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Abstract: Stem-cell behavior is regulated by the material
properties of the surrounding extracellular matrix, which has
important implications for the design of tissue-engineering
scaffolds. However, our understanding of the material proper-
ties of stem-cell scaffolds is limited to nanoscopic-to-macro-
scopic length scales. Herein, a solid-state NMR approach is
presented that provides atomic-scale information on complex
stem-cell substrates at near physiological conditions and at
natural isotope abundance. Using self-assembled peptidic
scaffolds designed for nervous-tissue regeneration, we show
at atomic scale how scaffold-assembly degree, mechanics, and
homogeneity correlate with favorable stem cell behavior.
Integration of solid-state NMR data with molecular dynamics
simulations reveals a highly ordered fibrillar structure as the
most favorable stem-cell scaffold. This could improve the
design of tissue-engineering scaffolds and other self-assembled
biomaterials.

Introduction

Stem cells respond to their microenvironment, which
provides critical cues for their migration, differentiation, and
proliferation.[1–5] The regulatory interplay between stem cells
and their native extracellular matrix has important implica-
tions for the design of biomimetic tissue-engineering scaf-

folds, with potentially exciting applications in regenerative
medicine that could lead to a paradigm shift in therapeutic
treatments.[6–10] In order to improve our capabilities in
engineering tissues, in-depth understanding of properties of
stem cell substrates is essential.[2, 4,10–12] Furthermore, it has
been recognized by cell biologists that a better understanding
of designer matrices is critical for progress in translational
research with stem cells and organoids.[13]

Commonly, nano- or macroscale biophysical tools are
used for the characterisation of biomimetic stem-cell sub-
strates.[3] Information at the atomic scale is very scarce,
although such information could critically improve the design
of stem-cell substrates, and enable to distinguish materials
that exhibit similar properties on higher length scales.[5]

Indeed, atomic-scale information could enable the develop-
ment of stem-cell substrates with optimized biomechanical
parameters,[14, 15] improved exposure of functional motifs,[16]

better cross-linking strategies,[10,17] tuned nanotopography,[18]

or the inclusion of stimuli-responsive elements.[19]

In this work, we discover novel design parameters for
neural-tissue scaffolds using solid-state nuclear magnetic
resonance (ssNMR), a technique that enables the character-
ization of soft matter at atomic-level and at close-to
physiological conditions. We studied a series of peptidic
hydrogels that were designed to self-assemble into biocom-
patible scaffolds for the treatment of spinal-cord injury
(SCI),[20] a damage for which no medical cure is available,
yet a growing body of evidence suggests that biomechanical
cues can guide SCI repair.[21,22] The peptides display variants
of the bone marrow homing peptide 1 (BMHP1) functional
motif that stimulates interactions with neural stem cells, and
some peptides feature an N-terminal biotin tag to foster self-
assembly (Table 1). The most favorable hydrogels showed
attractive self-healing properties, stimulated human neural
stem cell (hNSC) viability and differentiation in vitro, and
showed regenerative potential in vivo in a rodent model of
SCI.[20]

Here, using an NMR approach that works at natural
isotope abundance and enables the fast screening of complex
materials, we present decisive molecular determinants, such
as the homogeneity and the self-assembly degree of the
scaffold, that directly correlate with hNSC viability. More-
over, using an advanced ssNMR setup that works with as little
as 60 nmol of unlabelled material, we succeed to understand
how supramolecular structures of stem-cell substrates relate
to favorable functional properties, which we correlate to
macroscopic atomic force microscopy (AFM) and rheology
data. Altogether, our study presents ssNMR as a broadly
applicable, high-resolution technique to gauge tissue-engi-
neering scaffolds that, in combination with other methods,
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enables a holistic characterization of stem-cell substrates
from the atomic to the macroscopic length scale.

