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ABSTRACT: Bioactive peptides derived from proteins generally
need to be folded into secondary structures to activate downstream
signaling pathways. However, synthetic peptides typically form
random-coils, thus losing their bioactivities. Here, we show that by
introducing a self-assembling peptide motif and using different
preparation pathways, a peptide from insulin-like growth factor-I
(IGF-1) can be folded into an α-helix and β-sheet. The β-sheet one
exhibits a low dissociation constant to the IGF-1 receptor (IGF-1R,
11.5 nM), which is only about 3 times higher than that of IGF-1 (4.3
nM). However, the α-helical one and the peptide without self-
assembling motif show weak affinities to IGF-1R (KD = 179.1 and
321.6 nM, respectively). At 10 nM, the β-sheet one efficiently
activates the IGF-1 downstream pathway, significantly enhancing
HUVEC proliferation and preventing cell apoptosis. The β-sheet peptide shows superior performance to IGF-1 in vivo, and it
improves ischemic hind-limb salvage by significantly reducing muscle degradation and enhancing limb vascularization. Our
study provides a useful strategy to constrain peptides into different conformations, which may lead to the development of
supramolecular nanomaterials mimicking biofunctional proteins.
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Insulin-like growth factor I (IGF-1) is a growth hormone
that plays a crucial role in human development, growth,

metabolism, and homeostasis. It has several biological
functions through the IGF/IGF-1 receptor (IGF-1R) pathway
including mitogenic and antiapoptotic effects on cells,1 tissue
growth and developmental regulation,2 insulin-like activity,3

immune response manipulation,4 etc. A deficiency in
circulating levels of IGF-1 can cause a group of diseases
named as primary IGF-1 deficiency by the U.S. Food and Drug
Administration (FDA), which result in different levels of
growth failure in children. Supplementation of exogenous IGF-
1 to restore the biological levels of IGF-1 is the only clinical
treatment for such a disorder.5 Besides, IGF-1 deficiency is also
closely related with developmental or aging-related diseases,
such as intrauterine growth restriction, liver cirrhosis, age-
related-cardiovascular and neurological diseases.6 Moreover,

IGF-1 exhibits very promising applications in tissue engineer-
ing and regenerative medicine. For instance, reports have
demonstrated the promotion of bone formation and repair7

and muscle8 and myocardial regeneration9−11 by the treatment
of IGF-1 alone or together with other growth hormones either
by direct administration or incorporation into biomaterials.
However, commercially available human growth factor
products including recombination human IGF-1 are expensive,
and their biological activities are difficult to maintain during
storage, transportation, and through the incorporation process
into biomaterials. More importantly, they have a short half-life
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in biological systems and poor tissue retention, thus increasing
the frequency of administration and the risks.
Growth factors activate downstream biological signals

through binding to their receptors. Extensive research efforts
have been made toward developing small molecular mimics
with similar bioactivities to growth factors. Many methods
have been explored, and most of the small molecules behaved
as antagonists; only a few showed agonist activity.12−17

Peptides derived from the native sequences of the binding
sites of growth factors are candidates with great potential
because they have the identical amino acid sequences.
However, peptides in an aqueous environment can hardly
obtain similar conformations as those in the proteins, thus they
lack the specificity to the receptors and lose their original
functions. Taking the discovery of vascular endothelial growth
factor (VEGF) mimicking peptide QK as an example, the
peptide corresponding to the α-helix region of VEGF is
unstructured in aqueous solutions and thus did not show any
VEGF related biological activities.18 To obtain peptides with
the desired secondary conformation, several strategies have
been explored.14,19 For instance, the strategy of making stapled
peptides is powerful for constraining the secondary con-
formation of peptides, which is very promising to modulate
protein−protein interactions.16 High-throughput screening is
also a useful strategy for discovering peptides that mimic

proteins.13,15 Though the developed strategies are powerful, it
would be useful to develop a versatile method to control the
secondary conformation of peptides derived from native
proteins.
Supramolecular nanofibers of peptides hold great potential

in the fields of nanomedicine,20−27 tissue engineering and
regenerative medicine,28−31 and immune modulation.32−34

