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Abstract

The mechanical properties of the extracellular matrix (ECM) are known to influence neuronal
differentiation and maturation, though the mechanism by which neuronal cells respond to these
biophysical cues is not completely understood. Here we design ECM mimics using self-assembled
peptide nanofibers, in which fiber rigidity is tailored by supramolecular interactions, in order to
investigate the relationship between matrix stiffness and morphological development of
hippocampal neurons. We observe that development of neuronal polarity is accelerated on soft
nanofiber substrates, and results from the dynamics of neuronal processes. While the total neurite
outgrowth of non-polar neurons remains conserved, weaker adhesion of neurites to soft PA
substrate facilitates easier retraction, thus enhancing the frequency of “extension-retraction”
events. We hypothesize that higher neurite motility enhances the probability of one neurite to
reach a critical length relative to others, thereby initiating the developmental sequence of axon
differentiation. Our results suggest that substrate stiffness can influence neuronal development by
regulating its dynamics, thus providing useful information on scaffold design for applications in
neural regeneration.
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1. Introduction

Mechanical cues from the extracellular matrix (ECM) are implicated in a variety of
biological processes, ranging from cell proliferation, differentiation, and migration to
collective cell behaviors such as tubulogenesis [1-4]. Development of neuronal tissue has
also been shown to be highly sensitive to the rigidity of the microenvironment. Soft matrices
with stiffness matching that of native brain tissue have been found to promote the
differentiation of neuronal stem cells into neurons rather than astrocytes and to restrict the
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growth of glial cell populations [2, 5]. Matrix mechanical properties also influence the
maturation of differentiated neurons, with softer substrates shown to promote neurite
outgrowth and expedite axon specification [6, 7]. In contrast, more rigid substrates tend to
favor a neuron morphology with increased dendrite number and branching [8]. Furthermore,
neurons respond in a lower stiffness regime when compared to other tissues [9], but
mechanisms for sensing rigidity are thought to be similar to those of other mechano-
sensitive cells such as fibroblasts [6].

These studies provide an understanding of the role of matrix stiffness at various stages of
neuronal development, and indicate that mechanical properties of biomaterials are an
important design parameter to consider in preparing artificial matrices for neural
regeneration. However, the materials used in most of these studies to modulate material
stiffness (i.e. cross-linked polyacrylamide, polydimethylsiloxane or agarose) often require
protein coatings to promote cell adhesion and confounding effects could arise from patterns
of tethered proteins [10]; in addition, they are not suitable for use as biomaterials for
implantation in brain tissue. Therefore, the development of biodegradable and chemically
bioactive materials with tailorable stiffness is an important target to extend the
understanding of neuronal response to stiffness and provide material design parameters for
future applications in regeneration of brain tissue.

Self-assembling peptide based materials have potential for use in regenerative medicine due
to their inherent biocompatibility, ability to display natural signaling epitopes at controlled
densities, and their biodegradable nature [11]. One broad class of such materials, peptide
amphiphiles (PAs) have been extensively studied by our laboratory and have shown promise
as a platform for a wide variety of applications ranging from drug delivery and angiogenesis
in ischemic disease to regeneration of neural tissues, bone, cartilage, and enamel, among
others [12-19]. PAs contain a peptide segment conjugated to an alkyl tail, which promotes
hydrophobic collapse into high-aspect ratio nanofibers in aqueous environments [20]. In the
presence of physiological salts, charge screening promotes the formation of self-supporting
gels comprised of a network of nanofibers reminiscent of the fibrous structure in native
ECM. PA gels that present the laminin-derived epitope IKVAV were demonstrated to
selectively promote the differentiation of neural progenitor cells into neurons rather than
astrocytes and control both neuron viability and maturation [18, 21]. Furthermore, unlike
traditional polymeric approaches that modify cross-linking density or polymer concentration
to alter mechanical properties, the mechanical properties of these supramolecular networks
can be modified through molecular design [22]. The unique approach to control matrix
stiffness through altering the molecular arrangement within individual nanofibers provides
the opportunity to integrate both stiffness and biochemical signaling in a single approach. In
this work, we used molecular design to prepare two PA nanofiber substrates of different
stiffness in order to study the effect of stiffness on development of hippocampal neurons at
both early and late stages of culture. We analyzed the distribution of neuronal processes,
dynamics of neurite growth and their behavior at the nanofiber interface to investigate a
biophysical mechanism underlying the stiffness-mediated regulation of early stages of
neuron development.

