related with the degree of hydrogel degradation. To relate the underlying substrate stiffness

to the cell density, the Young’s Modulus as a function of the normalized spatial position

anlong the gradient, was superimposed over the cell density curves in Figure 6.7e. While
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the substrate modulus was only measured for the 134 µm gradient pattern, we assume that

the shape and magnitude of the gradient modulus maps are largely similar across the dif-

ferent lengthscales. Since the gradient exposure pattern is the same for each lengthscale,

only stretched over a larger distance, the corresponding modulus measurements should also

be the same. As alluded to above, Figure 6.7e shows a clear pattern of the cell density

increasing with decreasing substrate modulus. Here, individual cells are seen to span across

distances with significant changes in the hydrogel degradation and modulus. This approach

uniquely allows highly controlled gradient creation on the order of the size of a single cell,

where a single cell can span a range of modulus on the order of ≈ 10 kPa across its body. In

fact, across a single ≈ 130 µm pattern, we recapitulate a large fraction of microelasticities

observed in soft tissues (≈ 10-50 kPa, compared to ≈ 1-40 kPa in Discher et al.[200] as well

as the modulus range used to differentiate cells as a function of the matrix elasticity (≈

1-40 kPa in Engler et al.([2])). As demonstrated, this modulus range can be easily modified

by changing the exposure conditions and gel composition (Figure 6.5; and supplementary

information) Furthermore, no contact guidance of hMSCs in the stiffer grooves was observed

as confirmed by an AFM height map (Figure 6.7—softer, more degraded regions swell).

In order to determine how robust the effect of substrate degradation on hMSC behavior

is, a large 4096 × 3072 pixel projected image (negative) file containing both linear and

curved gradients of differing dimensions was produced and exposed to the surface of a gel

to produce a large (≈ 5.5 × 4.0 mm) precisely patterned hydrogel construct (Figure 6.8).

Notably, this patterning allows the direct comparison of multiple conditions all on a single

hydrogel substrate, which is much more difficult to achieve (rapidly) in traditional masked

photolithography. hMSCs were seeded on the surface of the patterned gels, and their behavior

was observed (Figure 6.8b). Again, the hMSCs followed the gradient pattern and congregated

in the most degraded region (as indicated by the increased background fluorescence of the

cytoskeletal stain) even when the path was curved (Figure 6.8c,d—magnified view). When

the dimension of the repeated gradient is decreased from 200 µm to 100 µm (right and left

side of Figure 6.8a,b, respectively) the hMSCs are able to cross from one gradient square to

another (magnified view in Figure 6.8c,d). We cannot attribute a single cause to this unusual
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Figure 6.7: Cell alignment on mechanical gradients.
(a-d) Magnified imags of the cell behavior of the individual gradient patterns sizes of: (a)
1340 µm; (b) 445 µm; (c) 268 µm; and (d) 134 µm. Cells congregate in the most degraded
portion of the pattern as indicated by the arrows. (e) The corresponding cell density is
plotted as a function of the normalized spatial position along the gradient with corresponding
modulus measurement. (f) An AFM height map showing swelling-induced height changes of
the degraded gels (more degradation leads to more swelling.)
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behavior, as many factors such as change in gel modulus, geometry, mesh size, cell binding

domain accessibility, and protein absorption could influence cell adhesion. Regardless, the

effect is both reproducible and robust. We have shown that cells distribute themselves

similarly along the gradient pattern regardless of the lengthscale of the gradient. However,

cell orientation and spreading are highly correlated to the lenghtscales of patterning.

Typically cells migrate in the direction of greater stiffness[231, 232, 254, 255, 236] (duro-

taxis) and/or align along topographical grooves, so this result was somewhat unexpected.

