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Synthesis and characterization of designed
BMHP1-derived self-assembling peptides for tissue
engineering applications†
Diego Silva,ab Antonino Natalello,bd Babak Sanii,e Rajesh Vasita,c Gloria Saracino,ab
Ronald N. Zuckermann,e Silvia Maria Dogliabd and Fabrizio Gelain*ac
The importance of self-assembling peptides (SAPs) in regenerative medicine is becoming increasingly
recognized. The propensity of SAPs to form nanostructured ﬁbers is governed by multiple forces
including hydrogen bonds, hydrophobic interactions and p–p aromatic interactions among side chains
of the amino acids. Single residue modiﬁcations in SAP sequences can signiﬁcantly aﬀect these forces.
BMHP1-derived SAPs is a class of biotinylated oligopeptides, which self-assemble in b-structured ﬁbers
to form a self-healing hydrogel. In the current study, selected modiﬁcations in previously described
BMHP1-derived SAPs were designed in order to investigate the inﬂuence of modiﬁed residues on selfassembly kinetics and scaﬀold formation properties. The Fourier transform infrared spectroscopy (FTIR)
and X-ray diﬀraction (XRD) analysis demonstrated the secondary structure (b-sheet) formation in all
modiﬁed SAP sequences, whereas atomic force microscopy (AFM) analysis further conﬁrmed the
presence of nanoﬁbers. Furthermore, the ﬁber shape and dimension analysis by AFM showed ﬂattened
and twisted ﬁber morphology ranging from 8 nm to 70 nm. The mechanical properties of the preassembled and post assembled solution were investigated by rheometry. The shear-thinning behavior
and rapid re-healing properties of the pre-assembled solutions make them a preferable choice for
injectable scaﬀolds. The wide range of stiﬀnesses (G0 ) –from 1000 to 27 000 Pa – exhibited by the
post-assembled scaﬀolds demonstrated their potential for a variety of tissue engineering applications.
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The extra cellular matrix (ECM) mimicking (physically and chemically) properties of SAP scaﬀolds
enhanced cell adhesion and proliferation. The capability of the scaﬀold to facilitate murine neural stem
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cell (mNSC) proliferation was evaluated in vitro: the increased mNSCs adhesion and proliferation
demonstrated the potential of newly synthesized SAPs for regenerative medicine approaches.
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1

Introduction

Nanomaterial science has recently emerged as a promising
interdisciplinary eld that studies the relationship between the
structure and function of nanomaterials. Nanomaterials are
used in a variety of applications ranging from nanotransistors
in electronics to nanostructured scaﬀolds in regenerative
a
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medicine.1 Most biological compounds such as proteins and
nucleic acids are composed of diﬀerent monomers that hierarchically organize to form well-dened structures and perform
specic functions. Nanomaterials science takes advantage of
the knowledge gathered from such biological systems in order
to create new ad hoc materials to mimic these structures and
their natural functions.
The design of new nanomaterials and understanding of their
scaﬀold formation mechanism is critically important for
regenerative medicines. Self-assembly is a widely used
phenomenon for fabrication of nanobrous scaﬀolds. In selfassembling, disordered molecules spontaneously assemble into
an organized 3D structure as a consequence of local non-covalent interactions.2 Among the self-assembling nanomaterials,
self-assembling peptides (SAPs) are considered an important
class and have been extensively explored for a wide range of
applications, ranging from nanoelectronics to tissue engineering.3 A variety of SAPs were designed and synthesized to
obtain diﬀerent morphologies including nanobers, hydrogels
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and brous scaﬀolds. These diﬀerent SAPs’ morphologies4
predominantly consist of diﬀerent secondary structures such as
a-helices,5 b-sheets6 or b-hairpins.7 The self-assembly process of
SAPs is driven and modulated by multiple non-covalent interactions such as hydrogen bonding, hydrophobic, electrostatic
and p–p interactions.3 These non-covalent interactions are
regulated by amino acid side chains, salt concentration,
hydrophobicity of solvent, temperature and pH of SAP solution.
A single residue variation or addition of a chemical moiety such
as biotin, alkyl tail, Fmoc or aromatic molecules into peptide
sequence can signicantly inuence their self-assembling
propensity. In a previous study, the functionalization of the
RADA16-I peptide has been demonstrated by authors. This
study showed that the functional motif Bone Marrow Homing
Peptide 1 (BMHP1) stabilizes RADA16-I b-sheet structures8 and
stimulates neural stem cell (NSC) diﬀerentiation.9 In another
study, the authors have demonstrated that the BMHP1
(PFSSTKT) sequence alone was not able to form self-assembled
nanobers. However, introduction of a biotinylated oligoglycine sequence at the N-terminal of BMHP1 facilitated the
self-assembly of these peptides.10 To further validate the
essentiality of individual residues in the self-assembly process,
the authors have synthesized thirty diﬀerent BMHP1-derived
sequences reported elsewhere.10 Among these thirty sequences,
B24 (Biotin–GGG-AFASTKT–CONH2) showed improved propensity to self-assemble and enhanced mNSCs adhesion and
proliferation.10 Therefore, these studies showed that linking of
biotin to BMHP1 or single residue modication inuenced the
self-assembly process.
In the current study, we reported eight new SAPs derived
from the B24 sequence. Each of these peptides was obtained by
single or multiple substitutions in the B24 sequence, in order to
understand their inuence on the self-assembly propensity of
BMHP1-derived SAP sequences. Henceforth all eight modied
sequences are referred to as BMHP1-derived minimized
sequences (BMs). Since the purpose of the current study was to
understand the contribution of each of the critical residues and
their minimum number in the self-assembly process, the word
“minimized” has been used.
In all eight modied sequences one or multiple residues
have been replaced or deleted in order to understand the
inuence of hydrophobicity and chain length respectively. In all
modied sequences (except BM6), the number of hydrophobic
interactions was increased at the expense of the hydrogen bond
forming residues. Several characterization techniques have
been used to observe and understand the structural and
morphological properties of all modied BM self-assembled
nanobers. To observe the nanober formation capability,
atomic force microscopy (AFM) was used. In self-assembling,
the peptide chains are organized into various secondary structures including a-helices, b-sheets and b-turns. To conrm
these secondary structures in BM nanobers several characterization techniques, such as X-ray diﬀraction (XRD) analysis,
circular dichroism (CD) and Fourier transform infrared spectroscopy (FTIR), were carried out. Furthermore, to understand
the mechanical properties of both the pre-assembled
peptide solution and assembled scaﬀolds, rheological analysis
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was performed. The nanobrous scaﬀolds were further
characterized for scaﬀolding properties. Murine neural stem
cell proliferation and viability assays have been performed on
all BM nanobrous scaﬀolds.
The AFM analysis revealed the formation of nanobers by all
BMs. Furthermore, XRD, CD and FTIR analyses demonstrated
the predominant presence of b-sheets in the self-assembled
nanobers. Moreover, secondary structure quantication by
FTIR spectroscopy demonstrated the disassembling propensity
of BM nanobers on further dilution in water. This disassembling propensity was largely prevented by addition of phosphate
buﬀered saline (PBS) solution (scaﬀold forming conditions).
The rheological characterization demonstrated the shear-thinning behavior of BM solutions, visco-elastic properties of the
assembled scaﬀolds and rapid re-healing upon removal of the
shear. Results obtained from AFM, FTIR, CD, and rheometry
showed that self-assembling and disassembling kinetics and
scaﬀold stiﬀness were inuenced by the overall sequence
hydrophobicity. Furthermore the presence of a hydrophobic
core interposed between the median aromatic residue and the
charged lysine improved sol–gel transition. The ease of injection, the wide range of stiﬀnesses and the satisfactory NSC
adhesion and proliferation exhibited by BMs make these groups
of peptides interesting candidates for neural tissue engineering
applications.11 Moreover, our results highlighted the role and
the relative importance of single residues to the self-assembly
process, providing crucial knowledge for further design of
novel functionalized BMHP1-SAPs for regenerative medicine
applications.