2. Materials and methods

2.1 PA synthesis

PA molecules were synthesized using standard fluorenylmethyloxycarbonyl-solid phase
peptide chemistry with a Rink Amide MBHA resin as previously described [17, 23]. All
protected amino acids were purchased from EMD Chemicals and solvents were purchased
from Makron. Fmoc deprotection was performed using 30% piperidine in A, -
dimethylformamide (DMF) and amino acid and palmitic acid couplings were performed
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with 4 eq protected amino acid or palmitic acid, 3.95 eq 2-(1H-benzotriazol-1-y1)-1,1,2,2-
tetramethyluronium hexafluorophosphate, and 6 eq of diisopropylethylamine in a solvent
mixture of 1:1:1 DMF:dichloromethane (DCM):N-methyl-2pyrrolidone. C-terminal
palmitoylation or branching of the peptide headgroup were afforded using Fmoc-Lys(Mtt)-
OH where the selective deprotection of the 4-methyltrityl (Mtt) group was performed using
2-3% trifluoroacetic acid, 5% triisopropylsilane (TIPS), and 91% DCM. Continued
synthesis on the Fmoc protected a-amine was terminated by the addition of a (Boc)-
Lys(Boc)-OH residue. Molecules and protecting groups were cleaved from the resin using a
mixture of 95% trifluoroacetic acid (TFA), 2.5% water, and 2.5% TIPS. Molecules
containing a tryptophan residue were cleaved with an additional 2.5% ethanedithiol. TFA
was removed using rotary evaporation and the product precipitated with cold diethyl ether,
dried, and purified using preparative scale reverse phase high performance liquid
chromatography on a Varian Prostar Model 210 system equipped with a Phenomenex
Jupiter Proteo column (Cy; stationary phase, 10 wm, 90 A pore size, 150 x 30 mm). A
gradient of acetonitrile and water with 0.1% TFA was used as the mobile phase for
purification. Pure fractions were identified using ESI mass spectrometry, collected,
subjected to rotary evaporation to remove excess acetonitrile, lyophilized, and stored at —20
°C until use.

2.2 Rheology

Rheological measurements were performed using a Paar Physica MCR 300 oscillating plate
rheometer with a 25 mm diameter cone-plate geometry and a gap of 0.05 mm. PA solutions
at 1% (w/v) in water were pipetted in 200 pL volumes onto the rheometer plate and exposed
to ammonia vapor for 15 min to form gels. The system was allowed to equilibrate for 10
minutes prior to taking measurements at 0.1% oscillatory strain over an angular frequency
range from 100 — 0.1 s™1. The stage temperature was maintained at 25 °C over the entire
testing period. Data was plotted as the average of three runs per sample (Error bar represents
standard error of the mean).

2.3 Small angle X-ray scattering

Small angle X-ray scattering (SAXS) measurements were performed at the Advanced
Photon Source using an insertion device station (beamline 5-1D-D Dupont-Northwestern-
Dow Collaborative Access team, Argonne National Laboratory, Argonne, IL). Solutions of
PA were dissolved at 1% (w/v) in water, diluted to a final concentration of 0.5% (w/v) in a
solution of 1:1 water:neurobasal media and were filled into 1.5 mm quartz capillaries
(Charles Supper Company). Operating at 15 keV, data was collected using a CCD with a
sample to detector distance of 245 cm and an exposure time between 3-6 seconds. The
scattering intensity was recorded with a g range of 0.008< q < 0.25 A1 where the wave
vector g was defined as g = (4 7/A) sin(6/2) where 6 is the scattering angle. Two-
dimensional SAXS images were azimuthally averaged to produce one-dimensional intensity
profiles using FIT2D. For background subtraction, scattering profiles were obtained for
capillaries filled with solvent. No attempt was made to convert the units to an absolute scale.
Detailed methods for SAXS data modeling can be found in Supplementary information.

2.4 X-ray diffraction

X-ray diffraction (XRD) was performed at the Advanced Photon Source using a bending
magnet station (beamline 14BM-C, Argonne National Laboratory, Argonne, IL). All data
were obtained using a beam energy of 12.67 keV (wavelength: 0.979A) with a sample to
detector distance of 400 mm and exposure time of 30 seconds. Solutions of PA at a
concentration of 1% (w/v) in water were dropped on a loop and placed in the path of the X-
ray beam. No background subtraction was performed on two-dimensional diffraction
patterns.
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2.5 Circular dichroism

Circular dichroism (CD) measurements were performed using a J-715 Jasco Circular
Dichroism spectrometer at room temperature. PA solutions at a concentration of 0.02% (w/
v) in 0.04X neurobasal media diluted with water were used. A quartz cuvette with a 1 mm
path length was used for measurement and data was averaged over three scans for each
sample.

2.6 Cryogenic transmission electron microscopy

Cryogenic transmission electron microscopy (Cryo-TEM) was performed using a JEOL
1230 microscope equipped with a LaBg filament at an accelerating voltage of 100kV. For
cryo-TEM, 300 mesh copper grids with a lacey carbon support (Electron Microscopy
Sciences) were treated with air plasma for 25 seconds (Harrick Plamsa). 5p.L of the PA at a
concentration of 0.25% (w/v) in 1:1 water: neurobasal media was deposited on a grid. The
sample was blotted using a Vitrobot Mark IV (FEI) vitrification robot at 95-100% humidity.
The samples were vitrified by plunging them into a liquid ethane reservoir, transferred to
liquid nitrogen, placed into a Gatan 626 cryo-holder through a cryo-transfer stage, and
imaged using a Gatan 831 CCD camera.