However, some reports have shown that non-degradable PEG hydrogels with low crosslink

density and containing the cell-adhesive RGD peptide sequence promote more cell spread-

ing, migration, and better formation of cellular networks than more highly crosslinked PEG

hydrogels.[256] While not directly comparable to the results presented herein (where cells

are seeded in 2D) this work also demonstrates that softer networks may provide a better

environment for cell attachment and spreading. The authors postulate that cells exploit

macroscopic defects or propagate cracks within the mechanically fragile PEG hydrogels. In

a 2D cell culture system such as ours, one could then postulate that cells may be able to “dig

in” to the softer regions of the hydrogel by exploiting such defects (that is, extend processes

slightly below the surface and into the gel), or that the RGD binding domains simply become

more accessible for cell binding in a less dense network. Similarly, studies using hMSCs, have

also shown that lower gel density leads to better cell spreading and migration.[257, 258]

To this end, pure matrix elasticity[2] may not be the dominating matrix factor in hMSC

behavior as demonstrated recently in the literature. Issues such as the viscoelasticity and

the cells ability to reorganize the matrix,[259] lamin-A content,[260] the mechanism of cell

tethering to the matrix,[261, 262] and construct topology[263] have been identified as po-

tentially influencing cell fate. It is therefore becoming clear that the complex interplay of

several factors, and not simply elastic modulus alone, may dictate cell response to its material

environment. These discussions about matrix mechanics and other environmental factors,

and the widespread interesting in using materials to control cell fate demonstrate the need

and importance of a technique such as the one reported here to rapidly and repeatable test

multiple conditions.
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Figure 6.8: Cell response to curved mechanical gradients.
(a) A large 4096 × 3072 pixel projected image (negative) file was produced and exposed to
the surface of a gel. (b) Subsequent seeded hMSCs behavior was observed—scale bar 1000
µm. (c,d) When the pattern was curved, the hMSC maintain their ability to follow the
gradient pattern and congregated in the most degraded region. When the dimension of the
repeated gradient is decreased from (d) 268 µm to c) 134 µm the hMSCs are able to cross
from one gradient square to another.
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6.4.5 Limitations.

Maskless photolithography for hydrogel degradation does have limitations since it uses

a projection-based method to expose the sample to light. At short length scales, on the

order of ≈100 m, the projected light is relatively collimated. The projected image, however,

quickly becomes defocused as the distance from the focal plane is increased. To this end,

this method is limited to only two-dimensional variations in degradation. It is not possible

to achieve controllable three-dimensional degradation patterns where each projection plane

has a different degradation pattern. Such patterning is best implemented using a scanning

focused laser beam combined with multi-photon excitation. Additionally, the total time of

degradation necessary for large patterns is long compared to traditional mask-based lithog-

raphy techniques. In traditional photolithography, the entire mask, which can span hundreds

of square centimeters in size, can be exposed all at once. With maskless lithography, large

images need to be broken down into multiple exposure windows which have to be individually

exposed. However, accessibility to traditional photomasks is low, and often requires several

weeks to produce an entirely new pattern. The system presented here is immediate, where

an entirely new hydrogel with patterned degradation can be produced on the order of hours.

Furthermore, system modifications, including higher lamp power, can significantly reduce

the degradation time. More importantly, we demonstrate that this technique in combination

with our hydrogel gives gradient modulus as a function of the spatial position. This is not

accessible with traditional lithography.

6.5 Conclusions

Grayscale projection-based methods for patterning hydrogels are currently utilized due

to speed, rapid turn-around, direct gradient capabilities, and the ability to pattern a large

range of length scales within a single substrate. In nature, materials of varying properties

seamlessly transition from one to another. Replication of such environments requires so-

phisticated stimuli-responsive materials as well as the tools to induce such environments in

a direct and controllable fashion. Moreover, living organisms are made of structures with
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length scales spanning many orders of magnitude. Macroscopic objects on the order of cen-

timeters, are constructed of smaller structures whose organization is on the order of microns

or less. For these reasons, this technique is optimally suited to explore the relationship be-

tween cellular systems and their surrounding physical environment. Exploring this cellular

behavior is an integral part of our ongoing and future investigations.
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6.7 Supporting Information

6.7.1 Exposure Conditions.

Table 6.2: Design Guidelines of the SF-100 as provided by the
manufacturer.