2

Results and discussion

2.1

Design strategy

The amino acid modications introduced into B24 (Biotin–
GGG-AFASTKT–CONH2) allowed us to evaluate their eﬀect on
the self-assembly process and their scaﬀold formation

Fig. 1 Rational design strategy scheme: sequence mutations introduced into
B24 and naming of the tested BMs. (I) single aromatic mutation (Phe5 to Trp) to
increase aromatic interactions; (II) Thr10 and Thr8,10 to Ala mutations; (III) Ser7 to
Ala mutation; (IV) combined mutations of Ser7 and Thr8,10 to Ala; (V) Phe5 to Ala
mutation; (VI) shortened sequence.
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propensity. The schematic of the rational design strategies is
represented in Fig. 1. In a previous study, the determining
residue phenylalanine (Phe) of peptide B16 was replaced by
alanine (Ala) and their eﬀect on the self-assembly process was
demonstrated.10 The hydrophobic and aromatic Phe of B16
was replaced by Ala and this modication prevented the
formation of any ordered structures.10 Our unpublished data
showed that the replacement of Phe with a non-aromatic but
equally hydrophobic leucine (Leu) interferes signicantly in
the self-assembly phenomenon. Replacement of Phe by Ala or
Leu in position 5 suggested that aromatic interactions were
the condicio sine qua non for improved self-assembly propensity. Furthermore, to conrm the importance of the aromatic
p–p interactions in position 5, BM1 was synthesized where
Phe5 was replaced by tryptophan (Trp) (Fig. 1I). The motivation for the current replacement was to maintain the hydrophobicity whilst improving the aromatic system, to achieve
this Trp has been selected. Another driving force for selfassembly is hydrogen bond formation between amino acid
side chains. To evaluate the importance of these stabilizing
H-bonds in the self-assembly process, an alanine scanning
study was performed. Since threonine (Thr) is ascribed to be
an acceptor or donor of H-bonds, it has been replaced by Ala
in BM2 and BM3 (Fig. 1II). In BM2, the last C-terminal Thr10
was replaced whereas in BM3, both Thr8 and Thr10 were
replaced. Furthermore serine (Ser) is another residue considered to be a H-bond donor–acceptor and has been substituted
in BM4 (Fig. 1III). BM4 exhibits two separate domains: a
hydrophobic core (Gly1 to Ala7) and a hydrophilic end (Thr8
to Thr10).
In BM5 two H-bond forming residues i.e. Ser and Thr were
replaced by Ala. The resulting peptide (BM5) exhibited a highly
hydrophobic sequence with one H-bond forming residue: lysine
(Lys9) (Fig. 1IV). Since Lys9 mutation aﬀected the process of
scaﬀold formation (unpublished data and previous results10) it
has not been replaced in the current study. Additionally in BM5
the aromatic Phe5 was replaced with Ala to obtain BM6
(Fig. 1V). BM6 was designed to assess whether a hydrophobic
Ala-core can enable self-assembly in the absence of the p–p
stabilizing contribution by Phe5. In another synthesis the
eﬀect of peptide sequence shortening was studied. In the rst
case the amino acids from BM5 were removed to obtain BM7.
BM7 contained only Ala4 and Ala6 resulted in a shorter
sequence (Fig. 1VI).
Lastly, in BM8 another shortening process was performed
by decreasing the oligo-glycine (Gly) spacer that separates the
biotin and the BMHP1 derived sequence (Fig. 1VII). Previous
studies indicated the importance of the oligo-glycine spacer
length in BMHP1-derived SAPs.12 B3 (Biotin–GGG-PFSSTKT–
CONH2) exhibited a high propensity to form self-assembled
structures with respect to B29 (Biotin–G-PFSSTKT–CONH2)
due to a longer Gly spacer. The shortened sequence combined
with the presence of proline (Pro), a well-known b-sheet
breaker,13 resulted in the inability of B29 to self-assemble.
Therefore, BM8 was designed for evaluating the eﬀect of
shortening in a highly self-assembling core sequence
(AFASTKT).
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2.2

FTIR analysis of BM assembly and disassembly processes

To obtain information on the structure and stability of the
investigated SAPs, we studied the assembly and disassembly
processes of B24 and BM peptides by FTIR spectroscopy.
Indeed, this technique allows us to characterize the protein and
peptide secondary structures in solution and in the solid
state14,15 through the analysis of the Amide I absorption band
which arises due to the CO stretching vibrations of the peptide
bond.16,17 In particular, the assembly and disassembly processes
can be studied by monitoring the formation of intermolecular
b-sheet structures, which give specic marker bands due to
peptide–peptide interactions in the Amide I spectral
region.14,15,16,17 Moreover, the overall structural order of the
peptide NH amide groups can also be monitored in the 3300–
3100 cm1 spectral range, where the presence of an intense and
narrow band is indicative of a high structural order in assembled structures,16 as we have already observed for BMHP1derived self-assembling peptides.10 In contrast, non-assembled
peptides were found to display a broad band in this spectral
region.10 To study the assembly process by this technique, each
peptide was dissolved in water at 1% (w/v) concentration and
the FTIR spectra were collected at diﬀerent incubation times at
room temperature over 24 hours. At the end of this incubation,
the peptide solutions were diluted to a concentration of 0.02%
(w/v) in water or in PBS, in order to monitor their possible
disassembly through the FTIR spectra collected at diﬀerent
times over 24 hours.
In the case of B24, the FTIR spectrum collected 20 minutes
aer peptide dissolution at 1% (w/v) displayed the typical
infrared signature of the assembled structures.10 Indeed, the
absorption spectrum (Fig. 2(a)) was characterized by a
maximum in the Amide I region at 1629 cm1, assigned to the
intermolecular b-sheets of the peptide assemblies.10 The second
derivative spectra20 are also reported in Fig. 2(a), where it is
possible to identify from the negative peaks in the derivative
spectrum the diﬀerent absorption components that are overlapping in the Amide I band. These diﬀerent components have
been previously assigned as follows: 1629 cm1 and 1695 cm1
to intermolecular b-sheets; 1686 cm1 to b-sheet and/or turn
structures; 1670 cm1 to turns and 1649 to open loops.10
Moreover B24 displays an intense and very narrow band around
3274 cm1, indicating that a high structural order characterizes
its assemblies.10 No appreciable spectral changes were observed
during the peptide incubation at room temperature at the long
incubation time of 24 hours (Fig. 2(a), A-spectra), indicating
that the secondary structures and the intermolecular b-sheet
interactions of B24 were already present aer the rst 20
minutes of incubation. To study the stability of these assembled
structures, the B24 peptide solution, incubated for 24 hours at
1% (w/v) concentration, was diluted in water down to 0.02%
(w/v). Immediately, the 1629 cm1 component was found to
decrease and, 20 minutes aer dilution of the peptide solution,
a broad Amide I band was observed around 1655 cm1 (Fig. 2(a),
B-spectra). This result indicates that disordered secondary
structures characterize B24 under these conditions. A loss of the
structural order for B24 was also conrmed by the analysis of
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Fig. 2 FTIR spectroscopic assessment of assembly and disassembly of B24 and BMs. Panel (a), B24 absorption spectra and their second derivatives in the 3700 to
3100 cm1 and 1700 to 1600 cm1 (Amide I) spectral regions. A-spectra refer to B24 at 1% (w/v) collected at 20 minutes (blue line) and at 24 hours (red line) from
sample preparation. After 24 hours, the 1% (w/v) solution has been diluted in water (B-spectra) and PBS (C-spectrum) at 0.02% (w/v). Time after dilution: 20 minutes
(blue line), 1 hour (green line), and 24 hours (red line). Panel (b), absorption spectra of the BMs in the 3700 to 3100 cm1 spectral region collected after 24 hours
incubation at room temperature and at 1% (w/v). Panel (c), second derivatives of the absorption spectra as in (b) in the 1700–1600 cm1 (Amide I) spectral region. The
intermolecular b-sheet components are marked as (*b). Panels (d)–(m), absorption spectra of BMs collected at diﬀerent times of incubation at room temperature.
A-spectra refer to a concentration of 1% (w/v) at diﬀerent incubation times: 20 minutes (blue line), two hours (green line), and 24 hours (red line). After 24 hours
incubation at 1% (w/v), the BM solutions have been diluted in water (B-spectra) and in PBS (C-spectra) at 0.02% (w/v). Time after dilution: 20 minutes (blue line), 1 hour
(green line), and 24 hours (red line). In panel (i), (D-spectrum) the absorption of the BM6 hydrated ﬁlm obtained by slow evaporation of 10 ml of the peptide solution on
the ATR plate is also reported. In panel (l), (E-spectrum) the absorption of BM7 incubated for 24 hours at 2% (w/v) is also reported. This peptide hydrated ﬁlm has been
washed following the procedure used for AFM measurements (see text) and its absorption (F-spectra) spectra are reported as measured (green) and after normalization
for the Amide I band area (red). Except for the green F spectrum of panel (l), all the spectra have been reported after normalization for the Amide I band area. The
Amide I components assigned to the intermolecular b-sheets of the assembled structures are labeled with a red star.

