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Silk Hydrogels as Soft Substrates for Neural Tissue

Engineering

Amy M. Hopkins, Laura De Laporte, Federico Tortelli, Elise Spedden, Cristian Staii,
Timothy J. Atherton, Jeffrey A. Hubbell, and David L. Kaplan*

There is great need for soft biomaterials that match the stiffness of human
tissues for tissue engineering and regeneration. Hydrogels are frequently
employed for extracellular matrix functionalization and to provide appropriate
mechanical cues. It is challenging, however, to achieve structural integrity
and retain bioactive molecules in hydrogels for complex tissue formation that
may take months to develop. This work aims to investigate mechanical and
biochemical characteristics of silk hydrogels for soft tissue engineering, spe-
cifically for the nervous system. The stiffness of 1 to 8% silk hydrogels, meas-
ured by atomic force microscopy, is 4 to 33 kPa. The structural integrity of silk
gels is maintained throughout embryonic chick dorsal root ganglion (cDRG)
explant culture over 4 days whereas fibrin and collagen gels decrease in mass
over time. Neurite extension of cDRGs cultured on 2 and 4% silk hydrogels

Research efforts toward neural tissue engi-
neering are in the early stages of discovery,
with investigations of regeneration of cen-
tral nervous system (CNS) tissues,>?! soft
biomaterials to decrease inflammation
from implantable devices,*” and non-
invasive drug delivery to the CNS.[63-10]
Previous efforts to develop biomaterials
for neural tissue repair have focused on
anti-inflammatory coatings for implant-
able devices%13 or construction of nerve
guide conduits for peripheral and central
nerve repair.'*22 With increased focus on
advanced, three-dimensional biomaterial
systems, progress is being made toward
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exhibit greater growth than softer or stiffer gels. Silk hydrogels release <5%
of neurotrophin-3 (NT-3) over 2 weeks and 11-day old gels show maintenance
of growth factor bioactivity. Finally, fibronectin- and NT-3-functionalized silk
gels elicit increased axonal bundling suggesting their use in bridging nerve
injuries. These results support silk hydrogels as soft and sustainable biomate-

rials for neural tissue engineering.

1. Introduction

Spinal cord and traumatic brain injuries (T'BI) are sustained by
millions of people each year, with almost half a million emer-
gency department visits for TBI made annually by children.[!
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the engineering of soft neural tissues
ex vivo for modeling and implantation.

It is evident that substrate stiffness sig-
nificantly affects cell attachment, survival,
and growth and therefore should be taken
into consideration when engineering scaf-
folds for neural cell culture. Traditionally,
neuronal cells cultured in vitro are plated
on laminin (LN)-, fibronectin (FN)-, poly-
lysine-coated glass or tissue culture plastic
(TCP) providing integrin binding sites for cell attachment and
neurite extension.?*~2% Neural tissues are inherently soft, with
stiffness values generally less than 100 kPa (ranging from
<1 kPa for brain slices!?’”! and single brain cells”® to =90-230
kPa for spinal cord,?>3% as compared to =70 GPa for glass). This
has prompted studies of neural cell growth and function on
substrates of varying stiffness. For example, Koch et al. found
that peripheral nerve outgrowth is more sensitive to changes
in substrate stiffness as compared to CNS hippocampal neural
extension.?! This is perhaps due to the increased diversity
in mechanical and biochemical environment of peripheral
nervous system extracellular matrices (ECMs) versus those
of the CNS, where connective tissue consists mostly of glial
cells.? There is also evidence that effects of substrate stiffness
on neuron extension and differentiation vary with the presence
of particular ECM molecules and enzyme expression.?

In addition, biochemical cues are integral to reconstruction
of neural tissue in vitro, specifically for nerve growth guidance
toward the target effector without collateral sprouting. Many
groups have reported on the soluble and contact-mediated ECM
factors responsible for axonal guidance including both hapto-
tactic cues (i.e. collagen, LN, FN, and cell adhesion molecules)
and chemotactic cues (i.e. neurotrophic factors).?3-’] However,
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the mechanisms of axonal bundling (fasciculation) during
development and for directed, long distance nerve regeneration
are still being elucidated.

