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ABSTRACT: The overexpression of growth factors and
receptors on neovascular endothelial cells (ECs) and their
binding may promote the abnormal growth of new blood
vessels, leading to corneal neovascularization (CNV). Normally,
monoclonal antibodies may bind and block only one growth
factor or receptor, such as bevacizumab binding and blocking
vascular endothelial growth factor (VEGF). Herein, we develop
a monotargeting peptidic network antibody (pepnetibody) that
blocks multiple receptors on the membrane of ECs through
forming a fibrous network and ultimately achieves high-efficient
treatment of CNV. The pepnetibody could bind to integrin αvβ3
in particulate formulation and in situ fibrillogenesis on ECs, mimicking the process of fibronectin fibrillogenesis on the cell
membrane. The in situ formed peptidic network could firmly block integrin and cover other angiogenesis-related receptors,
such as VEGF receptor-2 and neuropilin-1, exhibiting competitive efficacy of antiangiogenesis compared with traditional
monoclonal antibody bevacizumab with 97.7 times lower dose.
KEYWORDS: peptidic network antibody, self-assembly, biomimetic, antiangiogenesis, corneal neovascularization

Angiogenesis, a complex process of new capillary
formation from existing blood vessels, is mainly
regulated by a variety of growth factors and multiple

signaling pathways.1,2 The occurrence of angiogenesis, which is
originated from the disruption of the dynamic balance between
pro-angiogenesis and anti-angiogenesis under physiological
conditions, is usually accompanied by a variety of diseases,
such as eye diseases, tumors, and Parkinson’s and Alzheimer’s
disease.3

Corneal neovascularization (CNV), the formation of new
blood vessels in the avascular corneal tissue, is a pathological
change of a variety of ocular surface disorders.4,5 The
angiogenesis seriously affects the transparency of the cornea,
which eventually leads to the destruction of ocular tissue
structure and damage of visual function. CNV has been
identified to be a common factor in blindness and remains a
huge challenge to cure clinically.6

Monoclonal antibodies have been used for the therapy of
angiogenesis-related diseases, aiming to bind to vascular
endothelial growth factor (VEGF) and inhibit the binding
between VEGF and its receptors and the subsequent signaling
pathway. For examples, ranibizumab and bevacizumab could be
utilized for the treatment of CNV.7 However, many growth
factors, such as placenta growth factor 2, and many receptors,
such as neuropilin-1 (NRP-1) and integrin, as well as the

binding-induced signaling pathways, are responsible for the
activation of angiogenesis. It is difficult for one monoclonal
antibody to inhibit all binding processes between different kinds
of growth factors and receptors.8

Supramolecular assembly strategies have been widely used for
disease therapeutics.9−14 Supramolecular structures could lead
to improved efficacy and reduced side-effects.15−18 Especially,
the binding-induced fibrillogenesis (BIF) peptide that mimics
fibrillogenesis of laminin or fibronectin during the formation of
the natural extracellular matrix (ECM) to form fibrous networks
on cell surfaces through binding receptors has drawn great
attention.19−22 The fibrous networks formed as an artificial
ECM on the surface of cells cover cells and modulate the
communication between the cells and the ECM. Therefore, the
BIF peptide may bind a specific receptor to form a fibrous
network on the surface of endothelial cells (ECs), further
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covering other angiogenesis-related receptors for highly efficient
antiangiogenesis therapy.
Integrin αvβ3 is a kind of transmembrane glycoprotein, which

could participate in mediating the interaction between cells and
the ECM as a receptor.23,24 Integrin provides attachment sites
for cell adhesion and regulates migration, proliferation, and
apoptosis of ECs.25 Previous studies confirmed that blocking
integrin-mediated cell-matrix interactions by BIF peptide could
inhibit the migration and proliferation of vascular ECs, which
ultimately inhibits angiogenesis.26,27