the peptide NH stretching mode in the range 3300–3100 cm1
that became a broad band under these conditions. Opposite to
what was observed in water, the dilution of B24 down to 0.02%
(w/v) in PBS was associated only to a partial loss of the intermolecular b-sheets, indicating a stabilization eﬀect of PBS on
the assembled structures (Fig. 2(a), C-spectrum). The same
analyses have been performed for all the BM peptides to
understand the eﬀects of the specic amino acid substitutions
in B24 on the overall structural properties and stability of the
BM assemblies.
BM1 (Phe5 to Trp substitution) displayed slightly reduced
assembly kinetics and an increased stability in PBS, compared
to B24 (Fig. 2(b)–(d)). In particular, BM1, aer 24 hours of
incubation at 1% (w/v) concentration, showed an intense and
very narrow band around 3277 cm1 (Fig. 2(b)) and the two
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Amide I components assigned to intermolecular b-sheets
(Fig. 2(c) and (d)), indicating the formation of highly ordered
assemblies. These structures were found to be unstable when
diluted in water at 0.02% (w/v) (compare spectra A and B in
Fig. 2(d)). Instead they were found to be stable when diluted in
PBS at a concentration of 0.02% (w/v) (compare spectra A and C
in Fig. 2(d)). BM2 (Thr10 to Ala substitution) showed a strongly
reduced propensity to assemble, as indicated by the low intensity intermolecular b-sheet component at 1629 cm1 in its
absorption spectrum and second derivative (Fig. 2(c) and (e),
A-spectra), collected 24 hours aer incubation at 1% (w/v)
concentration. The low structural order was conrmed by the
broad band in the 3700–3100 cm1 spectral region (Fig. 2(b)).
The assembled structures were found to be unstable when
diluted in water at 0.02% (w/v) (Fig. 2(e), B-spectrum) but
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partially stable when diluted in PBS at 0.02%(w/v) (Fig. 2(e),
C-spectrum).
BM3 (Thr8 and Thr10 to Ala substitutions) at 1% (w/v)
concentration displayed very fast assembly kinetics (Fig. 2(f),
A-spectra) resulting in highly ordered assemblies, as indicated by
the intense and very narrow band around 3279 cm1 (Fig. 2(b)).
The spectrum collected 20 minutes aer dissolution, at 1% (w/v)
concentration, was found to be superimposable on the spectrum
measured aer 24 hours, displaying the Amide I marker bands
due to intermolecular b-sheets (Fig. 2(c) and (f), A-spectra). These
structures were found to be stable aer dilution in PBS (Fig. 2(f),
C-spectrum) and partially stable aer dilution in water (Fig. 2(f),
B-spectra) down to 0.02% (w/v) concentration.
BM4 (Ser7 to Ala substitution) at 1% (w/v) displayed reduced
assembly kinetics (Fig. 2(g), A-spectra) compared to B24
(Fig. 2(b), (c) and (g)). In particular, the nal structures were
characterized by highly ordered NH amide groups (Fig. 2(b))
and intermolecular b-sheets (Fig. 2(c) and (g)). These structures
were found to be stable aer dilution in PBS (Fig. 2(g), C-spectrum) and partially stable aer dilution in water (Fig. 2(g),
B-spectra) down to 0.02% (w/v) concentration. BM5 (Ser7, Thr8,
and Thr10 to Ala) at 1% (w/v) displayed fast assembly kinetics
(Fig. 2(h), A-spectra) leading to a more stable assembled material compared to B24 (Fig. 2(b), (c) and (h)). In particular, its
nal structures were characterized by highly ordered NH amide
groups (Fig. 2(b)) and intermolecular b-sheets (Fig. 2(c) and (h)).
These structures were found to be the most stable, compared to
B24 and to the other BMs, aer dilution in water (Fig. 2(h),
B-spectra) and in PBS (Fig. 2(h), C-spectrum), down to 0.02%
(w/v) concentration.
BM6 (Phe5, Ser7, Thr8, and Thr10 to Ala) at 1% (w/v) displayed a low propensity to self-assemble. Indeed, the infrared
spectrum collected aer 24 hours of incubation at room
temperature is characterized by a broad band in the 3100–
3700 cm1 region (Fig. 2(b)) and by very low intermolecular bsheet components (Fig. 2(c) and (i), A-spectra). To enhance the
assembly process, we slowly evaporated 10 ml of a 1% (w/v) BM6
peptide solution on the ATR plate. In this way, BM6 can experience a range of increased concentrations. Under these
conditions, BM6 was found to be able to form ordered structures with high content of intermolecular b-sheets (Fig. 2(i),
D-spectrum).
BM7 (minimized sequence) displayed a very low aggregation
propensity both at 1% (w/v) and 2% (w/v) concentrations.
Indeed, the infrared spectra collected 24 hours aer incubation
at room temperature were characterized by a broad band in the
3100–3700 cm1 region (Fig. 2(b)) and by very low intensity of
intermolecular b-sheet components in the Amide I (Fig. 2(c) and
(l), A and E-spectra). To further investigate the assembly capability of the peptide, the IR spectrum of BM7 has been collected
following the same approach used in the atomic force microscopy analyses. In particular, an aliquot of BM7 sample was
deposited on the ATR plate. Aer solvent evaporation, the
peptide lm formed was rinsed with water, dried and its IR
spectrum collected. This spectrum (Fig. 2(l), F green spectrum)
displayed a very low intensity, indicating that – aer rinsing –
only a small fraction of the peptide remained on the ATR plate.
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Aer normalization of the spectrum for the Amide I band area
to compensate for the peptide content, the IR marker bands of
intermolecular b-sheets became evident, indicating that a small
fraction of BM7 formed self-assembled structures.
BM8 (shortened Gly spacer) displayed a reduced aggregation
propensity compared to B24 (Fig. 2(b), (c) and (m), A-spectra). In
particular, aer 24 hours of incubation at 1% (w/v) concentration, BM8 IR spectra (Fig. 2(c) and (m), A-spectra) were found to
be characterized by an intermolecular b-sheet content higher
than BM2, BM6, and BM7, but lower than the other SAPs
investigated here. BM8 assembled structures were found to be
stable aer dilution in PBS and unstable aer dilution in water
down to 0.02% (w/v) concentration (Fig. 2(m), C and B spectra,
respectively).
The disassembly of the BMs aer dilution in water to 0.02%
(w/v) was also conrmed by circular dichroism measurements
performed on diluted samples, as described for the FTIR
investigations. The same results have been obtained with the
two techniques. As an example, the Far-UV CD spectra of BM5
and BM6 collected 20 minutes aer dilution are reported in ESI,
Fig. S1.† While BM5 displayed the typical spectral features of
b-sheet structures (negative band near 210 nm and positive
band near 195 nm), BM6 appeared to be mainly unordered as
indicated by the negative band near 197 nm.21
The FTIR study of BM peptides allowed us to characterize the
self-assembling propensity, the kinetics, and the stability of the
assembled structures. These results gave useful and complementary information, helping us to understand the role of
specic amino acid substitutions on the peptide self-assembly
processes, as discussed in the following sections, in light of the
other investigations performed in this work.
On the basis of the FTIR analyses, the peptides can be classied into three groups: (1) a highly eﬃciently assembling
group including BM1, BM3, BM4, and BM5; (2) an intermediate
assembly propensity group including BM8; (3) a low assembly
group including BM2, BM6 and BM7. Interestingly, we should
remark that the BMs included in the rst group were obtained
by amino acid substitutions leading to aromatic interactions
and by the introduction of Ala residues in the place of polar
residues. The relevance of aromatic interactions is particularly
evident from the comparison of BM5 (one of the best assembling peptides) with BM6: the substitution of the single Phe5
residue in BM5 with Ala dramatically reduces the assembly
propensity of the resulting BM6 peptide. The important stabilizing role of the hydrophobic core is also evident when
comparing BM2 with BM5. In these peptides, the Thr10 to Ala
substitution at the C-terminal impairs the self-assembly
process. This negative eﬀect is only evident in BM2, which
contains polar amino acids in its central region, opposite to that
found for BM5 which contains a hydrophobic core.
The eﬀect of b-sheet breaker amino acids is underlined by
comparing the FTIR results obtained in the present study for
BM4 with those for B14 reported in our previous work.10 Indeed,
the two peptides diﬀer in only a proline in their sequence. The
FTIR analyses indicated the formation of a b-sheet rich scaﬀold
for BM4 (the peptide lacking Pro) and an unordered secondary
structure for B14 (the peptide with one Pro). Moreover, we
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found that shortening the sequence, as in BM7 and BM8,
destabilized b-sheet formation, as discussed in the following
sections. In BM8, combining two modications (Gly spacer and
Pro substitution) has emphasized the importance of Pro
removal. Therefore this study concludes that the shortening of
the Gly spacer has aﬀected the self-assembly propensity
however, the presence of Pro was considered to be the major
limiting factor for assembly.
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2.3

