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McKinnon, Daniel Devaud (Ph.D., Chemical & Biological Engineering)

Process Extension from Embryonic Stem Cell-Derived Motor Neurons through Synthetic

Extracellular Matrix Mimics

Thesis directed by Distinguished Professor Kristi Anseth

This thesis focuses on studying the extension of motor axons through synthetic poly(ethylene

glycol) PEG hydrogels that have been modified with biochemical functionalities to render

them more biologically relevant. Specifically, the research strategy is to encapsulate em-

bryonic stem cell-derived motor neurons (ESMNs) in synthetic PEG hydrogels crosslinked

through three different chemistries providing three mechanisms for dynamically tuning ma-

terial properties. First, a covalently crosslinked, enzymatically degradable hydrogel is de-

veloped and exploited to study the biophysical dynamics of axon extension and matrix

remodeling. It is demonstrated that dispersed motor neurons require a battery of adhesive

peptides and growth factors to maintain viability and extend axons while those in contact

with supportive neuroglial cells do not. Additionally, cell-degradable crosslinker peptides

and a soft modulus mimicking that of the spinal cord are requirements for axon extension.

However, because local degradation of the hydrogel results in a cellular environment signif-

icantly different than that of the bulk, enzymatically degradable peptide crosslinkers were

replaced with reversible covalent hydrazone bonds to study the effect of hydrogel modulus

on axon extension. This material is characterized in detail and used to measure forces in-

volved in axon extension. Finally, a hydrogel with photocleavable linkers incorporated into

the network structure is exploited to explore motor axon response to physical channels. This

system is used to direct the growth of motor axons towards co-cultured myotubes, resulting

in the formation of an in vitro neural circuit.
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with behavioral assessments indicate cell transplantation was successful in
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1.7 A) Schematic of the device designed in the Kam Group to investigate the role

of patterned surfaces on motor axon extension. Embryoid bodies were seeded

behind a perforated barrier that allowed axons, but not cells to pass through.

Proteins of interest with stamped into channels on the other side of the barrier

and the interaction between the proteins and the axons were observed through

fluorescence microscopy. B) 3D rendering of the same device C) N-cadherin

was shown to be attractive as the axons preferentially extend along N-cad

tracks, D) while Ephrin-B2 was shown to be respulsive.3 Scale bar is 200 μm. 15
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1.8 A) NPCs encapsulated in hydrolytically degradable PEG hydrogels did not

extend axons through the material when the cross linking density was high,

but rather when degradation proceeded beyond a critical threshold (B). Scale

bar is 20 μm.4 C) Using collagen gels and Neural Growth Factor (NGF) gradi-

ents, the Goodhill group showed control over and predictive ability over DRG

axon extension. Scale bar is 400 μm.5 D) The Renaud group constructed

elegant microfluidic devices containing six different regions, one for each layer

of the cortex. These devices were used to fabricate an alginate-based microen-

vironment that recapitulated critical aspects of the connectivity and function

of each layer.6 E) The Shoichet group photo-patterned adhesive fibronectin-

based peptide RGDS into an alginate hydrogel, showing DRG cells migrate

and extend axons into only the patterned areas (green). Scale bar is 100 μm.7

F) The Schichet group exploited a more sophisticated technique to pattern

sonic hedgehog protein gradients into a similar agarose gel (shown below dot-

ted white line) and demonstrated NPCs migrate towards the gradient (above),

but not towards a gel functionalized with only RGDS (below). Scale bar is 50

μm.7,8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.9 The basic anatomy of a PEG hydrogel. PEG chains, show in blue, are con-

nected through some crosslinking reaction that transforms soluble polymer

chains into a solid material suitable for biological applications shown with an

image of such a PEG hydrogel at right. . . . . . . . . . . . . . . . . . . . . . 19

1.10 A step growth PEG hydrogel is a system of multi-arm PEG molecules crosslinked

through some mechanism and generally functionalized with active biomolecules.

The scale bar is 5 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
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xiv

3.2 Schematic illustrating ESMN encapsulation in degradable peptide crosslinked

PEG hydrogels functionalized with ECM-mimic peptides, a cationic peptide,

and bFGF. Gels were formed using a thiol-ene click chemistry and LAP as a

visible-light photoinitiator. (a) Chemical structures of network components

are shown along with schematic representations. (b) The mechanism for

gel formation relies on radical-mediated thiol-ene chemistry to produce step

growth networks. Free thiols quickly and efficiently initiate chain transfer

minimizing radical damage to other species. (c) Motor neurons are encapsu-

lated in the gel formulations and interact with pendent YIGSR and RGDS

groups through integrin-mediated binding. Within 36 hours MMPs expressed

by the neurons erode defects through the network and allow axons to extend.

The diagram is not to scale but has been enlarged to show all of the gel com-

ponents. The mesh size of the network is on the order of ca. 10 nm while an

axon is ca. 1 μm in diameter. . . . . . . . . . . . . . . . . . . . . . . . . . . 33
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36 hours post-encapsulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.4 Confocal Z-stacks Live (green)/Dead (red) stain of dissociated ESMNs in func-
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4.2 Plots showing the rate of hydrazone formation as monitored by UV-visible

spectroscopy. a) Plot of hydrazone formation upon reacting N-methylhydrazine

(25 μM) and butyraldehyde (25 μM) in PBS, pH 7.4. Each data point rep-

resents the mean value from three independent kinetic runs. Error bars rep-
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N-methylhydrazine (25 μM) and 4-nitrobenzaldehyde in PBS, pH 7.4. Each

data point represents the mean value from three independent kinetic runs.
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4.4 a) Hydrogel modulus can be controlled by incorporating crosslinkers of differ-

ent functionalities or varying the stoichiometry of functional groups (dark

bars, on stoichiometry; light bars 50% excess hydrazine, Students t-test,

p<0.05). b) 4-H:4-AA shows frequency-dependent crossover below 0.03 rad/s,

which indicates that it behaves as a Maxwellian viscoelastic fluid (filled squares,

G′; empty squares, G′′; solid line, G′ Maxwell fit; dashed line, G′′ Maxwell fit).
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hyde crosslinker, with relaxation times ranging from tens of seconds to tens of

hours (bars, 100:0 4-AA:4-BA; triangles, 80:20; circles, 0:100). When the mole

fraction of 4-BA crosslinker crosses the percolation threshold of the system,

the stress relaxation behavior collapses to that of 0:100. Stress relaxation

of 4-H:4-AA and 4-H:4-BA are in good agreement with the Maxwell model

(dashed lines). Covalent adaptability can be abolished upon treatment by

sodium cyanoborohydride, which reduces the hydrazone bond to the corre-

sponding secondary hydrazine (asterisks). d) Stress relaxation can be shown

macroscopically through molding. 4-H:4-AA and 4-H:4-BA were pressed into

square and triangular molds for 60 s, with 4-H:4-AA adopting the shape of

the mold as a viscoelastic fluid and 4-H:4-BA retaining its shape as a more
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4.9 The rheological properties of complex tissue can be emulated using covalently

adaptable hydrogels. a) The elastic modulus of mouse muscle (thin solid line,

G′; thin dashed line, G′′) begins to sharply decrease below 1 rad/s, possibly

due to the fibrous nature of the tissue, while the 8-H:8-AA (thick solid line,

G′; thick dashed line, G′′) exhibits this property below 0.05 rad/s. However,

G∞ of the mouse muscle can be exactly matched. b) The mouse muscle

(triangles) demonstrates significant stress relaxation over 10 minutes and fits

a two-mode Maxwell model (solid line). 8-H:8-AA (diamonds) comes close
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Chapter 1

Introduction

1.1 Background of Neurodegenerative Diseases

The frontiers of medicine have pushed the mean global life expectancy from 31 years

old in 1900 to 67 years old today.13 Medical researchers have unveiled antibiotics, biologics,

retroviral inhibitors, and targeted chemotherapeutics that have saved millions of lives, rele-

gating the once mass killers of tuberculosis,14 diabetes,15 HIV,16 and childhood leukemia17

to largely treatable conditions. However, as the average human lifespan has increased, new

classes of disease have begun to ravage our aging population. For example, neurodegenera-

tive diseases like Parkinson’s disease, Amyotrophic Lateral Sclerosis, and Alzheimer’s disease

appear relatively late in life and are caused by the selective deterioration of populations of

nerve cells. These cells, called neurons, are considered by many to be the most complex cells

found in the body. Neurons transmit electrical messages and assemble into vast networks

containing trillions of synaptic connections that enable the complex reasoning behind theses

such as this one. However, neurons are some of the most delicate cells in the body and

are often the first cell type to succumb to oxidative damage associated with aging.18–20 The

relatively recent appearance of these neurodegenerative diseases coupled with the complexity

of the neurons associated with the diseases results renders a poor outlook for patients. In

fact, the prognosis for patients afflicted with these conditions is often quite bleak. Patients

diagnosed with amyotrophic lateral sclerosis (ALS) suffer from the subtype specific loss of

motor neurons and can expect to die of respiratory failure within 3-5 years. Those diagnosed
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with Parkinson’s and Alzheimer’s disease face more positive outcomes, but these patients

can suffer for years with severely impaired physical and cognitive abilities. To date, most

treatments are sub-optimal and no cure exists.

1.2 Treatment Options for Neurodegenerative Diseases are Limited

While their mechanisms of action are largely unknown and suggested to be disparate,

with genetics and environmental factors playing roles in each, the three most common neu-

rodegenerative diseases share a grim outlook for treatment. The one million Americans

suffering from Parkinson’s disease are commonly treated through initially dosing them with

neuroprotective therapies like the drug Selegiline, which inhibits the monoamine oxidase en-

zyme. However, the efficacy of this drug is still debated and dozens of compounds have been

suggested to serve as neuroprotectants. This treatment is commonly combined with treat-

ment by a dopamine agonist, but quickly loses efficacy. After which, L-DOPA, a dopamine

precursor that allows remaining cells to produce more dopamine, is introduced with or with-

out a catechol-O-methyl transferase inhibitor. Once these pharmaceutical strategies fail to

control the progression of symptoms, surgical options like deep-brain electric stimulation are

considered.21 However, significant debate still exists among clinicians as to the best course

of treatment, and while these therapies can delay the progression of the disease, no cure

exists.21 The treatment options for the 5.2 million Americans with Alzheimer’s disease are

even more limited. While dozens of different drugs are either approved or in development

that target almost as many genes, most drugs only marginally reduce or delay some of the

symptoms. In fact, large meta-analyses of clinical studies question whether the benefits of

these treatments are large enough to justify their use.22 The 30,000 Americans diagnosed

with ALS face perhaps the easiest and yet most difficult treatment decision. While Parkin-

son’s and Alzheimer’s patients have the option to consider treatment by a number of different

drugs of varying efficacy, ALS patients have only one. Riluzole is known to improve gluta-

mate uptake in early-stage ALS patients and has been shown to extend lifespans by several
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Figure 1.1: Riluzole (left) and Dexpramipexole (right), a structurally similar drug that
recently failed in Phase III clinical trials. Riluzole is currently the only drug approved to
treat ALS and displays questionable efficacy.

months (Figure 1.1).23,24 However beyond this compound and several others in clinical trials,

ALS patients have no options.

All of these treatments for neurodegeneration serve only to treat some of the symp-

toms, but do not address the root cause of the underlying disease. While developing drugs

and other treatments for these conditions is an active area of medical research, mechanisti-

cally neurodegenerative diseases are much more complicated than those already conquered

by molecular medicine. Historically, a drug is often designed to target a single gene or

mechanism, for example bacterial cell wall synthesis that is disrupted by treatment with

antibiotics. However, other than oxidative damage,19 which appears to be a common theme

among neurodegenerative diseases, no single or even collection of genes has been shown to

be responsible. This lack of a target makes neurodegeneration extremely difficult to treat

using existing medical approaches, even with refinements and improvements in drug deliv-

ery and targeting over the last century. The dozens of genes associated with Parkinson’s,

Alzheimer’s, and ALS serve to render existing strategies high ineffectual.25 Additionally, the

gene defects that are most closely associated with the disease states are frequently seen in

only a small fraction of the overall population, further reducing the utility of this classical
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approaches. For example, the most common gene associated with ALS, SOD1, is linked with

only 2% of cases, with similar statistics and variability reported for other neurodegenerative

diseases.26 This genetic diversity makes neurodegenerative diseases tremendously difficult to

treat with drugs, and therefore, a prime candidate for exploring new paradigms.

1.3 Cell Replacement Therapy Has Been Used to Treat Parkinson’s

Despite the challenges of identifying and delivering drugs to treat neurodegenerative

diseases, recent advances in stem cells suggest potentially revolutionary treatment options

through cell replacement therapies. While the mechanistic basis for Parkinson’s and ALS is

largely unknown, both are caused by the specific death of classes of nerve cells. Dopaminergic

neurons die in the case of Parkinson’s and motor neurons in the case of ALS. Cell replacement

therapy focuses on strategies to replace the damaged dopaminergic or motor neurons with

new cells that can function in place of their diseased counterparts. Because the damaged

cell types are biologically very well understood, if new cells could be generated, implanted,

and reintegrated into existing neural circuits, both of these devastating diseases could be

potentially cured.

This strategy has already been demonstrated in clinical trials for the treatment of

Parkinson’s disease. Professor Curt Freed, of the University of Colorado School of Medicine,

and colleagues succeeded in transplanting human embryonic dopamine neurons into the

brains of patients with severe Parkinson’s disease.1,27 They isolated human embryonic mes-

encephalic tissue containing dopamine neurons and implanted the tissue into the forebrains

of patients receiving treatment. Patients were monitored following the surgery through both

functional assessment and PET imaging detecting the uptake of labeled DOPA. Overall,

young patients were shown to statistically improve in both functional and dopamine uptake

measures (Figure 1.2), and many patients were able to discontinue L-dopa supplementation.

Further, the delivered cells were shown to survive and grow, indicating the brain environment

of the Parkinson’s patient was not toxic to transplanted cells.1,27,28 Imaging of patient brain
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sections post-mortem revealed robust process extension from the transplanted cells into the

surrounded brain region, indicating integration and reinvervation.28

1.4 Cell Replacement Therapy Has Been Proposed to Treat ALS

Cell replacement strategies may be particularly appropriate for ALS sufferers, as the

cellular mechanisms of the disease are very well understood (Figure 1.3).29 ALS patients

lose their motor neurons, the type of neuron that relays signals for motion from the spinal

cord to the musculature. Initially, ALS patients show decreased isokinetic strength, with

isometric strength falling soon after, as increasing populations of motor neurons die. Even-

tually, the disease progresses to the motor neurons controlling the diaphragm, leading to loss

of control of the muscles related to breathing.30 If these motor neurons could be replaced

in the spinal cord and guided to reconnect to their target muscles, these functions could be

restored. However, several hurdles limit this approach. First, human embryonic tissue is

limited and difficult to isolate. The human brain contains only 400,000 dopaminergic neu-

rons, and dopaminergic neurons are generally isolated to the substantia nigra, so implanting

a limited number of cells in this specific area of the brain has the potential to more readily

integrate and reverse disease progression.31,32 In contrast, motor neurons exist in numerous

pools spanning the length of the spinal cord rendering this approach more difficult. The lo-

cation of motor neuron cell bodies varies by up to a meter in the spinal cord where they are

organized into complex pools and columns that would be difficult to reproduce through sim-

ple cell transplantation methods.33 Second, dopaminergic neurons enervate limited regions

of the brain and can be implanted directly into those regions.1,32 Because motor neurons

have to transmit a signal from a descending input, a cortical neuron, to the muscle, they

cannot be simply implanted in the muscle tissue. The motor neurons must be implanted

in the spinal cord, be enervated by the descending cortical neurons, and extend axons into

the musculature. Each of these individual steps presents a daunting challenge, let alone

coordinating all three events.
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Figure 1.2: Assessment of dopa uptake by patients who received cell transplantation therapy
for Parkinson’s disease or a sham surgery using 18F-labeled fluorodopa and PET imaging.
The images are axial brain scans where red areas indicate a strong PET signal signifying
strong uptake of fluorodopa, which is correlated to the progression of Parkinson’s disease.
Increased uptake is shown after transplantation surgery, but not after the sham surgery.
This imaging along with behavioral assessments indicate cell transplantation was successful
in treating younger Parkinson’s patients.1
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Despite the complexity of this process of re-innervation, the biology of motor neurons

is one of the best understood in the central nervous system.34 In vivo, their cell bodies

reside in the spinal cord and during development they extend axons towards muscle groups

that is determined by their position in the spinal cord.33 These axons are able to carry

electrical signals from the cell body to its target muscle, allowing the brain atop one’s head

to fire a muscle at the tip of one’s toe.35 Furthermore, the molecular biology and function

of motor neurons has been extensively studied, and many neurotrophins, chemo-attractants,

and chemo-repellents have been elucidated using genetic35–39 and other techniques40–42 to

better understand what guides the formation of functional neuromuscular junctions This

strong biological foundation combined with the specificity of ALS to motor neurons suggest

that this cell type may be an excellent candidate to study in relation to cell replacement

therapy.

Furthermore, while reliable cell sources for embryonic dopaminergic cells are lacking,

motor neurons can be easily generated from embryonic stem cells,2 induced pluripotent stem

cells,43 or even directly from fibroblasts.44 While research has progressed since Professor

Freed and colleagues’ early cell transplantation studies and evidence exists that embryonic

stem cells can be differentiated in vivo and ex vivo into dopaminergic neurons,45,46 the

functional properties of motor neurons have been extensively tested both in vitro and in

vivo.2,43,44,47–50 To generate motor neurons from mouse embryonic stem cells, only one week

and two small molecules are required. ES cells are plated on gelatin coated polystyrene

dishes, expanded for two days, placed in suspension culture for two days, then treated with

1 μM retinoic acid and 1 μM smoothened agonist (Figure 1.4). Three days later, motor

neurons are mature and ready for experimentation.2,51 Nearly identical processes have been

adapted for human embryonic stem cells and human induced pluripotent stem cells.43,52–55

Very recent advances have led to the direct transdifferentiation of human fibroblasts to motor

neurons using viral vectors, which have been used to study in vitro behavior of ALS versus

normal motor neurons, but, due to the use of viral vectors, this method is currently less
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Figure 1.3: The cell bodies of motor neurons reside in the spinal cord from where they
project axons toward their targeted muscle fibers. Motor neurons serve as biological wires
to connect the brain to the musculature.
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interesting for regenerative medicine applications.44

For all intents and purposes, embryonic stem cell-derived motor neurons (ESMNs) rep-

resent an unlimited source of motor neurons for fundamental studies and applications as a

potential cell replacement therapy. This statement has been extended to induced pluripotent

stem cells and trans-differentiated cells recently and technology now exists to generate mo-

tor neurons whose genetic profile is essentially identical to that of the patient, eliminating

potentially serious issues with immune rejection.43,44,55 Regardless of source, all of these

lab-generated motor neurons have been shown to integrate into existing neural circuits in

developing embryos in manner that appears identical to primary motor neurons.2,43,44,47–50

The transplanted cells respond electrically to neurotransmitters, form functional synapses

with myotubes, code nearly identical RNAs, and express the same pre- and post-synaptic

proteins as their primary counterparts. Additionally, an embryonic cell line that expresses

eGFP under control of Hb9, a transcription factor specific to motor neurons, has been gen-

erated in the lab of Professor Thomas Jessell and colleagues to allow easy visualization of

cell behavior (Figure 1.5).2 This cell line enables easier and higher-throughput studies of

many aspects of motor neuron behavior without time consuming immunostaining to verify

the cellular identity. This cell line has been kindly provided to our research group, and has

been used as part of this thesis research.

Unfortunately, despite the detailed characterization of motor neuron biology and ad-

vances in stem cell culture to provide a robust source for motor neurons, intraspinal delivery

of motor neurons in adult animals has thus far been largely unsuccessful.56,57 In embryonic

chick and prenatal mouse animal models, ESMNs transplanted into the spinal cord extend

axons towards and form functional synapses with their myotube targets in a subtype-specific

manner.2,49 The transplanted cells seem to behave identically to their primary counterparts.

However, when transplanted into the adult central nervous system (CNS), the axons gen-

erally fail to exit the spinal cord and enervate the musculature. Rather, the axons grow

parallel to the spinal cord without restoring function (Figure 1.6).
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Figure 1.4: Retinoic acid (top) and smoothened agonist (bottom) are two inexpensive, com-
mercially available small molecules used to generate motor neurons from embryonic stem
cells easily and efficiently.
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Figure 1.5: Hb9::GFP mouse embryo clearly showing GFP+ motor neurons. The cell bodies
reside in the spinal cord and axons extends into the musculature.2 Scale bar is 1 mm.
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Figure 1.6: ESMNs transplanted into the adult mouse spinal cord, split axially above, extend
axons along the axis of the spinal cord, but do not exit and enervate the musculature. Notice
the axons travel parallel to the cord, rather than perpendicular as they do during development
when they enervate the musculature.
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1.5 Transplanted Motor Neurons Largely Fail to Extend Axons into the

Musculature

Professor Douglas Kerr and colleagues have reported modest functional improvement

upon implantation of motor neurons in paralyzed adult rats in conjunction with several

drugs and neurotrophins. His group delivered ESMNs along with Glial-Derived Neurotrophic

Factor (GDNF), the most commonly delivered neurotrophin in the motor neuron litera-

ture,58–60 rolipram, an anti-inflammatory and potentially neuroprotective small molecule,61

and dibutryl cyclic adenosine monophosphate (cAMP), use to inhibit myelin-mediated axon

repulsion.57 Their results showed a modest functional improvement in animals treated with

high doses of all four compounds. While these initial experiments are promising, many chal-

lenges exist as the vast majority of transplanted cells did not survive, and of the surviving

cells, most of their axons did not exit the spinal cord. Each motor neuron extends a single

axon, and of the 60,000 cells transplanted, only 80 axons were found in the musculature.

With this level of integration, this means roughly that only one tenth of one percent of

delivered cells would have the potential to reverse the course of ALS. Furthermore, the par-

alyzed rat model may or may not reproduce many of the critical aspects of the environment

found in ALS patients, as the injury model does not include the assault of the underlying

disease.56,57 Ultimately, the marginal functional improvement of these mice likely correlates

with a lack of a better understanding of the conditions that promote axon extension. It is

unknown why implanted motor axons reach their targets in embryonic animals and not in

adult animals, but clearly differences in the cellular microenvironment is playing a role in

the opposing outcomes. This premise relates to the motivation for this thesis research, as

I seek to develop a biomaterial culture system for primary motor neurons. In particular, I

aim to identify matrix microenvironmental conditions that are favorable to promote axon

extension and provide for an improved understanding as to how biophysical and biochemical

cues can be engineered to promote or inhibit axon extension.
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1.6 Studying Motor Axon Extension Could Lead to a Solution

Several innovative platforms have emerged to culture motor neurons and examine mo-

tor axon responses to specific chemical or physical challenges. Specifically, Professor Lance

Kam and coworkers developed a compartmentalization chamber to study the effect of sev-

eral tethered proteins on axon extension in 2D. They confirmed the attractive effect of

N-Cadherin, a transmembrane protein involved in cell adhesion, and the repulsive effect of

Ephrin B2, a membrane protein implicated in many developmental roles, and quantitatively

established the crosstalk between bFGF and N-Cadherin signaling (Figure 1.7).3 Professor

Hynek Wichterle and coworkers employed a similar device to show that ESMN response to

ephrin-A5, Sem3f, and Sema3a is dose dependent and reliant upon protein synthesis in the

axon compartment at low concentrations, but independent at high concentrations.62

When the perspective is broadened to the study of all neurons, however, engineering

techniques have been widely employed to study axon extension, primarily of dorsal root gan-

glia (DRG) explants due to their robustness and ease of isolation. This literature has revealed

quantitative information on the dynamics of outgrowth in response to many biochemical and

biophysical signals. For example, previous work in the Anseth group has demonstrated the

importance of hydrogel crosslinking density on axon extension of neural progenitor cells

(NPCs). Hydrolytically degradable chain growth hydrogels, (described in the next section)

whose time-dependent degradation behavior was well-characterized, were used to determine

how NPC axons would extend in response to changing biophysical properties.4 The Renaud

group has developed elegant microfluidics devices combined with agarose-alginate hydrogels

to simulate all six cortical layers and showed that encapsulated cells behave in a layer-specific

fashion and extend axons towards neurotrophic B27 supplement.6,63 The Shoichet group has

a long history of contributions to the neural tissue engineering community and, in research

related to this thesis, has exploited various photochemistries to show DRG explants follow

an RGD channel into an agarose gel and NPCs migrate towards a sonic hedgehog gradi-
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Figure 1.7: A) Schematic of the device designed in the Kam Group to investigate the role
of patterned surfaces on motor axon extension. Embryoid bodies were seeded behind a
perforated barrier that allowed axons, but not cells to pass through. Proteins of interest
with stamped into channels on the other side of the barrier and the interaction between the
proteins and the axons were observed through fluorescence microscopy. B) 3D rendering of
the same device C) N-cadherin was shown to be attractive as the axons preferentially extend
along N-cad tracks, D) while Ephrin-B2 was shown to be respulsive.3 Scale bar is 200 μm.
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ent. Both of these experiments were accomplished through functionalizing agarose gels with

caged thiol moieties that became reactive upon exposure to UV light. Biomolecules func-

tionalized with groups that react with the thiol molecules were allowed to swell into the gel,

only coupling where light was exposed. Thus, the Shoichet was able to carefully control

biochemical environment in three dimensions and monitor the response of DRG explants to

RGD peptide and NPCs to a sonic hedgehog protein gradient.7,8 The Goodhill group has

combined diffusion modeling and axon guidance and showed that DRG explants predictably

extend axons towards an NGF gradient in a collagen gel.5,64 Collectively, these contribu-

tions demonstrate excellent techniques for culturing neurons and their precursor, and the

research indicates that materials and microenvironments can be manipulated to influence

axon extension (Figure 1.8. While inspiration and ideas are drawn from this body work,

this thesis will focus on the development of new types of hydrogel materials, dynamic and

tunable systems, that we hypothesize will be useful for studying and directing the extension

of motor axons.

1.7 PEG Hydrogels Will Be Used to Study Conditions Favorable to Motor

Axon Extension

To this end, I will develop and characterize a three-dimensional hydrogel system that

allows for the encapsulation and culture of motor neurons in a microenvironment that can

recapitulate many aspects of that found in vivo. Hydrogels have a strong history in regen-

erative medicine because of their high water content, tissue-like mechanics, wide range of

constituents, and strong biocompatibility.65 In addition, these same characteristics allow the

study of fundamental biological processes in a 3D environment that can be imaged using

standard microscopy tools. Hydrogels have been used to identify differences in cell behav-

ior in 2D vs. 3D environments,66 study the effects of tethered or sequestered vs. solubly

delivered biochemical signals,67 and investigate the role of substrate modulus on stem cell

differentiation.68 Additional, the chemical flexibility of hydrogels allows facile incorporation
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Figure 1.8: A) NPCs encapsulated in hydrolytically degradable PEG hydrogels did not
extend axons through the material when the cross linking density was high, but rather when
degradation proceeded beyond a critical threshold (B). Scale bar is 20 μm.4 C) Using collagen
gels and Neural Growth Factor (NGF) gradients, the Goodhill group showed control over
and predictive ability over DRG axon extension. Scale bar is 400 μm.5 D) The Renaud
group constructed elegant microfluidic devices containing six different regions, one for each
layer of the cortex. These devices were used to fabricate an alginate-based microenvironment
that recapitulated critical aspects of the connectivity and function of each layer.6 E) The
Shoichet group photo-patterned adhesive fibronectin-based peptide RGDS into an alginate
hydrogel, showing DRG cells migrate and extend axons into only the patterned areas (green).
Scale bar is 100 μm.7 F) The Schichet group exploited a more sophisticated technique to
pattern sonic hedgehog protein gradients into a similar agarose gel (shown below dotted
white line) and demonstrated NPCs migrate towards the gradient (above), but not towards
a gel functionalized with only RGDS (below). Scale bar is 50 μm.7,8
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of stimuli-responsive moieties that can be used to modulate the biochemical environment

over time and while quantitatively measuring cell response.69–72 More specifically, I propose

to use poly(ethylene glycol) (PEG) hydrogels as a synthetic analog of the extracellular ma-

trix. PEG has been used for many years as a bioinert polymer in consumer products ranging

from shampoos to detergents. PEG is totally synthetic, extremely consistent from batch to

batch, has well-defined chemical properties, and can serve as a blank slate for studying cell

response to applied cues.