Herein, integrin αvβ3 was selected as a targeting receptor, and
the BIF peptide was utilized to bind specifically to integrin αvβ3
on the surface of ECs to form a fibrous network for continuous
trapping of integrin and covering other angiogenesis receptors,
i.e., VEGF receptor-2 (VEGFR2) and NRP-1, for the inhibition
of CNV (Scheme 1). The BIF peptide was designed as lauric
acid-FFVLK-HSDVHK (LAFH), which could bind to integrin
αvβ3 through the HSDVHK sequence followed by forming a
fibrous network through self-assembly of the KLVFF sequence
on the membrane of ECs and inhibit the migration of ECs in
vitro. The subconjunctival injection of LAFH into a CNV rabbit
model allowed the formation of fibrous networks on ECs in vivo,
not only trapping integrin αvβ3 but also covering other
angiogenesis-related receptors, such as VEGFR2 and NRP-1.

Therefore, the monotargeting LAFH (1.16 μg/kg) exhibited a
similar antiangiogenesis effect against CNV to the monoclonal
antibody bevacizumab (113.3 μg/kg) with a 97.7 times lower
dose. Compared with the monoclonal antibody, the BIF peptide
with antibody features was named peptidic network antibody
(pepnetibody), showing great potential for antiangiogenesis.

RESULTS AND DISCUSSION

Design and Fibrillogenesis of LAFH. LAFH consists of
three building blocks: (i) hydrophobic lauric acid, (ii) the
hydrogen-bonding sequence KLVFF, and (iii) the integrin αvβ3
targeting sequence HSDVHK.28,29 LAFH was purchased from
GL Biochem, purified with liquid chromatography, and further
characterized by electrospray ionizationmass spectrometer mass
spectra (ESI-MS) (Figures 1a and S1).
LAFH monomers could self-assemble into nanoparticles

(NPs) in aqueous solution due to the hydrophobic dodecyl
chain, the morphology of which was characterized through
transmission electron microscopy (TEM). It was confirmed that
LAFH, with a spherical morphology, exhibited an average
diameter of 67.7 ± 11.1 nm. CaCl2 was utilized as a simplified
integrin αvβ3 for investigating the fibrillogenesis process of
LAFH; the nature of binding between integrin and fibronectin is
that Ca2+ in integrin binds to carboxyl in fibronectin.30−32 The

Scheme 1. (a) Molecular structure of LAFH and a cartoon of LAFH nanoparticles. (b) Schematic illustration of LAFH
nanoparticles binding to integrin αvβ3 on the surface of ECs to form LAFH nanofibers, trapping integrin αvβ3 and covering other
angiogenesis-related receptors (vascular endothelial growth factor receptor 2 and neuropilin-1) for the inhibition of
neovascularization in a CNV rabbit model.
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morphology of LAFH changed from NPs to an NP/nanofiber
(NF)mixture after incubating with Ca2+ for 1 h and ultimately to
NFs with average diameter of 18.7 ± 4.5 nm in 2 h (Figure 1a−
c). The morphology of LAFH without Ca2+ could partially
transform from NPs into NFs in 2 h. However, a particulate
morphology could still be observed in the meantime (Figure
S2a−c). The amount of NFs in TEM images was quantitatively
analyzed, and it was found that the amount of LAFH NFs in the
Ca2+ incubation group at 2 h was 4.3 times higher than that of
the group in the absence of Ca2+, which was calculated through
the area of the NFs in the TEM images (Figure 1d). Therefore, it
was validated that the binding between LAFH and Ca2+

accelerated the fibrillogenesis of LAFH NPs. TEM images also
revealed that LAFH NPs without Ca2+ basically transformed
into NFs in 4 h (Figure S2d). In addition, Na+ cations were also
introduced to validate the specificity of the fibrillogenesis of
LAFH to Ca2+. TEM results suggested that LAFH NPs could
transform into NFs in 4 h (Figure S3), which was similar to