Results and Discussion

Mechanical Characterization at the Atomic Scale

We prepared a series of self-organized BMHP1-peptide
hydrogels at a concentration of 3% w/v (Table 1). First, we
analyzed the mechanical properties of the highly hydrated
samples using high-resolution ssNMR. We quantified the
rigid and dynamic fractions of the hydrogels using one-
dimensional (1D) so-called dipolar NMR experiments (i.e.,
experiments that rely on the presence of dipolar couplings
between 1H and 13C) that detect immobile molecular compo-
nents, and scalar NMR experiments that report on mobile
components with pronounced fast pico-to-nanosecond dy-
namics that do not form stable, large assemblies (Fig-
ure 1A,B). Remarkably, our experiments, which were per-
formed without synthetic 13C-isotope enrichment, revealed
clear mechanical differences between the hydrogels. The
hydrogels formed by peptides 2 (dubbed hydrogel 2) and B26
gave intense scalar spectra and virtually no dipolar signal.
This implies that peptides in these two hydrogels are highly
mobile, weakly associated, and do not form larger aggregates.
We confirmed that the scalar spectra of the hydrogels relate to
fast tumbling, small assemblies or free peptides by solution
NMR measurements of free peptides that yielded exactly the
same signals (Supporting Information, Figure S1). In stark
contrast, the biotinylated hydrogels B3, B15, and B24 gave
intense dipolar spectra and very faint scalar signals, implying
high rigidity and high assembly degrees. Intriguingly, the rigid
hydrogels B15 and especially B24 performed best in previous
cell viability assays[20] in which the BMHP1-derived scaffolds
were used as substrates to culture hNSCs, a well-standardized
source of somatic human stem cells for in vitro testing of
peptidic biomaterials,[23, 24] while the mobile hydrogels exhib-
ited no significant difference to the negative control. Thereby,
the data strongly suggest that the appropriate mechanical
stiffness at the molecular level of the hydrogel is a crucial
functional factor.

Remarkably, only in hydrogel B24, the best performing
stem-cell substrate, virtually all scalar signals completely
disappeared. Furthermore, the aromatic Phe5 sidechain in the
middle of the peptides, which mutational studies suggest to be
a hotspot for peptide assembly, is only completely rigidified in
scaffold B24.[25] This implies that all peptides are firmly
assembled in hydrogel B24, which strongly suggests that this
is favorable for the culturing of hNSCs, and which we
investigate in detail below.

The Structure of the Peptides in the Scaffold

As a next step, we investigated the impact of the peptide
conformation in the supramolecular environment on the
functional properties. Therefore, we sought to quantitatively
assign the NMR chemical shifts, which are delicate reporters

Table 1: List of BMHP1-derived peptides and ssNMR analysis of the
hydrogel-mechanics. The hydrogel classification is based on the signal
intensities in Figure 1. Rigid hydrogels give intense dipolar and faint
scalar signals, respectively, while mobile hydrogels give faint dipolar and
intense scalar signals. Hydrogels 2 and B26 were classified as highly
mobile because they showed by far the strongest scalar and no or
vanishingly small dipolar signals.

Name Peptide Sequence ssNMR analysis (hydrogel)

2 Acetyl-GGGPFSSTKT-CONH2 highly mobile
B3 Biotin-GGGPFSSTKT-CONH2 rigid
4 Acetyl-WGGGPFSSTKT-CONH2 mobile
B15 Biotin-GGGAFSSTKT-CONH2 rigid
B24 Biotin-GGGAFASTKT-CONH2 rigid
B26 Biotin-GGGPFASTKT-CONH2 highly mobile
30 Acetyl-WGGGAFASTKT-CONH2 mobile
31 Acetyl-WGGGAFSSTKT-CONH2 mobile

Figure 1. The mechanical properties of the hydrogels at the atomic
scale. A) 13C-detected dipolar cross-polarization ssNMR spectra that
characterize the immobile fraction of the hydrogels. B) 13C-detected
scalar INEPT ssNMR spectra that characterize dynamic molecular
components with fast nanosecond motion and large amplitudes. All
spectra were acquired at 500 MHz, 10 kHz magic angle spinning
(MAS), and at 280 K sample temperature.
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of peptide conformation.[26] However, quantitative chemical-
shift assignments of solid-like decametric peptides with
complex tags require two-dimensional (2D) spectra. Unfortu-
nately, such spectra usually necessitate isotope enrichment,
which drastically limits the applicability of NMR because of
severely increased material costs and the high complexity of
labelling certain materials. Here, we demonstrate extensive
proton and carbon assignments of solid-like hydrogels at
natural isotope abundance and physiological temperatures
using a 1H-detected ssNMR setup that strongly increases
signal sensitivity and requires less than 75 mg (60 nmol) of
unlabelled peptide.[27–35] To our knowledge, this is the first
time that 1H-detected ssNMR has been successfully used to
quantitatively assign solid-like peptide hydrogels at natural
abundance, suggesting that this is a highly promising tech-
nique for the quantification of such materials in the future.

