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1. A descriptive summary of the work, of a maximum length of two DIN A4 pages. 
 

Our work organically integrates the expertise and interests of various research groups to address two 
fundamental problems in the fields of material science and stem cell biology. The first is the design of 
synthetic materials that mimic the dynamic movement of physiological peptides; the second is the 
immature nature of iPSC-derived neuronal cells, which hinders their utility. Our study provides a solution 
to these problems.  

In short, using a combination of divergent methodologies, we show that culturing iPSC-derived neurons 
on a novel peptide nanofiber that can mimic the dynamism of the physiological extracellular matrix (ECM) 
of the nervous system, promoted a dramatic induction of morphological, synaptic and electrophysiological 
maturation. We believe that this technology will offer a more physiological platform to study the 
development, function and dysfunction of human neurons.  

While iPSC-based models have been an invaluable resource of neurobiology, they are still fraught with 
technical limitations including abnormal aggregation and inefficient maturation of differentiated neurons. 
We posited that these problems are in part due to the absence of synergistic cues derived from the 
architecture, chemical composition and molecular dynamics of the native ECM. Traditional neuronal 
culture coating matrices such as laminin, fibronectin, collagen, etc. fail to capture the physicochemical 
and dynamic features of the physiological ECM.  

Our study reports on a new generation of tunable peptide amphiphile (PA)-based hydrogels that form 
nanoscale fibers known to topologically and chemically resemble the central nervous ECM and now, for 
the first time, also mimic its molecular dynamism. We utilized this technology to present to neurons the 
bioactive pentapeptide IKVAV of laminin alpha-1, which we found to be highly upregulated in adult relative 
to early postnatal spinal cord tissue. Given the well-characterized role of laminin in neuronal development 
we reasoned that it could promote neuronal maturation. Indeed, we describe in detail how this short 
bioactive sequence engaged the integrin B1 cell surface receptor, which internalized the signal to 
promote beneficial neuronal responses. Our work demonstrates the importance of incorporating 
dynamically controllable features into a synthetic ECM scaffold and how this can provide significant 
improvements to stem cell-based neuronal models.  

 

Highlights of our study include: 

• A systematic characterization of our IKVAV-PA matrices with a large variety of techniques 
including cryogenic transmission electron microscopy, scanning electron microscopy, 
profilometry, small-angle X-ray scattering (SAXS), wide-angle X-ray scattering (WAXS), Fourier-
transform infrared spectroscopy, circular dichroism, atomic force microscopy and rheology. 

• Experimental (fluorescent anisotropy and nuclear magnetic resonance spectroscopy) and 
computational (Coarse grained Molecular Dynamic simulations) validations to assess the 
intramolecular dynamism of the PA nanofibers.   
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• Deep characterization of the effect exerted by the different IKVAV-PA matrices, including cell 
survival, cell attachment, cell migration, proteome modifications as well as morphological, 
biochemical, and electrophysiological properties of distinct neuronal cell types (motor neurons 
and cortical excitatory neurons), derived from different iPSC cell lines.  

• The mobile IKVAV-PA matrix drastically enhances the Laminin/b1-integrin signaling pathway in 
stem cell-derived neurons, increasing neuronal migration, reducing cell aggregation and 
promoting more complex neuronal networks. 

 
Figure. Schematic representation of iPSC-derived neuron cultures on ECM-mimetic PA substrates with different 
molecular motions.  
 
 
Our platform has also dramatic effects on induction of neuronal ageing in vitro. This is critically important 
as there is major focus on developing better iPSC-based models of adult and late onset 
neurodegenerative diseases. The composition of the ECM in the nervous system is known to change 
with age, becoming richer in collagens, proteoglycans and inflammatory cytokines, and thus could be 
mediating aspects of age-associated neurodegeneration. Future efforts guided towards creating PA-
based platforms that mimic the ageing ECM could be useful in facilitating age-depended 
neurodegeneration processes in vitro. 
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2. A description of the work, of a maximum length of fifteen DIN A4 pages, which must 
include the following aspects: 
 
 
- Objectives raised in the work. 
 

Here, we investigated supramolecular artificial matrices composed of PA nanofibers displaying 
on their surfaces a laminin derived sequence (IKVAV), which differ in the intensity of molecular motion 
forming the nanoscale filaments. We used these artificial matrices to probe how they impact on the 
maturation and aging of human iPSC-derived neurons.  
 
- Technical, scientific, economic and social relevance of the work carried out. 
 
The PA-based ECM mimetic technology we describe here offers a number of biological and technical 
advantages relative to current approaches for culturing stem cell derived neurons in vitro; 
Firstly, the continuous engagement of the integrin receptor mediates the inherently-driven, increased 
level of functional maturation. Secondly, the bioactivity of the mimetic epitope is steadily preserved over 
time, exhibiting minimal degradation even after 60 days in culture. This is in stark contrast to commercial 
substrates that are rapidly biodegraded and require continuous supplementation. Thirdly, neuronal 
aggregation is drastically inhibited, essentially recapitulating the plating conditions that were previously 
attainable only by co-culturing with a primary glial feeder layer. Fourthly, the ease and complete control 
over their fabrication, ensure a consistent and economical product that can be widely used across labs.  
Lastly, the flexibility in the design of these synthetic matrices can be used to create tailorable platforms 
with a combination of multiple bioactive ECM epitopes that could further reproduce the various 
spatiotemporal aspects of the neuronal microenvironment (Aida et al., 2012). 
 
Finally, research on our platform should provide the communities with new insights and methodologies 
to study pathological conditions of central nervous system attracting the interest of groups that study 
neurodevelopmental and neurodegenerative disorders. At this point it is unknown how our solutions may 
impact individuals already living with neurodegenerative disease but we already know that these 
platforms will help to test drugs as a high through-put system and validate their effects in already aged 
neurons in vitro.   
 
 
- Mention of original scientific and technical contributions within the research field. 
 
The groundbreaking technology of somatic cellular reprogramming for the production of induced 
pluripotent stem cells (iPSCs) and their differentiation into neural cell types has provided unprecedented 
access to the human nervous system. It has enabled the assembly of models for the investigation of 
neurodevelopment and neurological disease mechanisms, which have led to significant advancements 
in our understanding of these processes (Ichida and Kiskinis, 2015). However, culturing stem cell-derived 
neurons in vitro remains challenging. In particular, neurons grown in cell autonomous systems exhibit 
insufficient levels of maturation and reduced long-term viability. They also tend to amass in tight proximity 
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and form clusters of inaccessible aggregates, which severely hinder their utility. In order to develop more 
physiological culture conditions, it is important to recapitulate the resident microenvironment of the 
nervous system. A critical and often overlooked component of this microenvironment is the extracellular 
matrix (ECM), which plays a pivotal role in neuronal maturation, signaling and ageing (Berry et al., 2018; 
Sprenger et al., 2010; Wagers, 2012). 
 Current ECM approaches for culturing iPSC-derived neurons in vitro involve the use of 
recombinant proteins such as laminin and fibronectin immobilized on glass or plastic-coated surfaces as 
well as primary astrocytic monolayers. These platforms are inconsistent, cost inefficient, and ultimately 
fall short in their ability to promote neuronal maturation. An alternative is the use of synthetic biomaterials 
that can generate a variety of scaffolds with capacity to mimic the topological, biochemical or mechanical 
properties of the ECM (Engler et al., 2006; Frantz et al., 2010; Gong et al., 2018; Lutolf et al., 2009). 
Synthetic systems not only need to emulate the filamentous architecture and mechanics of natural 
matrices but also other features, such as the hierarchical structure across scales, as well as the dynamics 
of their constituent molecules. The importance of ECM dynamics needs to be especially considered given 
the intense motion of receptors on cell membranes engaged in intracellular signaling. 
  The supramolecular polymers in which monomeric components combine through secondary 
interactions rather than covalent bonds, have emerged as new materials that can have both ordered 
structures and tunable dynamics in contrast to ordinary hydrogels that are typically based on crosslinked 
covalent polymers (Aida et al., 2012; Cui et al., 2010; Freeman et al., 2018; Ortony et al., 2014; Stupp et 
al., 1997). These systems have the unique combination of order and dynamics and therefore hold great 
promise as artificial ECMs. Morover, these materials can integrate biological signals that trigger cellular 
responses such as cell adhesion, migration, proliferation and differentiation (Berns et al., 2014; Edelbrock 
et al., 2018; Lee et al., 2017; Matsuoka et al., 2017; Rubert Perez et al., 2017; Sleep et al., 2017; Webber 
et al., 2011). Thus, they are great candidates for designing biomimetic, artificial matrices to interface with 
and signal to cells.  

We found that these highly dynamic laminin mimetic scaffolds had profound effects on iPSC-
derived neurons by mediating sustained activation of the laminin-associated integrin pathway. Neurons 
cultured on matrices with highly mobile PA molecules exhibited several features consistent with increased 
functional maturation. Our work highlights the importance of supramolecular dynamics in the presentation 
of biological signals to potentiate the activation of targeted intracellular pathways, provides a new 
platform for the development of physiological ECM microenvironments in vitro, and facilitates the 
establishment of autonomously mature iPSC-derived neuronal cultures. 

 
- Main results obtained. 
Characterization of PA Supramolecular Nanofibers with a Laminin-Derived Peptide Sequence 
In order to recapitulate the dynamic properties of the ECM found in the adult central nervous system 
(CNS) we functionalized PAs with the known neuro-active peptide sequence IKVAV (Figures 1A). We 
selected the pentapeptide IKVAV because it is present in the laminin alpha 1 chain, which we found to 
be developmentally upregulated, exhibiting significantly higher abundance in the adult, relative to the 
neonatal spinal cord ECM (Figure 1B). Furthermore, the IKVAV sequence is well known to interact with 
neural cells and promote cell attachment, growth and maturation (Farrukh et al., 2017; Goldberger et al., 
2011; Sur et al., 2012; Tysseling-Mattiace et al., 2008). Thus, it is a formidable candidate molecule for 
facilitating the maturation of iPSC-derived neurons.  
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 We hypothesized that varying the physical presentation of the artificial IKVAV epitope in vitro 
might have an impact on its bioactivity. To test this idea we designed three IKVAV-PAs composed of four 
main segments: (1) a hydrophobic fatty acid alkyl tail to drive aggregation of these molecules in water, 
(2) a tetrapeptide segment that can form intermolecular hydrogen bonds and control the morphology and 
physical properties of supramolecular nanofibers, (3) a tetra-peptide of glutamic acid residues to generate 
solubility of the fibers in water, and (4) a terminal bioactive IKVAV sequence separated by a G residue to 
facilitate its display on the surface of nanofibers (Figure 1D, top and S1A-B). The chemical structure of 
the tetrapeptide segment next to the alkyl tail is a key factor affecting multiple properties of the PA 
nanofibers including their rigidity, the dynamics of molecular segments within the fibers, and even their 
ability to enhance growth factor signaling (da Silva et al., 2016; Newcomb et al., 2016; Ortony et al., 2014; 
Pashuck et al., 2010). We incorporated three different tetrapeptide sequences within each of the three 
PAs: V2A2 (red), A2G2 (blue) and VEVA2 (orange), referred to as PA1, PA2 and PA3, respectively (Figure 
1D, bottom). We selected these particular sequences based on our knowledge of their relative 
propensities to create b-sheet secondary structures within fibers which in turn should affect their internal 
rigidity. 
 Using cryogenic transmission electron and scanning electron microscopy (cryo-TEM and SEM 
respectively) we confirmed that the three IKVAV-PAs self-assemble into supramolecular nanofibers in an 

aqueous environment (Figures 1E and 
S1C). These structures are essentially 
supramolecular polymers in which 
monomers are noncovalently bonded 
and each nanofiber can easily contain 
more than 100,000 molecules (Aida et 
al., 2012). Importantly, the nanofiber 
architecture of all three PAs resembles 
the architectural topology of the adult 
spinal cord ECM visualized after 
decellularization (Figures 1C-E).  
 
Figure 1. Characterization of IKVAV-PA 
Supramolecular Nanofibers with Different 
Degrees of Supramolecular Motion 
(A) Schematic representation of iPSC-derived 
MNs cultures on a laminin coating and on the 
dynamic ECM-mimetic substrates. (B) Top: Dot 
blot showing the protein levels of Laminin b1 in 
decellularized neonatal and adult mice spinal 
cords. Ponceau was used to assess total protein 
levels; Bottom: Dot plot representing the 
normalized protein levels of Laminin b1 in neonatal 
and adult mice spinal cords. (C) SEM micrographs 
of laminin coating (left) and mouse decellularized 
spinal cord (right). (D) Top: Schematic 
representation of the chemical composition of an 
IKVAV PA. Bottom: Schematic of the molecular 

structures of IKVAV PAs (C16-R-E4GIKVAV) containing V2A2 (PA1), A2G2 (PA2), and VEVA2 (PA3).  (E) Cryogenic TEM 
micrographs of PA1, PA2, and PA3 in aqueous KCl and NaCl ([PA] = 0.01wt%, [KCl] = 3 mM, [NaCl] = 150 mM). (F) WAXS 
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profiles of PA1, PA2 and PA3 in aqueous KCl and NaCl ([PA] = 5.3 mM, [KCl] = 3 mM, [NaCl] = 150 mM). (G) Fluorescent 
depolarization profiles (λex = 336 nm, λem = 450 nm) at 25°C of PA1, PA2 and PA3 embedded 1-(4-trimethylammoniumphenyl)-
6-phenyl-1,3,5-hexatriene p-toluenesulfonate (TMA-DPH) in aqueous KCl and NaCl. (H) Average root means square fluctuation 
(RMSF values) of the different PAs during 5 µs after equilibrating the structures. (I) Simulated self-assembled structures of single 
PA1, PA2 and PA3 nanofibers after 10 µs of coarse-grained molecular dynamic simulations. The fibers representations show 
how the mobility distributes within the structure. PA1 and PA3 showed some rigid domains or areas of low mobility (colored in 
red), while PA2 showed more mobile domains (blue). Colors correspond to the molecular mobility in the last 5 µs accounted with 
the RMSF. Water and ions are omitted for clarity. Scale bars = 5 µm (B), 1µm (D). All the values are presented as the mean ± 
SD; ANOVA ***P<0.001; ***P<0.0001. 
 
We next characterized the secondary structure of each IKVAV-PA by solution phase synchrotron 
radiation wide-angle X-ray scattering (WAXS). We observed that PA1 and PA3 displayed a Bragg peak 
with a d-spacing of 4.72 Å, which corresponds to the distance between hydrogen-bonded peptide chains 
indicating the presence of b-sheets (Cheng et al., 2013). The high intensity observed for the peak at a d-
spacing of 4.72 Å in PA3, indicates the presence of an extensive amount of hydrogen bonded ordered 
molecules in this artificial matrix material. Importantly, this peak was not observed in PA2, indicating an 
absence of b-sheet secondary structure in this PA (Figure 1F). This result was validated by circular 
dichroism (CD) analysis and Fourier-transform infrared (FTIR) spectroscopy. Specifically, CD analysis 
revealed the presence of a b-sheet conformation in the hydrogen bonding region of PA1 and PA3, and a 
random coil conformation in that of PA2 (Figure S1D). The FTIR spectrum of PA1 and PA3 revealed the 
presence of a sharp amide I band at 1612 cm–1, indicating the existence of b-sheet secondary structure 
(Muga et al., 1990), whereas in the spectrum of PA2 we only observed a broad amide I band between 
1620 and 1645 cm–1 (Figure S1E). Collectively, these results demonstrate that the A2G2 tetrapeptide 
segment of PA2 exists as a random coil within fibers, which may confer greater supramolecular dynamics 
in this matrix. This was verified using measurements of fluorescence depolarization (FD) of the PA 
nanofibers containing 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-toluenesulfonate 
(TMA-DPH), which is known to be anchored at the hydrophilic-hydrophobic interface of amphiphilic 
assemblies (Kaiser and London, 1998; Lakowicz, 2006). PA1 and PA3 nanofibers displayed an 
anisotropy value of 0.40, close to the value observed for lipid bilayer membranes formed by phospholipids 
bearing saturated alkyl tails. In contrast, PA2 displayed a significantly lower value of 0.24 (Figure 1G), 
which indicates that the mobility of PA2 molecules within these nanofibers is significantly higher 
compared to PA1 and PA3. 
We also analyzed the three supramolecular assemblies using the coarse-grained MARTINI force field 
(de Jong et al., 2013b; Lee et al., 2012b; Marrink et al., 2007b; Monticelli et al., 2008b) to carry out 
simulations that would provide insight on their differences with regard to internal molecular motion (see 
details in methods section) (Frederix et al., 2015b; Guo et al., 2016; Lee et al., 2012b; Mazza et al., 
2013). While all three PA nanofibers generally looked similar, the arrangement of aliphatic tails differed 
in PA2 assemblies (Figure S1F). The simulations revealed that PA2 assemblies had a less ordered 
spatial localization of the amphiphilic molecules into a core-shell structure relative to the other two PAs. 
The extent of molecular mobility, which is defined as the spatial fluctuations within the equilibrated 
filaments during the time period of the simulation, was found to be significantly greater in PA2 relative to 
PA1 and PA3 filaments (Figure 1H-I and S1G-H). Using the simulations, we also investigated the extent 
of water contact within the aliphatic tails of the amphiphiles, as an additional indicator of a less defined 
hydrophobic core-hydrophilic shell structure in the more mobile systems (Figure S1I). Indeed, this water 
mapping analysis revealed the highest degree of hydration within the PA2 filaments core. Collectively, 
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these experimental analyses suggest that PA2 molecules within the supramolecular filaments are 
significantly more mobile than those in PA1 and PA3, likely due to weaker intermolecular interactions. 
 

Figure S1. Characterization of IKVAV-PA 
Supramolecular Nanofibers with Different 
Hydrogen Bonding Units. (A) Analytical high-
performance liquid chromatography (analytical HPLC) 
traces of purified C16V2A2E4GIKVAV (PA1), 
C16A2G2E4GIKVAV (PA2), and C16VEVA2E4GIKVAV 
(PA3).  (B) Electrospray ionization mass spectrometry 
(ESI-MS) of PA1, PA2 and PA3. (C) Cryogenic-TEM 
micrographs of PA1 (top), PA2 (middle), and PA3 
(bottom). (D) Circular dichroism (CD) analysis of 
secondary structures presents in PA1, PA2 and PA3. 
(E) Fourier-transform infrared spectroscopy (FTIR) 
profile of the secondary structures presents in PA1, 
PA2 and PA3. (F) Self-assembled structures of single 
fibers of PA1, PA2, and PA3 after 10 µs of coarse-
grained molecular dynamic simulations. PA molecules 
are shown in transparent grey, except for the C16 tail 
represented in black. The micrographs include partial 
periodic images through the fiber formation axis. The 
simulation box is shown in blue, and water and ions 
are omitted for clarity.  (G) Graph representing the root 
mean square deviation (RMSD) vs. time of PA1, PA2, 
and PA3. The RMSD plots are the average of 5 
independent simulations. The systems are equilibrated 
after 2 µs and supports the use of the last 5 µs for the 
analysis of equilibrated fibers. (H) Graph representing 
the root mean square fluctuation (RMSF) values for the 
300 molecules of PA1, PA2 and PA3 in the last 5 µs of 
simulation. Low values of RMSF correspond to low 
motion and high values correspond to high motion. The 
dash line shows the median RMSF to distinguish two 
regimes: low mobility below 7 and high mobility above 

7. (I) Water mapping analysis of PA1, PA2 and PA3 through the las 2 µs of simulation averaging the contacts of each of the PA 
beads (C16 tail beads numbered -3 to 0 and peptide backbone beads numbered from 1 on) for the 300 molecules in 5 independent 
simulations containing water.Scale bars: 250nm. All the values are presented as the mean ± SD; ANOVA ***P<0.001. 
 
The Highly Mobile IKVAV-PA2 Activates b1-Integrin Associated Intracellular Pathways with High 
Efficiency 
Having established that the laminin-derived IKVAV-PAs exhibit an architectural topology similar to that of 
the adult spinal cord ECM as well as high supramolecular motion within the assemblies (Figures 1 and 
S1), we next sought out to test their effect on neural behavior. We specifically investigated the efficiency 
of the three PA scaffolds to transduce laminin-related responses onto human iPSC (hiPSC)-derived 
motor neurons (MNs), which are the main neuronal subtypes of the spinal cord. MNs were generated 
from hiPSCs by utilizing a sequential cocktail of small molecules that first promote the formation of 
ventral-caudal neural progenitors, which are differentiated into postmitotic neurons (Ziller et al., 2018). 
On day 14 of the protocol, which represents the peak of post-mitotic neuron generation, cells were 
replated on the three different IKVAV-PA supramolecular scaffolds (Figure 2A). As a control, we used a 
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standard coating of commercial, natural mouse laminin 111 (technical details in Methods section). Since 
IKVAV is known to bind to the transmembrane receptor  b1-INTEGRIN (ITGB1) (Caniggia et al., 1996; 
Farrukh et al., 2017; Freitas et al., 2007; Li et al., 2014; Pan et al., 2014), we first investigated the ability 
of the three PA nanofibers to recruit ITGB1 and the activation of its associated intracellular signaling 
pathway. Structured illumination microscopy (SIM) and Western blot (WB) analysis showed that MNs 
cultured for 3 days on the highly mobile PA2 exhibited significantly higher levels of ITGB1 relative to ones 
cultured on PA1, PA3 or natural laminin (Figures 2B-E). Moreover, MNs cultured on PA2 coatings showed 
higher levels of integrin-linked kinase (ILK) expression and focal adhesion kinase (FAK) phosphorylation, 
two key signaling scaffold proteins that intersect many intracellular pathways in response to integrin-
dependent ECM stimuli (Figures 2D-E). 
 The different PA coatings had relatively small but significant differences in mechanical properties 
(the elastic modulus of PA2 was 0.2 MPa, while those of PA1 and PA3 were 13 and 20 MPa, respectively). 
Thus, we next explored the effect of mechanical properties on signal activation by modifying the thickness 
of the PAs (Figure S2A). Increasing the thickness of the three IKVAV-PA gels led to lower elastic 
modulus, with PA2 exhibiting significantly higher values (8 KPa), compared to PA1 (1 KPa) and PA3 (4 
KPa) (Figure S2A). Critically, the change in thickness within the gels did not modify the differential effects 
on ITGB1 recruitment and signal transduction of the three different PAs, with PA2 coming out on top 
(Figures S2B-C). Given that all three PAs included the same IKVAV epitope, we conclude that the 
elevated level of ITGB1 receptor recruitment is likely driven by the increased supramolecular motion of 
PA2, and not by bulk mechanical properties of the PAs.  

Figure 2. Highly Mobile 
IKVAV-PA 

Supramolecular Scaffold 
Enhances Integrin-
Dependent Effects on 
hiPSC-Derived MNs. (A) 
Schematic representation 
of the cell culture 
experiments. Structured 
illumination microscopy 
micrograph of a MN 
labeled with TUJ1 (red) 
after 72h cultured on PA2 
covalently linked to alexa-
488 dye (green).   (B) 
Representative three-
dimensional SIM shadow 
reconstructions of 
neurites, immunolabeled 
for TUJ1 (green) and 
ITGB1 (pink), of MNs 

cultured on IKVAV-PAs and laminin coatings.  (C) Intensity analysis of ITGB1 in MNs cultured on IKVAV-PAs and laminin 
coatings at 72h.  (D) Representative WBs of ITGB1 and key kinases of the integrin-transduction pathways (ILK, p-FAK, FAK) in 
MNs cultured on different IKVAV-PAs and laminin coatings at 72h.  (E) Dot plot representing the normalized protein levels of 
ITGB1, p-FAK, and ILK in MNs cultured on supramolecular coatings of IKVAV-PAs and laminin at 72h.  (F) Cell viability assessed 
by LDH assay in iPSC-derived MNs cultured for 72h in PA1, PA2, PA3 and commercial laminin coatings. (G) Graph of migration 
velocity of iPSC-derived MNs plated on various coatings as referred to in (F). (H) XY-trajectory plots displaying the migratory 
paths of individual MNs over 72h plated on various coatings as referred to in (F).  (I) Representative confocal micrographs of 
iPSC-derived MN cultures on IKVAV PAs and laminin coatings stained for neuronal (TUJ1, white), floor plate (FOXA2, green), 
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and proliferation (Ki67, red) markers. Nuclear DNA was stained with DAPI, blue.  (J) Dot plot representing the percentage of 
TUJ1+, Ki67+ and FOXA2+ cells in iPSC-derived MN cultures on IKVAV-PAs and laminin coatings at 72h.  Scale bar: 10µm. 
The data are means of at least 4 independent differentiations. All the values are presented as the mean ± SEM; ANOVA (*P 
<0.05, **P<0.01 and ***P<0.001; ns=not significant). 
 Laminin is known to induce rapid cell responses such as adhesion, migration and differentiation 
(Kikkawa et al., 2013; Tashiro et al., 1989). Despite the differential activation of the integrin pathway, we 
did not find any differences in cell attachment or survival in MN cultures plated on the four different 
coatings during the first 72 hours (Figures 2F and S2D-I). Importantly, neural adhesion on the PA coatings 
was exclusively mediated by an IKVAV-ITGB1 interaction, since pre-treatment with an ITGB1 antibody 
completely blocked the attachment of cells, while an ITGB4 antibody had no effect (Figures S2J-L). As 
additional controls, we also plated MNs on three PA coatings displaying the scrambled sequence VKIVA, 
or coatings of the IKVAV peptide alone, immobilized on glass surfaces. We found that only the 
immobilized IKVAV coating allowed MN attachment at 72 hours, but to a significantly lower degree than 
the IKVAV-PA coating (Figures S2M-O). We next performed live imaging analysis to assess the effects 
of the different IKVAV PA substrates on motility, given the well-described role of the laminin-ITGB1 
pathway on neuronal migration (Franco and Müller, 2011; Fujioka et al., 2017; Marchetti et al., 2010; 
Schmid et al., 2004; Tashiro et al., 1989). We found that iPSC-derived MNs plated on the highly dynamic 

IKVAV-PA2 gels, exhibited higher 
velocity and distance of migration 
compared to MNs cultured on the 
more static IKVAV-PA1 and PA3, or 
on natural laminin (Figures 2G-H, 
Movies S1-2). 
 
