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ABSTRACT: Hydrogels with photocleavable units incorporated into the
cross-links have provided researchers with the ability to control
mechanical properties temporally and study the role of matrix signaling
on stem cell function and fate. With a growing interest in dynamically
tunable cell culture systems, methods to synthesize photolabile hydrogels
from simple precursors would facilitate broader accessibility. Here, a step-
growth photodegradable poly(ethylene glycol) (PEG) hydrogel system
cross-linked through a strain promoted alkyne−azide cycloaddition
(SPAAC) reaction and degraded through the cleavage of a nitrobenzyl
ether moiety integrated into the cross-links is developed from
commercially available precursors in three straightforward synthetic
steps with high yields (>95%). The network evolution and degradation properties are characterized in response to one- and
two-photon irradiation. The PEG 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 coencapsulated, and the formation of user-
directed neural networks is demonstrated.

■ 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.1,2 This direction represents a
significant advancement 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 efforts found success when focused primarily
on mechanical characteristics of the scaffolds, thereby
recapitulating the basic tissue properties while simultaneously
supporting chondrocyte function (e.g., survival and secretory
properties).3−5 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 functional-
ization and signaling to embedded cells. Such approaches have
been exploited to design materials that preferentially differ-
entiate stem cells into different lineages,6,7 increase production
of extracellular matrix (ECM) components,8 direct cell
migration,9−11 and control extension of axons.11,12 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.13,14 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 cellular 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.15−23 Specifically, photopatterned
protein−ligand interactions have enabled the spatially con-
trolled presentation of bioactive signaling proteins to drive stem
cell migration,12,24 orthogonal photocleavage reactions have
been used to more efficiently differentiate cells by mimicking in
vivo pathways,15 and in situ photodegradation has been used to
isolate the effect of cellular traction on stem cell differ-
entiation.25 For example, 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.12 The Lutolf
group used a photoactivated enzymatic ligation to pattern
gradients of VEGF to demonstrate control over mesenchymal
stem cell migration.24 Previous work in the Anseth group
identified orthogonal photodegradation reactions that allowed
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the sequential release of bone morphogenic proteins, which
enabled more efficient differentiation of human mesenchymal
stem cells.15

While the above advances have demonstrated the power of
controlled biological signaling 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.26,27 Here, recent advances in molecular
building blocks are exploited to synthesize a step-growth
poly(ethylene glycol) (PEG) hydrogel cross-linked through
copper-free click chemistry capable of undergoing degradation
upon irradiation by either single- (334 and 365 nm) or two-
photon light (740 nm). A SPAAC reaction between
dibenzylcyclooctyne (DBCO) and an aliphatic azide is
employed for cross-linking and a nitrobenzyl ether moiety is
engineered into the cross-linker to enable degradation. The
macromolecular monomer components used to synthesize the
hydrogel are readily synthesized in one or three 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
fundamental 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.28 previously synthesized an MMP-

degradable PEG hydrogel system for the culture of embryonic
stem cell-derived motor neurons (ESMNs) and identified
chemical 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 surrounding 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

Scheme 1. Facile, One, or Three Step Syntheses of Starting Materials for Copper-Free Click Chemistry Cross-Linked
Photodegradable Hydrogelsa

a8-NBA is synthesized through coupling commmericially available Fmoc-protected photolabile group to 8-arm 40 kDa PEG-amine, deprotecting 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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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 information may prove
useful treating motor neuron injuries or treating neuro-
degenerative diseases, such amyotrophic lateral sclerosis,
especially in the context of better understanding how to
present cues that might guide neuromuscular junctions in
vivo.29,30 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.