Through supramolecular self-assembly via noncovalent inter-
actions, bioactive peptides can form nanostructures or
hydrogels in which their tissue retention and bioavailability
could be significantly improved.35,36 For example, Stupp and
colleagues have developed supramolecular nanofibers contain-
ing the QK peptide that mimics VEGF. The QK peptide is a
VEGF mimetic, and the formation of supramolecular nano-
fibers significantly increases the half-life of QK peptides in an
egg embryonic development assay.35 Very recently, pioneer
projects have demonstrated that the pathway of supra-
molecular self-assembly possessed a pronounced influence on
the morphology of resulting nanostructures, thus significantly
affecting their biological functions.37−39 In our previous work,
we also found that peptides with identical amino acid
sequences could self-assemble into different kinds of nanoma-
terials, because of the different conformations of peptides, by
varying the self-assembly pathways from heating−cooling to
enzyme-instructed molecular self-assembly (EISA).40−44 In

Figure 1. (A) Chemical structure of the IGF-1 mimetic molecule compound 1. (B) Ribbon structure of human IGF-1. The C-region of the protein
is shown in light green and is denoted by the box. (C) Optical images of the hydrogel of compound 1 in PBS buffer solution (Gel 1, 0.5 wt %) and
the clear PBS solution of IGF-1C (Sol. of 2, 0.5 wt %). (D) TEM image of Gel 1. (E) Circular dichroism (CD) spectra of Gel 1 (0.5 wt %) and Sol.
of 2 (1.0 wt %).
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this study, we report on a versatile method of constraining
peptide secondary conformation by supramolecular self-
assembly, and we introduce supramolecular nanomaterials
with superior bioactivity to IGF-1 both in vitro and in vivo.
Crystal structure and NMR studies reveal that IGF-1

consists of four regions.45 Among them, the A and B regions
are connected by a 12-residue linker (IGF-1 residues 29−41)
known as the C-region, whose amino acid sequence is
GYGSSSRRAPQT (Figure 1B). Previous research showed
that the C-region of IGF-1 (termed IGF-1C) appeared to be
largely responsible for IGF-1R specificity and bioactivity.46

However, the IGF-1C could not efficiently activate the IGF-1R
by itself because of its unstructured conformation,47 while it
adopts the type-II turn conformation in the IGF-1 protein.45

Our recent studies indicated that hydrogels of chitosan
modified with IGF-1C showed an enhanced protective effect
on encapsulated stem cells compared to the unmodified
ones.48,49 However, immobilization on the surface of polymers
could not assist its secondary structure formation. In this study,
we covalently attached Nap-FFG, a self-assembling peptide
based on the well-known dipeptide FF motif,50,51 to the N-
terminal of IGF-1C to make a self-assembling IGF-1C
molecule, compound 1 (Figure 1A, Nap-FFG-GYGSSSR-
RAPQT). Compound 1 could self-assemble into an opaque
hydrogel by the heating−cooling process in PBS buffer (pH
7.4) at a concentration of 0.5 wt % (Figure 1C, Gel 1). The
peptide IGF-1C (compound 2, GYGSSSRRAPQT) dissolved
well in PBS buffer (Figure 1C, Sol. of 2). We also synthesized

Figure 2. (A) Dose−response curve of the effect of nanomaterials in diluted Gel 1 on HUVEC proliferation. (B) Proliferation of HUVECs after
being exposed to culture medium with or without 10 nM of nanomaterials in diluted Gel 1, Sol. of 2, and IGF-1 protein for 48 h. Data presented as
the mean ± SEM, n = 5 samples per group. (C) Representative images of fluorescence microscopic images of HUVECs (live/dead staining)
cultured in medium without IGF-1 protein or peptides or with 10 nM of nanomaterials in diluted Gel 1, Sol. of 2, or IGF-1 protein. Scale bars =
200 μm. (D) Representative images of fluorescence microscopic images of HUVECs (live/dead staining) after being treated with 200 μM H2O2 for
2 h. Before exposure to H2O2, the cells were precultured in medium without IGF-1 protein or peptides or with the 10 nM of nanomaterials in
diluted Gel 1, Sol. of 2, or IGF-1 protein for 24 h. Scale bars = 200 μm. (E) Apoptosis rate of HUVECs after being treated with 200 μMH2O2 for 2
h, as determined by counting the number of live cells and dead cells in the images. Data presented as the mean ± SEM, n = 5 samples per group.
(F) Live/dead staining images of islets cocultured with or without nanomaterials in diluted Gel 1 for 14 days. Living cells were shown in green and
dead cells in red. Scale bar = 50 μm. (G) Apoptosis rate of islets. Data presented as the mean ± SEM, n = 5 islets per group. (H) The amount of
IGF-1R and phosphorylated (Tyr1316) IGF-1R in cells treated with or without different compounds were analyzed by Western blotting. (I)
Quantification of the relative levels of p-IGF-1R versus β-actin in each sample was determined by densitometry of the blots, as a percentage of
control. Data presented as the mean ± SEM, n = 3 samples per group. *p < 0.05, **p < 0.01, ***p < 0.001.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.8b04406
Nano Lett. 2019, 19, 1560−1569