Figure S2. Highly Mobile IKVAV-PA 
Supramolecular Scaffold Enhances 
Integrin-Dependent Effects on hiPSC-
Derived MNs. (A) Top: Schematic 
representation of the experiments with iPSC-
derived MNs cultured on thin coatings or thick 
gels of IKVAV-PA nanofibers to assess a 
possible effect of mechanical properties on 
cell-signaling. Bottom: Bar plots showing the 
elastic (grey-left and white-middle graphs) 
and storage modulus (dark grey-right graph) 
of thin coatings and thick gels of 
supramolecular IKVAV-PA scaffolds 
measured by atomic force microscopy (AFM) 
and rheology analysis, respectively. (B) 
Representative WBs of ITGB1, ILK, p-FAK 
and FAK in MNs cultured on thin coatings (C) 
or gels (G) of IKVAV-PA scaffolds for 72 hrs. 
Laminin coatings were used as control 
condition, and ACTIN as a loading control. 
(C) Dot plot representing the normalized 
protein levels of ITGB1, p-FAK, and ILK in 
MNs cultured on IKVAV-PAs coatings and 
gels or laminin coatings for 72 hrs. (D) 

Schematic representation of experiments on iPSC-derived MNs cultured on the IKVAV-PAs and commercial laminin coatings 
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for 8h. (E) SEM micrographs of human iPSC-derived MNs after being plated on IKVAV-PA2 for 1 h (left) and 8 hrs (right). (F) 
Confocal micrographs showing DAPI staining of iPSC-derived MNs after 8hrs on IKVAV-PAs and commercial laminin coatings. 
(G) Dot plots representing the cell number counting on iPSC-derived MN cultures after 8 hrs on IKVAV-PAs and commercial 
laminin coatings. (H) Representative WBs of ITGB1 in MNs cultured on different IKVAV-PAs and laminin coatings at 8 hrs. 
ACTIN was used as a loading control. (I) Dot plot representing the normalized protein levels of ITGB1 in iPSC-derived MNs 
cultured on supramolecular IKVAV-PAs and laminin coatings for 8hrs.  (J) Schematic representation of experiments on iPSC-
derived MNs cultured on the IKVAV-PAs and commercial laminin coatings for 72 hrs. (K) Representative confocal micrographs 
of MNs treated with a b-1 integrin or b-4 integrin-blocking antibody and cultured on different IKVAV-PA fibers and laminin 
coatings during 72 hrs. (K) Dot plot representing the cell number counting on iPSC-derived MN cultures after 72 hrs on IKVAV-
PAs and commercial laminin coatings. (L) Dot plot representing the number of cells/mm2 of conditions in (K).  (M) Representative 
confocal images of iPSC-derived MNs cultured on the scrambled VKIVA-PA1, -PA2 and -PA3. MNs were immunolabeled for 
ChAT (green) and MAP2 (red), and nuclei were stained with DAPI (blue). (N) Representative confocal micrographs of iPSC-
derived MNs cultured on APTES and IKVAV peptide coatings. Cells were immunolabeled for ISL1/2 (green) and TUJ-1 (red), 
and nuclei were stained with DAPI (blue).  (O) Quantification of number of cells per mm2 cultured on APTES, immobilized IKVAV, 
or on scrambled VKIVA-PA1, PA2 and PA3. The IKVAV-PA1, PA2 and PA3, as well as on commercial laminin coatings were 
used as a reference.  (P) Representative WBs of FOXA2 (floor plate marker) and PH3 (mitotic marker) in iPSC-derived MN 
cultures on different IKVAV-PAs and laminin coatings at 72 hrs. ACTIN was used as a loading control. (Q) Dot plot representing 
the percentage of cells showing expression of both Ki67 (proliferation) and FOXA2 (floor plate) markers in iPSC-derived MN 
cultures on different IKVAV-PAs and laminin coatings at 72 hrs. (R) Dot plot representing the percentage of cells showing 
expression of both ISL1-2 and TUJ1markers in iPSC-derived MN cultures on different IKVAV-PAs and laminin coatings at 72 
hrs. (S) Dot plot representing the percentage of cells showing expression of both ChAT (MN marker) and TUJ1 markers in iPSC-
derived MN cultures on different IKVAV-PAs and laminin coatings at 72 hrs. Scale bars in; E=20µm: F and K=50µm; M and 
N=100µm. The data are means of at least 3 independent differentiations. All the values are presented as the mean ± SEM; 
ANOVA (*P <0.05, **P<0.01 and ***P<0.001; ns=not significant). 
  
To assess any potential effects of the PAs on the efficiency of terminal neuronal differentiation, we 
replated day 14 cultures on the different coatings, and quantified the percentage of progenitor and MN 
markers by immunocytochemistry (ICC) 72 hours later. Cultures plated on the three PAs showed higher 
percentages of b-III tubulin positive (TUJ1+) neurons (PA1=88%±1.2, PA2=93±1.4, PA3=86±1.5), 
compared to ones plated on conventional laminin-coated coverslips (81%±1.3) (Figures 2I-J). 
Conversely, plating on the PAs resulted in a decreased percentage of proliferating Ki67+ and FOXA2+ 
progenitor cells that often contaminate hiPSC differentiation protocols (Figures 2I-J and S2P-Q). Most 
critically, plating on the IKVAV-PA2 nanofibers, which exhibit high supramolecular motion, led to a 
significantly higher percentage of ISL1/2+ and ChAT+ postmitotic MNs (61%±2.3 and 71%±1.5) compared 
to IKVAV-PA1 (51%±2.1, 60%±2.5), IKVAV-PA3 (41%±1.6, 57%±1.4) or laminin (52%±1.6, 62%±1.8) 
(Figures S2R-S). These results suggest that a more dynamic presentation of the IKVAV epitope in an 
ECM-mimetic nanofiber significantly improves the neuronal purity of the differentiated hiPSC cultures by 
mediating highly selective neuronal attachment and specification. 
 
Proteomic and Functional Profiling of iPSC-Derived MNs on IKVAV-PA2 Nanofibers 
One of the main challenges of working with hiPSC-based model systems is sustaining neurons in 
adherent culture for long-term periods. Thus, we next assessed the continuing effects of the IKVAV-PAs 
by plating MNs on these coating platforms for 16 to 61 days (differentiation day 30 to 75 respectively, 
Figure 3A). Importantly, profilometry analysis showed that the IKVAV-PAs were remarkably stable 
relative to a commercial laminin coating, which significantly degraded over time. Specifically, while all 
four coatings had an initial surface thickness of 200nm, this was well preserved in the three IKVAV-PA 
coatings and dramatically reduced in the case of natural laminin after 60 days in vitro (Figures 3B and 
S3A-D). Accordingly, this led to sustained recruitment of ITGB1 receptors and higher protein levels of 
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ILK in MN cultures grown on the dynamic PA2 biomaterial (Figures 3C and S3E-F). The internalization 
of this signaling cascade is known to have critical functional ramifications, although their exact nature in 
human neurons remains unclear. To uncover these effects, we used mass spectrometry (MS) and 
analyzed MN samples grown on PA2 or recombinant laminin for 45 days. To ensure accurate 
quantification we used a tandem mass tag (TMT) approach. We identified 892 proteins, with normalized 
intensity differences between the two conditions in 30.3% of them (Figure 3D and Table S1). To 
contextualize the biological relevance of these proteome changes, we performed comparative gene 
ontology (GO) analysis between the down-regulated (196) and up-regulated (76) groups of proteins. The 
most significant GO term differences between the two groups were observed in biological processes 
associated with “actin and microtubule organization”, “cell-matrix adhesion”, “regulation of cell motility”, 
“neuron differentiation and projection”, “synapse organization”, “apoptotic process”, “inflammatory 
response”, and “protein folding” among others (Figures 3E and S3G). Interestingly, most of these 
processes can be modulated by the activation of “integrin pathways” (reviewed in (Colognato and 
Tzvetanova, 2011; Gardiner, 2011; Kazanis and ffrench-Constant, 2011; Myers et al., 2011; Park and 
Goda, 2016), a GO term that was strongly enriched in the group of upregulated proteins in PA2-MN 
cultures (Figure 3E-F). Among the most upregulated proteins in MNs cultured on PA2 were PRDX1 and 
PRDX5, which are cytoprotective (Novitch and Butler, 2009), the cytoskeletal protein ACTN-1 that is 
involved in adhesion and motility (Kurklinsky et al., 2011), the cysteine and glycine-rich protein CSRP1 
implicated in spinal cord regeneration (Ma et al., 2012), and TUBB3, a neuronal type of tubulin with a 
critical role in axon guidance and maintenance (Tischfield et al., 2010).  

 
Figure 3. The Effect of IKVAV-PA 
Nanofibers with High 
Supramolecular Motion on Long-
Term hiPSC-Derived MN 
Cultures  
(A) Schematic representation of 
iPSC-derived MNs differentiation 
and its culture on supramolecular 
coatings for long periods of time. 
(B) Profilometry images of IKVAV-
PA2 and laminin coatings after 60 
days in vitro. (C) Representative 
WBs of ITGB1 and ILK in MNs 
cultured on the different 
supramolecular IKVAV or laminin 
coatings for 46 days (differentiation 
day 60). ACTIN was used as a 
loading control. (D) Volcano plot 
displaying proteomic changes of 
MNs cultured on PA2 nanofibers 
respect to MNs cultured on laminin 
coatings. Average log2 fold change 
(x-axis) versus –log10 P-value (y-
axis) of each protein are 
represented by individual dots. 
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Proteins up-regulated and down regulated by 2-fold change and FDR < 0.05 are labeled with green and red dots, 
respectively. (E) Subset of the most significant comparative GO terms enriched in the up-regulated (green) and 
down-regulated (red) group of proteins identified in MN cultured on PA2 vs. laminin coatings. Comparative analysis 
performed in https://www.comparativego.com. (F) Schematic of integrin signal transduction pathways that mediate 
cellular behavior changes upon highly mobile presentation of IKVAV by the PA2.  (G) Confocal microscopy images 
of iPSC-derived MNs on PA2 (left) and laminin (right) coatings.  (H) Analysis of total neurite processes of iPSC-
derived MNs on IKVAV-PAs and laminin coatings after >45 days.  (I) Sholl analysis of dendritic arborization of MN 
cultured on the various coatings for >45 days in vitro.  (J) Representative confocal micrographs of iPSC-derived 
MN cultures plated on the various coatings after 60 days. Cells were stained with the MN marker ChAT (green) and 
the microtubule associated protein-2 (MAP2, red). Nuclei were labeled with DAPI. (K) DAPI channel micrographs 
of images shown in (J).  (L) Histogram analysis of cell distribution on the different coatings referred in (J) and (K).  
Scale bars: J and K=100 µm. The data are means of at least 6 independent differentiations. All the values are 
presented as the mean ± SEM; ANOVA (*P <0.05, **P<0.01 and ***P<0.001; ns=not significant). 
 

Figure S3. The Effect of Mobile IKVAV-PA 
Nanofibers on Long-Term hiPSC-Derived 
MN Cultures (A) Profilometry images of 
IKVAV-PA1 and PA3 coatings after 60 days in 
vitro. (B) Dot plot representing the profilometry 
measurements of the thickness of the different 
IKVAV-PA coatings, as well as the commercial 
laminin coating, after 3 and 60 days in vitro. (C) 
Top panel: Structured illumination micrographs 
of TUJ1+ iPSC-derived MNs cultured on 
different IKVAV-PAs covalently linked to alexa-
488 dye after 60 days in vitro. Bottom panel: 
Higher magnification of the neuronal processes 
on the different IKVAV-PA coatings shown in 
the top panel. (D) SEM micrographs of iPSC-
derived MN processes cultured on (top panel) 
commercial laminin coating or on (bottom 
panel) IKVAV-PA2 nanofibers after 60 days in 
vitro. (E) Representative WBs of ITGB1 and 
ILK in MNs cultured on the different 
supramolecular IKVAV-PA coatings or laminin 
coatings for 16 to 46 days (differentiation day 
30 to 60). ACTIN was used as a loading 
control. (F) Dot plot representing the 
normalized protein levels of ITGB1 and ILK in 
MNs cultured on supramolecular IKVAV-PAs 
or in laminin coatings for 16 to 46 days. (G) Bar 
plots displaying the most representative GO 
terms found enriched among the group of 
proteins downregulated (red) or upregulated 
(green) in MN cultures plated for >45 days on 
PA2 respect to the ones cultured on 
commercial laminin coatings. (H) Cell viability 
assessed by LDH assay in iPSC-derived MNs 

cultured for >45 days on PA1, PA2, PA3 and commercial laminin coatings. (I) Confocal micrographs of iPSC-derived MN axons 
along microchannels of PA2 or laminin coated microfluidic devices after 30 days in culture. Cells were stained with the neuronal 
marker TUJ1. (J) Representative confocal micrographs of iPSC-derived MNs on the different supramolecular IKVAV-PA coatings 
or laminin coatings after 45 days in vitro. Cells were stained with the dendritic marker, microtubule associated protein-2 (MAP2, 
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red).  (K) Dot plot showing the soma size of iPSC-derived MNs plated on the different supramolecular IKVAV-PA coatings or 
laminin coatings. (L) Dot plot showing the number of primary neurites of iPSC-derived MNs plated on the different supramolecular 
IKVAV-PA coatings or laminin coatings.  (M) Representative confocal micrographs of iPSC-derived MN cultures plated on 
various ECM coatings (Mouse glia, Matrigel, Laminin 521, Biolamina and Fibronectin) at day 45. Cells were stained with the MN 
marker ChAT (green) and MAP2 (red). Nuclei were labeled with DAPI.  (N) Cell viability assessed by LDH assay in iPSC-derived 
MNs cultured for >45 days on various ECM coatings (PA2, mouse glia, Matrigel, Laminin 521, Biolamina and Fibronectin). Scale 
bars: C, top=5 µm; C, bottom=2 µm; D=5 µm; I=25 µm; L, M, =100 µm. The data are means of at least 3 independent 
differentiations. All the values are presented as the mean ± SEM; ANOVA (*P <0.05, **P<0.01 and ***P<0.001; ns=not 
significant). 
 
We next performed a systematic characterization of MNs cultured on the PAs to determine if the 
proteomic changes we identified translated to morphological and functional outcomes. The interaction of 
MNs with all three IKVAV-PAs significantly repressed apoptosis and led to increased cell survival relative 
to laminin (Figure S3H). In accordance with the induction of cytoskeletal organization and axogenesis 
pathways (Figure 3E), microfluidic-based axon sprouting assays and morphometric analysis showed that 
MNs on the dynamic PA2 displayed a higher number and longer processes, increased complexity of 
neuronal branching and larger somas relative to other conditions (Figures 3G-I and S3I-L). This shift 
towards more mature and elaborate morphologies was denoted by a distinctly more uniform spread of 
neurons across the surfaces coated with the PA scaffolds (Figure 3J). To accurately quantitate this 
observation, we used confocal imaging to perform cell distribution analysis of immunolabeled 60-day old 
MNs, as a readout of cell-cell and cell-substrate interactions. While all three PAs were better than a range 
of commercial coatings including Matrigel, recombinant fibronectin and different types of recombinant 
laminins, MNs plated on PA2 exhibited dramatically reduced aggregation and were more evenly and 
homogenously distributed across the well, even after several weeks in culture (Figures 3J-L and S3M).  
 
The Effect of Highly Mobile PA2 on MN Functional Maturation   
 The proteome-wide profiling as well as the morphological appearance of MNs suggest that the 
PA nanofibers enhance functional maturation. To further investigate this hypothesis we used biochemical, 
imaging and electrophysiological approaches to systematically characterize day 50-60 MNs cultured on 
the different ECM substrates. First, we isolated whole cell extracts and quantified the amount of several 
neuronal proteins by WB. While there were no differences in the neuronal marker TUJ1, MNs grown on 
the dynamic PA2 scaffold expressed significantly higher levels of ChAT, the enzyme that produces the 
neurotransmitter acetylcholine, suggesting increased cholinergic activity (Figures S4A-B). Similarly, the 
interaction with PA2 led to higher protein levels of post-synaptic (PSD95) and pre-synaptic (Synapsin, 
SYN-1, and Synaptophysin, SYP-1) markers (Figures 4A-B). To determine whether these proteins were 
properly distributed along neuronal processes we performed SIM of pre- and post-synaptic terminals. 
This analysis showed higher fluorescence intensity levels of PSD95 and SYN-1 for MNs plated on PA2, 
further suggesting that PA2 promotes synaptic activity (Figures 4C-D and S4C). Importantly, PA2 
outperformed a range of commercial coatings in its ability to engage with ITGB1, increase survival and 
induce expression of post-synaptic PSD95 (Figures S3N-O). 
 Next, we evaluated if these biochemical changes affected neuronal network activity by using a 
multi-electrode array (MEA) platform, which allows for the recording of spontaneous electrical activity 
of cellular populations (Figures 4E and S4D). MNs cultured on PA2 exhibited an increased number of 
active electrodes compared to PA1, PA3 or laminin cultures, in line with the aforementioned 
homogenous distribution of cells (Figures S4E-G). Moreover, MNs grown on PA2 exhibited a higher 
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number of action potential spikes and bursts per active electrode, as well as higher synchronized activity 
compared to the other conditions (Figures 4F-H). In order to put these effects into better context, we 
compared the activity of MNs plated on PA2 with ones plated on primary cortical glial cells, a widely used 
approach known to promote the functional maturation of human neurons in vitro (Krencik et al., 2017; 
Muratore et al., 2014; Stogsdill et al., 2017). Strikingly, we found that a number of electrophysiological 
metrics were highly comparable between the two conditions (Figures 4F-H). 
 To determine whether the enhanced electrophysiological activity was driven by cell autonomous 
mechanisms, we next used manual whole-cell patch clamp recordings. This approach allowed us to track 
the physiological development of MNs, marked by the progressive ability to fire repetitive action potentials 
and the production of larger amplitude spikes (Carrascal et al., 2005; Tadros et al., 2015). As neurons 
gradually develop, the density of voltage-sensitive ion channels in the cell membrane increases, giving 
rise to faster and larger action potentials. 
 

Figure 4. The Effect of Highly Mobile 
IKVAV-PA2 on Functional Neuronal 
Maturation. (A) Representative WBs of pre-
synaptic (SYN-1 and SYP) and post-synaptic 
(PSD95) markers in iPSC-derived MNs 
cultured on IKVAV-PAs or laminin coatings 
for >45 days. ACTIN was used as a loading 
control. Samples from three independent 
differentiations are displayed in each blot. (B) 
Dot plot representing the normalized protein 
levels of PSD95, SYN-1 and SYP in MNs 
cultured on supramolecular IKVAV-PAs or in 
laminin coatings at day 60. (C) 
Representative SIM micrographs of pre- and 
post-synaptic terminals (labeled with PS95 
and SYN-1 respectively) distributed along 
the MNs neurites cultured on IKVAV-PA2 
and laminin coatings at day 60. (D) Line 

graph displaying the analysis of fluorescent intensity of PSD95 and SYN-1 along neuronal processes of MNs cultured on IKVAV-
PAs and laminin coatings. (E) Activity map of single MEA wells with iPSC-derived MNs grown for >20 days on IKVAV-PA 
coatings, laminin coatings or astrocytic monolayers. (F) Dot plot showing the differences in number of spikes per active electrode 
of iPSC-derived MNs cultured on IKVAV-PA coatings, laminin coatings or astrocytic monolayers. (G) Dot plot showing the 
differences in number of bursts per active electrode of iPSC-derived MNs cultured on IKVAV-PA coatings, laminin coatings or 
astrocytic monolayers. (H) Dot plot showing the synchrony index of iPSC-derived MNs cultured on IKVAV-PA coatings, laminin 
coatings or astrocytic monolayers. (I) 2-photon microscopy images of iPSC-derived MNs cultured on IKVAV-PA2 and laminin 
coatings at day 48-49 and filled with Texas Red dextran through the patch electrode. (J) Pie charts showing the percentage of 
neurons cultured on IKVAV-PA2 and laminin coatings that were able of repetitively firing action potentials.  (K) Representative 
examples of action potentials from MNs grown on IKVAV-PA2 and laminin coatings. MNs grown on IKVAV-PA2 had significantly 
larger amplitude, and faster rates of rise and fall.  Scale bar: C=20µm. All the values are presented as the mean ± SEM; ANOVA 
(**P<0.01 and ***P<0.001; ns=not significant). 
 
After 20 days on PA2 coatings, 100% of MNs were capable of firing repetitively while only 61% of the 
MNs did so when cultured on commercial laminin (Figure 4J). Moreover, the action potentials of MNs on 
PA2 were larger in amplitude with faster rates of rise and fall (Figure 4K and Table S2). As observed with 
the MEA-based analysis, MNs grown on PA2 acquired physiological properties that were more similar to 
MNs co-cultured with glial cells (Table S1). Collectively, these experiments indicate that the greater 
supramolecular motion within nanofibers in the PA2 scaffold induces the synaptic and 
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electrophysiological maturation of MNs. Lastly, we assessed whether the beneficial effects of the dynamic 
PA2 ECM mimetic were broadly relevant across other hiPSC differentiation protocols. We found that 
cortical excitatory neurons, differentiated through a modified NGN2 overexpression protocol (Nehme et 
al., 2018; Zhang et al., 2013), engaged more ITGB1 receptor, exhibited reduced aggregation, increased 
survival, and higher synaptic density relative to neurons cultured on recombinant laminin (Figures S4H-
L). 
 

Figure S4. The Effect of Highly Mobile IKVAV-PA2 on 
Functional Neuronal Maturation. (A) Representative 
WBs of ChAT and TUJ1 in iPSC-derived MNs cultured 
on IKVAV-PAs or laminin coatings at day 60. ACTIN was 
used as a loading control. (B) Dot plot representing the 
normalized protein levels of ChAT and TUJ1 in MNs 
cultured on supramolecular IKVAV-PAs or in laminin 
coatings at day 60. (C) Representative confocal 
micrographs of pre- and post-synaptic terminals (labeled 
with PS95 and SYN-1 respectively) distributed along the 
iPSC-derived MNs neurites cultured on IKVAV-PA1 and 
PA3 at day 60.  (D) Schematic representation of the 
experimental paradigm for electrical activity analysis. 
iPSC-derived MNs were cultured on MEA plates coated 
with IKVAV-PAs or laminin, or co-cultured with mouse 
astrocytes. On the right, drawings represent the 
differential cell aggregation observed between IKVAV-
PA2 and laminin coatings. (E) Bright field image of MNs 
cultured on an MEA plate coated with IKVAV-PAs or 
laminin at day 40.  (F) Dot plot showing the number of 
active electrodes per well of iPSC-derived MNs cultured 
on IKVAV-PA and laminin coatings or astrocytic 
monolayers. (G) Dot plot showing the number of bursting 
electrodes per well of iPSC-derived MNs cultured on 
IKVAV-PA and laminin coatings or astrocytic 
monolayers. (H) Schematic representation of cortical 
neuron differentiation and culture on supramolecular 
matrices. (I) Representative micrographs of iPSC-
derived cortical neurons cultured on the different PA 

supramolecular fibers and on laminin coatings at day 60. Cells were stained with the neuronal markers TUJ-1, MAP-2 and 
NEUN. Nuclei were stained with DAPI. (J) Cell viability assessed by release of LDH in the cell media of iPSC-derived cortical 
neurons cultured on the different PA supramolecular fibers and on laminin coatings at day 60. (K) WBs of ITGB1 receptor, 
neuronal markers MAP2 and TUJ1, and the synaptic marker SYP. ACTIN was used as a loading control.  (L) Dot plots showing 
the normalized levels of ITGB1 and SYP in the 4 tested experimental conditions. All values were normalized to ACTIN. Scale 
bars: C=25 µm; E=100 µm; I, top=50 µm; I, bottom=100 µm. All values are presented as the mean ± SEM; ANOVA (*P<0.05, 
**P<0.01 and ***P<0.001; ns=not significant). 
 
 
- Impact of the work in the short and long term. 
We anticipate that the PA platform we describe here will be of great interest to the stem cell community 
focused on developing iPSC-based models of neurodevelopmental, neurological and neurodegenerative 
diseases. The adaptive nature and inherent flexibility in the design of the PA supramolecular materials 
will facilitate the development of additional ECM mimetics in the future, that can accommodate 
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autonomous and multicellular organoids. Moreover, the novel platform we describe here will be broadly 
applicable across labs as it effectively circumvents significant technical limitations in iPSC-based studies. 
In fact, it has already attracted the interest of multiple companies and research laboratories, including a 
major research endeavor lead by the NINDS to establish neuronal models of neurodegenerative 
diseases. 
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ABSTRACT  

Human induced pluripotent stem cell (iPSC) technologies offer a unique resource for modeling 

neurological diseases. However, iPSC models are fraught with technical limitations including 

abnormal aggregation and inefficient maturation of differentiated neurons. These problems are in 

part due to the absence of synergistic cues derived from the architecture, chemical composition 

and molecular dynamics of the native extracellular matrix (ECM). We report on the use of three 

artificial ECMs based on supramolecular nanofibers containing peptide amphiphile molecules. All 

nanofibers display on their surface the laminin-derived IKVAV signal but differ in the nature of 

their non-bioactive domains. We find that nanofibers with greater intensity of internal 



supramolecular motion have enhanced bioactivity toward iPSC-derived motor and cortical 

neurons. Proteomic, biochemical and functional assays reveal that scaffolds with highly mobile 

molecules lead to enhanced  b1-integrin pathway activation, reduced aggregation, increased 

arborization, and mature electrophysiological activity of neurons. Our work highlights the 

importance of designing bioactive ECMs to study the development, function and dysfunction of 

human neurons in vitro. 