To engineer a PEG hydrogel for 3D cell culture, one must first consider the crosslinking

chemistry. Unlike bulk polymer systems with limited chain mobility and strong interactions,

PEG dissolves in water in the absence of strong chain-chain interactions. However, PEG

chains are often terminated with alcohol functionalities, and these end groups make the

installation of reactive chemical moieties to facilitate chemical crosslinking quite straight-

forward (Figure 1.9). For example, reacting acrylic acid with PEG via a simple ester con-

densation results in a bifunctional PEG chain with an acrylate group on each end. Because

each acrylate group can react with two others through a simple radical-mediated chain re-

action, exposing a solution of these bifunctional PEGs to an initiator results in a hydrogel

crosslinked through acrylate chains. This simple system has proven quite versatile for the

culture of numerous primary cells, such as the early work that allowed researchers to generate

and study the formation of cartilage through the encapsulation of chondrocytes.73-7573–75

However, many cell types require more than a blank-slate matrix to survive and proliferate.

Osteoblasts, bone cells, produce significantly more bone when the hydrogel is functionalized

with an adhesive moiety like the peptide RGDS, which is derived from fibronectin, a compo-

nent of the extracellular matrix.76 By simply functionalizing RGDS with an acrylate group

and including it in the gelation solution, an adhesive hydrogel that promotes bone formation

can be formed.77 Therein lies the power of synthetic PEG hydrogels. By exploiting their

well-defined chemical properties and ease of modification, it is possible to design materials of

increasing complexity and functionality to manipulate and direct desired cellular processes.
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Figure 1.9: The basic anatomy of a PEG hydrogel. PEG chains, show in blue, are connected
through some crosslinking reaction that transforms soluble polymer chains into a solid ma-
terial suitable for biological applications shown with an image of such a PEG hydrogel at
right.

In particular, this thesis will investigate how modifying the functionalization and

crosslinking of step-growth PEG hydrogels can be used to identify biochemical and biophys-

ical conditions that permit and/or promote motor axon extension. Step-growth hydrogels

will be formed by coupling multi-arm PEG macromers through crosslinking chemistries that

are easy to design and understand based on the structure of the precursor molecules (Fig-

ure 1.10). Mechanical properties will be tuned likewise by changing the density of crosslinks.

This level of control will then be applied by demonstrating the translation of the materials

into both a potential cell delivery vehicle and a tool to study axon extension.

1.8 Design Parameters for PEG Hydrogels Used to Study Motor Axon

Extension

Unlike the primary chondrocytes and osteoblasts mentioned before, motor neurons have

very specific matrix requirements for both survival and axon extension. Neurons are easily

damaged by oxidative stress, exist both in the central nervous system microenvironment of

the spinal cord but also in the peripheral nervous system environment, and extend axons

vast distances to fulfill their signaling roles. Thus, a PEG hydrogel designed to study this

cell type must incorporate specific design parameters to enable these diverse functions. For-

tunately, significant progress has been made in the neuroscience literature to elucidate the
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Figure 1.10: A step growth PEG hydrogel is a system of multi-arm PEG molecules crosslinked
through some mechanism and generally functionalized with active biomolecules. The scale
bar is 5 mm.
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conditions required to culture motor neurons in vitro. Researchers commonly culture motor

neurons on glass coverslips coated with cationic polymers, laminin, and include growth fac-

tors like GDNF, CNTF, and BDNF in the media.37,78-802,78–80 This collection of literature

focused on traditional 2D cultures represents a logical starting point for engineering a PEG

hydrogel that would support the viability of motor neurons of 3D. While some cell types can

be confined to their initial shape in a polymer network, axon extension is a critical aspect

of motor neuron biology to be studied, and the mesh size of a typical PEG polymer network

is on the order of ten nanometers, which prevents reptation through the network. For com-

parison, motor neurons must extend axons, which have a diameter of roughly one micron;81

therefore, some mechanism for degradation or relaxation must be built into the network

crosslinkers. This degradation can be achieved through either engineering hydrolytically,

photo-, or enzymatically degradable bonds that can be cleaved on a time scale consistent

with axon extension or through reversible chemical or physical crosslinks that yield to ad-

vancing axons. Previous work in our group has studied the effect of hydrolytically degradable

PEG hydrogels on axon extension from neural stem cells, but these systems lead to bulk ma-

terial property changes.4 This thesis aims to complement this work by designing degradable

hydrogels with photodegradable linkers (for spatial control), enzymatically degradable link-

ers (for cellular and local control), or reversible bonds as reversible (de)crosslnking to allow

and/or direct axon extension.

1.9 Chapter Summaries

Overall, this thesis focuses on studying the extension of motor axons through synthetic

poly(ethylene glycol) PEG hydrogels that have been modified with biochemical functional-

ities to render them more biologically relevant. Specifically, the research strategy is to en-

capsulate embryonic stem cell-derived motor neurons (ESMNs) in synthetic PEG hydrogels

with dynamically tunable properties through three distinct mechanisms. First, a covalently

adaptable hydrogel is developed and exploited to study the biophysical dynamics of axon
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extension and matrix remodeling. These results are discussed in Chapter 3, where I employ a

cell-degradable peptide crosslinker to allow axon extension. Results show that dispersed mo-

tor neurons require a battery of adhesive peptides and growth factors to survive and extend

axons, while those in contact with supportive neuroglial cells do not. Additionally, experi-

ments show that the cell-degradable peptide is a requirement for axon extension and a soft

modulus that more closely mimics that of the spinal cord results in superior axon extension

and cell viability.81 However, because local degradation of the hydrogel results in a cellular

environment significantly different than that of the bulk, an alternative approach is investi-

gated that replaces the cell-degradable peptide with a reversible covalent bond to study the

effect of hydrogel modulus on axon extension. These results are presented in Chapters 4 and

5 where the synthesis and characterization of a cytocompatible covalent adaptable network

suitable is introduced.82 In Chapter 6, a strategy is proposed for encapsulating motor neu-

rons into covalently adaptable hydrogels and calculating the force of their axon extension.

Finally, a photodegradable hydrogel is exploited to explore motor axon response to physical

channels and co-cultured myotubes in a user defined manner. The advantages of this system

include a facile and robust biochemical and biophysical control of the matrix properties, spa-

tially controlled degradation, minimal non-specific signaling, consistent material properties,

and simplicity of synthesis.83,84 These results are summarized in Chapters 7 and 8. Chapter

9 summarizes the main conclusions of this thesis and provides my perspective on compelling

future directions.



Chapter 2

Objectives

The overall aim of this thesis is to exploit synthetic PEG hydrogels to study motor

axon response to varying biochemical and biophysical environments. The hypothesis is that

embryonic stem cell-derived motor neurons (ESMNs) encapsulated in synthetic hydrogels

will provide fundamental insight into the mechanics of axon extension when challenged with

a microenvironment recapitulating critical aspects of that found in vivo. Three material

platforms based on three unique crosslinking chemistries will enable the systematic variation

of different aspects of the cellular microenvironment and illuminate the role of biochemi-

cal environment, biophysical environment, and chemo-attractive factors on axon extension.

Specifically, irreversible thiol-ene bonds will be employed to study motor neuron response to

changes in biochemical and biophysical microenvironment, adaptable bis-aliphatic hydrazone

bonds will be employed to study motor neuron response to varying viscoelastic environments,

and degradable nitrobenzyl triazole bonds will be employed to study motor neuron response

to physical channels. The specific aims of this thesis are to:

Aim I. Synthesize permissive PEG hydrogel matrices that allow long-term culture and

extension of motor axons from ES-cell derived motor neurons and study motor axon exten-

sion as a function of the biochemical microenvironment, matrix degradability, and scaffold

elasticity.

Aim II. Develop covalently adaptable PEG hydrogels that facilitate the characterization

and quantification of axon extension from ESMNs, circumventing large changes in local
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crosslinking density that convolutes quantitative analysis. Further, explore the role of matrix

biophysical signals on growth cone pathfinding.

Aim III. Develop synthetically accessible photodegradable PEG hydrogels that allow

researcher to study motor axon growth and the influence of axon outgrowth as a function of

a three-dimensional matrix properties. Finally, demonstrate the ability to understand and

manipulate axon guidance to direct outgrowth and facilitate the formation of neural networks

in vitro. This will be demonstrated through the formation of a simplified neuromuscular

junction between an ESMN and myotube.

The first objective focuses on culturing primary embryonic stem cell derived neurons in

three-dimensional (3D) microenvironments that more closely recapitulate critical biochemi-

cal and biophysical aspects of the developing or adult central nervous system (CNS). Despite

years of study, this remains a significant challenge in neurobiological studies and in regen-

erative medicine. Research associated with the first aim exploits recent advances in PEG

hydrogel chemistries to define synthetic niches capable of supporting the culture and axonal

outgrowth of both aggregated and dissociated mouse embryonic stem cell-derived motor

neurons (ESMNs). Due to the specificity of a thiol-ene click reaction and the relatively

low concentration of free radicals generated, thiol-ene crosslinked PEG-peptide hydrogels

were engineered to permit neuronal survival and promote axon outgrowth through cell-

extracellular matrix interactions, such as those between the laminin-derived YIGSR and its

integrin. This material system allows primary neurons to remodel their extracellular envi-

ronment through matrix metalloproteinase (MMP)-mediated network degradation and was

exploited to study the role of the biochemical environment on cell survival and axon exten-

sion. Specifically, the role of biochemical functionalization, network crosslinker sequence, and

scaffold mechanics on the survival and axon extension of encapsulated ESMNs will be inves-

tigated. The hypothesis is that biochemical functionalization of the hydrogel with basement

membrane-mimicking peptides will provide sites for cell-matrix interactions and increase vi-

ability and axon extension; that matrix degradability will be critical to axon extension as
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axon growth cones are two orders of magnitude too large to reptate through the hydrogel

mesh; and that a scaffold elasticity that most closely matches the in vivo microenvironment

will maximize cell viability and axon extension.

The second objective focuses on developing a reversibly crosslinked biomaterial scaf-

fold that supports complex cell functions like ECM deposition, motility, and spreading, while

simultaneously maintaining macroscopic bioscaffold properties. Typically, mechanisms for

crosslink degradation must be engineered into hydrogels to enable these cellular functions,

which can significantly complicate evaluation of the role of biophysical cues on cell function.

For example, in the first objective, the conclusions related to the role of matrix modulus

on axon extension must be qualified, as the local modulus in the pericellular environment is

likely significantly different than that of the bulk material. However, developing a reversibly

crosslinked material addresses aspects of these problems and provides a complementary sys-

tem to better understand the effects of matrix mechanics on cell function in materials. While

many types of reversibly crosslinked materials have been reported in the literature, covalently

crosslinked PEG hydrogels are especially suitable as tissue engineering scaffolds due to their

well-defined and easily tunable biochemical and biophysical properties. A step-growth PEG

hydrogel crosslinked by cytocompatible reversible covalent bonds can provide a versatile ma-

trix suitable for cell culture and capable of mimicking aspects of the viscoelastic properties of

native tissues. Cytocompatible and dynamic stress-relaxing crosslinks then permit complex

cellular functions to occur while retaining the benefits of traditional covalently crosslinked

hydrogels; this thesis exploits this aspect of material design to perform carefully controlled

studies of ESMN growth cone response to matrix biophysical properties. While many dy-

namic covalent chemistries exist that could be used to crosslink these PEG hydrogels, ranging

from Diels-Alder to boronic acid esters to macrocyclic assemblies to metal catalyzed rear-

rangements, the conditions and time scale of reversal vary dramatically over this range of

dynamic covalent reactions. More importantly, very few of these chemistries allow dynamic

reversal in cytocompatible ranges of temperature, pH, or redox environment. This thesis ex-
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plores the hydrazone bond and investigates the ability of this chemistry to maintain integrity

of cell-laden hydrogels for weeks of experimentation while reversing rapidly enough to enable

critical cellular function. The hydrazone bond has been used previously in bioconjugation

reactions, which providing the motivation for this direction of inquiry. The hypothesis is

that bis-aliphatic hydrazone crosslinked hydrogels can match the modulus of the ESMN in

vivo environment and provide stress relaxation at appropriate time constants to support the

ability of growth cones to push through the viscoelastic material and enable axon extension.

While the previous aims focus on studying isotropic motor axon outgrowth, the grand

challenge is to address the barrier of coaxing axons of transplanted motor neurons to ex-

tend out of the spinal cord towards muscular junctions, a process that likely requires axon

guidance. In vivo axons must navigate through a complex gamut of physical and chemical

environments to arrive at their final synaptic targets. Here, we propose that photodegrad-

able hydrogels can be exploited to explore motor axon response to spatially defined channels,

created in situ and used to direct motor axons towards cellular targets of interest. Thus, the

final aim of this thesis focuses on developing and characterizing synthetically accessible pho-

todegradable hydrogel from commercially available building blocks. These building blocks, a

dibenzyl cyclooctyne acid and an Fmoc-protected nitrobenzyl ether acid, are conjugated to

multi-arm PEG macromers to create hydrogel precursors for cell encapsulation. The degra-

dation of the resultant hydrogel will be characterized upon exposure to either single-photon

or two-photon light. Furthermore, biochemical functionalization of the gel is explored to

enable long-term culture of encapsulated ESMN embryoid bodies, along with two-photon

irradiation of these systems to form channels and characterize axon outgrowth as a function

of feature dimensions. Finally, C2C12 myotubes, a widely used synaptic target for motor

neurons, will be introduced through co-culture with ESMN embryoid bodies, and the guid-

ance of axons through the spatially directed features in photodegradable hydrogel will be

studied in vitro. The hypothesis is that an easily accessible photodegradable hydrogel will

allow directed motor axon extension and the formation of an in vitro neural network.



Chapter 3

Synthetic Hydrogel Platform for Three-Dimensional Culture of Embryonic

Stem Cell-Derived Motor Neurons

3.1 Abstract

Culturing mammalian neurons in three-dimensional (3D) microenvironments that more

closely recapitulate critical biochemical and biophysical aspects of the developing or adult

central nervous system (CNS) milieu remains a significant challenge in neurobiological stud-

ies and in regenerative medicine. Here, we aimed to exploit recent advances in poly(ethylene

glycol) (PEG) hydrogel chemistries to define a synthetic niche capable of supporting the

culture and axonal outgrowth of both aggregated and dissociated mouse embryonic stem

cell-derived motor neurons (ESMNs). Using thiol-ene click chemistry to create peptide

crosslinked PEG hydrogels, we identified a hydrogel formulation that promotes neuronal

survival and axon outgrowth through cell-extracellular matrix interactions, such as those

between the laminin-derived YIGSR and its integrin, and that allows neurons to remodel

their extracellular environment through matrix metalloproteinase (MMP)-mediated polymer

network degradation. Our results demonstrate a 3D platform for culture of both aggregated

and single mammalian motor nerve cells that not only permits cell survival over more than

a week of culture, but also allows for the robust extension of motor axons. In addition,

the optical transparency of the hydrogel allows simultaneous imaging of live cell functions,

and as such, this material system should prove useful for studying fundamental aspects of

neuronal development.
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3.2 Introduction

Since the initial studies on the CNS pioneered by Santiago Ramon y Cajal85 at the

turn of the twentieth century, there has been an ever-expanding interest in the culture and

manipulation of nerve cells ex vivo. Specifically, developing culture platforms that mimic

cellular microenvironments through which axons navigate to their final target destination in

vivo remains a daunting task. Culturing mammalian nerve cells has met significant challenges

due to the difficulty of recapitulating many aspects of the intriguing complexities of the

CNS milieu and architecture. Nerve cells are traditionally cultured on two-dimensional

substrates that do not fully mimic the chemical and mechanical properties of nascent or

adult CNS. For example, the shear modulus of glass, a substrate commonly used to culture

nerve cells, is 26 GPa, or roughly seven orders of magnitude stiffer than typical in vivo neural

environments. The bovine spinal cord, which contains spinal motor neurons, the cell type

used in these studies, has a shear modulus of only 50 Pa.86 Moreover, axon guidance cues

are usually added to the culture media, but this approach does not reproduce the in vivo-like

presentation of such molecular cues. In vivo, axon guidance cues are generally tethered to cell

membranes with which individual axons interact as well as the extracellular matrix.37,87 In

addition, 3D spatial organization of CNS tissues (e.g., cortical layers) is essential to directing

axon guidance and neural circuit assembly.

Despite these challenges, several recent studies have raised the possibility of cultur-

ing mammalian nerve cells in 3D using synthetic extracellular matrix material systems.

Hydrolytically degradable synthetic PEG hydrogels have been used to culture neural pro-

genitor cells (NPCs), where axon extension was observed and correlated strongly with the

extent of material degradation.4 Peptides and proteins have been engineered to assemble

into hydrogels that promote neuronal differentiation and axon extension.88,89 Chemically

modified natural material systems have been leveraged to harness some of the benefits of

naturally derived macromolecules while enabling selective property tuning. For example,
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dorsal root ganglia (DRG) cells were shown to extend processes into an agarose gel that was

spatially patterned with RGDS peptide to facilitate cell-matrix interactions.7 Methacrylated

hyaluronic acid was used to encapsulate ventral mesencephalic progenitor cells, which pref-

erentially differentiated into neuronal rather than glial lineage in the softest gels.90 These

studies show that neurons respond to biophysical (e.g., modulus) and biochemical (e.g.,

RGDS) signals presented by their 3D microenvironments in vitro and demonstrate the util-

ity of material-based approaches for directing neural cell function and fate. We sought to

gain further control over the 3D cellular milieu by introducing a chemically and physically

defined synthetic system that allows for the systematic variation of these signals and sub-

sequent study of cellular response. In vivo spinal motor neurons function in a complex

environment with cell bodies residing in the spinal cord and motor axons in the periphery,

and we aimed to recapitulate aspects of this complexity with a tunable synthetic hydrogel.

While most studies on nerve cells rely on isolation of primary neurons from animals, the

excision process results in axotomy (cutting) of neurites and relies on subsequent re-growth

of axons. To circumvent this issue, pluripotent embryonic stem (ES) cells have been shown

to give rise to distinct types and subtypes of neurons that display characteristic properties

and functionalities of their in vivo counterparts.2,47–49 One of the best-understood types of

nerve cells in regards to their diversification and connectivity are spinal cord motor neu-

rons.91 Importantly, spinal cord motor neurons can be efficiently differentiated from ES cells

using developmentally relevant signaling cues, namely retinoic acid (RA) and sonic hedge-

hog (Shh).2,51 In all aspects examined, ESMNs appear to be indistinguishable from their

primary counterparts.2,47–49 Importantly, spinal motor neurons are one of the only neurons

of the CNS to project into the periphery. Moreover, individual motor neuron subtype loss

is an underlying mechanism of ALS and SMA neurodegenerative disorders.35 In this regard,

transplantation of spinal motor neurons could be a feasible strategy for CNS repair. How-

ever, intraspinal transplantation into the adult spinal cord generally yields poor outcomes

with respect to integration into neural circuits and axon extension.56,57



31

Here, we sought to take advantage of the versatility of thiol-ene reactions and the

robustness of ESMN differentiation to define a synthetic niche that permits survival and

axonal outgrowth of dissociated and aggregated ESMNs in 3D hydrogels. Specifically, we

examined the combinatorial importance of hydrogel mechanical properties, presentation of

biochemical cues, and mimicry of axon-ECM interactions in directing survival and axonal

outgrowth. As many neurodegenerative disorders result in loss of individual subtypes of

nerve cells, studies similar to ours may lead to provision of novel insights into engineering

of transplantable biomaterial matrices for future delivery of neural cellular substrates for

cell-replacement therapies.

3.3 Background

Neurons are known to be delicate cell types requiring specific growth factors, appro-

priately functionalized surfaces, and complex growth media to remain viable and extend

axons.92 This sensitivity presents a particular challenge for the 3D culture or delivery of

primary neural cells. For example, a large portion of NPCs undergo cell death upon en-

capsulation4 within a polymer system that has successfully sustained many primary cell

types, including chondrocytes,73 osteoblasts,77 smooth muscle cells,93 fibroblasts,94 and mes-

enchymal stem cells.95,96 Loss of viability during encapsulation is not necessarily an issue

for progenitor cells, where rapid divisions can repopulate the hydrogel; however, for post-

mitotic primary neurons, such as ESMNs, viability loss presents a serious problem for the

encapsulation and delivery of a significant number of cells. Recent advances in thiol-ene

chemistry have led to a step-growth hydrogel system that allows the facile incorporation

of cell-degradable crosslinks and adhesive peptides, which we hypothesized could be used

to rescue neural cell viability and aid in maintaining their function.97,98 Additionally, this

photoinitiated polymerization requires no change in pH, temperature, or chemical environ-

ment, and the mild reaction conditions combined with the diverse chemistry motivated us

to exploit this system to encapsulate spinal motor neurons.



32

As illustrated in Figure 3.2, network formation is initiated by photocleavage of a low

concentration of visible light photoinitiator (lithium phenyl-2,4,6-trimethylbenzoylphosphonate,

LAP), which is water soluble and known to be cytocompatible over a wide range of initiation

conditions.99 The photocleaved fragment of LAP abstracts a proton from a thiol-terminated

macromolecule to generate a thiyl radical, which then reacts rapidly and specifically with a

norbornene-terminated macromer, forming a thioether bond. The thiyl radical is then regen-

erated when the reacted norbornene chain transfers to another thiol-terminated macromer.

The thiol-ene gels thus form through a radical-mediated step growth process.97,98

While radicals are known to cause cell and protein damage, previous studies have

shown that the thiol-ene reaction requires fewer radicals to generate a network, and the

radicals have shorter lifetimes than more traditional photoinitiated chain polymerizations,

leading to higher cell viability and protein activity.97,98,100,101 Further, thiol-ene reactions

are not oxygen inhibited, expanding their utility for bulk polymerization in the presence

of cells. For example, a thiol-ene PEG system was shown to support roughly twice the

viability of the MIN6 pancreatic β-cell line relative to a methacrylate PEG system.100 In

addition, the activity of a model protein, lysozyme, markedly decreased when encapsulated

in an acrylate-based gel, but was virtually unchanged in a thiol-ene system.101 In addition

to the mild polymerization conditions, thiol-ene gels also form near ideal network structures

that present a consistent biophysical environment throughout the hydrogel whose modulus

can be easily tuned by varying the pre-polymerization functional group concentrations.102–104

Furthermore, these networks allow for the facile introduction of different crosslinkers or pen-

dant peptides either during or after gelation.97,105,106 Thus, the cellular environment can be

modified initially or sequentially with developmentally relevant and biologically active thiol-

containing molecules. Collectively, these prior results suggested that a thiol-ene hydrogel

might be suitable for encapsulating a delicate cell type like motor neurons.

In vitro, ESMNs are typically plated either as EBs or dissociated cells on glass slides

coated with poly-lysine and laminin, which supports cell adhesion and axon outgrowth.
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Figure 3.2: Schematic illustrating ESMN encapsulation in degradable peptide crosslinked
PEG hydrogels functionalized with ECM-mimic peptides, a cationic peptide, and bFGF.
Gels were formed using a thiol-ene click chemistry and LAP as a visible-light photoinitiator.
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all of the gel components. The mesh size of the network is on the order of ca. 10 nm while
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However, while this surface treatment is critical to dissociated ESMN adhesion, survival,

and axon outgrowth, EBs will remain viable for weeks in suspension culture, on tissue

culture polystyrene (TCPS), or on treated glass and once adhered will exhibit much more

robust axon outgrowth than single cells. After 3 days of culture on poly-lysine and laminin

treated glass in media supplemented by neurotrophins, only roughly 20% of dissociated

ESMNs survive as compared with nearly all cells cultured in EBs.2 This dramatic difference

is likely due to the tissue like structures formed within EBs during differentiation and the

existence of Oligo2+ neural progenitors supporting the viability of ESMNs.2107 For in vivo

experimentation, EBs are often deployed because of this robustness.49 These observations

served as a starting point for engineering a synthetic 3D platform for the culture of ESMNs.

We postulated that EBs could likely be encapsulated without any survival-promoting matrix

interactions, but dissociated ESMNs would require similar signals to those shown to be

necessary in 2D. However, while ESMNs maintain higher viability, require fewer signals, and

extend longer axons when cultured in EBs, their complex structure creates new challenges

associated with deconvoluting the relative contributions of different biophysical and biological

cues. A synthetic 3D culture platform for dissociated ESMNs would enable the study of their

responses to differing biological cues without the confounding effects of cell-cell contact or

naturally derived polymers, and might prove useful to improve upon methods to efficiently

differentiate specific motor neuron subtypes.

To rationally design a hydrogel capable of supporting the viability and axon outgrowth

of dissociated ESMNs in three dimensions, we began with standard 2D culture platform of

poly-lysine and laminin coated glass. Positive charge, which has been shown to promote axon

outgrowth,108 is usually satisfied with poly-lysine in 2D culture. However, cationic polymers

are often implicated in cytotoxicity,109 so we synthesized a hexalysine (CKKKKKKC) se-

quence to serve in the place of poly-lysine. Further, full laminin protein was replaced by

two peptide sequences CRGDS and CYIGSR that have previously been shown to engage

the appropriate integrin proteins and promote neuronal adhesion and axon outgrowth.110
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Figure 3.3: (a) ESMNs exhibit robust axonal outgrowth in three-dimensions when encapsu-
lated in the engineered PEG hydrogel (scale bars 100 and 10 μm within inset). (b) Repre-
sentative image of ESMNs 12 hours post-encapsulation. Small axonal buds are seen in the
inset image. (c) Representative image of ESMNs 36 hours post-encapsulation.

Finally bFGF, which exists naturally in its reduced form, has been shown to increase

ESMN viability and contains 4 free thiols for facile coupling to the hydrogel.111,112 We

form these biofunctional hydrogels by coupling norbornene-terminated PEG macromers and

the cysteine-containing, cell-cleavable peptide sequence97,113 (KCGPQG↓IWGQCK) using

photo-initiated thiol-ene click chemistry, resulting in cytocompatible hydrogel networks that

can be locally remodeled by the encapsulated cells (Figure 3.2).

3.4 Results & Discussion

Initial outgrowth of motor axons was observed from the majority of encapsulated cells

after 12 hours of culture within 3D hydrogels (Figure 3.3). Embryoid bodies also began

budding axons, but early extension was difficult to visualize owing to the size and brightness

differential of the thousand-cell aggregates in comparison to the nascent axons (data not

shown).

Single ESMNs assumed characteristic polarized shapes of in vivo motor neurons with

a single axon emanating from the cell body 36 hours post-encapsulation (Figure 3.3). The

gels functionalized with integrin binding peptides, cationic hexalysine peptide, and bFGF
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maintained dissociated ESMN viability at 21 ± 1% (Figure 3.4, Figure 3.5). This gel formu-

lation also resulted in robust axon outgrowth, with 83 ± 9% of eGFP positive cells extending

axons an average of 148 ± 14 μm. In contrast, encapsulation of dissociated ESMNs in un-

functionalized gels lacking biological cues resulted in drastically reduced viability of 4 ± 2%

(Figure 3.4, Figure 3.5). The encapsulated EBs, however, did not show a preference for the

functionalized material over the unfunctionalized with respect to cell viability as virtually

100% of the cells remained viable after 36 hours in both systems (Figure 3.6). Their axon ex-

tension qualitatively appeared more robust in the functionalized gel; however, quantification

was not possible due to axon fasciculation and the high density of cell bodies.

By 72 hours, 12 ± 1% of the dissociated cells in the functionalized gels remained viable

while only 3 ± 1% of those in the unfunctionalized gels did (Figure 3.4, Figure 3.5). The

surviving cells continued to elongate their axons, although not quantifiable owing to eGFP

aggregates within the cells and axon extension beyond the field of view. At 72 hours, the cells

within EBs still remained nearly 100% viable and extended axons millimeters through the

gel (Figure3.6). By this point, every EB in the functionalized gel and many in the unfunc-

tionalized gel exhibited robust axon outgrowth, but interestingly, in the unfunctionalized gel

a minority of EBs, approximately 20%, did not extend axons.

While motor neuron differentiation is highly robust and reproducible, only 30%-50%

of the cells taken through the differentiation protocol are GFP+ motor neurons.51 The

remainder is composed of interneurons and Oligo2+ progenitors that can self-renew or further

differentiate into oligodendrocytes and other neuroglial cells.2 Even after 36 hours in these gel

cultures, there is a marked difference in viability in dispersed cells and EBs. This difference

is likely caused by the supportive effects of these neuroglial cells. While thiol-ene chemistry

is a relatively gentle method of cell encapsulation, the process is still stressful to cells, as

small changes in osmolarity and other stressers exist over the short timescale required for

encapsulation. Remarkably, however, the viability of ESMNs encapsulated in the functional

hydrogel is nearly that of cells plated on laminin-coated coverslips. In standard 2D culture,
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Figure 3.4: Confocal Z-stacks Live (green)/Dead (red) stain of dissociated ESMNs in func-
tionalized and unfunctionalized hydrogels at different time points. The unfunctionalized
gels were not imaged after 168 hours. By 240 hours, all live cells existed in multicellular
aggregates (scale bar 100 μm).
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Figure 3.5: Hydrogels functionalized with integrin binding peptides, bFGF, and charged
peptide maintain significantly higher dissociated ESMN viability than those lacking these
functionalities (mean cells per condition = 422.2, p<0.001). The viability of ESMNs encap-
sulated in the functional hydrogel is nearly that of cells plated on laminin-coated coverslips.2
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Figure 3.6: Confocal Z-stacks Live (green)/Dead (red) stain of encapsulated EBs in func-
tionalized and unfunctionalized gels at different time points. The image of the EBs in the
unfunctionalized gel after 168 hours is not representative, but shows that a subset of EBs
failed to extend axons (scale bar 100 μm).
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only 5% of ESMNs survive without supportive neurotrophins (NT3, CNTF, BDNF, GDNF)

and only 22% survive with these factors after 72 hours.2 While this is in sharp contrast to

the essentially 100% viability of encapsulated EBs, it is congruent with development in vivo

in which approximately half of all spinal motor neurons die while competing for a limited

pool of neurotrophins.58,114 This indicates that cell-cell signaling in the EB is extremely

important to cell viability within this in vitro system.