1562

http://dx.doi.org/10.1021/acs.nanolett.8b04406


two analogues of compound 1, Nap-FG-GYGSSSRRAPQT
(compound 3) and Nap-G-GYGSSSRRAPQT (compound 4)
with fewer phenylalanine (F, Figures S1 and S2). Both
Compounds 3 and 4 also dissolved well in PBS at the
concentration of 0.5 wt % and formed clear solutions (Figures
S13 and S14). The critical aggregation concentration (CAC)
of these compounds was determined by dynamic laser
scattering. The CAC value for compound 1 (47.5 μM) was
orders of magnitude lower than those of compounds 2−4,
which were 987.4, 615.7, and 852.2 μM, respectively (Figures
S15−S18). These observations suggested the importance of
Nap-FFG on the self-assembly of the IGF-1C peptide.
Transmission electron microscopy (TEM) image of Gel 1

revealed the formation of entangled nanofibers formed by
compound 1 (Figure 1D). We observed two kinds of fibers in
the sample, one was thin with a diameter of approximately 40−
80 nm, and the other showed an obviously larger diameter of
approximately 120−160 nm. These fibers entangled with each
other and formed a three-dimensional network. The circular
dichroism (CD) spectrum of the Gel 1 exhibited a positive
peak at 195 nm and a negative band centered at 219 nm,
demonstrating a typical β-sheet secondary structure (Figure
1E). Meanwhile, CD spectrum of Sol. of 2 showed a negative
peak at 196 nm, which matched the characteristic spectrum of
a random coil peptide and indicated that compound 2 mainly
adopted a random coil structure in solution52 (Figure 1E).
Finally, both solutions of 3 and 4 showed primarily strong
negative bands near 204 nm, indicating a largely disordered
conformation53 (Figure S19).
Surface plasmon resonance (SPR) spectroscopy (Biacore

S200, at 25 °C) was used to determine the binding affinity of
compounds 1−4 to the recombinant human IGF-1R (rhIGF-
1R). Briefly, rhIGF-1R was immobilized on the surface of a
CM5 sensor chip, and the Gel 1 (5.6 mM) and solutions of
compounds 2−4 were diluted into solutions with concen-
trations ranging from 3.9 nM to 12.5 μM for the affinity
measurement and kinetic tests. The results indicated that
compound 1 in diluted Gel 1 exhibited a KD value of 11.5 nM
to the rhIGF-1R (Figure S20), approximately 3-fold greater
than that in previous experimental data of IGF-1 proteins (4.3
nM).54 The KD value of compound 2 to rhIGF-1R was
measured to be 321.6 nM, approximately 70 times larger than
that of the IGF-1 protein. Compounds 3 and 4 had KD values
of 346.3 and 381.0 nM, respectively, which were similar to that
of compound 2. These observations clearly indicated that
compound 1 in diluted Gel 1 could bind IGF-1R with a higher
affinity than other compounds in solutions of 2−4 could. In
order to characterize the nanostructures in diluted Gel 1, TEM
images of diluted Gel 1 at concentrations of 100 μM, 1 μM,
and 10 nM were obtained. We found that the long nanofibers
in Gel 1 (0.5 wt %) broke into small and short nanofibers in
diluted Gel 1 at a concentration of 100 μM (Figure S21). In
the diluted Gel 1 at a concentration of 1 μM, we observed both
short nanofibers and nanoparticles (Figure S21). Upon further
dilution (at a concentration of 10 nM), we could only observe
a small amount of nanoparticles in the sample (Figure S21).
These results suggested the importance of the supramolecular
self-assembly and the formation of the β-sheet conformation
for the high binding affinity to rhIGF-1R.
Previous studies indicated that the binding affinity of IGF-1