LAFH alone. The phenomena indicated that the fibrillogenesis
of LAFH could not be accelerated by Na+ cations. The circular
dichroism (CD) and Fourier transform infrared spectroscopy
(FT-IR) spectra were measured to confirm the secondary
structure of LAFH peptides in the form of NPs and NFs,
respectively. LAFH NPs could form a typical spectrum of a β-
sheet structure with a positive signal at 197 nm and a negative
signal at 218 nm due to hydrogen bonds of KLVFF motifs, and
the signal significantly increased after incubating with Ca2+ for 2
h (Figure 1e), which was in agreement with the formation of a
mountain of NFs.33 The LAFH NPs without incubation of Ca2+

showed a similar trend but a weak increase of peak intensities in
the CD spectrum (Figure S2e), indicating the formation of a
small amount of β-sheet-structured NFs. Moreover, the more
detailed packing structure of LAFH was characterized by FT-IR.
The peak presenting CO stretchingmoved from 1639 cm−1 to
1634 cm−1 in the FT-IR spectra, also suggesting the formation of
β-sheet-structured LAFH NFs by the stacking of LAFH during

Figure 1. LAFH nanoparticles bind to Ca2+ and transform into nanofibers with β-sheet structures. (a−c) TEM images of LAFH nanoparticles
incubated with CaCl2 at 0 h with a spherical morphology (a), 1 h with both spherical and fibrous morphologies (b), and 2 h with a fibrous
morphology (c). (d) Quantitative analysis of a normalized area of nanofibers fromTEM images of LAFH nanoparticles incubated with/without
CaCl2, suggesting binding-induced fibrillogenesis. (e) CD and (f) FT-IR spectra of LAFH nanoparticles incubated with CaCl2 at 0 and 2 h,
indicating the formation of a β-sheet structure.
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the incubation with Ca2+ (Figure 1f).34 Similar to the CD
spectra, the LAFH lacking Ca2+ showed a relatively weak shift of
peak position in the FT-IR spectra (Figure S2f).
LAFH NPs Bind to Integrin αvβ3 and Transform into

NFs onHUVECs.The targeting ability of LAFH to integrin αvβ3
on cell membranes and the following fibrillogenesis were
validated. Human umbilical vein endothelial cells (HUVECs)
with overexpression of integrin αvβ3 were chosen as a positive
experimental group, andMCF-7 cells were selected as a negative
control.35,36 The cell viability of HUVECs and MCF-7 cells
incubated with LAFH NPs was tested by a cell counting kit-8
(CCK-8) assay, and the results showed that LAFH with a
concentration of up to 80 μMexhibited negligible cytotoxicity to
these cells after incubation for 24 h (Figure S4). The Cy5-
labeled LAFH NPs were incubated with HUVECs or MCF-7
cells for 2 h (Figure 2a and b) followed by membrane staining
with DiI for 10 min and observed by confocal laser scanning
microscopy (CLSM). As shown in Figure 2c, red fluorescence
was colocalized with green fluorescence of the membrane probe

DiI on the surface of HUVECs, indicating the coverage of
HUVECs by LAFH. In contrast, the red fluorescence signal was
mainly located inside MCF-7 cells incubated with LAFH NPs,
which can be attributed to the internalization of LAFH NPs
(Figure 2d). Scanning electron microscopy (SEM) images
provided direct evidence of the fibrillogenesis of LAFH NPs on
HUVECs. Fibrous structures could be observed on the surface
of HUVECs treated with LAFH NPs. In contrast, there were
some wrinkles on the surface of PBS-treated HUVECs (Figure
2e and f). In addition, the surface of MCF-7 cells treated with
LAFH NPs showed a large amount of irregular protrusions,
which was similar to the PBS-treated cells (Figure S5). These
results validated that LAFH NPs could bind to αvβ3 and form
fibrous networks on the surface of HUVECs, not MCF-7 cells,
indicating that the overexpression of αvβ3 on the cell surface was
crucial for the fibrillogenesis of LAFH NPs.