The current study employs NT-3 to stimulate neurite out-
growth due to its known neurotrophic potency in sensory and
motor neurons,B¥ as well as FN, which plays a major role in
cell adhesion, growth, migration, and wound healing. FN is
well documented in terms of structure and function of pep-
tide fragments important for cell adhesion (RGD, PHSRN,
I1lg.40),*1 growth factor binding (I11;,.14),*% and axonal out-
growth promotion (GFGDS).*!l Notably, FN II1;, 1, binds NT-3
with high affinity, displaying a K, of 1.5 nM and a K. of only
6.2 x 107*s7L*01 We hypothesize that these attributes of FN play
an important role in augmenting neurite extension during
neural regeneration in FN-functionalized silk hydrogels.

To investigate the roles of microenvironmental stiffness
and ECM composition on axonal extension for neural tissue
engineering and regeneration, a systematic approach to the
design of soft substrates is required. Hydrogels are cross-
linked polymer networks comprised of over 99% liquid
(water), comparable to the fibrous protein network of natural
ECMs, and are often used as soft substrates in tissue engi-
neering. Synthetic materials including polydimethylsiloxane
(PDMS)*2 and polyacrylamide hydrogels'#344 are frequently
employed as soft substrates for cell culture since their stiff-
ness is directly related to extent of chemical crosslinking.
Here, we sought materials of controllable biomechanics that
could be formed under non-toxic conditions. Although poly-
ethylene glycol (PEG) hydrogels are frequently suggested for
cell encapsulation and are non-toxic, it has been found that
neuronal cell cultures in PEG hydrogels experienced initial
cell death within 1 day of culture and did not exhibit greater
viability or proliferation as compared to monolayer controls,
even when supplemented with soluble growth factors.*’ Nat-
ural biomaterials that have been explored for neural cell cul-
ture include collagen,*®l Matrigel %) alginate,l*’] agarose,*8l and
fibrin.*! Although suitable for 3D cell culture in vitro, these
hydrogels are known to exhibit fast release of loaded growth
factors and degrade very quickly often not allowing adequate
time for cell attachment, growth, and tissue assembly for
tissue engineering applications.

Silk fibroin is a natural biomaterial that
is extracted from the cocoons of the Bombyx
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as well as cell encapsulation.””! Silk is known for its impres-
sive mechanical strength and confined compression testing of
silk gels has revealed bulk mechanical properties within physi-
ological range for soft tissues.”® Additionally, silk hydrogels
degrade much more slowly than other hydrogel systems (i.e.
on the order of monthsP”) vs. weeks)®*!l making it a highly
attractive scaffold for long-term tissue engineered constructs
and in vivo applications.

The goals of the current study were to investigate silk hydro-
gels’ mechanical and biochemical properties as indicated by
cDRG neurite outgrowth, as well as the development of silk-
based soft biomaterials with controllable stiffness and ECM
composition, long-term stability, and bioactivity for neural
tissue engineering. Further experimentation of silk hydrogels
as an ECM through functionalization with FN led to observa-
tions of differences in neurite outgrowth and fasciculation.
These results provide new knowledge of mechanical proper-
ties of silk hydrogels as measured by atomic force microscopy
(AFM) indentation, functionalization of silk gels with growth
factors and ECM molecules, and facilitation of neurite exten-
sion by low stiffness of silk substrates.

2. Results
2.1. Stiffness and Structural Integrity of Silk Hydrogels

AFM-based force mapping was performed on 1, 2, 4, and 8%
w/v silk hydrogels to obtain mean elastic (Young's) modulus
measurements of 4.8, 7.4, 22.4, and 33.1 kPa, respectively
(Figure 1a). These elastic modulus values are comparable to
those of neural tissues as well as other hydrogels such as fibrin,
agarose, and collagen (Figure 1b, Table 1).