analogues to IGF-1R correlated directly with their ability to
prevent cell apoptosis.54 We therefore evaluated the pro-
liferation improvement and apoptosis inhibition efficacy of

nanomaterials in diluted Gel 1, Sol. of 2, and IGF-1 protein on
HUVECs. We first added different concentrations of nanoma-
terials in diluted Gel 1 and Sol. of 2 to the culture medium of
HUVECs, respectively. The obtained dose−response curves
for compound-induced cell proliferation were bell-shaped, and
the best concentrations to enhance cell proliferation was
approximately 5−10 nM for both nanomaterials in diluted Gel
1 and Sol. of 2 (Figure 2A and Figure S22). These results were
very similar to that of natural IGF-1 protein, whose best
concentration to promote HUVEC proliferation was also
approximately 10 nM (Figure S23). The bell-shaped dose−
response curve represented negative cooperativity, which is a
classic feature of a ligand binding to the IGF-1R.55,56

After being exposed to equal doses (10 nM) of nanoma-
terials in diluted Gel 1, Sol. of 2, or IGF-1 protein for 48 h, we
determined the cell number in each group by the CCK-8 assay
(Figure 2B). Strikingly, we found that the cell number in the
group treated with nanomaterials in diluted Gel 1 was the
highest (219.4% higher than that in the control group), while
the cell number in the group treated with IGF-1 protein was
only 164.0% higher than that in the control group. There was
only a slight increase in cell number in the group treated with
Sol. of 2 (134.6% increase compared with that in the control
group). These results were in accordance with the cell density
images of each group (Figure 2C). We then used the IGF-1R
inhibitor picropodophyllin (PPP), which was known to
selectively inhibit tyrosine phosphorylation of the IGF-1R
and efficiently block IGF-1R activity,57 together with IGF-1 or
nanomaterials in diluted Gel 1 to treat HUVECs. The results
in Figure S24 indicated that the proliferation of HUVECs were
totally suppressed by the inhibitor, suggesting that the
proliferation of HUVECs stimulated by IGF-1 or nanomateri-
als in diluted Gel 1 was due to IGF-1R activation.
Previous research demonstrated that IGF-1 proteins could

inhibit apoptosis.1 We therefore used H2O2 to induce oxidative
stress on mouse HUVECs in vitro and evaluated the
cytoprotective effects of nanomaterials in diluted Gel 1, Sol.
of 2, and IGF-1 on the cells. First, cells were cultured in
medium containing 10 nM of nanomaterials in diluted Gel 1,
Sol. of 2, IGF-1 proteins, or without any additional compounds
for 24 h. Cells were then exposed to 200 μM H2O2 for another
2 h. The live/dead staining kit was used to discriminate
between live and dead cells. Fluorescence images showed that
the addition of H2O2 caused the death of a large number of
HUVECs in the control group in which IGF-1 proteins or
peptides were absent, whereas the addition of 10 nM of
nanomaterials in diluted Gel 1, Sol. of 2, or IGF-1 protein
efficiently prevented cell apoptosis (Figure 2D). The
percentage of dead cells was as high as 24% in the control
group (Figure 2E). The group treated with Sol. of 2 showed
the second largest cell death percentage of 10.7%. Meanwhile,
the presence of nanomaterials in diluted Gel 1 significantly
reduced the cell death percentage, which was only 3.7% and
even smaller than that in IGF-1 protein group (7.4%). These
results demonstrated that nanomaterials in diluted Gel 1 could
protect HUVECs against H2O2-induced apoptosis more
potently than both Sol. of 2 and native IGF-1 protein did.
We also evaluated the antiapoptotic effect of nanomaterials