XRD structural characterization

All BM solutions were concentrated to obtain a brous pellet
(see Experimental methods) and then characterized via X-ray
diﬀraction analysis (XRD). Analyzed samples showed isotropic
rings typical of unaligned bers.22 Although the bers in the
pellet were not oriented uniformly, the observed peaks suggested regular b-based secondary structured bers. The radially
integrated diﬀracted intensity of each pattern showed a sharp
reection peak at 4.6–4.7 Å (and a second order diﬀraction peak
at 2.3–2.4 Å)23 representing the hydrogen bonding distance
between b-strands.24 The reection peaks detected in all
peptides are represented in Fig. 3.
Among these, the peaks between 5.0 and 8.0 Å were ascribed
to the p–p stacking of the aromatic groups,25 likely corresponding to intermolecular interactions of the phenylalanine.
In our previous study, we reported the stabilizing eﬀect of biotin

Nanoscale
on the aromatic interaction.10 In BM5 similar interactions
produced the predominant contribution when compared to
other samples. This aromatic interaction could be symptomatic
of a more compact stacking of the aromatic rings and an
expected consequence of the increased hydrophobic interactions due to the replacement of Thr and Ser with Ala.
On the other hand, in BM6, BM7 and BM8 showed less
intense aromatic interactions. Our previously reported data
showed that biotin enhanced the intensity of this peak despite
its non-aromatic nature: X-ray diﬀraction patterns of biotinylated and non-biotinylated sequences have demonstrated a
decreased intensity of this peak aer biotin substitution with
Trp.10 BM6, without Phe5, exhibited a single peak at 5.5 Å,
suggesting that biotin can interact with a range of reections
overlapping with the aromatic interactions. In the cases of BM7
and BM8 the shortening of the sequences might have caused
lower mobility of the peptide and resulted in less aromatic
packing. Another important peak shared by all peptides, except
for BM5, was measured at 3.7–3.8 Å; this range is characteristic
of the van der Waals distance of the packed side chains.26 In
BM5 this peak was possibly overlapped by a broad peak at 4.2 Å
and it could be explained by a lower distance of packed side
chains due to the lower steric hindrance of the Ala core. The
strong and sharp meridional reection at 4.6–4.8 Å and a
weaker diﬀraction signal at 9–11 Å in the equatorial region were
considered to be distinct signals for a cross-b model of partially

Fig. 3 Structural characterization via X-ray diﬀraction. X-Ray diﬀraction patterns and the radially integrated diﬀracted intensity of B24 and BM3 are compared. In the
table the spacing (in Å) of all reﬂections measured from BM diﬀraction patterns are also reported. The most signiﬁcant peaks are highlighted: in blue the ranges
spanning the p–p interactions; in red and orange the ﬁrst and second order of the hydrogen bonding distance between b-strands; in green the typical van der Waals
distance of the packed side chains.
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aligned brils.27 Equatorial reections were related to the
structure of the bers perpendicular to the ber axis. In the
cross-b model the equatorial 9–10 Å spacing was ascribed to
the distance between b-sheets within the ber. Even though BM
spectra were isotropic, the absence of clear equatorial reections could be due to the sample preparation (pelleting of
unaligned nanostructures), that might have disguised the
anisotropic signal component. Nonetheless the integrated
diﬀraction patterns demonstrated the presence of a recurring
peak in the region of 9–11 Å for most of the samples. Considering the above mentioned discussion, the cross-b model was
best tted for diﬀraction patterns of the aggregated BMs
molecular structures and has been explored for ex vivo and
synthetic amyloid brils.23
The similarities highlighted in all diﬀraction patterns suggested a common core structure shared by all BMs. Hence it can
be postulated that the chosen sequence modication had a
limited eﬀect in terms of the secondary structure formation and
self-assembly of the chosen SAPs. Therefore, in the current
study similar reections for BM7 and BM8 were observed. This
observation can be attributed to the poor sensitivity of polypeptide chains length in the cross-b model.23 These results were
further conrmed by AFM studies where all BMs demonstrated
ber formation.
Nucleation is considered to be the mechanism behind the
formation of bers with the cross-b model from an unordered
peptide solution. In nucleation the assembly of bers is
concentration-dependent and is characterized by a hierarchical organization of the structures. In the hierarchical
organization, the peptide sequences initially fold in b-sheets
followed by the formation of protolaments, that in turn could
hierarchically organize to form bers.28 Accordingly with this
mechanism, the reections observed between 25 and 30 Å
could be ascribed to the width of the formed protolaments,
in accordance with AFM measurements discussed in the
following paragraph.