To test the integrity and maintenance of the volume and
shape of silk hydrogels for long-term cultures, hydrogels were
cast in 96-well plates and incubated in phosphate buffered
saline (PBS) for 2 weeks. While silk hydrogels maintained
shape and hydration, fibrin and collagen gels lost integrity
and began to break down even in the absence of exogenous
proteases (Figure 2a). Fast degradation of fibrin and collagen
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silk hydrogels have been employed for the
delivery of small molecules and proteins®
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Figure 1. a) Stiffness measurements of silk hydrogels. AFM force mapping of silk hydrogels
casted on glass yielded mean Young's modulus values of 4.8, 7.4, 22.4, and 33.1 kPa for 1, 2,
4, and 8% w/v silk, respectively. Error bars represent one standard deviation. b) Summary of
stiffness of various tissues and cell culture substrates from Table 1.
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Table 1. Range of stiffness of tissues and cell culture substrates

Tissue/ substrate Stiffness [kPa] References
Glass 7.4x10° [62]
Bone 108107 63]
Skin 10-100 64]
Peripheral nerves 150-300 [65]
Spinal cord =90-230 [29,30]
Glial cells and neurons ~0.5-1.6 [28,27]
Silk hydrogels ~4.8-400 [58]
Fibrin gel ~3-80 [49]
Collagen =1.8 [66]
Agarose =5-20 [67]

gels as compared to silk hydrogels was also observed during
cDRG culture as seen by the formation of holes (white
arrows) in 4-day-old ¢cDRG cultures on fibrin and collagen
(Figure 2Db). Gel degradation rate was quantified as mass
loss during o-chymotrypsin degradation (Figure 2c). Fibrin
degraded completely by day 6 and only 17% collagen by mass
remained on day 12 whereas over 50% of both 2 and 4% silk
gels remained at 24 days (Figure 2c).

2.2. cDRG Neurite Extension on Silk Hydrogels
of Different Stiffness

cDRGs are commonly employed as a model of peripheral nerve
extension and regeneration and were chosen for the presented
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experiments due to their relevance in the field®®-7% and ease
of isolation and culture. cDRGs cultured on 2% and 4% silk
hydrogels elicited the greatest neurite extension and density at
each time point (Figure 3a,b) with maximum neurite extension
of #1500 um and a density of =47% as compared to =400 um
length and =10% density of neurites grown on collagen gel.
The highest overall growth rates were observed on the 2% and
4% silk hydrogels with the greatest rate of extension 303 um
day™! on 2% silk hydrogels (vs. 87 um day™ on collagen) and
the greatest rate of increase in neurite density 11.5% day™! (vs.
1.8% day™! on collagen) (Figure 3a,b).

2.3. Long-Term Bioactivity of NT-3-Loaded Silk Hydrogels

Growth factors loaded into hydrogels should maintain bioac-
tivity in order to sustain long-term cultures and tissue regen-
eration. Silk gels loaded with 40 ng mL™! NT-3 and incubated
in cell culture media for 11 days prior to cDRG culture elicited
the same length and density neurite extension as silk gels incu-
bated for 1 day (Figure 4a,b). Furthermore, surface detection
of NT-3 bound to silk hydrogels showed silk concentration-
dependent binding as well as greater overall binding to silk gels
as compared to TCP and fibrin gel (Figure 4c).

2.4. Release of NT-3 from Silk Hydrogels

Release studies were conducted to understand the efficacy of silk
hydrogels as functionalized ECM substrates for neural cell cul-
ture. The release of NT-3 from silk hydrogels with and without
FN was quantified using enzyme-linked immunosorbent assay

-=- 2% Silk Gel
-8~ 4% Silk Gel
=+ Collagen
=A—- Fibrin

5 10 15 20 25
Time (Days)

Figure 2. Integrity of silk hydrogels. a) Images of silk, fibrin, and collagen hydrogels after 2 weeks incubation at 37 °C in PBS. b) Immunofluorescent
(B-tubulin 111) images of day in vitro 4 cDRGs cultured on silk (i), fibrin (ii), and collagen (iii) hydrogels with white arrows identifying holes in gels.
c) a-chymotrypsin degradation of silk hydrogel compared to collagen and fibrin. Error represented as standard error mean, #:# = p < 0.0001 by day

21. Green = -1l tubulin, scale bars = 500 um.
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Figure 3. Rate of cDRG neurite extension on hydrogels of different stiffness. a,b) Growth rates of a) length and b) density of neurite extensions of
cDRGs cultured for 6 h and 1, 2, and 4 days on 1, 2, 4, and 8% silk hydrogels, and collagen. Slgnlﬁcance determined by t-test of 2% silk and collagen
at day 4. ##p < 0.07, #p < 0.05. c) Immunoﬂuorescent (B-tubulin 111) images of representative cDRGs cultured on silk and collagen hydrogels at day 4

in vitro. FOV = field of view, scale bars = 500 um.