■ EXPERIMENTAL SECTION
Macromer Synthesis. Eight-arm 40 kDa PEG-nitrobenzyl-azide

(8-NBA) macromers were synthesized by first coupling a Fmoc-
photolabile linker (16.8 equiv, Advanced ChemTech, RT1095) with 8-
arm 40 kDa PEG-amine (1 equiv, JenKem, A8012) using 1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium
3-oxid hexafluorophosphate (HATU, ChemPep, 120801) (16 equiv)
as an activator and 4-methyl morpholine (32 equiv, 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 h of deprotection, the product was
again precipitated in ice cold ether, dissolved in DMF, and coupled to
azido butanoic acid (16.8 equiv), which was synthesized as previously
described,31 again using HATU (16 equiv) as an activator and 4-
methyl morpholine at a base (32 equiv). The final product was
precipitated in diethyl ether for a third time, dissolved in a minimal
volume of DI water, and dialyzed for 24 h, after which it was
lyophilized and used for experimentation.
Four-arm 20 kDa PEG-dibenzylcyclooctyne (4-DBCO) macromers

were synthesized by coupling 4-arm 20 kDa PEG-amine (1 equiv,
JenKem, A7026) with DBCO-acid (8.8 equiv, Click Chemistry Tools,
A101) using HATU (8 equiv) as an activator and 4-methyl
morpholine (18 equiv) as a base. The product was precipitated in
ice-cold diethyl ether, dissolved in DI water, dialyzed for 24 h,
lyophilized, and finally used for experimentation (Scheme 1).
4-DBCO 1H NMR (DMSO-d6, 400 MHz). δ = 7.73 (t, J = 4 Hz, 1H),

7.45 (m, 8H), 5.04 (d, J = 16 Hz, 1H), 3.62 (s, 2H), 3.51 (s, PEG),
3.11 (q, J = 4 Hz, 2H), 2.17 (m, 1H), 1.85 (t, J = 8 Hz, 2H), 1.74 (m,
1H), 1.20 (m, 4H).
8-NBA 1H NMR (DMSO-d6, 400 MHz). δ = 8.69 (d, J = 8 Hz, 1H),

δ= 7.96 (t, J = 4 Hz, 1H), 7.47 (s, 1H), 7.21 (s, 1H), 5.37 (m, 1H),
3.90 (s, 3H), 4.03 (m, 4H), 2.21 (m, 4H) 1.93 (m, 3H), 1.70 (m, 2H),
1.41 (d, J = 8 Hz, 3H).
Peptide Synthesis. N3-YIGSR was synthesized on a Protein

Technologies 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 of dithiothreitol (DTT) and 250 mg of 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 h. 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 gradient.
The collected fractions of purified peptides were identified by matrix-
assisted laser desorption/ionization-time-of-flight (MALDI-TOF)
mass spectrometry. Expected mass, 706 Da; measured mass, 706 Da.
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 stoichiometrically at 6.7
wt % (8.3 mM functional groups) to form hydrogels in situ on a
temperature-controlled Peltier plate set to 25 °C.

Rheology. Hydrogels were formed in situ by pipetting 12 μL of
monomer solutions (2 μL 4-DBCO (20 wt %, 50 mM functional
groups), 2 μL of 8-NBA (20 wt %, 50 mM functional groups), and 8
μL of PBS) between the bottom quartz plate and a flat tool 8 mm 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 1 min. 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 photo-
degradation 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 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.32,33 Briefly, Hb9::GFP mouse
embryonic stem cells were plated into ES cell medium (ES DMEM,
ES FBS, glutamine, nonessential amino acids, nucleosides, 2-
mercaptoethanol, LIF (Life Technologies)) at approximately 5 ×
105 cells per gelatinized T25 flask. After 24 h 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 × 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 the Hb9::GFP transgene.

Cell Encapsulation. Gels were prepared with a total volume of 30
μL from stock solutions of 4-DBCO (20 wt %, 50 mM functional
groups), 8-NBA (20 wt %, 50 mM functional groups), N3-YIGSR (20
mM), and N3-Alexa 594 (0.1 mM). 4-DBCO was prereacted for 5 min
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 min 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 10× water immersion
objective. Hydrogel features were eroded using a two-photon laser
tuned to 740 nm emitting a total averaged power of 300 mW dwelling
1.58 μs per pixel. The pixel size was adjusted to match the theoretical
x−y resolution of the 0.3 NA lens. A 488 nm laser was used to excite
eGFP, calcein AM, and ethidium homodimer-1. A 594 nm laser was
used to excite the Alexa 594-labeled alpha-bungarotoxin.