2.4

AFM characterization

All dissolved BM samples were analyzed at day 1 and day 7 to
monitor the prospective presence of hierarchically ordered
nanostructures. Fig. 4(a)–(h) showed the nanobers formed by
all BMs at 1 day aer dissolution, conrming the self-assembling propensity of all peptides. However, at day 1 some of the
peptides (BM6 and BM8) were able to form twisted bers similar
to previously reported peptides (B13, B17, and B27).10 The width
and height analysis showed that all BM bers ranged from 8 to
77 nm and 1.8 to 15 nm respectively (see Table S1 in ESI†).
However, only BM4 and BM7 showed the greatest width i.e.
77 nm whereas the remaining BM bers were less than 40 nm.
During the analysis of BM4 and BM3 the recurrent presence of
single proto-brils of 8 nm was observed. Furthermore the
side-by-side packing of these proto-brils increased the width of
BM4 bers (Fig. 4(l)). This over-structuring mechanism can be
extrapolated to explain the aggregation process for the
remaining BMs. The increased ber diameters in multiples of
8 nm could be considered as a possible reason for the above-
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mentioned extrapolation. The detailed list of all BM ber
measurements is provided in Table S1.†
Considering the ber measurements (width, height and
pitch) and morphologies obtained at day 1 aer dissolution, BM
bers were classied into three distinct categories. The rst
category is composed of BM1, BM2 and BM3 (Fig. 4(a)–(c)) and
comprises peptides that formed at bers with a range of
measures comparable to previously reported B15 and B24.10 The
second cluster included peptides that form at clumped bers
(BM4 and BM5), clearly observable in Fig. 4(d) and (e). The last
group (BM6, BM7 and BM8) consists of peptides forming
assorted structures such as un-assembled plaques, at and
twisted bers (Fig. 4(f)–(h)). For twisted bers the pitch range
measured varied from 112 to 260 nm (as in Fig. 4(n) for BM8). In
case of BM6 and BM8, twisted ber morphology was observed at
day 1 whereas BM3, BM5 and BM7 showed twisted bers at day
7. Diﬀerent research groups have studied the eﬀect of sample
conditioning on b-structured brils polymorphism.29 Mechanical agitation caused strong inter-strand spin–spin interactions
and drastically decreased the degree of twisted b-sheet brils.
On the other hand samples le in quiescence showed a strong
presence of twisted brils.30 In our case, the higher proportion
of twisted bers measured at day 7 could be explained by a
greater degree of b-sheet twist due to the quiescence of samples.
On the other hand BM1, BM2 and BM4 exhibited a similar
hydrophobic prole to previously reported B24, and therefore
formation of attened bers in the current study was expected
and could be due to stronger side chain interactions. The
propensity of BM4 to form parallel-paired bers could be
explained by the distinct ratio between the hydrophobic core
(Ala-Phe-Ala-Ala) and the hydrophilic/hydrogen donor–acceptor
terminal (Thr-Lys-Thr). This ratio enabled stable hydrogen
bond formation and facilitated the parallel pairing of the
nanobers. The presence of proline in the peptide sequence
interferes with the self-assembly process. Similar observations
have been made in the current study when BM4 and previously
reported B14 were compared. In the case of B14 (Biotin–GGGPFAATKT–CONH2) the destabilizing eﬀect of proline aﬀects the
ber formation propensity, while replacement of Pro by Ala in
BM4 (Biotin–GGG-AFAATKT–CONH2) enabled the formation of
bers. In another observation, nanobers formed by BM2 were
more fragmented when compared to other BMs, suggesting a
lower self-assembling propensity. These eﬀects were further
conrmed by FTIR study, where a lower intermolecular b-sheet
component was observed in BM2. Another possible reason for
shortening of BM2 bers could be their fragile nature due to
their lower structural stability.
Intriguingly, the results suggested that the presence of Lys
anked by two identical residues may favor the self-assembly
process, acting as a shield for the repulsive electrostatic eﬀect
due to the positive charge of the Lys. In case of BM4, the
anking eﬀect was guaranteed by the polar nature of two Thr
residues while, in case of BM3 and BM5 Lys was anked by Ala
residues.
In the case of BM6, lower self-assembly propensity has been
observed. An AFM image of BM6 showed two distinct
morphologies: structured bers and irregular at structures.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 AFM imaging of BMs. All samples, except BM7, were dissolved at 1% w/v and the day after dissolution were further diluted to 0.01% prior to imaging. Due to a
lower ﬁber concentration BM7 was loaded at 0.1% w/v. (a) BM1; (b) BM2; (c) BM3; (d) BM4; (e) BM5; (f) BM6; (g) BM7; (h) BM8; (l) parallel pairing of 8 nm ﬁbers
observed in BM4; (m) 7 day old solutions with hierarchical structures found in BM7; (n) twisted ﬁbers (220 nm pitch highlighted in a schematized nanoﬁber) of BM8.
Imaging of BM3 immediately after dissolution (t ¼ 0) conﬁrmed the fast self-assembly kinetics of BM (i).

The authors hypothesized that the irregular at structures
covering the mica surface constituted of unassembled peptides
(Fig. 4(f)). In BM6, the contribution of the Ala core allows the
self-assembly, however absence of the crucial p–p stacking by
Phe5 became a limiting factor. The importance of Phe–Phe
interactions in the self-assembly process has been reported
earlier31 and was conrmed in BM5 and BM1. In the case of
BM5, increased hydrophobicity enhanced the self-assembly
propensity whereas BM1 showed higher self-assembly propensity with increased aromatic interactions. The eﬀect of hydrophobicity in the self-assembly process has been discussed in
detail in the rheological characterization section.
In the case of BM7, lower propensity to self-assemble was
observed. When compared to all other BMs (0.01%), BM7
required a 10-fold higher concentration (0.1%) to achieve
comparable ber density. Despite a lower self-assembly
propensity, BM7 formed some fragments of partially hierarchically organized structures at day 7 (Fig. 4(m)). The sequence
minimization attempt resulted in a reduced distance between
the electron-rich Phe5 and the electron-poor Lys9. This reduced
distance between these residues could have destabilized b-sheet
formation and consequently cause less ber formation. Another
minimization study with BM8 was designed to evaluate the
eﬀect of oligo-glycine spacer length in the self-assembly
process. This study showed that the process of self-assembly
was marginally aﬀected by shortening the sequence. Additionally, to understand the roles of proline in shortened sequences,
BM8 was compared to B29. Since proline is known as a bbreaker amino acid the replacement of Pro (B29) with Ala (BM8)

This journal is ª The Royal Society of Chemistry 2013

facilitates the self-assembly process. This result suggested that
despite shortening, an appropriate selection of residues can still
enable self-assembly. Furthermore, BM8 showed a larger
amount of twisted bers compared to other BMs probably due
to the lower mobility of the sequence.
AFM analysis underlined aromatic and hydrophobic interactions as the most important driving force for the selfassembly of BM peptides. This study also demonstrated that
H-bond formation combined with a compact hydrophobic core
facilitated over-structuring of the formed bers (BM4). Another
result extrapolated from this analysis is the critical destabilizing
of the self-assembly process caused by the presence of Pro.
Moreover, the two shortened sequences (BM7 and BM8) highlighted the importance of the peptide chain length in selfassembly: in both peptides the propensity to self-assemble was
decreased but not prevented.