This conclusion is reinforced by confocal images of the dissociated motor neurons af-

ter 168 hours in culture. Dissociated ESMNs encapsulated in the functionalized hydrogel

extended axons beyond the field of view of a 10x objective while cell viability drops to 11

± 4% (Figure 3.4). Interestingly, many of the live cells appeared in small 2-5 cell clusters,

suggesting one or two motor neurons surrounded by Oligo2+ neural progenitors as evidenced

by the one or two axons emanating from these aggregates and the fact that these aggre-

gates increase in size over time and motor neurons are post-mitotic. This trend increased

to the point where every live cell was found in an aggregate by 240 hours (Figure 3.4). The

existence of these aggregates lends credence to the idea that that the Oligo2+ progenitors

generated during the ESMN differentiation strongly promote ESMN survival. After 168

hours in culture, the EBs encapsulated in both the functionalized and unfunctionalized gels

still remained nearly 100% viable, and every EB in the functionalized gel and many in the

unfunctionalized gel extended axons from one end of the gel to another, which had swollen

to over a centimeter in diameter from its original 5 mm. The entire gel was permeated by

axons, even at large distances from encapsulated EBs (Figure 3.7); yet, while in the minority,

several EBs (ca. 10%) in the unfunctionalized gel failed to extend any axons.

These results indicate that, even at early time points, receptor signaling satisfied by

integrin-binding ECM-mimic peptides, bFGF, and charge-coupled interactions are essential

for the viability and axon outgrowth of dissociated ESMNs, but are not critical if cell-cell

interactions are provided (i.e., cells within an EB). At later time points (>7 days in culture),

these ECM-based signals were not sufficient to maintain cell viability and only clusters of
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Figure 3.7: Encapsulated EBs extend axons throughout the entire gel after 168 hours. This
Z-stack was taken several millimeters from the nearest EB.
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cells survive. This observation is consistent with motor neuron behavior in vivo, however,

as any cell that does not successfully form a mature synapse with a myotube will apoptose,

with only half of the motor neurons generated making it to adulthood20. Future studies will

examine this phenomenon through an ESMN/myotube co-culture.

Next, we investigated whether motor axon outgrowth is dependent on the MMP degrad-

able cross-linker peptide KCGPQG↓IWGQCK. We replaced the MMP degradable cross-

linker with a 3.4 kDa PEG cross-linker, a macromer containing neither cell-degradable bonds

nor cell-interactive domains. Such hydrogels demonstrated similar swollen moduli to those

containing the MMP degradable cross-linker. Upon replacement of the MMP degradable

cross-linker peptide with PEG-dithiol, many encapsulated ESMNs remained viable, but the

vast majority of encapsulated ESMNs failed to extend axons in such a microenvironment

(Figure 3.8). Figure 3.9 presents results after quantification of several of these confocal

images (N=105 cells for degradable gels, N=118 cells for non-degradable gels). In the non-

degradable gel systems, 39 ± 7% of cells extended axons with an average length of 11 ± 4

μm, and no branching was observed. In contrast, in the MMP-degradable gels, 83 ± 9% of

cells extended axons with an average length of 148 ± 14 μm. Additionally, individual motor

axons branched in MMP-degradable gels, characteristic of their in vivo phenotype, and ex-

hibited no branching in non-degradable gels. Furthermore, immunostaining of ESMNs with

an antibody specific to MMP2 revealed a strong expression of MMP2 in the cell bodies and

growth cones of ESMNs (Figure 3.8). Together, these findings reveal an identification of a

peptide functionalized PEG hydrogel formulation which depends on cell-ECM interactions

and endogenous MMP2 activity encoded by ESMNs to support ESMN survival and axon

outgrowth.

Crosslinking the hydrogel with an inert PEG macromer, rather than an MMP-degradable

peptide sequence effectively eliminates axon outgrowth. Unlike naturally-derived and fi-

brous 3D scaffolds, step-growth PEG networks have a mesh size on the order of 10 nm.115

An axon is roughly one micron in diameter and is unable to reptate through such a poly-
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Figure 3.8: (a) Z-projection of motor neurons cultured for 36 hours in gel with MMP-
degradable peptide crosslinker (scale bar 100 μm). (b) Z-projection of motor neurons cultured
for 36 hours in gel with non-degradable PEG crosslinker. Motor neurons axon extension is
limited (scale bar 100 μm). (c) MMP-2 immunostaining showing MMP-2 in growth cone
of multiple axons. The cells bodies are contained in an embryoid body to the right of the
frame (scale bar 50 μm). (d) Higher magnification image of one growth cone showing MMP-2
staining (scale bar 10 μm).

Figure 3.9: Quantification of motor neuron phenotype. Stacks are loaded into Simple Neurite
Tracer9 and axon length and branching are quantified. (a) Histogram of axon length in
both non-degradable (black) and MMP-degradable (gray) gels. (b) Number of major axon
branches in MMP-degradable gels. None of the axons in the non-degradable gel branched.
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mer network unless significant defects are present. Furthermore, ESMNs were shown to

express MMP-2 by immunostaining, which has been shown to cleave the peptide crosslinker

KCGPQG↓IWGQCK42. While studies in Drosophila have shown a direct requirement for

MMP2 in fasciculation of motor axons, whether MMPs play a role in motor axon guidance

remains unclear.116 Our studies provide evidence that motor axon outgrowth in 3D hydrogels

relies on the presence of MMP-degradable peptide cross-linkers, removal of which results in

reduced axonal outgrowth. Our results also provide evidence that the 3D hydrogel system

defined here provides a permissive environment for in vivo-like branching of spinal motor

axons shown to be essential for target connectivity.117

Finally, we examined whether the elastic modulus of the hydrogel matrix influences

the extent of motor axon outgrowth of ESMNs by tracking axonal outgrowth as a function

of varying crosslinking densities. We tested this hypothesis by varying the initial PEG-

norbornene monomer concentrations from 3.5 to 6.3 wt% while keeping the pendant peptide

concentrations constant. Such manipulations resulted in hydrogel matrices with shear elastic

moduli that ranged from 350 Pa to 2220 Pa. When ESMNs were encapsulated into hydrogel

formulations with the highest modulus of 2220 Pa, ESMNs underwent uniform cell death

(Figure 3.10). Interestingly, encapsulation of ESMNs in 780 Pa hydrogels allowed some

survival, but motor axons failed to grow in these hydrogels. Finally, robust axon outgrowth

was observed in 350 Pa hydrogels.

Hydrogels with an elastic modulus below 350 Pa may provide an even more robust

platform for axonal outgrowth. However, hydrogels with moduli below 350 Pa were diffi-

cult to manipulate post gelation, making consistent imaging and observations impossible.

Despite this, the examined moduli range is consistent with the range of interest for neural

microenvironments (50-250 Pa) in vivo.118 These in vivo environments, despite being very

soft, are distinctly elastic rather than viscous, a trait accurately recapitulated in our hydro-

gel platform which has a storage modulus roughly one thousand times higher than the loss

modulus (Figure 3.11).
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Figure 3.10: 3D ESMN axon outgrowth is highly dependent on the initial gel cross- linking
density. At 0.9 mmol crosslinker per liter, axons are able to penetrate through the polymer-
network by locally cleaving the collagen-derived peptide crosslinks. However, increasing the
crosslinking density to 1.5 mM prevents neurons from extending axons and further increasing
the crosslinking density to 3.6 mM results in 100% cell mortality. Mass swelling ratios are
shown below and representative cell images are shown close to each data point.
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Figure 3.11: Example rheological time sweep of a 6.3 wt% gel initiated with LAP and 405nm
light.
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3.5 Experimental

ES Cell Culture: ES cells were differentiated into spinal motor neurons as previously

described.51 Briefly, Hb9::GFP mouse embryonic stem cells were plated into ES cell medium

(ES DMEM, ES FBS, glutamine, non-essential amino acids, nucleosides, 2-mercaptoethanol,

LIF (Life Technologies)) at approximately 5 x 105 cells per gelatinized T25 flask. After

24 hours the media was replaced, and on day 2 of culture, ES cells were trypsinized and

placed in suspension culture in motor neuron media (Advanced-DMEM/F12, Neurobasal,

and Knockout Serum Replacement (Life Technologies)) at 5 x 105 cells per untreated 10 cm

tissue culture dish. In suspension culture, the cells aggregated into embryoid bodies (EBs).

Two days after initial seeding the EBs were split 1:4 and induced into motor neurons with

1 μM retinoic acid (RA) (Sigma) and smoothened agonist (SAG) (Millipore). After 3 days

of exposure to RA and SAG, the EBs displayed strong expression of Hb9::GFP transgene.51

Peptide synthesis: CRGDS and KCGPQG↓IWGQCK were purchased (American Pep-

tide Company). CKKKKKKC and CYIGSR were synthesized on a Protein Technologies

Tribute Peptide Synthesizer using standard Fmoc chemistry and Rink Amide MBHA resin.

Peptide cleavage solution was formed by dissolving 250 mg dithiothreitol (DTT) and 250

mg phenol in a solution of 95% trifluoroacetic acid (TFA), 2.5% triisopropylsilane (TIPS),

and 2.5% deionized water. Synthesized peptides were cleaved in the solution for 2 hours.

Cleaved peptides were precipitated in cold diethyl ether, recovered via centrifugation, desic-

cated overnight, and then purified by reverse-phase HPLC (Waters Delta Prep 4000) purifi-

cation on a C18 column using a linear acetonitrile:water gradient. The collected fractions of

purified peptides were identified by matrix-assisted laser desorption/ionization-time-of-flight

(MALDI-TOF) mass spectrometry (Figure 3.12)

Monomer synthesis: 8 equivalents of 5-norbornene-2-carboxylic acid were dissolved in

anhydrous DMF and activated with 7.5 equivalents of HBTU (Sigma). 16 equivalents of N-

methylmorpholine (Sigma) were added as base. After activating for 5 minutes, this mixture
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Figure 3.12: MALDI of peptides. Expected masses are 698 for CYIGSR, 537 for CRGDS,
992 (1015 w/Na+ ion) for CKKKKKKC, and 1305 for KCGPQG↓IWGQCK.
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was added to 1 equivalent of 20 kDa 4-arm PEG-amine (JenKem) dissolved in anhydrous

DMF and reacted overnight at room temperature. PEG-norbornene was precipitated in

diethyl ether, redissolved in DI water, and dialyzed against DI water for 24 h (2,000 MWCO).

The product was then lyophilized and used for experimentation (Figure 3.13). LAP was

synthesized as previously described.99

Cell Encapsulation: Gels were prepared with a total volume of 40 μL from stock solu-

tions of 4-arm 20 kDa PEG-tetra-norbornene, MMP-degradable peptide (KCGPQG↓IWGQCK),

ECM-mimic peptides (CRGDS and CYIGSR), cationic peptide (CKKKKKKC), bFGF (R&D

Systems), and LAP.99 The PEG-norbornene was carefully added to the motor neuron medium,

followed the MMP-degradable peptide crosslinker or the PEG-dithiol (Sigma), the adhesive

peptides, the LAP, and the bFGF. For the unfunctionalized gel, peptides were replaces with

equal concentrations of cysteine, and bFGF was replaced with PBS. The mixture was then

triturated to evenly mix the polymers. To vary the stiffness, the macromolecular monomer

solution weight percent was scaled accordingly, while the total volume was maintained at

40 μL. For gels containing dissociated cells, EBs were exposed to 1 mL of ice-cold trypsin

per 10 cm dish for 3 minutes and triturated vigorously to yield single cells. Single neurons

were then re-suspended at 10 million cells/mL, and 10 μL of the cell suspension was gently

mixed into the prepared gel formulation and polymerized for 1 minute under 40 mW/cm2

405 nm blue light (Thor Labs Collimated 405nm LED). Gels containing EBs were prepared

in an identical manner, but after 1 minute the gel solution was mixed to prevent EB settling.

Cell-laden gels were then placed in motor neuron medium supplemented with 10 ng/mL

GDNF and N2 and B27 Supplement. Table 3.1 provides a summary of all gel formulations

used.

Rheology: The moduli of the hydrogels were measured using a rheometer with an 8

mm parallel plate geometry (AR-G2, TA Instruments), irradiation attachment (UV Light

Guide Accessory, TA Instruments), and mercury arc lamp light source with 400-500 nm

filter and light guide (Omnicure S2000, Exfo). The samples were formed in situ using a
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Figure 3.13: 1H NMR of 4-arm PEG-norbornene. The ratio of the integral of the norbornene
ene peaks to the PEG backbone peaks shows 88% functionalization after automatic phase
and baseline correction.
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modified version of a previously published protocol50. Briefly, monomer solutions for each

composition were prepared, and 5-10 L of solution was pipetted on to the bottom plate. The

top plate was lowered until the gap was completely filled with solution (approximately 50-100

microns). The irradiation intensity was set to 16 mW/cm2 with the Omnicure shutter fully

open (SilverLine Control-cure Radiometer and International Light Radiometer). Owing to

this, the irradiation time for sample polymerization was adjusted to ensure that the same

irradiation dose used for cell encapsulation (time * intensity) was applied to all samples (time

increased from 1 to 2.5 minutes). A dynamic time sweep (10% strain, 5 rad/sec frequency)

was used to monitor modulus evolution during polymerization to ensure that all samples

reached their fully developed moduli (Figure 3.11). Final moduli were recorded for 3 to

5 replicates of each composition. Moduli of polymerized samples were adjusted to their

equilibrium swollen values using measured swelling ratios and rubber elasticity theory.119

Confocal Imaging: Gels were placed between a glass slide and a coverslip separated

by a rubber gasket and were imaged using a 10x or 20x water immersion objective. A

488nm laser was used to excite eGFP and calcein AM, and a 514nm laser was used to excite

ethidium homodimer-1. The Cy3 secondary antibody was excited using a 528nm laser. A

Z-stack of 100 images was taken through the entire gel in three different fields of view with

approximately 20 μm between images.

Staining: Gels were fixed in a PBS solution containing 4% paraformaldehyde (PFA)

for 2 hours at 4◦C in the cold room and rinsed 3x with PBS. Gels were then swollen in

a solution containing 10% horse serum in PBS overnight. Horse serum was then swollen

out for 10 hours into PBS that was periodically changed. The primary antibody (Abcam

Rabbit anti-MMP-2 Ab37150) diluted at 100x in 2% horse serum in PBS was then incubated

overnight at 4◦C on a rocker. In the morning, gels were transferred into PBS solutions and

the primary antibody was given 10 hours to swell out in a periodically change PBS well. The

secondary (Jackson ImmunoResearch Donkey Anti-Rabbit Cy3) was then diluted 1000x in

2% horse serum and swelled in overnight at 4◦C. Finally, the secondary was swelled out for
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Figure 3.14: SEM images of soft (left) and stiff (right) hydrogels.

24 hours in PBS and the gels were imaged. For Live/Dead imaging, 2 μM of calcein AM and

4 μM of ethidium homodimer-1 stock solutions were diluted in PBS. Gels were incubated in

this solution for 30 minutes on a shaker in a cell culture incubator and then imaged.

SEM: Gels were swollen overnight in DI water and dehydrated in ethanol solutions of

20%, 40%, 60%, 80%, 90%, and 100% for 10 minutes each, with the 100% solution being

repeated three times. The gels were then dried in hexamethyldisilazane (HDMS), placed

under vacuum for 30 minutes, mounted on stubs, and sputter coated with gold.120 Samples

were examined with a JEOL JSM-6480LV (Figure 3.14).

Statistics: Cell viability error is reported as the standard error from three image stacks

taken from the same gel. Live cells were manually counted due to their complex shape

and overlapping axons, and dead cells were counted using the Analyze Particles tool in

ImageJ. More than 400 individual cells were counted for viability experiments. A t-test was

performed between the functionalized and unfunctionalized gels at 36 hours and 72 hours to

determine significance with p<0.001. Axon length was measured using the Simple Neurite

Trace plugin for Fiji9 (Figure 3.15). The error for axon length is reported as the standard

error with 105 cells counted for the degradable gel and 118 cells for the non-degradable gels.

This experiment was repeated multiple times (>10), and all results were similar. To translate
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3D pixel lengths into microns, axons were assumed to have an equal chance of traveling in the

x, y, or z directions. The scale in the x- and y-directions was 1.08 microns/pixel and in the

z-direction was 3.89 microns/pixel. Therefore, the axon extension in pixels was multiplied

by (2/3*1.06+1/3*3.89) to convert to microns.

3.6 Conclusions

Together, our findings emphasize the importance of biochemical and physical microen-

vironment characteristics in enabling motor axon outgrowth in 3D. In addition, this work

highlights the potential of synthetic biomaterials as ECM mimics in the examination of

nerve cell biology and axon guidance. Our studies allowed systematic characterization and

identification of the chemical and physical properties sufficient for motor axon outgrowth in

3D hydrogel matrices. Such 3D hydrogel matrices may be used to investigate and identify

the molecular mechanisms that drive directed axonal outgrowth, as in many cases genetic

analysis is confounded by the presence of multiple receptor-ligand signaling systems that

operate during axonal pathfinding.

Motor neuron subtype loss is an underlying cause of ALS and SMA disorders. Success-

ful transplantation of nerve cells into the adult CNS for ALS and SMA treatment remains

one of the obstacles in utilization of stem cell-based cell-replacement therapy. Fundamental

in vitro studies, such as this one, can provide a useful screening tool and may provide novel

insights into the requirements for design of transplantable matrices capable of directing ax-

onal outgrowth and suggest improved strategies for cellular delivery vehicles for treatment

of neurodegenerative disease states.
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Figure 3.15: Demonstration of the quantification of the ESMN phenotype. Stacks were
loaded into Simple Neurite Tracer,9 a plugin for Fiji, and axon length and branching were
quantified. Overlay of Z-projection (20%) opacity, GFP channel (current Z-position), and
axon tracks shows high fidelity between each.



Chapter 4

Biophysically defined and cytocompatible covalently adaptable networks as

viscoelastic 3D cell culture systems

4.1 Abstract

Covalently crosslinked synthetic hydrogels are especially suitable as tissue engineering

scaffolds due to their well-defined and easily tunable biochemical and biophysical properties.

In order to enable complex cell functions like ECM deposition, motility, and spreading, a

mechanism for crosslink degradation must be engineered into the material; however, the

presence of a degradation trigger can complicate the cellular biophysical microenvironment.

Furthermore, covalently crosslinked polymers typically produce a predominantly elastic ma-

terial, while native tissues are complex viscoelastic structures. Here, we present a step-

growth poly(ethylene glycol) (PEG) hydrogel crosslinked by reversible hydrazone bonds.

The macromer components are readily synthesized from commercially available precursors,

and the resulting gels form rapidly under physiological conditions and provide a non-toxic

matrix that is suitable for cell culture. This material is capable of mimicking aspects of

the viscoelastic properties of native tissues, and the dynamic stress relaxing crosslinks per-

mit complex cellular functions to occur while retaining the benefits of traditional covalently

crosslinked hydrogels. Taken together, these attributes make hydrazone crosslinked hydrogels

a unique tool for designing viscoelastic scaffolds and studying cellular responses to scaffold

elasticity.
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4.2 Introduction

Culturing cells in hydrogels for the purpose of regenerating tissue requires that the poly-

mer matrix accommodate numerous cellular functions, beginning with matrix interactions

and morphological changes. This initial adaptation allows encapsulated cells to subsequently

engage in an external-internal exchange of information that influences critical processes in-

cluding proliferation, motility, and extracellular matrix (ECM) deposition.65,121,122 To facil-

itate improved three-dimensional culture environments, early approaches to hydrogel design

often incorporated hydrolytically degradable crosslinks, engineered to degrade at a rate that

was matched by the rate of the cellular function under study.73–75 This strategy allowed for

uniform ECM elaboration, but in many instances, only local changes in gel properties are

desired (e.g., to promote cell spreading), and pre-engineering the degradation rates is often

a complex optimization process. Thus, hampered by artificial constraints of bulk property

changes at pre-determined rates, researchers developed complementary strategies based on

processes that occur in native ECM, where cells bind, degrade and respond to their local

proteinaceous microenvironment. For example, Hubbell et al., pioneered the development

of hydrogels crosslinked with cell-degradable and integrin binding peptide sequences, which

mimicked critical aspects of the biochemical function of ECM.97,113,123 Such polymer-peptide

gels have permitted researchers to observe and characterize the dynamics of cell spread-

ing,96,124,125 migration,125,126 axon extension,82,127 proliferation,128,129 and differentiation in

a synthetic three-dimensional matrices.129,130 However, unlike hydrolytically degradable gels,

the cellular microenvironment in cellularly remodeled gels can be dramatically different from

that of synthetic and hydrolytically degradable materials, which makes it difficult to char-

acterize and draw conclusions about the role of the local biophysical environment on cell

function.

In contrast, a covalently adaptable network responds to cell-induced stress by rapidly

breaking and reforming elastically active crosslinks while maintaining stable material prop-
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Figure 4.1: The contents of this chapter were awarded the cover of Volume 26, Issue 6 of
Advanced Materials.
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erties over time. This allows the material to respond to cell stresses yet provides a uniform

scaffold elasticity to enable the elucidation of the effect of biophysical microenvironment

on cell function. Given the increasing use of progenitor cells in biomaterials research and

the increasing understanding of the role of biomechanical signaling on cell fate,131–134 such

a material should enable the observation of cell behavior in a biophysically defined scaf-

fold. While dynamic bonds have previously been used in biomaterial scaffolds,135–139 these

linkages are supplemented by additional interactions, which precludes the precise and pre-

dictable biophysical control of the hydrogel. We sought to use a linkage that was stable

enough to maintain the integrity of a crosslinked PEG network for several weeks of cell cul-

ture, but that would be labile enough to relax in response to cell-applied stress and allow

for cell spreading, process extension, migration, or axon outgrowth to occur. Furthermore,

few dynamic chemistries are compatible with cell encapsulation, and previously published

covalently adaptable networks have either relied on high temperatures, low pH, or UV light

to trigger covalent adaptability.140–147

In order to identify a cytocompatible chemistry that would crosslink hydrogels yet re-

main dynamic under physiologically relevant conditions, we looked to the field of dynamic

covalent chemistry, which is comprised of reversible reactions under thermodynamic control,

and include but are not limited to transesterification, acetal exchange, and hydrazone/oxime

exchange. We were especially drawn to the hydrazone transimination reaction because it has

been used in in vitro biological systems to assemble enzyme substrates148 and to perform

bioconjugations.10,149–154 Further, the reaction rate between the hydrazine/alkoxyamine nu-

cleophiles and aldehyde electrophiles and the stability of the resulting hydrazone/oxime are

highly dependent on the precise chemical structure of the nucleophilic and electrophilic com-

ponents; stability half-life values range from minutes to months at pH 7.0, depending on

the exact functionality.150,153 Thus, we hypothesized that a hydrazone crosslinked hydrogel

would show covalently adaptable behavior, characterized by a frequency-dependent modulus

and stress relaxation, under physiological conditions.
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4.3 Results & Discussion

The material presented here is a PEG hydrogel formed through the ligation of an

aliphatic hydrazine-terminated multi-arm PEG macromer with either a benzaldehyde- or an

aliphatic aldehyde-terminated multi-arm PEG macromer. Gel formation occurs rapidly at

physiological pH and temperature. The resulting cytocompatible covalently adaptable hydro-

gel allows a large degree of tunability of the biochemical and biophysical microenvironment,

captures both the modulus and adaptability of native tissue, and enables the encapsulation

of a diverse array of cell types. We believe that this material system will provide a unique

platform to culture cells in three-dimensions, allow for improved reproduction of the stress

relaxation found in native ECM, and permit the determination of how dynamic changes in

the local biophysical environment influence cellular functions.

In an effort to identify hydrazine and aldehyde constituents that would react on a

timescale compatible with hydrogel formation and cell encapsulation, we first investigated

the kinetic and thermodynamic properties of small-molecule hydrazones that result from the

reaction of a model aliphatic hydrazine, methylhydrazine, with two model aldehydes: an

aliphatic aldehyde, butyraldehyde, and an aryl aldehyde, 4-nitrobenzaldehyde. Hydrazone

formation was monitored by UV-vis spectroscopy, and the data were fitted to a bimolecular

reversible kinetic model.10 We assume equimolar starting concentrations of reactants and

that the concentration of the hydrazone is simply the initial concretion of one reactant less

the current concentration of that reactant. These assumptions simplify the rate equation to

Equation 4.1,

d[A]

dt
= −k1[A]2 + k−1([A]0 − [A]) (4.1)

where [A] is the concentration of either one of the reactants. The solution to the equa-

tion is derived in Dirksen et al. and allows the calculation of k1, k−1, and Keq by monitoring

the evolution of the hydrazone bond or the disappearance of one of the reactants.10 The re-
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action between methylhydrazine (25 μM) with butyraldehyde (25 μM) was rapid and reached

equilibrium in less than an hour in pH 7.4 buffer (Figure 4.2). In contrast, the reaction of

methylhydrazine (25 μM) and 4-nitrobenzaldehyde (25 μM) took several days to reach equi-

librium (Figure 4.2). The calculated forward rate constants (k1), back rate constants (k−1),

and equilibrium constants (Keq) are summarized in Figure 4.3.

These data provided convincing evidence that both the aliphatic and aryl hydrazone

bonds would form rapidly enough to crosslink a cell-laden hydrogel, as the rate constants

for aliphatic and aryl hydrazone formation fall close to the range of reported rate constants

for other hydrogel crosslinking chemistry, such as those for dibenzylcyclooctyne-azide (2.1

M−1s−1) and vinyl sulfone-thiol couplings (0.17M−1s−1).113,155–158 Thus, we functionalized

4-arm 20 kDa and 8-arm 10 kDa PEG macromers with aliphatic hydrazine end groups (4-

H, 8-H) and 4-arm 10 kDa and 8-arm 10 kDa PEG macromers with either benzaldehyde

(4-BA, 8-BA) or aliphatic aldehyde (4-AA, 8-AA) end groups. Gram-scale quantities of the

macromers are synthetically available in 1-2 steps from inexpensive commercially available

precursors, which renders this system accessible to a wide range of biomedical, chemical,

and polymer engineering labs. Mixing 18 mM (72 mM functional groups) solutions of either

4-H and 4-AA (Figure 4.3) or 4-H and 4-BA resulted in the formation of a hydrogel at room

temperature and pH 7.4. The rheological properties of the gels were investigated under

shear, and the results are shown in Figures 4.3 and 4.4. 4-H:4-AA reaches its crossover point

in tens of seconds. Evolution of 90% of its final elastic modulus is achieved in 5 minutes,

which can be predicted by fitting modulus evolution data to Equation 4.2,

G(t) = G∞ − Ae−Bt (4.2)

where G∞ is the plateau modulus and A and are fit parameters. 4-H:4-BA reaches its

final modulus in ca. 1 hour at pH 7.4, but this process is highly pH dependent (Figures 4.3

and 4.5.
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Figure 4.2: Plots showing the rate of hydrazone formation as monitored by UV-visible spec-
troscopy. a) Plot of hydrazone formation upon reacting N-methylhydrazine (25 μM) and
butyraldehyde (25 μM) in PBS, pH 7.4. Each data point represents the mean value from
three independent kinetic runs. Error bars represent standard deviation. b) Plot of hy-
drazone formation upon reacting N-methylhydrazine (25 μM) and 4-nitrobenzaldehyde in
PBS, pH 7.4. Each data point represents the mean value from three independent kinetic
runs. Error bars represent standard deviation. The dashed grey line represents a fit to a
second-order reversible kinetic model.