(ELISA) (Figure 5). Less than 5% of loaded NT-3 was released
over 25 days and appeared to level off after 2 weeks in agree-
ment with recent long-term release studies of bioactive proteins
from sonicated silk hydrogels.’®””] The addition of FN signifi-
cantly decreased NT-3 release from the silk gels.

2.5. cDRG Neurite Extension on Functionalized Silk Hydrogels

To explore responses in neurite extension to changes in the
ECM functionalization of the silk hydrogels, 4% silk gels were
loaded with 40 ng mL~! NT-3 with or without 10 nM FN or LN.
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Figure 4. Long-term bioactivity of silk hydrogels. a) Immunofluorescent images of cDRG neurite extension on 4% silk hydrogels loaded with 40 ng mL™
NT-3 and incubated for 1 (i) and 11 (ii) days in media as compared to those cultured on silk gels without NT-3 (iii). Day 4 in vitro, green = B-tubulin
[1l. b) Quantification of neurite length and density of cDRGs cultured on silk hydrogels in (a). c) Antibody detection of NT-3 bound to silk hydrogels
as compared to negative control (no NT-3), TCP, and fibrin gel. Error bars represent standard error of the mean, *#p < 0.01. Scale bars = 300 um.
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Figure 5. ELISA quantification of cumulative release of NT-3 from 4% silk
hydrogels over 25 days with and without FN. *#p < 0.01.

Although literature suggests that FN decreases neurite exten-
sion,”® we found that FN-functionalized silk gels produced
cDRG extensions longer than those cultured on substrates
functionalized with LN and NT-3, perhaps due to FN’s inte-
grin and growth factor binding sites acting synergistically with
NT-3 (Figure 6a). The extent of fasciculation as a function of
distance from the explant body was quantified using an ori-
entational distribution function (ODF) that assessed extent of
alignment of neurites with a radially aligned vector field.””) We
found ECM-functionalized silk hydrogels exhibited greater fas-
ciculation of neurites as compared to silk hydrogel alone with
NT-3 (Figure 6b,c). Summated (Figure 6b,c, top) and radially
resolved (Figure 6b,c, bottom) histograms show that a greater
number of tangent vectors were in the radial direction (angle =
0) in images of ¢cDRGs cultured on silk hydrogels functional-
ized with FN as compared to those without. Quantification by
Fourier series expansion of the ODF showed a lesser extent
of radial outgrowth of neurites on silk gels without (0.152)
versus those with (0.281) FN (Figure 6b,c, top). Furthermore,
examination of spatially resolved orientational distributions
of neurite outgrowth shows a high degree of radially aligned
outgrowth close to the explant body in both conditions (0.328
and 0.281), but a significant decrease in radial outgrowth with
increasing distance from the explant body in the absence of
EN (Figure 6b). The extent of radially aligned outgrowth in the
condition with FN, however, gradually increased with increased
distance from the explant body (Figure 6c).

3. Discussion

Recently, we established a toolbox of silk biomaterial scaf-
folds for neural tissue engineering that includes peripheral
nerve guide conduits,**88! thin films for conformational
electronics,®? aligned electrospun nanofibers,®3l and porous
aligned channel arrays.®* The addition of silk hydrogels to our
repertoire of neural tissue engineering scaffolds provides soft
substrates to match nervous system tissue stiffness.