2.5 Rheological characterization of pre-assembled solutions
and assembled scaﬀolds
Rheology is a branch of science that studies the ow of materials. All materials exhibit a combination of elastic and viscous
ideal behaviors. Important rheological parameters for the
mechanical characterization of so materials are the storage
modulus (G0 ) and loss modulus (G00 ). G0 is considered to be a
stiﬀness index of the material and increments of G0 as a function of time, frequency or strain can be indicative of structural
and networking processes.32,33 G00 corresponds to the energy
dissipated during the characterization process and represents
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the liquid-like response of a sample. In the case of b-rich
peptide nanobers, the growing presence of b-structures and
the interactions among the bers lead to formation of an
entangled brous network. This entanglement of peptide
nanobers increases the values of G0 .34 The study of G0 as a
function of time provides information about over-structuring
kinetics of a nanobrous solution. In the current study, G0 was
evaluated with respect to time (t ¼ 0 to t ¼ 12 hours) for each BM
solution. The aim of this study was to determine any correlation
between properties of the peptide, ber morphology and overstructuring kinetics. All BM pre-assembled solutions were
immediately monitored via time sweep experiments (see Materials and methods). The kinetics observed by this technique was
not similar to the kinetics measured via FTIR. Indeed IR spectroscopy is capable of characterizing the "real" self-assembly
kinetics (which showed that disordered peptide solutions form
b-structured bers) while rheological study observes the overstructuring process of pre-assembled brous solutions. Therefore, conducting both techniques will shed light on the entire
process of self-assembly.
Each BM solution was monitored for 12 hours and the G0
measurements are shown in Fig. 5(a). As depicted in Fig. 5(a),
B24 showed a moderate increase in G0 value (G0 t¼0  4 Pa to
G0 t¼12h  23 Pa) in a time sweep experiment. In comparison to
B24, the remaining BMs demonstrated higher (BM1, BM3, BM4,
BM5 and BM8) and lower (BM2, BM6, BM7) over-structuring
propensities. The aromatic interactions and the hydrophobicity
played an important role in the determination of the overstructuring kinetics. In the case of BM1, the Trp substitution
increased the aromatic interactions and resulted in a stiﬀer
solution (G0 t¼0  9 Pa to G0 t¼12h  1330 Pa Fig. 5(a)). Another
possible reason for the increased G0 value of BM1 during the
experiment could be ascribed to the presence of amino acids
(Ser and Thr) contributing to H-bonds formation. Whereas, in
the case of BM2 slower kinetics of aggregation were observed
(G0 t¼0  1 Pa to G0 t¼12h  6 Pa Fig. 5(a)). As expected, the fragmented BM2 ber observed via AFM analysis probably aﬀected
the formation of a more structured solution and resulted in a
lower G0 value. In contrast BM3, BM4 and especially BM5
exhibited an improved G0 value. In the case of BM3 (G0 t¼0  51
Pa to G0 t¼12h  522 Pa Fig. 5(a)) and BM5 (G0 t¼0  136 Pa to
G0 t¼12h  1059 Pa Fig. 5(a)), the increased G0 was ascribable to
the increased hydrophobicity of the sequences. In case of BM4
(G0 t¼0  16 Pa to G0 t¼12h  194 Pa Fig. 5(a)), the high preassembled G0 value could be attributed to the propensity to form
nanostructures via parallel alignment. The parallel pairing of
BM4 was observed via AFM and could have promoted a more
entangled pre-assembled solution.
In the lower G0 sample category, BM6 (G0 t¼0  1 Pa to G0 t¼12h
 3 Pa Fig. 5(a)), which had a low ber formation propensity,
showed a very small increase in G0 . This result was in accordance with FTIR and AFM analysis. In both tests, the presence
of an unordered component was observed which could have
prevented the structuring process of the solution. Furthermore,
the lack of aromatic interactions aﬀected the over-structuring
process negatively. A similar trend was observed in BM7 (G0 t¼0 
0.1 Pa to G0 t¼12h  0.1 Pa Fig. 5(a)) in which the lower quantity of
712 | Nanoscale, 2013, 5, 704–718
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bers (10 times less than other BMs) and the prevalence of
unordered structures prevented the networking of the solution
and resulted in an unchanged G0 value. Lastly, in the case of
BM8 (G0 t¼0  20 Pa to G0 t¼12h  300 Pa Fig. 5(a)) the increased G0
value could be due to the stabilizing eﬀect of H-bond formation
guaranteed by the presence of Ser and Thr residues. The
progression of G0 was also monitored via a series of frequency
sweep tests performed immediately aer dissolution (t ¼ 0) for
8 hours at regular time intervals (40 minutes). An example of
this frequency sweep is presented in Fig. 5(b). All BM samples
showed a greater increase of stiﬀness during the rst 5 hours of
the experiment followed by a gradual plateau over the
remainder. The highest increase of stiﬀness was observed in the
early hours and frequency sweep tests suggested rapid
networking kinetics, and dependency on hydrophobicity and
aromatic interactions. These results also conrmed H-bond
formation as an important driving force for the over-structuring
process of BMHP1-derived SAPs.
Viscosity represents a uid's tendency to ow under a shear
or tensile stress. It can also be used for comparing the degree of
reticulation of a hydrogel. The relation between viscosity and
the colloidal aggregation of highly anisotropic nanobrous
suspensions has been demonstrated previously.35 In this study,
the viscosities of pre-assembled solutions were calculated as a
function of shear rate, with an increasing ramp. Fig. 5(c) depicts
the ow curves obtained for each BM. All BM pre-assembled
solutions demonstrated decreased viscosity as a function of the
increased shear rate. This trend is distinctive for non-Newtonian shear thinning uids and can be explained by a partial
breakage of interaction forces in the nanobrous network
caused by the shear ow. Interestingly, all BM solutions rapidly
re-healed their initial viscosity values when the shear stress was
turned oﬀ, thus suggesting a fast re-networking of bers. The
viscosities of all BM samples were compared in order to
understand the dependency of sequence properties on
networking. The comparison results showed signicant diﬀerences in viscosity only at minimal shear rate values (0.01 to
0.1 s1) (table in Fig. 5(d)). Increasing the shear rate, and
consequently the ow of the solution, the diﬀerences among
viscosities were marginal. In this study, BMs were divided into
two distinct groups: low viscosity (BM2, BM6 and BM7) and
high viscosity (BM1, BM3, BM4, BM5 and BM8) peptides. The
ow curves conrmed the relation of their viscosity to the
degree of b-structures observed during FTIR study except BM8.
In the case of BM8, it exhibited intermediate self-assembling
propensity (FTIR study) combined with higher over-structuring
kinetics (during time sweep study). These two properties of
BM8 suggested that the shortened sequence of BM8 aﬀected
nanober formation (FTIR study) but, once nanobers were
formed they were highly interactive in order to facilitate a
higher over-structuring.
The viscosity of non-Newtonian uids usually exhibits two
Newtonian plateaus at values approximating zero and innite
shear rates, named h0 and hN respectively. The possibility to
observe h0 and hN experimentally is strictly related to the nature
of the sample and on the range of shear allowed by the instrument. If these two values are not experimentally measurable, a
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Fig. 5 Rheometry of pre-assembled solutions. (a) G0 trend of each BM measured in time sweep experiments; (b) sequential frequency sweep test performed on BM3;
(c) viscosity trend of each BMs obtained via continuous shear ramp; (d) experimental viscosity of BM3, Carreau ﬁtting equation and table reporting selected measured
values (h0.01, h0.1 and h1) and extrapolated h0 and hN values.

mathematical equation can be used in order to extrapolate the
viscosities at the plateau. In this study h0 and hN were obtained
by tting the experimental data with the Carreau model. The
Carreau model predicts h0 and hN by tting the equation on an
experimentally measured shear thinning region in-between the
two plateaus. Fig. 5(d) represents the experimental ow curve of
BM3 and its tting with the Carreau curve used for h0 and hN
determination. A similar method has been followed to obtain
measured and extrapolated viscosity values for all BMs.
Extrapolated h0 for all BMs conrmed the trend observed
during viscosity measurement and arranged the BMs into two
groups: a low h0 group (BM2, BM6 and BM7) and, a higher (2–4
orders of magnitude) h0 group (BM1, BM3, BM4, BM5
and BM8).
The shear-thinning properties of hydrogels favor their
delivery through injection. During injection the applied shear
stress reduced the viscosity of the solution and permits its
delivery at the site of injury. Low viscosity solutions allow spacelling of the damaged area32 and the rapid re-healing aer
injection allows circumscribed scaﬀold formation. These
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characteristics are very important in the case of low-invasive
surgery for critical tissues such as the central and peripheral
nervous system. Moreover, in the case of combined injection of
hydrogel with bioactive molecules the solution must be homogeneous, in order to guarantee the homogeneous distribution
of the biomolecules in the damaged tissue. The sedimentation
of bers, cells and biological molecules can cause inhomogeneous solutions and must be avoided. The sedimentation of
these entities usually takes place at very low values of shear rate
(104 to 106 s1). Solutions with a high value of h0 prevent the
sedimentation of all entities and assure the preparation of a
homogeneous injection. All BM samples exhibited h0 values
ideal to guarantee homogeneous solutions.
In the current study all BM solutions exhibited the propensity to form a solid-like hydrogel as a consequence of salt
solution (DPBS) addition. The rheological characterization of
the formed scaﬀolds (post-assembly) was carried out. In most
of the SAPs, salt ions screened the electrostatic repulsion of
charged residues such as arginine (Arg), aspartic acid (Asp) and
Lys. Screening of these residues favors the interconnections
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between bers and allowed the scaﬀold formation.7,36 The
scaﬀold formation was triggered by adding DPBS and was
monitored via time sweep tests (see Experimental method). The
required duration to reach the plateau of G0 was considered
the completion of the hydrogel self-assembly process. For BMs
the duration required for G0 plateau was comparable. All BM
samples were characterized at 1% w/v concentration 1 day aer
dissolution. However, BM6 and BM7 due to their low propensity
to form nanobers did not form scaﬀolds under the abovementioned conditions. Therefore, an increased concentration
(2%) was used to obtain their gelation. Despite increased
concentration, BM7 was not able to form a scaﬀold aer day 1,
hence the BM7 solution was kept for 7 days in order to obtain a
sol–gel sample transition.
The frequency sweep test performed on each sample of BM
assembled scaﬀolds was represented in Fig. 6(a). The trend of G0
and G00 for each BM showed the typical behavior of a so
hydrogel, featuring a predominant solid-elastic behavior (G0 ) as
compared to the viscous component (G00 ).37 Indeed both G0 and
G00 remain relatively constant along the frequency range
(1–10 Hz), with G0 values generally one order of magnitude
greater then G00 . The average G0 values of the assembled scaffolds are reported in Fig. 6(b). Substitutions of H-bond forming
residues (Ser and Thr) with hydrophobic Ala (BM3, BM4, BM5)
and increasing aromatic interactions by substituting Phe5 with
Trp (BM1) demonstrated an increased stiﬀness of the scaﬀolds.
Nonetheless, as anticipated by FTIR and AFM experiments, the
Thr10 replacement with Ala decreased the scaﬀold G0 value in
BM2 whereas, BM4 and BM8 formed signicantly stiﬀer gels as
compared to B24. In the case of BM4, the high propensity to
form tightly parallel-paired hierarchical structures (see AFM
characterization) could be considered as a possible reason for
the stiﬀer gel. The predominantly twisted bers of BM8, which
formed stiﬀer nanobers,was speculated to be the reason for
rigid gel formation in BM8. However, further mechanical
characterization is required to verify this hypothesis.