 

KEYWORDS 

iPSC-derived neurons, nanofibers, peptide amphiphile, IKVAV, molecular motion, dynamics, 

neuronal maturation, extracellular matrix, laminin. 

 
INTRODUCTION 

The groundbreaking technology of somatic cellular reprogramming for the production of induced 

pluripotent stem cells (iPSCs) and their differentiation into neural cell types has provided 

unprecedented access to the human nervous system. It has enabled the assembly of models for 

the investigation of neurodevelopment and neurological disease mechanisms, which have led to 

significant advancements in our understanding of these processes (Ichida and Kiskinis, 2015; 

Soliman et al., 2017; Wu et al., 2019). However, culturing stem cell-derived neurons in vitro 

remains challenging. In particular, neurons grown in cell autonomous systems exhibit insufficient 

levels of maturation and reduced long-term viability. In order to develop more physiological culture 

conditions, it is important to recapitulate the resident microenvironment of the nervous system. A 

critical and often overlooked component of this microenvironment is the extracellular matrix 

(ECM), which plays a pivotal role in neuronal maturation, signaling and ageing (Berry et al., 2018; 

Sprenger et al., 2010; Wagers, 2012). 

  The neural ECM is an intercellular scaffold composed of glycosaminoglycans, 

proteoglycans, collagens and non-collagenous proteins such as laminin and fibronectin (Barros 

et al., 2011; Dauth et al., 2016; Long and Huttner, 2019; Sood et al., 2019).  These components 

are organized in a highly dynamic fashion and vary in different regions and developmental stages 

of the nervous system (Dauth et al., 2016; Sood et al., 2019). The ECM serves multiple functions 

such as providing structural support and integrity, acting as a reservoir of soluble proteins such 

as cytokines and growth factors, and mediating cellular signaling (Benarroch, 2015; Boekhoven 

and Stupp, 2014; Lau et al., 2013; Yue, 2014). It modulates the transduction of cell surface 

receptors that internalize signals controlling a variety of functions including neuronal migration, 

survival, neurite sprouting, synaptic plasticity and ageing (Daley et al., 2008; Frantz et al., 2010; 

Gattazzo et al., 2014; Nirwane and Yao, 2018; Thorne et al., 2015). 



 Current ECM approaches for culturing iPSC-derived neurons in vitro involve the use of 

recombinant proteins such as laminin and fibronectin immobilized on glass or plastic-coated 

surfaces as well as primary astrocytic monolayers. Although these platforms allow initial cell 

attachment, cells tend to amass in tight proximity and form clusters reflecting problems in 

attachment, limited maturation, and eventually survival. The use of natural materials made of 

decellularized tissues, have highlighted the importance of recreating the tissue-specific ECM 

composition for promoting neural cells maturation in human stem cell-based systems (Cho et al., 

2021; Sood et al., 2019). These natural matrices better recreate physiological conditions 

compared to recombinant proteins or non-specific natural matrices, but still show problems of 

consistency and reproducibility, and raise some ethical issues regarding tissue acquisition for 

their use in large scale experiments.  A promising alternative is the use of synthetic biomaterials 

that can generate a variety of scaffolds with capacity to mimic the topographical, biochemical or 

mechanical properties of the ECM (Engler et al., 2006; Frantz et al., 2010; Gong et al., 2018; 

Lutolf et al., 2009). Chemically defined platforms with adaptable mechanical properties have been 

shown to modulate proliferation, differentiation and maturation, polarity and cytoarchitecture of 

2D and 3D neural in vitro models (Farrukh et al., 2017; Long et al., 2018; Ranga et al., 2016). 

Importantly, synthetic systems not only need to emulate the filamentous architecture and 

mechanics of natural matrices but also other features, such as the hierarchical structure across 

scales, as well as the dynamics of their constituent molecules. The importance of ECM dynamics 

needs to be especially considered given the continued remodeling of human neural 

microenvironments, as well as the mobility of receptors on cell membranes engaged in 

intracellular signaling (Simão et al., 2018). 

  Supramolecular polymers in which monomeric components combine through secondary 

interactions rather than covalent bonds, have emerged as new materials that can have both 

ordered structures and tunable dynamics, in contrast to ordinary hydrogels that are typically based 

on crosslinked covalent polymers (Aida et al., 2012; Cui et al., 2010; Freeman et al., 2018; Ortony 

et al., 2014; Stupp et al., 1997). These systems have the unique combination of order and 

dynamics and therefore hold great promise as artificial ECMs. Morover, these materials can 

integrate biological signals that trigger cellular responses such as cell adhesion, migration, 

proliferation and differentiation (Berns et al., 2014; Edelbrock et al., 2018; Lee et al., 2017; 

Matsuoka et al., 2017; Rubert Perez et al., 2017; Sleep et al., 2017; Webber et al., 2011). Thus, 

they are great candidates for designing biomimetic, artificial matrices to interface with and signal 

to cells. The earliest example of a supramolecular biomaterial designed for bioactivity involved 

the self-assembly of a peptide amphiphile (PA) monomer into nanofibers and engrafted with 

bioactive sequences derived from ECM proteins (Hartgerink et al., 2001; Silva et al., 2004). 



 Here, we investigated how supramolecular PA nanofibers displaying on their surfaces the 

laminin a-1 derived sequence IKVAV (Tashiro et al., 1989) with different degrees of mobility, 

impact on the maturation of human iPSC-derived neurons. We observed that supramolecular 

scaffolds with similar nanofiber architecture and chemical composition displayed remarkable 

enhancement of bioactivity when they exhibited more intense supramolecular motion. We found 

that these highly dynamic laminin mimetic scaffolds had profound effects on iPSC-derived 

neurons by mediating sustained activation of the laminin-associated integrin pathway. Neurons 

cultured on matrices with highly mobile PA molecules exhibited several features consistent with 

increased functional maturation.  

 

RESULTS 

Characterization of PA Supramolecular Nanofibers with a Laminin-Derived Peptide 
Sequence 

      In order to enhance the maturation iPSC-derived neurons by recapitulating the properties of 

the ECM found in the adult central nervous system (CNS) we functionalized the synthetic peptide 

amphiphiles (PAs) nanofibers with the pentapeptide sequence IKVAV derived from laminin a-1 

chain.  We found that laminin a-1 is developmentally upregulated, exhibiting significantly higher 

levels in the adult relative to the neonatal spinal cord ECM (Figure 1A and 1B). The IKVAV-PA 

showed an architectural topography similar to the adult spinal cord ECM after decellularization 

(Figures 1C). Since IKVAV is well known to interact with murine neural cells and promote cell 

attachment, growth, and maturation (Farrukh et al., 2017; Goldberger et al., 2011; Sur et al., 2012; 

Tysseling et al., 2010; Tysseling-Mattiace et al., 2008), we decided to test how our IKVAV-PAs 

impact on human  iPSC-derived neurons.  

 We also varied the degree of molecular motion of the IKVAV-PA nanofibers to interrogate 

the effect of dynamics on cell response  (Figure 1D). To validate this idea we designed three 

IKVAV-PAs composed of four main segments: (1) a hydrophobic fatty acid alkyl tail to drive 

aggregation of these molecules in water, (2) a peptide segment that can form intermolecular 

hydrogen bonds and control the morphology and physical properties of supramolecular 

nanofibers, (3) a tetra-peptide of glutamic acid residues to generate solubility of the fibers in water, 

and (4) a terminal bioactive IKVAV sequence separated by a G residue to facilitate its display on 

the surface of nanofibers (Figure 1E). The chemical structure of the peptide segment next to the 

alkyl tail is a key factor affecting multiple properties of the PA nanofibers including their rigidity, 

the molecular dynamics within the fibers, and even their ability to enhance growth factor signaling 

(Álvarez et al., 2021; Boekhoven et al., 2013; da Silva et al., 2016; Newcomb et al., 2016; Ortony 

et al., 2014; Pashuck et al., 2010). Based on our recent studies in molecular dynamics (Álvarez 



et al., 2021), we synthesized a small library of IKVAV PAs where the hydrogen bonding segment 

was mutated with the peptide sequences: V2A2 (red), A2G2 (blue) and VEVA2 (orange), referred to 

as PA1, PA2, and PA3, respectively (Figure 1E, top).  

 Using cryogenic transmission electron and scanning electron microscopy (cryo-TEM and 

SEM, respectively) we confirmed that the three IKVAV-PAs self-assemble into supramolecular 

nanofibers (Figures 1E, bottom and S1A). Furthermore, synchrotron solution small-x-ray 

scattering (SAXS) confirmed the formation of fibers with a slope between -1.1 and -1.5 in the 

Guinier region (Figure 1F). The three IKVAV-PAs form hydrogels with similar porosity and 

mechanical properties ranging from 1-7 kPa, which is in the range of the spinal cord tissue 

(Figures S1B-C). We next characterized the secondary structure of each IKVAV-PA by solution 

phase synchrotron radiation wide-angle X-ray scattering (WAXS) (Figure 1G). We observed that 

PA1 and PA3 displayed a Bragg peak with a d-spacing of 4.72 Å, indicative of a crystalline packing 

of the molecules (Cheng et al., 2013). Importantly, this peak was not observed in PA2, indicating 

the lack of crystalline order (Figure 1G). This result was validated by circular dichroism (CD) and 

Fourier-transform infrared (FTIR) spectroscopy. Both revealed the presence of b-sheet secondary 

structure for PA1 and PA3 and random coil for PA2 (Figures S1D-E). We, next measured the 

elastic modulus of the PA nanofibers by AFM (Figure S1F). PA1 and PA3 showed a higher storage 

modulus (13 MPA and 20 MPa, respectively) which correlates with the denser packing observed 

by WAXS. PA2 fibers showed a lower storage modulus (0.28 MPa) indicative of a more fluid 

character (Figure S1F). Collectively, these results demonstrate that the A2G2 tetrapeptide 

segment of PA2 exists as a random coil within fibers, which may confer greater supramolecular 

dynamics in this matrix.  

In order to probe the differences in molecular dynamics between the three IKVAV-PAs, we used 

transverse relaxation nuclear magnetic resonance (T2-NMR) spectroscopy (Figure 1H). These 

experiments analyzed the relaxation rate of the methyl protons of the palmitic acid tail and the 

delta carbon of the I residue in the IKVAV sequence (observed at 0.93 and 0.86 parts per million 

ppm, respectively) (Figure 1H, top). IKVAV-PA1 showed the highest relaxation rate (low degree 

of motion), while PA2 showed the lowest relaxation rates consistent with a greater degree of 

motion (Figure 1H, bottom). We further analyzed the molecular dynamics using fluorescence 

depolarization (FD) which measures the anisotropy of the PA nanofibers (Figure 1I). PAs were 

mixed  with 1-6-phenyl-1,3,5-hexatriene p-toluenesulfonate (DPH), which is known to be 

anchored at the hydrophilic-hydrophobic interface of amphiphilic assemblies (Kaiser and London, 

1998; Lakowicz, 2006). Consistent with T2-NMR results, PA1 and PA3 nanofibers displayed an 

anisotropy value of 0.39 and 0.38 (low motion), while PA2 displayed a significantly lower value of 

0.24 (Figure 1I), confirming the higher mobility within the PA2 fibers. 



 Coarse-grained molecular dynamic simulations were used to analyzed internal molecular 

dynamics of  the three IKVAV-PA nanofibers (de Jong et al., 2013; Frederix et al., 2015; Guo et 

al., 2016; Lee et al., 2012; Marrink et al., 2007; Mazza et al., 2013; Monticelli et al., 2008) (see 

details in methods section). The extent of molecular mobility, which is defined as the spatial 

fluctuations within the equilibrated filaments during the time period of the simulation, was found 

to be significantly greater in PA2 relative to PA1 and PA3 filaments (Figures 1J-K and S1G-J). 

Furthermore, PA2 assemblies had a less ordered spatial localization of the amphiphilic molecules 

into a core-shell structure, increasing the extent of water contact within the core of fiber and 

reducing the IKVAV presentation in the surface (solvent accessible surface area (SASA) PA2: 

42.2 ± 0.8 % vs 45.7 ± 0.4 % and 45.6 ±  0.2 % for PA1 and PA3, respectively) (Figures 1L, S1I-

J). However, the bending of the fibers remained the similar in the three IKVAV-PAs ( PA1: 5.3 ± 

3.2%, PA2: 3.9 ± 2.6%, and PA3:8.3 ± 3.7%) (Figures S1K-M).  Collectively, the experimentally 

T2-NMR, FD, WAXS, CD, and FTIR analyses and our simulations suggest that PA2 molecules 

within the supramolecular filaments are significantly more fluid and hydrated, and consequently 

more mobile than those in PA1 and PA3. 

 
The Highly Mobile IKVAV-PA2 Activates b1-Integrin Associated Intracellular Pathways with 
High Efficiency 

Having established that the IKVAV-PA2 exhibit a highly dynamic behavior in contrast to PA1 and 

PA3 , we next sought out to test their effect on neural behavior. We specifically investigated the 

efficiency of the three-laminin derived IKVAV-PA scaffolds to transduce laminin-related responses 

onto human iPSC (hiPSC)-derived motor neurons (MNs), which are the main neuronal subtypes 

of the spinal cord.  

MNs were generated from hiPSCs by utilizing a sequential cocktail of small molecules that first 

promote the formation of ventral-caudal neural progenitors, which are differentiated into 

postmitotic neurons (Ziller et al., 2018) (Figures 2A and S2A-G).  To assess any potential effects 

of the PAs on the efficiency of terminal neuronal differentiation, we replated day 14 MN-enriched 

cultures on the different IKVAV-PA coatings as well as the commercial natural mouse laminin 111 

(technical details in Methods section) and quantified the percentage of distinct neural markers by 

immunocytochemistry (ICC) (Figures 2B-C).  

Cultures plated for 72 hours on the three IKVAV-PAs and laminin coatings showed similar levels 

of cell attachment and survival (Figures 2C and S2H).  However, the three IKVAV-PA coatings 

showed higher percentages of b-III tubulin positive (TUJ1+) neurons (PA1=88%±1.2, PA2=93±1.4, 

PA3=86±1.5), compared to ones plated on conventional laminin-coated coverslips (81%±1.3) 

(Figures 2B-C). Importantly, plating on the IKVAV-PA2 nanofibers, which exhibit high 



supramolecular motion, led to a significantly higher percentage of ChAT+ and ISL1/2+ postmitotic 

MNs (71%±1.6 and 60%±1.7) compared to IKVAV-PA1 (59%±2.1, 51%1.6), IKVAV-PA3 

(57%±1.4, 42%±1.3) or laminin (62%±1.8, 53%±1.3) (Figures S2B-C). Conversely, plating on the 

PAs resulted in a decreased percentage of proliferating Ki67+ and FOXA2+ progenitor cells that 

often contaminate hiPSC differentiation protocols (Figures 2B-C). These results suggest that a 

more dynamic presentation of the IKVAV epitope on PA nanofibers significantly improves the 

neuronal purity of the differentiated hiPSC cultures by mediating selective neuronal attachment 

and specification. 

Since IKVAV is known to bind to the transmembrane receptor  b1-INTEGRIN (ITGB1) (Caniggia 

et al., 1996; Farrukh et al., 2017; Freitas et al., 2007; Li et al., 2014; Pan et al., 2014), we 

investigated the ability of the three IKVAV-PA nanofibers to recruit ITGB1. Structured illumination 

microscopy (SIM) showed that MNs cultured for 3 days on the highly mobile PA2 exhibited 

significantly higher levels of ITGB1 relative to ones cultured on PA1, PA3 or natural laminin 

(Figures 2D-E). We also analyzed if neural adhesion on the PA coatings was exclusively mediated 

by an IKVAV-ITGB1 interaction.  MNs pre-treated with an ITGB1 antibody completely blocked the 

attachment of cells, while an ITGB4 antibody (the other b integrin highly expressed in MNs) had 

no effect (Figures 2F-H and S2I). To further determine the bioactive specificity of IKVAV displayed 

on PA nanofibers, MNs were seeded on the scrambled VVIAK-PAs (scr-PA1, scr-PA2 and scr-

PA3) as well as on coatings of IKVAV peptide alone. Across these coatings, MNs were only able 

to attach on the immobilized IKVAV coating with a significantly reduced efficiency cells relative to 

the three IKVAVA-PAs and laminin coatings (Figures S2J-K). 

Using Western blot (WB) analysis we confirmed that MNs exposed to IKVAV-PA2, either as a 

coating or in solution, induced significantly higher levels of active ITGB1, integrin-linked kinase 

(ILK) and focal adhesion kinase (FAK) phosphorylation, two key signaling scaffold proteins that 

intersect many intracellular pathways in response to integrin-dependent ECM stimuli (Figure S2L-

M). To demonstrate that the supramolecular motion is linked to increased levels of ITGB1, MNs 

were treated with the IKVAV-PAs mixed with 5 mM CaCl2, which is known to electrostatically 

crosslink negatively charged PA fibers (Álvarez et al., 2021; Greenfield et al., 2010; Stendahl et 

al., 2006) (Figure 2I). When adding Ca2+ ions to PA solutions, supramolecular motion decreases 

significantly verified by FD and T2-NMR experiments (Figure 2J).  Consistent with these results, 

the activation of ITGB1 and its downstream intracellular pathway (ILK, p-FAK/FAK) decreased in 

MNs treated with IKVAV-PA2 (Figure 2K-L). These results show a strong positive correlation 

between dynamics and bioactivity when mutations were introduced in the non-bioactive domain 

of IKVAV-PAs.  



 We next performed live imaging analysis to assess the effects of the different IKVAV-PA 

substrates on motility, given the well-described role of the laminin-ITGB1 pathway on neuronal 

migration (Franco and Müller, 2011; Fujioka et al., 2017; Marchetti et al., 2010; Schmid et al., 

2004; Tashiro et al., 1989). We found that iPSC-derived MNs plated on the highly mobile IKVAV-

PA2 gels, exhibited higher velocity and distance of migration compared to MNs cultured on the 

more static IKVAV-PA1 and PA3, or on natural laminin (Figures S2N-O, Movies S1-2). 

  

Proteomic and Functional Profiling of iPSC-Derived MNs on IKVAV-PA2 Nanofibers 

One of the main challenges of working with hiPSC-based model systems is sustaining neurons in 

adherent culture for long-term periods. Thus, we next assessed the continuing effects of the 

IKVAV-PAs by plating MNs on these coating platforms for 16 to 61 days (differentiation day 30 to 

75 respectively, Figure 3A). Importantly, profilometry analysis showed that the three IKVAV-PAs 

were remarkably stable relative to a commercial laminin coating, which significantly degraded 

over time (Figures 3B-C). Specifically, while all four coatings had an initial surface thickness of 

200nm, this was well preserved in the three IKVAV-PA coatings and dramatically reduced in the 

case of natural laminin after 45 days in vitro (Figures 3B-C and S3A-B). Accordingly, this led to 

sustained ITGB1 activation and higher protein levels of ILK in MN cultures grown on the dynamic 

PA2 coatings (Figures 3D-E). The internalization of this signaling cascade is known to have critical 

functional ramifications, although their exact nature in human neurons remains unclear. To 

uncover these effects, we used mass spectrometry (MS) and analyzed MN samples grown on 

PA2 or recombinant laminin for 45 days in vitro. To ensure accurate quantification we used a 

tandem mass tag (TMT) approach (Figure 3F). We identified 892 proteins, with normalized 

intensity differences between the two conditions in 30.3% of them (Figure 3G and Table S1). To 

contextualize the biological relevance of these proteome changes, we performed comparative 

gene ontology (GO) as well as pathway enrichment analyses between the down-regulated (196) 

and up-regulated (76) groups of proteins (Figures 3H-J). The most significant term differences 

between the two groups were observed in biological processes associated with cell-matrix 

adhesion, actin and microtubule organization, morphogenesis involved in differentiation, 

regulation of cell motility, neuron differentiation and projection, synapse organization, apoptotic 

process, inflammatory response, and protein localization and folding among others (Figures 3H-

J and S3C). Interestingly, most of these processes can be modulated by the activation of “integrin 

pathways” (reviewed in (Colognato and Tzvetanova, 2011; Gardiner, 2011; Kazanis and ffrench-

Constant, 2011; Myers et al., 2011; Park and Goda, 2016), a GO term that was strongly enriched 

in the group of upregulated proteins in MN cultured on IKVAV-PA2 coatings (Figure 3H). Among 

the most upregulated proteins in MNs cultured on PA2 were PRDX1 and PRDX5, which are 



cytoprotective (Novitch and Butler, 2009), the cytoskeletal protein ACTN-1 that is involved in 

adhesion and motility (Kurklinsky et al., 2011), the cysteine and glycine-rich protein CSRP1 

implicated in spinal cord regeneration (Ma et al., 2012), and TUBB3, a neuronal type of tubulin 

with a critical role in axon guidance and maintenance (Tischfield et al., 2010) (Figure3G). 

 We next performed a systematic characterization of MNs cultured on the PAs to determine 

if the proteomic changes we identified translated to morphological and functional outcomes 

(Figure 4A). The interaction of MNs with all three IKVAV-PAs significantly repressed apoptosis 

and led to increased cell survival relative to laminin (Figure 4B).  In accordance with the induction 

of cytoskeletal organization and axogenesis pathways, microfluidic-based axon sprouting assays 

and morphometric analysis showed that MNs on the mobile PA2 coatings displayed a higher 

number and longer processes, increased complexity of neuronal branching and larger somas 

relative to other conditions (Figures 4D-H and S4A-C). This shift towards more mature and 

elaborate morphologies was denoted by a distinctly more uniform spread of neurons across the 

surfaces coated with the three IKVAV-PA scaffolds (Figure 4I). We accurately quantitated this 

observation by confocal imaging analysis of immunolabeled 60-day old MNs as a readout of cell-

cell and cell-substrate interactions (Figure 4J). While all three PAs were better than a range of 

commercial coatings including Matrigel, recombinant fibronectin and different types of 

recombinant laminins, MNs plated on PA2 were more evenly and homogenously distributed 

across the well, even after several weeks in culture (Figure S4D-H). Collectively, these data 

suggest that the sustained inhibition of MNs aggregation on PA2 is likely driven by a synergistic 

effect between the topography and the dynamic motion of IKVAV that engaged ITGB1 receptor-

dependent cell adhesion. This resolves a long-standing technical limitation of culturing iPSC-

derived neurons in vitro, which typically form large clusters of inaccessible cells.  

 

The Effect of Highly Mobile PA2 on MN Functional Maturation   

 The proteome-wide profiling as well as the morphological appearance of MNs suggest 

that PA2 nanofibers enhance functional maturation. To further investigate this hypothesis we used 

biochemical, imaging and electrophysiological approaches to systematically characterize day 30-

60 MNs cultured on the different ECM substrates. First, we isolated whole cell extracts and 

quantified the amount of post-synaptic (PSD95) and pre-synaptic (Synapsin, SYN1, and 

Synaptophysin, SYP) markers (Figures 5A-B). MNs grown on the dynamic PA2 coatings 

expressed significantly higer levels of PSD95, SYN1 and SYP relative to MNs grown on PA1, 

PA3, and laminin (Figure 5A-B). To determine whether these proteins were properly distributed 

along neuronal processes we performed SIM of pre- and post-synaptic terminals. This analysis 



showed higher fluorescence intensity levels of PSD95 and SYN1 for MNs plated on PA2, further 

suggesting that PA2 promotes synaptic activity (Figures 5C-D and S5A).  

We next used manual whole-cell patch clamp recordings to analyze differences in the 

electrophysiological activity of MNs grown on PA2 and laminin coatings. This analysis allowed to 

categorized each neuron into three groups defined by its maximum spontaneous excitatory 

postsynaptic potential (sEPSC) amplitude (Figure 5E-F). While 96% of MN grown on PA2 

displayed medium and large sEPSC events (categorized as >100pA) this percentage was 

reduced to 63% on laminin coatings. Aditionally, cumulative distribution analysis revealed that 

sEPSC events recorded in neurons grown on PA2 skewed significantly larger in amplitude (pA) 

and in significantly shorter intervals (ms) compared to MN cultured on laminin (Figures 5G-I). 

These results may reflect synaptic enhancement through both pre-synaptic (increased 

presynaptic vesicle release leads to decrease in IEI) and post-synaptic (strengthening of the 

postsynaptic response) mechanisms. All together, these findings validate that the observed 

increase in the expression of synaptic markers leads to a corresponding functional enhancement 

of the synaptic connections between cells. 

Through patch clamp, we also tracked the physiological development of MNs, marked by the 

progressive ability to fire repetitive action potentials and the production of larger amplitude spikes 

(Carrascal et al., 2005; Tadros et al., 2015). As neurons gradually develop, the density of voltage-

sensitive ion channels in the cell membrane increases, giving rise to faster and larger action 

potentials (Figures S5C-E). After >30 days on PA2 coatings, 100% of MNs were capable of firing 

repetitively while only 61% of the MNs did so when cultured on commercial laminin (Figure S5C, 

D). Moreover, the action potentials of MNs on PA2 were larger in amplitude with faster rates of 

rise and fall (Figure 5E and Table S2) partially resembling the physiological properties of MNs co-

cultured with glial cells (Ziller et al., 2018)(Table S2).  

 

Next, we evaluated if the electrophysiological changes at single cell levels affects neuronal 

network activity by using a multi-electrode array (MEA) platform, which allows for the recording 

of spontaneous electrical activity of cellular populations (Figures 5J, K and S5F). MNs cultured 

on PA2 exhibited an increased number of active electrodes compared to PA1, PA3 or laminin 

cultures, in line with the aforementioned homogenous distribution of cells (Figure 5M). Moreover, 

MNs grown on PA2 exhibited a higher number of action potential spikes and bursts per active 

electrode, as well as higher synchronized activity compared to the cultures grown on the other 

IKVAV-PAs or commercial laminin (Figures 5L-M, S5G). In order to put these effects into better 

context, we compared the activity of MNs plated on PA2 with ones plated on primary cortical glial 

cells, a widely used approach known to promote the functional maturation of human neurons 



in vitro (Krencik et al., 2017; Muratore et al., 2014; Stogsdill et al., 2017). Strikingly, we found 

that a number of electrophysiological metrics changed in PA2 condition respect to the other 

IKVAV-PAs or commercial laminin, consistently tend to glial co-cultures profiles (Figures 5M, 

S5G). Collectively, these experiments indicate that the greater supramolecular motion within PA2 

nanofibers induces the synaptic and electrophysiological maturation of neurons.  