For successful application in nerve regeneration soft bio-
materials must exhibit structural integrity and promote neu-
rite extension by providing a mechanically and biochemically
permissive environment. In the current studies, we found that
silk hydrogels degrade slowly over several weeks to months,

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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which would allow sufficient time for repair of significant
nerve damage if employed in vivo. Furthermore, as previously
studied, bioactivity of loaded morphogens was also maintained
past 2 weeks. Other soft materials employed for studying effects
of substrate stiffness on neuronal extension such as fibrin,*’!
agarose,*8l and PDMSH can be tuned to achieve stiffness com-
parable to that of nervous tissue, but are often hindered by fast
degradation (or melting) or cell toxicity. The present studies
also found increased neurite extension as compared to reported
values of those cultured on materials of similar stiffness. Man
et al. studied the differences in DRG neurite extension in fibrin
gels of 9.5-141 mg mL™ protein yielding compressive moduli
ranging from <5-80 kPa.*! Interestingly, the length of neu-
rite extension at 4 days was less when compared to silk hydro-
gels, =100-230 um on fibrin versus over 1 mm on 1-2% silk
hydrogels.[*)]

It is interesting to note that although elastic moduli of the
1-8% w/v silk gels were within the reported ranges of neural
cells and tissues, there was a significant difference in neurite
growth rate observed. This phenomenon is likely due to a com-
bination of factors resulting from the physical properties of the
substrate, as well as the biological response of the cells. For
example, it has been shown that in some cell types, integrins/
cell adhesion molecules (i.e., 1 integrins and neural cell adhe-
sion molecules in neurons) work in collaboration with growth
factor receptors (i.e., TrkB/C in the case of NT-3) resulting in
amplification of signaling pathways (i.e. Ras-Raf-Erk signaling
necessary for neurotrophin-triggered axon elongation).[>-#7]
Therefore, in the case of neuronal growth on silk gels, it is pos-
sible that softer, lower percentage protein gels result in greater
growth factor release, less growth factor immobilization, and
lower integrin expression. In contrast, slightly stiffer gels of
higher protein content may exhibit sufficient mechanical prop-
erties for optimal integrin expression as well as increased access
to growth factors. Our observations of decreased neurite out-
growth on 8% vs. 4% silk gels suggests this hypothesis applies
to a limited range of gel protein concentration, which may reach
a point of diminishing returns (i.e., less or equivalent presen-
tation of growth factor on the surface of 8% vs. 4% silk gels,
Figure 4c). Others have also observed increased neurite exten-
sion on medium vs. softer or stiffer substrates.’'#7%8] Prelimi-
nary studies of increased B-1 integrin and TrkC expression of
cDRGs cultured on 4% vs. 1% silk gels support this hypothesis.

Increased localization of growth factors to injury sites is
also critical for neural regeneration. Studies by the Sakiyama-
Elbert group have shown improved regeneration and functional
recovery in 13 mm critical nerve defects with a fibrin affinity-
based growth factor delivery system.®%1 Studies have shown
that 50-100% of growth factors are released from collagenl®?
and fibrin®>*! within 5-10 days. The current results show
that only =5% NT-3 is released from 4% silk gels over 25 days
(Figure 5) with the remaining growth factor promoting neurite
extension after 11 days of release (Figure 4). Increased reten-
tion of growth factors and slow degradation properties of silk
hydrogels (Figure 2) in addition to its soft mechanical proper-
ties offer favorable physical and biochemical properties as a bio-
material for nervous system applications.

Due to the increased durability in culture and prolonged
degradation of silk hydrogels when compared to other natural

