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ty and Ins
A B S T R A C T

Angiogenesis occurs during the process of tumor growth, invasion andmetastasis, and is essential for the
survival of solid tumors. As an integrin significantly overexpressed in human tumor vascular endothelial
cells, αvβ3 is a suitable targeting site for anti-angiogenesis of tumor. We designed and prepared a self-
assembling peptide (SAP) with the ability to targeting αvβ3 and self-assembly. SAP formed nanoparticles
in solution and transformed into nanofibrous network once specifically binding to integrin αvβ3 on the
surface of human umbilical vein endothelial cells (HUVECs). The SAP network stably anchored on
HUVECs over 24 h, which consequently resulted in high-efficient inhibition of vascularization. In vitro
anti-angiogenesis experiment displayed that the inhibition rate of tube-formation reached 94.9%. In vivo
anti-angiogenesis array based on chick chorioallantoic membrane (CAM) model exhibited that the SAP
had an inhibition rate up to 63.1%. These results indicated the outstanding anti-angiogenic ability of SAP,
potentially for tumor therapy.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Angiogenesis plays a key role in the growth and spread of
malignant tumors by providing oxygen, nutrition and access to
distant metastasis [1–4]. With gradually thorough mechanism
research of tumor angiogenesis, abundant amount of anti-
angiogenesis drugs has been developed [5–8]. Inhibition of
angiogenesis as an adjuvant therapy for radiotherapy and
chemotherapy has benefited many patients [9]. It is worth noting
that the toxic side-effects of chemotherapy are relatively large and
cannot be used without restriction [10–12]. In contrast, anti-
angiogenic drugs are less toxic, so it can be taken continuously
after chemotherapy, which is called maintenance therapy [13,14].

αvβ3 is one of the most studied member of integrin family. It
exhibits abnormally high expression in tumor vascular endothelial
cells and has become an important target for inhibiting tumor
angiogenesis[9,15–17].Uponbindingtothevitronectin, integrinαvβ3
are activated into a high affinity state, which in turn leads to
angiogenesis. Therefore, peptides or antibodies capable of targeting
and interfering with the αvβ3-vitronectin interaction are classified
as anti-angiogenic drugs [18,19]. Screened by high-throughput
titute of Materia Medica, Chinese
screening method, His-Ser-Asp-Val-His-Lys (HSDVHK) demon-
strated acceptable ability to inhibit angiogenesis [20]. Due to the
firm orthogonal docked orientation of HSDVHK at the interface
between αv and β3 subunit, the binding constant of HSDVHK to
integrin αvβ3 is twice that of the classical RGD sequence when
binding to integrinαvβ3 [21].However, targetingpeptidemonomers
or nanoparticles tend to enter cells via endocytosis, resulting in
decreased extracellular binding efficiency between ligand peptide,
such as the binding between HSDVHK and integrin αvβ3 on cell
surfaces. Inspired by the mechanism of dynamic self-assembly
[22–26], attempts can be made to design self-assembling nano-
material that is capable of intelligently deforming in specific
physiological/pathological conditions, involving acidity, specific
biomarkers and etc. [27–29]. In ourpreviousworks, for example,we
designed a pH-responsive material that in situ self-assembled to
form nest-like implants in tumor acidic environment for homing
theranostic agents [30]. A dual-targeted (targeting integrin and
laminin receptor) artificial extracellular matrix was also con-
structed to prevent the metastasis of breast and melanoma tumor
[31]. In addition, an intelligent nanofibrous network capable of
capturing vascular endothelial growth factor (VEGF) was designed
to avoid the activating of vascular endothelial growth factor
receptor (VEGFR), thus normalizing tumor vessels [32].
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. Schematic illustration of Ca2+ ions (simulating integrin αvβ3)-triggered (in solution) or integrin αvβ3-triggered (in cellular level) structural transformation fromSAP
nanoparticles (SAP-NPs) to nanofibers (SAP-NFs).
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Fig. 1. (a) The synthetic route of SAP. (i) 20% piperidine in DMF, 15min; (ii) Fmoc-based standard peptide solid phase synthesis method: Fmoc protected amino acids, HBTU,
NMM, DMF, 1 h; (iii) 20% piperidine in DMF, 15min; (iv) BP, HBTU, NMM, DMF, 6 h; (v) TFA/H2O/TIS (95:2.5:2.5, v/v/v), 3 h. (b) The MALDI-TOF mass spectrum of SAP.
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Fig. 2. Gradual change in UV-vis absorption (a) and fluorescence emission (b) of
SAP when adding water into DMSO solution of SAP (H2O:DMSO from 0:100, 10:90,
30:70, 50:50, 70:30 to 90:10 by volume ratio). (c) Corresponding TEM images
showing the process of gradual morphology transformation with time. CD spectra
of SAP nanoaggregates in the absence (d) or presence (e) of Ca2+ ions in aqueous
solution in 6 days. FT-IR characterization of SAP nanoaggregates in the presence of
Ca2+ ions in aqueous solution on day 0 (f) and day 6 (g).
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Herein, a self-assembling peptide (SAP), BP-FFVLK-HSDVHK,
was successfully designed and synthesized as in situ constructible
and enduring nanofibrous network for blocking the activity of
endothelial cells and inhibiting angiogenesis. SAP consisted of
three motifs: (i) an aromatic bis-pyrene (BP) motif as a strong
hydrophobic core and fluorescence detection site [33], (ii) a FFVLK
hydrogen-bonding peptide motif as a peptide-scaffold to form
β-sheet nanofiber structures [34], (iii) a targeting HSDVHK peptide
motif, as a ligand of integrin αvβ3, inducing structural transforma-
tion [20]. The SAP was rapidly injected into medium to obtain
nanoparticles of SAP (SAP-NPs), and HUVECs were cultured in this
medium system. Once binding with integrin αvβ3 receptor on the
surface of HUVECs, SAP-NPs reassembled to form nanofibers
(SAP-NFs) with a β-sheet structure and exhibited long-term
retention (Scheme 1). At solution level, the structural transforma-
tion from SAP-NPs to SAP-NFs was distinctly confirmed by circular
dichroism(CD), Fourier transforminfraredspectroscopy (FT-IR)and
transmission electron microscope (TEM). Furthermore, when co-
incubatedwithHUVECs, similarmorphological transformationwas
also observed by scanning electronmicroscope (SEM) and confocal
laser scanning microscope (CLSM). Finally, the ability of angiogen-
esis inhibitionwasverifiedbytube-formationexperimentandchick
chorioallantoic membrane experiment. The SAP shows great
potential of anti-angiogenesis for tumor therapy.