in diluted Gel 1 on islets in vitro. Mouse islets were isolated
according to a previously reported procedure.58 The islets were
cultured in medium in the absence or presence of nanoma-
terials in diluted Gel 1 (10 nM of compound 1) for 14 days.
After staining with a live/dead kit, the fluorescent images
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showed that the addition of nanomaterials in diluted Gel 1
significantly inhibited cell death caused by the lack of oxygen
and nutrients within the islets (Figure 2F). The nanomaterials
in diluted Gel 1 could reduce by about two-thirds of the
apoptosis rate in normal culture medium without the
nanomaterials (22.2% to 7.5%) (Figure 2G). Taken together,
these results clearly demonstrated the superior antiapoptotic
effect of nanomaterials in diluted Gel 1.
Phosphorylation of tyrosine residues in the tyrosine kinase

domain of the β-subunit of IGF-1R is necessary for activation
of downstream signaling pathways. Therefore, we examined
whether the biological action of nanomaterials in diluted Gel 1
was mediated by the IGF-1R pathway by measuring the
phosphorylation rate of the receptor in HUVECs. The
interaction of IGF-1 protein or nanomaterials in diluted Gel
1 with the IGF-1R in HUVECs resulted in approximately 2
times the amount of phosphorylated receptor than that in
untreated cells (p < 0.001, Figure 2H,I). There was a moderate
increase in the amount of phosphorylated receptor in cells
treated with Sol. of 2, suggesting that Sol. of 2 could activate
the IGF-1R but is not as potent as the natural IGF-1 or
nanomaterials in diluted Gel 1. These results clearly indicated
that, similar to the IGF-1 protein, nanomaterials in diluted Gel
1 activated the IGF-1R and therefore promoted HUVEC
proliferation and prevented cell apoptosis.
Interestingly, the level of phosphorylated IGF-1 receptor for

both nanomaterials in diluted Gel 1 and IGF-1 demonstrated
no significant differences (Figure 2I), while nanomaterials in
diluted Gel 1 showed stronger effects on HUVECs in vitro than

IGF-1 did. One possible reason might be that the protein was
more vulnerable to proteases than the assembled peptide was,
so that it lost its activity during long-time cell culture. To test
this hypothesis, we used the same amount of protease K to
treat 1 mM of nanomaterials in diluted Gel 1 and IGF-1
protein. Results showed that approximately 65% of compound
1 was gradually degraded by protease K during the 12-h
incubation, and there was approximately 25% of compound 1
remaining after being treated with protease K for 24 h (Figure
S25). For the IGF-1 protein, after being treated by protease K
for only 1 h, the results from SDS-PAGE gel electrophoresis
indicated that most of the protein had been degraded. These
observations clearly demonstrated that the assembled com-
pound 1 was resistant to protease degradation, while native
IGF-1 protein was easily degraded by digestion enzymes. The
longer biostability of assembled peptides resulted in enhanced
biofunctions in HUVECs in vitro, which also suggested the
promising biomedical applications of nanomaterials in diluted
Gel 1 in vivo.
The preparation method dramatically affects the peptide

folding and self-assembly.37−39 Extensive studies have shown
that peptide hydrogelators tend to adopt a β-sheet
conformation via the heating−cooling process. Our recent
studies demonstrated that using EISA by alkaline phosphatase
(ALP) to convert the phosphorylated precursors into the
corresponding hydrogelators could result in α-helical con-
formational peptides.42−44 We therefore synthesized the
phosphorylated precursor of compound 1 (compound 5 in
Figure 3A), which could form a clear hydrogel by the EISA