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 5 min
intervals for 36 h using Metamorph software for automated stage
control, image collecting, and postexperiment 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 tissue culture polystyrene (TCPS) and cultured in myoblast growth
medium (high glucose DMEM supplemented with 20% fetal bovine
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serum (FBS) and penicillin and streptomycin (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 were observed.
Coculture. Differentiated C2C12 myotubes were mechanically

removed from TCPS, triturated until the clusters were similar in size
to EBs, and gently rinsed 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 coculture was motor
neuron media supplemented 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, alpha-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 h on a shaker. The
media was then replaced with PBS to allow excess α-BTX to diffuse
out for 3 h, changing the PBS each hour.

■ RESULTS AND DISCUSSION

Four-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 functional groups) to form stock solutions
(Scheme 1). As first reported by the Bertozzi group,34 DBCO
reacts with a variety of azides quickly and specifically via a strain
promoted azide−alkyne cycloaddition (SPAAC) (Figure 1a).
Mixing macromer solutions of 8-NBA and 4-DCBO under
physiological conditions results in the formation of a hydrogel,
abbreviated by 8-NBA:4-DBCO, with an equilibrium shear
elastic modulus of 3600 ± 200 Pa. Furthermore, evolution of
the network is rapid with a mean time of 240 ± 40 s to achieve
90% of the final modulus (Figure 1b). While the gelation
kinetics and final modulus are acceptable for the experiments
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 macro-
mers. The results can be predicted using fundamental theories
describing step-growth gelation.23,35,36

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 directed

Figure 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.

Figure 2. (a) Chemical structures showing the degradation of the bond cross-linking 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 320 nm-390 nm bandpass filter) along with first-order fits. The absorbance
spectrum of the nitrobenzyl cleavable unit is shown in the inset along with the bands used for degradation (334 and 365 nm).
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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-terminated fragment (Figure 2a). An
important difference between this material system and
previously published studies37,38 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 320−390 nm bandpass filter. Hydrogel
degradation was observed to be much slower than that of
similar ester-linked nitrobenzyl hydrogels. Because hydrogel
degradation is a first-order process, plots of decaying shear
elastic modulus were fit to eq 1,

ϕελ
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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, 154, 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 increased, a phenomenon
previously observed by Kasko and Griffin.37 However, we
eliminated this effect from our rheological traces and fit
degradation to a first-order exponential decay model (Figure
2b).
Upon fitting and analyzing the data, we observed much

slower rates of degradation compared to previously published
reported values for the ester-linked nitrobenzyl.37 Apparent
rates of degradation varied from 1.6 ± 0.2 × 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 × 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 the kinetic of cleavage of the slowest nitrobenzyl
group previously reported and 130 times slower than the
fastest.37

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,39,40 damage the cytoskeleton,40 and cleave axons.41

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 cross-links, an effect that was
previously observed at high pulse energies.42 However, the
two-photon response of an organic molecule is not necessarily
correlated to its single photon response, a phenomenon that is
abundantly clear when designing genetically encoded fluo-
rescent proteins.43

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 10× 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
two-photon light are well understood (calculations in the
Supporting Information), we estimated that the 10× 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.39,40 For example, axotomy has been reported at 400
nJ/μm3,41 mitochondrial damage at 77 nJ/μm3,40 and the
lowest threshold for cellular damage reported as 58 nJ/μm3.39