63

k-1 (s-1)k1 (M-1s-1) Keq (M-1)  

23(5) 2.8(6) x 10-4 8.1 x 104

k1

k-1

R

propyl

4-nitrobenzyl 5(3) x 10-2 8.7(3) x 10-6 5.8 x 103

H
N

NH2 R H

O
+

R H

N NH

O
O

O
O

O

O

O

O

O

OO

O

OO
O O

OO

OO

O O

O O

O
O

O
O

O

O

O

O NH

NH

O HNN

O
HNN

O O
OO

O
O

O

O O
OO

O

O

O

O
O

O

O

HN

HN

O
NH

N

ONHN

O O
OO

O
O

O

O

NH

HN

HN
HN

O HNNH2

ONH
H2N

ONHH2N

O
NH

NH2

4-AA

4-AA 4-H 4-H:4-AA

1 

10 

100 

1000 

10 100 
M

od
ul

us
 (P

a)
 

Time (s) 

a) c)

b)

Figure 4.3: a) Table showing the relevant kinetic and thermodynamic information for reac-
tions between N-methyl hydrazine and butyraldehyde or 4-nitrobenzaldehyde at 25◦C in pH
7.4 buffer containing 1% DMSO. b) Chemical structures of 4-H and 4-AA showing reversible
gelation. c) Rheological time sweep plot showing rates of gelation. Evolution of 90% of G∞
occurs in 5 minutes for 4-H:4-AA (thick solid line, G′; thick dashed line G′′) and ca. 1 hour
for 4-H:4-BA (thin solid line, G′; thin dashed line G′′).
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Figure 4.4: a) Hydrogel modulus can be controlled by incorporating crosslinkers of different
functionalities or varying the stoichiometry of functional groups (dark bars, on stoichiometry;
light bars 50% excess hydrazine, Students t-test, p<0.05). b) 4-H:4-AA shows frequency-
dependent crossover below 0.03 rad/s, which indicates that it behaves as a Maxwellian
viscoelastic fluid (filled squares, G′; empty squares, G′′; solid line, G′ Maxwell fit; dashed
line, G′′ Maxwell fit). c) Stress relaxation is strongly dependent on the ratio of aliphatic to
aryl aldehyde crosslinker, with relaxation times ranging from tens of seconds to tens of hours
(bars, 100:0 4-AA:4-BA; triangles, 80:20; circles, 0:100). When the mole fraction of 4-BA
crosslinker crosses the percolation threshold of the system, the stress relaxation behavior col-
lapses to that of 0:100. Stress relaxation of 4-H:4-AA and 4-H:4-BA are in good agreement
with the Maxwell model (dashed lines). Covalent adaptability can be abolished upon treat-
ment by sodium cyanoborohydride, which reduces the hydrazone bond to the corresponding
secondary hydrazine (asterisks). d) Stress relaxation can be shown macroscopically through
molding. 4-H:4-AA and 4-H:4-BA were pressed into square and triangular molds for 60 s,
with 4-H:4-AA adopting the shape of the mold as a viscoelastic fluid and 4-H:4-BA retaining
its shape as a more elastic solid (scale bar = 3 mm).
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Figure 4.5: a) Slightly lowering the pH dramatically accelerates the gelation of 4-BA and
8-BA crosslinked networks. This 4-H:4-BA gel evolves its final modulus in ten minutes. b)
4-H:4-BA and 8-H:8-BA gels do not display frequency-dependent moduli, indicating the aryl
hydrazone bond does not relax on the same time scale of the aliphatic hydrazone.
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In addition to exerting control over the stress relaxation characteristics of these ma-

terials, we can also control equilibrium modulus by varying the size and functionality of

each macromer. Furthermore, because the crosslinking density is linearly related to modulus

through Equation 4.3,

G = kTQ−
1
3ρx (4.3)

where k is Boltzmann constant, T is the temperature, Q is the volume swelling ratio,

and ρx is the crosslinking density, the final material modulus can be systematically varied

to target a tissue or magnitude of interest. In Figure 4.4, the swollen shear modulus varied

from ca. 600 Pa (4-H:4-AA, 2:1) to ca. 9 kPa (8-H:8-AA), and all of the values are in

reasonable agreement with that predicted by rubber elasticity theory. While non-idealities

certainly exist, Equations 4.3 and 4.6 enable the rational design of a polymeric viscoelastic

material that could serve as a biophysical mimic for complex tissues.

Frequency sweeps of 4-H:4-AA (Figure 4.4) and 4-H:4-BA (Figure 4.5) indicate that the

32-fold difference in k−1 dramatically changes the ability of the materials to adapt to strain.

4-H:4-AA exhibits a frequency-dependent modulus that is characteristic of a single-mode

Maxwell viscoelastic fluid, whereas 4-H:4-BA exhibits a frequency-independent modulus in-

dicative of a Hookean solid. Presumably, the angular frequency at which G′′ crosses G′ is

lower than could be accurately measured. Using the Equations 4.4 and 4.5 for a Maxwellian

viscoelastic fluid,159

G′(ω) =
G∞ω

2τ 2

1 + ω2τ 2
(4.4)

G′′(ω) =
G∞ωτ

1 + ω2τ 2
(4.5)

whereG∞ is the equilibrium modulus, ω is the angular frequency, and τ is the relaxation

time; we find τ = 34 s (Figure 4.4). This agreement with the Maxwell model indicates that
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these gels should relax an applied stress on a time scale on the order of tens of seconds and

that by varying the ratio of benzaldehyde to aliphatic aldehyde crosslinker, one should retain

a great deal of control over the adaptation properties of the material.

Thus, we next polymerized six gels of varying compositions, ranging from 100% 4-AA

crosslinks to 100% 4-BA crosslinks and strained them 100% on the rheometer (Figure 4.4).

Gels crosslinked by 100% aliphatic aldehyde macromers relaxed 100% of their stress within

tens of seconds, while those crosslinked by 100% benzaldehyde macromers took closer to 14

hours to relax 75% of their stress (Figure 4.6). We observed that the stress relaxation profile

can be adjusted by changing the ratio of aliphatic aldehyde to benzaldehyde macromer:

as the proportion of benzaldehyde macromer increases, the hydrogel relaxes stress more

slowly, until a critical point, the percolation threshold (vide infra), is reached (Figure 4.4).

Thus, by tuning these characteristics the number of arms on the PEG polymer, the choice

of either aliphatic aldehyde or benzaldehyde end groups, the ratio of the aliphatic to aryl

aldehyde-derivatized macromers, and the relative stoichiometry of hydrazine and aldehyde

components it is possible to precisely control the physiological modulus and stress relaxation

characteristics of the gel to tailor the gel characteristics specifically to the tissue under study.

Next, we fit the relaxation data to Equation 4.6, a standard Maxwell model for vis-

coelastic fluids,160

G(t) =
N∑
k=1

ηk
λk
e
t
λk +G∞ (4.6)

where G∞ is the elastic modulus, η is the viscosity, and λ is the time constant of

relaxation. While all adaptable gels should have a polymer relaxation mode and a bond

relaxation mode, the rapid relaxation of the polymer chains (typical λ = 0.05 s) was not

captured in the rheology. The 4-arm-co-4-arm (4-H:4-AA) aliphatic gel fit the model well

with a single mode of relaxation (λ = 10.7 s), as did the 8-arm-co-8-arm (8-H:8-AA) aliphatic

gel (λ = 91.0 s). These numbers are consistent with the fact that at equal weight percent
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Figure 4.6: a) 8-H:8-BA relaxing from 10% applied stress overnight. It is likely instrument
slippage accounts for some of this relaxation. b) The elastic moduli of 8-H:8-AA swollen in
PBS at 25◦C for 27 days. While 4-H:4-AA dissolves overnight in media at 37◦C and within
two days in PBS at 25◦C, 8-H:8-AA is stable for >2 weeks at 37◦C in media and >1 month
at 25◦C in PBS. Mass loss does occur from the surface and the gels are visibly ca. 20%
smaller at these time points, but, as evidenced by their bulk moduli, crosslinking density
remains fairly constant.
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of PEG, the 8-arm-co-8-arm gels contain 8-fold more crosslinks, leading to a roughly 8-fold

slower time constant of relaxation. The benzaldehyde crosslinked gels did not fit the model

as well, which is likely a result of slow relaxation competing with instrument slip. However,

the 4-H:4-BA gel relaxed with a time constant of λ = 2370 s, while the 8-H:8-BA gel tore

before 100% strain could be applied, which precluded accurate measurement of the time

constant. Mixed crosslink gels containing a fraction of benzaldehyde crosslinkers below the

percolation threshold, calculated using Equations 4.7 and 4.8,119,161,162

pc =
1√

(fA−1)(fB−1)
r

(4.7)

r =
fBnB
fAnA

(4.8)

which equals 0.33 for 4-H:4-AA and 4-H:4-BA, are modeled reasonably well in their

early and late stages by summing both the aliphatic aldehyde and the benzaldehyde modes

(Figure 4.7). However, once the gel is comprised of more than 33% 4-BA crosslinks, the stress

relaxation behavior of these materials collapses to that of 4-H:4-BA. Finally, when the gel is

treated with sodium cyanoborohydride, the hydrazone bond is reduced to the corresponding

hydrazine, thus abolishing the dynamic nature of the bond and, consequently, the relaxation

behavior (Figure 4.4).

The self-healing, dynamic characteristics of 4-H:4AA and static nature of 4-H:4-BA

were also visualized macroscopically. Figure 4.4 shows two disk-shaped hydrogels formed

using a syringe mold 5 mm in diameter. Both hydrogels were then pressed into a 4 mm 4

mm square mold for 60 s, re-imaged, pressed into a 6 mm 7mm right triangular mold for 60

s, and imaged again. These qualitative images clearly demonstrate that 4-H:4-AA has the

capacity to rearrange its macroscopic network structure to relax stresses applied by the mold

within 60 s, allowing it to be re-processed into a new macroscopic shape. On the contrary,

4-H:4-BA is immutable on this time scale and retains its original disk shape throughout the
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Figure 4.7: Stress relaxation and Maxwell fits for 100:0 4-AA:4-BA (bars), 80:20 (triangles),
60:40 (diamonds), and 0:100 (circles). The intermediate relaxation behavior is smoother than
the model predicts for gels containing both 4-AA and 4-BA. This discrepancy is expected,
as the Maxwell model assumes that there is no interaction between the modes of relaxation,
whereas in this system, a mode of relaxation exists for each combination of 4-arm PEG hy-
drazine with n aliphatic PEG aldehyde macromers and (4-n) PEG benzaldehyde macromers.
Once the fraction of aryl crosslinks exceeds pc (60:40, diamonds), an independent minimally
relaxing polymer network is formed, and the material ceases to behave as a viscoelastic fluid,
explaining why the Maxwell model ceases to fit the data.
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processing. Though the aryl hydrazone bonds can relax stress, albeit on a much longer time

scale than the aliphatic hydrazone bonds, we observed no shape change, even after 1 hour.

Figure 4.8 further explores these macroscopic demonstrations of stress relaxation and shows

the fusion of three gels into a larger shape, their molding into other shapes, and finally their

injection through an 18 G needle to form a long extruded fiber.

We next sought to directly compare the viscoelastic properties of these hydrogel net-

works to that of a complex tissue, namely a mouse gastrocnemius muscle. We selected muscle

for comparison, as it is widely known to relax stress in two separate modes, with a fast λ

varying from 0.03 s to 8.4 s and a slow λ varying from 2.2 s to 93.8 s, depending on the

species.163 Further, muscle has a Youngs modulus around 10 kPa, which is well within the

range of the moduli for the PEG networks that were synthesized here (1.8 27 kPa).131,163–165

A mouse gastrocnemius muscle was isolated and characterized using shear rheology. The

results show a highly frequency-dependent elastic modulus between 2-3 kPa and relaxation

of 80% of an applied stress within 600 seconds (Figure 4.9. Consistent with mechanical

theories of fiber containing composite materials,166 we hypothesized that the steep reduction

in modulus below 1 rad/s shear was due primarily to the fibrous structure of skeletal mus-

cle, rather than formation and reformation of physical crosslinks. Interestingly, the stress

relaxing hydrogels capture aspects of this behavior through breaking and reforming of the

material crosslinks, and we observed two discrete modes of relaxation and fit them to a

two-mode Maxwell model.163,164,167 This behavior is readily seen in Figure 4.9, where the

applied stress initially decays rapidly and then slows. In contrast, the trace of the 100%

8-H:8-AA gel displays a single mode of relaxation. When fit to the Maxwell model, muscle

relaxes with time constants of λ = 7.5 s and λ = 100 s with a ca. 55% weighting of the

slow-relaxing mode and a ca. 45% weighting of the fast-relaxing mode. These values are con-

sistent with published measurements of tensile muscle relaxation,163,164 and they fall within

the range of the relaxation time constants of the 4-arm (λ = 10.7 s) and 8-arm aliphatic gels

(λ = 91.0 s). Collectively, these results suggest that covalently adaptable networks impart
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Figure 4.8: The 4-H:4-AA and 8-H:8-AA hydrogels can be easily molded and fused. Here,
three puck-shaped gels (two shown) were fused into a star using a simple rubber mold and a
pair of glass slides. The star was then remolded into a disc and a triangle, and then extruded
into a fiber through an 18-gauge needle using a syringe pump.
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unique viscoelastic properties that mimic aspects of native tissue materials that are difficult

to capture with traditional synthetic hydrogels. Further, by tuning the initial macromer

composition and concentration (8-H:8-AA, 2:1 ratio), gels were formulated with initial and

time dependent properties very similar to those of the gastrocnemius.

We next sought to demonstrate the cytocompatibility of the reaction and encapsulation

processes and examine how cells would respond to longer-term culture in these covalently

adaptable networks. Because of our characterization of mouse skeletal muscle, this com-

pelled us to examine a cell line, C2C12s, a common source of myoblasts that fuse into

myotubes under confluent conditions. For cell encapsulation studies, we formulated three

hydrogels using the hydrazine- and aldehyde-terminated PEG macromers in combination

with a benzaldehyde-terminated KGRGDS peptide, which provides sites for integrin binding

and promotes cell survival in PEG gels.76,77,95,168 Specifically, one gel was synthesized with

100% aliphatic crosslinks (8-H:8-AA), another with 80% aliphatic crosslinks and 20% aryl

aldehyde crosslinks (8-H:(80% 8-AA 20% 8-BA)), and a final gel with 100% aryl aldehyde

crosslinks (8-H:8-BA). All gels contained 3 mM KGRGDS peptide. We selected these specific

compositions to form highly adaptable gels that would remain stable for several weeks of cell

culture yet allow a significant variation in stress relaxation properties, from highly relaxing to

minimally relaxing. C2C12 myoblasts were encapsulated at a concentration of 106 cells/mL,

and the cells were stained and imaged for viability after 24, 72, and 240 hours (Figures 4.10

and 4.11) and cytoskeletal organization at 24, 96, 144, and 264 hours (Figures 4.10 and 4.12).

First, we note high levels of cell survival after encapsulation, thus validating the appli-

cability of this crosslinking chemistry for the conditions studied (Figure 4.10). Calcein-AM

and ethidium homodimer staining indicated that viability was higher than 90% in all three

conditions after 72 h (Figure 4.10), which confirms that this hydrogel platform is cytocompat-

ible and appropriate for studying cellular responses to dynamic, tissue-mimicking biophysical

environments. Furthermore, the significant drop in cell viability in 8-H:8-BA after 10 days

in culture implies that matrix dynamism could play an important role in long-term cell via-
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Figure 4.9: The rheological properties of complex tissue can be emulated using covalently
adaptable hydrogels. a) The elastic modulus of mouse muscle (thin solid line, G′; thin dashed
line, G′′) begins to sharply decrease below 1 rad/s, possibly due to the fibrous nature of the
tissue, while the 8-H:8-AA (thick solid line, G′; thick dashed line, G′′) exhibits this property
below 0.05 rad/s. However, G∞ of the mouse muscle can be exactly matched. b) The mouse
muscle (triangles) demonstrates significant stress relaxation over 10 minutes and fits a two-
mode Maxwell model (solid line). 8-H:8-AA (diamonds) comes close to reproducing the
initial and final stress with just one mode of relaxation. 8-H:8-BA (squares) relaxes much
more slowly.
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Figure 4.10: a) Images of encapsulated C2C12 myoblasts 72 hours post-encapsulation stained
with calcium-AM (green, live) and ethidium homodimer (red, dead; scale bar 200 μm). b)
Cell viability quantified at 24 hours (dark bars), 72 hours (medium bars), and 240 hours
(light bars). c) Representative images of cells stained for f-actin (red) and the nucleus (blue)
are shown (scale bar 20 μm). After 10 days in culture, the cells encapsulated in 8-H:8-
AA exhibit significant spreading and robust actin fiber formation. Cells encapsulated in
8-H:(80% 8-AA,20% 8-BA) extend lamellipodia and filopodia and show actin filaments but
do not deviate as far from rounded. Cells encapsulated in 8-H:8-BA remain rounded. d)
Some cells in the 8-H:8-AA gels fuse into multinuclear structures. e) Quantification of cell
spreading (dark bars, left axis) and fraction of cells extending processes (light bars, right
axis) by 10 days in culture. Cells in 8-H:8-AA and 8-H:(80% 8-AA,20% 8-BA) both displayed
significantly more spreading, as measured by projected cell area and process extension, than
those in 8-H:8-BA (Students t-test, p>0.05).
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Figure 4.11: Cell morphology as evidenced by a calcein stain through time. By 144 hours,
significant spreading did not occur in any of the gels, but nearly every cell in 8-H:8-AA and
8-H:(80% 8-AA 20% 8-BA) was extending processes. Cells in the 8-H:8-BA gels remained
rounded.
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Figure 4.12: After 10 days in culture, gels were stained for f-actin (red) and the nucleus
(blue) (scale bar 100 μm). Representative Z-stacks are shown. Cells in 8-H:8-AA and 8-
H:(80% 8-AA 20% 8-BA) spread and extended processes over this period, while those in
8-H:8-BA did not.
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bility (Figure 4.10). Cells maintain a rounded morphology when encapsulated in covalently

crosslinked hydrogels, so we next sought to examine how cells would behave in hydrogels in

which the crosslinks dynamically break and re-form.81,96 Interestingly, we observed that after

only 24 hours in culture, a minority of the cells encapsulated in the 8-H:8-AA gels extended

small filopodia and lamellipodia, while those in the 8-H:(80% 8-AA 20% 8-BA) and 8-H:8-BA

gels retained their circular morphology. By 72 hours, however, nearly all cells in the 8-H:8-

AA gels began to extend processes, while those in the 8-H:8-BA gels remained rounded; the

8-H:(80% 8-AA 20% 8-BA) gels contained cells of both phenotypes (Figure 4.11). At later

time points, the filopodia and lamellipodia became more pronounced, and essentially all cells

in both the 8-H:8-AA and 8-H:(80% 8-AA 20% 8-BA) gels had begun to spread. By 10 days

in culture, the cells in the 8-H:8-AA gels demonstrated the spread myoblast phenotype (Fig-

ures 4.10 and 4.12), and some cells with close neighbors began to fuse into multinucleated

structures demonstrating a myotube-like morphology with continuous actin filaments span-

ning the entire mass. This myoblast fusion suggests the beginning stages of differniation; this

process did not happen to cells in 8-H:8-BA. C2C12s in 8-H:(80% 8-AA 20% 8-BA) displayed

significant process extension, but while their mean projected cell area was not significantly

different from the cells in 8-H:8-AA, they retained a more rounded morphology. Further-

more, we observed fewer fused multinuclear structures. Cells in the less-dynamic 8-H:8-BA

gels remained rounded, even after 10 days with less than 30% of cells extending processes

into the material (Figure 4.10). These results were quantified by measuring the mean pro-

jected cell area and counting the number of cells extending processes into the material. We

found that cells in 8-H:8-AA and 8-H:(80% 8-AA 20% 8-BA) both displayed significantly

higher mean cell projected areas and a higher fraction of cells extending processes than cells

in 8-H:8-BA (Figure 4.10). Based on these three-dimensional observations, we propose that

the dynamic nature of the aliphatic hydrazone linked hydrogel allows the gel to rearrange

on a timescale that is compatible with filopodia and lamellipodia extension, and thus, the

material can accommodate cytoskeletal outgrowth. In contrast, the more slowly relaxing
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gels, such as 8-H:8-BA, produce a much more static matrix that constrains the cells to a

circular morphology throughout the course of the experiment. Rheological experiments on

cell-laden gels show that the incorporation of cells lowers the equilibrium modulus but does

not significantly change the stress relaxation properties (Figure 4.13). SEM imaging reveals

that the hydrogels are amorphous solids lacking pores or ordered structure (Figure 4.14).

Given the constancy of the stress relaxing properties and the lack of pores or order, it is

likely that encapsulated cells apply stress, which leads to a dynamic rearrangement of the

hydrazone bonds and allows them to spread out in the material.

4.4 Experimental

General Procedures and Materials: Unless otherwise noted, all chemicals and solvents

were of analytical grade and used as received from commercial sources. 4-arm 20 kDa PEG-

amine and 8-arm 10 kDa PEG-amine was obtained from JenKem. Water (dd-H2O) used

in biological procedures or as a reaction solvent was deionized using Milli-Q Advantage

A-10 water purification system (MilliPore, USA). UV-vis spectra were acquired on a DU

730 spectrophotometer (Beckman Coulter, USA) with quartz cuvettes. Peptide synthesis

was carried out on a Tribute Peptide Synthesizer (Protein Technologies, USA). Rheology

measurements were made with a DH-R3 rheometer (TA Instruments, USA). Confocal images

were taken on a Zeiss LSM 710 (Carl Zeiss Microscopy, Germany).

Macromer Synthesis: 8-H and 4-H were synthesized by dissolving tri-Boc-hydrazinoacetic

acid (1.372 g, 3.52 mmol, 2.1 equiv. per amine) in anhydrous DMF (10 mL) and was ac-

tivated with HATU (1.216 g, 3.20 mmol, 2.0 equiv.) and N-methylmorpholine (0.792 mL,

7.2 mmol, 4.5 equiv.). The reaction was stirred for 5 minutes, and then the 4-arm 20 kDa

(8.000 g, 0.4 mmol) or 8-arm 10 kDa PEG-amine (2.000 g, 0.2 mmol) was added, and the

reaction was allowed to proceed overnight at room temperature. The product was precipi-

tated in ice-cold diethyl ether, dried, treated with a solution of 50:50 DCM:TFA for 4 hours

to remove the Boc group. The resulting compound was precipitated in ether, dissolved in DI
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Figure 4.13: a) Sample time sweeps monitoring the polymerization of 8-H:8-AA laden with
10M cells/mL (diamonds), 1M cells/mL (squares), and cell free (triangles). The presence of
cells affects the final modulus achieved by 8-H:8-AA but not the kinetics of gelation. The
equilibrium unswollen moduli of these gels are 22 kPa, 26 kPa, and 36 kPa as determined
by Equation 4.2 in the main text. b) Stress relaxation behavior at 10% strain of 8-H:8-
AA laden with 10M cells/mL (diamonds), 1M cells/mL (squares), and cell free (triangles).
Behavior is qualitatively similar with time constants of 25 s, 90 s, and 76 s. The lower
equilibrium modulus and dramatically faster stress relaxation behavior of the 10M cells/mL
gel indicates that the high cell density is disrupting a structurally significant number of
crosslinks. These gels all polymerized in the presence of serum containing media, which
leads to slightly different material properties than those polymerized in PBS.
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Figure 4.14: SEM images of the surface of 8-H:8-AA (top row) and 8-H:8-BA (bottom row)
at three orders of magnitude magnification (scale bar 100 μm, 10 μm, and 1 μm; left to right).
The gels are smooth and non-porous but some rippling is introduced in the drying process.

Figure 4.15: C2C12 cells were cultured for 24 hours in 8-H:8-AA, loaded into a syringe, and
slowly passed through an 18-gauge needle using a syringe pump set to dispense 100 μL/min.
Small muscle fibers were extruded, cultured another 24 hours, and stained for viability. Cell
viability remained excellent through the process.
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water, dialyzed (2,000 MWCO) against DI water for 24 hours, and lyophilized, after which

it was used for experimentation.

8-H and 4-H 1H NMR (D2O, 400 MHz): δ= 3.59 (s, PEG).

8-AA and 4-AA were synthesized using a Swern oxidation.169 Oxalyl chloride (1.5

mL, 17.6 mmol, 11 equiv. per hydroxyl) was dissolved in anhydrous DCM (20 mL) in a

flame-dried flask purged with argon, and the reaction flask was cooled in an acetone/dry ice

bath. DMSO (1.3 mL, 18.5 mmol, 11.5 equiv.) diluted 1:5 in andydrous DCM was added

dropwise over the course of 5 minutes. The reaction was allowed to proceed for 10 minutes

to ensure formation of the alkoxysulfonium ion intermediate. 8-arm 10 kDa PEG-OH (2 g,

0.2 mmol) or 4-arm 10 kDa PEG-OH (4 g, 0.4 mmol) was dissolved in anhydrous DCM (5

mL) and added dropwise over 10 minutes and allowed to react for 2 hours. Triethylamine

(5.6 mL, 40 mmol, 25 equiv.) was added dropwise over 10 minutes and given 20 minutes to

react. Finally, the reaction was allowed to warm to room temperature, and the product was

precipitated in ether and dialyzed as previously described.

8-AA and 4-AA 1H NMR (D2O, 400 MHz): δ= 5.04 (t, J = 6 Hz, 1H), δ= 3.76 (t, J

= 4 Hz, 2H), δ= 3.59 (s, PEG). Aldehyde exists in the diol form in D2O.

8-AA and 4-AA 1H NMR (DMSO-d6, 400 MHz): δ= 9.61 (s, 1H), δ= 4.23 (s, 2H), δ=

3.54 (s, PEG). 8-AA and 4-AA gel in organic solvents therefore NMR peaks were significantly

broadened.

8-BA and 4-BA were synthesized by dissolving 4-formyl benzoic acid (0.528 g, 3.52

mmol, 2.1 equiv. per amine) in anhydrous DMF (10 mL) and was activated with HATU

(1.216 g, 3.20 mmol, 2.0 equiv.) and N-methylmorpholine (0.792 mL, 7.2 mmol, 4.5 equiv.).

The reaction was stirred for 5 minutes, and then the 4-arm 10 kDa (4 g, 0.2 mmol) or 8-arm

10 kDa PEG-amine (2 g, 0.2 mmol) was added, and the reaction was allowed to proceed

overnight at room temperature. The product was then precipitated in ether and dialyzed as

previously described.

8-BA and 4-BA 1H NMR (D2O, 400 MHz): δ= 10.01 (s, 1H), δ= 8.03 (d, J = 8 Hz,
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2H), δ= 7.93 (d, J = 8 Hz, 2H), δ= 3.59 (s, PEG).

Polymer Functionalization Characterization: The functionalities of 8-BA and 4-BA

were determined to be 98% and 96% by integrating the aldehyde and aryl peaks with respect

to the PEG backbone peak after automatic phase correction. The functionality of 8-H and

4-H were determined using Flory-Stockmayer Theory, Equations 4.7 and 4.8 and forming

gels highly off-stoichiometry between 4-BA and 8-H or 4-H and 4-H and 4-AA or 8-AA.

Flory-Stockmayer Theory states that pc must be greater than 1 for gelation to occur. Thus

if 4-BA and 4-H are reacted 9:1 off stoichiometry and gelation still occurs, then 4-H is ideally

100% functionalized and if 4-BA and 8-H are reacted 21:1 off stoichiometry and gelation still

occurs, we can conclude the same. Using this method 4-BA and 4-H formed a weak gel of G′

= 9 Pa and 4-BA and 8-H a weak gel of G′ = 3 Pa, indicating the functionalities of 4-BA and

8-H are close to 100%, which is not surprising given HATU couplings are known to proceed

to 99% completion in peptide couplings.170 When 4-H is allowed to react with 8-AA or 4-AA

in the same stoichiometric ratios, a soft gel of 206 Pa or 138 Pa, respectively, forms. This

is likely due to aldehyde homopolymerization, which is observed at room temperature,171 in

combination with hydrazone bond formation. 8-AA or 4-AA alone do not gel spontaneously.

This result convolutes the estimation of 8-AA or 4-AA functionality, but Swern oxidations

of primary alcohols have been shown to proceed to 97%-100% completion,169 so we would

expect similar functionalization of 8-AA and 4-AA.

Peptide Synthesis: Benzaldehyde-KGRGDS was synthesized using standard Fmoc

chemistry and Rink Amide MBHA resin. Peptide cleavage solution was formed by dis-

solving 250 mg dithiothreitol (DTT) and 250 mg phenol in a solution of 95% trifluoroacetic

acid (TFA), 2.5% triisopropylsilane (TIPS), and 2.5% deionized water. Synthesized pep-

tides were cleaved in the solution for 2 hours. Cleaved peptides were precipitated in cold

diethyl ether, recovered via centrifugation, desiccated overnight, and then purified by reverse-

phase HPLC (Waters Delta Prep 4000) purification on a C18 column using a linear acetoni-

trile:water gradient. The collected fractions of purified peptides were identified by matrix-
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assisted laser desorption/ionization-time-of-flight (MALDI-TOF) mass spectrometry. Ex-

pected mass: 750, found: 751.

Rheology: Samples were formed in situ by pipetting 30 μL monomer solution between

the bottom Peltier plate and an 8 mm flat plate, and beginning the experiment as quickly as

possible. In order to accurately recapitulate the experimental conditions for cell encapsula-

tion, evolution experiments were done at 25◦C, and all others were done at 37◦C. Frequency

and strain sweeps were performed to ensure measurements were made in the linear region.