2.7 PA coating procedure

Glass coverslips were coated for PAs following previously described method [23]. Briefly,
12 mm diameter PDL coated sterile glass coverslips were coated with a thin layer of sodium
alginate (0.25% w/v), cross-linked by 10 mM CacCl, solution, and then incubated overnight
with 0.05% (w/v) PA 37 °C. Coatings were washed with 2 mM CacCl, prior to performing
experiments.

2.8 Scanning electron microscopy

For scanning electron microscopy (SEM) experiments, PA coatings on glass coverslips
(with or without cells plated on it) were fixed with 2.5% glutaraldehyde in PBS (containing
1 mM CacCly) forl hour at room temperature (RT) and dehydrated in a graded series of
ethanol concentration. Dehydrated samples were dried at the critical point of CO, using a
critical point dryer (Tousimis Samdri-795). Dried samples were then coated with a thin film
(14 nm) of osmium metal using an osmium plasma coater (Filgen, OPC-60A). Images were
obtained using a Hitachi S-4800 Field Emission Scanning Electron Microscope (FE-SEM)
secondary electron detector at an accelerating voltage of 5 kV.

2.9 Fibroblast culture

NIH 3T3 mouse embryonic fibroblasts were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM, Gibco) with high glucose, supplemented with 10% fetal bovine serum
(FBS, Hyclone) and 1% penicillin-streptomycin (P/S) and passaged every 3 days. To study
the cell response to PA, cells were seeded at a low density of 62 cells/mm?2 on PA coated
glass coverslips and incubated for 5 hours (37°C, 5% CO>) under serum free conditions
(DMEM and 1% P/S).

2.10 Neuron culture

Dissociated hippocampal cultures were prepared from CD1 mouse embryo (17 day)
following a previously described protocol with some modifications [24]. Briefly, the
embryos were collected from anaesthetized timed pregnant mice and the hippocampal region
of the brain was dissected out under ice cold calcium and magnesium-free Hank’s Balanced
Salt Solution. Harvested brain tissues were dissociated into single cells by trypsinization
(0.25%, 20 min at 37°C) followed by mechanical trituration, and suspended in medium
containing DMEM F-12 and 10% FBS. The concentration of cells in suspension was
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adjusted to 0.25x108 cells/ml by adding DMEM F-12 (final FBS concentration <1%) before
plating on PA coated surfaces and cultured in serum free neurobasal media (supplemented
with B-27 supplement, GlutaMAX™ and P/S). Cell plating densities were 180 cells/mm?
and 166 cells/mm? for 8 well chambered-slides (BD Bioscience; used for immunostaining)
and glass coverslips (used for SEM), respectively. All saline solutions and culture medium
supplements were obtained from Gibco Life Technology, while reagents and enzymes were
obtained from Sigma-Aldrich. Dissection and animal handling were carried out in
accordance with Public Health Service Policy on Humane Care and Use of Laboratory
Animals and in compliance with protocol approved by Institutional Animal Care and Use
Committee.

2.11 Immunostaining

All solutions used for staining and washing were supplemented with 1 mM CacCl, to prevent
disruption of the PA coating (anchored to the glass surface by Ca2* cross-linked alginate).
Fixed cell samples (4% paraformaldehyde in PBS, 15 min, RT) were permeabilized and
blocked with 0.4% Triton X-100, 10% normal goat serum and 2% BSA in PBS. Incubation
with primary antibody solution was done for 2 hours at RT or overnight at 4°C. Following
primary antibody conditions were used in this work: Rabbit monoclonal Anti-p-tubulin 111,
1:1000 dilution, Covance; mouse monoclonal anti-microtubule associated protein 2 (MAP2),
1:500 dilution, Sigma; chicken polyclonal anti-glial fibrillary acidic protein (GFAP), 1:1000
dilution, Abcam; rabbit monoclonal anti-synaptophysin, 1:1000 dilution, Millipore; mouse
monoclonal anti-vinculin, 1:400 dilution, Sigma. Primary antibodies were detected with
Alexa Fluor® conjugated secondary antibodies (Life Technologies; 1 hour incubation at
RT). Actin filaments were visualized by staining with rhodamine conjugated phalloidin
(Life Technologies; 1:200 dilution, 1 hour at RT). Cell nuclei were counterstained with
DAPI (Life Technologies; 5 pg/ml).