2× 4× 10× 20×
Reduction Reduction Reduction Reduction

Lens Lens Lens Lens
Maximum 6× 6 6× 6 4× 4 4× 4
Recommended inches inches inches inches
Design Size

Approximate 2.5µm 1.25µm 0.50µm 0.25µm
Pixel Size

Single 2.56× 1.28× 0.512× 0.256×
Exposure 1.92 mm 0.96 mm 0.384 mm 0.192 mm
Window Area

For the hydrogels presented in this paper, certain exposure condition were used. For the

4×, 10×, and 20× reduction lenses of the maskless lithography machine, exposure times of

720 seconds, 240 seconds, and 60 seconds were used, respectively, for each exposure window

unless otherwise noted.

For the gradient hydrogels, the 20 wt% gels used the 10× reduction lens and a gradient

size of 204 × 147 pixels with the 8-bit grayscale pixel intensities ranging from 0-255. The

10 wt% gels used the 4× reduction lens and a gradient size of 101 × 71 pixels with the 8-bit

grayscale pixel intensities ranging from 50-255. The 10 wt% gels used for the cell studies

used a variation of gradient sizes and patterns, but the 8-bit grayscale pixel intensities still

ranged from 50-255. For the 10 wt% gels, the lower 8-bit pixel intensity of the gradient was

raised to 50 since it was noticed that pixel intensity values below that were not substantially

degrading the substrate. Since cells were being seeded on top of the gels, the value was

raised. The lower 8-bit pixel intensity of the gradient for the 10 wt% gel was raised to match

that of the cell studies.

For the cell study, the exposure pattern was composed of a total of 16 exposure windows
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(4 × 4) stitched together.

For the 39 wt% hydrogel used for the resolution test, the 20× reduction lens was used

with an exposure time of 240 seconds.

6.7.2 Resolution Calculation.

To calculate the resolution of this system, the 20× reduction lens with the 39 wt% gel was

used. The DMT modulus from the atomic force microscope (AFM) was collected in scanning

mode to find the minimum distances the modulus of the gel could be altered controllably.

The DMT modulus image was first corrected by subtracting the mean of each scan line

from its self to remove scan line artifacts. The modulus pixel values were then averaged in

the vertical direction to get an average modulus value for each exposed line (Figure 6.9a).

This averaged line is called the line spread function (LSF) of the hydrogels resolution. The

LSF was then processed by two low pass filters (Figure 6.9b) – one to capture background

changes in the modulus map, and the other to capture the variations of the modulus caused

by the degraded lines. The lower frequency filtered data was then subtracted from the higher

frequency filtered data and divided by the lower frequency filtered data (Figure 6.9c,d):

Filtered AFM Signal =
Higher frequency data – Lower frequency data

Lower frequency data
(6.1)

Figure 6.9c shows a series of dips and peaks corresponding to the degraded (lower mod-

ulus) and undegraded (higher modulus) regions. The resolution (Figure 6.9e) pattern is

constructed such that there are lines of increasing size from left to right: 1 pixel on, 1 pixel

off, 2 pixels on, 2 pixels off, 3 pixels on, 3 pixels off, and so on. . . until all 1024 pixels have

been filled. These pixel-based line widths correspond to projected line widths of 0.25µm,

0.50µm, 0.75µm. . . , respectively using the 20× lens. The distance from a dip to the next

peak in Figure 6.9d gives the width of the degraded line. The dip to peak distances recorded

in Figure 6.9d correspond to the pixel widths given in Figure 6.9e.
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Figure 6.9: Resolution test.
(a) AFM modulus image and mean modulus in the vertical direction. (b) mean modulus
(black), with low pass filter following substrate features (red) and general background (blue).
(c) AFM modulus image with calculated line spread function. (d) Line spread function with
corresponding degraded line widths. (e) Pixel distance of input mask and corresponding
projected size.
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(a)
(b)

(c)

(d)

Figure 6.10: Resolution test.
(a) Variation of hydrogel lithograph length scales can be achieved using a) the 4× reduction
lens with nine exposure windows stitched together (3 × 3), or using a single exposure window
with the b) 4× reduction lens c) 10× reduction lens, and d) 20× reduction lens. The 20
wt% gel was used for these images.