We acquired a 1H-detected dipolar 2D 13C-1H correlation
spectrum of scaffold B24 at 800 MHz magnetic field and
60 kHz magic angle spinning (MAS, Figure 2A). We carefully
verified that the signal positions were exactly the same at 15
and 60 kHz MAS, demonstrating that the scaffold structure is
not modulated by the sample spinning frequency (Supporting
Information, Figure S2). The 2D 13C-1H spectrum exhibited
a very favorable spectral resolution and we could readily
identify most of the signals by their characteristic chemical
shifts. Such fingerprint signals were the Gly1–3 CaHa, Phe5
CbHb, Ser7 CbHb, and Ala/Thr CaHa and CbHb. The Ser7
CaHa signal could be unambiguously identified by compar-
ison with hydrogel B15, which has two serine residues and
features a much stronger signal at 57 13C ppm. We could also
assign the biotin tag, which provided detailed insights into its
molecular role in the hydrogel. A comparison with solution
NMR spectra of free B24 peptides shows significant chemical
shift perturbations of more than one ppm for several biotin
carbons (C2, C3, C6, and C9, Supporting Information,
Figure S3),[36] demonstrating that biotin changes its confor-
mation in the hydrogel. These data imply that biotin is
actively involved in the self-assembly procedure and most
likely rigidly packed in the hydrophobic core, agreeing with
the critical role of biotin for the formation of rigid hydrogels
(Figure 1). With these extensive assignments, we were able to
determine the conformation of the assembled B24 peptides at
high-resolution (Figure 2B,C). This analysis revealed that
residues Ala4-Phe5-Ala6-Ser7-Thr8-Lys9 adopt b-strand con-
formation in hydrogel B24, while residue Thr10 has reduced
b-strand propensity. Note that the free peptide B24 adopts
a random coil structure (Supporting Information, Figure S4).

The Order of the Scaffold as a Novel Design Parameter

With the help of our detailed structural knowledge of B24,
we sought to understand the molecular structure of the other,
functionally less favorable hydrogels. Particularly, we hy-
pothesized that further, thus far ignored, material properties
exist that critically influence the use of hydrogels as hNSC
substrates. Indeed, while an appropriate rigidity (usually
between 100 and 1000 Pa at the macroscale) is important for
neural-tissue engineering scaffolds,[37] rigidity is clearly not

the only decisive factor: while hydrogels B3, B15, and B24 all
showed high rigidity in ssNMR spectra, B15/B24 outper-
formed hydrogel B3 in previously published cell viability
assays.[20] We decided to acquire dipolar spectra for a selection
of five hydrogels (2, B3, B15, B24, 30) at a very high magnetic
field of 950 MHz, which strongly improves NMR spectral
quality (Figure 2E). Indeed, at 950 MHz, we succeeded to
quantitatively understand the molecular structure of the
hydrogels, and we demonstrate that the sample homogeneity
and assembly degree are new material properties of striking
importance.