2.12 Image acquisition and analysis

Images from fluorescently stained samples were acquired using an inverted fluorescence
microscope (Nikon, Eclipse TE2000U) attached with a cooled CCD camera (Coolsnap,
Photometrics) or an inverted confocal laser scanning microscope (Zeiss LSM 510 META).
Morphological quantification was performed on B-tubulin 111 stained images of the neurons
obtained at 10X objective magnification. Neurons were classified into developmental stages
by using criteria previously described by Daotti et al [25]. Neurite tracing and their length
measurement was done using the NeuronJ plugin in ImageJ software [26]. Measurements
were made from 50 neurons for each condition (10 neurons each from 5 fields) and were
repeated for 3 independent sets of cultures (total sample size: 150 neurons for each
condition); higher morphological maturation was used as a selection criteria within one
field, since the inclusion of neurons with little neurite growth could disproportionately affect
the average and confound the difference between various conditions. Neuronal processes
were only counted during the quantification of primary neurite number if it was >8 pmin
length. For quantification of spine density, confocal image stacks of synaptophysin and
MAP?2 stained neurons (acquired under 40X objective and 3X digital zoom) was projected,
and the number of spines present on proximal 40 pum of major dendrite was counted.
Astrocytes and neuron number at 7 days were quantified by GFAP and p-tubulin 111 stained
images. All experiments were repeated in three independent culture experiments unless
mentioned otherwise.

2.13 Live cell imaging

PAs were coated as described above on a 4-chambered Hi-Q4 culture dish (Nikon). Cells
were seeded on the coatings and imaged using a Nikon Biostation IM for a total of 5 or 18
hours at 37° C, 5% CO».
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2.14 Statistical analysis

Data were tested for normality by the Shapiro-Wilk test. The nonparametric Mann-Whitney
U test was performed to compare between two groups of data, and the Kruskal-Wallis test
was carried out to compare between multiple groups, followed by a pair-wise comparison by
the Steel-Dwass test. Bar graphs represent mean * standard error of the mean.

The amino acids immediately adjacent to the hydrophobic alkyl tail of PA molecules can
direct the degree of B-sheet formation and influence the stiffness of nanofiber networks [22,
27]. When amino acids with a strong propensity to form p-sheet secondary structures are
incorporated, the resulting assembled nanofibers have increased stiffness compared to PAs
incorporating amino acids that less readily form B-sheet hydrogen bonds. Following this
strategy, stiff nanofibers were designed using a peptide backbone containing valine and
alanine residues (“stiff” PA: Fig. 1a). Lysine residues were incorporated to enhance water
solubility and promote nanofiber network formation in the presence of physiological salts
through charge screening by counterions. To decrease the rigidity of PA nanofibers, we
sought to reduce both packing density of molecules within the nanofiber and also hydrogen
bonding close to the aliphatic core. To accomplish this, the soft nanofiber design includes
both a branched headgroup by using a lysine dendron moiety in the peptide chain [28, 29]
along with a weaker B-sheet region consisting of alanine and glycine residues (“soft” PA,
Fig. 1a). Palmitoylation was afforded on the e-amine of the C-terminal lysine residue,
effectively reversing the polarity of the molecule [28]. For both “stiff” and “soft” PAs, we
further added the laminin y1 chain-derived bioactive peptide sequence KDI, which has
previously been shown to promote neurite outgrowth and axon guidance [30, 31].

The morphology of the PA assemblies was observed using cryogenic transmission electron
microscopy (cryoTEM), and both stiff and soft PAs were found to form high-aspect-ratio
cylindrical nanofibers (Fig. 1b). Small angle X-ray scattering (SAXS) further confirmed a
cylindrical geometry for both PAs based on the power-law dependence of g2 in the low g
region, and a fit to cylindrical core-shell model with estimated diameters of 6.5 nm and 10
nm for stiff and soft PAs, respectively (Fig. S1). The slightly larger diameter of soft PA
nanofibers can be attributed to the larger peptide segment of the individual molecule. Fig. 1c
illustrates the expected arrangement of molecules within the assemblies of stiff and soft PA.
The ordered arrangement of PA molecules in the stiff PA nanofiber is due to B-sheet
formation between the peptide backbone segments, evidenced by both circular dichroism
(CD) spectroscopy and X-ray diffraction (XRD): The CD spectrum of stiff PA revealeda -
sheet signature with a minimum at 218 nm, and XRD exhibited a reflection at 4.68 A (Fig.
1d), the characteristic spacing of B-sheet hydrogen bonding between two p-strands [32]. Soft
PA molecules were more disordered within the assembled nanofiber, as the CD
demonstrated a random coil character and the XRD pattern was amorphous (Fig. 1d).