Figure 6.11: Variation of degradation time.
Variation of hydrogel lithograph degradation using the 10× reduction lens ranging from 30
to 270 seconds at 30 second intervals. This can be used to calibrate the exposure condition
for a particular experimental setup. The 20 wt% gel was used for these images.
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CHAPTER 7

Conclusions

7.1 Motivation and Summary

In this dissertation, I looked to reinforce our ability to ask and answer questions in cell

biology that are currently inaccessible. By expanding on current photodegradable hydrogel

research, I further characterized the networks through mathematical modeling, developed

new photodegradable materials to expand the potential applications, and optimized precision

patterning techniques of photodegradable hydrogels. Together, I hope that the topics and

tools developed in this dissertation will help researchers study and understand fundamental

principles of cell biology.

7.1.1 Mathematical modeling of photodegradable hydrogels

In the second and third chapters of this dissertation, I devised mathematical models

to better predict how photodegradable polymer networks are formed and subsequently de-

graded. As cells are sensitive to subtle changes to their physical environment, proper mate-

rials characterization to fully understand the mechanical environment is needed. We found

that current models of photodegradable hydrogels were not sufficiently detailed in their find-

ings to properly predict and explain the physical properties of photodegradable hydrogels.

In particular, as demonstrated in Chapter 2, we found that diffusion of degradation

byproducts during photodegradation severely affected the output properties of the gels, a

characteristic that was previously assumed to be negligible. Since the process of free diffusion

has both a spatial and temporal component, the exact conditions under which the network is

degraded proved highly important (regardless if the total exposure energy density was kept
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constant.) Parameters such as the time of degradation, spatial dimensions of the gels, and

diffusion coefficients of the network strands all played a significant role.

To further explore models of network gelation/degelation, Chapter 3 of this dissertation

specifically examined the micro/nano-structure of polymeric gels. More specifically, I exam-

ined how micro-regions within the gels are formed during an end-linking process, and how

this leads to heterogeneity of the gel microstructure. Many processes in cell biology, from

the molecular interactions with the extracellular matrix, to the movement of nutrients and

proteins are dependent on the microstructure of their surrounding matrix. Thus, I examined

the stochastic nature in which networks are formed to obtain a better picture of gel micro-

heterogeneities. We found that simply due to the randomness of network strand end-linking,

micro-regions within the gel are high variability in terms of their crosslink density and topol-

ogy. Adding to the strength of this model, we explored how such micro-regions are affected

by the dynamics of end-linking gelation. By controlling the reactivity of the end groups and

the ability of the end groups to bind and unbind, we were able to better characterize the

heterogeneous topology of polymer network microstates.

7.1.2 Expansion of photodegradable materials

In the next two chapters of this dissertation, I expanded the library of materials that

could be used for photodegradable hydrogels. While the existing materials used for pho-

todegradable hydrogels have been revolutionary, many of these materials have not allowed

researchers to properly ask questions important in fundamental cell biology. Our ability to

asses the complex problems, which we hope photodegradable hydrogels can help solve, have

still lacked from a materials standpoint. In this respect I expanded the photodegradable

hydrogel toolbox by developing new photodegradable materials.

In Chapter 4 of this dissertation, I developed a protein-based photodegradable hydrogel

system . While current photodegradable hydrogels have been sufficient for two-dimensional

cell culture, they have not been optimal for three-dimensional culture. Photodegradable

hydrogels have been composed of polymers that prevent cells from proliferating and restruc-
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turing their surrounding environment. In response, I developed a photodegradable hydrogel

made up entirely of natural proteins. Proteins, however, are highly complex and unstable.

Slight changes to their structure, charge density, and interaction with water drastically affect

their conformation and solubility. We found that when we conjugated nitro-benzyl-based

photodegradable moieties to the backbone of gelatin, the protein irreversibly crashed out of

aqueous solution. This loss of solubility has prevented protein based materials from being

used as photodegradable hydrogels. To counter this issue, I looked to change the charge den-

sity, and thus the solubility of the base protein through the addition of a sulfonic acid group.

Thus, conjugation of highly hydrophobic groups to the backbone of gelatin was made pos-

sible. I explored the photodegradability of gelatin-based gels and three-dimensional culture

of cells.