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 (δuϕu), 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 (VF, 2.5 μm3) (eq 2). h and c are Planck’s
constant and the speed of light.
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Equation 2 defines 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.42 Thus, the
extent of photodegradation can be controlled by varying light
exposure, connectivity of the hydrogel, objective lens, and
quantum yield of photodegradable cross-linker. Given ca. 25%
overlap in pixel size and the 8 μm z-resolution of the 0.3 NA
10× objective, the light exposure is effectively increased by a
factor of 8 when eroding planes are 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 a similar nitrobenzyl moiety (Figure 3).44 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, wild type 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
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stained for markers of viability at 72 h (Figure 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,45 it is important to note that the SPAAC cross-linking
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,28 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 × 10 × 300 μm channels
were eroded in proximity to the embryoid bodies, scanning
each pixel 3.16 μs and using laser powers varying from 10 to
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 cross-linker is similar to that of the ester-
linked version.44 Experimentally, axon extension was observed
in channels created at only 20%, 28 mW/μm3 laser power,
indicating efficient two-photon degradation (Figure 5).

After experimentally confirming exposure conditions neces-
sary 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,46,47 the speed and extent of axon
outgrowth were found to be relatively independent of channel
width, except when the channel dimensions (2 by 2 μm)
approached those of extending axons (1 μm) where hindered
outgrowth was observed (Figure 6). Example axon tracks are
shown in Supporting Information Figure 3.
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

Figure 3. Theoretical plots of critical exposure time versus power with
curves representing lenses of several common numerical apertures.
The critical exposure time decreases dramatically for a given power as
the numerical aperture increases. The numerical aperture of the lenses
are shown offset from the curves with the 0.3 NA 8× curve
representing the effective light dose a 1 μm plane receives when
scanned by a 0.3 NA objective lens, given the 8 μm z-resolution.

Figure 4. Images of ESMN embryoid bodies encapsulated in 8-NBA:4-DBCO hydrogel 72 h after encapsulation. 6.3 wt % (8.3 mM functional
groups) SPAAC cross-linked PEG gels were functionalized with 0.7 mM YIGSR peptide and 3 μm Alexa-594 to allow hydrogel visualization. Cells
were stained with calcein (green) and ethidium homodimer (red) to indicate 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.

Figure 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 h after. Axons extend into channels that have
been exposed to sufficient light to erode the material. Channels
represent varying erosion where the exposure time was held constant
at 3.16 μs and the power was varied from 15 to 110 mW/μm3. These
powers correspond to a tc from 815 to 0.90 μs, based on a δϕ 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/μm3 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, δϕ, of the nitrobenzyl linker under study
is actually higher than the previously reported value of a similar
compound.44 Scale bar is 100 μm.
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hydrogel system to present extending axons with pathway
options, specifically physical channels of varying orientation to
the initial axon extension (Figure 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 mecha-
nisms of axon guidance.
The rationale of studying and manipulating axon guidance is

to maintain functionality of neuromuscular junctions after
traumatic injury or chronic disease. Toward 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,48,49 so we sought to demonstrate matrix
control over motor axon extension and assemble a neural
circuit in this hydrogel. Specifically, C2C12 myoblasts were
differentiated into myotubes using established literature
techniques.50,51 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 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 coencapsulated with ESMN embryoid
bodies at roughly one dozen aggregates 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 toward their synaptic targets within 2 days, as
well as observation of synaptic markers between the two via
staining with alpha-bungarotoxin (Figure 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 acetylcho-
line receptor clustering using alpha-bungarotoxin.

■ 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 at user defined time points by single and multiphoton
degradation. While single photon degradation was significantly
slower than previously reported systems two-photon degrada-
tion occurred at cytocompatible rates, namely, conditions
below the threshold exposure that can lead to possible cell
damage or material cavitation. This hydrogel was then
functionalized with laminin-derived peptide to enable the

Figure 6. Square channels of 50 μm × 50 μm, 20 μm × 20 μm, 5 μm × 5 μm, and 2 μm × 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 × 20 μm channel. (c) Motor axons extending through a 2 μm × 2 μm channel. Scale bar is 100 μm for (a) and 50 μm for
(b) and (c). Examples tracks are shown in Supporting Information Figure 3.

Figure 7. Fork-shaped patterns were eroded into 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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culture of ESMN embryoid bodies. These cells were shown to
remain nearly 100% viable in the material and two-photon
degradation 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 cocultured 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 commun-
ities.
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