Paper
Rheological characterization of both pre-assembled
solutions and assembled scaﬀolds were in accordance with
FTIR, CD and AFM studies. All methods together conrmed the
importance of the aromatic interactions among the side chains
and the overall sequence hydrophobicity for the self-assembly
process. Rheometry also conrmed the tentative grouping of
BMs in two distinct groups. The rst cluster is characterized by
a high quantity of b-structured nanobers (BM1, BM3, BM4,
BM5 and BM8) displaying eﬃcient scaﬀold formation; whereas
the second group is comprised of BMs exhibiting less ordered
secondary structure and poor scaﬀold formation (BM2, BM6
and BM7).

2.6

In vitro testing

The designed BMs were tested as scaﬀolds for culturing NSCs
in vitro in a 2D fashion: at 7 days in vitro (DIV) NSC progeny
displayed various degrees of spreading over the self-assembled
scaﬀolds (Fig. 7(a)), ranging from clusterized cells for BM7 or,
conversely, evenly spread NSCs on BM8. Assessing cell proliferation via MTS (Fig. 7(b)) we found an increase of mNSCs
progeny for BM1, BM2, BM3 and BM4 in comparison with
untreated plastic surfaces.
In terms of cellular response, BMs can be classied into three
groups exhibiting: improved (BM1, BM2 and BM3); intermediate
(BM4 and BM5) and; poor (BM6, BM7 and BM8) cellular
responses. Interestingly the grouping in terms of cellular
response converges with the clustering discussed in the AFM
characterization part (see previous paragraph 2.4). This data
suggested that at and regular brous samples (BM1, BM2 and
BM3) supported a greater cellular response with respect to
clumped (BM4 and BM5) and assorted (BM6, BM7 and BM8)
brous samples. Moreover, data obtained on BM1, BM2 and BM3
corroborated the interesting hNSC viability observed on two
previously characterized peptides (B15 and B24),10 conrming
the importance of at and homogenous ber morphology.

Fig. 6 Scaﬀold characterization via rheology. (a) G0 and G0 0 trend of each assembled BM; (b) average G0 values of each of the assembled scaﬀolds (* 2% w/v at 1 day)
(** 2% w/v at 7 days).
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Fig. 7 Morphology (a) and viability (b) of NSCs cultured on BM assembled scaﬀolds for 7 days in vitro (DIV). In order to improve scaﬀold handling and assembly for cell
cultures, BMs were dissolved and assembled at 1% (w/v), 0.5% (w/v) or at 2% (w/v) concentrations. At 7 DIV NSCs were attached and spread over all tested scaﬀolds.
BM1, BM2 and BM3 showed the highest NSC population increments, with BM3 being comparable to positive control cultrex and BM8 to negative control.

Notably the NSC population proliferated signicantly (p <
0.01) more on BM3 than any other tested scaﬀold except for
BM4, while positive control (cultrex, see methods for details),
signicantly outperformed all the BMs except BM3. The best
performance of BM3 may be attributed to multiple reasons like
longer at bers (as opposed to the more fragmented bers
observed in BM1 and BM2) and/or, most likely, unexpected
nanostructure interactions with cell membrane receptors. The
use of diﬀerent peptide concentrations in order to safely handle
BMs fragile scaﬀolds might have varied their availability for cell
membrane receptor binding, therefore possibly biasing the
obtained comparisons. However, these hypotheses need to be
fully investigated. Lastly, as all the tested BMs were free of any
ad hoc functionalization capable of enhancing NSC proliferation or diﬀerentiation, the addition of appropriate biological
moieties could improve our results.9,38 As a consequence, these
peptides may have potential for in vitro and in vivo regenerative
applications that has to be assessed in the future.

3

Conclusions

The characterization of novel SAPs can bestow new guidelines
for the tailored design of nanostructured scaﬀolds for regenerative medicine. In the current study, the BMHP1-derived SAPs
group has been extended by rationally introducing single or
multiple modications on a previously characterized B24
peptide.10 All BMs in this study showed ber formation and
their self-assembly propensity were determined by a variety of
characterization techniques. FTIR spectroscopy and XRD
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studies conrmed the recurrent presence of b-structures along
the bers axes. FTIR assessment underlined aromatic and
hydrophobic interactions as the most important driving force
for the self-assembly kinetics of BMs. Especially, the presence of
aromatic residues at position 5 was decisive for high selfassembly propensity. The p–p interactions of aromatic residues
can be partially replaced by increasing the overall hydrophobicity of the sequences. Moreover, FTIR analysis demonstrated
that hydrogen bond formation played a less important role in
stabilizing the self-assembly of BMs. The removal of Pro (a bsheet breaker) enhanced the self-assembly propensity of
BMHP1 derived SAPs. Furthermore, FTIR analysis showed that
disassembly kinetics were strictly related to the overall hydrophobicity of the sequence. In XRD studies, the similarity of
reections observed in each BM and the poor sensitivity to the
peptide length suggested the cross-b model as the possible
common assembly architecture. The 3D morphological analysis
by AFM analysis showed nanober formation by all BMs. Fiber
formation propensity observed in AFM analysis further
conrmed the decisive role of hydrophobicity and p–p interactions of aromatic residues. Furthermore, H-bond formation
facilitated the over-structuring of self-assembled bers and
resulted in parallel pairing of bers. Fiber formation by shortened peptides showed the similar ber morphology and supported the cross-b model.
Rheological properties of the self-assembled scaﬀolds were
related to the bers’ morphology and concentration in preassembled solution. In the case of pre-assembled solutions, all
BMs demonstrated shear-thinning behavior and rapid re-heal of
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viscosity when the shear was turned oﬀ. Therefore, all preassembled BMs can be used as injectable scaﬀolds for tissue
engineering applications. Moreover, all BM hydrogels demonstrated a wide range of stiﬀnesses (G0 ) that can be further
explored for fabrication of scaﬀolds with diﬀerent mechanical
properties. In this study the alteration of overall hydrophobicity,
the variation of p–p stacking and the minimization of peptide
length signied the role of hydrophobicity and aromaticity in
the process of self-assembly and in the stability of the bers.
Furthermore, during a biocompatibility assay with mNSC some
of the BMs demonstrated improved cell proliferation. The
scaﬀolds formed by all BMs were able to mimic the natural ECM
morphology and can be further explored for various tissue
engineering scaﬀolding systems. Functionalization is an
important step for scaﬀolding materials aimed at obtaining a
biomimetic scaﬀold feasibly designed for cell transplantation
and in situ drug delivery therapies.39 Due to its stable selfassembled structures and the promising cell viability, BM3 can
be considered as a potential candidate for the functionalization
process.