The SAP BP-FFVLK-HSDVHK was prepared by standard solid
phase synthesis method from C to N terminal under Fmoc group
protection system [22,35]. BP was attached to the peptide by
amidation reaction before being cleaved from the resin (Fig. 1). As
an aggregation-induced emission (AIE) molecule, the introducing
of BP into peptides imparts similar AIE properties to SAP. The
aggregation of SAP was explored by UV-vis absorption and
fluorescence emission spectroscopy. Firstly, SAP solutions
(2.0�10-5 mol/L) in H2O/DMSO (dimethyl sulfoxide) solvent
system with gradually increased H2O volume ratios (from 10% to
90%) were prepared through themethod of rapid precipitation and
tested by UV-vis absorption spectroscopy. The absorption band at
328-391 nm broadened and decreased significantly. Meanwhile,
the bathochromic absorption peak increased slightly (Fig. 2a). In
addition, the fluorescence emission of the SAP was significantly
enhanced when the solvent system changed from pure DMSO to
H2O/DMSO, with maximum emissive peak at 515 nm (Fig. 2b),
indicating the formation of BP aggregates [22,33].

With the strong hydrophobicity and large p-conjugation of BP
motif, SAP was supposed to form nanoparticles (SAP-NPs),
stabilized by the hydrophilic targeting peptide sequence HSDVHK.
TEM characterization was performed to further explore morphol-
ogy and size of the SAP-NPs, with a diameter of 239� 72 nm
(Fig. 2c). In order to confirm the importance of β-sheet structured
self-assembling sequence KLVFF, a control molecule BP-GGAAK-
HSDVHK (C-SAP) was designed and prepared (Figs. S1 and S2 in
Supporting information), which supposed to form nanoparticles
without transformable ability. As expected, the C-SAP could self-
assemble into C-SAP-NPs with similar diameter of 211�27 nm
(Fig. S3a in Supporting information).

There are three metal ion binding sites in the extracellular
domain of the β3 subunit of integrin αvβ3, among which the metal
ion dependent adhesion site (MIDAS) can bind to Ca2+ ions and
further coordinate with the ligands [36]. Therefore, as a simplified
model of integrin αvβ3, Ca2+ ions were used to initially explore the
morphology transformation of the nanoparticles [23]. The freshly
prepared solution of SAP-NPs (4.0�10-5 mol/L, H2O/DMSO (99:1,
v/v)) were co-incubated with equal volume of CaCl2 aqueous
solution (4.0�10-5 mol/L). The morphological transformation of
SAP-NPs was observed by TEMwithin 6 days (Fig. 2c). At the initial
time point, Ca2+ ion-induced SAP-NPs were spheres with a
diameter of 145� 47 nm, which is smaller than that of SAP-NPs
without Ca2+. It may be due to the fact that Ca2+ ions compressed
the electrostatic double layer [37]. On the second day, nanofibers
were observed, accompanied by recombined SAP-NPs of non-
uniform size. For day 6, uniform nanofibrous state was exhibited
(F = 53� 4 nm), implying the structural transformation from
SAP-NPs into SAP-NFs induced by Ca2+. The SAP-NPs kept the
particulate structures without Ca2+ incubation. When incubating
C-SAP-NPs with Ca2+ ions under the same conditions, in contrast, it
maintained particle state without morphological transformation
(Fig. S3a), indicating the importance of hydrogen bond units
(KLVFF) in the transformation process.