Evolution experiments were performed at 1% strain and 1 rad/s; frequency sweeps were per-

formed at 1% strain; and stress relaxation experiments were performed at 100% strain for

Figure 4.3 and approximately 10% strain for Figure 4.4, although strain had to be adjusted

slightly to ensure similar initial stresses.

Kinetics: Rate and equilibrium constants were determined by UV-Vis. The aliphatic

hydrazone bond absorbs at 240 nm (ε= 1,986 M−1cm−1), and the aryl hydrazone bond

absorbs strongly at 340 nm (ε= 13,500 M−1cm−1). Stock solutions of the hydrazine and

aldehyde (5 mM in DMSO) were diluted into PBS (200 μL), and the hydrazone absorption

was monitored. Kinetic parameters were calculated using standard kinetic models.10

Cell Encapsulation: Gels were prepared with a total volume of 30 μL from stock solu-

tions of 8-H, 8-AA, 8-BA, and benzaldehyde-KGRGDS, the pH of which had been adjusted

to 7.4. Peptide, cells, and 8-H were gently mixed prior to the addition of the 8-AA after

which the solution was triturated 10 times and pipeted into a mold. After 3 minutes, the

8-H:8-AA gels were placed in pre-warmed media while the 8-H:8-BA were given 30 minutes.

Staining: For Live/Dead imaging, gels were incubated in a 2 μM calcein AM and 4

μM ethidium homodimer-1 solution for 30 minutes on a shaker in a cell culture incubator

and then imaged. For f-actin and nuclear imaging, gels were placed in a 200 mM solution

of sodium cyanoborohydride in PBS for 1 hour, a 4% paraformaldehyde solution for 1 hour,

and the sodium cyanoborohydride solution again for 1 hour. Gels were then placed in a

solution containing 0.1 μg/mL DAPI and 0.3 μg/mL TRITC-phalloidin solution for 3 hours
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and imaged.

Confocal Imaging: Gels were placed between a glass slide and a coverslip separated

by a rubber gasket and were imaged using a 10x, 20x or 40x water immersion objective. A

488nm laser was used to excite eGFP, calcein AM, and ethidium homodimer. For Live/Dead

imaging a Z-stack of 100 images was taken through the first 600 μm of the gel in three different

fields of view with 7.75 μm between images. For cytoskeletal imaging, a 405 nm laser was

used to excite DAPI, and a 543 nm laser was used to excite TRITC.

Modeling: Stress relaxation data were fit the Maxwell equation for viscoelastic flu-

ids using the FindFit function in Mathematica. Mixed gels were modeled by adding the

aliphatic aldehyde and benzaldehyde decay terms and forcing the pre-exponential values to

the aliphatic or benzyl mole fraction.

SEM: Gels were swollen overnight in DI water and dehydrated in ethanol solutions of

20%, 40%, 60%, 80%, 90%, and 100% for 10 minutes each, with the 100% solution being

repeated three times. The gels were then dried in hexamethyldisilazane (HDMS), placed

under vacuum for 30 minutes, mounted on stubs, and sputter coated with gold. Samples

were examined with a JEOL JSM 7401F.120

Image Processing: Images were imported into ImageJ and process extension was man-

ually counted. Mean cell area was determined by thresholding f-actin channel, computing

total cell area using the Analyze Particles function, and dividing the total area by number

of nuclei.

Statistics: Modulus of hydrogels was determined from three separate gels. Cell viability

was determined by taking three random Z-stacks through three gels per condition per time

point. Cell process extension and mean cell area were determined by three image stacks

through a single gel. All error bars represent the standard deviation. The significance of

the difference between conditions in cell area and process extension was determined using a

students t-test between 8-H:8-AA or 8-H:(80% 8-AA, 20% 8-BA and 8-H:8-BA with p<0.5

in the conditions marked with two stars.



86

4.5 Conclusions

Here, we examined the simulation of muscle and encapsulation of myoblasts, but this

cytocompatible covalently adaptable hydrogel could be applied to other cellular systems

where viscoelasticity or careful control of the scaffold biophysical properties is desirable.

For instance, it is known that reduced crosslinking in the pericellular environment induces

increased proliferation in myofibroblasts,128 and this covalently adaptable hydrogel could be

used to quantify the degree of stress necessary to inhibit proliferation and the kinetics of the

associated signaling pathways. Scaffold mechanics and cell shape have both been implicated

in progenitor cell differentiation,131,172,173 but decoupling these two phenomena is challenging

in cell degradable gels. Covalently adaptable gels allow the study of progenitor cells in a

defined biophysical environment while simultaneously allowing cells to adopt their preferred

geometries. Finally traditional covalent gels force secreted ECM molecules into a confined

geometry,74 preluding the assembly of micron-size features like collagen fibers. Covalently

adaptable networks may prove a useful system to respond and accommodate the assembly

of secreted ECM and subsequent collagen fiber formation.

We have developed a cytocompatible covalent adaptable hydrogel capable of mimicking

the modulus and stress relaxation properties of many complex biological tissues. Here, we

have described a material that simulates some of the properties of native mouse muscle

and demonstrated its utility as a scaffold to culture mouse myoblasts. The modular nature

of hydrogel construction and the large number of easily tuned variables provide access to

gels with a wide range of modulus and stress relaxation characteristics; the same approach

could potentially be applied to nearly any tissue in the body. C2C12 cell encapsulation

studies demonstrate that these covalently adaptable hydrogels allow for the development of

physiologically relevant morphologies, whereas static, non-adaptable gels prevent cytoskeletal

rearrangement and extension. Taken together, these studies show that hydrazone linked

hydrogels offer unique advantages in terms of dynamic tunability and should serve as a
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valuable complement to existing hydrogel technologies.



Chapter 5

Measuring Forces Using Bis-Aliphatic Hydrazone Crosslinked Stress-Relaxing

Hydrogels

5.1 Abstract

Studies focused on understanding the role of matrix biophysical signals on cells, espe-

cially those when cells are encapsulated in hydrogels that are locally remodeled, are often

complicated by appropriate methods to measure differences between the bulk and local mate-

rial properties. From this perspective, stress-relaxing materials that allow long-term culture

of embedded cells provide an opportunity to elucidate aspects of this biophysical signaling.

In particular, rheological characterization of the stress relaxation properties allows one to

link this bulk material measurement to local aspects of cellular functions by quantifying the

corresponding cellular forces that must be applied locally. Using embryonic stem cell-derived

motor neurons encapsulated in a well-characterized covalently adaptable bis-aliphatic hydra-

zone crosslinked PEG hydrogel,82,174 axon outgrowth was followed over time and biophysical

equations of viscoelasticity were used to calculate the axonal forces and energies involved.

5.2 Introduction

For the past decade, there has been a growing literature devoted to elucidating the ef-

fects of matrix modulus on the function of both plated and encapsulated cells.68,131,134,165,175–177

In two-dimensions, stem cells are routinely seeded on biomaterial surfaces, typically hydro-

gels of controlled moduli, to investigate the role of mechano-signaling on cell fate. The
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Discher group pioneered some of the early efforts in the field and demonstrated that human

mesenchymal stem cells (hMSCs) preferentially commit to a lineage based strongly on the

mechanics of the surface on which they are seeded.131 While seemingly intuitive that stem

cells plated on hydrogels of modulus comparable to adipose tissue would drive adipogene-

sis, with corresponding trends observed for osteogenesis, myogenesis, and neurogenesis, this

finding provided quantitative evidence that altered many approaches to stem cell culture.

Typically, stem cells are plated on polystyrene or glass dishes, both of which have a modulus

exceeds that of soft tissues by ca. six orders of magnitude. Discher’s findings indicated that

MSCs cultured on such materials were driven towards osteogenesis. These experiments were

repeated with embryonic stem cells, yielding similar results.133 Thus, great interest arose in

better understanding this mechanotransduction, especially in the context of soluble factors

often added to media, on cell function.

More recently, many of these hypotheses have been extended to three dimensional

culture platforms.8,10-1481,90,177–180 However, critical differences can arise between two- and

three-dimensional culture systems and many biological assays become more difficult in three-

dimensions. The in vivo morphology of adhesion dependent cells is typically spread and

often connected to neighbors through cadherins, tight junctions, and other interactions.

Furthermore, the extracellular matrix found in vivo is both porous and degradable, allowing

cells to locally remodel the matrix or maneuver through the matrix to render a native in

vivo morphology. Synthetic hydrogels used for many of the original mechanotransduction

studies allow neither process, unless some mechanism of degradation is specifically engineered

into the crosslinkers. As discussed in the introduction of this thesis, hydrolysis,73 light,72

and enzymes113 have all been employed as triggers for hydrogel degradation. However,

enzymatically degradable hydrogels have become increasingly popular, as these can be locally

degraded by cells without a priori knowledge of the desired degradation rate, as is required

for hydrolysis. While the benefit of cellularly-degraded hydrogels is clear, the disadvantage

is that the rate of local degradation is unknown and techniques to characterize the local
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modulus in 3D are complex. Efforts include traction force microscopy, pioneered in the Chen

group, which involves embedding fluorescent beads into the material and monitoring their

displacement both in the presence and in the absence of cells. From the images collected and

basic stress-strain calculations, it is possible to infer the amount of force encapsulated cells

apply to the material.181 However, a critical assumption in traction force microscopy is that

the local material modulus matches that of the bulk. This is likely not true in the context of

the locally degradable gels that have been employed. Additionally, microrheology, using the

Brownian motion of probe particles to infer material properties, has also been employed to

investigate the local mechanics of hydrogel networks,182,183 however this technique is limited

to very soft materials close to their gel point.

To address some of these complexities, we set out to design a biomaterial for cell culture

whose bulk properties would be nearly identical to those found in the local cellular microen-

vironment. A reversibly crosslinked hydrogel that relaxes in response to stress applied by

encapsulated cells or secreted ECM components should allow proper function without having

to preprogram degradation rates, while maintaining constant modulus throughout the gel

enabling accurate observations of the effect of matrix modulus on encapsulated cells. Such

a material was introduced in the previous chapter. Briefly, by crosslinking PEG macromers

with rapidly reversible bis-aliphatic hydrazone bonds, a stress-relaxing, viscoelastic, cyto-

compatible hydrogel allows the observation of cellular function in a highly controlled and

characterized biophysical environment. Here, we seek to explore conditions that allow this

material to be used to study the biophysical forces involved in axon extension.

5.3 Results & Discussion

Covalently adaptable networks were formed from PEG precursors yielding a hydra-

zone crosslinked hydrogel,82 and synthesis and characterization of this material is described

in detail in Chapter 4. Briefly, 8-arm 10 kDa PEG macromers were functionalized with

either aliphatic aldehyde or aliphatic hydrazine end groups and dissolved in buffered stock
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solutions. Upon preparing stoichiometrically balanced solutions, these formulations react in

ca. 5 minutes to form a hydrogel with an equilibrium swollen shear elastic modulus of ca.

10 kPa. Due to the rapid reversibility of the bid-aliphatic hydrazone bond, these materials

were able to relax applied stress on the order of minutes. An RGDS peptide coupled to the

benzaldehyde moiety was used to confer adhesive functionality to the material for cultur-

ing primary ES derived motor neurons. This material was previously shown to be highly

compatible for the long-term culture of C2C12 myoblasts;82 however, initial attempts to

encapsulate and culture primary motor neurons results in nearly uniform cell death at the

material-embryoid body interface (Figure 5.1).

Perhaps not unexpectedly, primary ESMNs are clearly more sensitive than the C2C12

cell line, and require more stringent regulation of the gel precursors and gelation conditions.

Previous studies with 10 mM non-gelling solutions of hydrazine and aldehyde terminated

PEG macromers demonstrated that, while hydrazine is a strong nucleophile, and is very toxic

as a small molecule, neither PEG-hydrazine nor PEG-hydrazone had a statistically significant

impact on cell viability or ATP content in adherent cultures (data not shown). Conversely,

treating plated cells with 10 mM solutions of PEG-aldehyde resulted in substantial cell death

within hours. Aldehydes can react non-specifically and transiently with amines, alcohols,

thiols, and many other functional groups found on the surfaces of the cell, so it is likely that

PEG-aldehyde macromer can react non-specifically with biological molecules critical to cell

survival. The likelihood of cell death is substantially increased if the PEG-aldehyde can be

internalized by the cell where it is exposed to a reducing environment. When this occurs,

the transient bonds are reduced to permanent bonds, as in the reduction of an imine to an

amine (Figure 5.2).

The equilibrium constant between butyraldehyde and methyl hydrazine, which were

chosen as small molecule analogs for the macromolecular system, was previously measured to

be 8 x 104 M−1 s−1. Assuming equimolar starting concentrations and second order kinetics,

at the 80 mM functional groups found in a gel prior to swelling, this corresponds to 1 mM
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Figure 5.1: An ESMN embryoid body stained with Calcein (green), indicating live cells, and
Ethidium Homodimer (red), indicating dead cells, after two days in culture. Note the core of
live cells, which do not directly interact with the surrounding material and are surrounded
by a shell of dead cells. The aldehyde functionality during gel formation is hypothesized to
be cytotoxic via non-specific reactions on the cell surface. Scale bar is 200 μm.

Figure 5.2: One possible mechanism, of PEG-aldehyde toxicity. PEG-aldehyde forms a
reversible imine bond with a cell surface amine, which is reduced to the corresponding
irreversible amine upon internalization. Both the bonding and steric hindrance introduced
by the PEG chains could lead to loss of protein function or membrane permeabilization and
thus cytotoxicity.
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free aldehyde at any given time in the gel (Equations 5.1 and 5.2, where k1 is the forward

rate constant, k−1 is the reverse rate constant, and Keq is the equilibrium constant). 1 mM

is a high level of a persistent aldehyde in the gel formulation and likely to have an impact

on delicate ESMNs.

k1[Hydrazine][Aldehyde] = k−1[Hydrazone] (5.1)

Keq =
k1
k−1

=
80x10−3 − [Aldehyde]

[Aldehyde]2
(5.2)

However, Le Chatelier’s principle informs us that the equilibrium can be driven to

towards more benign products (i.e., the hydrazone) by increasing the concentration of one

of the reactants. Hydrogels polymerized with an excess of PEG-hydrazine ensure virtually

no free aldehyde is available to interact with the cell. By reducing the concentration of

PEG-aldehyde by 50%, while maintaining the same concentration of PEG-hydrazine, the

predicted concentration of free aldehyde drops by two orders of magnitude to 10 μM. We

hypothesized that this reduction would result in dramatically improved ESMN viability.

Upon encapsulating ESMN embryoid bodies in this formulation, we observed dramatically

improved cell viability and axon extension from many embryoid bodies (Figure 5.3).

After identifying a hydrazone gel formulation that promoteed ESMN viability and axon

outgrowth, we next sought to exploit the well-defined mechanical properties to measure the

force that axon must exert to extend from their nascent to final positions. Basic mechanics

dictates that the energy (E) required to travel through a viscoelastic fluid is the path integral

of the stress function (σ(t)) times the surface area (A) (Equation 5.3).

E =

∫
σ(t) ∗ A ∗ dl (5.3)

Furthermore, the power (P ) exerted during axon extension and the average force (F )

over the same period are calculated using Equations 5.4 and 5.5, where l is the path that
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Figure 5.3: ESMN embryoid bodies stained with Calcein (green), indicating live cells, and
Ethidium Homodimer (red), indicating dead cells, after two days in culture. The gel for-
mulation was 80 mM PEG-hydrazine with 40 mM PEG-aldehyde, in contrast to the 80 mM
of both used for the gels formed in Figure 5.1. High cell viability was observed and many
embryoid bodies were observe to extend axons throughout the material. Such extension is
possible only in gels with a stress relaxation-mediated mechanism. Scale bar is 200 μm.
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was integrated over to calculate the energy (Equation 5.3).

P =
E

t
(5.4)

F =
E

l
(5.5)

Thus, if the stress function for the material were known and the position of the growth

cone could be tracked over time, many fundamental biophysical properties of cells can be

readily calculated from these first principles. Exploiting the extensive rheological character-

ization of the gel formulations (Chapter 4, Figures 4.3-4.9), the hydrazone gels behave as

a nearly ideal Maxwellian viscoelastic fluid with an exponentially decaying stress function

(Equation 5.6).

σ(t) = σ0e
−t/τ (5.6)

Here, τ is a time constant of relaxation and σ0 is the initial stress. Substituting this

function into Equation 5.3 renders a path integral over an expression with a time dependence

(Equation 5.7).

E = A

∫ x2

x1

σ0e
−t/τdl (5.7)

However, if the speed of axon extension is relatively constant throughout the exper-

iment (i.e., constant between time steps), then time can be exchanged for position (Equa-

tion 5.8).

E = A

∫ x2

x1

σ0e
−x/vτdx (5.8)

Here v is the mean velocity of the axon growth cone over the time interval. Integration

of Equation 5.8 yields the energy required to travel from point x1 to point x2 through any

viscoelastic fluid given a constant velocity over that period (Equation 5.9).
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E = Aσ0vτ(e−x2/vτ − e−x2/vτ ) (5.9)

To apply this equation to the analysis of motor axons extending through viscoelastic

hydrozone gels, we encapsulated ESMN embryoid bodies in the 2:1 off stoichiometry formu-

lation while simultaneously monitoring axon extension for 48 hours, taking an image every 5

minutes (Figure 5.4). The position of the growth cone was noted at each frame, along with

the position and time for 5 axons over 3 hydrogels.

These position data were then plotted with respect to time, generating Figure 5.5. All

five axons tracked follow a remarkably similar early trajectory, pushing through the gel at

8.2 ± 1.5 μm per hour. Three then dramatically accelerate to 27 ± 7 μm per hour. This

acceleration is likely due to the axons reaching the surface of the gel and switching from

extension mechanically inhibited by the gel to simply extending along its surface.

Next, the energies of extension were calculated using Equation 5.9, and the results

are plotted versus axon length in Figure 5.6. Axon length and energy appeared linearly

correlated, as one might expect based on the results in Figure 5.5, which show that all axons

travel approximately the same speed through the material. Using this data, an average force

was also calculated from Equation 5.5, which was 800 ± 30 pN for the five axons analyzed.

. These result from this analysis compare favorably with existing measures of cellular forces

using traction and other methods. For example, fibroblasts seeded in on a surface of a bed

of microneedles were shown to exert 1-20 nN of traction force.184 Fibroblasts seeded on the

surface of a hydrogel embedded with fluorescence beads were shown to exert 50-500 Pa of

traction force, which corresponds to 500 pN to 5 nN assuming an area under stress of 100

μm2.181 Axons extending from PC12 cells, a neuronal cell line, were deflected mechanically

and forces of adhesion were measured to be in the 1-5 nN range.185 Chick sensory neurons

were shown to advance with similar forces.186,187 While all these experiments were performed

with cells plated on a surface, rather than encapsulated in a hydrogel, the reported values
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Figure 5.4: Example brightfield images of a ESMN embryoid bodies encapsulated in the
hydrazone-crosslinked hydrogel. The blue lines are the paths of axons extending over 24
hours and the green line indicates the extent of sample drift. Scale bar is 100 μm.
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Figure 5.5: Axon displacement as a function of time for five axons extending from five
separate embryoid bodies in three different gels. Initial rates of axon extension were 8.2 ±
1.5 μm per hour. The change in slope of the black, blue, and red traces were likely due to
the axon reaching the surface of the gel.
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for cellular forces are very similar to those reported here. This is likely the first time the

force of an extending motor axon has been measured by any method and work is in progress

to validate these results through other experiments.

5.4 Experimental

General Procedures and Methods: Unless otherwise noted, all chemicals and solvents

were of analytical grade and used as received from commercial sources. 8-arm 10 kDa PEG-

amine and 8-arm 10 kDa PEG-alcohol were obtained from JenKem. Water (dd-H2O) used in

biological procedures or as a reaction solvent was deionized using a central system. Peptide

synthesis was carried out on a Tribute Peptide Synthesizer (Protein Technologies, USA).

Confocal images were taken on a Zeiss LSM 710 (Carl Zeiss Microscopy, Germany).

Macromer Synthesis: 10 kDa PEG-octa-hydrazine (8-H) was synthesized by dissolv-

ing tri-Boc-hydrazinoacetic acid (1.372 g, 3.52 mmol, 2.1 equiv. per amine) in anhydrous

DMF (10 mL) and was activated with HATU (1.216 g, 3.20 mmol, 2.0 equiv.) and N-

methylmorpholine (0.792 mL, 7.2 mmol, 4.5 equiv.). The reaction was stirred for 5 minutes,

and then the 4-arm 20 kDa (8.000 g, 0.4 mmol) PEG was added, and the reaction was al-

lowed to proceed overnight at room temperature. The product was precipitated in ice-cold

diethyl ether, dried, treated with a solution of 50:50 DCM:TFA for 4 hours to remove the Boc

group. The resulting compound was precipitated in ether, dissolved in DI water, dialyzed

(2,000 MWCO) against DI water for 24 hours, and lyophilized, after which it was used for

experimentation.

8-H 1H NMR (D2O, 400 MHz): δ = 3.59 (s, PEG).

8-H 1H NMR (DMSO-d6,400MHz): δ = 8.1 (t, J=4Hz, 1H), δ= 4.45 (m, 2H), δ = 3.51

(s, PEG), δ = 3.2 (m, 1H), δ = 2.96 (m, 2H).

10 kDa PEG-octa-aldehyde (8-AA) was synthesized using a Swern oxidation.18 Oxalyl

chloride (1.5 mL, 17.6 mmol, 11 equiv. per hydroxyl) was dissolved in anhydrous DCM

(20 mL) in a flame-dried flask purged with argon, and the reaction flask was cooled in an
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Figure 5.6: Total energy expended over the course of motor axon extension was plotted versus
axon length for the five axons measured (two points nearly overlap). Because the axons
all travel through the material at nearly the same velocity, we observe a linear relationship
between axon length and energy, whose slope represents the force axons exert on the material.
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acetone/dry ice bath. DMSO (1.3 mL, 18.5 mmol, 11.5 equiv.) diluted 1:5 in andydrous

DCM was added dropwise over the course of 5 minutes. The reaction was allowed to proceed

for 10 minutes to ensure formation of the alkoxysulfonium ion intermediate. 8-arm 10 kDa

PEG-OH (2 g, 0.2 mmol) or 4-arm 10 kDa PEG-OH (4 g, 0.4 mmol) was dissolved in

anhydrous DCM (5 mL) and added dropwise over 10 minutes and allowed to react for 2

hours. Triethylamine (5.6 mL, 40 mmol, 25 equiv.) was added dropwise over 10 minutes and

given 20 minutes to react. Finally, the reaction was allowed to warm to room temperature,

and the product was precipitated in ether and dialyzed as previously described.

8-AA 1H NMR (D2O, 400 MHz): δ = 5.04 (t, J = 6 Hz, 1H), δ = 3.76 (t, J = 4 Hz,

2H), δ = 3.59 (s, PEG). Aldehyde exists in the diol form in D2O.

8-AA 1H NMR (DMSO-d6, 400 MHz): δ = 9.61 (s, 1H), δ = 4.23 (s, 2H), δ = 3.54 (s,

PEG). 8-AA gels in organic solvents; therefore, NMR peaks were significantly broadened.

Cell Encapsulation: Gels were prepared with a total volume of 30 μL from stock

solutions of 8-H, 8-AA, and benzaldehyde-KGRGDS, the pH of which had been adjusted to

7.4. Peptide, cells, and 8-H were gently mixed prior to the addition of the 8-AA after which

the solution was triturated 10 times and pipeted into a mold. After 3 minutes, the 8-H:8-AA

gels were placed in pre-warmed media.

ES Cell Culture: ES cells were differentiated into spinal motor neurons as previously

described.2,51 Briefly, Hb9::GFP mouse embryonic stem cells were plated into ES cell medium

(ES DMEM, ES FBS, glutamine, non-essential amino acids, nucleosides, 2-mercaptoethanol,

LIF (Life Technologies)) at approximately 5 x 105 cells per gelatinized T25 flask. After

24 hours the media was replaced, and on day 2 of culture, ES cells were trypsinized and

placed in suspension culture in motor neuron media (Advanced-DMEM/F12, Neurobasal,

and Knockout Serum Replacement (Life Technologies)) at 5 x 105 cells per untreated 10 cm

tissue culture dish. In suspension culture, the cells aggregated into embryoid bodies (EBs).

Two days after initial seeding the EBs were split 1:4 and induced into motor neurons with

1 μM retinoic acid (RA) (Sigma) and smoothened agonist (SAG) (Millipore). After 3 days
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of exposure to RA and SAG, the EBs displayed strong expression of Hb9::GFP transgene.

Staining: For Live/Dead imaging, gels were incubated in a 2 μM calcein AM and 4 μM

ethidium homodimer-1 solution for 30 minutes on a shaker in a cell culture incubator and

then imaged.

Confocal Imaging: Gels were placed between a glass slide and a coverslip separated

by a rubber gasket and were imaged using a 10x, 20x or 40x water immersion objective. A

488nm laser was used to excite eGFP, calcein AM, and ethidium homodimer.

Real-time Imaging: Cell motility in cell-laden hydrogels was characterized using a

Nikon TE 2000-E microscope with a Nikon environmental chamber and an external heater

(In vivo Scientific) and CO2 regulator (In vivo Scientific). Hydrogels were polymerized and

swollen as described previously, then placed in a 24-well culture insert plate (BD Falcon,

Fisher) and held in place by a transwell insert (Becton Dickinson) with the bottom removed

by a 5 mm biopsy punch. Fresh experimental medium was placed in the well at the be-

ginning of each experiment. Real-time tracking was performed using Metamorph software

for automated stage control, image collecting and positional cell tracking. After 2 hours in

culture, cell center tracking was commenced and followed for 24 h.

5.5 Conclusions

Here we have shown that the combination of well-defined viscoelastic materials, fun-

damental physics, and real-time microscopy allows for the measurement of basic biophysical

processes that are extremely difficult to measure by other means. The encapsulation of

ESMN embryoid bodies in well-characterized bis-aliphatic hydrazone crosslinked hydrogels

has enabled the determination, for the first time, of the forces involved in motor axon exten-

sion. However, in principle this technique could be extended to study any dynamic cellular

process.



Chapter 6

Bis-Aliphatic Hydrazone-Linked Hydrogels Form Most Rapidly at

Physiological pH: Identifying the Origin of Hydrogel Properties with Small

Molecule Kinetic Studies

6.1 Abstract

Rheological and small molecule kinetic studies were performed to study the formation

and hydrolysis of the bis-aliphatic hydrazone bond. The rate of gelation was found to cor-

respond closely with the rate of bond formation and the rate of gel relaxation with the rate

of hydrolysis, indicating that small molecule kinetic studies can play an important role in

material design. Furthermore, unlike aryl or acyl hydrazone bonds, the bis-aliphatic hydra-

zone bond forms rapidly under physiological conditions without requiring aniline catalysis,

yet maintains a pH-dependent rate of hydrolysis. These results suggest the bis-aliphatic

hydrazone bond should find use alongside existing bioorthogonal click chemistries for bio-

conjugation, biomaterial synthesis, and controlled release applications.

6.2 Introduction

Materials that behave predictably in response to applied stimuli have been employed

in a myriad of advanced applications. For instance, functional materials that release pay-

loads;188–195 change geometries;196,197 and alter their optical and mechanical properties in

response to light,72,134,145,177,198 heat,140,199,200 pH,142,197,199 electromagnetic fields,144 and

other stimuli201 have been engineered for diverse applications rang-ing from differentiating
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stem cells175,176 to simulating fracture healing140 to directing cell migration.8 Though vari-

ous design strategies have been employed, organic polymer networks represent an especially

utile class of stimuli-responsive materials because their properties can be easily and pre-

dictably modeled through established kinetic and polymer physics equations.119,161,202,203

Furthermore, the defined functionalities of step growth polymer networks provide systems

in which theoretical and experimental relationships can be more readily established between

macroscopic material properties and crosslinking reaction kinetics.204–206

In previous work, we developed a cytocompatible covalently adaptable network formed

through dynamically covalent hydrazone linkages, and we used the resulting material to

explore the effects of a defined, viscoelastic microenvironment on cell behavior.82 In the

course of these studies, we observed the surprisingly fast gelation of a bis-aliphatic hydrazone

crosslinked hydrogel and confirmed these results through a model kinetic study between an

aliphatic hydrazine, monomethylhydrazine, and an aliphatic aldehyde, butyraldehyde. While

hydrazone reactions have found wide-spread application in the fields of bioconjugation and

materials science owing to their stimuli-responsive nature and their rapid formation under

physiological conditions, when catalyzed by aniline or one of its derivatives,10,151,154,207–209

most studies have focused on the reaction of aryl aldehydes with either aryl or acyl hydrazine

partners.10,150–152,207–210 Synthetically, these functionalities are easier to install in biological

systems, and, in the case of bis-aryl hydrazones, result in covalent linkages that are resistant

to hydrolysis with corresponding equilibrium constants on the order of 106 M−1.150 However,

as we and others have reported, the rate of formation and hydrolysis of aryl aldehyde derived

hydrazones differ significantly from those of aliphatic aldehyde derived hydrazones, with

the aliphatic hydrazone forming at a rate nearly 500-fold faster than a representative aryl

hydrazone at neutral pH.82,209,211 We reasoned that the kinetics of this reaction were heavily

influencing the bis-aliphatic hydrazone hydrogel properties and sought to investigate how

altering the kinetic and thermodynamic parameters of this chemical bond through changes

in pH and temperature would influence the mechanical properties of a bis-aliphatic hydrazone
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crosslinked hydrogel.