4

Experimental methods

4.1

Peptide synthesis and purication

Self-assembling peptides were synthesized using the Liberty
(CEM) automated microwave peptide synthesizer. The
syntheses were performed with standard Fmoc solid phase
techniques; the solid substrate used was the Rink amide resin
(Fluka, 0.6 mmol g1 substitution). This resin yields an amide
group at the C-terminal of the peptide aer the cleavage. All the
Fmoc-amino acids (CEM) were dissolved at 0.2 M in DMF and
the biotin used for N-terminal biotinylation was prepared at
0.4 M in DMSO. Activator and activator base solutions were
respectively 0.5 M HBTU in DMF and 2 M DIEA in NMP. The
deprotection reagent used for the removal of the N-Fmoc protecting group was a 20% v/v solution of 4-methylpiperidine in
DMF. Deprotection of the side-chains and cleavage was performed with a solution of 95% TFA, 2.5% water and 2.5% triisopropylsilane. Crude peptides were analyzed and puried with
a Waters binary HPLC and the molecular weight were conrmed
via MALDI-TOF spectroscopy (4800 Applied Biosystems). Puried peptides used on NSCs were dissolved in 0.1 M HCl solution
for the removal of TFA salts.
4.2

Fourier transform infrared (FTIR) spectroscopy

To study the assembly process by FTIR spectroscopy, lyophilized
peptides were dissolved at a concentration of 1% (w/v) in
distilled water and incubated at room temperature for 24 h. At
selected incubation times, the FTIR spectra were collected by
attenuated total reection (ATR) on the peptide hydrated lm,
as previously described.10,12 Briey, a 1 ml aliquot of the peptide
solution was deposited on the one reection diamond element
of the ATR device (Golden Gate, USA) and the spectrum was
collected aer fast solvent evaporation. The ATR/FTIR
measurements were performed by a Varian 670-IR (Varian
Australia Pty) spectrometer equipped with a nitrogen cooled
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mercury cadmium telluride detector under accurate dry air
purging system. The following conditions were employed: 2
cm1 spectral resolution, 25 kHz scan speed, 1000 scan coaddition, and triangular apodization. In order to assess the eﬀects
of solvent evaporation on the spectra of the assembled structures, we performed the same analyses on the peptide solution.
In this case, 20 ml of the peptide solution at 1% (w/v) concentration were deposited on the nine reection diamond element
of the ATR device DuraSamplIRII (Smith Detection) and spectra
were collected without evaporation of the solvent, as described
before. The solvent spectrum, collected under identical conditions, was then subtracted to that of the peptide solution. The
same results have been obtained for the peptides measured in
solution and in form of hydrated lm (data not shown).
To study the stability of the assembled structures, the
peptide solutions incubated for 24 hours at 1% (w/v) concentration and at room temperature were diluted up to a nal
concentration of 0.02% (w/v) in water and in PBS. At selected
times during the subsequent 24 hours aer dilution, the ATR/
FTIR spectra were collected on the peptide hydrated lms, as
described above for the 1% (w/v) solutions. All the measured
spectra were reported aer normalization of the Amide I band
area, to compensate for peptide content. The second derivatives
were obtained by the Savitsky–Golay method (third grade polynomial, 5 smoothing points) aer a binomial smoothing
(11 points) of the absorption spectra using the GRAMS/32
soware (Galactic Industries Corporation, Salem, NH, USA).
4.3

X-ray powder diﬀraction analysis

SAP solutions were prepared by solvating the powders at 3% w/v
the day before the analysis, followed by sonication for 20
minutes and storage at +4  C. On the day of the analysis the vials
were centrifuged for 10 minutes at 13 000 rpm and the supernatant was removed. The peptide concentrate pellet was
collected on a 0.2 mm diameter nylon loop or a thin polyamide
grid (Mitigen) and le to evaporate. X-ray diﬀraction patterns
were collected at a multiple-wavelengths anomalous diﬀraction
and monochromatic macromolecular crystallography beamline
(8.3.1 Advanced Light Source, Lawrence Berkeley National
Laboratory). The 5 Tesla single pole superbend source of the
beam line had an energy range of 5–17 keV, and the incident
wavelength was 1.1159 Å. Data were collected with a 3  3 CCD
array (ADSC Q315r) detector at a distance from the sample
of 200 mm with 20–60 s exposures. Data was analyzed
by FIT2D.40,41
4.4

Atomic force microscopy

SAPs were dissolved (1% w/v) in distilled water (GIBCO) one day
prior the analysis. Right before imaging, the SAP solutions were
diluted (0.1% to 0.01% w/v), 2 ml of solution were deposited on a
fresh mica dish and kept at RT for 2 min. Subsequently the mica
surface was washed two times with 100 ml of distilled water and
le to evaporate for 30 minutes. Images and measurements
were collected at t ¼ 0, t ¼ 1 day and t ¼ 7 days aer solvating.
The instrument used for the analysis was a Multimode Nanoscope V (Digital Instruments, Veeco). Images were obtained in
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tapping mode using phosphorus doped silicon cantilever
probes (VeecoRFESP MPP-21100-10: cantilever f0, 59–69 kHz;
constant force: 3 N m1) and evaluated via Veeco soware. For
each SAP (both day 1 and 7) 10 independent elds were
collected and approximately 100 diﬀerent nanostructures were
measured and classied.
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4.5

Rheometry

The viscoelastic properties of the SAPs were investigated with a
controlled stress rheometer (AR-2000ex, TA instruments)
equipped with a cone-plate geometry. The technical specications for the acrylic truncated cone used are as follows: diameter, 20 mm; truncation, 34 mm; angle, 1%. Both oscillatory and
ow tests were performed at a controlled temperature (+25  C)
via a Peltier cell. For ow tests all SAPs were dissolved in GIBCO
water at a concentration of 1% whereas in oscillatory analysis
the concentration was 1% to 2% w/v. All samples were tested at
1 day aer dissolution, except BM7, which was measured at 7
days. Peptide solutions were sonicated for 20 minutes aer
dissolution. The viscoelastic properties of the pre-assembled
scaﬀolds were evaluated with both ow and oscillatory tests.
During pre-assembled tests, to prevent the evaporation of the
solutions, a mineral oil (Sigma-Aldrich) was added near the
sample located between the cone and plate. Diluted samples
were analyzed via continuous shear rate ramps (0.001 to 10 s1)
in order to evaluate and compare their viscosity. Experimental
data were tted with the Carreau equation ((h  hN)/(h0  hN) ¼
1/(1 + (k  shear rate)2)n/2) to extrapolate h0 and hN.
In oscillatory tests a strain sweep (0.1–1000% strain range)
was rst performed to identify the sample linear visco-elastic
region: hence 1% of strain was chosen for each sample for
further tests. A frequency sweep test (0.1–100 Hz, 1% strain) was
performed for the identication of the G0 (storage modulus) and
G00 (loss modulus) of both pre-assembled solution and assembled scaﬀold for each SAP. To monitor the sol–gel transition a
time sweep test (constant frequency, 1 Hz; constant strain, 1%)
was carried out. The assembly was triggered by adding DPBS
(GIBCO 1, w/o MgCl2 and CaCl2) laterally around the SAP
solution present between the truncated cone geometry and the
lower plate. A time sweep test was also used to obtain the preassembly kinetics of all SAP solutions at t ¼ 0 (duration, 12
hours; constant frequency, 1 Hz; constant strain, 1%). G0 and G00
average values (1 to 10 Hz range) and viscosity were collected
using n ¼ 4 independent replicates.
4.6

Cell culture assays

Murine Neural Stem Cells (mNSCs) were cultured as previously
described.42,43 Briey, cells were expanded in serum-free
medium in the presence of basic broblast growth factor (10 ng
ml1) (Peprotech) and epidermal growth factor (20 ng ml1)
(Peprotech). The medium without growth factors was also used
as a basal medium. Bulk cultures were generated by mechanically dissociating neurospheres and plating cells at the
appropriate density (1  104 cells cm2) in untreated asks
every 4–5 days in fresh growth medium. Cells were seeded onto
diﬀerent substrates in 96 multi-well plates two days aer the
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last dissociation procedure at a plating density of 15  103 cells
cm2 in 200 ml of control medium supplemented with bFGF
(10 ng ml1). Aer 2 days, the medium was shied to control
medium with Brain Derived Neurotrophic Factor (BDNF) (20 ng
ml1) (Peprotech) and Leukemia Inhibitory Factor (LIF) (20 ng
ml1) (Chemicon). The medium was replaced aer three days.
Positive and negative controls consisted of Cultrex-BME
substrate (R&D systems) (1 : 100 dilution in basal medium) and
untreated-bottom well surfaces respectively. Cell images were
taken at 7 DIV via an Axiovert200M microscope (Zeiss). At 7 DIV
cell viability was quantied via Cell Titer 96 Assay (Promega) as
recommended in the manufacturer's protocol and as previously
published.44 Absorbance values were quantied at 490 nm
wavelength using a Vmax microplate reader (Molecular
Devices). Values, reported as means  standard error, were
blanked to their respective substrates and cell culture media
without cells (n ¼ 6). Results were assessed for their statistical
signicance via one-way ANOVA followed by Tukey's multiple
comparison tests. Statistical signicance was considered
for p < 0.01.
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