CD spectra were utilized to further illustrate the changes in the
secondary structure of SAP during the transformation and the
driving force of transformation. Incubatingwith Ca2+ ions, SAP-NPs
gradually formed a typical spectrum of β-sheet structure with a
positive peak at 197 nm and a negative peak at 218 nm [38,39]. The
increasing intensity of the peaks fromday 2 to 6 probably indicated
the formation of highly-ordered SAP-NFs with β-sheet ingredients
(71.4% in day 6, Fig. 2e), which is much higher than that of SAP-NPs
in the absence of Ca2+ (32.5% in day 6, Fig. 2d). These results
confirmed the necessity of Ca2+ during morphological
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transformation. The molecular packing mode in the β-sheet was
further investigated by Fourier transform infrared (FT-IR) spec-
troscopy. The amide I region of FT-IR at 1651 cm-1 (day 0, Fig. 2f)
and 1635 cm-1 (day 6, Fig. 2g) suggested the structure transition
from random coil (SAP-NPs) to parallel β-sheet (SAP-NFs) [40]. In
contrast, CD (Figs. S3b and S3c in Supporting information) and FT-
IR (Figs. S3d and S3e in Supporting information) clearly
demonstrated that C-SAP without morphological transformation
ability maintained a random coil state throughout the experiment,
regardless of whether Ca2+ was provided. SAP and C-SAP formed
nanoparticles in aqueous solution due to the strong hydrophobic-
ity of BP. Moreover, SAP-NPs
with morphological transformation ability self-assembled into
nanofibers with parallel β-sheet structure under the induction of
Ca2+ ions.

In order to verify the targeting ability of SAP and the
morphological transformation on the cell surface, HUVECs were
selected, on which integrin αvβ3 are overexpressed. MCF-7 cells
were used as a negative control. Cell viability was firstly defined by
cell counting kit-8 (CCK-8) array to confirm the safe concentration
of SAP and C-SAP on HUVECs (Fig. 3a) and MCF-7 (Fig. S4a in
Supporting information). The results showed that cell killing rate
of SAP (IC50 = 155mmol/L for HUVECs, 154mmol/L for MCF-7) was
similar to that of C-SAP (IC50 = 139mmol/L for HUVECs, 146mmol/L
for MCF-7) and had negligible cytotoxicity below 8.0�10-5 mol/L.
Therefore, a safe concentration of 2.0�10-5 mol/L was selected as
the standard condition for all cellular experiments, exhibiting that
the biological effects of subsequent experiments are based on a
non-killing mechanism.

The HUVECswere incubatedwith SAP-NPs or C-SAP-NPs for 4 h,
respectively, and culture solutions were replaced by drug-free
medium before observed by confocal laser scanning microscope
(CLSM) and scanning electron microscope (SEM). SAP-NPs treated
HUVECs exhibited green fluorescence on the surface, whichmay be
[(Fig._3)TD$FIG]

Fig. 3. (a) Cell viability of HUVECs treatedwith SAP-NPs or C-SAP-NPs by CCK-8 array. CL
images of cell surface of HUVECs treated with SAP-NPs or C-SAP-NPs, untreated HUVE
due to the inhibition of internalization by in situ self-assembly
from SAP-NPs to SAP-NFs after binding to integrin αvβ3 (Fig. 3b).
Notably, green fluorescence intensity was still strong even after
24 h, indicating excellent retention of the SAP-NFs (Fig. S5 in
Supporting information). HUVECs treated with C-SAP-NPs showed
green fluorescence intracellularly, suggesting that nanoparticles
were incorporated into the cells (Fig. 3c and Fig. S6 in Supporting
information). SEM of the cell surface further supported this
conclusion. Untreated HUVECs exhibited a smooth surface with
slightly pleated protrusions. C-SAP-NPs treated group showed
similar surface morphology except for some particles that could be
non-internalized C-SAP-NPs. As expected, the SAP-NPs treated
HUVECs were covered by a typical fibrous network, which could be
transformed SAP-NFs (Fig. 3d), illustrating the critical role of
hydrogen unit KLVFF in morphology transformation. In contrast,
for MCF-7 cells with low expression of integrin αvβ3, only weak
fluorescent signal can be detected (Figs. S4b and S4c in Supporting
information) and the surface morphology after treatment with
SAP-NPs or C-SAP-NPs were almost consistent with blank group
(Fig. S4d in Supporting information), suggesting that ligand-
receptor binding is a key factor in inducing morphology
transformation and achieving long-term retention.

