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Synthetic hydrogel platform for three-dimensional
culture of embryonic stem cell-derived motor neurons†

Daniel D. McKinnon,a April M. Kloxinb and Kristi S. Anseth*a

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

late critical biochemical and biophysical aspects of the developing or adult central nervous system (CNS)

milieu remains a significant challenge in neurobiological studies 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 peptide YIGSR and its integrin, and that allows neurons to remodel their extracellular environ-

ment 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.

Introduction

Since the initial studies on the CNS pioneered by Santiago
Ramon y Cajal1 at the turn of the twentieth century, there has
been an ever-expanding interest in the culture and manipu-
lation 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 recapitu-
lating 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 com-
monly used to culture nerve cells, is 26 GPa, or roughly seven
orders of magnitude stiffer than typical in vivo neural environ-
ments. The bovine spinal cord, which contains spinal motor
neurons, the cell type used in these studies, has a shear
modulus of only ∼50 Pa.2 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 mem-
branes with which individual axons interact as well as to the
extracellular matrix.3,4 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 culturing mammalian nerve cells in 3D using
synthetic extracellular matrix material systems. Hydrolytically
degradable synthetic PEG hydrogels have been used to culture
neural progenitor cells (NPCs), where axon extension was
observed and correlated strongly with the extent of material
degradation.5 Peptides and proteins have been engineered to
assemble into hydrogels that promote neuronal differentiation
and axon extension.6,7 Chemically modified natural material
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systems have been leveraged to harness some of the benefits of
naturally derived macromolecules while enabling selective
property tuning. For example, 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.8 Methacrylated hyaluronic acid was used to
encapsulate ventral mesencephalic progenitor cells, which pre-
ferentially differentiated into neuronal rather than glial
lineage in the softest gels.9 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 utility 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 subsequent
study of cellular response. In vivo spinal motor neurons func-
tion 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 syn-
thetic 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 embryo-
nic stem (ES) cells have been shown to give rise to distinct
types and subtypes of neurons that display characteristic pro-
perties and functionalities of their in vivo counterparts.10–13

One of the best-understood types of nerve cells in regards to
their diversification and connectivity are spinal cord motor
neurons.14 Importantly, spinal cord motor neurons can be
efficiently differentiated from ES cells using developmentally
relevant signaling cues, namely retinoic acid (RA) and sonic
hedgehog (Shh).10,15 In all aspects examined, ESMNs appear to
be indistinguishable from their primary counterparts.10–13

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.16 In this regard, trans-
plantation of spinal motor neurons could be a feasible strategy
for CNS repair. However, intraspinal transplantation into the
adult spinal cord generally yields poor outcomes with respect to
integration into neural circuits and axon extension.17,18

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 out-
growth 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 survi-
val and axonal outgrowth. As many neurodegenerative dis-
orders 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-replace-
ment therapies.

Background

Neurons are known to be delicate cell types requiring specific
growth factors, appropriately functionalized surfaces, and
complex growth media to remain viable and extend axons.19

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 encapsulation5

within a polymer system that has successfully sustained many
primary cell types, including chondrocytes,20 osteoblasts,21

smooth muscle cells,22 fibroblasts,23 and mesenchymal stem
cells.24 Loss of viability during encapsulation is not necessarily
an issue for progenitor cells, where rapid divisions can repopu-
late 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 chemistry25 have led to a
step-growth hydrogel system that allows the facile incorpor-
ation of cell-degradable crosslinks and adhesive peptides,
which we hypothesized could be used to rescue neural cell via-
bility and aid in maintaining their function.26 Additionally,
this photoinitiated polymerization requires no change in pH,
temperature, or chemical environment, and the mild reaction
conditions combined with the diverse chemistry motivated us
to exploit this system to encapsulate spinal motor neurons.

As illustrated in Fig. 1, network formation is initiated by
photocleavage of a low concentration of visible light photoini-
tiator (lithium phenyl-2,4,6-trimethylbenzoylphosphonate,
LAP), which is water soluble and known to be cytocompatible
over a wide range of initiation conditions.27 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 macro-
mer, 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.28

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.29,30 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 pan-
creatic β-cell line relative to a methacrylate PEG system.30 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.29 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.31–33 Furthermore, these networks allow
for the facile introduction of different crosslinkers or pendant

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2013 Biomater. Sci., 2013, 1, 460–469 | 461

Pu
bl

is
he

d 
on

 2
4 

Ja
nu

ar
 2

01
3.

 D
ow

nl
oa

de
d 

on
 1

2.
06

.2
6 

14
:3

1:
17

. 
View Article Online

https://doi.org/10.1039/c3bm00166k


peptides either during or after gelation.34 Thus, the cellular
environment can be modified initially or sequentially with
developmentally relevant and biologically active thiol-contain-
ing molecules. Collectively, these prior results suggested that a
thiol-ene hydrogel might be suitable for encapsulating a deli-
cate cell type like motor neurons.