Here, we present the effects of pH and temperature on the rheological properties of

a bis-aliphatic hydrazone crosslinked hydrogel. We observed unexpectedly rapid hydrogel

evolution at physiological pH and temperature and, in an effort to understand the origin

of these characteristics, further explored this system by analyzing complementary small

molecule kinetic studies. By reducing the complexity of the system to the reaction of model

aliphatic aldehyde and hydrazine components, we were able to gain molecular insights into

the origin of the bulk hydrogel material properties. The forward and back rate constants of

the small-molecule bis-aliphatic hydrazone reaction not only accurately describe the hydrogel

evolution and stress relaxation properties, but also suggest that the bis-aliphatic hydrazone

bond should prove useful in a variety of research areas in which rapid and specific chemical

ligation is desired, as the reaction exhibits a second-order rate constant that is competitive

with specialized bioconjugation reactions.

6.3 Results & Discussion

Eight-arm 10 kDa and four-arm 20 kDa PEG macromers were functionalized with

aliphatic aldehyde and hydrazine end-groups, respectively, using previously reported meth-

ods (Scheme 6.1).82 Briefly, 8-arm PEG-OH was oxidized to its corresponding aliphatic

aldehyde (8-AA) with a Swern oxidation procedure; precipitation from an ether solution

provided the final material. Four-arm PEG-NH2 was reacted with HATU-activated tri-boc-

hydrazinoacetic acid to give the amide-linked aliphatic hydrazine (4-H). Treatment with

DCM:TFA removed the Boc protecting groups and subsequent precipitation from diethyl

ether provided the final product.

To investigate modulus evolution, bis-aliphatic hydrazone cross-linked hydrogels were

formed in situ on the rheometer and shear viscous and elastic moduli were monitored as

a function of time (Figure 6.7. Because hydrazone formation is canonically acid-catalyzed,

we expected that the gels would form most rapidly at acidic pH and evolve more slowly



106

Figure 6.1: Synthetic pathway to 8-arm 10 kDa aliphatic aldehyde (8-AA) and 4-arm 20
kDa aliphatic hydrazine (4-H).



107

as the pH increased. In contrast to our expectations, we observed relatively slow hydrogel

formation at pH 4.2 and a maximal rate of gel evolution at physiological pH. Increasing

the pH of the buffer above physiological pH led to a decrease in the rate of gel evolution

(Figure 6.3).

Fitting the curves to Equation 6.6, an exponential model of step-growth hydrogel

evolution, yielded a half-life of gel evolution with respect to pH (Figure 6.3). These half-

lives show clearly that the hydrazone-linked hydrogel forms most rapidly at physiological

pH; the rate of hydrogel formation drops off at more acidic and more basic pH values. While

hydrogels formed at pH 4.2 require 50 s to reach half their equilibrium moduli, those at pH

7.3 require only 25 s, and those at pH 10.03 require 85 s (Figure 6.3).

In an effort to better understand the unique rheological characteristics of the bis-

aliphatic hydrazone hydrogels, we simplified the system to a model reaction between an

aliphatic aldehyde, butyraldehyde, and an aliphatic hydrazine, monomethylhydrazine (Scheme 6.4).

We measured the rates of hydrazone formation between butyralde-hyde and monomethyl-

hydrazine in buffers identical to those used in the rheological characterization studies. Each

kinetic trace was fitted independently to a second-order reversible kinetic model, derived by

Dirksen et al.,10 and this enabled the simultaneous de-termination of the forward (k1) rate

constant of hydrazone for-mation and the back rate constant (k−1) of hydrazone hydrolysis

at each pH condition (Figure 6.5).

As the pH of the solution increased from 5.3 to 6.3, we saw an increase in the rate of

small molecule hydrazone formation, from 3.9 ± 0.5 M−1 s−1 at pH 5.3 to 6.5 ± 1.4 M−1

s−1 at pH 6.3. In excellent agreement with the hydrogel evolution studies, we saw maximal

hydrazone formation at pH 7.3, with a corresponding forward rate constant of 15.5 ± 1.3

M−1 s−1. Again, in agreement with the hydrogel evolution studies, the rate of hydrazone

formation decreased as the pH was increased above physiological pH. Increasing the pH to

8.1 led to a decrease in rate relative to the rate at pH 7.3, but hydrazone formation still

proceeded remarkably fast, with a second-order rate constant of 9.5 ± 0.7 M−1 s−1. Even
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Figure 6.2: Gel formation occurs within minutes when 4-H and 8-AA are mixed due to the
formation of the bis-aliphatic hydrazone bond crosslinking the polymer network.
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Figure 6.3: A) Bis-aliphatic hydrazone hydrogel evolution traces at pH 4.2 (X), 5.3 (+),
6.3 (triangle), 7.3 (square), 8.1 (del), and 10.0 (circle). Dashed lines represent a fit to an
exponential model of step-growth hydrogel evolution. B) Half-life of gel evolution at different
pH values. Data points represent the average of two independent measurements. Error bars
represent standard deviation.

Figure 6.4: The small molecule reaction between monomethylhydrazine and butyraldehyde
was used as a model system. Reaction progress was monitored by measuring the absorbance
at 240 nm.
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Figure 6.5: (A) Hydrazone formation between butyraldehyde (100 μM) and monomethyl-
hydrazine (100 μM) at pH 5.3 (+), 6.3 (triangle), 7.3 (square), 8.1 (del), and 10.0 (circle).
Dashed lines represent a fit to a second-order reversible reaction model.10 (B) Second-order
rate constant for hydrazone formation between butyraldehyde and monomethylhydrazine at
different pH values. Each data point represents the average of three independent kinetic
measurements. Error bars represent standard deviation.
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in pH 10.0 phosphate buffer, we observed rapid hydrazone formation, with a corresponding

forward rate constant of 3.0 ± 1.2 M−1 s−1 (Figure 6.5). The correlation between the small

molecule studies and the hydrogel evolution traces strongly suggests that the rate of hydrogel

evolution is dominated by the kinetics of the of bis-aliphatic hydrazone formation.

Because the bis-aliphatic hydrazone bond is reversible and the kinetics of the hydrolysis

reaction vary significantly with pH, we next sought to investigate the pH-dependent stress

relaxation properties of the material. We previously postulated that the stress relaxation

properties would be heavily influenced by the rate of hydrazone bond hydrolysis.82 Thus,

by studying the stress relaxation properties over a range of pH values, we sought to directly

interrogate the effect of hydrazone hydrolysis on the mechanical properties of the gel. We

again formed hydrogels in situ and allowed them to equilibrate for 30 min in a buffered bath

before straining to 10% at 25 ◦C. Stress was recorded as a function of time, and a clear pH-

dependent behavior was observed, with the rate of stress relaxation increasing as a function

of proton concentration (Figure 6.6).

The relaxation traces were fit to the Maxwell model (Figure 6.12), which assumes the

material behaves as an elastic spring placed in series with a viscous dashpot; this represents

the simplest model capable of predicting stress relaxation.11 This fitting provided the time

constants of relaxation, τ , which spanned more than an order of magnitude, from 300 s at

pH 4.2 to 4000 s at pH 10.0 (Figure 6.5). The fits are shown in Figure 6.5, and the excellent

agreement between the model and the data indicate that changes in pH do not introduce net-

work non-idealities and that the relaxation properties can be predictably controlled through

pH modulation.

The kinetic treatment of the hydrazone evolution studies between butyraldehyde and

monomethylhydrazine also provides the rate of the back reaction, k−1, which corresponds to

the hydrolysis of the hydrazone bond. Plotting the rate of the back reaction with respect to

pH provided good agreement with the rheological data: more acidic buffers greatly enhances

the rate of hydrolysis, an observation in line with previous studies of hydrazone hydrolytic
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Figure 6.6: (A) Hydrogel stress relaxation at pH 5.3 (+), 6.3 (triangle), 7.3 (square), 8.1
(del), and 10.0 (circle). Dashed lines represent a fit to the Maxwell model.11 (B) Inverse half-
life of gel relaxation at different pH values. (C) Rate of small molecule hydrazone hydrolysis
at different pH values. Each data point represents the average of three independent kinetic
measurements. Error bars represent standard deviation.
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stability (Figure 6.5).153 As the rate of k−1 decreases, a factor that can be precisely altered by

increasing the pH, the gels take longer to relax applied stress; at more acidic pH values, the

k−1 values increase, and correspondingly, the gels relax stress more quickly. Thus, the rate of

the back reaction dominates the ability of the material to relax applied stress, an observation

that should provide a valuable design principle for the development of next-generation stress

relaxation materials.

Taken together, the small molecule kinetic studies provide excellent agreement with the

hydrogel evolution and stress relaxation characteristics of bis-aliphatic hydrazone hydrogels.

It is notable that the rheological characteristics of a complex PEG hydrogel system can be

captured by the characteristics of the kinetics of the reactive end groups. This demonstration

provides a versatile strategy for screening of suitable hydrogel-forming reactions through

analogous small-molecule studies, and future studies will focus on quantifying the theoretical

underpinnings of the relationship be-tween the relaxation properties of the hydrogel and the

rate constants of the crosslinking reactions.

6.4 Discussion of the Rapid Formation of the Bis-Aliphatic Hydrazone Bond

An unexpected consequence of this analysis is the observation not only that bis-

aliphatic hydrazones form exceptionally quickly at physiological pH, a characteristic observed

and reported by us and others,82,209,211 but also that physiological pH is the point at which

this bond forms most rapidly. This is in contrast to established precedence in the literature,

which is largely dominated by studies of hydrazone formation with aryl aldehydes. We are

currently investigating the mechanistic basis of the bis-aliphatic hydrazone bond formation

and hope to apply the discoveries from these studies to the development of next-generation

hydrogel materials.

Previous work has shown hydrazone bonds to form and hydrolyze by the mechanism

shown in Figure 6.8. We hypothesized that the bis-aliphatic hydrazone bond could have

possibly formed by a different mechanism, involving the cleavage of the alpha-C-H bond
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Figure 6.7: The half-life of relaxation is shown as a function of pH and temperature. The gels
relaxed much more quickly at higher temperatures and lower pH values. High temperatures
combined with high pH values resulted in gel decomposition.
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Figure 6.8: Accepted mechanism of hydrazone bond formation.

on the butyraldehyde. However, kinetic studies with deuterated butyraldehyde showed no

significant kinetic isotope effect, providing evidence against a shift in mechanism to include a

C-H bond breakage event in the rate determining step (Figure 6.9) and indicating a different

mechanism is not likely driving the extremely rapid bond formation at physiological pH.

We next hypothesized that the hydration state of the aldehyde may be important to the

kinetics of hydrazone bond formation. Previous studies have shown that aryl aldehydes exists

almost exclusively in their unhydrated, aldehyde form in water, while aliphatic aldehydes

are frequently found in equilibrium with their conjugate diols. Instinct suggests that the diol

form would likely be unreactive to-wards a hydrazine attack and perhaps buffer pH affects

the equilibrium aldehyde:diol ratio. However, 1H NMR studies showed a similar degree of

gem-diol formation at pH 3.2, 7.2, and 11.0, suggesting that the rate differences do not

originate as a result of different populations of these two compounds at different pH values

(Figure 6.10).

Finally, previous studies have shown that buffer can serve as a general acid catalyst for

hydrazone formation.209,212 These results implicate that hydrazone bonds should form most

rapidly in buffers of pH close to the pKa of the buffering molecule. Thus, in acetate buffer

it would be expected that the rate of hydrazone formation would peak at pH 4.7 and in

phosphate buffer pH 7.2. While we observed a maximum rate of hydrazone bond formation

in phosphate buffer at pH 7.3, the corresponding maximum in acetate buffer occurred at

6.3. Additionally, hydrazone formation in 2 M KCl with 1 mM, 5 mM, 20 mM, or 100

mM phosphate does not differ significantly, suggesting that, unlike the reaction between
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Figure 6.9: Rate of hydrazone formation with n-butyraldehyde-2,2′-d2 (blue) and methyl-
hydrazine and n-butyraldehyde and methylhydrazine (black) in D2O. No significant rate
difference in product formation is seen between the two substrates.
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Figure 6.10: 1H NMR traces of butyraldehyde in 90% D2O:10% pH 3.2 acetate buffer (red),
pH 7.2 phosphate buffer (green), or pH 11.0 phosphate buffer (blue). The ratio of aldehyde
proton a) and gem-diol proton b) remains constant through this pH range (1:1.4) indicating
the hydration state of butyraldehyde does not contribute to the pH-dependent kinetics.
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Figure 6.11: Effect of phosphate ion concentration on the rate of hydrazone formation be-
tween butyraldehyde and methylhydrazine. Reactions were carried out in 2 M KCl containing
1 mM (diamond), 5 mM (del), 20 mM (circle), and 100 mM (square) of phosphate buffer.

hydroxylamine and acetone, the observed rate differences are not a result of the phosphate

ion behaving as a general acid catalyst (Figure 6.11).212 Future studies are in progress to

determine the mechanistic basis for these reaction characteristics.

6.5 Experimental

General Procedures and Materials: Unless otherwise noted, all chemicals and solvents

were of analytical grade and were used as received from commercial sources. 4-arm 20

kDa PEG-amine and 8-arm 10 kDa PEG-OH was obtained from JenKem. Water (dd-

H2O) used in biological procedures or as a reaction solvent was deionized using Milli-Q

Advantage A-10 water purification system (MilliPore, USA). UV-vis spectra were acquired

on a DU 730 spectrophotometer (Beckman Coulter, USA) with quartz cuvettes. Rheological

measurements were made with a DH-R3 rheometer (TA Instruments, USA).

Buffer preparation: 100 mM buffers were prepared using either acetate or phosphate

stock solutions. Recipes are summarized in Table 6.1 and 6.2.

Macromer synthesis: The 8-arm 10 kDa PEG-aldehyde (8-AA) was synthesized using

a Swern oxidation.169 Oxalyl chloride (88 equiv.) was dissolved in anhydrous DCM in a

flame-dried flask purged with argon and immersed in a dry ice/acetone bath at -78◦ C bath.
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Table 6.1: Buffer recipes for pH 4.2, 5.3, and 6.3

pH Vol 100 mM acetic acid (mL) Vol 100 mM acetate (mL)
4.2 42 18
5.3 18 32
6.3 3 47

Anhydrous DMSO (92 equiv.) was added dropwise, forming an activated alkoxy sulfonium

intermediate. Next, one equivalent of 8-arm 10 kDa PEG-alcohol in a minimal volume of

DCM was added dropwise, and the reaction was allowed to proceed for 20 minutes, at which

point triethylamine (200 equiv.) was added dropwise. Finally, the reaction was allowed to

warm to room temperature, and the product was precipitated with diethyl ether and purified

by dialyzing against DI water. The 4-arm 20 kDa PEG-hydrazine (4-H) was synthesized by

activating of tri-boc-hydrazinoacetic acid (8.8 equiv.) with HATU (8 equiv.) and N-methyl

morpholine (18 equiv.) in DMF. One equivalent of 4-arm 20 kDa PEG-amine dissolved in

DMF was added to the activated hydrazinoacetic acid solution, and the reaction was allowed

to proceed overnight. Next, the product was precipitated in ether and dissolved in a 50:50

mixture of DCM/TFA to remove the Boc protecting group. After 4 hours, the product was

again precipitated in ether, dissolved in water, and dialyzed against DI water for 24 hours.

Finally, the product was lyophilized and used for experimentation.

Macromer characterization: Macromers were characterized through 1H NMR and shear

rheology.

4-H 1H NMR (D2O, 400 MHz): δ= 3.59 (s, PEG)

4-H 1H NMR (DMSO-d6, 400 MHz): δ= 8.1 (t, J = 4 Hz, 1H), δ= 4.45 (m, 2H), δ=

Table 6.2: Buffer recipes for pH 7.3, 8.1, and 10.0

pH Vol 100 mM disodium phosphate (mL) Vol 100 mM HCl (mL) Vol 100 mM NaOH (mL)
7.3 38 12 0
8.1 48 2 0
10.0 48 0 2
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3.51 (s, PEG), δ= 3.2 (m, 1H), δ= 2.96 (m, 2H)

8-AA 1H NMR (D2O, 400 MHz): δ= 5.04 (t, J = 6 Hz, 1H), δ= 3.76 (t, J = 4 Hz,

2H), δ= 3.59 (s, PEG). Aldehyde exists as a diol in D2O.

8-AA 1H NMR (DMSO-d6, 400 MHz): δ= 9.61 (s, 1H), δ= 4.23 (s, 2H), δ= 3.54 (s,

PEG). 8-AA gels in organic solvents; therefore, NMR peaks were significantly broadened.

To determine functionalization, a four-arm benzaldehyde-terminated macromer of known

functionalization were mixed with 4-H highly off-stoichiometrically, and the point at which

gelation no longer occurred was noted. This information was combined with Flory-Stockmayer

theory (Equation 6.1 and 6.2), which states,

pc =
1√

(fA−1)(fB−1)
r

(6.1)

r =
fBnB
fAnA

(6.2)

where fA is the functionality of the first macromer, fB is the functionality of the

second macromer, nB and nA are their concentrations, and pc is the percolation threshold,

which must be greater than one for gelation to occur. For this system studied, fA is 4

and fB is 4, so theoretically, gelation should barely occur when the macromers are mixed

1:3.3 off-stoichiometrically. The result was observed, indicating that 4-H was nearly fully

functionalized, which is not surprising given HATU-mediated peptide couplings are known

to proceed to 99% completion.170 The experiment was repeated with 4-H and 8-AA and

similar results were observed, which is again expected as Swern oxidations are known to

proceed to 97%-100% to completion.169

Gel formation: The PEG macromers were dissolved in buffered saline to form 30

wt% and 15 wt% stock solutions for the 4-arm PEG-hydrazine and 8-arm PEG-aldehyde,

respectively. Solutions were combined stoichiometrically at 10.5 wt% to form hydrogels

in situ on a temperature-controlled Peltier plate set to 25◦C on a shear rheometer, unless
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otherwise specified.

Rheology: Samples were formed in situ by pipetting 30 μL monomer solutions between

the bottom Peltier plate and a flat tool 8 mm in diameter on a shear rheometer. The

gap was closed to 500 μas quickly as possible, and the experiment was commenced. All

experiments were performed at 25◦C. Frequency and strain sweeps were performed to ensure

measurements were made in the linear region. Evolution experiments were performed at 1%

strain and 1 rad/s,; frequency sweeps were performed at 1% strain; and stress relaxation

experiments were performed at 10% strain.

Kinetics: An Eppendorf tube was charged with buffer at the indicated pH (198 μL),

and butyraldehyde (1 μL of a 20 mM stock in DMSO) and methylhydrazine (1 μL of a 20

mM stock in DMSO) were added. The contents were quickly transferred to a cuvette, the

cuvette was covered with a layer of Parafilm, and the absorbance at 240 nM was monitored

(ε= 1,986 M−1 cm−1).82 The data were fit to Equations 6.3, 6.4, and 6.5, a standard kinetic

model derived by Dirksen et al.10

x(t) =
a+(x0 − a−)− a−(x0 − a+)e−k1(a+−a−)t

(x0 − a−)− (x0 − a+)e−k1(a+−a−)t
(6.3)

a+ =
−k−1 +

√
k2−1 + 4k1k−1x0
2k1

(6.4)

a+ =
−k−1 −

√
k2−1 + 4k1k−1x0

2k1
(6.5)

Here, x is the concentration of one reactant as a function of time; x0 is the initial

concentration the reactant; k1 and k−1 are the forward and backward rate constants; and a+

and a− are defined in terms of these variables. This model assumes a bimolecular reaction

with equimolar starting concentrations of the reactants and no side reactions. Each kinetic

trace was fitted to the model, and the k1 and k−1 values were recorded. Three independent

measurements were made at each pH value. The reported values are the mean value and
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Figure 6.12: A dashpot (damper) with viscosity, η, in series with a spring of elastic modulus,
E, is the simplest model for a viscoelastic fluid capable of capturing stress relaxation behavior.

standard deviation for these three calculations. Excellent run-to-run agreement was seen at

all pH values.

Rheological Modeling: Gel evolution was fit to an exponential model, as shown in

Equation 6.6,

G(t) = G∞ − Ae−τt (6.6)

where G(t) is the elastic modulus, G∞ is the equilibrium elastic modulus, A and τ are

fit parameters, and t is the time. The half-lives of hydrogel evolution were calculated to

compare the effects of different pH values.

Because every bond in the material is reversible, we assumed the material behaved as

an ideal Maxwellian viscoelastic fluid, represented by a spring in series with a dashpot, as

shown in Figure 6.12.

The total stress on a Maxwell material must equal the stress on each of the individual

components, and the total strain is divided between the two with some time dependence.

These assumptions are combined into Equation 6.5

dε

dt
=
σ

η
+

1

E

dσ

dt
(6.7)

where ε is the total strain, σ is the stress, η is the dashpot viscosity, E is the spring



123

modulus, and t is the time. However, under the conditions used to measure stress relaxation,

the material is strained a fixed amount and stress is measured; thus, the time derivative of

strain is zero, and the equation simplifies to Equation 6.8,

σ(t) = σ0e
−t/τ (6.8)

where τ is a characteristic time constant of relaxation equal to the viscosity of the

dashpot divided by the modulus of the spring. The stress relaxation data were then fit to

this equation using the FindFit function in Mathematica, and relaxation times were used to

quantitatively compare the effects of varying pH values.

Statistics: Small molecule kinetic studies were performed in triplicate and rheological

experiments were performed in duplicate. Error bars represent the standard deviation.

6.6 Conclusions

To close, our study demonstrates that a small-molecule model system can capture

and describe the origin of bis-aliphatic hydra-zone hydrogel evolution and stress relaxation

characteristics. The forward rate constant of the reaction dominates the gel evolution pro-

cess, while the back rate constant heavily influences the ability of the gel to relax stress,

providing a set of rational design principles for the development of next-generation stress

relaxation materials. Moreover, the unexpectedly rapid formation of the bis-aliphatic hydra-

zone at physiological pH indicates that this reaction may find extensive use in bioconjugation

methods and dynamic covalent chemistry applications, especially for use with pH-sensitive

proteins and molecules.



Chapter 7

A Coumarin-based Photodegradable Hydrogel: Design, Synthesis, Gelation,

and Degradation Kinetics

7.1 Abstract

The design, synthesis, and characterization of a new class of coumarin-based pho-

todegradable hydrogels are reported. Hydrogel formation was achieved rapidly and efficiently

under aqueous conditions using copper-catalyzed click chemistry, which afforded excellent

control over the rate of network formation. Rapid photodegradation, to the point of reverse

gelation, was observed using both 365 nm and 405 nm light, and micron-scale features were

eroded using two-photon irradiation at wavelengths as long as 860 nm.

7.2 Introduction

Hydrogels, water-swollen crosslinked polymeric networks, are an important class of

polymeric materials in biomedical research. For applications in tissue engineering and re-

generative medicine, some of the key properties of hydrogels are their ability to localize

and deliver therapeutic proteins in a controlled manner, serve as delivery vehicles for cell

transplantation, and allow the culture of stem cells in tissue-like three-dimensional microen-

vironments in vitro.65,81,213 Degradable hydrogels are among the most attractive and use-

ful classes of hydrogel scaffolds, as their degradability can be leveraged to control the re-

lease and delivery of therapeutic cells and proteins.74,97,113,198 Conventionally, hydrogel

degradation is achieved either hydrolytically or proteolytically; these approaches to degrad-
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Figure 7.1: Step-growth hydrogels cross linked though copper catalyzed click chemistry form
predictably and degrade rapidly upon exposure to ultraviolet, short wavelength visible, and
two-photon infrared light.

ability are often mediated by external triggers such as pH, temperature, small molecules,

and enzymes.123,137,174,214 However, there is a growing interest among researchers in de-

veloping chemical strategies that allow for spatiotemporal control over the cleavage of gel

crosslinks.82,128,213,215 To this end, photodegradable hydrogels, which allow for precise user-

directed degradation of the network structure via light-mediated reactions, have evolved and

received enormous attention in recent years.72,192,216 While these hydrogels have found have

numerous applications to date,132,175,176,190 the majority of the systems reported are based

on incorporating a photolabile nitrobenzyl moiety into the network crosslinks.72,192,217

In this communication, we introduce a coumarin-based photodegradable hydrogel plat-

form as a potential alternative to the previously reported nitrobenzyl-based systems. Im-

portantly, this chemistry is highly suitable for biological applications, as the photodegrada-

tion reaction produces biologically inert by-products.218,219 Unlike the nitrobenzyl system,

which releases an aldehyde or ketone, both of which are reactive towards amine functional-

ities of proteins,220,221 the coumarin system exposes an innocuous alcohol.191,218,219,222 An

additional advantage of this coumarin-based platform is that the red shift in its degrada-

tion wavelengths, relative to the nitrobenzyl-based systems, provides access to a broader

spectrum of cytocompatible wavelengths of light.191,218,219,222 Here, the synthesis of a new

class of coumarin-based hydrogels, which are crosslinked using aqueous copper catalyzed
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click chemistry,102,223–225 is described. In addition, characterization of the gel formation and

photo-degradation properties of these hydrogels is presented.

7.3 Results & Discussion

The macromolecular precursors: 4-armed poly(ethylene glycol) (PEG) tetra-alkyne 1

and 4-armed PEG tetra-coumarin azide 2 used in the formation of the photodegradable

hydrogels are shown in Figure 7.2. Polymer 1 was synthesized in a straightforward manner

upon reacting 4-armed 5 kDa PEG tetra-amine with pentynoic acid. The coumarin based

polymeric precursor 2 was obtained by coupling 4-armed 5 kDa PEG tetra-carboxylic acid

with an amine terminated coumarin azide 3. This coumarin azide 3 was synthesized following

the synthetic route described in Scheme 7.3. Briefly, 7-amino-methylcoumarin was first

diazotized and then treated with sodium azide to obtain 7-azido-methylcoumarin 4. The

methyl functionality of the coumarin was then oxidized to a methylene alcohol using selenium

dioxide as an oxidizing agent. The resultant coumarin methyl alcohol 5 was then coupled

to Boc-protected beta-alanine and exposed to trifluoroacetic acid to obtain the final amine-

containing coumarin azide 3.

Hydrogel formation was achieved by mixing equimolar (100 mg/mL, 80 mM functional

groups) aqueous solutions of 1 and 2 with solutions of sodium ascorbate (316 mg/mL,

1.6M), followed by copper sulfate at varying concentrations. The final concentrations of

alkyne and azide functional groups were 36 mM, and the final concentration of sodium

ascorbate was 80 mM. The concentration of copper sulfate was varied from 2 mM to 16

mM to investigate the effects of this variable on the gelation characteristics, specifically the

kinetics of gel formation and the final modulus reached during in situ polymerization on a

shear rheometer. As expected, a correlation between the concentration of copper sulfate and

the gelation kinetics was observed, where higher concentrations resulted in faster network

formation (Figure 7.4). For example, with 0.44 equivalents of copper per alkyne (16 mM),

the modulus reached 90% of the final value within two minutes, while reducing the copper
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Figure 7.2: Coumarin-based photodegradable hydrogel: a) Chemical structures of 4-arm
PEG tetra-alkyne (5 kDa) and 4-arm PEG tetra-azide (5 kDa) and schematic representation
of copper (I) catalyzed gel formation and light activated degradation; b) In-situ rheology of
gelation and degradation of coumarin hydrogels. Gelation and degradation were achieved at
2-16 mM of Cu (I) and at 365 nm (10mW/cm2) light, respectively, under aqueous conditions
at room temperature; c) Photochemistry of coumarin methyl ester degradation, in which
coumarin methyl alcohol is produced after degradation.
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Figure 7.3: Synthesis of amine-terminated coumarin azide 3.
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Table 7.1: Kinetics of coumarin-based photodegradable hydrogel formation.

[Cu] Time between gel point and 90% Geq G′eq
16 mM 58(12) s 6500(400) Pa
8 mM 104(18) s 7300(500) Pa
4 mM 344(120) s 9700(500) Pa
2 mM 784(60) s 11,000(1,000) Pa

concentration to 0.05 equivalents (2 mM) delayed this conversion to over 15 minutes. In

general, the time required to reach 90% of the final modulus (based on when the macromers

were placed on the rheometer) varied over an order of magnitude from ca. 100 s to ca. 1000

s. To quantify the kinetics of gel formation, we measured the time elapsed between the gel

point1 and the gel reaching 90% of its final modulus to avoid errors associated with the

time required to initiate measurements (Figure 7.4, Table 7.1). These times were inverted to

generate rates of modulus evolution, which are linear with respect to copper concentration

(Figure 7.5). This analysis indicates that the copper is involved in the rate limiting step,

and the rate of modulus evolution corresponds well with the rate of the click reaction, which

is also linear with respect to copper concentration.224–226

Interestingly, the copper sulfate concentration also had an effect on the modulus of the

final hydrogel, as higher catalyst concentrations resulted in lower final moduli (Figure 7.4).