 

The Response of Human Neurons to the Mobile IKVAV-PA2 Is Highly Dependent on ITGB1 
Expression Levels 

To teased out the importance of IKVAV-ITGB1 signaling on PA2-dependent cell behavior 

changes, we knocked-down or overexpressed ITGB1 in MNs cultured on different coatings 

(Figure 6A). MN cultured on PA2 and knocked-down for ITGB1 with small interfering RNA (siRNA-

ITGB1), showed visible clusters of cells compared to those treated with scramble siRNA (siRNA-

scr) (Figures 6B, C). WB analysis showed that ITGB1 knock-down dramatically reduced the levels 

of intracellular kinases p-FAK and ILK as well as the synaptic proteins PSD95 and SYP (Figures 

6 D, E). On the contrary, lentiviral overexpression of ITGB1 in MNs cultured on laminin and the 

slow mobile IKVAV-PA1 coatings, reduced cell aggregates and promoted homogenous cell 

distribution along the plate (Figures 6F, G). Moreover, ITGB1-transduced MN cultures on laminin 

and PA1, displayed higher levels of synaptic proteins (Figures 6 H-J and S6A-D). Overall, the 

experimental modulation of ITGB1 expression demonstrates the importance of this receptor in a 

combination of biological processes that are linked to neuronal maturation.   

We also tested whether the beneficial effects of PA2 on MNs were consistent across different 

iPSC-MN lines or other hiPSC differentiation protocols. We found that MNs 11A and cortical 

excitatory neurons, differentiated through a modified NGN2 overexpression protocol (Nehme et 

al., 2018; Zhang et al., 2013), activate more ITGB1 receptor, exhibited reduced aggregation, 

increased survival, and higher synaptic protein expression when cultured on PA2 relative to 

neurons cultured on PA1, PA3, and recombinant laminin (MN11A; Figures S6E-K and Cortical 

neurons; S7A-E).  

 

The Response of Human Neurons to the Mobile IKVAV-PA2 in Ageing and Disease 
Human iPSC-based systems have opened up new avenues for the research of neurological 

disorders by enabling the generation of the human cell type affected by the disease. (Ichida and 

Kiskinis, 2015; Kiskinis and Eggan, 2010; Kiskinis et al., 2014; Ortega et al., 2020). However, the 

limited developmental maturation states achieved in current stem-cell based neural models, have 

questioned their ability to model late-onset diseases. Thus, we next tested if our IKVAV-PA2 
system, which enhances neuronal maturation without trophic support of glial feeder layers, might 



be applicable for modeling neurodegeneration in vitro. Specifically, we utilized an iPSC line from 

an ALS patient carrying a dominant missense alanine to valine mutation at codon 4 (A4V) in the 

Cu/Zn superoxide dismutase (SOD1) gene, and an isogenic-corrected cell line that was used as 

a control (Kiskinis et al., 2014). In order to assess the impact of the tested matrices on enhancing 

ALS-associated phenotypes, we evaluated the levels of cytoplasmic protein inclusions 

characteristic of ALS disease. After to 2 months in laminin or IKVAV-PA2 coatings, a significant 

higher percentage of mutant iPSC-derived MNs (SOD1+/4AV) displayed abnormal accumulation 

of SOD1, UB and p62 in their cytosols (Figures 7B-E and S7F-G). These results indicate that by 

reproducing orthogonal signaling present in temporal-specific physiological microenvironments, 

would make possible to recreate age-matched cell phenotypes.  

 
DISCUSSION 

Pluripotent stem cell-based approaches are widely used to generate the multitude of neural cells 

that are affected in neurological diseases. While differentiation protocols for making specialized 

cells of the nervous system are continuously being refined, most iPSC-derived neurons are 

functionally immature and challenging to maintain in long-term culture (Ichida and Kiskinis, 2015; 

Soliman et al., 2017; Wu et al., 2019). Here, we developed an ECM mimetic platform based on 

scaffolds of supramolecular nanoscale fibrils formed by PA molecules, to address the current 

limitations of growing human neurons in vitro. We specifically designed supramolecular polymers, 

which displayed on their surface the bioactive laminin-derived IKVAV epitope with a high 

molecular motion. The mobile PA2 scaffolds were highly efficient at activating cell-matrix 

associated pathways and had profound effects on cultured neurons (Movie S3). We showed that 

motor and cortical neurons grown on IKVAV-PA2 nanofibers triggered the ITGB1 pathway, 

exhibited increased survival, reduced aggregation and became morphologically and 

electrophysiological mature, relative to neurons grown on commercial laminin coatings. Our work 

demonstrates the importance of incorporating dynamically controllable features into synthetic 

ECM scaffolds that can provide significant improvements to stem cell-based neuronal models. 

 The enhancement of supramolecular motion within fibrils of IKVAV-PA2 scaffolds and its 

remarkable impact on hiPSC-derived neurons represents a major breakthrough in the molecular 

engineering of artificial ECMs. This is an opportunity that has emerged from the development of 

supramolecular biomaterials initiated with bioactive, artificial PA matrices (Aida et al., 2012; 

Freeman et al., 2018; Hartgerink et al., 2001; Silva et al., 2004), and rooted in the non-covalent 

connection among monomeric components in these systems, a property that is in stark contrast 

to conventional macromolecules. Even in extensive recent reviews on artificial matrices, this 

feature has not been recognized as an opportunity to mimic the dynamic nature of natural ECMs 



(Nicolas et al., 2020). Although a number of platforms have been developed incorporating single 

features of the ECM that mimic the biomechanical or biochemical signals of cell-type specific 

microenvironments, they have failed to recapitulate the dynamic nature of ECM molecules. This 

feature is central to the ability of the ECM to continuously remodel, and the consequent changes 

in bioactivity in response to factors secreted by cells (Daley et al., 2008; Rozario and DeSimone, 

2010). However, the type of dynamic behavior demonstrated here is related to the varying 

degrees of motion that ECM molecules may have, and its impact in the way they interact with cell 

receptors. This property can potentially affect multiple cellular functions such as migration, 

proliferation, differentiation, survival, communication and ageing. Our success in implementing 

these dynamic features into a synthetic ECM-mimetic platform provides direct evidence for the 

critical importance of signal mobility in mediating the downstream effects on cellular behavior. 

 Supramolecular PA nanofibers are highly biocompatible given their biomimetic, chemical 

and mechanical properties, and the non-toxic nature of byproducts when they biodegrade. Our 

study demonstrates that minimal modifications in the peptide sequence of non-bioactive domains 

of PA molecules can dramatically modify supramolecular motion and significantly impact 

biological signaling. This modification allowed us to assess how a platform with almost identical 

topographical and chemical cues, but with different bioactive epitope mobility, can activate ITGB1-

associated intracellular pathways more efficiently (Movie S3). More broadly, these results support 

the idea that multiparametric control of the culture microenvironment can significantly enhance 

the functionality of iPSC-derived neurons (Leijten and Khademhosseini, 2016). 

 The PA-based ECM mimetic technology we describe here offers a number of biological 

and technical advantages relative to current approaches for culturing stem cell derived neurons 

in vitro. Firstly, the continuous engagement of the ITGB1 receptor mediates the inherently-driven, 

increased level of functional maturation. Secondly, the bioactivity of the mimetic epitope is steadily 

preserved over time, exhibiting minimal degradation even after 60 days in culture. This is in stark 

contrast to commercial substrates that are rapidly biodegraded and require continuous 

supplementation. Thirdly, neuronal aggregation is drastically inhibited, essentially recapitulating 

the plating conditions that were previously attainable only by co-culturing with a primary glial 

feeder layer. Fourthly, the ease and complete control over their fabrication, ensure a consistent 

and economical product that can be widely used across labs. Lastly, the flexibility in the design of 

these synthetic matrices can be used to create tailorable platforms with a combination of multiple 

bioactive ECM epitopes that could further reproduce the various spatiotemporal aspects of the 

neuronal microenvironment (Aida et al., 2012). Implementing cellular and acellular 

microenvironmental cues in a spatio-temporal manner is crucial to reproduce organogenesis and 

disease conditions in vitro, since current 2D and 3D human neural models utilizing no context-



specific matrices, do not allow to fully recapitulate some cytoarchitectural and functional features 

of the modeled nervous tissue (Roth et al., 2021). Specially interesting is the manipulation of 

laminin in biomaterials-based matrices to mimic neural cells microenvironments.  The use of 

highly tunable synthetic extracellular matrices, where matrix stiffness, degradability, and ECM 

signal combination can be modulated in 2D and 3D neural in vitro models, have shown that 

laminins play a pivotal role in a range of biological processes including neural patterning, 

differentiation, cytoarchitecture and functional maturation (Barros et al., 2020; Dorgau et al., 2018; 

Farrukh et al., 2017; Ranga et al., 2016; Sood et al., 2019) 

 While the IKVAV-PA platform we developed had dramatic effects on the functional 

maturation of iPSC-derived neurons, a major challenge that remains to be resolved is the 

induction of neuronal ageing in vitro (Ichida and Kiskinis, 2015; Vera and Studer, 2015). This is 

critically important as there is major focus on developing better iPSC-based models of adult and 

late onset neurodegenerative diseases. The composition of the ECM in the nervous system is 

known to change with age, becoming richer in collagens, proteoglycans and inflammatory 

cytokines (Birch, 2018; Morawski et al., 2014; Sood et al., 2019), and thus could be mediating 

aspects of age-associated neurodegeneration. Intriguingly, the effects of the IKVAV-PA on 

neuronal ageing have not yet been explored. Future efforts guided towards creating artificial 

coatings that mimic the ageing ECM could be useful in facilitating age-depended 

neurodegeneration processes in vitro.  

 We anticipate that the PA platform we describe here will be of great interest to the stem 

cell community focused on developing iPSC-based models of neurodevelopmental, neurological 

and neurodegenerative diseases. The adaptive nature and inherent flexibility in the design of the 

PA supramolecular materials will facilitate the development of additional ECM mimetics in the 

future, that can accommodate autonomous and multicellular organoids. 
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Figure 1. Characterization of IKVAV-PA Supramolecular Nanofibers with Different Degrees 
of Supramolecular Motion 
 
(A) Dot blot showing the protein levels of Laminin a1 in decellularized neonatal and adult mice 
spinal cords. Ponceau was used to assess total protein levels. 
(B) Bar plot representing the normalized protein levels of Laminin a1 in neonatal and adult mice 
spinal cords. Each dot represents values from independent biological replicates. Asterisks 
represent significant differences based on t test; ****P<0.0001. 
(C) SEM micrographs of laminin coating (left), PA scaffold (middle), and adult mouse 
decellularized spinal cord (right). 
(D) Schematic representation of iPSC-derived neuron cultures on ECM-mimetic PA substrates 
with different molecular motions.  
(E) Top: Schematic representation of the chemical structure of each IKVAV-PA (V2A2= PA1, 
A2G2= PA2, and VEVA2= PA3). Bottom: Cryogenic TEM micrographs of PA1, PA2, and PA3 along 
with the molecular graphic representation (top, left) of each of the supramolecular fibers displaying 
IKVAV in green.  
(F) Line graph showing the SAXS patterns of PA1, PA2, and PA3 nanofibers. 
(G) Line graph showing the WAXS profiles of PA1, PA2, and PA3 nanofibers. 
(H) Top: Chemical structure of IKVAV PA sequence highlighting the first C in the aliphatic tail and 
I in the bioactive sequence analyzed by T2-NMR. Bottom: Bar graph showing the relaxation time 
for PA1, PA2 and PA3 within the assemblies. Asterisks represent significant differences based 
on ANOVA followed by Tukey’s multiple comparison test; ****P<0.0001. 
(I) Bar graph showing the fluorescent anisotropy (λex = 336 nm, λem = 450 nm) of PA1, PA2, and 
PA3 embedded 1-6-phenyl-1,3,5-hexatriene p-toluenesulfonate (DPH). 
(J) Self-assembled structure of a single IKVAV-PA fiber after 10 µs of coarse-grained molecular 
dynamic simulations. Inset: Motion of a single peptide within the fiber during the last 1 µs after 
equilibrating the structure. The illustrations include partial periodic images through the fiber 
formation axis. Water and ions are omitted in the simulations for clarity.  
(K) Bar graph showing the average of root-mean-square fluctuation (RMSF) values for the 
different IKVAV-PAs during the last 5 µs after equilibrating the fiber structures. Asterisks represent 
significant differences based on ANOVA followed by Tukey’s multiple comparison test; **P<0.01, 
****P<0.0001. 
(L) Bar graph showing the SASA values of the IKVAV epitope displayed on the different IKVAV-
PAs fibers in the equilibrated structure. Asterisks represent significant differences based on 
ANOVA followed by Tukey’s multiple comparison test; ****P<0.0001. 
Scale bars:  B= 5 µm, E=250 nm. All the values are presented as the mean ± SD. 



  



Figure S1, related to Figure 1. Characterization of IKVAV-PA Supramolecular Nanofibers 
with Different Degrees of Supramolecular Motion. 
 
(A) SEM micrographs of PA1, PA2, and PA3 coatings. 
(B) Line graphs displaying nitrogen physisorption isotherms of IKVAV-PA scaffolds composed of 
PA1 (left), PA2 (middle), andPA3 (right). The BET specific surface areas are calculated between 
0.05 < p/p0 < 0.35 with the error calculated from the instrument uncertainty for this experimental 
setup (see Methods).  
(C) Bar graph displaying the storage modulus of PA1, PA2, and PA3 gels. Asterisks represent 
significant differences based on ANOVA followed by Tukey’s multiple comparison test; *P<0.05. 
(D) Line graph showing the circular dichroism (CD) spectra of PA1, PA2, and PA3 nanofibers. 
(E) Line graph showing the Fourier-transform infrared spectroscopy (FTIR) spectra of PA1, PA2, 
and PA3 nanofibers.  
(F) Bar graph displaying the elastic modulus of PA1, PA2, and PA3 fibers. Asterisks represent 
significant differences based on ANOVA followed by Tukey’s multiple comparison test; 
****P<0.0001. 
(G) Self-assembled structures of single PA1, PA2, and PA3 nanofibers after 10 µs of coarse-
grained molecular dynamic simulations. Colors correspond to the molecular mobility in the last 
5 µs accounted with RMSF. The illustrations include partial periodic images through the fiber 
formation axis. The simulation box is shown in blue, and water and ions are omitted for clarity.  
(H) Line graph representing the root mean square deviation (RMSD) vs. time of PA1, PA2, and 
PA3. The RMSD plots are the average of 5 independent simulations.  
(I) Self-assembled structures of single fibers of PA1, PA2, and PA3 after 10 µs of coarse-grained 
molecular dynamic simulations. PA molecules are shown in transparent grey, except for the C16 
tail represented in black. The illustrations include partial periodic images through the fiber 
formation axis. The simulation box is shown in blue, and water and ions are omitted for clarity.  
(J) Water mapping analysis of PA1, PA2, and PA3 within the assemblies through the last 2 µs of 
simulation averaging the contacts of each of the PA beads (C16 tail beads numbered -3 to 0 and 
peptide backbone beads numbered from 1 on) with water. Results represent data obtained from 
5 independent simulations. Chemical structure of IKVAV PA sequence is represented on top. 
(K) Non-periodic PA1, PA2, and PA3 short nanofibers after 10 µs of coarse-grained molecular 
dynamic simulations. The simulation box is shown in blue, and water and ions are omitted for 
clarity.  
(L) Line graph representing the percentage of bending vs. time of PA1, PA2, and PA3 nanofibers. 
The percentage of bending plots are the average of 3 independent simulations.  
(M) Bar graph depicting the percentage of bending of PA1, PA2, and PA3 nanofibers. The plots 
are the average of 3 independent simulations; ns: no significant differences based on ANOVA 
followed by Tukey’s multiple comparison test. 
Scale bars: 2 mm. All the values are presented as the mean ± SD. 
 
  



 
 



Figure 2. Highly Mobile IKVAV-PA Supramolecular Scaffold Enhances Integrin-Dependent 
Cell Behavior Effects on hiPSC-Derived MNs.  
 
(A) Schematic representation of the experimental workflow for short-term culture experiments 
with iPSC-derived MNs on IKVAV-PA scaffolds or laminin coatings. Right: structured illumination 
microscopy micrograph of an iPSC-derived MN labeled with TUJ1 (red) after 72h cultured on PA2 
covalently linked to alexa-488 dye (green).   
(B) Representative confocal micrographs of iPSC-derived MN cultures on IKVAV-PAs and laminin 
coatings stained for neuronal (MAP2, red) and MN (ChAT, green) markers. Nuclei stained with 
DAPI (blue).   
(C) Bar graphs representing the of number of cells per mm2, the percentage of TUJ1/DAPI, 
ChAT/TUJ1, ISL1/2/TUJ1, FOXA2/DAPI and FOXA2/Ki67 labeled cells in iPSC-derived MN 
cultures on IKVAV-PAs and laminin coatings at 72 h. Asterisks represent significant differences 
based on ANOVA followed by Tukey’s multiple comparison test (ChAT/TUJ1, ISL1/2/TUJ1, 
FOXA2/DAPI and the number of cells per mm2) or Kruskal-Wallis followed by Dunn’s multiple 
comparison test (TUJ1/DAPI and FOXA2/Ki67); *P <0.05, ***P<0.001, and ****P<0.0001; ns=not 
significant. 
(D) Representative three-dimensional SIM shadow reconstructions of neurites of MNs cultured 
on IKVAV-PAs and laminin coatings, immunolabeled for TUJ1 (green) and ITGB1 (pink).  
(E) Line graph showing intensity analysis of ITGB1 labeling in neurites of MNs cultured on IKVAV-
PAs and laminin coatings for 72 h.   
(F) Schematic representation of the experimental workflow for short-term experiments with iPSC-
derived MNs cultured on IKVAV-PA scaffolds or laminin coatings and treated with anti-ITGB1 or 
anti-ITGB4 antibodies. 
(G) Representative confocal micrographs of MNs cultured on different IKVAV-PA fibers and 
laminin coatings and treated with anti-ITGB1- or anti-ITGB4-blocking antibodies for 72 h. Cells 
were stained with neuronal (TUJ1, red) and MN (ISL1/2, green) markers, and nuclei were stained 
with DAPI (blue).  
(H) Bar graphs representing the number of cells per mm2 on iPSC-derived MN cultures after 72 h 
on IKVAV-PAs and commercial laminin coatings and anti-ITGB1 or anti-ITGB4 antibody 
treatments. Asterisks represent significant differences based on ANOVA followed by Tukey’s 
multiple comparison test (Anti-ITGB1) or Kruskal-Wallis followed by Dunn’s multiple comparison 
test (Anti-ITGB4); *P <0.05 and ****P<0.0001. 
(I) Schematic representation of the experimental workflow with iPSC-derived MNs cultured on 
laminin coatings and treated IKVAV-PA2 in solution with or without the presence of calcium. Right: 
Confocal microscopy micrograph of a MN labeled with MAP2 (red) after 24 h treatment with alexa-
488-labeled PA2 (green) in solution.   
(J) Left: Bar graph showing fluorescent anisotropy of PA1, PA2, and PA3 with DPH in the 
presence or absence of calcium. Error bars represent to 3 independent experiments. Right: Bar 
graph of K relaxation time of the IKVAV-PAs in the presence or absence of calcium. Error bars 
correspond to 3 independent simulations per condition. Asterisks represent significant differences 
based on ANOVA followed by Tukey’s multiple comparison test; ****P<0.0001. 
(K) Representative WB of ITGB1 and key kinases of the integrin-transduction pathways (ILK, p-
FAK, FAK) in MNs treated with IKVAV-PAs in the presence or absence of calcium for 72 h. TUJ1 
was used to assess the neuronal-specific protein levels across conditions and ACTIN as a loading 
control. Laminin condition refers to MN cultures on laminin coatings and non-treated with PAs in 
solution.  
(L) Bar graphs representing the normalized protein levels of ITGB1, p-FAK, and ILK in MN 
cultures treated with IKVAV-PAs in the presence or absence of calcium for 72 h. Asterisks 
represent significant differences based on ANOVA followed by Tukey’s multiple comparison test; 
*P <0.05, **P<0.01, and ***P<0.001. 
Data was obtained from at least 3 independent differentiations. All the values are presented as 
the mean ± SEM except for (J) where the values are presented as the mean ± SD. Each dot in 



graphs represents average values of multiple fields from a specific differentiation. Scale bars: A= 
20µm, B,G=100µm, D= 10µm, I= 25µm. 
 
 
 
 



 
 
 
 



Figure S2, related to Figure 2. Highly Mobile IKVAV-PA Supramolecular Scaffold Enhances 
Integrin-Dependent Cell Behavior Effects on hiPSC-Derived MNs. 
(A) Schematic representation of the 14-day protocol of MN differentiation from human iPSC that 
has been utilized in this study. 
(B) Fluorescence microscopy images of iPSC-derived MN cultures at day 16, immunolabeled for 
TUJ1 (red) and FOXA2 (green). Nuclei were labeled with DAPI (blue). 
(C) Bar graph displaying the RNA expression levels of neuronal (TUBB3), MN (ISL1, MNX1 and 
LHX3) and non-neuronal/floor plate (FOXA2) markers in day 0 (iPSC cultures; white bars) and 
day 14 (highly MN differentiated cultures; black bars) as measured by qPCR. Data was 
normalized respect to day 0 values. 
(D) t-distributed stochastic neighbor embedding (tSNE) analysis of single-cell transcriptional 
profiles of day 14 differentiated MN cultures grouped into 6 distinct cell sub-populations.  
(E) Single-cell expression levels, shown as Z scores, of key neural progenitors, neuronal, MN, 
spinal interneurons, floor plate and glial markers among subpopulations of day 14 differentiated 
MN cultures.  
(F) Distribution of neural progenitor (NES), neuronal (MAP2), MN (ISL1), spinal interneuron 
(LHX5, GAD2) and non-neuronal (FOXA2) genes in the tSNE space of day 14 cultures. 
(G) Left: Representative confocal micrographs of iPSC-derived MN cultures on PA2 and laminin 
coatings stained for neuronal (MAP2, red) or GABAergic interneuron (GABA, green) markers. 
Nuclear DNA was stained with DAPI (blue). A sample of human iGABA neurons cultured on 
mouse astrocytes was used as a positive control for GABAergic interneuron staining. Right: Bar 
graph representing the percentage of GABA/MAP2 positive cells in iPSC-derived MN cultures on 
the different conditions tested. Asterisks represent significant differences based on ANOVA 
followed by Tukey’s multiple comparison; ***P<0.001. 
(H) Bar graph representing the released LDH levels in iPSC-derived MN cultures after 72 h in 
PA1, PA2, PA3 and commercial laminin coatings. ns: no significant differences based on ANOVA 
followed by Tukey’s multiple comparison test. 
(I) Representative confocal micrographs of MNs treated with anti-ITGB1- or anti-ITGB4-blocking 
antibodies and cultured on different IKVAV-PA fibers or laminin coatings for 72 h. Cells were 
stained with neuronal (TUJ1, red) and MN (ISL1/2, green) markers, and nuclei were stained with 
DAPI (blue).  
(J) Representative confocal images of iPSC-derived MNs cultured on the scrambled VVIAK-PA1, 
PA2 and PA3, APTES and IKVAV peptide coatings. MNs were immunolabeled for neuronal 
(MAP2, TUJ1; red) and MN (ChAT, ISL1/2; green) markers. Nuclei were stained with DAPI (blue). 
(K) Bar graph representing the number of cells per mm2 cultured on scrambled VVIAK-PA1, PA2 
and PA3, APTES, and immobilized IKVAV. The IKVAV-PA1, PA2 and PA3, as well as on 
commercial laminin coatings were used as a reference. Each dot in graphs represents average 
values of multiple fields from a specific differentiation. Asterisks represent significant differences 
based on ANOVA followed by Tukey’s multiple comparison test; ****P<0.0001. 
(L) Representative WB of ITGB1, p-FAK, FAK and ILK in MNs cultured on different IKVAV-PAs 
in solution (S) or coatings (C) for 72 h. ACTIN was used as a loading control. 
(M) Bar graphs representing the normalized protein levels of ITGB1, p-FAK, and ILK in MNs 
cultured on different IKVAV-PAs in solution (S) or coatings (C) for 72 h. Asterisks represent 
significant differences based on ANOVA followed by Tukey’s multiple comparison test; **P <0.01, 
***P<0.001, and ****P<0.0001; ns: not significant differences. 
(N) XY-trajectory plots displaying the migratory paths of individual human iPSC-derived MNs over 
72 h on IKVAV-PAs or commercial laminin coatings.  
(O) Bar graph displaying migration velocity of iPSC-derived MNs plated on various coatings as 
shown in N. Asterisks represent significant differences based on ANOVA followed by Tukey’s 
multiple comparison test; ****P<0.0001.  
Data was obtained from at least 2-3 independent differentiations. All the values are presented as 
the mean ± SEM; Each dot in graphs represents average values of multiple fields from a specific 



differentiation in G, H, and K unique values from independent differentiations in M, and an 
individual cell in O. Scale bars: B, L, J=100µm; G=40µm. 



 
 
 
 



Figure 3. Unbiased Characterization of the Effect of IKVAV-PA Nanofibers with High 
Supramolecular Motion on Long-Term hiPSC-Derived MN Cultures.  
 