To measure the mechanical properties of both soft and stiff PAs, rheological measurements
were performed using 1% (w/v) PA gels. The storage modulus (G") and the loss modulus (G
") of the gels were measured over an angular frequency range of 1-100 s™1 using a cone-
plate rheometer (Fig. 1e). The storage modulus (a measure of the elastic modulus or
stiffness) of gels formed by stiff PA was found to be three times higher in magnitude than
gels made of soft PA (22.9 + 5 kPa vs. 7.3 + 0.9 kPa, at an angular frequency of 10 s™1 and
0.1% strain). It is important to note that while trends in the bulk moduli for PA gels are
expected to correlate with the stiffness of individual fibers, the absolute values should be
different.
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To demonstrate the difference in stiffness between the two PA nanofibers on a cellular level,
we evaluated the spreading of 3T3 fibroblasts on two-dimensional PA substrates prepared
on glass surfaces. It is well-known that fibroblast morphology changes in response to
substrate stiffness [33, 34]. Uniform and stable coating of PA nanofibers were prepared on
glass surfaces by sequential treatment of positively charged poly-D-lysine (PDL), negatively
charged alginate, and positively charged PA nanofibers (Fig. S2). The purpose of the
alginate layer was twofold—to enable the PA nanofibers to adhere to the alginate through
electrostatic complexation and to prevent non-specific cell adhesion below the PA layer, as
alginate is unable to facilitate cell adhesion [35]. 3T3 fibroblasts grown on a substrate of
stiff PA exhibited intermediate spreading, with actin-rich lamellipodial extensions (Fig. 2),
but both fibrillar adhesions (visualized by vinculin staining) and actin stress fiber formation
that are hallmarks of fibroblast adhesion to stiffer tissue culture plastic or glass surfaces
(Fig. S3) were absent. However, on soft PA substrates fibroblasts had a rounded shape with
occasional small protrusions, a morphology consistent with fibroblast adhesion to softer
substrates, suggesting that this PA is too soft to support fibroblast spreading [33]. Time-
lapse imaging showed dynamic lamellipodial and filopodial extensions when cultured on
stiff PA, while cells cultured on the soft PA were unable to spread and maintained their
initial round shape (Movie 1 and 2). Overall, the differences in fibroblast morphology when
cultured on substrates of stiff and soft PA confirms that differences in the bulk mechanical
properties translate to differences in stiffness experienced at the cellular level.

Next, we evaluated the effects of PA substrate stiffness on the development of primary
mouse hippocampal neurons. Interestingly, we found a ten-fold decrease in astrocyte
number (stained positive for glial fibrillary acidic protein, GFAP) on soft PA substrates
compared with the stiff PA after 7 days in culture (Fig. 3). However, a corresponding
reduction in the neuron density (visualized by p-tubulin 111 staining) was not observed. Our
finding of substrate stiffness-dependent effects on neuron and glial population are consistent
with those from a previous study [5]. While long-term culture revealed prominent difference
in astrocyte number based on stiffness, differences in neuron morphology on these two
substrates were apparent as early as 20 hours after plating. On stiff PA substrates, multiple
short neurites were formed, while culture on soft PA substrates favored a single long neurite
with a few short neurites (Fig. 4a). Neuronal maturation can be classified based on
established morphological criteria [25], with immature neurons lacking neurites classified as
stage 1, neurons with multiple short neurites (minor processes) without established polarity
classified as stage 2, and neurons that have achieved polarity and possess one neurite
considerably longer than the rest (major process) classified as stage 3. Using this
classification revealed that most neurons on stiff PA reached developmental stage 2 (67.1 +
6.2%) in the same time (20 hours following plating) that most neurons cultured on soft PA
substrates advanced to stage 3 of development (60.9 * 2.6%), thus indicating faster
maturation on soft PA (Fig. 4b). When cultured on PA substrates of stiff and soft PAs with
the same peptide backbones but without the KDI epitope (Fig. S4), a similar trend in
neuronal development was observed (Fig. 4b), suggesting that the KDI epitope is not a
critical signal for early neuronal maturation. To further probe the effect of peptide epitopes
on early neuronal maturation, we also cultured neurons on PAs with a soft peptide backbone
presenting the RGDS epitope known to promote neurite outgrowth [36]. When cultured on
substrates of soft PA bearing the RGDS epitope, the trend in neuron development was
similar to that seen for the soft PA with KDI (Fig. 4c); moreover, this trend persisted in
cultures with a scrambled or mutated control of the RGDS epitope. These data suggest that
epitope bioactivity is less critical in regulating neuronal maturation than substrate stiffness,
emphasizing the potency of mechano-signaling in the early stages of neuronal development.

During neuronal development, the transition from stage 2 to stage 3 requires neurons to
break symmetry and establish polarity, where one of the neurites (major process) extends to
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be much longer than the others (minor processes) and eventually forms the axon [25]. Since
neuronal development and neurite distribution are closely related at this early stage of
development, we measured the length of the longest neurites when grown on PA substrates
(Fig. 4d). The average length of the longest neurite on soft PA (76.3 = 1.9 um) was almost
double compared with stiff PA (42.5 + 1.3 um, p<0.001); the difference in neurite length
was maintained on soft and stiff PA substrates without KDI epitopes. Meanwhile, the length
of the second longest neurite (a measure of the minor processes) was similar among all
conditions (ca. 22—-26 pm), demonstrating that soft PA substrates did not promote the
growth of all neurites. This observation supports the finding that neurons grown on soft PA
substrates develop polarity more rapidly. Interestingly, the total number of primary neurites
when cultured on soft PA was significantly less than that for culture on stiff PA substrates
(4.0£0.1vs.5.7£0.1, p<0.001; Fig. 4e). Taken together, these data for neurite length and
neurite number suggest that the combined total length of all neurites is roughly conserved
regardless of substrate stiffness, and therefore the observed phenotypic difference results
from an altered distribution of neuronal processes.