Adv. Funct. Mater. 2013, 23, 5140-5149
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Figure 6. Neurite directional distribution analysis of cDRG neurite extension on silk hydrogels functionalized with ECM proteins. a) Representative
cDRGs at day 4 in vitro on silk hydrogels loaded with NT-3 without ECM proteins, FN, or LN (L to R). b,c) Histogram and output images of neurite
directional distribution analysis for cDRG neurite extension on silk hydrogels with b) 40 ng mL™" NT-3 and c) NT-3 + FN. Quantitative results are given
as ‘C’ values representing the first coefficient of the Fourier series expansion.
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biomaterials, they are attractive candidates for the study of trac-
tion forces and axonal bundling on soft substrates that would
otherwise lead to physical destruction of weaker gels. The
physical mechanisms of growth cone guidance are beginning
to be elucidated with recent findings showing that traction
forces generated by DRG growth cones are significantly larger
than those generated by hippocampal growth cones, which
may be due to differences in cytoskeletal dynamics when
navigating on substrates of different stiffness.?1 The cur-
rent study yielded significant differences in the presence and
spatial dependence of axonal fasciculation between substrates
functionalized with and without FN (Figure 6). Neuronal fas-
ciculation (axon bundling) occurs through contact attraction
mediated by cell adhesion molecules present on axons.[”’~%% It
is still in question whether axons come together due to random
movement of individual axons, repulsive and attractive sig-
nals from neighboring cells/neurites, or traction-like forces
exerted by filopodia on each other.””) Due to the presence of
promiscuous integrin (in FN IIlg,0) and growth factor (in FN
111y, 14) binding sites on FN, increased axonal attachment and
growth factor binding to silk hydrogels functionalized with
FN + NT-3 would be expected on gels with FN versus those
without.3%401%01 Our observations of increased fasciculation
in the presence of FN support the hypothesis that a multitude
of physical mechanisms (i.e. increased integrin binding) and
biochemical mechanisms (i.e. increased growth factor binding)
contribute to increased overall neurite outgrowth as well as
axonal fasciculation.

In conjunction with previous data on silk as a biomaterial, 2!
the present studies reveal the attractive features of silk scaf-
folds for tissue engineering and regeneration. Not only is silk
biocompatible and processed entirely under aqueous condi-
tions, the versatility of available formats provides an extensive
platform of architectural designs to accommodate every tissue
in the body ranging from solid scaffolds to porous sponges to
electrospun mats to hydrogels.!'!l Furthermore, its stability and
optical transparency despite its large molecular weight, natural
source, and extensive range of stiffness render silk favorable for
long-term culture and analysis of engineered ECMs and bio-
logics. Together, this work contributes to previously reported
features of silk scaffolds and suggests silk hydrogels for medi-
ating the mechanical properties and ECM composition of engi-
neered tissues.

4, Conclusions

The present work characterizes silk hydrogels as attractive can-
didates for neural tissue engineering with regards to stiffness
compatibility, permissive environment for neuronal extension,
ability to retain growth factors, and structural integrity for long-
term growth studies. The silk hydrogel platform is also suitable
for prolonged in vitro studies of the effects of substrate stiff-
ness on neuronal extension and physiology by providing an in
vivo-like mechanical environment for investigation of physi-
ological mechanisms such as axonal fasciculation. These tools
have significant potential for gaining a better understanding of
how biomaterial substrates can be engineered and tailored for
neural regeneration.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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5. Experimental Section

Formation of Silk Hydrogels: Silk fibroin hydrogels were formed
through ultrasonication of aqueous silk solution extracted from Bombyx
mori silkworm cocoons as previously described.2'92 Briefly, aqueous
silk fibroin solutions were prepared by degumming cocoons in an
alkaline solution of sodium carbonate (0.02 m) and rinsing thoroughly
with ultrapure water. The fibers were dried overnight and then dissolved
in LiBr (9.3 m) at 60 °C for 4 h. The silk protein solution was then
purified by dialysis (Slide-A-Lyzer Dialysis Cassettes, 3.5K MWCO,
66333, Thermo Scientific, Rockford, IL) against distilled water for 48
h to obtain a 6-8% w/v silk solution. Silk solutions were prepared for
hydrogel formation by diluting with 10x DMEM (Dulbecco’s Modified
Eagle Medium, Gibco, 12100-046) and dH,O to obtain desired silk
concentrations and 1x DMEM. To concentrate silk solution, dialysis
against PEG (15%, 10 000 g mol™') was employed. The silk solution
was filtered through 5 um filters (Millex-SV, Millipore, SLSV025LS)
before ultrasonication using a Branson sonifier (Branson Ultrasonics,
Danbury, CT). Silk was sonicated at 20% maximum amplitude in 2 mL
volumes and sonication times varied depending on silk concentration:
1,2,3,and 4 x 20 s for 1, 2, 4, and 8% w/v silk solutions, respectively.
Gelation occurred within 2 h at 37 °C and remained at 37 °C overnight
prior to experimentation (see below). For further characterization of silk
hydrogel gelation and morphology, readers are directed to earlier works
of Kim et al. and Hu et al.453]