At 950 MHz, hydrogels B15 and B24 yield very similar
dipolar spectra with many remarkably sharp signals of less
than 0.3 13C ppm, demonstrating that both scaffolds are highly
ordered and adopt extended conformations from residues
Ala4 to Thr10. However, while B24 shows virtually no sign of
heterogeneity, a number of B15 signals, such as Lys9 and
Thr10 in the functional C-terminus, are broadened (Fig-
ure 2D). Especially the critical residue Phe5 shows increased
heterogeneity for both Ca (0.58 and 0.34 13C ppm in B15 and
B24, respectively) and Cb (0.66 and 0.21 13C ppm in B15 and
B24, respectively). The increased disorder of Phe5 correlates
with residual scalar signal of Phe5 in B15 and the reduced
assembly degree of B15 (Figure 1), while all peptides are
assembled in the extraordinarily homogeneous scaffold B24.
Surprisingly, our 950 MHz data reveal that scaffold B3 is
a polymorph (Figure 2E) that consists of i) a dominant
ordered conformation with sharp signals (0.3–0.4 13C ppm)
and ii) a multitude of unstructured peptides that give very
broad signals. The polymorphism of B3 is readily visible by
the broad signal feed and the signals in the spectral region
below 20 13C ppm that corresponds to unstructured peptides
and is empty in B15/B24. Most likely, the heterogeneity of B3
results from the Pro residue in the middle of the peptide,
which impedes the formation of ordered supramolecular
structures, and which is replaced by an Ala in B15 and B24.
The observed sample heterogeneity can either relate to static
molecular disorder and/or slowly exchanging conformations.
Notably, the functional C-terminal BMHP1 motif that fosters
stem-cell contacts changes from b-strand to coil conformation
in hydrogel B3, as we can unambiguously determine from the
lower chemical shifts of Thr8b/Thr10b (70.9/70.4 and 72.1/71.4
13C ppm in B3 and B24, respectively) and the much higher
shifts of Lys9Ca (54.8 and 51.7 13C ppm in B3 and B24,
respectively). Most importantly, the reduced secondary
structure and decreased order that we observe in scaffold B3
and other stem-cell scaffolds (see below) correlate with less
favorable functional properties, as demonstrated in previous
cell viability assays.[20] Future atomic-scale studies with other
designer stem-cell scaffolds would be highly insightful to
gauge and generalize our findings.[13]

We also acquired dipolar spectra at 950 MHz for the
mobile hydrogel 30 and the highly mobile hydrogel 2 in order
to understand the molecular properties of the small rigid
fractions of these scaffolds with low assembly degrees (Fig-
ure 2E). Since the rigid fractions are the minor fractions in
mobile and very mobile hydrogels, we required drastically
longer measurement times (180000 signal accumulations/
sample, i.e., 5 days for each sample) in order to obtain clear
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Figure 2. The conformation and dispersity of the assembled peptides at high resolution. A) 1H-detected 2D 13C-1H spectrum of hydrogel B24 at
natural abundance, acquired at 800 MHz using 60 kHz MAS and 305 K sample temperature. B) [Ca-Cb] secondary chemical shift (SCS)[26] analysis
reveals pronounced b-strand conformation for residues Ala4-Thr10. C) Structural representation of the assembled peptide B24 derived from
ssNMR. D) Cross-sections of 13C dipolar signals of B24 (left panel) and B15 (right). The linewidth at half-height is indicated. E) ssNMR spectra of
hydrogels 2, B3, B15, B24, and 30 acquired at 950 MHz using 15 kHz MAS. 30000 signals were accumulated for the rigid hydrogels (B3, B15,
B24), and 180000 accumulations for the mobile hydrogel 30 and the very mobile hydrogel 2. Spectra were processed with exponential line-
broadening (10 Hz for hydrogels B3, B15, and B24; 30 Hz for hydrogel 30; 200 Hz for hydrogel 2). The red and blue bars mark threonine residues
in extended and coiled structures, respectively. F) ThT fluorescence measurements of the hydrogels.
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dipolar signals. Signals of hydrogel 30 were generally much
broader than for B24, which relates to a markedly increased
heterogeneity of the assembly. Intriguingly, as can be
unambiguously deduced from the doubling of Thr8b/Thr10b

signals and the characteristic chemical shifts,[26] hydrogel 30
exhibits both coiled and extended conformations for the
functionally critical C-terminus. The substantial disorder of
the C-terminus is also readily visible from the Ser7b signal,
which is more than four times wider in hydrogel 30 than in
B24 (1.43 and 0.34 13C ppm in hydrogels 30 and B24,
respectively). This situation is even more pronounced for
the highly mobile hydrogel 2. While the assembly domain in
hydrogel 2 around Phe5 features starkly broadened yet still
discernible signals, the functional C-terminus (residues Ser7,
Thr8, and Thr10) is extremely disordered and almost broad-
ened beyond detection. Thereby, our quantitative ssNMR
analysis demonstrates that the peptide heterogeneity corre-
lates with lower assembly degree, i.e., with more intense
scalar signals (Figure 3). This conclusion is confirmed by
thioflavin T (ThT) fluorescence measurements that very
clearly show that increasing homogeneity/order of the ssNMR
spectra goes hand in hand with an increase in ThT fluores-
cence, i.e., with an increase in stable b-structured assemblies
(Figure 2F). Most importantly, a comparison with previous
cell viability assays clearly shows that peptide order directly
correlates with favorable functional properties.[20] Altogether,
these findings demonstrate that the conformational homoge-
neity and the assembly degree are novel, vital functional
factors for peptidic tissue-engineering scaffolds. Interestingly,
the recently reported fibers assembled from the gel-forming
MAX1 peptide also show an intriguing homogeneity with
a single molecular conformation,[38] and these assemblies also
exhibit remarkable mechanical bulk stability.[39]