To evaluate the inhibition effect of SAP-NPs for migration and
tube formation, a series of in vitro experiments were carried
out, including wound healing, transwell-migration and tube-
formation. Wound healing experiment was performed to test the
inhibitory capacity of SAP and C-SAP. For highly active HUVECs,
blank group cultured in drug-freemediumwere almost completely
healed after being scratched for 36 h (Fig. 4a). Wound healing rate
of the blank group was defined as 100%, and the healing rate of the
SAP group was 23.9%, which was much lower than that (38.2%) of
the C-SAP group (Fig. 4b). Migration experiments based on
transwell chambers were performed to further verify the
inhibition of the SAP-NPs and C-SAP-NPs (Fig. 4c). HUVECs were
SM images of HUVECs incubatedwith SAP-NPs (b) and C-SAP-NPs (c) for 4 h. (d) SEM
Cs served as a blank control.
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Fig. 4. Microscopy images of wound healing (a), cell migration (c), tube-formation (e) and statistical quantitative analysis (b, d, f) of HUVECs. The untreated first group served
as a blank control group. The second and third groups were incubated with C-SAP-NPs and SAP-NPs for 36 h, respectively. (g) Microscopy images of chick chorioallantoic
membrane and corresponding (h) statistical quantification results. The chicken embryowas nine days old at the start of the experiment. The increment of the number of blood
vessels is adopted as the basis for evaluation. Data were given in the form of mean� SD (n = 3). *P< 0.05, ** P < 0.01, *** P < 0.001.
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cultured in a nutrient-deficient upper chamber, separated from
nutrient-rich medium by a layer of porous polycarbonate
membrane. SAP-NPs and C-SAP-NPs inhibited the longitudinal
motility ability of HUVECs by 92.7% and 53.1%, respectively
(Fig. 4d), demonstrating the satisfactory inhibition ability of SAP.
For MCF-7 cells with weak migration ability and low expression of
integrin αvβ3, neither C-SAP-NPs nor SAP-NPs had significant
effects on migration of cells (Fig. S7 in Supporting information).

Matrigel provides a biologically active environment similar to the
mammalian cell basement membrane, in which HUVECs are
stimulated to form tubes [41]. HUVECs were incubated with
C-SAP-NPs or SAP-NPs for 9 h in the presence of matrigel to verify
the ability of the samples to inhibit tube-formation (Fig. 4e). It was
observed that the untreated HUVECs form an abundant and dense
tubular network, while C-SAP-NPs treated group presented sparse
tubes with an inhibition rate of 48.7%. Surprisingly, SAP-NPs almost
completely inhibited tube-formation, exhibiting an inhibition rate up
to 94.9% (Fig. 4f). HUVECs formed cell clusters and were not linked to
eachother, proving the excellent anti-angiogenic potential of SAPwith
targeting and in situ self-assembling capability.

Todiscuss the anti-angiogenesis effect by SAPandC-SAP invivo, a
basic FGF (bFGF)-induced CAM assay was employed [20]. The
chicken embryos were nine days old at the start of the experiment.
To theCAMsurfaces,10 ngbFGFand10mgSAPorC-SAPdissolved in
50mLphysiological salinewereadded, and theeggswere incubated
at 37 �C for 2 days. CAMs were observed and photographed before
andafter incubation (Fig. 4g). The incrementof thenumberof blood
vessels was adopted as the basis for evaluating efficacy of anti-
angiogenesis. SAP-NPs inhibited angiogenesis with a satisfactory
inhibition rate of 63.1% compared tobFGFcontrol group,whereasC-
SAP-NPs appeared to have a weak inhibition rate of 27.1% (Fig. 4h).

In conclusion, self-assembly of peptides, as a flexible strategy,
have the advantages of precise controllability, excellent biocompati-
bilityand etc.Wedevelopedan accurate strategy to construct ligand
nano-network for inhibition of angiogenesis. The SAP monomers
formed SAP-NPs due to hydrophilic and hydrophobic interaction
dominated by BP, and self-assembled to form SAP-NFs once the
ligand targeting to integrin αvβ3. The ligand nano-network avoid
being degraded by endocytosis of cells and could block themotility
and migration of HUVECs, thereby inhibiting angiogenesis. This
strategyof in situ construction nano-network shows great potential
as an anti-angiogenic drug for adjuvant therapy against tumors.
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