In Chapter 5 of this dissertation I successfully fabricated and demonstrated the applica-

bility of photodegradable polyacrylamide gels. For decades, polyacrylamide hydrogels have

been the standard material to study how cells interact with their surrounding physical en-

vironment. While tissue-culture plastic has been optimized for cell culture, its material

modulus is supraphysiologically stiff and can not be modified. With polyacrylamide-based

gels, researchers have been able to study cell behavior on physiologically soft materials. Just

as important, polyacrylamide gels have allowed researchers to modify the binding proteins

cells interact with. For these reasons, I expanded the use of polyacrylamide gels by incorpo-

rating photodegradable linkages that allowed for dynamic tuning of the gel elastic modulus.

I first synthesized a set of photodegradable bis-acrylate groups in order to crosslink the

linear polyacrylamide chains. Again, the hydrophobicity of the nitro-benzyl moiety made

the gel synthesis difficult. I applied a micellar polymerization technique by first solubilizing

the photodegradable crosslinkers using a surfactant (sodium dodecyl sulfate). Once soluble,

the hydrophobic crosslinkers were easily co-polymerized into the backbone of the polyacry-

lamide gels. Due to the outstanding flexibility of these gels, I explored cellular response to

the dynamic mechanical environment. I showed that, at least for the particular cell type

studied, dynamic changes to the matrix mechanical properties, significantly affect cell be-

havior, beyond that of static material stiffness alone. Since the binding protein attached to
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the surface of polyacrylamide gels could be readily modified, I also examined the interplay

between dynamic material modulus and cell-ligand interaction.

7.1.3 Advanced photolithography of photodegradable hydrogels

In Chapter 6 of this dissertation, I demonstrated the use of maskless photolithography to

pattern precise, high-resolution, grayscale patterns into photodegradable hydrogels. Light

is highly controllable in both time and space. For hundreds of years, researchers have used

light as a method to pattern materials through photo-chemical reactions. Over this time, the

techniques and tools of photographic patterning have expanded exponentially, allowing the

user extreme control over where, when, and at what intensity light can illuminate a substrate.

For these reasons I utilized such advances to pattern our photodegradable hydrogels. The

outstanding benefit of photodegradable hydrogels is that the material modulus is a strict

function of the degree of exposure. Thus, within the same material, a range of elastic moduli

can be patterned in both time and space. Grayscale and gradient patterns can be formed.

To accomplish grayscale patterning of photodegradable hydrogels, I used a process termed

“maskless photolithography” where a grayscale pattern of light was projected on the gel

surface. As a result, I showed that gradients of material modulus can be rapidly patternened

into photodegradable hydrogels in a highly controlled fashion, with stiffness patterns at the

sub-micron scale. Due to the flexibility of this process, any grayscale image/pattern could

be rapidly patterned into the gel, simply by uploading a new bitmap image. Using this

combination of materials a lithographic process, I studied how human mesenchymal stem

cells responded gradient patterns of different sizes and shapes.

7.2 Future Directions and Outlook

While this dissertation has addressed many challenges that have faced photodegradable

hydrogels, numerous unresolved issues and potential applications exist.
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7.2.1 Advancing models of gel photodegradation

While the mathematical models devised in this dissertation, examine the intricacies of

photodegradable hydrogels, they are still imperfect. For a model to properly predict network

properties physical values, such as the modulus E, swelling ratio Q, and network mesh size

ξ, should be calculated and tested experimentally. The model I have presented directly

calculates the number of respective network strand types (intact, dangling, free), which

can be used to estimate these parameters [100]. However, experimental verification still

needs to be performed. Furthermore, polymer networks are not ideal, and do not perfectly

behave according to theoretical predictions such as the phantom or affine network theory.

As networks form, dangling chains and loops of varying degrees form, and negatively impact

the networks [136]. A more advanced model should take these factors into account.

During our exploration of how diffusion of photoabsorbing species affects the photodegra-

dation process, we only modeled the problem in one dimension. While this simplification

may be appropriate if the networks are uniformly irradiated in the plane orthogonal to the

direction of light, any two-dimensional patterns of light will cause the model to progressively

break down. Flux of freely diffusing network strands will no longer only move along the

path of light, but also in the plane of the gel from more to less degraded regions. Two or

three-dimensional models are possible, but require more complicated models and computa-

tional power. We also realize that dynamic changes to the gel structure during degradation

will affect the degradation kinetics. As degradation proceeds, the mesh size increases and

the gel swells more. As a result, polymer network strand diffusion speed increases and be-

comes spatially heterogeneous. As the network swells, the distances strands need to travel

also become longer. Thus an estimation of the diffusion coefficient and volume change as a

function of the network degradation should be incorporated.