Figure 3. (A) Chemical structure of the progelator, compound 5. (B) Solution of compound 5 in PBS buffer (0.5 wt %, pH = 7.4) and the resulting
hydrogel (Gel 2) formed via adding 1 U/mL of alkali phosphatase (ALP). (C) CD spectra of both gels (Gel 1 and Gel 2 at 0.5 wt %). (D)
Proliferation of HUVECs after being exposed to culture medium with or without the addition of 10 nM of nanomaterials in diluted Gel 1 or Gel 2
for 48 h. (E) Apoptosis rates of HUVECs in different groups after being treated with 200 μM H2O2 for 2 h. Data presented as the mean ± SEM, n
= 5 samples per group. ***p < 0.001.
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process at 37 °C (Gel 2 in Figure 3B). We then used liquid
chromatography−mass spectrometry (LC−MS) to monitor
the conversion ratio of compound 5 to compound 1. Results in
Figure S26 showed that about 60 min after the addition of
ALP, more than 99% of compound 5 was converted to
compound 1. Similar to Gel 1, the TEM image of Gel 2 also
revealed networks of nanofibers (Figure S27). However, the
diameters of the nanofibers in Gel 2 were smaller (22 nm) and
more uniform than those in Gel 1. The CD spectrum
suggested an α-helical conformation of the peptide in the clear
Gel 2 (Figure 3C). Therefore, Gel 2 appeared to be an ideal
control material for Gel 1, because both possessed the same
amino acid sequence but with totally different secondary
structures. We used SPR to determine the dissociation
constant of the α-helical peptide in Gel 2 to rhIGF-1R. The
result showed a very weak binding between the nanomaterials
in diluted Gel 2 and the receptor, with a KD value of 179.1 nM
(Figure S28). The nanomaterials in diluted Gel 2 showed little
effect on the phosphorylation of IGF-1R, proliferation
enhancement, or apoptosis prevention of HUVECs (Figure
3D,E and Figures S29−S31). We obtained the CD spectra of
diluted Gel 1 and diluted Gel 2 at different concentrations. We
found that the peptide conformations were retained upon
dilution (Figures S32 and S33). However, we were unable to

observe CD signals for diluted Gel 1 at concentrations lower
than 9.7 μM and diluted Gel 2 at concentrations lower than 2.4
μM because of the detection limit of the instrument. We
heated Gel 2 to around 95 °C to make a clear solution, and we
found a clear hydrogel after cooling back to the room
temperature (Gel 2′). The CD spectra indicated that the
compound in Gel 2′ adopted a β-sheet conformation (Figure
S34). The compound in Gel 2′ exhibited similar activity with
that in diluted Gel 1 to enhance the proliferation of HUVECs
(Figure S35). These results not only clearly indicated the
importance of preparation pathways to control the peptide
folding but also the importance of the secondary structure of
peptides to their bioactivity.
Therapeutic efficacy of nanomaterials in diluted Gel 1 and

the control materials in ischemic disease were then examined
by evaluating the physiological status of ischemic limbs 28 days
after surgery. As shown in the representative photographs and
the quantification results of the severity of the injuries (Figure
4A,B, all of the images in each group are shown in Figure S36),
no limb salvage was observed in the control group treated with
saline, the one treated with Sol. of 2, or the one treated with
nanomaterials in diluted Gel 2. However, we observed
significant improvement in tissue salvage in animals treated
with nanomaterials in diluted Gel 1 (62.5%) and IGF-1

Figure 4. (A) Representative laser Doppler perfusion images of mice subjected to limb ischemia at different time points. (B) Quantification of
physiological status of injured hind limbs at day 28. n = 8 mice per group. (C) Limb perfusion at different time points determined by laser Doppler
perfusion imaging as a percentage of the perfusion before subjection to limb ischemia. Data presented as the mean ± SEM, n = 8 mice per group.
*p < 0.05 vs control group, **p < 0.01 vs control group.
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(37.5%) at day 28. In the Gel 1 group, the occurrence of foot
necrosis was observed in 37.5% of animals. In the IGF-1 group,
the observed foot necrosis was approximately 50%, and the
remaining 12.5% of animals lost partial limbs. The animals
treated with Sol. of 2, 37.5% lost their limbs, 25% lost partial
limbs, and foot necrosis was observed in the remaining 37.5%
of animals. The worst limb status were observed in the control
and Gel 2 groups; both suffered from 62.5% of limb loss and
37.5% of partial limb necrosis.
Laser Doppler perfusion imaging (LDPI) was obtained to

assess tissue perfusion in the ischemic hind limb (Figure 4C).
During the first 3 weeks, the treatment with nanomaterials in
diluted Gel 1 and IGF-1 significantly enhanced the recovery of
tissue perfusion compared to those treated with saline, Sol. of
2, and nanomaterials in diluted Gel 2. At day 28 after induction
of ischemia, animals treated with nanomaterials in diluted Gel
1 had a significantly higher perfusion ratio (76.9%) than that of
animals treated with those in diluted Gel 2 (31.1%, p < 0.05)