(A) Schematic representation of the experimental workflow for long-term culture experiments with 
iPSC-derived MNs on IKVAV-PA scaffolds or laminin coatings. 
(B) Profilometry images of IKVAV-PAs and laminin coatings after 60 days in vitro.  
(C) Dot plot representing the profilometry measurements of the thickness of the different IKVAV-
PA coatings, as well as the commercial laminin coating after 3 and 60 days in vitro. Each dot 
represents values from independent coverslips. Asterisks represent significant differences based 
on t test; ****P<0.0001; ns: no significant differences. 
(D) Representative WB of ITGB1 and ILK in MNs cultured on the different supramolecular IKVAV 
or laminin coatings for 46 days (differentiation day 60). ACTIN was used as a loading control. 
(E) Bar graphs representing the normalized protein levels of ITGB and ILK in MNs cultured on 
different IKVAV-PAs and laminin coating for 46 days. Each dot represents the values from 
independent differentiations. Asterisks represent significant differences based on ANOVA 
followed by Tukey’s multiple comparison test; **P <0.01, ***P<0.001, and ****P<0.0001. 
(F) Schematic representation of the quantitative proteomic analysis carried out in iPSC-derived 
MN cultures on PA2 scaffolds or laminin coatings for 46 days (differentiation day 60).   
(G) Volcano plot displaying proteomic changes of iPSC-derived MNs cultured on PA2 nanofibers 
vs. MNs cultured on laminin coatings. Averages of log2 fold change (x-axis) vs. –log10 P-value 
(y-axis) values of each protein are represented by individual dots. Proteins up-regulated and 
down-regulated by 2-fold change and FDR < 0.05 are labeled with green and red dots, 
respectively.   
(H) Cytoscape pathway enrichment analysis of down-regulated proteins in iPSC-derived MNs 
cultured on PA2 vs. laminin coatings. 
(I) Cytoscape pathway enrichment analysis of up-regulated proteins in iPSC-derived MNs cultured 
on PA2 vs. laminin coatings. 
(J) Subset of the most significant comparative GO terms enriched in the up-regulated (green) and 
down-regulated (red) group of proteins identified in iPSC-derived MNs cultured on PA2 vs. laminin 
coatings. Comparative integration analysis performed in https://www.comparativego.com. 
 
 
  



  



Figure S3, related to Figure 3. Unbiased Characterization of the Effect of IKVAV-PA 
Nanofibers with High Supramolecular Motion on Long-Term hiPSC-Derived MN Cultures. 
 
 
(A) Left: Structured illumination micrographs of TUJ1+ iPSC-derived MNs cultured on different 
IKVAV-PAs covalently linked to alexa-488 dye after 60 days in vitro. Right: Higher magnification 
of the neuronal processes on the different IKVAV-PA coatings shown in the left panel. 
(B) SEM micrographs of iPSC-derived MN processes cultured on commercial laminin coating or 
on IKVAV-PA2 nanofibers after 60 days in vitro.  
(C) Bar plots displaying the most representative GO terms found enriched among all the 
differentially expressed proteins (orange) as well as the group of proteins downregulated (red) or 
upregulated (green) in MN cultures plated for >45 days on PA2 respect to the ones cultured on 
commercial laminin coatings. 
Scale bars: A=100µm, C-Left=5 µm, C-Right=2µm, and D=5µm. 
 
 



 
 
 



Figure 4. The Effect of IKVAV-PA Nanofibers with High Supramolecular Motion on Long-
Term Survival, Adhesion and Neuronal Morphogenesis in hiPSC-Derived MN Cultures. 
 
(A) Schematic representation of integrin signal transduction pathways that might mediate cellular 
behavior changes upon highly mobile presentation of IKVAV by the PA2.  
(B)  Bar graph representing the released LDH levels in iPSC-derived MN cultures after 45 days 
on PA1, PA2, PA3 and commercial laminin coatings. Asterisks represent significant differences 
based on ANOVA followed by Tukey’s multiple comparison test; **P<0.01, ****P<0.0001. 
(C) Bar graphs representing number of cells per mm2 on iPSC-derived MN cultures for 45 days 
on IKVAV-PAs and commercial laminin coatings. Asterisks represent significant differences 
based on ANOVA followed by Tukey’s multiple comparison test; ns: no significant differences. 
(D) Schematic representation of a microfluidic device system utilized to measure axonal growth 
on PA2 and commercial laminin coatings. 
(E) Confocal micrographs of iPSC-derived MN axons along microchannels of PA2 or laminin 
coated microfluidic devices after 30 days in culture. Neuronal processes were stained with TUJ1.  
(F) Confocal micrographs of iPSC-derived MNs on PA2 and laminin coatings.  
(G) Bar graph depicting the number of total neurite processes in iPSC-derived MNs cultured on 
IKVAV-PAs or laminin coatings for >45 days. Asterisks represent significant differences based on 
ANOVA followed by Tukey’s multiple comparison test; *P<0.05, ***P<0.001. 
(H) Line graph depicting a Sholl analysis of dendritic arborization of MNs cultured on the various 
coatings for >45 days in vitro. Asterisks represent significant differences based on Two-way 
ANOVA followed by Tukey’s multiple comparison test; **P<0.01. 
(I) Representative confocal micrographs of iPSC-derived MN cultures plated on the various 
coatings for 60 days. Cells were stained with neuronal (MAP2, red) and MN (ChAT, green) 
markers (top row). Nuclei were stained with DAPI (bottom row).  
(J) Histogram analysis of cell distribution on the different coatings as referred to I. 
Data was obtained from at least 3 independent differentiations. All the values are presented as 
the mean ± SEM; Each dot in graphs represents average values of multiple fields from a specific 
differentiation in B, C, and individual cells in G. Scale bars: E=25 µm and I=100 µm. 
 



 
 
 



Figure S4, related to Figure 4. The Effect of IKVAV-PA Nanofibers with High 
Supramolecular Motion on Long-Term Survival, Adhesion and Neuronal Morphogenesis in 
hiPSC-Derived MN Cultures. 
 
(A) Line graph displaying the fluorescence intensities of TUJ1+ axonal staining in iPSC-derived 
MN cultures grown microfluidic devices coated with PA2 or commercial laminin. 
(B) Bar graphs showing the soma size (left) and number of primary neurites (right) of iPSC-derived 
MNs plated on the different supramolecular IKVAV-PAs or laminin coatings. Asterisks represent 
significant differences based on ANOVA followed by Tukey’s multiple comparison test; *P<0.05, 
**P<0.01, ***P<0.001.  
(C) Representative confocal micrographs of iPSC-derived MNs on the different supramolecular 
IKVAV-PA coatings or laminin coatings for 45 days in vitro. Cells were stained with the dendritic 
marker, microtubule associated protein-2 (MAP2, red).  
(D) Bar graph representing the released LDH levels in iPSC-derived MN cultures plated on 
various ECM coatings (Mouse glia, Matrigel, Laminin 521, Biolamina and Fibronectin) at day 45.  
Asterisks represent significant differences respect to PA2 based on ANOVA followed by Tukey’s 
multiple comparison test; *P<0.05, **P<0.01, ****P<0.0001. 
(E) Representative confocal micrographs of iPSC-derived MN cultures plated on various ECM 
coatings (Mouse glia, Matrigel, Laminin 521, Biolamina and Fibronectin) at day 45. Cells were 
stained with the neuronal (MAP2, red) and MN (ChAT, green) markers (top row). Nuclei were 
stained with DAPI (blue). 
(F) Histogram analysis of cell distribution on the different coatings as referred to D. 
(G) WB of ITGB1, PSD95, and ChAT protein levels in iPSC-derived MNs cultured on the different 
coatings as referred to D. GAPDH was used as a loading control.  
(H) Bar plot showing the normalized levels of ITGB1, PSD95, and ChAT in the various coatings 
(PA2, Laminin, Mouse glia, Matrigel, Laminin 521, Biolamina and Fibronectin) at day 45. All values 
were normalized to GAPDH. Asterisks represent significant differences based on ANOVA 
followed by Tukey’s multiple comparison test; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
Data was obtained from at least 3 independent differentiations except for panel (D-G) where data 
was obtained from 2 independent differentiations. All the values are presented as the mean ± 
SEM. Each dot in graphs represents individual cells in B and values from distinct differentiations 
in D and H. Scale bars: C=25µm; E=100 µm. 



 
 
 
 
 



Figure 5. The Effect of Highly Mobile IKVAV-PA2 on Functional Neuronal Maturation. 
 
(A) Representative WB of pre-synaptic (SYN1 and SYP) and post-synaptic (PSD95) markers in 
iPSC-derived MNs cultured on IKVAV-PAs or laminin coatings for >45 days. ACTIN was used as 
a loading control.  
(B) Bar graphs representing the normalized protein levels of PSD95, SYN1 and SYP in iPSC-
derived MNs cultured on supramolecular IKVAV-PAs or in laminin coatings for >45 days. Asterisks 
represent significant differences based on ANOVA followed by Tukey’s multiple comparison test; 
*P <0.05, **P <0.01, ***P<0.001, and ****P<0.0001. 
(C) Representative SIM micrographs of pre- and post-synaptic terminals (labeled with SYN1 and 
PS95, respectively) distributed along the neurites of MNs cultured on IKVAV-PA2 and laminin 
coatings >45 days.  
(D) Line graph displaying the analysis of fluorescent intensity of PSD95 and SYN1 along neuronal 
processes of MNs cultured on IKVAV-PAs and laminin coatings.   
(E) Top: Pie chart indicating the percentage of iPSC derived MNs cultured on PA2 or laminin 
coatings for >30 days that generated large (>500 pA), medium (100-500 pA) or small (<100 pA) 
sEPC. n(PA2) = 22 cells; n(laminin)=16 cells. Bottom: Representative traces of small, medium 
and large sEPC. Contingency table analysis showed statistical significance (p=0.014) between 
the two experimental conditions based on Chi-square (and Fisher's exact) test. 
(F) Representative sEPC traces from human MNs cultured on PA2 or laminin coatings for >30 
days. 
(G) Expanded time scale magnification of sEPC traces from human MNs cultured on PA2 or 
laminin coatings for >30 days. 
(H) Line graph displaying the cumulative frequency of sEPSC amplitude in human MNs cultured 
on PA2 or laminin coatings. Asterisks represent significant differences based on Kolmogorov-
Smirnov t Test; *P <0.05. Inside: Dot plot showing all recorded sEPSC amplitudes from multiple 
iPSC-derived MNs cultured on PA2 or laminin coatings. Asterisks represent significant differences 
based on t Test; ***P<0.001.  
(I) Line graph displaying the cumulative frequency of inter-event interval (IEI) in human MNs 
cultured on PA2 or laminin coatings. Asterisks represent significant differences based on 
Kolmogorov-Smirnov t Test; *P <0.05. Inside: Dot plot showing all recorded IEI values from 
multiple iPSC-derived MNs cultured on PA2 or laminin coatings. Asterisks represent significant 
differences based on t Test; ****P<0.0001. 
(J) Schematic representation of the experimental paradigm for continuous electrical activity 
recordings through a microelectrode array (MEA) system. iPSC-derived MNs were cultured on 
MEA plates coated with IKVAV-PAs or laminin, or co-cultured with mouse astrocytes. On the right, 
drawings represent the differential cell aggregation observed between cultures grown on IKVAV-
PA2 and laminin coatings. 
(K) Bright field images of MNs cultured on an MEA plate coated with IKVAV-PA2 and Laminin at 
day 40. 
(L) Activity map of single MEA wells with iPSC-derived MNs grown for >20 days on IKVAV-PAs, 
laminin coatings or astrocytic monolayers. 
(M) Bar graphs showing the differences in number of spikes per active electrode, number of bursts 
per active electrode, and the synchrony index of iPSC-derived MNs cultured on IKVAV-PA 
coatings, laminin coatings or astrocytic monolayers. Asterisks represent significant differences 
based on ANOVA followed by Tukey’s multiple comparison test; *P <0.05, **P <0.01, ***P<0.001, 
****P<0.0001. 
Data was obtained from at least 3 independent differentiations. All the values are presented as 
the mean ± SEM. Each dot in graphs represents values from independent differentiation in B, of 
individual cells in H, I, and of individual wells in M. Scale bars: C= 20µm; K=100µm. 
 
 
 



 
 
 



Figure S5 related to Figure 5. The Effect of Highly Mobile IKVAV-PA2 on Functional 
Neuronal Maturation. 
 
(A) Representative SIM micrographs of pre- and post-synaptic terminals (labeled with SYN1 and 
PSD95, respectively) distributed along the iPSC-derived MNs neurites cultured on IKVAV-PA1 
and PA3 for >45 days. 
(B)  Dot plots showing mean cell values of sEPSC amplitude (left) and IEI (right) from multiple 
iPSC-derived MNs cultured on PA2 (n=27) or laminin (n=37) coatings. No significant differences 
were observed between conditions based on t Test. 
(C) 2-photon microscopy images of iPSC-derived MNs cultured on IKVAV-PA2 and laminin 
coatings at day 48-49 and filled with Texas Red dextran through the patch electrode.  
(D) Pie charts showing the percentage of neurons cultured on IKVAV-PA2 and laminin coatings 
that were able of repetitively firing action potentials.  
(E) Representative traces of action potentials from human MNs grown on IKVAV-PA2 and laminin 
coatings.  
(F) Bright field images of MNs cultured on an MEA plate coated with IKVAV-PA1 and PA3 at day 
40.  
(G) Bar graphs showing the number of bursting electrodes (left) and the number of active 
electrodes (right) per well of iPSC-derived MN cultures plated on IKVAV-PA and laminin coatings 
or astrocytic monolayers. Each dot represents values of individual wells from 5 independent 
differentiations. Asterisks represent significant differences based on ANOVA followed by Tukey’s 
multiple comparison test; **P <0.01 and ****P<0.0001.  
Scale bars: A=20µm; C= 50µm; F=100µm.  
 
 
 



 
 



Figure 6. The modulation of ITGB1 expression by the highly mobile IKVAV-PA2 triggers 
changes in cellular behavior.  
 
(A) Schematic representation of ITGB1 knock down (KD) and overexpression strategies to assess 
the importance of integrin-dependent cell behavior modulation in iPSC-derived MNs cultured on 
IKVAV-PA2 or laminin.  
(B) Schematic representation of the experimental workflow with iPSC-derived MNs cultured on 
IKVAV-PA2 or laminin coatings and transfected with scrambled (siScr) or ITGB1 (siITGB1) short 
interfering RNAs (siRNAs).  
(C) Representative bright field images of iPSC-derived MNs cultured on IKVAV-PA2 and 
transfected with scrambled or ITGB1 siRNAs. 
(D) Representative WB of ITGB1, key kinases of the integrin-transduction pathways (ILK, p-FAK, 
FAK) and synaptic proteins (PSD95, SYP) from MNs cultured on IKVAV-PA2 or laminin coatings 
and transfected with scrambled or ITGB1 siRNAs. TUJ1 was used as neuronal marker and ACTIN 
as a loading control. 
(E) Bar graphs representing the normalized protein levels of ITGB1, p-FAK, ILK, TUJ1, PSD95 
and SYP in human MNs cultured on IKVAV-PA2 or laminin coatings and transfected with 
scrambled or ITGB1 siRNAs. Asterisks represent significant differences based on ANOVA 
followed by Tukey’s multiple comparison test; *P <0.05, **P<0.01, ***P<0.001, and ****P<0.0001. 
(F) Schematic representation of the experimental workflow with iPSC-derived MNs cultured on 
IKVAV-PA2 or laminin coatings and transduced GFP alone (LV-GFP) or ITGB1 + GFP (LV-
ITGB1::GFP) lentiviruses. 
(G) Representative bright field images of MN cultures grown on commercial laminin coatings and 
transduced with GFP alone (LV-GFP) or ITGB1 + GFP (LV-ITGB1::GFP) lentiviruses. 
(H) Representative confocal images of iPSC-derived MNs cultured on IKVAV-PA2 or commercial 
laminin coatings and transduced with GFP alone or ITGB1::GFP lentiviruses. Cells were labeled 
with GFP (green) and immunostained for ITGB1 (red) and the neuronal marker TUJ1 (magenta). 
Nuclei were labeled with DAPI (blue). 
(I) Representative WB of ITGB1, TUJ1 and synaptic proteins (PSD95, SYP) from MN cultures on 
IKVAV-PA2 or laminin coatings and transduced with GFP alone or ITGB1::GFP lentiviruses. GFP 
was used to determine transduction efficiencies and ACTIN as a loading control. 
(J) Bar graphs representing the normalized protein levels of ITGB1, PSD95 and SYP in human 
MNs cultured on IKVAV-PA2 or laminin coatings and transduced with GFP alone or ITGB1::GFP 
lentiviruses. Asterisks represent significant differences based on ANOVA followed by Tukey’s 
multiple comparison test; *P <0.05 and **P<0.01. 
Data was obtained from at least 3 independent differentiations. All the values are presented as 
the mean ± SEM. Each dot in graphs represents values from independent differentiations. Scale 
bars:  C=100µm; G= 100µm; H=50µm. 
 
 
 
 



 
  



Figure S6, related to Figure 6. The modulation of ITGB1 expression by the highly mobile 
IKVAV-PA2 triggers changes in cellular behavior. 
 
(A) Schematic representation of the experimental workflow with iPSC-derived MNs cultured on 
IKVAV-PA1, PA2 or laminin coatings and transduced with GFP alone (LV-GFP) or ITGB1 + GFP 
(LV-ITGB1::GFP) lentiviruses. 
(B) Representative confocal images of iPSC-derived MNs cultured on IKVAV-PA1 and 
transduced with GFP alone or ITGB1::GFP (LV-ITGB1) lentiviruses. Cells were labeled with GFP 
(green) and immunostained for ITGB1 and MAP2 (magenta). Nuclei were labeled with DAPI 
(blue). 
(C) Representative WB of ITGB1, TUJ1 and synaptic proteins (PSD95, SYP) from MN cultures 
on IKVAV-PA1, PA2 or laminin coatings and transduced with GFP alone or ITGB1::GFP 
lentiviruses. GFP was used to determine transduction efficiencies and ACTIN as a loading control. 
(D) Bar graphs representing the normalized protein levels of ITGB1, PSD95 and SYP in human 
MNs cultured on IKVAV-PA1 and transduced with GFP alone or ITGB1::GFP lentiviruses. Blue 
and gray dashed lines indicated mean protein levels in PA2 or laminin coatings, respectively. All 
values were normalized to ACTIN. Asterisks represent significant differences respect to PA2 
coatings based on ANOVA followed by Tukey’s multiple comparison test; *P <0.05 and **P<0.01. 
(E) Schematic representation of the experimental paradigm of 11a iPSC line-derived MNs 
cultured on IKVAV-PAs and commercial laminin coatings. 
(F) Bar graph representing the cell number of cells per mm2 in 11a line iPSC-derived MN cultures 
on IKVAV-PAs and laminin coatings at 72 h. Asterisks represent significant differences based on 
ANOVA followed by Tukey’s multiple comparison test; *P <0.05 and ****P<0.0001. 
(G) Representative confocal micrographs of 11a line iPSC-derived MN cultures plated on the 
various coatings after >45 days. Cells were stained with neuronal (MAP2, red) and MN (ChAT, 
green) markers (top row). Nuclei were stained with DAPI (bottom row).  
(H) Histogram analysis of cell distribution on the different coatings as referred to G.  
(I) Bar graph representing the percentage of ChAT+ cells in 11a line iPSC-derived MN cultures 
on IKVAV-PAs and laminin coatings >45 days. No significant differences were observed across 
conditions based on ANOVA followed by Tukey’s multiple comparison test. 
(J) Representative WB of ITGB1 receptor and ChAT from 11a line iPSC-derived MN cultures on 
IKVAV-PAs and laminin coatings >45 days. ACTIN was used as a loading control.  
(K) Bar graphs showing the normalized protein levels of ITGB1 and ChAT in the 4 tested 
experimental conditions. All values were normalized to ACTIN. Asterisks represent significant 
differences based on ANOVA followed by Tukey’s multiple comparison test; *P <0.05, **P<0.01 
and ***P<0.001. 
Data was obtained from at least 3 independent differentiations, except for PA1 condition in A-D 
that was obtained from 2 distinct differentiations. All the values are presented as the mean ± SEM. 
Each dot in graphs represents values from independent differentiations. Scale bars: B=50µm; 
G= 100µm.  
 



 
 
  



Figure 7. Highly Mobile IKVAV-PA Supramolecular Scaffold Enhances Maturation-
Dependent Protein Inclusion in ALS patient’s iPSC-derived MNs. 
 
(A) Schematic representation of the experimental workflow with ALS patient’s iPSC-derived MNs, 
differentiated from SOD1A4V (SOD1+/4AV) mutant and the respective isogenic corrected (SOD+/+) 
cell lines (Kiskinis et al., 2014), cultured on IKVAV-PA2 or laminin coatings. 
(B) Representative confocal images of control (SOD+/+) and SOD1A4V mutant (SOD1+/4AV) iPSC 
derived MNs cultured on IKVAV-PA2 or laminin coatings, and immunolabeled for SOD1 (red) and 
the neuronal marker TUJ1 (green). Nuclei were labeled with DAPI (blue). Fluorescence intensity 
was adjusted in order to avoid signal overexposition in aggregates-positive neurons. This 
adjustment might underrepresent endogenous levels of SOD1.   
(C) Bar graph representing the percentage of control and SOD1+/4AV iPSC-derived MNs 
displaying SOD1+ aggregates when cultured on IKVAV-PAs or laminin coatings >30 days. 
Asterisks represent significant differences based on ANOVA followed by Tukey’s multiple 
comparison test; ****P<0.0001. 
(D) Representative confocal images of control and SOD1+/4AV iPSC-derived MNs cultured on 
IKVAV-PA2 or laminin coatings, and immunolabeled for Ubiquitin (UB, red) and the neuronal 
marker TUJ1 (green). Nuclei were labeled with DAPI (blue). Fluorescence intensity was adjusted 
in order to avoid signal overexposition in aggregates-positive neurons. This adjustment might 
underrepresent endogenous levels of UB i.   
(E) Bar graph representing the percentage of control and SOD1+/4AV iPSC-derived MNs 
displaying Ubiquitin (UB)+ aggregates when cultured on IKVAV-PAs or laminin coatings >30 days. 
Asterisks represent significant differences based on ANOVA followed by Tukey’s multiple 
comparison test; *P<0.05; ****P<0.0001. 
Data was obtained from at least 3 independent differentiations. All the values are presented as 
the mean ± SEM. Each dot in graphs represents values from independent differentiations. Scale 
bars: B, D=50 µm; B, D insets= 10 µm. 
 



 
 
  



Figure S7, related to Figure 7. Highly Mobile IKVAV-PA Supramolecular Scaffold Enhances 
Maturation-Dependent Protein Inclusion in ALS patient iPSC-derived MNs.  
 
(A) Schematic representation of cortical neuron differentiation from iPSC, and culture on IKVAV-
PA scaffolds or laminin coatings.  
(B) Representative confocal micrographs of iPSC-derived cortical neurons cultured on the 
different PA supramolecular fibers and on laminin coatings at day 60. Cells were stained with the 
neuronal markers TUJ1, MAP2 and NEUN. Nuclei were stained with DAPI. 
(C)  Bar graph representing the released LDH levels in iPSC-derived cortical neurons after 72h 
on PA1, PA2, PA3 and commercial laminin coatings. Asterisks represent significant differences 
based on ANOVA followed by Tukey’s multiple comparison test; ***P<0.001. 
(D) WB of ITGB1 receptor, neuronal markers MAP2 and TUJ1, and the synaptic marker SYP in 
cortical neurons cultured on IKVAV-PAs or commercial laminin coatings. ACTIN was used as a 
loading control.  
(E) Bar graphs showing the normalized protein levels of ITGB1 and SYP in the 4 tested 
experimental conditions. All values were normalized to ACTIN. Asterisks represent significant 
differences based on ANOVA followed by Tukey’s multiple comparison test; *P <0.05, **P<0.01 
and ***P<0.001. 
(F) Representative confocal images of control and SOD1+/A4V iPSC-derived MNs cultured on 
IKVAV-PA2 or laminin coatings, and immunolabeled for p62 (red) and the neuronal marker TUJ1 
(green). Nuclei were labeled with DAPI (blue). 
(G) Bar graph representing the percentage of control and SOD1+/4AV iPSC-derived MNs 
displaying p62+ aggregates when cultured on IKVAV-PAs or laminin coatings >30 days. Asterisks 
represent significant differences based on ANOVA followed by Tukey’s multiple comparison test; 
***P<0.001; ****P<0.0001. 
Data was obtained from at least 3 independent differentiations. All values are presented as the 
mean ± SEM. Each dot in graphs represents values from independent differentiations. Scale bars: 
B, top=50 µm; B, bottom=100 µm; F=50 µm, F insets= 10 µm. 
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DYNAMIC BIOSCAFFOLDS

Bioactive scaffolds with enhanced supramolecular
motion promote recovery from spinal cord injury
Z. Álvarez1,2, A. N. Kolberg-Edelbrock1,3, I. R. Sasselli1,4†, J. A. Ortega1,5, R. Qiu1,4, Z. Syrgiannis1,4,
P. A. Mirau6, F. Chen1, S. M. Chin1,4, S. Weigand7, E. Kiskinis1,5, S. I. Stupp1,2,3,4,8*

The signaling of cells by scaffolds of synthetic molecules that mimic proteins is known to be effective
in the regeneration of tissues. Here, we describe peptide amphiphile supramolecular polymers
containing two distinct signals and test them in a mouse model of severe spinal cord injury. One signal
activates the transmembrane receptor b1-integrin and a second one activates the basic fibroblast
growth factor 2 receptor. By mutating the peptide sequence of the amphiphilic monomers in
nonbioactive domains, we intensified the motions of molecules within scaffold fibrils. This resulted in
notable differences in vascular growth, axonal regeneration, myelination, survival of motor neurons,
reduced gliosis, and functional recovery. We hypothesize that the signaling of cells by ensembles of
molecules could be optimized by tuning their internal motions.