In the study of gel microstates, I simply looked at the different fractions of network

strands states. I did not examine the exact micro-gel topology that was formed, nor did I

take into consideration any variance of network strand concentration within the microstate.

In real polymer networks, these two factors play a significant role in the gel nano/micro-
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heterogeneity, and should be considered. Since the Master Equation only calculates the

probabilities that certain numbers of different network strands exist, variance of both topol-

ogy and network strand concentration can be easily incorporated. The Master Equation

can also be applied towards modeling the spatial heterogeniety of larger polymer networks.

The Master Equation outputs a histogram of microstate probabilities that can be directly

interpreted as a histogram of gel microstates spread out in space.

7.2.2 New photodegradable materials

The ultimate purpose of the photodegradable hydrogels developed in this dissertation is

to create more complex environments in which we can study cell behavior. By synthesizing

photodegradable gelatin gels, my goal was to replicate an environment that more closely

resembles the in vivo environment: cells can be cultured in a three-dimensional environment

composed of proteins. To study cells in 3D culture is inherently difficult. Cells need to

proliferate and restructure their environment. However, during restructuring, the matrix

mechanics change. Since the purpose of photodegradable gelatin is to structure and tune the

cellular mechanical environment, researchers must take this uncontrolled dynamic interaction

into account. While a material such as photodegradable gelatin may be intriguing as a

tissue engineering material, it’s ability to be used as a material to study fundamental cell

biophysics is limited. The techniques developed in this work are also not limited to only

attaching photodegradable groups to gelatin. We believe that this work has opened the door

towards conjugating a broader range of hydrophobic groups to a breadth of other proteins

and polypeptides. In particular, collagen, laminin, elastin, and fibronectin are all structural

proteins used to recreate extracellular matricies. Since the structure of these proteins is so

conserved, chemical modification, especially with hydrophobic groups (such as photofluors),

is difficult. By dictating the placement of charged groups on the protein structure, we hope

this limitation will be alleviated.

While we demonstrated the successful production of photodegradable polyacrylamide

gels, several improvements should be made in the future. First, the degradation kinetics
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should be improved. We found that a total of 40 minutes of exposure was needed to produce

the range of elastic moduli desired. Although we found that length of degradation did not

adversely affect cultured cells, shorter degradation times are preferable for logistic reasons,

and to potentially work with more sensitive cell types. We believe that the slow degradation

is linked to the clustering of photodegradable groups during micellar polymerization. In

addition, gels should ideally be fabricated without the aid of a surfactant. Addition of a

surfactant also requires the gels to be washed over a period of days before cell culture, which

is inconvenient. Even given these limitation, one of the brightest future applications of this

work is the ability to study the complex interplay between mechanical environment and cell

adhesion. With the development of photodegradable polyacrylamide gels, the dimension of

time-dependent mechanics is possible.

7.2.3 Utilizing photolithographic techniques

Since the purpose of the photodegradable hydrogels developed in this dissertation is to

create dynamic and heterogeneous cellular environments, I also sought out the necessary

techniques to properly pattern these gels. While I explore and highlight the application

of maskless photolithography for hydrogel degradation it is inherently limited since it uses

a projection-based method expose the surface of the gels. The patterns created are two-

dimensional, thus, full three-dimensional control over the matrix mechanics is not possible.

Depending on the application, the speed of degradation using the maskless photolithography

technique is also limiting. While in traditional photolithography an entire mask, which can

span hundreds of square centimeters, can be exposed all at once, maskless photolithography

requires that the sample surface be exposed window by window. Since the window size was

only ≈ 1 mm2 in this study, many degradations are needed to expose a large surface. We

expect, however, with increasing popularity of this technique, machines will be developed

to expose larger surface areas more rapidly. Despite these limitations, the combination of

material and patterning technique is powerful. Cell response to simple high-resolution one-

dimensional gradients is still not well studied, especially in three-dimensional culture.
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