AFM Measurements: Silk hydrogels for AFM testing were prepared on
glass surfaces as described above and incubated at 37 °C overnight. The
next day, samples were submerged in Phosphate Buffered Saline (PBS)
and equilibrated to room temperature. AFM testing was performed
in PBS at room temperature and all samples were tested within 24 h.
AFM force vs. indentation maps were acquired on an Asylum Research
MFP3D AFM (Santa Barbara, CA) using Bruker tipless cantilevers
(Camarillo, CA) with attached 6 um radius silicone oxide microspheres
(Corpuscular, Cold Spring, NY) and a spring constant of 0.112 N m~".
Cantilevers were calibrated initially in air to determine the specific
spring constant and then an additional calibration was performed after
submersion in PBS to adjust for changes due to the liquid environment.
Igor Pro (WaveMetrics, Inc., Lake Oswego, OR) software was used to
obtain elastic modulus values from force vs indentation curves of points
taken in a square grid of 2 pum spacing (n = 100 per grid).

Chick Dorsal Root Ganglion (cDRG) Culture: Silk hydrogels were
formed as described above and loaded with or without NT-3, FN, and/
or LN after sonication and prior to gelation. Fibrin gels (10 mg mL™)
were fabricated by crosslinking fibrinogen (EMD Millipore, Darmstadt,
Germany, 341578) with thrombin (Sigma-Aldrich, T6884) and collagen
(BD Biosciences, 354236) gels (3-4 mg mL™") were formed by initiating
crosslinking with increase in pH from NaOH at room temperature.
cDRGs were isolated from E8-9 chick embryos as previously reported by
Dichter and Fishbach and in accordance to Tufts IACUC regulations.['%]
cDRGs were removed from either side of the spinal column and stored in
HBSS (Hank’s buffered saline solution, Gibco, 14170120) supplemented
with dextrose (6 mg mL™") and NaHCO; (0.35 mg mL™") for upto 3 h
until seeding. Excess tissue and residual roots were cleaned prior to
seeding on hydrogels. Explants were allowed to attach for 1 h prior to
addition of media (2% FBS DMEM, Glutamax, high glucose, (-) sodium
pyruvate, 1% PenStrep). cDRGs were cultured on hydrogels for 4 days
prior to 10% formalin fixation and immunostaining. For timelapse
experiments, samples were fixed at each time point, immunostained and
imaged at completion of the study.

Immunostaining and Fluorescent Imaging: After fixation overnight with
10% formalin, samples were washed with PBS, blocked with 4% normal
goat serum (NGS, Sigma-Aldrich, G9023), permeabilized with 0.1%
Triton X-100 (Sigma-Aldrich, X100), and incubated with anti-B-tubulin
Il primary antibody produced in rabbit (Sigma-Aldrich, T2200) at
4 °C overnight. The next day, samples were washed 2-3x for 10-15 min
while shaking before staining with Alexa Fluor 488 goat anti-rabbit 1gG
(Invitrogen, A-11008) shaking at room temperature for 40 min. Samples
were again washed thoroughly with PBS prior to imaging.
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Neurite Extension Analysis in Image/: Fluorescence microscopy images
of cDRG explant cultures on silk hydrogels were analyzed using Image)
software (National Institutes of Health, Bethesda, MD). Length was
quantified using the segmented line tool and measure function. This tool
allows manual tracing of neurites analagous to summing tangent vectors
along the length of the neurite. After a completed tracing, the length of
the segmented line was calculated and used as one measurement to
represent outgrowth of the DRG. Eight random neurites were measured
per explant, preferably 2 per quadrant of field of view. Percent area
(of intensity) was also calculated to obtain a general quantification of
neurite density. Circular selections were made within each quadrant of
the image encompassing neurite extension from the outer edge of the
explant body to neurite ends. N = 4 cDRGs per condition with multiple
neurites (as described above) were measured per cDRG. Only neurites
in focus with unambiguous extensions were recorded and explants that
did not attach were discounted. Lengths were tabulated, statistics were
applied, and values were compared across conditions. Significance of
differences in neurite density and length was determined by Student’s
t-test in GraphPad Prism (La Jolla, CA) software.