or saline (29.0%, p < 0.01) and even slightly higher than that of
IGF-1 (68.0%).
We also used H&E staining to examine the muscle tissue

morphology at day 28 post surgery (Figure 5A). Significant
muscle loss was observed in the control (saline) and Gel 2
groups, as compared with the native limb muscle tissue (p <
0.001). Treatment with Sol. of 2 had a modest effect on the
prevention of the muscle degradation. Satisfactorily, the Gel 1
and IGF-1 treatment significantly reduced muscle degeneration
at the sites of injury, and the muscle fiber diameter of samples
in groups treated with Gel 1 and IGF-1 were remarkably larger
than that in Sol. of 2, nanomaterials in diluted Gel 2, and
control groups, which were close to that of native muscle tissue
(Figure 5B,C). The tissue fibrosis in injured muscle tissue was
evaluated by Masson’s trichrome staining at day 28 post
surgery. A substantial increase in collagen deposition was
observed in the control group compared to native muscle
tissue (p < 0.01). Treatments with Sol. of 2 and nanomaterials

Figure 5. (A) Representative photomicrographs of tissue sections from ischemic limbs at postoperative day 28, stained with H&E, Masson’s
trichrome (MT), and α-SMA antibody. Normal saline was used as the control. The muscle tissue area (B) and muscle fiber diameter (C) were
calculated based on HE staining. (D) The fibrosis area was calculated based on Masson’s trichrome staining. The vessel number (E) and area (F)
were calculated based on α-SMA antibody staining. Data presented as the mean ± SEM, n = 8 samples per group. *p < 0.05, **p < 0.01, ***p <
0.001.
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in diluted Gel 2 could prevent tissue fibrosis, however, not as
potently as nanomaterials in diluted Gel 1 and IGF-1 did. The
fibrosis areas in samples from the Gel 1 and IGF-1 groups were
50% smaller than those in the Sol. of 2 and Gel 2 groups
(Figures 5A,D)
Then the level of mature blood vessels in the injured tissue

at day 28 post surgery was evaluated by immunofluorescence
staining with an α-SMA antibody (Figure 5A). The
quantitative results revealed that, compared to the Sol. of 2
and Gel 2 groups, treatment with nanomaterials in diluted Gel
1 resulted in an ∼2-fold increase in vessel number and an ∼6-
fold increase in vessel area (Figure 5E,F). The treatment with
Sol. of 2 and nanomaterials in diluted Gel 2 did not have a
significant effect on vascularization in the ischemic limbs’
muscle. The proangiogenic effect of nanomaterials in diluted
Gel 1 was comparable with IGF-1. After treatment for 28 days,
both groups reached the level of native muscle tissue in both
vessel number and vessel area. Together, these two
observations accounted for the excellent ischemic hind-limb
salvage results. After ischemia, treatment with nanomaterials in
diluted Gel 1 could protect muscle cells and endothelial cells
from apoptosis and increase their proliferation. The increased
number of endothelial cells finally resulted in an increase in
blood vessels and improved blood supply in the tissue, thus
leading to a better therapeutic effect.
The conformation of peptides is very important to their

bioactivities. However, synthetic peptides from native proteins
generally adopt thermal dynamic equilibrium random coil
conformations, and it is hard to ensure they maintain the
bioactive conformations of native proteins. Using the strategy
of supramolecular self-assembly, we can drive single molecular
behaviors of peptides into supramolecular ones, which means
the secondary conformation of peptides may be kinetically
trapped in higher energy levels. The preparation pathway of
supramolecular nanomaterials is very important for the
outcome of peptide folding and self-assembly. By optimizing
the method to trigger molecular self-assembly, we can ensure
the peptides fold into α-helices or β-sheets. In this study, our
β-sheet self-assembling peptide binds to the IGF-1R with a
binding affinity similar to that of the native IGF-1 protein.
More importantly, the peptide shows superior bioactivity over
native growth factor IGF-1 due to its enhanced biological
stability. While the self-assembling peptide with the same
peptide sequence but in an α-helix conformation fails to mimic
IGF-1 both in vitro and in vivo. By introducing the self-
assembling motifs and optimizing preparation pathways, we
can control the secondary structures of short peptides, which
may finally lead to the development of bioactive supra-
molecular materials that mimic native proteins.
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