For example, decreasing the copper concentration from 0.44 to 0.05 equivalents per alkyne

nearly doubled the final modulus achieved. Previous reports on building polymers using

click reactions have shown no change in conversion with respect to the copper concentration.

Thus, the effect of copper concentration on final modulus is likely driven by the kinetics of

gel formation, leading to different network structures and non-idealities.224 While the oppo-

site trend was previously observed for thermally initiated thiol-ene step growth gels,227 we

hypothesize that the more complicated mechanism of triazole formation may be responsible

for this difference. With this crosslinking chemistry, three collisions are necessary to achieve

1 Due to the physical characteristics of our rheometer, the exact gel point was not consistently observed,
but rather approximated by the time at which the elastic modulus exceeded 1 Pa.
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Figure 7.4: Coumarin-based photodegradable hydrogel: a) Chemical structures of 4-arm
PEG tetra-alkyne (5 kDa) and 4-arm PEG tetra-azide (5 kDa) and schematic representation
of copper (I) catalyzed gel formation and light activated degradation; b) In-situ rheology of
gelation and degradation of coumarin hydrogels. Gelation and degradation were achieved at
2-16 mM of Cu (I) and at 365 nm (10mW/cm2) light, respectively, under aqueous conditions
at room temperature; c) Photochemistry of coumarin methyl ester degradation, in which
coumarin methyl alcohol is produced after degradation.



131

Figure 7.5: Rate of modulus evolution plotted versus copper concentration with linear fit.
Because the rate of the cross linking reaction is proportional to each of the reactants, this
plot shows that copper is a limited reagent.
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bond formation: (i) copper (II) and sodium ascorbate to form copper (I), (ii) copper (I) and

alkyne to form the activated copper (I)/alkyne complex, and (iii) copper (I)/alkyne complex

and azide for crosslink formation.226 Consequently, rapid gelation may potentially restrict

functional group mobility and lead to network non-idealities (e.g., loops or unreacted end

groups), which would likely reduce the crosslink density and modulus. Work is ongoing to

elucidate a potential mechanism for the reaction rate dependent modulus observation.

After characterizing the network formation in these step growth hydrogels, detailed

characterization of the photodegradation reaction was performed. Previous work has demon-

strated that the coumarin moiety cleaves in response to UV (365 nm) and visible (405 nm)

light at vastly different rates. Bone morphogenetic proteins (BMPs) tethered to a hydro-

gel network through a coumarin linker was shown to be released 3.3 times faster than one

tethered through a nitrobenzyl linker under 365 nm irradiation and 2.9 times slower under

405 nm irradiation.191 We sought to investigate and quantify the rates of coumarin cleav-

age upon exposure to different intensities of 365 nm and 405 nm light through hydrogel

degradation kinetic studies. Coumarin crosslinked hydrogels were polymerized in situ and

exposed to varying intensities of both 365 nm and 405 nm light. We observed significant dif-

ferences in the time required for crosslink cleavage, as measured by modulus reduction, over

the range of intensities and wavelengths investigated. The shear elastic moduli of coumarin

crosslinked hydrogels exposed to 1.4 mW/cm2 of 405 nm irradiation was reduced to only

ca. 95% of its initial value after 200 s, while hydrogels exposed to 10.4 mW/cm2 365 nm

experienced a modulus reduction of less than 25% of its initial value at the same time point

(Figure 7.6, Table 7.2). This behavior was fit to a first order degradation model shown in

Equations 7.1 and 7.2 to yield apparent rates of crosslinking cleavage that can be quantified

and compared.72,192

G(t) = G0e
−kappt (7.1)



133

Table 7.2: Kinetics of coumarin-based photodegradable hydrogel degradation.

Light Intensity Time to reach 1
2
G0 kapp x 104

1.4 mW/cm2 365 nm 600(80) s 12(1) s−1

4.0 mW/cm2 365 nm 270(1) s 25(1) s−1

10.4 mW/cm2 365 nm 90(30) s 77(16) s−1

1.4 mW/cm2 405 nm 7000(1200) s 1.0(0.1) s−1

4.0 mW/cm2 405 nm 1800(200) s 3.8(0.5) s−1a
10.4 mW/cm2 405 nm 750(160) s 9.2(2) s−1

40.0 mW/cm2 405 nm 300(100) s 34(10) s−1

kapp =
φελ0(2.303x10−6

NAhc
(7.2)

Here G(t) is the shear elastic modulus as a function of time, G0 is the initial modulus,

and t is the time of exposure. The apparent rate of degradation, kapp, has been to shown

to depend on the quantum yield, φ, the molar absorptivity, ε, the incident irradiation, I0,

and the wavelength of light, λ. This relationship is shown in Equation 7.2, where NA is

Avogadro’s number, h is Planck’s constant, and c is the speed of light. Thus, the rate of

gel degradation can be modulated by changing light intensity or wavelength, as the molar

absorptivity is a function of wavelength.72,192

The shear elastic modulus of coumarin crosslinked hydrogels was monitored during

exposure to 40 mW/cm2, 10.4 mW/cm2, 4.0 mW/cm2, and 1.4 mW/cm2 of 405 nm light

and 10.4 mW/cm2, 4.0 mW/cm2, and 1.4 mW/cm2 of 365 nm light. The resulting data were

plotted and fit to Equation 7.1 (Figure 7.6). The apparent rate constant, kapp, varied by

almost two orders of magnitude, from 1.0 x 10−4 s−1 under exposure to 1.4 mW/cm2 405 nm

light exposure to 79 x 10−4 s−1 under 10.4 mW/cm2 365 nm light. Because the degradation is

a first-order process, the rates of degradation at each wavelength are expected to collapse to

a single point when normalized for light intensity (Figure 7.6, Tables 7.2 and 7.3). In general,

we observed excellent agreement with this theory and show consistent kapp/I0 for a given

wavelength. Furthermore, based on these calculations, the coumarin crosslinked gel degraded

with 365 nm light at a rate comparable to the fastest nitrobenzyl moieties reported.16 While
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Figure 7.6: Coumarin-based photodegradable hydrogel degradation kinetics: a) In-situ rhe-
ology of the coumarin gel degrading in response to 365 nm light. The data are shown as
points and the fit is shown as a line. Green is 10.4 mW/cm2, blue is 4.0 mW/cm2, and red
is 1.4 mW/cm2. The absorbance of the material along with a band representing 365 nm is
shown inset. b) In-situ rheology of the coumarin gel degrading in response to 405 nm light.
Black is 40 mW/cm2, green is 10.4 mW/cm2, blue is 4.0 mW/cm2, and red is 1.4 mW/cm2.
The absorbance of the material along with a band representing 405 nm is shown inset. c)
Plot of kapp versus light intensity. Across a wavelength, a straight line is expected with data
(points) and fits (lines) shown for 365 nm (magenta) and 405 nm (violet). Error bars are
smaller than the points. d) kapp/I0 versus light intensity. Both these numbers collapse to
kapp/(I0 ∗ ε)x104 = 0.0030 ± 0.0001cm3 ∗M/(s ∗ mW ) when normalized to the extinction
coefficient, ε, of the material at those wavelengths.
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Table 7.3: Coumarin hydrogel degradation constants.

Wavelength kapp/I0 x 104

365 nm 7.5(0.3) cm2/(s*mW)
405 nm 0.84(0.01) cm2/(s*mW)

the degradation kinetics were roughly ten times slower at 405 nm, this result is consistent

with the absorbance data showing that the PEG-coumarin molecule 2 absorbs slightly less

than ten times more light at 365 nm (ε = 2480 cm-1 M-1 per functional group) than at 405

nm (ε = 280 cm-1 M-1 per functional group). When this difference in molar absorptivity

is taken into account, all of the data collapse to a single value, kapp/(I0*ε) x 104 = 0.0030

0.0001 cm3*M/(s*mW), indicating that the quantum yield is similar for both wavelengths

of light.

Finally, we hypothesized that the coumarin moiety would also cleave in response to

longer wavelengths of two-photon light. Using a confocal microscope and a tunable two-

photon laser, we observed visible material degradation for wavelengths between 720 and 860

nm (Figure 7.7). While the efficiency of degradation was much higher at 740 nm, requiring

only a 1.58 μs pixel dwell at a 110 mW/μm3 intensity, degradation was observed even out to

860 nm by increasing the pixel dwell time.

7.4 Experimental

General Procedures and Materials: Unless otherwise noted, all chemicals and solvents

were of analytical grade and were used as received from commercial sources. 4-arm 5 kDa

Poly(ethylene glycol) (PEG) was obtained from JenKem. UV-Vis spectra were acquired

on a NanoDrop spectrophotometer. Rheological measurements were made with a DH-R3

rheometer (TA Instruments, USA). 1H NMR spectra were recorded on a 400 MHz Bruker

NMR spectrometer using the residual proton resonance of the solvent as the internal stan-

dard. Chemical shifts are reported in parts per million (ppm). When peak multiplicities are

given, the following abbreviations are used: s, singlet; d, doublet; t, triplet; m, multiplet; bs,
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Figure 7.7: Images of two-photon degradation. The coumarin gel is fluorescent in response
to 405 nm incident light. Thus, transmitted, fluorescent, and merged images are shown (left,
center, and right, respectively). The numbers refer to the two-photon wavelength used to
degrade the material. Degradation and gel erosion was tested up to 900 nm of two-photon
light. However, degradation at 900 nm was inefficient. Scale bar: 100 μm.
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Figure 7.8: Synthesis of compound 1.

broad singlet.

Macromer synthesis: Compounds 3-6 were synthesized according our previously re-

ported procedures.191

Synthesis of 4-armed PEG tetra-alkyne 1: To a solution of 4-arm PEG amine-HCl (mol.

wt. 5 kDa) (1.0 g, 0.2 mmol) in dichloromethane (1.5 mL) was added triethylamine (0.14

mL, 1.0 mmol) and stirred at room temperature (RT) for 15 mins. To the above mixture

was added 4-pentynoicacid (0.16 g, 1.6 mmol), diisopropyl carbodiimide (DIC) (0.25 mL,

1.6 mmol) and dimethyl aminopyridine (DMAP) (0.02 g, 0.2 mmol) at ice-bath temperature

and the mixture was stirred at RT for 24 hrs. The reaction mixture was then drop-wise

added into cold diethyl ether (45.0 mL) in a 50 mL centrifuge tube and the resultant PEG

precipitate was centrifuged and the supernatant solutions were decanted. After allowing it

to dry for a few hours, the precipitate was dissolved in distilled water and dialyzed against

a large volume of water (2 L) for 24 hrs, replacing the water every 12 hrs. The dialyzed

solution was then lyophilized to obtain the polymer 1 as a colorless powder (0.8 g, 75%).

1H NMR (400 MHz, DMSO) δ 4.15-4.10 (m, 8H, (terminal-CH2O)4), 3.65-3.30 (m,

460H, (CH2-CH2O)n), 2.80 (t, J= 4Hz, 4H), 2.52-2.47 (m, 16H), 2.40-2.30 (m, 8H).

Synthesis of 4-armed PEG- tetra coumarin azide 2: To a solution of 4-arm PEG tetra-

carboxylic acid (mol.wt. 5 kDa) (0.18 g, 0.04 mmol) in dichloromethane (0.5 mL) was
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Figure 7.9: Synthesis of compound 3.

added N,N-diisopropyl ethylamine (DIEA, Hunig’s base) (50 μL, 0.3 mmol), followed by

1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophos-

phate) (HATU) (0.08 g, 0.22 mmol). To the above mixture was added amine containing

coumarin azide 3 and DIEA (50 μL, 0.3 mmol) in dichloromethane (0.5 mL) at ice bath

temperature. The reaction mixture was then stirred overnight at RT. The reaction mixture

was then added drop-wise into cold diethyl ether (45.0 mL) in a 50 mL centrifuge tube. The

resultant PEG precipitate was centrifuged, and the supernatant solutions were decanted.

After allowing it to dry for a few hours, the precipitate was dissolved in distilled water and

dialyzed against a large volume of water (2 L) for 24 hrs, replacing the water every 12 hrs.

The dialyzed solution was then lyophilized to obtain 2 as a slightly brownish powder (0.15

g, 69%).

1H NMR (400 MHz, D2O) δ 7.63-7.50 (bs, 4H), 7.04-6.9 (bs, 8H), 6.40-6.30 (bs, 4H),

5.32-5.21 (bs, 8H), 4.00-3.90 (m, 8H), 3.65-3.30 (m, 450H, (CH2-CH2O)n), 2.75 (t, J=4Hz,

8 H).

7.5 Conclusions

In conclusion, our results demonstrate the utility of coumarin-based photodegradable

moieties for user-directed manipulation of hydrogel materials. Importantly, this chemistry
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Figure 7.10: Absorbance spectrum of 20 mM 2.

Figure 7.11: Beer’s Law fit to determine the extinction coefficient, ε, of 2 at 365 nm (ma-
genta) and 405 nm (blue).
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is efficient at longer wavelengths of light and produces biologically benign by-products

upon photocleavage. Although this characterization has been performed using hydrogels

crosslinked by copper catalyzed click chemistry, this coumarin chemistry could easily be

adapted to a cytocompatible copper-free hydrogel platform.82,158,191,228–231 Thus, we antic-

ipate that this versatile new chemistry will prove useful in future tissue engineering studies

focused on spatiotemporal patterning of cellular microenvironments.



Chapter 8

Synthetically Accessible Photodegradable Hydrogels for User-Directed

Formation of Neural Networks

8.1 Abstract

Hydrogels with photocleavable units incorporated into the crosslinks have provided

researchers with ability to control mechanical properties temporally and study the role of

matrix signaling on stem cell function and fate. With a growing interesting in dynami-

cally tunable cell culture systems, methods to synthesize photolabile hydrogels from simple

precursors would facilitate broader accessibility. Here, a step-growth photodegradable hy-

drogel system is developed from commercially available precursors in two straightforward

synthetic steps with high yields (¿95%). The network evolution and degradation properties

are characterized in response to one- and two-photon irradiation. The hydrogel is employed

to encapsulate embryonic stem cell-derived motor neurons (ESMNs) and in situ degradation

is exploited to gain three-dimensional control over the extension of motor axons using two-

photon infrared light. Finally, ESMNs and their in vivo synaptic partners, myotubes, are

co-encapsulated, and the formation of user-directed neural networks is demonstrated.

8.2 Introduction

Recent directions in the synthesis of scaffolds for cell culture and tissue regeneration

have made tremendous progress in recapitulating aspects of the complex milieu of signals

found in in vivo microenvironments.84,213 This direction represents a significant advance-
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ment for the field, but one often considers which features are most important and how much

mimicry is required. In some applications, such as cartilage tissue engineering, early ef-

forts found success when focused primarily on mechanical characteristics of the scaffolds,

thereby recapitulating the basic tissue properties while simultaneously supporting chondro-

cyte function (e.g., survival and secretory properties).73–75 However, other tissue engineering

applications necessitated the development of scaffolds that introduced biochemical signals to

promote or direct desired cell function, and this led to significant advances in bioconjugation

methods to tether proteins and small molecules, conferring functionalization and signaling to

embedded cells. Such approaches have been exploited to design materials that preferentially

differentiate stem cells into different lineages,232,233 increase production of extracellular ma-

trix (ECM) components,67 direct cell migration,7,234,235 and control extension of axons.7,8

However, in vivo signals are not presented in such a static manner, but rather, complex

spatially and temporally regulated presentation of biological cues drive many fundamental

processes.236,237 With this in mind, more recent efforts in scaffold design have exploited

advances in polymer chemistry to demonstrate in situ and real time manipulation of cel-

lular microenvironments, thus beginning to recreate the dynamic cellular milieu in vitro.

Such approaches have relied on advances of bio-orthogonal reactions and cytocompatible

photochemical reactions to render advanced cell culture niches.

Specifically, photopatterned protein-ligand interactions have enabled the spatially con-

trolled presentation of bioactive signaling proteins to drive stem cell migration12,158,238 and

orthogonal photocleavage reactions have been used to more efficiently differentiate cells by

mimicking in vivo pathways.191 The Shoichet group developed a system exploiting strong

protein-ligand interactions to immobilize gradients of sonic hedgehog protein to drive neural

progenitor cell migration into an agarose gel.8 The Lutolf group used developed a photo-

activated enzymatic ligation to pattern gradients of VEGF to demonstrate control over

mesenchymal stem cell migration.238 Previous work in the Anseth group identified orthog-

onal photo-degradation reactions that allowed the sequential release of bone morphogenic
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proteins, which enabled more efficient differentiation of human mesenchymal stem cells.191

While the above advances have demonstrated the power of controlled biological sig-

naling to cells through regulation of material properties in space and time, complementary

materials and simplified systems provide opportunities to expand the accessibility of the

chemistry to a broader community of biomaterial researchers.71,239 Here, recent advances

in molecular building blocks are exploited to synthesize a step-growth poly(ethylene glycol)

(PEG) hydrogel crosslinked through copper-free click chemistry capable of undergoing degra-

dation upon irradiation by either single- (334 nm and 365 nm) or two-photon light (740 nm).

The macromolecular monomer components used to synthesize the hydrogel are readily syn-

thesized in 1-2 steps in gram quantities and at high yields (¿95%) from commercially available

precursors. The gel evolution and subsequent photodegradation properties are characterized

by shear rheology and confocal microscopy and shown to behave in a predictable way based

on step-growth network structure-property relationships (e.g., initial gel modulus) and fun-

damental photochemical reactions for the cleavage reaction. This predictable behavior and

precise control of the initial hydrogel allows design of cell scaffolds with spatiotemporally

tunable properties.

McKinnon et al.81 previously synthesized an MMP-degradable PEG hydrogel system

for the culture of embryonic stem cell-derived motor neurons (ESMNs) and identified chem-

ical and physical signals that were critical to promoting long term ESMN survival and axon

extension. While this synthetic method allowed facile introduction of multiple biofunctional

cues and subsequent control of critical aspects of the cellular microenvironment, the materials

render the experimenter a passive observer as the cells dictate and remodel the surround-

ing environment. Perhaps not surprisingly, axon outgrowth was observed to be isotropic,

which then motivates the question as to how one might direct or guide this outgrowth in a

spatially regulated manner. Gaining control over the course of motor axon extension using

an accessible photodegradable hydrogel platform could allow fundamental and quantitative

studies of the effect of neurotrophins and growth factors on these processes. Such informa-
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tion may prove useful treating motor neuron injuries or treating neurodegenerative diseases,

such amyotrophic lateral sclerosis (ALS), especially in the context of better understanding

how to present cues that might guide neuromuscular junctions in vivo.20,2130,39 Combining

a dynamic, accessible hydrogel with embryonic stem cell-derived motor neurons provides a

strong platform for further understanding motor axons extension on which to build future

research.

8.3 Results & Discussion

4-arm 20 kDa PEG macromers were functionalized with dibenzylcyclooctyne (DBCO)

moieties and 8-arm 40 kDa PEG macromers were functionalized with nitrobenzyl azide

(NBA) moieties and dissolved into phosphate buffered saline (PBS) at 20 wt% (50 mM func-

tional groups) to form stock solutions. As first reported by the Bertozzi Group,240 DBCO

reacts with NBA quickly and specifically via a strain promoted azide-alkyne cycloaddition

(SPAAC), and mixing macromer solutions of 8-NBA and 4-DCBO under physiological con-

ditions results in the formation of a hydrogel, abbreviated by 8-NBA:4-DBCO, with an

equilibrium shear elastic modulus of 3600 ± 200 Pa (Figure 8.1). Furthermore, evolution of

the network is rapid with a mean time of 240 ± 40 s to achieve 90% of the final modulus

(Figure 8.1). While the gelation kinetics and final modulus are acceptable for the experi-

ments discussed herein, both of these parameters can be easily tailored to the application

at hand by varying the stoichiometry, molecular weight, or functionality of the initial PEG

macromers. The results can be predicted using fundamental theories describing step-growth

gelation.157,231,241

While SPAAC coupling between DBCO and NBA drives gel formation, the presence of

NBA in the final network structure can serve as a photolabile linker, allowing externally di-

rected degradation of the gel by exposure to UV single-photon or NIR two-photon irradiation.

Upon absorption of a photon, the NBA cleaves between the nitrogen and the tertiary carbon

through an intramolecular reaction into an amide-terminate fragment and an aldehyde ter-
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Figure 8.1: a) Chemical structures showing the formation of the triazole bond linking the
PEG macromers driving the formation of the hydrogel. b) Evolution, left, of synthetically
accessible click hydrogel (open squares) along with exponential fit (line). Gels reached 90%
of their equilibrium moduli of 3600 ± 200 Pa after 240 ± 40 s.
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minated fragment (Figure 8.2). An important difference between this material system and

previously published studies72,192 is that the nitrobenzyl ether group is linked to the PEG

via an amide bond instead of an ester bond. The rationale for choosing the amide-linker is

that the small molecule Fmoc-protected photolabile linker is commercially available, which

is then readily coupled to PEG-NH2 through standard peptide coupling conditions. This

Fmoc-protected photolabile linker allows the synthesis of photodegradable macromers in 1-2

steps with ¿95% yield. However, the photocleavage properties of amide-linked NBA have

not been previously studied and we hypothesized that its degradation properties may differ

significantly from the ester-linked nitrobenzyl due to the dramatically different stabilities of

ester and amide bonds.

Consistent with previously published degradation studies, hydrogels were formed in situ

on a rheometer and exposed to varying intensities of UV light derived from a mercury arc

lamp coupled to a 320 nm-390 nm bandpass filter. Hydrogel degradation was observed to be

much slower than similar ester-linked nitrobenzyl hydrogels. Because hydrogel degradation

is a first-order process, plots of decaying shear elastic modulus were fit to Equation 8.1 and

8.2,

G(t) = G0e
−kappt (8.1)

kapp =
φελI0(2.303× 10−6)

NAhc
(8.2)

where G(t) is the shear elastic modulus as a function of time, G0 is the initial shear

elastic modulus, t is the time, φ is the quantum yield, ε is the absorbance, λ is the wavelength,

I0 is the incident light intensity, NA is Avogadro’s number, h is Planck’s constant, and c is the

speed of light. Hydrogels were exposed to 204 mW/cm2, 154 mW/cm2, and 102 mW/cm2 UV

irradiation for 1200 s and, as expected, rates of degradation increased with increasing light

intensity. Interestingly, immediately upon exposure to light the hydrogel modulus noticeably
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Figure 8.2: a) Chemical structures showing the degradation of the bond crosslinking the
hydrogel network. Cleavage occurs between the tertiary carbon and the amide nitrogen
in a radical-mediated mechanism. Degradation of the same hydrogels under 204 mW/cm2

(blue), 154 mW/cm2 (red), and 102 mW/cm2 (green) UV irradiation (Mercury arc lamp
with 320nm-390nm bandpass filter) along with first-order fits. The absorbance spectrum of
the nitrobenzyl cleavable unit is shown inset along with the bands used for degradation (334
nm and 365 nm)
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increased, a phenomenon previously observed by Kasko et al.192 However, we eliminated this

effect from our rheological traces and fit degradation to a first-order exponential decay model

(Figure 8.2).

Upon fitting and analyzing the data, we observed much slower rates of degradation

compared to previously published reported values for the ester-linked nitrobenzyl.192 Ap-

parent rates of degradation varied from 1.6 ± 0.2 x 10−3 s−1 under 204 mW/cm2 irradiation

to 0.5 ± 0.1 under 102 mW/cm2. If photodegradation occurs in a thin film and follows a

first order process, the apparent kinetic constant of cleavage normalized to the light intensity

(kapp/I0 x 104) for the amide linked NBA is simply 6.3 ± 1.4 cm2 mW−1 s−1. Note that this

value is 5 times slower than kinetic of cleavage of the slowest nitrobenzyl group previously

reported and 130 times slower than the fastest.192

We then sought to characterize the degradation properties of this material in response

to two-photon light. Two-photon light has been used widely in the biomedical sciences due

to its limited dispersion and biocompatibility. However, intense two-photon light has been

shown to disrupt mitochondrial function,242 damage the cytoskeleton,243 and cleave axons.244

Furthermore, some potential existed that the slow single-photon degradation characteristics

would preclude two-photon degradation, due to the intensity of light required cavitating the

hydrogel before degrading crosslinks, an effect that was previously observed at high pulse

energies.245 However, the two-photon response of an organic molecule is not necessarily cor-

related to its single photon response, a phenomenon that is abundantly clear when designing

genetically encoded fluorescent proteins.246

In using two-photon degradation to introduce topographical features in 3D, we first

wanted to ensure that the light dose required for degradation of the material would be within

a range tolerated by encapsulated cells and not cause material cavitation before erosion of

desired features. As ESMN embryoid bodies are generally between 100 and 500 μm in

diameter, a 0.3 NA 10x water objective was selected to erode mesoscale features relevant

to the length scales of axon extension. Since the focal volumes of lenses used for focusing
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2-photon light are well understood, we estimated that the 10X water immersion lens with

740 nm light would have a focal volume of 2.5 μm3, and at the maximum laser power of 279

mW, only 0.25 nJ/μm3 is delivered per pulse. This is several orders of magnitude lower than

doses known to damage cells in the literature.242 For example, axotomy has been reported at

400 nJ/μm3,244 mitochondrial damage at 77 nJ/μm3,243 and the lowest threshold for cellular

damage reported as 58 nJ/μm3.242

Next, we sought to estimate the minimum time of irradiation to erode gel features as

a function of the gel connectivity and exposure parameters. Specifically, the time for reverse

gelation, tc, was estimated as a function of the percolation threshold (pc), the average power

of irradiation (Pavg), the two-photon cross section of the nitrobenzyl unit (φuδu), the period

of the laser pulses (T , 12.5 ns), the duration of the laser pulses (τp, 140 fs), the wavelength (λ,

740 nm), the focal area (ωxy, 532 nm), and the focal volume (V F , 2.5 μm3) (Equations 8.3

and 8.4). h and c are Planck’s constant and the speed of light.

tc = − ln pc
αP 2

avg

(8.3)

α = 1.17φuδu
T

τp
(

λ

πhcω2
xy

)2V F (8.4)

Equations 8.3 and 8.4 define a curve combining photodegradation kinetics, two-photon

physics, and statistical models of reverse gelation to define what combination of light intensity

and exposure time will result in total material erosion.245 Thus, the extent of photodegra-

dation can be controlled by varying light exposure, connectivity of the hydrogel, objective

lens, and quantum yield of photodegradable crosslinker. Given ca. 25% overlap in pixel

size and the 8 μm z-resolution of the 0.3 NA 10x objective, the light exposure is effectively

increased by a factor of 8 when eroding planes separated by 1 μm, which is a typical spacing

used in these studies. With these assumptions and equations, we calculated expected critical

exposure times for different laser powers using previously published quantum efficiencies of
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a similar nitrobenzyl moiety (Figure 8.3).12 Using these plots, we calculated the theoretical

minimum power and exposure time required for complete gel degradation.

To test the validity of these estimates and their relevance to the experimental samples,

wildtype ESMN embryoid bodies were encapsulated in gel formulations identical to those

characterized on the rheometer (6.3 wt%, 8.3 mM functional groups) aside from the addition

of 0.7 mM YIGSR adhesive peptide and 3 μm Alexa-594 to enable hydrogel visualization.

The cell-laden gels were placed in motor neuron media and stained for markers of viability

at 72 hours (Figure 8.4). Note, ESMNs lacking the Hb9::GFP transgene were used to avoid

convolution with the viability staining and imaging. Since primary motor neurons are highly

sensitive to oxidative damage,20 it is important to note that the SPAAC crosslinking allows

gelation in the presence of ESMNs and leads to high levels of cell survival (>95%). These

results are very similar to our previously reported thiol-ene hydrogel system,81 but in this

case, we added an azide-terminated YIGSR peptide as an adhesive cue and also incorporated

the photolabile linker to create topographical features for guidance of axon extension in 3D.

Next, ESMN embryoid bodies were encapsulated in the same hydrogel formulations,

and ten 10 x 10 x 300 μm channels were eroded in proximity to the embryoid bodies, scanning

each pixel 3.16 μs and using laser powers varying from 10-100%, corresponding to 15-110

mW/μm3. Theoretically, the critical threshold for reverse gelation should be crossed at 40%

laser power (50 mW/μm3), if the quantum yield for the amide-linked nitrobenzyl crosslinker

is similar to that of the ester-linked version.12 Experimentally, axon extension was observed

in channels created at only 20%, 28 mW/μm3, laser power, indicating efficient two-photon

degradation (Figure 8.5).