To establish a mechanism by which substrate stiffness controls the distribution of neuronal
processes, cell dynamics were evaluated using time-lapse imaging. The processes from
symmetric neurons were dynamic with frequent extensions and retractions (Fig. 5a, movie 3
and 4), as has been previously reported [25, 37]. However, a distinct difference in neurite
motility was observed between culture on stiff and soft PA substrates. On stiff PA, retraction
was less frequent and rarely completed, resulting in an increased number of shorter primary
neurites over time (Fig. 5a). Meanwhile, neurites on soft PA substrates demonstrated several
retraction events, and complete retractions were observed. These differences in neurite
motility could arise from the influence of nanofiber stiffness at the cell-material interface.
Scanning electron microscopy (SEM) was used to visualize the interface between neurons
and PA nanofibers (Fig 5b). On stiff PA, there was a dense network of nanofibers, with
neurites attached predominantly at focal points where multiple nanofibers clustered together
(arrows). In contrast, soft PA nanofibers were uniformly attached along the length of the
neurites. Moreover, on soft PA substrates fibers were oriented parallel to each other and
perpendicular to the neurite length, perhaps resulting from the tension applied to the flexible
PA nanofibers during cell attachment. The observations from SEM and time-lapse imaging
suggest that differences in nanofiber stiffness influence interactions between nanofibers and
neurites, the dynamics of which result in a distinct pattern of neurite distribution (illustrated
in Fig. 5¢).

After 3—4 days in culture, minor neuronal processes, which remain a constant average length
in earlier days, begin to grow rapidly and form the dendrites [25]. Therefore, we next
evaluated the effects of PA substrate stiffness on dendrite development. Following 7 days in
culture, dendrites (visualized by staining for microtubule associated protein 2, MAP2)
exhibited distinct patterns depending on nanofiber stiffness (Fig. 6a). On soft PA substrates,
the majority of neurons had one major apical dendrite at one side of the soma and a few
minor dendrites appearing from the opposite side, similar to the structure of pyramidal
neurons. On stiff PA substrates, however, multiple short dendrites extended from the soma,
and often more than one major dendrite was present. The difference in the dendrite
arborization was further reflected in the synaptic connectivity. Quantification of the total
synapse number (visualized by presynaptic axon terminal marker synaptophysin) at the
proximal segment of the main dendrites revealed a two-fold increase in synapse density
when cultured on soft PA substrates (31.7 + 1.3/100 wm, Fig. 6b) compared with culture on
stiff PA substrates (15.0 + 1.2/100 wm, p<0.001). However, this difference does not
necessarily suggest an absolute increase in synaptic connections on soft PA substrates, as
multiple smaller dendrites around the soma when cultured on stiff PA (Fig. 6a, arrowhead)
provided the site for additional synapse formation. Differences in dendrite morphology
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resulting from substrate stiffness have been previously reported and attributed to indirect
mechanisms such as soluble factors released by astrocytes [8]. To test whether there is a
contact-mediated contribution of stiffness in these findings neurons were cultured on both
stiff and soft PA substrates with shared culture medium. Within 3 days of culture, neurons
on stiff and soft PA substrates exhibited distinct dendrite morphologies similar to that
observed without shared culture medium (Fig. 6¢). This observation suggests that PA
substrate stiffness has a robust contact-guided influence in shaping dendrite morphology.

4. Discussion

In this work, we used molecular design to prepare PA molecules which self-assemble into
nanofibers of different stiffness to probe the effects of substrate stiffness on the development
of primary hippocampal neurons. Culture on these substrates revealed that hippocampal
neuron development, including achievement of polarity, dendrite maturation and astrocyte
growth, was strongly dependent on substrate stiffness. The substrate stiffness altered cell-
material interactions, leading to distinct motility patterns of neurites, and eventually
resulting in a specific neurite distribution with differences in the temporal course for neuron
development.