Hydrogel Degradation Measurements: Silk, collagen, and fibrin
hydrogels were formed as described above in pre-massed petri dishes.
Masses of gels before degradation were recorded and gels were
incubated in either Tris-CaCl, buffer alone or with enzyme (1.25 U
o-chymotrypsin (Sigma-Aldrich, C3142) per 250 mg hydrogel). Masses
were recorded day 1 and 3 and every 3 days thereafter. Degradation over
time was reported in terms of percentage of original gel mass. Masses
occasionally increased due to proposed increased hydration.

Growth Factor Release Studies: Silk hydrogels (4%, 300 plL) were
formed in the wells of 12-well plates as outlined above except loaded
with NT-3 (100 ng mL™" Peprotech, 450-03) with or without FN
(2 um, Sigma-Aldrich, F2006). Molecules were loaded homogeneously
by pipetting up and down appropriate amount of concentrated stock
solution into silk solution after sonication, prior to gelation. Release
was performed in release buffer of 0.1% BSA in PBS and samples were
collected into 12-well plates pre-blocked with 1% BSA in PBS at regular
time points. Cumulative release of NT-3 was quantified using Duoset
ELISA (R&D Systems, DY267). Student's t-test was performed to
determine significant differences between release profiles.

Bioactivity of NT-3 Loaded Silk Gels over 2 Weeks: Four percent w/v
silk hydrogels were formed as described above, loaded with NT-3 (40 ng
mL™"), and incubated in cell culture medium for 1 or 11 days. Gels were
then employed as substrates for cDRGs and analyzed by B-tubulin Il
immunofluorescent imaging as described above.

NT-3 Binding Assay: Silk hydrogels were formed as outlined above and
fibrin gels were formed by mixing fibrinogen (10 mg mL™', EMD Millipore,
Darmstadt, Germany, 341578) with thrombin (5 U mL™', Sigma-Aldrich,
T6884). The gels were incubated in a solution of NT-3 (10 ng mL™)
in 0.1% BSA in PBS overnight at 37 °C. TCP wells were also included
as a positive controls. Negative control gel samples were incubated in
0.1% BSA in PBS without NT-3. The gels were then washed with PBS +
0.1% Tween 20 (PBS-Tween, Sigma-Aldrich, P1379), blocked with 1%
BSA, and subjected to surface detection of NT-3 using a modified ELISA
procedure. Briefly, the gels were incubated with biotinylated goat anti-
human NT-3 (200 ng mL™', R&D Systems, 840211) for 1 h at room
temperature and washed thoroughly with PBS-Tween. This was followed
by incubation with Streptavidin-HRP (R&D Systems, 890803), thorough
washing with PBS-Tween, and colorimetric quantification by incubation
with Substrate Solution (1:1 H,0,:tetramethylbenzidine, R&D Systems,
DY999). The reaction was stopped with 2N H,SO, and the absorbance
reading at 450 nm was measured with a SpectraMax M2 Microplate
Reader (Molecular Devices, Sunnyvale, CA). Statistical significance was
determined by one-way ANOVA in GraphPad Prism (La Jolla, CA).

Neurite Directional Distribution Analysis in Mathematica: Fasciculation
of cDRG neurite extensions was assessed through a radial tangent vector
profile analysis program.U’®l Briefly, tangent lines were fit to continuous
lines of fluorescence in immunofluorescent images of cDRG extension
at day 4 of culture. The ODF of tangent vectors measured relative to
the radially outward direction was computed both for the ensemble
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of neurites emanating from each explant and also for neurite sections
within a sequence of concentric annuli centered around the explant
body. The widths of these distribution functions and their variation
between each annulus quantify the degree of fasciculation and its spatial
dependence. ‘C’ values represent the coefficient of the first cosine term
in the Fourier series expansion of the ODF providing quantification of
the radially-oriented outgrowth of DRG neurites.

Statistics: GraphPad Prism software (La Jolla, CA) was employed for
graphing and statistical analyses as stated above.
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