The Supramolecular Organization of the Scaffolds

To gain insights into the global arrangement and self-
assembly pathway of the hydrogels, we used long and large-
scale restrained atomistic molecular dynamics (MD) simu-
lations.[40,41] Initially, we focused on the functionally most
favorable hydrogel B24. In order to steer the assembly
behavior, we integrated the ssNMR secondary structure
information into the MD simulation via TALOS + ,[42] a widely
used software that derives torsional angles from chemical
shifts. We simulated the self-organization of one hundred B24
peptides that were initially randomly distributed in a water-
filled box. The peptides rapidly formed smaller clusters within
50 ns. Interestingly, due to the preference for b-strand
conformation and their amphiphilic nature, the peptides
mostly assemble to extended formations (Supporting Infor-
mation, Figure S5). These stretched clusters then unite to an
elongated fiber-like construct reminiscent of the flat B24
fibers previously observed by AFM.[20] The resulting fibrous
assembly spans through the entire simulation box and exhibits
a high b-strand content (Figure 4A), in line with ssNMR data.

Next, we analyzed the fiber organization. A molecular
contact map (Figure 4E) shows that biotin and Phe5 are the
two major intermolecular hotspots. These data demonstrate

that the aromatic rings engage in intense p–p-stacking, and
that Phe5 and biotin are mutually packed into the core of
scaffold B24, which agrees well with our ssNMR results
(Figures 1 and 2), and matches with X-ray powder diffraction
data.[25] Intriguingly, the functional C-terminus is substantially
less involved in peptide–peptide interactions, and hence
available to engage in contacts with cellular receptors. Indeed,
a calculation of the water exposure shows that hydrophobic
N-terminus is buried in the fiber core, while the C-terminal
BMHP1 motif forms the functional surface (Figure 4C).

To understand the role of biotin, we replaced biotin by an
acetyl tag and performed another simulation of similar size
and duration. Furthermore, we did a similar simulation for

Figure 3. Structuring and assembly from ssNMR. A) Illustration of the
building blocks that form fibers and large assemblies. This is based on
the dipolar ssNMR data reported in this study. B) The assembly degree
of the hydrogels, derived from comparative dipolar and scalar ssNMR
data. Strings illustrate fibers that give dipolar NMR signals, while the
yellow shapes relate to small assemblies that give scalar signals. The
relative thickness of the fibers was derived from AFM data (see
below).
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peptide 2. Interestingly, the acetylated peptides also aggre-
gated to smaller cluster that, however, did not stably combine
to longer fiber-like constructs (Figure 4B,D). This observa-
tion strongly suggests that biotin critically stimulates the
transition from a small stretched cluster to elongated fibers,
which agrees well with our ssNMR data and explains why we
see substantially weaker dipolar signals for peptide 2 and all
peptides without a biotin tag. Remarkably, in the peptides 2
and NAc24, which are not tagged with biotin, the functional
C-terminus is much more strongly involved in packing
interactions, which is presumably detrimental for its avail-
ability as focal point for cellular contacts (Figure 4F,G). In
particular, for peptide 2, the C-terminus shows a wide range
of intermolecular interactions, explaining the strong broad-

ening of the peptide 2 C-terminus in NMR spectra (Fig-
ure 2E). Remarkably, residue Pro4 in peptide 2 increases the
disorder, which matches with the polymorphism in hydrogel
B3 that features a Pro at the same position (Figure 2E).