In vitro, ESMNs are typically plated either as EBs or disso-
ciated cells on glass slides coated with poly-lysine and
laminin, which supports cell adhesion and axon outgrowth.
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.10 This dramatic difference is
likely due to the tissue like structures formed within EBs
during differentiation and the existence of Oligo2+ neural pro-
genitors supporting the viability of ESMNs.10,35 For in vivo
experimentation, EBs are often deployed because of this
robustness.12 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,36 is usually satis-
fied with poly-lysine in 2D culture. However, cationic polymers
are often implicated in cytotoxicity,37 so we synthesized a hexa-
lysine (CKKKKKKC) sequence 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.38 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.39,40 We form these biofunc-
tional hydrogels by coupling norbornene-terminated PEG
macromers and the cysteine-containing, cell-cleavable peptide
sequence26,41,42 (KCGPQG↓IWGQCK) using photo-initiated
thiol-ene click chemistry, resulting in cytocompatible hydrogel

Fig. 1 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 encapsulated in the gel formulations and inter-
act 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 components. The mesh size of the network is on the order of
∼10 nm while an axon is ∼1 micron in diameter.
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networks that can be locally remodeled by the encapsulated
cells (Fig. 1).

Results and discussion

Initial outgrowth of motor axons was observed from the
majority of encapsulated cells after 12 hours of culture within
3D hydrogels (Fig. 2b). Embryoid bodies also began budding
axons, but early extension was difficult to visualize owing to
the size and brightness differential of the approximately thou-
sand-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 (Fig. 2a and 2c). The gels
functionalized with integrin binding peptides, cationic hexa-
lysine peptide, and bFGF maintained dissociated ESMN viabi-
lity at 21 ± 1% (Fig. 3 and 4). This gel formulation also resulted
in robust axon outgrowth, with 83 ± 9% of eGFP positive cells
extending axons an average of 148 ± 14 μm. In contrast, encap-
sulation of dissociated ESMNs in unfunctionalized gels
lacking biological cues resulted in drastically reduced viability
of 4 ± 2% (Fig. 3 and 4). 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
(Fig. 5). Their axon extension qualitatively appeared more

Fig. 2 (a) ESMNs exhibit robust axonal outgrowth in three-dimensions when
encapsulated in the engineered PEG hydrogel (scale bars 100 and 10 μm within
inset). (b) Representative 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.

Fig. 3 Confocal Z-stacks Live (green)/Dead (red) stain of dissociated ESMNs in
functionalized 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).

Fig. 4 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 encapsulated in the functional hydrogel is nearly that of
cells plated on laminin-coated coverslips.10

Fig. 5 Confocal Z-stacks Live (green)/Dead (red) stain of encapsulated EBs in
functionalized 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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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 functio-
nalized gels remained viable while only 3 ± 1% of those in the
unfunctionalized gels did (Fig. 3 and 4). 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 (Fig. 5). By this point, every EB in the functio-
nalized gel and many in the unfunctionalized gel exhibited
robust axon outgrowth, but interestingly, in the unfunctiona-
lized 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.15 The
remainder is composed of interneurons and Oligo2+ progeni-
tors that can self-renew or further differentiate into oligoden-
drocytes and other neuroglial cells.10 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 osmo-
larity 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, only 5% of ESMNs survive without supportive neu-
rotrophins (NT3, CNTF, BDNF, GDNF) and only 22% survive
with these factors after 72 hours.10 While this is in sharp con-
trast 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.43,44 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 dis-
sociated motor neurons after 168 hours in culture. Dissociated
ESMNs encapsulated in the functionalized hydrogel extended
axons beyond the field of view of a 10× objective while cell via-
bility drops to 11 ± 4% (Fig. 3). 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 aggregates 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 (Fig. 3). The existence of these aggre-
gates lends credence to the idea that the Oligo2+ progenitors
generated during the ESMN differentiation strongly promote
ESMN survival. After 168 hours in culture, the EBs encapsu-
lated 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 (ESI Fig. 1†); yet, while in the
minority, several EBs (∼10%) in the unfunctionalized gel failed
to extend any axons.

These results indicate that, even at early time points, recep-
tor signaling satisfied by integrin-binding ECM-mimic pep-
tides, 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 cells survive. This observation is consist-
ent 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 adulthood.16 Future studies will
examine this phenomenon through an ESMN/myotube co-
culture.