LAFH Inhibits the Migration of HUVECs in Vitro. The
LAFH fibrous network on HUVECs was expected to bind and
block αvβ3, resulting in the inhibition of HUVECmigration. The

Figure 2. LAFH nanoparticles bind integrin αvβ3 and transform into nanofibers on HUVECs. (a) Schematic illustration of the formation of
LAFH nanofibers on the surface of HUVECs induced by binding to integrin αvβ3. (b) Schematic illustration of the internalization of LAFH
nanoparticles intoMCF-7 cells. (c, d) CLSM images of HUVECs (c) andMCF-7 cells (d) incubated with Cy5-labeled LAFH nanoparticles for 2
h and stained with the membrane probe DiI for 10min, indicating LAFH on the surface of HUVECs but insideMCF-7 cells, respectively. Green
fluorescence signal represents the membrane probe and the red fluorescence signal shows Cy5-labeled LAFH. (e, f) SEM images of HUVECs
treated with LAFH NPs (e) and PBS (f) to observe fibrous networks on the surface of HUVECs as indicated by red arrows.
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wound healing experiment was carried out to evaluate the anti-
angiogenesis effect of LAFH. The wound healing area in LAFH
NPs-treated HUVECs was significantly smaller (n = 3, p < 0.01,
Student’s t-test) than that of the PBS group (Figure 3a, b, and e).
No significant difference in the area of wound healing was
observed between LAFH- and PBS-treated MCF-7 cells (Figure
S6a, b and e). Furthermore, a Transwell migration experiment
was also performed to confirm the inhibition effect of cell
migration by LAFH. It was clear that LAFH NPs-treated
HUVCEs showed a lower migration rate than that of the PBS
group, which was calculated based on the number of migrated
cells (n = 5, p < 0.01, Student’s t-test) (Figure 3c, d, and f). In
addition, there was almost no difference in the migration rate
between LAFH NPs- and PBS-treated MCF-7 cells (Figure S6c,
d, and f). The evidence indicated that the formed LAFHNFs on
the surface could trap overexpressed integrin αvβ3 and thus
inhibit the migration of HUVECs. In the meantime, internalized
LAFH NPs exhibited a negligible effect on the migration
inhibition of MCF-7 cells with less expressed integrin αvβ3.
LAFH NPs Transform into NFs and Trap Integrin αvβ3,

which Inhibits the Migration of ECs in a CNV Rabbit
Model in Vivo.The LAFHNPs could form fibrous networks on
the surface of HUVECs through binding αvβ3, which may
further trap integrin αvβ3 for the migration inhibition of ECs. In
order to validate the hypothesis, we established a CNV rabbit

model by using alkali to burn the rabbit’s cornea (Figure 4a).37

LAFH NPs (20 μM, 100 μL) and PBS (100 μL) were injected
into the CNV rabbit on day 0 through subconjunctival injection
(Figure 4a). The CNV sections were collected and fixed on day
7, followed by thioflavin T (ThT) staining and immunostaining
of integrin αvβ3. ThT, which could emit a green fluorescence
signal after insertion into a β-sheet structure, was used to stain in
situ formed LAFHNFs.38 As shown in Figure 4b and c, the green
fluorescence of ThT in the CNV area of the LAFH NPs-treated
rabbit was much higher than that of the PBS group 7 days after
the injection, indicating the high accumulation and long-term
retention of LAFHNFs (Figure 4d). TEM images of the corneal
tissue showed a fibrous structure could be observed on the
surface of ECs in the LAFH NPs-treated group rather than the
PBS group (Figure 4e and f). These results validated the
fibrillogenesis of LAFH NPs on ECs in the CNV area, which
may result in the high accumulation and long-term retention of
LAFH. In addition, it was found that the green fluorescence of
ThT was well-colocalized with the red fluorescence of integrin
αvβ3, indicating that the LAFH did bind to integrin αvβ3 (Figure
4g). However, the red fluorescence was weak, probably due to
the trapping of integrin αvβ3 by LAFH NFs and the subsequent
inhibition of integrin αvβ3 immunostaining by specific primary
antibody and dye-labeled secondary antibody.