Comparison to Morphological and Rheological Properties

Finally, we sought to relate our atomistic insights to
morphological and viscoelastic properties. Morphological
hydrogel properties are typically studied with AFM. AFM
data show that the highly ordered hydrogels B15 and B24
indeed exhibit a markedly different morphology compared to
the heterogenous or mobile hydrogels (Figure 5A and

Figure 4. The supramolecular organization. A) B24 fiber-like assembly after 1 ms of restrained atomistic MD simulation. B) Replacing the biotin
tag by an acetyl tag markedly reduces the self-organization tendency. C) The functional C-terminus (Ser7-Thr8-Lys9-Thr10, shown in blue) is
surface-accessible in the B24 fiber assembly. The N-terminal residues Gly1-Phe6 and biotin are colored in yellow. The insert shows the water
exposure derived from the MD simulation. D) Peptide 2 also shows reduced self-organization tendency. E) Residual contact matrix derived from
the B24 simulation using a 5 b cut-off distance. F) Same as (E), but for the N-acetylated peptide 24. G) Same as (E), but for peptide 2.
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Supporting Information, Figure S6). While peptides B15 and
B24 assemble into flat tabular fibers, B3 and the other
peptides formed twisted fibers/protofibrils or more complex
structures, which agrees with previous studies.[20] Interestingly,
the height of 1.7–2.1 nm that we measured with AFM for the
B24 fibers (Figure 5B) matches well to the height of the
simulated B24 fiber-like assembly, which corroborates that
our MD simulation is representative for the fiber formation.
The AFM data also showed that, compared to peptide B3,
B15 and B24 self-organize into a more homogeneous network
of nano-fibers. Such a dense three-dimensional fiber-network
better resembles the typical features of the native proteins of
the extracellular matrix,[43] and this may be one of the reasons
why hydrogels B15 and B24 are more suitable as proregener-
ative substrates. In agreement with ssNMR data, hydrogel 2
only formed sparse nano-dots but no fibers, while hydrogel 30
showed a much lower fiber density (Supporting Information,
Figure S6). Intriguingly, B15 and B24 give basically the same
AFM morphologies at the nano-scale, while atomic scale
ssNMR data show critical differences.

Rheological measurements of the storage (G’) and loss
(G’’) moduli are commonly used to characterize viscoelastic
and mechanical properties of hydrogels. Here, G’ reflects the
stiffness, while G’’ represents the energy dissipated during the
oscillatory test and correlates with the liquid-like response of
the hydrogel. The ratio between G’ and G’’ provides insights
into the viscoelastic profile, i.e., whether a material behaves
as an elastic solid (G’>G’’) or a viscous liquid (G’<G’’).[44]

The assemblies of peptides B3, B15, and B24 showed typical
hydrogel-like profiles, featuring a predominantly elastic solid-
like behavior (G’) relative to the viscous component (G’’)
(Figure 5C, left panel), matching with our previous studies.[20]

In contrast, the assemblies formed by peptides 2, 4, B26, 30,
and 31 showed substantially lower G’ values, implying softer
hydrogels and a weaker tendency to assemble (Supporting
Information, Figure S7). These data agree very well with our
quantitative ssNMR analysis.

We were particularly interested to compare the three rigid
hydrogels in order to explore if the polymorphism of
scaffold B3 is reflected in rheological properties. In compar-
ison to B3 (G’ value of 1526 Pa), hydrogels B15 and B24
showed more pronounced solid-like properties with an elastic
shear modulus G’ of 3606 Pa and 7131 Pa, respectively. Next,
we performed strain-to-failure tests in order to assess the
hydrogels failure when subjected to a linear strain progression
(Figure 5C, right panel). In line with its lower G’ value, B3
showed a strain-to-failure value of 9.8% (corresponding to
a stress-to-failure of 13.24 Pa), while hydrogels B15 and B24
exhibited markedly less deformation before failure (1.5%
and 2.3 %, respectively) together with higher stress-to-failure
values (89.07 Pa and 228.3 Pa, respectively). Notably, these
results suggest that the higher stability of hydrogels B15/B24
relates to their much higher molecular order observed with
ssNMR. Here, the higher bulk mechanical stability of hydro-
gels B15/B24 likely relates to an optimal molecular packing,
maximizing interresidual and intermolecular contacts,[39]