PA materials provide a unique approach to study the role of matrix stiffness on cell response
and development. Unlike conventional materials used to study the effects of stiffness on
cells, where cross-linking density between polymer chains is varied to change the stiffness,
PA stiffness results from supramolecular interactions, especially molecular packing and f-
sheet hydrogen bonding. While defects in covalently cross-linked materials can propagate
and lead to failure due to irreversibility of bond breakage, materials prepared using non-
covalent interactions do not have such limitation, as bonds can spontaneously reform under
physiological conditions. Although individual hydrogen bonds do not possess the strength of
a covalent bond, when arranged in ordered B-sheet structure these bonds can produce
materials with extraordinary stiffness and resilience. Examples from nature of such materials
with a high degree of hydrogen bonding include amyloid fibrils and spider silk [38, 39].
Many self-assembling peptide materials, including PAs, incorporate similar hydrogen
bonding in their design in order to prepare stiff one-dimensional nanofibers [40]. PA
molecules have the additional design component of an alkyl tail which facilitates
hydrophobic collapse and serves as a driving force for molecular self-assembly. Thus,
compared to other self-assembling peptides, PA self-assembly is not completely reliant on
[B-sheet hydrogen bonds for nanofiber formation and stability, which allows more freedom to
tune the B-sheet strength without compromising nanofiber assembly. In this work, nanofiber
stiffness was further modulated by introduction of a branched head-group in the peptide
chain, which effectively reduced the number of B-sheets per cross-section by decreasing the
packing density [29].

Using molecular design, PAs were prepared with different nanofiber stiffness to study the
effect of stiffness on the development of primary hippocampal neurons. Consistent with
previous reports [6], neurons developed polarity at a faster rate on soft substrates than on
stiff substrates. It has been shown that in the non-polar stage neurons exhibit multiple short
neurites that undergo random extensions and retractions, while in the polar stage, the length
of one neurite surpasses the others and continues to grow at a faster rate to form the axon
[25]. It is shown here that the growth of one major neurite on the soft PA substrate was
accompanied by fewer total primary neurites per cell, implying that neurite distribution is
dependent on substrate stiffness. Microtubule assembly is suggested to be critical for the
growth of neuronal processes [41], and its availability could explain the observation that the
total length of all neurites was conserved, in spite of striking differences in the neurite
distribution. Non-neuronal cells are known to contain similar levels of polymerized
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microtubules at early time-points in culture, independent of their degree of spreading [42].
Since the neurite extensions are physically supported by bundles of microtubules running
along their core, if each immature neuron also have an equivalent amount of polymerized
microtubules, then each should be capable of producing approximately an equivalent length
of total neurites, independent of substrate stiffness. Though all neuronal processes initially
have equal probability of becoming the axon, the probability of a specific process becoming
the axon is greatly increased once its length exceeds all others by a critical length of 10 um
[37]. Asymmetry in the distribution of neuronal processes accelerates the development of
polarity, as demonstrated previously in the classical axotomy experiment [37, 43]. In this
experiment, if the remaining length of a severed axon is shorter than the rest of the
processes, the neuron takes substantially longer to reestablish polarity. Once polarity is
achieved, the major process specified to be the axon grows at a much faster rate than the
others, a process facilitated by the accumulation of neurite growth promoting molecules at
the growth cone [44, 45]. Our results suggest that physical cues from substrate stiffness
impose a bias on the distribution of neuronal processes, thereby controlling the temporal
development of neuronal polarity.

While the distribution pattern of neuronal processes favors axon specification, the dynamics
of these processes have also been suggested to play a critical role in the development of
neuronal polarity [46]. It is shown here that PA substrate stiffness strongly influenced the
dynamics of neurite growth, and the retraction of early neuronal processes was dramatically
enhanced on soft PA substrates. Increased neurite retraction on soft PA substrates can be
explained by the difference in interactions at the neurite-nanofiber interface. In general, stiff
substrates are known to afford stable focal adhesions, while adhesions to soft substrates are
less stable and more transient [9]. The uniformly distributed attachment of individual soft
PA nanofibers along the neuronal processes suggests the formation of transient adhesions.
Conversely, stiff PA nanofibers attach to cells at specific points along the projecting neurite.
It is known that stable focal adhesions induce localized stabilization of microtubules through
integrins and focal adhesion kinases [47, 48]; in turn, enhanced microtubule stability leads to
fewer retraction events [49]. Therefore, in the presence of weaker adhesions on soft
substrates, microtubules will be less stable and allow for larger retractions. The neurons can
then redistribute the microtubule resources gained by retraction in order to extend additional
neurites, effectively enhancing the overall dynamics. Consistent with this hypothesis, only
partial retractions were observed in studies where hippocampal neurons were grown on PDL
coated glass surfaces [25]. We speculate that higher motility, ormore frequent “extension-
retraction” events, of the uncommitted neuronal processes increase the random chance that
one process will extend to a critical length (Fig. 5¢), initiating the sequence of
developmental events for axon differentiation.