Figure 3. LAFH nanoparticles inhibit migration of HUVECs. (a, b) Microscopy image of a wound healing experiment of HUVECs treated with
LAFHNPs (a) or PBS (b).White areas indicate nomigrated cells. (c, d)Microscopy images ofmigratedHUVECs treated with LAFHNPs (c) or
PBS (d) in a Transwell migration assay. Purple areas indicate migrated cells. (e) Quantitative analysis of the wound healing rate in (a) and (b),
suggesting themigration inhibition of HUVECs by LAFH. (f) Quantitative analysis of themigration rate in (c) and (d), indicating themigration
inhibition of HUVECs by LAFH.
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The blue fluorescence signal of DAPI in the CNV area of the
LAFH group was lower than that of the PBS group (Figure 4h, i,
and j, n = 4, p < 0.01, Student’s t-test), suggesting the migration
inhibition effect of ECs by LAFH NFs. Therefore, it was
reasonable that the amount of integrin αvβ3 in the CNV area
detected through the red fluorescence signal was lower than that
of the PBS group (Figure 4h and i) due to fewer ECs. In order to
evaluate the binding and trapping ability of LAFH to integrin
αvβ3 by fibrillogenesis on EC surfaces, we calculated the ratio of
fluorescence intensity of integrin αvβ3 (red) to DAPI (blue). It
was found that the ratio of integrin αvβ3 to DAPI of the LAFH
NPs-treated group was lower than that of the PBS group (Figure
4h, i, and k, n = 4, p < 0.01, Student’s t-test), which revealed that
the immunostaining of integrin αvβ3 by primary antibody and
subsequent dye-labeled secondary antibody was inhibited.
These results indicated the highly efficient binding and trapping
of integrin αvβ3 through fibrillogenesis of LAFH.

LAFH NFs Cover Angiogenesis-Related VEFGR2 and
NRP-1 in Vivo. We hypothesized that the LAFH fibrous
networks on the cell surface may cover other angiogenesis-
related receptors. Therefore, we immunostained typical
VEGFR2 (Figure 5a and b) and NRP-1 (Figure 5e and f) and
evaluated the coverage of these receptors by LAFH NFs. The
ratio of receptors (red) to ECs (blue) in the CNV region was
quantitatively analyzed (Figure 5c and g). The results exhibited
the ratio of red to blue fluorescence signal in the LAFH group
was lower than that of the PBS group (n = 4, p < 0.05, Student’s t-
test), indicating that VEGFR2 (Figure 5c) and NRP-1 (Figure
5g) were less recognized and bound by specific primary
antibodies and subsequent dye-labeled secondary antibodies
due to the coverage by LAFH fibrous networks on the cell
surfaces. This evidence suggested that LAFH NFs could not
only trap αvβ3 but also cover other receptors, i.e., VEGFR2 and
NRP-1. Meanwhile, the decrease of blue fluorescence intensity
(Figure 5d and h, n = 4, p < 0.01, Student’s t-test) in the LAFH
group compared with the PBS group validated that LAFH
inhibited the migration of ECs.
The CNV area of rabbits receiving two injections (day 0 and

7) was further evaluated on day 14. The fluorescence intensity of
ThT in the LAFHNPs-treated group was still higher than that of
the PBS group (Figure S7a−c) (n = 4, p < 0.001, Student’s t-
test). In addition, the difference of ThT fluorescence between
the LAFH and PBS group in 2 weeks (Figure S7c) was 13.0
times higher than that in 1 week (Figure 4d). The increase of
ThT fluorescence indicated that the existing LAFH NFs could
promote further accumulation of subsequent LAFH NPs in the
CNV area, possibly beneficial for long-term therapy of CNV.
Similar decreases in the ratio of integrin αvβ3 to cells in the CNV
area (n = 4, p < 0.01, Student’s t-test) in the LAFH group
compared with the PBS group were observed (Figure S7d and
e), suggesting continuous trapping of integrin αvβ3 by LAFH
NFs. The trapping of integrin αvβ3 in 2 weeks was even better
than that in 1 week because the difference between PBS and
LAFH groups of integrin αvβ3 to DAPI in 2 weeks was 1.3 times
higher than that in 1 week (Figures 4k and S7g). However, no
significant difference was observed in the amount of blue signal,
indicating no significant difference in the amount of ECs in the
LAFH NPs- and PBS-treated group after 2 weeks (Figure S7f).
The amount of VEGFR2 (Figure S8a−d) and NRP-1 (Figure
S8e−h) was also lower in the LAFH NPs-treated group
comparing with the PBS-treated group, indicating that these
receptors were still covered by LAFH NFs. In order to exclude
the mechanism in which LAFH NFs inhibit the expression of