Figure 5. Morphological and rheological characterization. A) AFM analysis. Peptide B3 assembles into shorter twisted protofibrils, while
peptides B15 and B24 form long tabular fibers (scale bar 1 mm). B) (left panel) AFM height measurement of scaffold B24 ranging from 1.7 nm to
2.1 nm. (right panel) We observed similar heights the B24 fiber in restraint MD (rMD) simulation. C) (left panel) Rheological characterization of
solutions of assembled peptides B3, B15, and B24 were monitored by frequency sweep tests (0.1–1000 Hz) at low strains (1%). The assemblies
showed typical hydrogel-like profiles featuring a predominant elastic solid-like behavior (G’, solid dots), compared with the viscous component
(G’’, empty dots). (right panel) In strain-to-failure tests, hydrogels B15 and B24 are less prone to deformation than B3.
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while the packing is compromised in disordered samples,
which can be associated with reduced mechanical stability.[45]

Altogether, we demonstrate that ssNMR, AFM, and rheology
provide highly complementary insights at different length
scales into the material and functional properties of tissue-
engineering scaffolds.

Conclusion

Here, we have integrated solid-state NMR and MD
simulations to characterize the mechanical, topological, and
molecular properties of tissue-engineering scaffolds at the
atomic scale. Importantly, thanks to modern 1H-detected
ssNMR methods, this approach works without synthetic
isotope enrichment and thereby enables studies at low costs
and with hard-to-label materials, such as cross-linkers or
chemical modifications. On the example of functionalized
hydrogels for the treatment of SCI, we were able to relate
material and molecular parameters to the viability of hNSCs.
Intriguingly, we established that the complete assembly of all
peptides to a highly ordered matrix is highly favorable for
hNSC survival. Moreover, we demonstrate that the molecular
homogeneity of the scaffold relates to favorable functional
properties. The order of the stem-cell scaffold presumably
enables an optimal exposure of the functional BMHP1 motif
that fosters beneficial interactions with hNSCs,[20] while the
exposure of the BMHP1 motif is suboptimal in disordered
scaffolds due to a distribution of favorable and unfavorable
conformations. In the functionally most beneficial hydrogels,
homogeneity is achieved by the removal of prolines from the
BMHP1 motif. This is a particularly noteworthy finding, given
that collagen, the major fibrillar protein of the natural
extracellular matrix, has a high proline content (approxi-
mately 10 %)[46] yet has only moderate adhesion and very low
differentiation potential for hNSCs in vitro.[47] Interestingly,
pioneering solid-state NMR studies of bone collagen and
cartilage[46, 48–56] show that prolines are involved in expansion
joints that confer flexibility to collagen fibers,[57] which is vital
for the functional mechanics of these native tissues. This
finding would suggest that different cell types require differ-
ent material properties at the atomic-length scale, opening the
door to future investigations of novel biomaterials dedicated
for other targeted tissues. Moreover, while it is well known
that the mechanical properties of stem-cell scaffolds correlate
with the functional performance of biological and designer
matrices,[5] we show here that the rigidity at the molecular
level also correlates with function. This is an important
finding given that macroscopic characterizations of material
properties only provide an average over atomistic, nano-
scopic, and microscopic scales. We also like to underscore that
previous microscopic biophysical characterizations did not
succeed in quantifying the molecular differences of the stem-
cell scaffolds discussed in this study.[20] The latter clearly
speaks in favor of ssNMR as a powerful additional tool to
understand the properties of designer matrices under phys-
iological conditions. Thereby, the integration of microscopic
and macroscopic data with atomistic ssNMR data promises

a markedly enhanced and holistic understanding of the
material properties of designer stem-cell matrices.

In this regard, the future challenge is to characterize
tissue-engineering scaffolds in the presence of stem cells at
the atomic-length scale. Here, ssNMR, in combination with
advanced detection, enhancement, and sample preparation
schemes for complex cellular samples such as dynamics
nuclear polarization,[52, 58,60] ultrafast MAS,[28] and 19F-label-
ling[61,62] could be an ideal tool to enhance our knowledge on
interactions between stem cells and their substrates at
physiological conditions, and to generally improve our under-
standing of the composition of bone and tissue materials.
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