Next, we investigated whether motor axon outgrowth is
dependent on the MMP-degradable 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 replace-
ment 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 (Fig. 6a and 6b). Fig. 7 presents
results after quantification of several of these confocal images
(N = 105 cells for degradable gels, N = 118 cells for non-degrad-
able 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 exhibited no branching in non-degradable gels. Further-
more, immunostaining of ESMNs with an antibody specific to
MMP2 revealed a strong expression of MMP2 in the cell bodies
and growth cones of ESMNs (Fig. 6c and 6d). Together, these
findings reveal an identification of a peptide functionalized
PEG hydrogel formulation which depends on cell–ECM inter-
actions 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
fibrous 3D scaffolds, step-growth PEG networks have a mesh
size on the order of 10 nm.45 An axon is roughly one micron in
diameter and is unable to reptate through such a polymer
network unless significant defects are present. Furthermore,
ESMNs were shown to express MMP-2 by immunostaining,
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which has been shown to cleave the peptide crosslinker
KCGPQG↓IWGQCK.42 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.46 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.47

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 con-
centrations 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 formu-
lations with the highest modulus of 2220 Pa, ESMNs under-
went uniform cell death (Fig. 8). 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 difficult 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 micro-
environments (50–250 Pa) in vivo.49 These in vivo environ-
ments, despite being very soft, are distinctly elastic rather than
viscous, a trait accurately recapitulated in our hydrogel plat-
form which has a storage modulus roughly one thousand
times higher than the loss modulus (ESI Fig. 2†).

Experimental
ES cell culture

ES cells were differentiated into spinal motor neurons as
previously described.15 Briefly, Hb9::GFP mouse embryonic
stem cells were plated into ES cell medium (ES DMEM,
ES FBS, glutamine, non-essential amino acids, nucleosides,

Fig. 6 (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 crosslin-
ker. 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).

Fig. 7 Quantification of motor neuron phenotype. Stacks are loaded into
Simple Neurite Tracer48 and axon length and branching are quantified. (a) Histo-
gram 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.

Fig. 8 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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2-mercaptoethanol, LIF (Life Technologies)) at approximately
5 × 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 × 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.15

Peptide synthesis

CRGDS and KCGPQG↓IWGQCK were purchased (American
Peptide 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, 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
(ESI Fig. 3†).

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 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 (2000 MWCO). The product was then lyophilized and
used for experimentation (ESI Fig. 4†). LAP was synthesized as
previously described.27

Cell encapsulation

Gels were prepared with a total volume of 40 μL from stock
solutions 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.27 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 unfunctio-
nalized 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 per mL,
and 10 μL of the cell suspension was gently mixed into the pre-
pared gel formulation and polymerized for 1 minute under
40 mW cm−2 405 nm blue light (Thor Labs Collimated 405 nm
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−1 GDNF and N2
and B27 Supplement. Table 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 Instru-
ments), 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 modified version of a previously
published protocol.50 Briefly, monomer solutions for each
composition were prepared, and 5–10 μL of solution was
pipetted on to the bottom plate. The top plate was lowered
until the gap was completely filled with solution (approxi-
mately 50–100 microns). The irradiation intensity was set to
∼16 mW cm−2 with the Omnicure shutter fully open (Silver-
Line Control-cure Radiometer and International Light Radio-
meter). 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 s−1 fre-
quency) was used to monitor modulus evolution during
polymerization to ensure that all samples reached their fully
developed moduli (ESI Fig. 2†). 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.51

Confocal imaging

Gels were placed between a glass slide and a coverslip separ-
ated by a rubber gasket and were imaged using a 10× or 20×
water immersion objective. A 488 nm laser was used to excite
eGFP and calcein AM, and a 514 nm laser was used to excite
ethidium homodimer-1. The Cy3 secondary antibody was
excited using a 528 nm 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% paraformalde-
hyde (PFA) for 2 hours at 4 °C in the cold room and rinsed
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3× 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 100× 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 PBS that was periodically
changed. The secondary (Jackson ImmunoResearch Donkey
Anti-Rabbit Cy3) was then diluted 1000× in 2% horse serum
and swelled in overnight at 4 °C. Finally, the secondary was
swelled out for 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 dehy-
drated 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 hexamethyl-
disilazane (HDMS), placed under vacuum for 30 minutes,
mounted on stubs, and sputter coated with gold.52 Samples
were examined with a JEOL JSM-6480LV. Images of their sur-
faces can be found in the supporting in the ESI (Fig. 5†).

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 viabi-
lity experiments. A t-test was performed between the functiona-
lized 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 Fiji48 (ESI
Fig. 6†). 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 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 per pixel
and in the z-direction was 3.89 microns per pixel. Therefore,
the axon extension in pixels was multiplied by (2/3 × 1.06 +
1/3 × 3.89) to convert to microns.

Conclusions

Together, our findings emphasize the importance of biochemi-
cal and physical microenvironment 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 motorTa
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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 mul-
tiple receptor–ligand signaling systems that operate during
axonal pathfinding.

Motor neuron subtype loss is an underlying cause of ALS
and SMA disorders. Successful 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 axonal outgrowth and suggest improved
strategies for cellular delivery vehicles for treatment of neuro-
degenerative disease states.
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