P
harmacological signaling of cells usually
proceeds through the strong binding of
small organicmolecules to proteins that
activate or inhibit particular responses.
An emerging signaling strategy is to use

nanostructures that target specific cells to de-
liver a therapeutic cargo ormaterials function-
ing as bioactive scaffolds in the extracellular
space. Cell-signaling materials that trigger
the regeneration of tissuesmimic the fibrillar
components of natural extracellular matrices
(ECMs) (1). Mechanobiology has been an im-
portant part of the science behind this idea
on the basis of the discovery that stiffness
and viscoelasticity of materials can mediate
multiple aspects of cell behavior (2).
Less-developed aspects of this field are the

molecular design of materials bearing signals
for receptors and the connections between
such signals and the motions of molecules
within artificial scaffolds. Bioactive signals
have been incorporated into covalent poly-
mers (3) and more recently in supramolecular
polymers (4). A commonly investigated sig-
nal has been the peptide RGDS, present in

extracellular fibrils, such as fibronectin, that
promote cellular adhesion. Supramolecular
polymers, which form by noncovalent as-
sociation among monomers, have potential
advantages for regenerative signaling be-
cause of the easy tunability of signal density,
their ability to architecturallymimic the high-
persistence length of natural ECM fibrils, and
their rapid biodegradation after they serve
their function (5).
Here, we report a supramolecular scaffold

of nanoscale fibrils that integrates two differ-
ent orthogonal biological signals—the laminin
signal IKVAVknown to promote differentiation
of neural stem cells into neurons and to extend
axons (1) and the fibroblast growth factor 2
(FGF-2)mimetic peptideYRSRKYSSWYVALKR,
which activates the receptor FGFR1 to pro-
mote cell proliferation and survival (6). The
two signals were placed at the termini of two
different peptides with alkyl tails, known as
peptide amphiphiles (PAs), that copolymerize
noncovalently in aqueous media to form su-
pramolecular fibrils. It was previously shown
that the IKVAV signal on PA supramolecular
polymers could restore partial function after
a mild compression injury in a mouse model
of spinal cord injury (SCI) (7). Fibril-forming
PAmolecules that display biological signals
at one terminus contain peptide domains
between the bioactive moiety and the alkyl
tail that can be modified to tune mechanical
properties (8, 9).
We therefore investigated different domains

that alter the physical properties of a potential
scaffold therapy to restore functional recovery
in vivo after hind limb paralysis in a murine
model of severe SCI. The development of SCI
therapies that avoid permanent paralysis in
humans after traumatic injuries remains a
major challenge given the inability of dam-
aged axons to regenerate in the adult central
nervous system (CNS) (10, 11). We found that
keeping both biological signals at the same

density while slightly mutating the tetrapep-
tide sequence of these domains could mark-
edly change the biological responses of cells
in vitro as well as the functional recovery from
SCI in mice in vivo.

Supramolecular polymer synthesis
and characterization

To investigate nanofiber-shaped supramolecu-
lar polymers with different physical properties
that display the same two signals, we syn-
thesized a library of different IKVAV PAs in
which the tetrapeptide domain controlling
physical behavior has different sequences of
the amino acids V, A, and G (IKVAV PA1 to
PA8) (see Fig. 1A, fig. S1, and table S1 for the
list of PAs used and their peptide sequences).
These amino acidswere selected because they
affect the propensity of molecules within the
fibrils to form b sheets, which have high inter-
molecular cohesion as a result of their hy-
drogen bond density. These interactions in
turn result in suppressed mobility of PA mo-
lecules within the fibril. For example, V2A2

(PA1) has a high propensity to form b sheet
structure because of its valine content, where-
as A2G2 (PA2) is potentially a less-ordered seg-
ment without secondary structure (Fig. 1A).
The rest of the sequences were selected as
potential candidates for an intermediate lev-
el of motion. All IKVAV PAs utilized the se-
quence E4G, which spaces this segment from
the bioactive signal and provides high sol-
ubility in water (12).
Cryo–transmission electron microscopy

(cryo-TEM) revealed that all IKVAVPAs formed
nanofibers after supramolecular polymer-
ization in water (Fig. 1B). Furthermore, syn-
chrotron solution small-angle x-ray scattering
(SAXS) confirmed the formation of filaments,
revealing a slope in the range of−1 to−1.7 in the
Guinier region except for that of PA5, which
suggests a mixture of filaments and spherical
micelles (slope = −0.2) (Fig. 1D). We also com-
pared the physical behavior of the various
assemblies in the library using coarse-grained
molecular dynamic (CG-MD) simulations using
the MARTINI force field (13) (fig. S2 and sup-
plementary materials). These simulations pre-
dicted thatmoleculeswithin the various IKVAV
PA fibers had different degrees of internal dy-
namics (Fig. 1B). Differences in the ability of the
molecules to change positions internally over
appreciable distances (on the order of nano-
meters) were suggested by the simulations,
which yielded values of the parameter defined
as the root mean square fluctuation (RMSF),
which is ameasure of the average displacement
of a PA molecule during the last 5 ms of the
simulation (Fig. 1C). These simulations indi-
cate that molecules in PA2 fibers do in fact
have a high degree of internal motion, includ-
ing PA5, which only contains G residues. Wide-
angle x-ray scattering (WAXS) also revealed the
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presence of internal order (b sheet Bragg peak
with a d-spacing of 4.65 Å) in all the IKVAV
PAs except for those with low RMSF values
(PA2 and PA5) (Fig. 1E).
To probe differences in dynamics among

the IKVAV PAs, we performed fluorescence
depolarization (FD) measurements by encap-
sulating 1,6-diphenyl-1,3,5-hexatriene (DPH)
within PA nanofibers to measure the micro-
viscosity of the inner hydrophobic core. As
expected, PA2 and PA5 had the lowest an-
isotropy values (0.21 and 0.18, respectively),
indicating that they formed the most dynamic
supramolecular assemblies; PA4 had inter-
mediate dynamics (0.30); and the remaining

PAs had less-intense supramolecular motion
(0.40 to 0.37) (Fig. 2A). We also measured
molecular dynamics in the IKVAV epitope
using transverse-relaxation nuclear magnetic
resonance (T2-NMR) spectroscopy. These ex-
periments obtained the relaxation rate for the
methylene protons attached to the e carbon
(He) of the K residue in the IKVAV sequence
[observed at 2.69 to 2.99 parts per million
(ppm)] (figs. S3 to S10 and table S2). IKVAV
PA1 showed the highest relaxation rate (a low
degree of motion), whereas IKVAV PA2 and
PA5 had the lowest relaxation rates in the
IKVAV PA library (1H-R2 = 2.7 ± 0.1 and 2.6 ±
0.003 s−1, respectively, consistent with greater

motion) (Fig. 2B, figs. S3 to S10, and table S2).
Consistent with FD results, IKVAV PA4 re-
vealed an intermediate level of supramolecu-
lar motion, between that of PA1 and PA2 (or
PA5). Collectively, the simulations as well as
the FD, WAXS, and T2-NMR measurements
are consistent with three levels of supra-
molecular motion in the library of molecules
investigated.

Supramolecular motion and in vitro bioactivity

We performed in vitro experiments to deter-
mine whether the IKVAV signal was equally
bioactive in the library of IKVAV PAs. To es-
tablish the bioactivity of IKVAV PAs, neural
progenitor cells derived from human embry-
onic stem cells [human neural progenitor cells
(hNPCs)] were treated either with the dif-
ferent IKVAV PA fibers in solution or the
recombinant protein laminin (Fig. 2C). PA
filaments associate closely with cells and can
activate receptors when their surfaces display
signals (14).
We first investigated the activation of the

transmembrane receptorb1-INTEGRIN(ITGB1),
known tobe expressed in thepresenceof IKVAV
PAs and laminin (15–17), using the active form–
specific antibody HUTS4 and also verified
activation of the receptor’s intracellular sig-
naling pathway. Fluorescence confocalmicros-
copy and Western blot (WB) analysis showed
that IKVAV PA2 and PA5 induced signifi-
cantly higher concentrations of active ITGB1
and the downstream effectors integrin-linked
kinase (ILK) and phospho-focal adhesion ki-
nase (p-FAK) relative to the rest of the IKVAV
PAs, the IKVAV peptide, and laminin or or-
nithine coatings as controls (Fig. 2, D and E,
and figs. S11 and S12). We observed an inter-
mediate level of activation with PA4 that cor-
related with its intermediate supramolecular
motion relative to the rest of the PAs in the
library. As expected, PAs displaying the VVIAK
scrambled sequence resulted in minimal cel-
lular activation of ITGB1 (figs. S12 and S13).
Furthermore, pretreatment with an ITGB1
antibody blocked the attachment of hNPCs
on all IKVAV PAs, which suggests that an
IKVAV-ITGB1 interaction mediated this pro-
cess (fig. S14).
Although hNPCs up-regulated the neuronal

form of b-TUBULIN (TUJ-1+) when treated
with IKVAVPAs, this induction (which reflects
neuronal differentiation commitment) was
higher for IKVAV PA2 and PA5 (20.5 ± 1% and
20.7 ± 1.2%, respectively), the two most dy-
namic supramolecular fibrils (Fig. 2, F to H,
and fig. S15). The other IKVAV PAs, with the
exception of IKVAV PA4 that showed an inter-
mediate neuronal differentiation commitment
(PA4: 14 ± 1.2%), had a lower percentage of
induction of TUJ-1+ neuronal cells (PA1: 8.2 ±
0.7%; PA3: 7.5 ± 0.6%; PA6: 7.9 ± 1.3%; PA7:
7.4 ± 0.6%; and PA8: 7.5 ± 0.5%). By using
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Fig. 1. Library of investigated IKVAV PA molecules. (A) Specific chemical structures of IKVAV PA
molecules used and molecular graphics representation of a supramolecular nanofiber displaying the
IKVAV bioactive signal. (B) Cryo-TEM micrographs of IKVAV PAs in the library and their corresponding
color-coded representations of RMSF values for single IKVAV PA filaments. (C) Bar graphs of the average
RMSF values of the different IKVAV PA molecules. Error bars correspond to three independent simulations.
*P < 0.05; **P < 0.01; ***P < 0.001; one-way analysis of variance (ANOVA) with Bonferroni. (D and
E) SAXS patterns (D) and WAXS profiles (E) of the different IKVAV PA nanofibers. The scattering intensities
were offset vertically for clarity; the Bragg peak corresponding to the b sheet spacing around 1.35 Å is
framed in a gray box. a.u., arbitrary units. Scale bars, 200 nm.
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puromycin-based protein synthesis analysis
[the surface sensing of translation (SUnSET)
technique],we verified that all of the conditions
showed similar protein translation levels, so
the observed differences were not linked to a
metabolic effect (fig. S16).
We also performed in vitro experiments in

which hNPCs were treated with the most bio-
active IKVAV PAs (PA2 and PA5) mixed with
5mMCaCl2, which is known to electrostatically
cross-link negatively charged PA fibers (18, 19).
The addition of Ca2+ suppressed supramolecu-
lar motion, which was confirmed by FD and
T2-NMR experiments (Fig. 2I and fig. S17).
When supramolecular motion was decreased

by adding Ca2+ ions to the media, the acti-
vation of ITGB1 and its downstream intra-
cellular pathway (ILK and p-FAK–FAK) also
decreased (Fig. 2J and fig. S18). These results
showed a strong positive correlation between
dynamics and in vitro bioactivity, as muta-
tions were introduced in the tetrapeptide
amino acid sequence in the nonbioactive do-
main of IKVAV PAs.

SCI model: Axon regrowth and formation of
glial scar

We then proceeded to test the ability of dual-
signal fibrils to enhance functional recovery
after SCI in vivo. Given the low level of in vitro

bioactivity observed for IKVAV PA1, PA3, PA4,
PA6, PA7, and PA8,we did not to use these PAs
in combination with the FGF2 PAs. We also
needed nanofibers that display both signals
simultaneously, so the binary systems had to
be miscible and form hydrogels with similar
mechanical properties upon contact with phys-
iological fluids once injected at the site of the
injury. Only IKVAV PA2 was both miscible and
could form hydrogels with similar mechanical
properties when mixed with either FGF2 PA1
or FGF2 PA2, particularly at a molar ratio of
90:10 (Fig. 3, A to C; fig. S19; and table S3). Fur-
thermore, both FGF2 PAs alone formed highly
aggregated short fibers that further contributed
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Fig. 2. Effect of supramolecular motion on hNPCs signaling in vitro.
(A) (Top) Molecular graphics representation of an IKVAV PA nanofiber indicating
the chemical structure and location of DPH used as a probe in fluorescence
depolarization measurements. (Bottom) Bar graph of fluorescence anisotropy of
IKVAV PA solutions. Error bars correspond to three independent experiments.
n.s., not significant; ***P < 0.0001; one-way ANOVA with Bonferroni.
(B) (Top) Chemical structure of the IKVAV peptide sequence, highlighting
the K residue probed by NMR. (Bottom) Bar graph of the K relaxation time
for the different IKVAV PAs investigated. Error bars correspond to three runs
per condition. ***P < 0.0001 versus IKVAV PA1; #P < 0.05, ###P < 0.0001
versus IKVAV PA2; and +P < 0.05, +++P < 0.0001 versus IKVAV PA5; one-way
ANOVA with Bonferroni. (C) Differentiation conditions used for hNPCs.
DMEM, Dulbecco’s minimum essential medium. (D) Representative micrographs
of hNPCs treated with IKVAV PA1, PA2, PA4, and PA5. NESTIN indicates the
stem cells in red, ITGB1 indicates the receptors in green, and 4′,6-diamidino-2-

phenylindole (DAPI) indicates the nuclei in blue. (E) WB results of ITGB1,
p-FAK, FAK, ILK, and TUJ-1 in hNPCs treated with laminin (Lam) and the various
IKVAV PAs. (F) Representative confocal micrographs of hNPCs treated with
IKVAV PA1, PA2, PA4, and PA5. NESTIN indicates stem cells (red), SOX-2
indicates stem cells (green), TUJ-1 indicates neurons (white), and DAPI indicates
nuclei (blue). (G and H) Bar graphs of the percentage of SOX-2+ and NESTIN+

stem cells (G) and TUJ-1+ neuronal cells (H) treated with the various IKVAV
PAs. Error bars correspond to three independent differentiations. **P < 0.01,
***P < 0.001 versus IKVAV PA2 and ##P < 0.01, ###P < 0.001 versus IKVAV PA5;
one-way ANOVA with Bonferroni. (I) Fluorescence anisotropy (left) and K residue
relaxation times (right) obtained for IKVAV PA2 nanofibers in the absence
(no Ca2+) or presence (Ca2+) of calcium ions. ***P < 0.001; Student’s t test.
(J) WB results of ITGB1, p-FAK, FAK, and ILK in hNPCs treated with IKVAV
PA2 in the absence (−) or presence (+) of Ca2+. Scale bars, 10 mm (D)
and 100 mm (F).
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Fig. 3. Two chemically different PA scaffolds with two identical bioactive
sequences reveal differences in growth of corticospinal axons after SCI.
(A) Chemical structures of the two PA molecules used. (B) (Top) Molecular
graphics representation of a supramolecular nanofiber displaying two bioactive
signals. (Bottom) Cryo-TEM micrographs of IKVAV PA2 coassembled with FGF2
PAs (FGF2 PA1 and FGF2 PA2). (C) Storage modulus of IKVAV PA2 (green) and
their respective coassemblies with FGF2 PAs (FGF2 PA1, red; FGF2 PA2, blue).
(D) Fluorescent micrographs of spinal cords (green) injected with IKVAV PA2 +
FGF2 PA1 (red) covalently labeled with Alexa 647. (E) Dot plot of PA scaffold volume
as a function of time after implantation. (F) (Left) Schematic illustration showing
the site of BDA and PA injections. (Right) Fluorescent micrographs of the brain
cortex (top)—stained for NeuN, neurons (green); BDA, labeled neurons (red); and
DAPI, nuclei (blue)—and transverse spinal cord section (bottom)—stained for
GFAP, astrocytes (green); BDA, labeled descending axons (red); and DAPI, nuclei
(blue). (G) Fluorescent micrographs of longitudinal spinal cord sections in sham,
IKVAV PA2 + FGF2 PA1, and IKVAV PA2 + FGF2 PA2 groups. GFAP indicates
astrocytes (green), BDA indicates labeled axons (red), and DAPI indicates nuclei
(blue); vertical white dashed lines indicate the proximal border (PB), the distal
border (DB), and the central part of the lesion (LC). (H) Representative magnified

images of those shown in (G). (I) (Top) Schematic lesion site and vertical lines
used to count the number of axons crossing at each location indicated. (Bottom)
Plot of the number of crossing axons. Error bars correspond to six animals per
group. *P < 0.05, **P < 0.01, ***P < 0.001 versus sham and #P < 0.05,
##P < 0.01, ###P < 0.001 versus IKVAV PA2 and IKVAV PA2 + FGF2 PA2 groups;
repeated measures of two-way ANOVA with Bonferroni. (J) WB results (left)
and dot plot of the normalized values for GAP43 and MBP protein in sham, IKVAV
PA2, IKVAV PA2 + FGF2 PA1, and IKVAV PA2 + FGF2 PA2 (right). **P < 0.01,
***P < 0.001 versus sham and ###P < 0.001 versus IKVAV PA2 + FGF2 PA1
group; one-way ANOVA with Bonferroni. (K) Representative three-dimensional
fluorescent micrographs of BDA-labeled axon regrowth (red) and myelin basic
protein (MBP) (green) (left) and laminin (white) (right). (L) WB results (left) and
dot plot of the normalized values for laminin and fibronectin expression in
conditions described in (J) (right). ***P < 0.001 versus sham and #P < 0.05,
##P < 0.01, ###P < 0.001 versus IKVAV PA2 + FGF2 PA1 group; one-way ANOVA
with Bonferroni. Gapdh, glyceraldehyde-3-phosphate dehydrogenase. Data
points in (E) correspond to three animals per group and to four animals per group
in (J) and (L). Scale bars, 1500 mm [(D) and (G)], 25 mm [(F) top], 200 mm
[(F) bottom], 100 mm (H), and 2 mm (K).
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to immiscibility with other IKVAV PAs, such as
PA1, PA4, or PA5 (figs. S20 and S21).
Themiscible and gel-forming binary systems

with similar mechanical properties—IKVAV
PA2 with either FGF2 PA1 or FGF2 PA2—were
taken forward to in vivo experiments (Fig. 3A
and fig. S22; for full characterization of these
systems, see supplementary text). We injected
saline solutions of 90:10 molar ratio of IKVAV
PA2 coassembled with either FGF2 PA1 or with
FGF2 PA2 into the spinal cord ofmice 24 hours
after a severe contusion in an established mu-
rine model of SCI (see supporting information
for specific details of the animal model pro-
tocol) (20). IKVAV PA2, which was the most
bioactive single signal system, was used as a
control in all in vivo experiments. All PA solu-
tions gelled in situ when delivered into the
spinal cord and localized into the damaged
area. To track and quantify the bioactive
scaffold’s biodegradation as a function of
time, the PA molecules were fluorescently
labeled with Alexa 647 dye. We then injected
the fluorescent materials into the spinal cord
24 hours after injury and measured their
volume at 1, 2, 4, 6, and 12 weeks by fully re-
constructing spinal cords using spinning disk
confocal microscopy (Fig. 3D and supple-
mentary materials). The soft materials bio-
degraded gradually within a period of 1 to
12 weeks after implantation, and we did not
observe any differences in biodegradation rate
among the three experimental materials (Fig.
3E and fig. S23).
We performed bilateral injections of bio-

tinylated dextran amine (BDA) administered
10weeks after the injury into the sensorimotor
cortex to trace the corticospinal tracts (CSTs),
which mediate voluntary motor function (Fig.
3F) (21). We evaluated anterogradely labeled
CST axon regrowth 12 weeks after injury in all
PA and sham (injected with saline solution
only) groups. This process required quanti-
fication of the number of labeled axons that
regrew to the proximal lesion border and
beyond. We also injected IKVAV PA1 and PA
fibers lacking any bioactive signals on their
surfaces (backbone PA) as controls (see fig.
S24 and table S1 for the peptide sequence).
In mice injected with saline solution, we

hardly observed any regrown axons within the
lesion, whereas we observed some regrowth
of axons for IKVAV PA1, in which fibers ex-
hibited low mobility (Fig. 3G and fig. S25; see
supplementary text for additional PA controls).
By contrast, inmice injected with IKVAV PA2
alone or coassembled with FGF2 PA2 (which
shares the same A2G2 nonbioactive domain
as that in IKVAV PA2), we only observed a
modest but increased axon regrowth com-
pared with that seen in the sham condition.
However, injections of IKVAVPA2 coassembled
with FGF2 PA1 (which includes the V2A2 non-
bioactive domain instead of A2G2) led to robust

corticospinal axon regrowth across the lesion
site, even surpassing its distal border (Fig. 3,
G and H, and fig. S26). In this group, the total
axon regrowth within the lesion was twofold
greater than that in the group using the co-
assembly of IKVAV PA2 and FGF2 PA2 and
50-fold greater than in the shamgroup (Fig. 3I).
Serotonin axons (5HT), which may also play a
role in locomotor function, also regrew within
the lesion core with a similar trend as that ob-
served with CST (fig. S27).
We hypothesize that the CST and 5HT axon

regrowth observed could be in part the result
of the absence of a substantial astrocytic scar,
which is a strong barrier for axonal regenera-
tion (11). In the sham and backbone PA groups,
this barrier was revealed as a dense popu-
lation of reactive astrocytes expressing high
levels of glial fibrillary acidic protein (GFAP)
at the borders of the injury, whereas in all
bioactive PA groups, the glial scar was less
dense (Fig. 3H and figs. S25 and S26). In
agreement with these results, WB analysis
showed a higher level of growth-associated
protein 43 (GAP-43), which resides in the
growth cone of regenerating axons, only in
the most bioactive coassembly (IKVAV PA2 +
FGF2 PA1) (Fig. 3J).
Finally, we determined whether PA scaffolds

could induce remyelination of corticospinal
axons 3 months after injury and found high
levels of myelin basic protein (MBP) within
the lesion, particularly wrapping the regrown
axons in IKVAVPA2 + FGF2 PA1 (Fig. 3, J and
K). Moreover, in this condition, we observed
many growing axons within the lesion to be
in contact with high levels of laminin and
low levels of fibronectin, indicative of a re-
duced fibrotic core (Fig. 3, K and L, and fig.
S26). Our histological and biochemical ob-
servations suggested that physical differences
between the two supramolecular coassemblies
bearing two bioactive signals could greatly
enhance neuroregenerative outcomes after
injury.

SCI model: Angiogenesis, cell survival, and
functional recovery

Wenext explored the effect of both dual-signal
coassemblies on angiogenesis at the site of
injury, which is important for a fully anatom-
ical and functional regeneration. Relative to
uninjured tissue sections, the transverse spinal
cord sections of shammice revealed a substan-
tial degree of tissue degeneration extending
rostro-caudally >2.0mm away from the center
of the lesion. In this case, a significant decrease
in vascular area fraction, vascular length, and
branching was observed compared with that
observed in the uninjured control (Fig. 4, A
and B). We assessed the existence of a func-
tional vessel network by transcardially injecting
a glucose solution containing 1,1′-dioctadecyl-
3,3,3′,3′-tetramethylindocarbocyanine perchlo-

rate (DiI), a lipophilic carbocyanine dye that
incorporates into endothelial cell membranes
(Fig. 4A) (22). In groups treated with PA scaf-
folds, there was high preservation of the ven-
tral tissue structure, revealing the maintenance
of a functional blood vessel network. However,
we again observed that treatment with the
most bioactive coassembly led to an increase
in vascular area fraction, vascular length, and
branching, especially in the dorsal region
(Fig. 4, A and B, and fig. S28). These param-
eters did not differ significantly between the
IKVAV PA2 alone and the less bioactive co-
assembly group (IKVAV PA2 + FGF2 PA2),
which implies that the mimetic FGF2 angio-
genic signal was not functioning optimally in
IKVAV PA2 + FGF2 PA2.
To determine the origin of the blood ves-

sels within the lesion, the thymidine analog
5′-bromo-2′-deoxyuridine (BrdU) was intra-
peritoneally injected during the first week
after injury, and we observed newly formed
blood vessels within the lesion of the most
bioactive coassembly group 12 weeks after
injury. This was confirmed by a significant in-
crease in the number of double positive BrdU+

and CD31+ cells relative to samples for all other
groups (Fig. 4, C and D, and fig. S29) as well
as by WB analysis (Fig. 4E). The IKVAV PA2 +
FGF2 PA2 coassembly and IKVAV PA2 alone
led to a very modest but significantly increased
blood vessel formation compared with that ob-
served in the sham group.
We also assessed the effect of both dual-

signal coassemblies onneuronal survival,main-
tenance of spinal circuitry, and local function.
Native FGF-2 has previously been associated
with an increase in neuronal viability after SCI
(23). Transverse spinal cord sections of the
most bioactive coassembly group showed
NeuN+ neurons near the newly generated ves-
sels in the dorsal region similar to the un-
injured control group (Fig. 5A). Furthermore,
neurons (NeuN+ cells) that were also ChAT+

(motor neurons) were only found in the ven-
tral horn when PAs were utilized, showing a
significantly higher number in the most bio-
active system relative to other groups (Fig. 5,
B and C). The lack of any double positive
BrdU+ and NeuN+ neurons within the lesion
in any of the groups suggested the absence of
local neurogenesis.
We investigated whether the observed axo-

nal regeneration, angiogenesis, and local neuro-
nal cell survival led to behavioral improvement
in injured animals. For this purpose, we ob-
tained Basso mouse scale (BMS) open field
locomotor scores and locomotor recovery by
footprint analysis in all groups during the
12 weeks after injury (Fig. 5D and fig. S30).
At 1 week after injury and thereafter, all PA
groups demonstrated significant and sus-
tained behavioral improvement comparedwith
that of the sham group. Notably, 3 weeks after
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injury, mice treated with the most bioactive
coassembly showed a significant functional
recovery (5.9 ± 0.5) compared with that ob-
served in mice injected with IKVAV PA2 +
FGF2 PA2 and IKVAV PA2 alone (4.4 ± 0.5
and 4.3 ± 0.5, respectively) (Fig. 5D). Quan-
tification of footprints revealed significant-
ly larger stride lengths and widths in mice
treated with the most bioactive coassembly
relative to those of other groups (fig. S30).
Collectively, these data suggest that the neu-
ronal cell survival and functional recovery
that we observed in dual-signal systems are
unexpectedly linked to the differences in the
chemical composition of their respective non-
bioactive tetrapeptides.