We also demonstrated that later stages of neuronal development, such as dendrite
morphology and synaptic connections, were strongly influenced by substrate stiffness. For
neurons, both of these characteristics are critical to integrate signals from other neurons.
Although indirect mechanisms, such as astrocyte secreted factors and activation of
ionotropic glutamate receptors, have been suggested as the means by which substrate
stiffness controls dendrite development [8], our results demonstrate that physical cues from
the substrate directly influence this process. While fewer primary neurites on soft PA
substrates could facilitate a characteristic pyramidal neuron morphology with a distinct
apical dendrite and few basal dendrites, some of the excess primary neurites on stiff PA
possibly exist as multiple smaller dendrites in the mature neurons. Recent reports have
shown substantial differences in tissue stiffness between different regions within the
hippocampus (7.e. CAl vs. CA3) [50]. Taken together with our findings here, this suggests
that stiffness could be an important factor influencing the difference in dendrite morphology
observed in pyramidal neurons in these hippocampal regions.
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5. Conclusions

We have reported here the design of self-assembled PA materials with varying stiffness, and
demonstrated their use as substrates to probe the effects of matrix stiffness on the
development of hippocampal neurons. This material enables us to better understand the
biophysical basis for stiffness-mediated neuronal maturation during the early phases of
culture. The ability to use PA molecular design to control the development and maturation
of neurons, coupled with the suppression of astrocyte proliferation, through tuning nanofiber
stiffness is expected to enhance the therapeutic potential of these materials in applications
for regeneration of the nervous system.
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Refer to Web version on PubMed Central for supplementary material.
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Design and characterization of PA nanofibers with variable stiffness.(a) Chemical structure
of stiff (left) and soft (right) PA molecules. (b) CryoTEM images of both PAs in aqueous
environment show long cylindrical nanofibers formed by both PAs. Scale bar 200 nm. (c)
Animation illustrating the differences in molecular arrangement within the stiff and soft PA
nanofibers. (d) CD (circular dichroism) spectra of the stiff PA and the soft PA. (d, Inset) X-
ray diffraction pattern of the same PAs; arrowhead indicates a Bragg reflection at 4.68 A in
the stiff PA. (e) Rheological measurements of stiff or soft PA gels formed at 1% (w/v)

(n=3).
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Fig. 2.

Fibroblast morphology on stiff (left) and soft (right) PA coated surfaces. Fluorescent
micrographs of 3T3 fibroblasts 5 hours after plating and stained with phalloidin (red), anti-
vinculin antibody (green) and DAPI (blue). Scale bar 10 pm.
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Fig. 3.
Influence of PA stiffness on astrocyte and neuron density in hippocampal culture.(a )
Micrographs from 7 day old hippocampal culture showing the distribution of neurons
(TuBlIII staining, green) and astrocytes (GFAP staining, red) on stiff (left) and soft (right)
PA substrates (DAPI, blue). Scale bar 50 wm. (b) Quantification of astrocyte and neuron
density (number per mm?) on stiff and soft PA substrates (*"p<0.001, triplicate).
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Fig. 4.

Effects of PA stiffness on early stages of neuron development. (a) Hippocampal neurons
were cultured on stiff (top) and soft (bottom) PA coated surfaces and stained after 20 hours
for B-tubulin 111 (green) and DAPI (blue). Scale bar 20 um. (b) Distribution of
developmental stages for neurons after 20 hours culture on stiff and soft PAs with and
without the KDI epitope (n>450 neurons for each condition). (c) Distribution of
developmental stages for soft PA with the KDI epitope compared to that for the same PA
backbone presenting the RGDS epitope along with scrambled and mutated control
sequences for the RGDS epitope (n>700 neurons). (d) Quantification of the length of the
longest and the second longest neurites when cultured in conditions identical to those for (b)
(*""p<0.001, n=150 neurons). (e) Quantification of the total number of primary neurites of

the same set of neurons in (d) (*"p<0.001).
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Fig. 5.

Dynamics of the neurite growth on different PA nanofiber substrates. (a) Individual frames
from time-lapse imaging (with time noted on image) showing neurite growth on stiff (top)
and soft (bottom) PA substrates. (b) Scanning electron micrographs showing the interaction
between neurites and nanofibers, with stiff PA nanofibers (left) attached to neurites in
bundles (arrowheads) and soft nanofibers (right) attached as individual fibers (inset). (c)
Schematic representation of the effect of PA stiffness on neurite motility and development
of polarity (Arrows indicate the extension and retraction events at a given time-point). Scale
bars: a, 10 um; b, 1 um.
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Fig. 6.

Effects of PA stiffness on dendrite morphology and synapse distribution. (a) Representative
dendrite morphology (MAP2 staining, red) and distribution of synapses (synaptophysin
staining, green), observed in hippocampal neurons after 7 days in culture on stiff (left) and
soft (right) PA substrates; arrowheads indicate multiple thin dendrites extending from the
neuronal soma on the stiff PA substrate. (b) Quantification of synapse density on the major
dendrite process (*"p<0.001, n=40 neurons). (c) Schematic of the experimental setup where
colored spots represent three different PA coatings made on a PDL coated glass slide.
Representative dendrite morphology (MAP2, red; DAPI, blue) of neurons with all of them
sharing same culture medium after 3 days of culture on the stiff PA substrate without an
epitope (1), stiff PA substrate presenting a KDI epitope (2), and soft PA substrate presenting
the RGDS epitope (3). Scale bars: a, 10 um; ¢, 20 pm.
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