
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 high 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

Álvarez et al., Science 374, 848–856 (2021) 12 November 2021 3 of 9

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).

RESEARCH | RESEARCH ARTICLE
D

ow
nloaded from

 https://w
w

w
.science.org at E

PF L
ausanne on O

ctober 11, 2024



Álvarez et al., Science 374, 848–856 (2021) 12 November 2021 4 of 9

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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