In vitro results on human endothelial and
neural progenitor cells

On the basis of the results described above, we
next investigated the bioactivity of the FGF2
signal in vitro in both coassemblies using

human umbilical vein vascular endothelial
cells (HUVECs). As mentioned previously,
native FGF-2 enhances endothelial cell pro-
liferation and network formation (24), and
we found that within 48 hours of culturing
HUVECs on the most bioactive coassembly
or FGF2 protein, there was extensive branch-
ing and formation of vessel-like capillary net-
works (Fig. 6, A and B, and fig. S31; see also
supplementary materials for methodology
used). We also performed WB analysis to ver-
ify whether the observed in vitro bioactivity
of the FGF2 PA1 coassembledwith the IKVAV
PA2 was linked to the FGF-2 intracellular sig-
naling pathway.HUVECs treatedwith themost
bioactive coassembly or native FGF-2 revealed
high levels of p-FGFR1 and the downstream
proteins phospho–extracellular signal–regulated
kinase 1 (p-ERK1) and p-ERK2 (p-ERK1/2),
which activate the proliferation and migra-
tion of endothelial cells (Fig. 6C) (6, 25). As
expected, systems containing the scrambled

FGF2 mimetic sequence did not reveal any
bioactivity (figs. S31 and S32).
To establish the simultaneous bioactivity

of the IKVAV and FGF2 signals in both co-
assemblies, we assessed the effects of these
molecules on hNPC proliferation in vitro by
quantifying the double positive EdU+ and
SOX-2+ as well as the induction of ITGB1 and
p-FGFR1 (Fig. 6, D to F, and fig. S33; see also
supplementary text for more information).
These experiments suggest that the FGF2 sig-
nal in the less bioactive coassembly is largely
nonfunctional, whereas the IKVAV signal re-
mains operative in both. These results are
consistent with our observations in the SCI
experiments.

Physical experiments and computer
simulations on supramolecular motion

We investigated what might be the physical
reasons for the loss of in vitro and in vivo bio-
activity when the tetrapeptide that follows the
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Fig. 4. Two chemically different PA scaffolds with two identical bioactive
sequences reveal differences in angiogenesis. (A) Fluorescent micrographs of
transverse spinal cord sections in uninjured, IKVAV PA2 + FGF2 PA1, IKVAV PA2 +
FGF2 PA2, and sham groups. GFAP indicates astrocytes (green), DiI indicates
labeled blood vessels (red), and DAPI indicates nuclei (blue). (B) Dot plots of the
vascular area fraction, perfused vascular length, and number of branches in
the transverse sections of groups in (A). *P < 0.05, ***P < 0.0001 versus sham
and ##P < 0.001, ###P < 0.0001 versus IKVAV PA2 + FGF2 PA1 group; one-way
ANOVA with Bonferroni. (C) Fluorescent images of BrdU+ and CD31+ cells in the
center of the lesion in animals injected with IKVAV PA2 + FGF2 PA1 and IKVAV PA2 +

FGF2 PA2. CD31 indicates blood vessels (green), BrdU indicates newly generated
cells (red), and DAPI indicates nuclei (blue). (D) Dot plot of the number of BrdU+

and CD31+ cells per square millimeter in groups treated with IKVAV PA2 alone,
IKVAV PA2 + FGF2 PA1, IKVAV PA2 + FGF2 PA2, and saline (sham). *P < 0.05,
***P < 0.001 versus sham and ###P < 0.0001 versus IKVAV PA2 + FGF2 PA1
group; one-way ANOVA with Bonferroni. (E) WB results (left) and dot plot of the
normalized values for CD31 protein (right). **P < 0.001, ***P < 0.0001 versus
sham and ###P < 0.001 versus IKVAV PA2 + FGF2 PA1 group; one-way ANOVA with
Bonferroni. Data points in (B) and (D) correspond to six animals per group and
to four animals per group in (E). Scale bars, 200 mm (A) and 25 mm (C).
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alkyl tail wasmutated fromV2A2 to A2G2 in the
FGF2 PAs. Differences in dynamics between
FGF2 PA molecules in the two coassemblies
were studied with T2-NMR spectroscopy and
FD (Fig. 6, G to I). Wemeasured the relaxation
rates of the aromatic protons in Y and W ami-
no acids, which are only present in the FGF2
mimetic signal (26, 27). The rates were slower
in the most bioactive coassembly, indicat-
ing greater supramolecular motion in the
signaling peptide (1H-R2 = 49.3 ± 11 s−1 versus
80.9 ± 18.9 s−1 for the less bioactive coassem-
bly) (Fig. 6, G and H, and fig. S34). We also
carried out FD experiments on the two co-
assemblies using FGF2 PAmolecules that were
covalently labeled with a Cy3 dye (based on
cryo-TEM images, the dye did not disrupt the
supramolecular assemblies; fig. S35). A lower
anisotropy was found in the most bioactive
coassembly, indicating a higher mobility of
the FGF2 signal molecules within the nano-
fibers (Fig. 6I).

CG-MD simulations supported the T2-NMR
and FD results above by yielding higher RMSF
values for FGF2 PAmolecules in the most bio-
active coassembly. The simulations also re-
vealed that FGF2 PAmolecules form clusters
in both coassemblies (slightly larger in the
most bioactive system) with a distribution of
mobilities (RMSF values) (Fig. 6J, fig. S36,
and supplementary materials). The decrease
in bioactivity in one of the systems could be
attributed to differences in the extent of co-
assembly between the two PA molecules bear-
ing signals. However, one-dimensional proton
nuclear magnetic resonance (1D 1H-NMR), dif-
fusion ordered spectroscopy (DOSY), and T2-
NMR (28, 29) of methylene units in alkyl tails
indicate the occurrence of coassembly in both
systems (figs. S37 to S39, table S4, and sup-
plementary text).
The results obtained on greater degrees of

motion in FGF2 PA1 molecules were coun-
terintuitive because the tetrapeptide V2A2

(present in FGF2 PA1) had the least mobil-
ity in systems containing only IKVAV PA. The
lower mobility in FGF2 PA2 molecules in
the coassembly with IKVAV PA2 was likely
the result of greater interactions through
hydrogen bonding and side chain contacts
among the identical tetrapeptides present in
both molecules. By contrast, two dissimilar
tetrapeptides are present in the twomolecules
of the highly bioactive IKVAV PA2 + FGF2 PA1
coassembly, which would not favor a strong
interaction between both types of molecules
and lead to higher degrees of supramolecular
motion.
The evidence for a strong interaction be-

tween IKVAV PA2 and FGF2 PA2 and less
motion is the essentially invariant circular
dichroism (CD) spectrum when FGF2 PA2
is added to IKVAV PA2. However, the CD spec-
trum was modified when the less interactive
FGF2 PA1was added to IKVAVPA2, suggesting
a disruption of secondary structure (fig. S40).
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Fig. 5. Two chemically different PA scaffolds with two identical bioactive
sequences reveal differences in neuronal survival and functional recovery.
(A) Fluorescent micrographs of transverse spinal cord sections corresponding to
uninjured, IKVAV PA2 + FGF2 PA1, IKVAV PA2 + FGF2 PA2, and sham groups.
NeuN indicates neurons (green), DiI indicates labeled blood vessels (red),
and DAPI indicates nuclei (blue); dashed lines indicate the gray matter (horn).
(B) High-magnification images of the ventral horn area for slices in (A). On
the left, NeuN indicates neurons (green), DiI indicates labeled blood vessels
(red), and DAPI indicates nuclei (blue); on the right, ChAT indicates motor
neurons (green), DiI indicates labeled blood vessels (red), and DAPI indicates

nuclei (blue). (C) Dot plots showing the number of NeuN+ (left) and ChAT+ (right)
cells per transverse section. Data points correspond to a total of 48 sections;
eight sections per animal and six animals per group. **P < 0.01, ***P < 0.001
versus sham and ###P < 0.001 versus IKVAV PA2 + FGF2 PA1 group;
one-way ANOVA with Bonferroni. (D) Experimental time line of in vivo
experiments (top) and BMS for locomotion (bottom). Error bars correspond
to 38 animals per group. **P < 0.001, ***P < 0.0001 all PA groups versus sham
and ###P < 0.0001 versus IKVAV PA2 + FGF2 PA2 and IKVAV PA2 groups;
repeated measures of two-way ANOVA with Bonferroni. Scale bars, 200 mm
(A) and 20 mm (B).
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Fig. 6. Validating cell-signaling differences in vitro between two PA
scaffolds exhibiting different supramolecular motion. (A) Confocal
micrographs of HUVECs treated with IKVAV PA2 + FGF2 PA1 and IKVAV PA2 +
FGF2 PA2. ACTIN indicates cytoskeleton (red) and DAPI indicates nuclei
(blue). (B) Bar graph of the number of branches in HUVECs treated with
laminin + FGF-2, IKVAV PA2 alone, IKVAV PA2 + FGF2 PA1, and IKVAV PA2 +
FGF2 PA2. (C) WB results (left) and bar graphs of the normalized values for active
FGFR1 (p-FGFR1) versus total FGFR1 (FGFR1) and active ERK1/2 (p-ERK1/2)
using the conditions in (B) (right). (D) Confocal micrographs of hNPCs on
coatings of IKVAV PA2 + FGF2 PA1 and IKVAV PA2 + FGF2 PA2. EDU indicates
proliferative marker (red), SOX-2 indicates neural stem cell marker (green),
and DAPI indicates nuclei (blue). (E) Bar graph of the percentage of EDU+ and
SOX-2+ cells on the various coatings. (F) WB results (left) and bar graphs
of the normalized values for active FGFR1 (p-FGFR1) versus total FGFR1 (FGFR1)
and b1-INTEGRIN (ITGB1) (right). (G) 1H-NMR spin-spin relaxation time of the

aromatic protons in Y and W amino acids in the FGF2 mimetic signal at 6.81 ppm
(solid lines are single linear best fits). (H) Bar graph of the aromatic relaxation
times measured in (G). Error bars correspond to three runs per condition.
*P < 0.05; Student’s t test. (I) Bar graph of fluorescence anisotropy of FGF2 PAs
chemically modified with Cy3 dye. Error bars correspond to three independent
experiments. ***P < 0.001; Student’s t test. (J) Color-coded representation of
RMSF values in clusters of FGF2 PAs (left) and the corresponding bar graph
(right). IKVAV PA2 molecules are shown in transparent gray, ions and water
molecules are removed for clarity, and the simulation box is shown in blue.
Error bars correspond to five independent simulations. **P < 0.01; Student’s
t test. Error bars in (B) and (E) correspond to three independent experiments
and in (C) and (F) correspond to four independent experiments per
condition. ***P < 0.0001 versus laminin + FGF2 and ###P < 0.0001 versus
IKVAV PA2 + FGF2 PA1; one-way ANOVA with Bonferroni. Scale bars, 200 mm
(A) and 100 mm (D).
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Thus, the greater motion detected by NMR
for FGF2 PA1 molecules must indicate freer
translational motion of its clusters within
the fibrils or vertical motion of the signaling
clusters in and out of the fibrils. Although we
have gathered substantial evidence for the
correlation between supramolecular motion
and bioactivity of fibrillar scaffolds used
here to promote SCI recovery, we could not
directly link this physical phenomenon to our
in vivo observations with techniques currently
available.

Discussion

Our work demonstrates that bioactive scaf-
folds that physically and computationally re-
veal greater supramolecular motion lead to
greater functional recovery from SCI in the
murine model. In one-dimensional scaffolds
of noncovalently polymerized bioactive mol-
ecules, we expected polyvalency effects to help
cluster receptors for effective signaling. We
also expected that the internal structure of
the supramolecular scaffolds could limit free
motion and favorably orient signals toward
receptors perpendicular to their fibrillar axis.
However, the unexpected finding in this work
is that the intensity of molecular motions
within the bioactive fibrils, as measured on
the bench, correlated with enhanced axonal
regrowth, neuronal survival, blood vessel
regeneration, and functional recovery from
SCI. A direct link between the motion and
the recovery will require techniques not cur-
rently available that could precisely detect
supramolecular motion in vivo with high
resolution.
However, the computer simulations and ex-

perimental data do suggest that translation
on the scale of nanometers within or vertically
out of the assemblies to reach receptor sites
might enhance bioactivity. That is, a highly
agile and physically plastic supramolecular
scaffold could be more effective at signal-
ing receptors in cell membranes undergoing
rapid shape fluctuations. An alternative hy-
pothesis for the cause of the recovery could
be broadly more-favorable interactions of
the molecularly dynamic scaffolds with the
protein milieu of the ECM. In the context
of our correlative findings between supra-
molecular motion and bioactivity, it is in-
triguing to ask why there is such a prevalence
of intrinsically disordered proteins in biolog-
ical systems (30), and one wonders whether
the added motion of disordered protein do-
mains, in analogy to our bioactive and dy-
namic supramolecular fibrils, provides greater
capacity to signal efficiently in the biologi-
cal environment. We conclude that our ob-
servations suggest great opportunities in
the structural design of dynamics to opti-
mize the bioactivity of therapeutic supra-
molecular polymers.
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Fibril motion improves peptide signaling
Artificial scaffolds that bear the peptide-signaling sequences of proteins for tissue regeneration often have limited
effectiveness. Álvarez et al. synthesized supramolecular peptide fibril scaffolds bearing two peptide sequences that
promote nerve regeneration, one that reduces glial scarring and another that promotes blood vessel formation (see the
Perspective by Wojciechowski and Stevens). In a mouse model of paralyzing human spinal cord injury, mutations in a
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ABSTRACT: Brain-derived neurotrophic factor (BDNF), a neurotrophin that
binds specifically to the tyrosine kinase B (TrkB) receptor, has been shown to
promote neuronal differentiation, maturation, and synaptic plasticity in the
central nervous system (CNS) during development or after injury and onset of
disease. Unfortunately, native BDNF protein-based therapies have had little
clinical success due to their suboptimal pharmacological properties. In the past
20 years, BDNF mimetic peptides have been designed with the purpose of
activating certain cell pathways that mimic the functional activity of native
BDNF, but the interaction of mimetic peptides with cells can be limited due to
the conformational specificity required for receptor activation. We report here
on the incorporation of a BDNF mimetic sequence into a supramolecular
peptide amphiphile filamentous nanostructure capable of activating the BDNF
receptor TrkB and downstream signaling in primary cortical neurons in vitro.
Interestingly, we found that this BDNF mimetic peptide is only active when
displayed on a peptide amphiphile supramolecular nanostructure. We confirmed that increased neuronal maturation is linked to
TrkB signaling pathways by analyzing the phosphorylation of downstream signaling effectors and tracking electrical activity over
time. Furthermore, three-dimensional gels containing the BDNF peptide amphiphile (PA) nanostructures encourage cell
infiltration while increasing functional maturation. Our findings suggest that the BDNF mimetic PA nanostructure creates a
highly bioactive matrix that could serve as a biomaterial therapy in injured regions of the CNS. This new strategy has the
potential to induce endogenous cell infiltration and promote functional neuronal maturation through the presentation of the
BDNF mimetic signal.
KEYWORDS: BDNF mimetic, neurons, peptide amphiphile, nanostructure, TrkB receptor, maturation

The ability of neurotrophic factors to regulate the
developing central nervous system (CNS) and to

promote survival has motivated the use of these proteins to
treat CNS injuries and diseases.1−4 The main neurotrophins
include brain-derived neurotrophic factor (BDNF), nerve
growth factor, neurotrophin-3, and neurotrophin-4.5−7

Among these, BDNF is the most extensively studied due to
its key role during development and its capacity to mediate
neuroprotection and functional recovery postinjury.8 It is well-
known that BDNF binds with high affinity to the tyrosine
kinase B (TrkB) receptor and with low affinity to p75NTR, a
nonspecific neurotrophin receptor.6,9,10 Additionally, BDNF
activates certain cell pathways promoting neuronal survival,

differentiation, maturation, remyelination, and synaptic plasti-
city.11−13 Previous studies have shown that decreased BDNF
levels interfere with the healing process after injury in the CNS
and also affect neurodegenerative conditions including
Parkinson’s and Alzheimer’s diseases.4,14 These findings
indicate the potential therapeutic role for BDNF in neural
regeneration.1,15 Unfortunately, BDNF-based therapies have
had little clinical success,16−19 and this has motivated the
search for alternative therapies to enhance BDNF receptor
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signaling. A common problem with the majority of protein
therapies is their short half-life,20 and synthetic nanostructures
have been shown to circumvent this problem.21,22

Several BDNF mimetic peptide sequences identified by
Hughes et al. promoted the survival of neuronal cultures.23,24

In their work, a computer-aided molecular design approach
was used to identify these BDNF mimetic peptides. The most
recently reported peptide was cyclic arginine-lysine-lysine-
alanine-D-proline (RKKADP) found in loop 4 of the native
BDNF protein, which was the only monocyclic mimetic found
to behave as a BDNF-like agonist.25,26 They found that this
sequence increased survival of chick sensory neurons and
improved remyelination in a peripheral nerve injury via TrkB-
independent mechanisms. Despite their mimetic design,
Hughes et al. found that the RKKADP peptide in this
monocyclic conformation did not activate the TrkB receptor
and therefore does not truly mimic the native growth
factor.26,27

Self-assembling supramolecular systems have been identified
as an important class of biomaterials given their ability to
generate ordered and dynamic structures.28 Peptide amphi-
philes (PAs) that self-assemble in water into high aspect ratio
nanofibers and form hydrogel networks in the presence of
physiological electrolytes have emerged as attractive supra-
molecular candidates for regenerative medicine.29,30 PAs have
been shown to be highly bioactive and mimic natural
extracellular matrices.21,31−33 We previously developed PAs
displaying diverse bioactive epitopes such as IKVAV, FGF-2,
and VEGF with the ability to activate β-1 integrin,34,35 FGFR-
1,36 and VEGFR-121 receptors, respectively. We report here on
the incorporation of the RKKADP BDNF mimetic peptide on a
PA capable of assembling in aqueous media into one-
dimensional supramolecular nanostructures. The objective of

this work has been to investigate the ability of supramolecular
nanostructures created with a PA containing a BDNF mimetic
peptide (BDNF PA) to activate the TrkB receptor. In previous
work, the BDNF mimetic peptide (BDNF peptide) alone was
not able to activate the receptor.26,27 The activation of the
TrkB receptor and its corresponding pathways were charac-
terized by studying intracellular signaling of primary cortical
neurons treated with the BDNF PA. We also investigated the
survival, growth, and functional maturation of these cells in 2D
and 3D cultures.

Design and Characterization of the BDNF Mimetic
Peptide Amphiphile Nanostructure. The bioactive portion
of the BDNF peptide consists of three amino acids (arginine-
lysine-lysine) cyclized using a D-proline to ensure the correct
steric conformation for receptor binding (Figure 1a).25,26 The
BDNF peptide developed by the Hughes lab also contained a
nonbioactive alanine which they replaced with a lysine without
significant biological effects.37 For the design of the BDNF PA,
we used this lysine to link the BDNF peptide to a carboxylic
acid functionalized hexaethylene glycol (PEG6) spacer to
increase the distance of the BDNF sequence from the PA
nanofiber surface and ensure signal bioavailability (Figure
1b).38 The PA molecular backbone was designed with four
glutamic acid residues followed sequentially by two alanine
residues, two valine residues (V2A2E4), and an alkyl tail of 16
carbons (C16).

39 The four glutamic acids ensured solubility of
the PA molecule, while V2A2 and C16 created the nanostructure
via β-sheet formation and hydrophobic collapse, respectively. A
PA containing a noncyclized BDNF peptide (linear BDNF PA)
was synthesized as a control to probe the specificity of peptide
conformation on receptor binding (Figure 1c, for synthetic
procedures see Supporting Information section 1.4). The
nonbioactive backbone, C16V2A2E2 PA (E2 PA) (Figure 1d),

Figure 1. Design and characterization of BDNF mimetic peptide amphiphiles (PAs). (a−d) Chemical structures of (a) the cyclic BDNF mimetic
peptide, (b) BDNF PA, (c) linear BDNF PA, and (d) E2 PA when R = H. (e) Cryo-TEM and (f) dynamic light scattering of BDNF PA spherical
nanostructures at 100 mol % with an average diameter of ∼12 nm. (g−i) Cryo-TEM of (g) E2 PA at 100 mol % and of (h) linear BDNF PA and (i)
BDNF PA both coassembled at 10 mol % with E2 PA. (j) Small-angle X-ray scattering curves of PAs corresponding to E2 PA (blue), linear BDNF
PA (green), BDNF mimetic PA coassembled with E2 PA at 10 mol % (purple), pure BDNF PA (pink), and the model fit of each curve (black).
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was used for both BDNF PA nanostructures because of its
known ability to form robust nanoribbons on its own.35

Cryogenic transmission electron microscopy (Cryo-TEM)
demonstrated that the BDNF PA and the linear BDNF PA
alone (100 mol %) were unable to form nanofibers, likely due
to the large steric demands of the BDNF mimetic
peptide structure (Figures 1e and S1). Dynamic light scattering
(DLS) confirmed that the BDNF PA forms spherical micelles
with a diameter distribution centered at 12 nm (Figure 1f). For
optimal fiber formation, we investigated different coassembly
ratios (10, 20, 50, 70, and 90 mol %) of the BDNF PA with E2

(Figures 1g−i and S1). We also found that C16V2A2E4 (E4 PA)
and C16V2A2E4PEG6 (E4PEG PA), which are present in the full
sequence of the BDNF PA, were unable to form nanofibers at
100 mol %. We observed that as the molar ratio of BDNF PA
to E2 PA increased, the propensity to form fibrous
nanostructures decreased significantly (Figure S1). To
corroborate these findings, the coassemblies in solution were
analyzed by small-angle X-ray scattering (SAXS) which, for the
E2 PA, yielded a slope of −2 in the Guinier region fit to a
lamellar model (Figures 1j and S2). BDNF PA coassemblies
(10−70 mol %) exhibited a slope of −1, indicating cylindrical
nanofibers and fit a cylindrical core−shell model (Figure S2b).
Conversely, 100 mol % BDNF PA solutions exhibited a slope
of 0 in the Guinier region corresponding to spherical
nanostructures (Figures 1j and S2b), which is consistent

with the DLS data (Figure 1f). In order to assess the formation
of hydrogen bonding among PA molecules within the
nanofiber, we carried out measurements of circular dichroism
(CD) and Fourier-transform infrared (FT-IR) spectroscopy.
CD and FT-IR spectra of PA materials, except for the E2 PA,
revealed a random coil secondary signature by the lack of
positive ellipticity in the CD spectrum (Figure S3a,c) and a
broad amide I band around 1640−1650 cm−1 in FT-IR spectra
(Figure S3e). All PA compositions that were coassembled at 10
mol % with E2 PA revealed a β-sheet signature in CD spectra
and a peak between 1610 and 1625 cm−1 in their FI-TR
spectra (Figure S3b,d,f).