After experimentally confirming exposure conditions necessary to erode gel features and

allow axon extension, the effects of channel dimensions on this extension were investigated.

In contrast to literature reported of cell migration as a function of channel dimensions,247,248

the speed and extent of axon outgrowth were found to be relatively independent of channel

width, except when the channel dimensions (2 x 2 μm) approached those of extending axons
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Figure 8.3: Theoretical plots of critical exposure time versus power with curves represent-
ing lenses of several common numerical apertures. The critical exposure time decreases
dramatically for a given power as the numerical aperture increases.

Figure 8.4: Images of ESMN embryoid bodies encapsulated in synthetically accessible pho-
todegradable click hydrogel 72 hours after encapsulation. 6.3 wt% (8.3 mM functional
groups) SPAAC crosslinked PEG gels were functionalized with 0.7 mM YIGSR peptide
and 3 μm Alexa-594 to allow hydrogel visualization. Cells are stained with calcein (green)
and ethidium homodimer (read) indicated live and dead cells, respectively. Cell viability is
excellent in all cases, although difficult to quantify based on the tight packing of cells into
embryoid bodies. Scale bar is 100 μm.
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Figure 8.5: ESMN embryoid body encapsulated in the 6.3 wt% 8-NBA:4-DBCO hydrogel
immediately after encapsulation and erosion of channels (left) and 48 hours after. Axons
extend into channels that have been exposed to sufficient light to erode the material. Chan-
nels represent varying erosion where the exposure time was held constant at 3.16 μs and the
power was varied from 15-110 mW/μm3. These powers correspond to a tc from 815-0.90 μs,
based on a δuφu value of 0.20 GM. Channels marked with an asterisks were exposed to light
under conditions that do not theoretically lead to complete gel erosion, which is theoretically
crossed at < 63 mW/μm33 and the ray at 3 o’clock. In all of these conditions, axon growth
is not observed. Because axons extend through channels exposed to 39 mW/μm3, it is likely
the quantum efficiency, δuφu, of the nitrobenzyl linker under study is actually higher than
the previously reported value of a similar compound.12 Scale bar is 100 μm.
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(ca. 1 μm x 1 μm in cross section) where hindered outgrowth was observed (Figure 8.6).

After identifying conditions for channel erosion and physiologically relevant channel

dimensions that promote axon extension, we next sought to conduct experiments to explore

aspects of motor axon path-finding and decision-making. In vivo, motor axons must follow a

complex array of signal gradients to reach their final synaptic destination. Numerous proteins

implicated in this process have been identified, but few quantitative methods exist to explore

their role in vitro or to study aspects of competing signals. Thus, to develop an in vitro model

of this, we engineered a patterned hydrogel system to present extending axons with pathway

options, specifically physical channels of varying orientation to the initial axon extension

(Figure 8.7). In the absence of externally presented biochemical stimuli, motor axons prefer

to extend in a persistent manner through channels that are in the direction of the extension

(i.e., straight or at ± 45◦ to the this line). From this baseline characterization, experiments

are currently underway to present gradients of attractive cues through unfavorable forks at

135◦ angles or repulsive cues through favorable forks. Through such experiments, we seek

to quantification the relative role of biophysical versus biochemical signals on axon guidance

with the goal of providing fundamental insight into competing and synergistic mechanisms

of axon guidance.

The rationale of studying and manipulating axon guidance is to maintain functionality

of neuromuscular junctions after traumatic injury or chronic disease. Towards the first step

of a model in vitro system of physiological interest, we aimed to demonstrate the ability of

photodegradable and patternable hydrogel systems to allow user-directed axon outgrowth

-and formation of a simplified neural network. ESMNs have been shown to spontaneously

form functional synapses with C2C12 myotubes in vitro,47,48 so we sought to demonstrate

matrix control over motor axon extension and assemble a neural circuit in this hydrogel.

Specifically, C2C12 were differentiated myoblasts into myotubes using established literature

techniques.249,250 Briefly, myoblasts were allowed to become confluent and then switched to a

low-serum media, which drives fusion and myotube formation. The resulting myotubes were
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Figure 8.6: Square channels of 50 μm x 50 μm, 20 μm x 20 μm, 5 μm x 5 μm, and 2 μm x 2
μm cross sectional area were eroded proximal to encapsulated ESMN embryoid bodies in 6.3
wt% 8-NBA:4-DBCO hydrogels. Axon growth rates were then monitored using a real-time
microscope. Axon extension rates were found to be independent of channel size, until the
size of the channel cross-sectional area approached 2 μm, which is close to the size of the
axon, and progress is physically impeded. a) ESMN embryoid body extending axons through
channels of interest. b) Motor axons extending through a 20 μm x 20 μm channel. c) Motor
axons extending through a 2 μm x 2 μm channel. Scale bar is 100 μm for a) and 50 μm for
b) and c).
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Figure 8.7: Fork-shaped patterns were eroded into the the 6.3 wt% 8-NBA:4-DBCO using
740 nm two-photon light providing extending motor axons with decisions regarding their
direction of extension. The image on the left shows axons hours before reaching the fork
and the image on the left shows axons shortly after selecting a direction. We observed that
the vast majority of axons entered the 0◦ or ± 45◦ forks, indicating persistence in axon
outgrowth when no external stimulus is applied. Scale bar is 10 μm.
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then mechanically removed from culture plates through gentle scraping, forming myotube

bundles that were roughly the same size as the ESMN embryoid bodies. These myotube

bundles were then co-encapsulated with ESMN embryoid bodies at roughly one dozen ag-

gregates per hydrogel. The gels were then imaged to identify spatial location of the two

cell types, and then eroded via two-photon process to create channels connecting the two

cell types. Images captured motor axon extension towards their synaptic targets within two

days, as well as observation of synaptic markers between the two via staining with alpha

bungarotoxin (Figure 8.8). Specially, significant axon branching and interrogation of the

myotube surface were observed, and evidence of the formation of functional junctions was

characterized by staining for acetylcholine receptor clustering using alpha-bungarotoxin.

8.4 Experimental

Macromer synthesis: Eight-arm 40 kDa PEG-nitrobenzyl-azide (8-NBA) macromers

were synthesized by first coupling a Fmoc-photolabile linker (16.8 equivalents, Advanced

ChemTech, RT1095) with 8-arm 40 kDa PEG-amine (1 equivalent, JenKem, A8012) using

1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophos-

phate (HATU, ChemPep, 120801) (16 equivalents) as an activator and 4-methyl morpholine

(32 equivalents, Aldrich, M56557) as a base. The reaction was allowed to proceed overnight,

after which the product was precipitated in ice cold ether, collected via centrifugation, and

dissolved in 80% DMF 20% piperidine to remove the Fmoc protecting group. After 4 hours

of deprotection, the product was again precipitated in ice cold ether, dissolved in DMF,

and coupled to azido butanoic acid (16.8 equivalents), which was synthesized as previously

described,71 again using HATU (16 equivalents) as an activator and 4-methyl morpholine at

a base (32 equivalents). The final product was precipitated in diethyl ether for a third time,

dissolved in a minimal volume of DI water, and dialyzed for 24 hours, after which it was

lyophilized and used for experimentation.

Four-arm 20 kDa PEG-dibenzylcyclooctyne (4-DBCO) macromers were synthesized by
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Figure 8.8: User-directed in vitro assembly of neural circuits. ESMN embryoid bodies ex-
pressing eGFP (green) were cultured with myotube bundles (grey, marked with asterisks)
and connected using a 740 nm two-photon laser to erode 10 μm x 10 μm channels between
the two cell types. Multiple channels were eroded to increase the chances of axons extending
from the embryoid body to the myotube aggregate. Within two days, motor axons extended
up to millimeters to reach the myotubes. Bungarotoxin stain (red) suggests the formation
of functional synapses. Asterisks are added to mark the location of myotube bundles. Scale
bar is 100 μm.
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coupling 4-arm 20 kDa PEG-amine (1 equivalent, JenKem, A7026) with DBCO-acid (8.8

equivalents, Click Chemistry Tools, A101) using HATU (8 equivalents) as an activator and

4-methyl morpholine (18 equivalents) as a base. The product was precipitated in ice-cold

diethyl ether, dissolved in DI water, dialyzed for 24 hours, lyophilized, and finally used for

experimentation (Scheme 8.9).

Peptide synthesis: N3-YIGSR and N3-RGDS were synthesized on a Protein Technolo-

gies Tribute Peptide Synthesizer using standard Fmoc chemistry and Rink Amide MBHA

resin. The final azide reside was incorporated onto the N-terminus by including azido-

butanoic acid in the final cartridge. Peptide cleavage solution was prepared by dissolving

250 mg dithiothreitol (DTT) and 250 mg phenol in a solution of 95% trifluoroacetic acid

(TFA), 2.5% triisopropylsilane (TIPS), and 2.5% deionized water. Synthesized peptides were

cleaved in the solution for 2 hours. Cleaved peptides were precipitated in cold diethyl ether,

recovered via centrifugation, desiccated overnight, and then purified by reverse-phase HPLC

(Waters Delta Prep 4000) purification on a C18 column using a linear acetonitrile:water gra-

dient. The collected fractions of purified peptides were identified by matrix-assisted laser

desorption/ ionization-time-of-flight (MALDI-TOF) mass spectrometry.

Gel formation: The PEG macromers were dissolved in PBS to form 20 wt% (50 mM

functional groups) stock solutions for the 4-DBCO and 8-NBA. Solutions were combined sto-

ichiometrically at 6.7 wt% (8.3 mM functional groups) to form hydrogels (8-NBA:4-DBCO)

in situ on a temperature-controlled Peltier plate set to 25 ◦C.

Rheology: Hydrogels were formed in situ by pipetting 12 μL monomer solutions (2 μL

4-DBCO, 2 μL 8-NBA, 8μL PBS) between the bottom quartz plate and a flat tool 8mm

in diameter on a shear rheometer (TA DH-R3). This yielded a stoichiometrically balanced

6.7 wt% (8.3 mM functional group concentration) gel. The gap was closed to 100 μm and

the experiments were commenced as quickly as possible, typically in less than one minute.

Frequency and strain sweeps were performed to ensure measurements were made in the

linear region. Experiments designed to monitor the hydrogel evolution and its subsequent
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Figure 8.9: Facile, one or two step syntheses of starting materials for copper-free click chem-
istry crosslinked photodegradable hydrogels. 8-NBA is synthesized through coupling com-
mmericially available Fmoc-protected photolabile group to 8-arm 40 kDa PEG-amine, de-
protecting the Fmoc group with piperidine, and coupling azido butanoic acid. 4-DBCO is
synthesized by simply coupling DBCO-acid to 4-arm 20 kDa PEG-amine.
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photodegradation were performed at 1% strain and 1 rad/s, and frequency sweeps were

performed at 1% strain. The light source used for the photodegradation experiments was an

EXFO Actacure with a 320-390 nm filter in between the mercury lamp and the rheometer,

allowing the 365 nm and 334 nm bands to erode the material. Light intensities between 102

and 204 mW/cm2 were used and based on initial functional group concentrations, 40% of

the light was attenuated through the hydrogel.

ES Cell Culture: ES cells were differentiated into spinal motor neurons as previously

described.2,51 Briefly, Hb9::GFP mouse embryonic stem cells were plated into ES cell medium

(ES DMEM, ES FBS, glutamine, non-essential amino acids, nucleosides, 2-mercaptoethanol,

LIF (Life Technologies)) at approximately 5 x 105 cells per gelatinized T25 flask. After

24 hours the media was replaced, and on day 2 of culture, ES cells were trypsinized and

placed in suspension culture in motor neuron media (Advanced-DMEM/F12, Neurobasal,

and Knockout Serum Replacement (Life Technologies)) at 5 x 105 cells per untreated 10 cm

tissue culture dish. In suspension culture, the cells aggregated into embryoid bodies (EBs).

Two days after initial seeding the EBs were split 1:4 and induced into motor neurons with

1 μM retinoic acid (RA) (Sigma) and smoothened agonist (SAG) (Millipore). After 3 days

of exposure to RA and SAG, the EBs displayed strong expression of Hb9::GFP transgene.

Cell Encapsulation: Gels were prepared with a total volume of 30 μL from stock

solutions of 4-DBCO (50 mM functional groups), 8-NBA (50 mM functional groups), N3-

YIGSR (20 mM), N3-RGDS (20 mM), and N3-Alexa 594 (0.1 mM). 4-DBCO was pre-reacted

for 5 minutes with peptides and dye to minimize cellular uptake of small molecules. Dozens

of EBs were then gently mixed into the solution and 8-NBA was added. The solution was

then quickly, but carefully, transferred into a mold 5 mm in diameter and 1.5 mm tall and

allowed to polymerize for 5 minutes before transferring into motor neuron media.

Confocal Microscopy Imaging and Gel Degradation: Gels were placed between a glass

slide and a coverslip separated by a rubber gasket and were imaged using a NA 0.3 10x

water immersion objective on a Zeiss LSM 710 confocal microscope. Hydrogel features were



161

eroded using a 2-photon laser tuned to 740nm emitting a total averaged power of 300 mW.

This power was achieved through a 1.58 μs scan speed. A 488nm laser was used to excite

eGFP, calcein AM, and ethidium homodimer-1.

Axon growth videomicroscopy and tracking: Dynamic axon growth in photodegraded

channels was observed using a Nikon TE 2000-E microscope with a Nikon environmental

chamber, an external heater (InVivo Scientific), and a CO2 regulator (InVivo Scientific).

Hydrogels were degraded as described previously, and imaged within a 24-well culture insert

plate (BD Falcon, Fisher). The gels were held stationary by the addition of a modified

transwell insert that lacked a bottom filter to allow for clear visualization of the axon growth.

Immediately following photodegradation, images were taken at a 5 minute interval for 36

hours using Metamorph software for automated stage control, image collecting, and post-

experiment axon tracking. Specifically, the axon growth cone was tracked from the initial

distinction from the embryoid body until reaching the end of the channel. Axonal growth

speed was then calculated from positional information over time.

C2C12 culture conditions: C2C12 mouse myoblasts were plated on TCPS and cultured

in myoblast growth medium (high glucose DMEM with 20% FBS and P/S). When the cells

reached confluency, the media was changed to differentiation medium (high glucose DMEM

with 2% FBS and P/S) to induce myotube formation. After 7-10 days in differentiation

medium, myoblast fusion and myotube alignment was observed.

Co-culture: Differentiated C2C12 myotubes were mechanically removed from TCPS,

triturated until clusters were similar in size to EBs, and washed twice to remove single

cells. Encapsulation was performed as before, except myotubes and EBs were encapsulated

together in the same gel. The medium used for co-culture was motor neuron media supple-

mented with 10 ng/ml Glial Cell-Derived Neurotrophic Factor (GDNF).

Bungarotoxin staining: Once axons had reached the muscle cells and begun to innervate

the cell mass, α-Bungarotoxin (α-BTX) conjugated with Alexa Fluor 594 was introduced

to the culture media at 10 ng/ml and allowed to swell into the gel for 3 hours on a shaker.
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The media was then replaced with PBS to allow excess α-BTX to diffuse out for 3 hours,

changing the PBS each hour.

8.5 Conclusions

The synthesis and characterization of a photodegradable hydrogel formed through

bioorthogonal click chemistries is reported. Gelation characteristics were characterized via

rheological methods, and found to be appropriate primary ESMN cultures and to yield a

wide range of properties for biomaterial applications. Cell-laden gels can be modified in real

time and user defined time points by single and multi-photon degradation. While single

photon degradation was significantly slower than previously reported systems two-photon

degradation occurred at cytocompatible rates, namely conditions below the threshold expo-

sure that can lead to possible cell damage or material cavitation. This hydrogel was then

functionalized with laminin-derived peptide to enable the culture of ESMN embryoid bodies.

These cells were shown to remain nearly 100% viable in the material and two-photon degra-

dation was employed to gain control over their axon extension. Speed and degree of axon

extension was observed to be independent of eroded-channel width and axons were observed

to generally extend in a persistent manner. Finally, ESMNs and C2C12 myotubes were

co-cultured in the gel and channels were eroded connecting aggregates of both cell types.

Motor axons extended from the embryoid bodies to the myotube aggregates and branched

over their surface. Strong, punctate alpha bungarotoxin staining indicated the formation of

functional neuromuscular junctions. These results suggest that dynamic materials can be

used to direct the formation of neural networks in vitro and should have broad implications

in the biomaterials, neuroscience, and neural engineering communities.



Chapter 9

Conclusions & Future Directions

9.1 Thesis Conclusions

This thesis has demonstrated the importance in biochemical and biophysical signals on

motor axon viability and extension while engineering and characterizing a cytocompatible

covalently adaptable network worthy of further study. In Chapter 3, I showed that the

integrating binding peptides RGDS and YIGSR, the cationic peptide CKKKKKKC, and the

growth factor bFGF are essential to supporting the viability of dispersed motor neurons, but

nonessential for those cultured in embryoid bodies, likely due to the presence of supportive

neuroglial cells. Furthermore, I showed that axon extension was reliant on crosslinking the

polymer network using the degradable peptide KCGPQG↓IWGQCK and that the mechanical

properties of the gel can be using to either inhibit or promote axon extension.81 However,

because axon extension is enables in this system through local material degradation, it is

likely that in these experiments the bulk modulus differed significantly from the pericellular

modulus.251 Because bulk rheological measurements were used to characterize gel properties,

this system does not represent the most ideal way to study how cells respond to differing

biophysical environments.

To improve upon this system, I developed a hydrogel crosslinked by reversible hydra-

zone bonds that allowed axon extension through yielding in response to stress rather than

local degradation. I showed this material behaved as an ideal viscoelastic fluid and its prop-

erties could be modeled by existing polymer physics theories. C2C12 muscle cells were then
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used to show the cytocompatibility of this hydrogel and we observed to spread in the mate-

rial, demonstrating its ability to respond to biophysical stimuli.81 These results are shown

discussed in Chapter 4.

Next the material had to be optimized for motor neuron culture. Initial attempt to

encapsulated motor neurons in the hydrazone crosslinked material resulted in nearly universal

cell death the embryoid body-hydrogel interface. However, I reasoned that the toxicity was

likely due to the presence of unreacted aliphatic aldehydes, which could be detrimental to

protein function and result in cell death.136,252 To test this hypothesis, I encapsulated motor

neuron embryoid bodies in hydrogels formed with a 100% excess of hydrazine functionalities

with respect to the aldehyde functionalities, thus decreasing the likelihood that a motor

neuron would encounter a free aldehyde. This solution dramatically increased cell viability

and axons were observed to extend through these gels. By tracking the position of the

growth cone over time and applying some fundamental physics equations, I determined the

both the forces the axons applied to the material and the energy expended in the process.

This type of analysis should allow the measurement of essentially any type of cell force and

the procedures are detailed in Chapter 5.

While characterizing the bis-aliphatic hydrazone crosslinked hydrogel for cell culture

applications, we observed it had very unexpected properties with regards to its rapid evo-

lution under physiological pH. Canonically, hydrazone bonds are acid catalyzed and should

form extremely slowly at pH 7.4, which we observed with hydrazones formed from both aryl-

and acyl-aldehyde partners. However, a hydrogel crosslinked with the bis-aliphatic hydra-

zone bond reaches is final modulus in minutes and relaxes stress on a similar time scale.

Interestingly, this phenomenon has been only scarcely studied and virtually no literature ex-

ists on the subject. Given this gap in the literature, we sought to study both the formation

of the bond and the behavior of the hydrogel in response to environments of different pH.

We found that the kinetics of the small molecule reaction correspond very closely to those

of hydrogel evolution and relaxation. As expected, hydrazone hydrolysis and hydrogel relax-
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ation occurred most rapidly at acidic pH values, but surprisingly the rate of bond formation

and hydrogel evolution was maximized at physiological pH. This finding is contrary to much

of the established hydrazone literature and, in an attempt to uncover the mechanism, we

investigated buffer catalysis, the hydration state of the aldehyde, and the possibility that

the bis-aliphatic hydrazone forms through a separate mechanism. Unfortunately, all three

of these pathways revealed a negative result and the mechanism behind these mysterious

kinetics is still unknown.174 These results are discussed further in Chapter 6.

Finally two photodegradable hydrogels were developed to enable the erosion of physi-

cal channels to direct motor axon extension. The first exploits a coumarin functionality to

enable photodegradation. We show that gels formed through this chemistry degrade quickly

in response to UV, visible, and long wavelength 2-photon irradiation and their behavior can

be modeled through established theories of hydrogel erosion. These results are discussed

in Chapter 7. Next, advances in commercially available molecular building blocks were ex-

ploited to develop a photodegradable synthetically tractable click hydrogel. The macromers

from this hydrogel were available in gram scale after only three simple synthetic steps and the

hydrogel was shown to behave predictably in response to one- and two-photon irradiation.

The hydrogel was then functionalized with laminin-derived peptides to enable motor neurons

to interact with its surface and, using calculated doses of two-photon light, channels were

eroded in three dimensions. Motor neurons were shown to respond to channel width only in

the case where the channel physically hindered axon extension and axon decision making was

explored using forked paths. Finally, motor axons were directed toward co-encapsulated my-

otubes to form neural circuits between motor neurons and C2C12 myotubes. These results

are discussed in Chapter 8.

While the origins in this thesis lie in developing synthetic hydrogels to study motor axon

extension, the development of a hydrazone-crosslinked cytocompatible covalently adaptable

network opened two distinct future directions.
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Figure 9.1: Chemical structure of 4-arm hydrazine-terminated PEG macromer functionalized
with ene groups to enable thiol-ene photochemical patterning.

9.2 Investigating Fundamental Properties of Hydrazone Gels

9.2.1 Incorporate photo patterning in bis-aliphatic hydrazone crosslinked

hydrogel

A core focus of the Anseth group lies in photochemical patterning.97,106 Significant

works exists showing the value of controlling material properties spatially and temporally

with light.71,132 If the dynamic properties of the hydrazone gel could be controlled spatially

and temporally with light, valuable insights could be gained in exploring cellular response to

viscoelastic environments. This material could be designed by simply incorporating a lysine-

alloc amino acid into the macromer backbone, providing a free ene with which to perform

photoinitiated thiol-ene reactions (Figure 9.1).

9.2.2 Incorporate cytocompatible catalysts to control material properties

While we showed control over material properties using pH and temperature, neither

of these can be varied significantly in the presence of cells, limiting their use in biomaterials

applications. However, researchers in the Kool group at Stanford have recently synthesized

a whole suite of aniline-derivatives capable of catalyzing the formation and hydrolysis of

hydrazone bonds.207–209Preliminary data show that anthranilic acid derivatives are well tol-

erated by both C2C12 and ES cells and could be used to dynamically change the stress
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relaxation properties a hydrazone crosslinked hydrogel (Figure 9.2).

9.2.3 Investigate the origin of the kinetics of the bis-aliphatic bond

Upon discovering the unexpected rate of bond formation and its rate surprisingly maxi-

mized at physiological pH, we sought to mechanistically explain this behavior. Three obvious

hypotheses exists in the possibility of buffer catalysis, the possibility of the hydration state

of the aldehyde determining rate, and the possibility of the reaction proceeding by a totally

different mechanisms. Each possibility was rigorously tested and disproved, although the

reaction rate does vary slightly in different buffer concentrations, suggesting buffer catalysis

plays a minor role. However, the bis-aliphatic hydrazone bond forms roughly three orders of

magnitude faster than essentially any other hydrazone bond under physiological conditions.

This rate is remarkable and more investigation into its mechanism would represent a valuable

contribution to the hydrazone, bioconjugations, and materials communities.

9.2.4 Investigate effects of aryl, acyl, and aliphatic partners

Another unanswered question lies in characterizing the small molecule kinetics of all

the main classes of hydrazone bonds. While many minor substituent modifications could

be synthesized, hydrazines and aldehydes are readily commercially available in benzyl, acyl,

and aliphatic forms. Each type of hydrazine could be coupled with each type of aldehyde to

form nine different types of hydrazone bonds. To date, a rigorous investigation comparing

the properties of these bonds is absent from the literature. The comparison made between

the kinetic of formation of the bis-aliphatic and aliphatic-benzyl hydrazone discussed earlier

in this thesis are actually counterintuitive from the standpoint of physical organic chemistry.

One would expect a large electron-withdrawing group like a benzyl ring adjacent to the

aldehyde would increase rather than decrease reaction rate. This effect could be explained

away by stearic hindrance, but a more detailed investigation into the different types of

hydrazone bonds is needed (Figure 9.3).
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Figure 9.2: a) Structures of charged aniline-derivatives designed to increase cytocompatibil-
ity. b) ATP content of C2C12 cells exposed to varying concentrations of catalyst for 4 days.
The anthranilic acid derivatives are both very effective at catalyzing the hydrazone reaction
and very well tolerated by cells in culture.

Figure 9.3: Three classes of hydrazines shown with three classes of aldehydes and the nine
hydrazone bonds they form.
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9.2.5 Accurately measure cellular forces

The basic ideas are explored in Chapter 5, but a well-defined stress relaxing hydrogel

combined with fundamental mechanics equations could be used to measure nearly any dy-

namic cellular force. While the notion of force behind axon extension was discussed in detail,

the hydrazone material could be used to measure forces of migration, spreading, division,

and many other cellular phenomena. This technique could provide a complement and val-

idation of existing techniques like traction force microscopy and enable many fundamental

biophysical measurements.177,181,184

9.3 Exploring Motor Axon Behavior in Hydrogels

9.3.1 Present gradients of molecules forcing decision-making

The chemically and physically dynamic nature of synthetic hydrogels makes them ex-

cellent platforms for exploring cellular decision-making. A simple example of axons given

a choice between fork tongs was discussed in Chapter 8, but this simple example could be

coupled with dozens of different interesting tethered or soluble signals to investigate their

effect on motor axon extension. For example, many genetic and other techniques have been

used to elucidate the effect of many growth factors and neurotrophins, but little quantita-

tive information is available about their relative strengths or effective concentrations.37,40,253

The tight control over functionalization afforded by a synthetic hydrogel would enable the

quantification of the effect of many signals on motor axon outgrowth, while currently only

qualitative information is available (Figure 9.4).

9.3.2 Synergies in contact vs. chemical guidance

The guidance detailed in Chapter 8 is limited to contact guidance. Many experiments

were attempted to encourage or discourage axon growth through channels, but speed and

density of axon outgrowth remained amazingly constant. However, addition investigation
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Figure 9.4: A fork degraded through the hydrogel allows chemoattractants to be released
driving axons down an unfavorable path.
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could determine synergies between contact and chemical guidance to develop next generation

nerve guides.

9.3.3 Density of neuromuscular junctions

ESMNs implanted into the spinal cords of adult animals form an extremely low density

of neuromuscular junctions. Thus, developing in vitro strategies to increase this density

could lead to techniques to increase this density in vivo. Hydrogels encapsulating ESMN-

myotube cocultures could be developed to investigate whether infusing the myotubes with

bFGF, GDNF, and CNTF increased the density of enervation. These findings should prove

valuable to both fundamental motor neuron biologists as little quantitative work exists in

motor axon guidance and translational lab interested in cell transplantation strategies for

the treatment of ALS.

9.3.4 Functional neural circuits

Finally, while preliminary evidence was shown in Chapter 8, the guided formation of a

functional neural circuit in a hydrogel in three dimensions would represent a tremendous step

forward in neural engineering. A motor neuron wired to a muscle cell that could be shown

to contract upon stimulation of the neuron would open many research directions regarding

ALS and many other neuromuscular diseases.
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Supramolecular Assemblies of Linear-Dendritic Copolymers. Journal of the American
Chemical Society, 126(38):11936–11943, September 2004.

190 M A Azagarsamy, D L Alge, S J Radhakrishnan, Mark W Tibbitt, and Kristi S Anseth.
Photocontrolled Nanoparticles for On-Demand Release of Proteins. Biomacromolecules,
13:2219–2224, 2012.

191 Malar A Azagarsamy and Kristi S Anseth. Wavelength-Controlled Photocleavage for
the Orthogonal and Sequential Release of Multiple Proteins. Angewandte Chemie
International Edition, pages n/a–n/a, October 2013.

192 Donald R. Griffin and Andrea M. Kasko. Photodegradable Macromers and Hydrogels
for Live Cell Encapsulation and Release. Journal of the American Chemical Society,
134(31):13103–13107, August 2012.

193 Donald R. Griffin and Andrea M. Kasko. Photoselective Delivery of Model Therapeutics
from Hydrogels. ACS Macro Letters, 1(11):1330–1334, November 2012.



188

194 Baisong Chang, Dan Chen, Yang Wang, Yanzuo Chen, Yunfeng Jiao, Xianyi Sha,
and Wuli Yang. Bioresponsive Controlled Drug Release Based on Mesoporous Silica
Nanoparticles Coated with Reductively Sheddable Polymer Shell. Chemistry of Materials,
25(4):574–585, February 2013.

195 Jing Jing, Anna Szarpak-Jankowska, Raphael Guillot, Isabelle Pignot-Paintrand, Cather-
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