Cellular Response to the BDNF Mimetic Peptide
Amphiphile Nanostructures. We evaluated the ability of
the BDNF PA supramolecular nanostructure to mimic the
BDNF protein by analyzing its effect on embryonic primary
mouse cortical neurons in vitro. For these experiments we used
1 wt % solutions obtained by coassembling 10 mol % of the
BDNF PA, linear BDNF PA, or E4PEG PA with 90 mol %
of E2 PA. These solutions were annealed at 80 °C for 30 min
and slow cooled to reach the thermodynamically favored fiber
formation (see Supporting Information section 2.1.1 for more
information).40 These coassemblies are referred to as BDNF
PA, linear BDNF PA, or E2 + E4 PEG PA, respectively. PAs
were then added to media to treat the cells for in vitro studies.
Scanning electron microscopy (SEM) and fluorescent confocal

Figure 2. TrKB receptor activation and downstream pathway analysis in primary cortical neurons treated with BDNF PA. (a) SEM micrograph
(left) and confocal micrograph (right) showing a cortical neuron treated with PA nanofibers (red arrows and areas colored in blue). Cells were
stained for SMI312 (axonal marker, red), MAP-2 (dendritic marker, green), and DAPI (nuclei, blue); DAPI also stains the PA. (b) Western blot of
phosphorylated TrkB (p-TrkB), TrkB, and actin in neural cells exposed to BDNF PA and BDNF protein over a period of 24 h in vitro. Starvation
media (Strv) was used as a negative control. (c) Plot of the fraction of TrkB that is phosphorylated on the basis of densitometry analysis of the
Western blot shown in (b) as a function of time. (d) Western blot of p-TrkB and total TrKB receptor in neural cells treated with Strv, BDNF
peptide, different PA conditions (E2 PA, E2 + E4 PEG, linear BDNF, and BDNF PA), and BDNF protein for 6 h in vitro. Western blot shows
duplicate samples for each condition. (e) Bar graph based on densitometry analysis of the Western blot in (d) quantifying the fraction of p-TrkB
after exposure of cultures to the treatments indicated. (f) Western blot of markers for downstream pathways triggered by TrkB activation: PLCγ,
AKT, and ERK 1/2 for neural cells treated with Strv, BDNF peptide, E2 + E4 PEG PA, BDNF PA, and BDNF protein for 6 h in vitro. (g)
Densitometry analysis of phosphorylated proteins normalized to total protein shown in (f). In (e) and (f): (∗) P < 0.05, (∗∗) P < 0.01, and (∗∗∗)
P < 0.001. LSD test: (b−g) n = 3.
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microscopy confirmed that the PA fibers in media interacted
with neural cells (Figures 2a and S4a−c).
To determine the ability of the BDNF PA to activate the

TrkB receptor,9,10,41 we investigated the receptor phosphor-
ylation kinetics using Western blot analysis at different time
points. The BDNF PA was added to the media (containing 0.5
μM of PA molecules with the BDNF mimetic sequence) for 2,
4, 6, 8, 12, and 24 h and compared to the addition of BDNF
protein at an initial dose of 0.25 nM (8 ng/mL)42,43 at the
same time points (Figure 2b,c). As expected, on the one hand,
neuronal cells treated with BDNF protein showed an initial
peak in phosphorylated TrkB (p-TrkB) between 2 and 4 h,
which then began to decrease gradually, and activation was no
longer observed after 12 h. On the other hand, cells treated
with BDNF PA showed a peak in p-TrkB between 4 and 6 h,
indicating their ability to activate the receptor. We also
observed that the BDNF PA and BDNF protein induced
similar levels of p-TrkB 6 h after they were added to the media
(Figure 2c). To exclude the possibility of any cytotoxic effect
of the PAs, a cell viability assay was performed on primary
cortical neurons for 1, 3, and 7 day time points (Figure S4d).
The cell survival remained above 80% for all conditions, which
is indicative of a healthy primary culture.44 To further verify
receptor activation by BDNF PA, we pretreated cortical
neurons with the Trk selective pharmacological inhibitor
K252a45 for 2 h prior to treatment with BDNF PA or BDNF
protein (Figure S5). Western blot analysis showed that both
BDNF PA and BDNF protein-induced TrkB phosphorylation
was completely blocked by K252a 6 h post-treatment. The
results suggest that the BDNF PA not only activates the TrkB
receptor but does so through a mechanism similar to that of
the BDNF protein.
To study the nature of the TrkB receptor activation by our

PA, all components of the BDNF PA (BDNF peptide, E2 PA,
and E2 coassembled with E4PEG PA), as well as the linear
analogue of the BDNF PA, were studied in parallel. At 4 and 6
h time points, none of the components of the BDNF PA were
found to induce TrkB phosphorylation (Figures 2d,e and S6).
The lack of TrkB phosphorylation in the presence of the linear
BDNF PA indicates that the cyclic form of the BDNF mimetic
sequence is critical to bind and activate the receptor.
Consistent with previous observations,26 the BDNF cyclic
peptide alone did not show activation of the TrkB receptor,
suggesting that the activation in the presence of the BDNF
peptide requires presentation by a PA supramolecular
nanostructure. Neuronal cells treated with increasing concen-
trations of BDNF PA (0.5, 1.0, and 5.0 μM) did not reveal
dose-dependent activation of TrkB (Figure S7). Since the 0.5
μM dose was able to activate the total amount of TrkB
receptors present in the experimental cells, this dose was used
throughout our subsequent experiments. Furthermore, none of
the control samples tested induced TrkB activation at higher
concentrations (1.0 and 5 μM). These results indicate that
molecular conformation of the cyclic BDNF mimetic sequence
and its presentation on a supramolecular scaffold are required
for cell signaling.
To further understand cell signaling by the BDNF PA

nanostructure, we treated neuronal cells with different PA
coassembly ratios with E2 PA (10, 20, 50, and 90 mol %) at a
concentration of 0.5 μM for 6h (Figure S8). Within the range
of 10−90 mol % BDNF PA, we observed an activation of the
TrkB receptor. Conversely, 100 mol % of the BDNF mimetic
PA, which does not self-assemble into nanoscale filaments, did

not activate the receptor. To confirm that the BDNF peptide
presentation on a PA supramolecular nanostructure plays a
critical role in TrkB phosphorylation, we immobilized the
BDNF peptide on a solid surface where we expect different
molecular dynamics relative to soluble peptides. We also
synthesized an additional BDNF peptide control functionalized
with a PEG6 linker (PEG6-BDNF peptide) in order to probe its
role in bioactivity. This control was included because this
particular linker is present in the BDNF PA, and it is well-
known that flexible PEG linkers or branched structures can
increase the bioavailability of epitopes.46−48 For this purpose,
(3-aminopropyl)triethoxysilane (APTES)-treated glass cover-
slips were functionalized with the BDNF or the PEG6-BDNF
peptide using 1-ethyl-3-((dimethylamino)propyl)carbodiimide
(EDC) chemistry (Figure S9a,b and Synthetic Scheme in
Supporting Information section 1.6).49 On surfaces coated
with the immobilized BDNF mimetic peptide and the
immobilized PEG6-BDNF mimetic peptide, neuronal cell
survival was reduced to 29% and 34%, respectively (Figure
S9c−e). Control surfaces coated with poly-D-lysine (PDL),
which is widely used in the growth of primary neuronal
cultures, showed 98% cell survival. Neural cells on APTES-
treated control surfaces did not survive after 5 days in vitro
(DIV). Due to the low amount of protein obtained from these
studies, Western blot analysis of TrkB receptor phosphor-
ylation was not possible. As an alternative, we covalently
attached the BDNF peptide or PEG6-BDNF peptide to 6 μm
silica microspheres to treat neuronal cultures in solution
(Figure S10a,b). Neuronal cells treated with silica micro-
spheres functionalized with BDNF peptide or PEG6-BDNF
peptide did not show any activation of the TrkB receptor in
primary neuronal cultures in vitro (Figure S10c−e). These
results indicate that the BDNF peptides attached covalently to
the surface of the silica microspheres are not sufficient to
activate the BDNF receptor. This also suggests that there are
unique dynamic features for receptor activation provided by
the one-dimensional peptide amphiphile supramolecular
nanostructure.

MAPK, PI3K, and PLCγ Activated by BDNF PA-TrkB
Signaling. BDNF-TrkB signaling is involved in transcription,
translation, and trafficking of proteins during various phases of
synaptic development and has been implicated in several forms
of synaptic plasticity.11,50,51 These functions are carried out by
a combination of three signaling cascades triggered when
BDNF binds to TrkB: the mitogen-activated protein kinase
(MAPK), the phosphatidylinositol 3-kinase (PI3K), and the
phospholipase-C gamma (PLCγ) pathways. Activation of the
MAPK and PI3K pathways was detected by Western blot
analysis using antibodies against phosphorylated ERK (pERK
1/2) and phosphorylated AKT (pAKT), respectively (Figure
2f,g). The BDNF PA and native BDNF protein showed a
marked increase in activation of the MAPK and PI3K pathways
in comparison with the control samples after 6 h of treatment.
These pathways play crucial roles in dendrite formation,
neuron survival, and axonal growth.52,53 The PLCγ pathway,
which is one of the pathways associated with synaptic
plasticity,6,54,55 was highly activated for all samples (BDNF
PA, BDNF protein, BDNF peptide alone, E2 + E4PEG PA, and
starvation media), suggesting that this activation can also be
associated with other stimuli in the cell culture environment.
We conclude that the Western blot analysis confirms the ability
of the BDNF PA to induce the activation of MAPK and PI3K
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downstream pathways associated with the TrkB receptor that
are important for survival, growth, and synaptic plasticity.56,57

Neural Plasticity and Maturation Mediated by the
BDNF Peptide Amphiphile Nanostructure. Next, we
investigated if activation of the receptor, and consequently
downstream pathways, can be associated with changes in
neuronal morphology. For this purpose, we cultured primary
mouse cortical neurons with various treatments (BDNF
peptide, E2 PA, BDNF PA, and native BDNF protein as well
as starvation media as a control) for 24 and 72 h. The neuritic
complexity was analyzed using immunocytochemistry with
microtubule associated protein 2 (MAP-2) and pan-axonal
neurofilament protein (SMI312), which are dendritic and
axonal markers, respectively (Figures 3a and S11a). It has been
shown previously that treatment with BDNF protein facilitates
neurite branching,58−60 so we sought to explore if the BDNF

PA nanostructure could induce a similar effect. After 24 h, cells
treated with the BDNF PA showed a significant increase in the
axon length (208 ± 36.2 μm) relative to the native BDNF
protein (116.4 ± 7.5 μm) and all other control treatments
(starvation media, 106.8 ± 7.6 μm; BDNF peptide, 108.8 ±
7.9 μm; E2 PA, 102.5 ± 6.8 μm) (Figure 3b). In addition, the
BDNF PA led to higher numbers of primary neurites (5.08 ±
1.52) (extensions coming directly from the soma), and a
significant increase in the number of secondary neurites (2.18
± 0.23) compared to neurons treated with starvation media
(primary, 3.6 ± 1.68; secondary, 1.06 ± 0.17), BDNF peptide
(primary, 4.6 ± 1.2; secondary, 1.15 ± 0.2), and E2 PA
(primary, 4.7 ± 1.75; secondary, 1.2 ± 0.2). There were no
statistical differences in neurite number between cells treated
with the BDNF PA and native BDNF protein. After 72 h in
vitro, neurons exposed to these two treatments had similar

Figure 3. Morphometric analysis and cell maturation. (a) Confocal images of neuronal cells treated with BDNF peptide, E2 PA, BDNF PA, and
BDNF protein for 24 h in vitro (cells were stained with the axonal marker SMI312 (red), dendritic marker MAP-2 (green), and nucleus as well as
PA marker DAPI (blue)). (b) Morphometric analysis for neural cells treated with starvation media (Strv), BDNF peptide, E2 PA, BDNF PA and
BDNF protein for 24 h. (c) Confocal microscopy images of neuronal cells treated with starvation media (Strv), BDNF peptide, BDNF PA, and
BDNF protein during 2 weeks in vitro. Cells were stained for MAP-2 (dendritic marker, green), TUJ-1 (neuronal marker, red), and DAPI (nuclei
and PA, blue). (d) Western blot of PSD95 (postsynaptic marker), MAP-2 (maturation marker), and TUJ-1 (neuronal marker) of neuronal cells
treated with Strv, BDNF peptide, BDNF PA, and BDNF protein during 2 weeks in vitro. (e) Densitometry analysis of MAP-2 maturation marker
and PSD95 postsynaptic marker after treatments conditions shown in (d) (intensity values normalized to actin). In (b) and (e): (∗) P < 0.05, (∗∗)
P < 0.01, (∗∗∗) P < 0.001, and (∗∗∗∗) P < 0.0001. LSD test: (b) n = 60; (e) n = 3.
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axonal (BDNF PA, 517.6 ± 66.7 μm; BDNF protein, 426.2 ±
25.7 μm) and dendritic lengths (BDNF PA, 519.7 ± 78.03 μm;
BDNF protein, 540 ± 48.07 μm) compared to those of control
samples (Figure S11b). We hypothesize that the increase in
neurite development observed for cells treated with the BDNF
PA at earlier time points can be attributed to the synergistic
stimulus of topographical and biochemical cues provided by
the PA supramolecular nanostructures. To assess the effect of
the BDNF PA on neuronal maturation, the expression of
mature neuronal markers was examined at long time points
(Figure 3c). Neuronal cells were treated with the BDNF PA
and native BDNF protein during 16 DIV and showed a
significant increase of MAP-2, a marker associated with mature
dendrites,61 relative to control treatments. Moreover, post-
synaptic density 95 (PSD95), which plays an important role in
postsynaptic plasticity,62 showed an increase for both of these
treatments as well as the BDNF peptide (Figure 3d,e). We
conclude that TrkB activation by the BDNF PA nanostructure
enhances neuronal maturation in vitro.
Functional Analysis Through Electrophysiology. To

determine if enhanced expression of neuronal maturation
markers correlated with functional maturation, we assessed
electrical activity of primary mouse cortical neurons. A

multielectrode array (MEA) platform was used to assess the
spontaneous and synchronized activity of neuronal cultures
over time, as illustrated in the spike raster plots on day 14 and
day 30 from a well treated with BDNF PA (Figures 4a−c and
S12). Cells cultured with the BDNF PA and BDNF protein for
30 DIV showed increased spontaneous firing frequency
(BDNF PA, 5.9 ± 0.5 Hz; BDNF protein, 4.9 ± 0.2 Hz)
relative to starvation media (starvation, 2.1 ± 0.37 Hz) (Figure
4d). Over time, cells treated with the BDNF PA or BDNF
native protein were able to fire longer network bursts (BDNF
PA, 3.1 ± 0.24 s; BDNF protein, 4.1 ± 0.44 s) with
significantly more spikes per network burst (BDNF PA, 2947
± 333.2; BDNF protein, 2929 ± 252.2) than those in the
control media (starvation media, 667.5 ± 132.2; BDNF
peptide, 1714 ± 251.6) (Figure 4e,f). These results
demonstrate that the treatment of neuronal cells with the
BDNF PA can alter the developmental timeline of neuronal
network excitability in primary neuronal cultures.

Increased Maturation, Infiltration and Electrical
Activity of Neurons on Three-Dimensional BDNF PA
Scaffolds. Next, we investigated whether neurons could
survive, infiltrate, and functionally mature to carry information
by generating action potentials on three-dimensional (3D) gel

Figure 4. Multielectrode array (MEA) recordings of neuronal cultures treated with BDNF PA. (a) Schematic of neurons plated on MEA plate
(left) showing increased voltage activity from electrodes in contact with mature neurons (right). (b) Representative image of neurons cultured on
MEA plate treated with BDNF PA for 30 days in vitro (cells immunostained with MAP-2, a marker of mature dendrites (green), and DAPI, a stain
for nuclei and PA (blue)). (c) Representative raster plots showing electrical activity of culture at 14 and 30 days in vitro for wells treated with
BDNF PA and BDNF protein. (d−f) Plots as a function of time of (d) mean firing rate, (e) network burst duration, and (f) number of spikes per
network burst for cells treated with Strv, BDNF peptide, BDNF PA, and BDNF protein during 2 weeks in vitro. In (d−f): (∗) P < 0.05, (∗∗) P <
0.01, (∗∗∗) P < 0.001, and (∗∗∗∗) P < 0.0001 with respect to starvation media; (#) P < 0.05 with respect to BDNF peptide. LSD test: n = 8 for
BDNF PA and BDNF protein wells, and n = 4 for Strv and BDNF peptide wells.
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scaffolds formed by the filamentous BDNF PA nanostructure.
We tested six gel conditions including the BDNF PA, linear
BDNF PA, E4PEG PA, E2 PA, and E2 PA encapsulating BDNF
protein (BDNF + E2) or BDNF peptide (peptide + E2). All PA
samples had similar nanofiber morphologies and storage
moduli relative to the E2 PA as observed by scanning electron
microscopy and rheological measurements respectively (Fig-
ures 5a−e, S13, and 14). Furthermore, all the PA scaffolds had
storage moduli ranging from 1.9 to 5.6 kPa, which are within
the range of mechanical properties of neural tissue.63

Gels were prepared using a commercial mold to maintain a
uniform shape, size, and degree of swelling (Figure S15).
Neurons were then seeded on top of the gels for 1 week and
were found to exhibit neurite extensions and a homogeneous
neuronal network in all gels tested (Figures 5f and S16a−d).
Neuronal cultures on BDNF PA gels and on BDNF + E2 PA
gels exhibited similar mature phenotypes characterized by
MAP-2 expression. The normalized averages of the MAP-2

intensity were found to be comparable in the BDNF PA gel
(0.64 ± 0.15) and the BDNF + E2 PA gels (0.55 ± 0.08)
(Figure S16e). However, MAP-2 expression was almost twice
as high in these gels relative to E2 PA gels (0.32 ± 0.06).
Moreover, the distance that neurites infiltrated from the top of
the scaffold was nearly four-and-a-half times higher in the
BDNF PA scaffold (179.7 ± 6.0 μm) compared with all the
other conditions (BDNF + E2 PA, 20.1 ± 5.0 μm; peptide + E2

PA, 28.34 ± 4.5 μm; E2 PA, 36.9 ± 9.9 μm) (Figures 5g,h and
S16f,g). It is well-known that BDNF-TrkB signaling induces
neuronal migration and chemotaxis in cortical neurons.64,65 It
also plays a significant role in axon guidance and growth during
development and when applied after injury.66,67 The greater
neurite infiltration in BDNF PA gels could be partially
explained by the BDNF sequence presentation throughout
the whole gel. The low cell infiltration on the BDNF + E2 PA
and peptide + E2 PA gels might be associated with the release
of both molecules into the media over time as seen in previous

Figure 5. Infiltration and maturation of cortical neurons in BDNF PA scaffolds. (a) SEM showing nanofibers in E2 PA and BDNF PA gels. (b)
Storage moduli of E2 PA and BDNF PA. (c, d) Scanning electron micrograph and (e) confocal micrograph images showing cortical neurons seeded
on top of 3D PA scaffolds for 1 week in vitro. (f) Confocal images showing top and side (z-stack = 160 μm) view sections of cells cultured on PA
gel scaffolds for 1 week in vitro (images show cells stained with MAP-2 (dendritic marker, green) and Tuj-1 (neuronal marker, red)). (g) Depth-
coded z-stack reconstructions showing cell infiltration after 1 week in vitro. (h) Quantification of cell infiltration depth in E2 PA, BDNF + E2 PA,
BDNF peptide + E2 PA, and BDNF PA gels. (i) Representative traces of action potentials elicited by 1 s, 10 pA current injection steps from 10 to
80 pA recorded from neurons in BDNF + E2 PA, BDNF PA, and E2 PA gels, 1 week in vitro. (j) Plot of current injection versus number of spikes
for conditions in (i). In (h) and (j): (∗∗) P < 0.01 and (∗∗∗∗) P < 0.0001. LSD test (b, h) and ANOVA followed by posthoc analysis was used for
current clamp recordings (j).
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studies where a similarly sized and charged protein completely
eluted from PA gels.33 The ability of the BDNF PA to induce
neuronal migration, as well as dendritic and axonal infiltration,
is another indication of the capacity of the bioactive
nanostructure’s mimicry.
Finally, we investigated whether the neurons cultured on the

BDNF PA gels were functionally mature by measuring their
action potentials. Cortical neurons were cultured for up to 1
week on BDNF PA gels, and patch-clamp recordings were
performed in whole-cell current-clamp mode. A higher number
of action potentials relative to steps of current injection were
observed in neurons cultured on BDNF PA (7.7 ± 2.4) and
BDNF + E2 PA (9.4 ± 3.7) gels relative to cells on the E2 PA
(1.7 ± 0.8), indicative of a more excitable cell phenotype
(Figure 5i,j). Collectively, the population and single-cell based
electrophysiological recordings along with the immunostaining
suggested that neurons on the BDNF PA gels form a
connected network of mature neurons capable of propagating
electrical information.
We reported here on the synthesis and characterization of a

peptide amphiphile supramolecular nanostructure displaying a
BDNF mimetic peptide that induces biological responses
similar to those of the native BDNF protein. The therapeutic
potential of BDNF has been tested in several in vivo studies
and clinical trials for neurologic conditions over the past
several decades.17,18,27,68,69 Several studies investigating small
synthetic peptide mimetics, and small molecule ligands based
on the BDNF and TrkB receptor interaction have been shown
to promote survival, axonal regrowth, and maturation of neural
cells using both in vitro and in vivo models.22,26,70−73 One
example of such systems is a peptide known as RADA16
functionalized with a neurotrophic peptide derived from
BDNF; however, these studies have not demonstrated
activation of the TrkB receptor and its downstream signaling
cascades.74,75 In the supramolecular nanostructure investigated
here, this activation has been clearly demonstrated as well as
the enhancement of neuronal electrical activity in 2D and 3D
cultures.
A key finding of our study has been the observation that the

BDNF mimetic peptide used was only bioactive when
displayed on a peptide amphiphile supramolecular nanofiber.
In fact, as previously discussed, we showed that use of the
specific PEG6 linker in our PA monomer was not sufficient to
induce the observed supramolecular bioactivity. We speculate
that single PA monomers or clusters of the supramolecular
scaffold are able to create optimal adaptive configurations to
interact with receptors in the highly dynamic environment of
the cell. A specific mechanism could be the partial
fragmentation of the long high aspect ratio supramolecular
nanofibers to enhance receptor-signal interactions.76 This
would facilitate the ability of the fiber to dimerize and also
cluster receptors for effective TrkB receptor activation. In this
context it is clear that these mechanisms would not be available
to molecules bound by covalent bonds in either macro-
molecules or functionalized particles. The elucidation of these
mechanistic details will require future studies using highly
advanced imaging methodologies, some of which may not be
fully developed yet.
We conclude that the BDNF PA supramolecular nanostruc-

ture investigated here was able to induce the activation of not
only the TrkB receptor but also its downstream signaling
cascades responsible for cell survival, growth and functional
maturation in 2D cultures. Furthermore, the gels formed by

the BDNF PA nanostructures encourage neuronal cell
infiltration in 3D while increasing maturation and functional
electrical activity after 1 week in vitro. This observation
suggests the possibility of using these soft nanostructures to
help promote regeneration or engraftment of transplanted cells
in the CNS.
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would also like to thank Dr. Ivań Sasselli for his assistance with
all FT-IR experiments.

■ ABBREVIATIONS
AKT, serine/threonine specific protein kinase; APTES, (3-
aminopropyl)triethoxysilane; BDNF, brain derived neuro-
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system; Cryo-TEM, cryogenic transmission electron micros-
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carbodiimide; ERK 1/2, extracellular signal-regulated kinase 1/
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spectroscopy; IKVAV, isoleucine-lysine-valine-alanine-valine;
MAP-2, microtubule-associated protein 2; MAPK, mitogen-
activated protein kinase; MEA, multielectrode array; NGF,
nerve growth factor; NT-3, neurotrophin 3; NT-4, neuro-
trophin 4; PA, peptide amphiphile; pAKT, phosphorylated

serine/threonine specific protein kinase; PDL, poly-D-lysine;
pERK 1/2, phosphorylated extracellular signal−regulated
kinase; PI3K, phosphoinositide 3-kinase; PLCγ, phospholipase
C gamma; PSD95, postsynaptic density protein 95; pTrkB,
phosphorylated tyrosine kinase B; SAXS, small-angle X-ray
scattering; SEM, scanning electron microscopy; TrkB, tyrosine
kinase B; VEGF, vascular endothelial growth factor; VEGFR-1,
vascular endothelial growth factor receptor 1.
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S.; Serrano, C. M.; Boekhoven, J.; Lee, S. S.; Stupp, S. I. Instructing
cells with programmable peptide DNA hybrids. Nat. Commun. 2017,
8, 15982.
(29) Hartgerink, J. D.; Beniash, E.; Stupp, S. I. Self-assembly and
mineralization of peptide-amphiphile nanofibers. Science 2001, 294
(5547), 1684−1688.
(30) Hendricks, M. P.; Sato, K.; Palmer, L. C.; Stupp, S. I.
Supramolecular Assembly of Peptide Amphiphiles. Acc. Chem. Res.
2017, 50 (10), 2440−2448.
(31) Silva, G. A.; Czeisler, C.; Niece, K. L.; Beniash, E.; Harrington,
D. A.; Kessler, J. A.; Stupp, S. I. Selective differentiation of neural
progenitor cells by high-epitope density nanofibers. Science 2004, 303
(5662), 1352−1355.
(32) Lee, S. S.; Fyrner, T.; Chen, F.; Álvarez, Z.; Sleep, E.; Chun, D.
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(50) Martínez, A.; Alcańtara, S.; Borrell, V.; Del Río, J. A.; Blasi, J.;
Otal, R.; Campos, N.; Boronat, A.; Barbacid, M.; Silos-Santiago, I.;
Soriano, E. TrkB and TrkC signaling are required for maturation and
synaptogenesis of hippocampal connections. J. Neurosci. 1998, 18
(18), 7336−50.
(51) Ji, Y.; Lu, Y.; Yang, F.; Shen, W.; Tang, T. T.; Feng, L.; Duan,
S.; Lu, B. Acute and gradual increases in BDNF concentration elicit
distinct signaling and functions in neurons. Nat. Neurosci. 2010, 13
(3), 302−9.
(52) Cohen-Cory, S.; Kidane, A. H.; Shirkey, N. J.; Marshak, S.
Brain-derived neurotrophic factor and the development of structural
neuronal connectivity. Dev. Neurobiol. 2010, 70 (5), 271−88.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.8b02317
Nano Lett. 2018, 18, 6237−6247

6246

http://dx.doi.org/10.1016/j.actbio.2018.08.005
http://dx.doi.org/10.1016/j.actbio.2018.08.005
http://dx.doi.org/10.1021/acs.nanolett.8b02317


(53) Gorski, J. A.; Zeiler, S. R.; Tamowski, S.; Jones, K. R. Brain-
derived neurotrophic factor is required for the maintenance of cortical
dendrites. J. Neurosci. 2003, 23 (17), 6856−65.
(54) Gottschalk, W. A.; Jiang, H.; Tartaglia, N.; Feng, L.; Figurov,
A.; Lu, B. Signaling mechanisms mediating BDNF modulation of
synaptic plasticity in the hippocampus. Learn Mem 1999, 6 (3), 243−
256.
(55) Okada, D.; Yamagishi, S.; Sugiyama, H. Differential effects of
phospholipase inhibitors in long-term potentiation in the rat
hippocampal mossy fiber synapses and Schaffer/commissural
synapses. Neurosci. Lett. 1989, 100 (1−3), 141−6.
(56) Thomas, G. M.; Huganir, R. L. MAPK cascade signalling and
synaptic plasticity. Nat. Rev. Neurosci. 2004, 5 (3), 173−83.
(57) Yoshii, A.; Constantine-Paton, M. Postsynaptic BDNF-TrkB
signaling in synapse maturation, plasticity, and disease. Dev. Neurobiol.
2010, 70 (5), 304−22.
(58) Huang, E. J.; Reichardt, L. F. Neurotrophins: Roles in Neuronal
Development and Function. Annu. Rev. Neurosci. 2001, 24 (1), 677−
736.
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