Figure 4. Fibrillogenesis of LAFH traps αvβ3, which inhibits the
migration of ECs in a CNV rabbit model in vivo. (a) Schematic
illustration for the establishment of a CNV rabbit model and the
following treatment of LAFH NPs. (b, c) Fluorescence and
immunofluorescence images of the fluorescence signal of the CNV
area after injection of LAFH NPs (b) or PBS (c) for 1 week. Green
signal for ThT and blue signal for DAPI. (d) Quantitative analysis of
the intensity of the green fluorescence signal in (b) and (c),
suggesting the high accumulation and long-term retention of LAFH.
(e, f) TEM images of the CNV area after injection of LAFHNPs for 1
week to show NFs around ECs (e, red arrows) and no fibrous
structure in the PBS group (f). (g) Fluorescence images of LAFH
(ThT, green), integrin αvβ3 (red), and nucleus (blue) to show the
colocalization of LAFH and integrin αvβ3. (h, i) Immunofluor-
escence images of integrin in the CNV area after injection of LAFH
NPs (h) or PBS (i) for 1 week. Red signal for integrin αvβ3 and blue
signal for DAPI. (j, k) Quantitative analysis of DAPI (j) and ratio of
fluorescence intensity of integrin to DAPI (k) from both (h) and (i),
indicating fewermigrated cells and less detected integrin αvβ3 due to
the trapping of LAFH NFs.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c02194
ACS Nano 2021, 15, 13065−13076

13070

https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02194/suppl_file/nn1c02194_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02194/suppl_file/nn1c02194_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02194/suppl_file/nn1c02194_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02194/suppl_file/nn1c02194_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02194/suppl_file/nn1c02194_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02194/suppl_file/nn1c02194_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02194/suppl_file/nn1c02194_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02194/suppl_file/nn1c02194_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02194/suppl_file/nn1c02194_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c02194?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c02194?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c02194?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c02194?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c02194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


receptors, the expression of VEGFR2 and NRP-1 on HUVECs
treated with LAFH NPs was measured by Western blot. As
shown in Figure S9, both VEGFR2 and NRP-1 were expressed
on LAFHNPs-treated HUVECs, the amount of which exhibited
a negligible difference compared with PBS-treated HUVECs.
This evidence suggested that the coverage of LAFH did not
inhibit the expression of angiogenesis-related receptors, i.e.,
VEGFR2 and NRP-1. The LAFH may achieve an anti-
angiogenesis effect through blocking the angiogenesis-related
signaling pathway rather than inhibiting the expression of related
receptors.

LAFH Inhibits Angiogenesis in a CNV Rabbit Model.
The anti-angiogenesis effect of LAFH in a CNV rabbit model
was finally examined, and the clinical monoclonal antibody
bevacizumab was used as a positive control. The pictures of
rabbit eyes treated with LAFHNPs, bevacizumab, and PBS for 1
week (Figure 6a−c) are presented, respectively. It was found
that both average length (Figure 6d, p < 0.001, Student’s t-test)
and area (Figure 6e, p < 0.01, Student’s t-test) of the CNV region
in the LAFH and bevacizumab groups were significantly lower
than the PBS group, indicating the excellent and similar
antiangiogenesis effect of both the LAFH and bevacizumab
groups (n = 8). The hematoxylin−eosin (H&E) staining was

Figure 5. LAFHnanofibers on ECs block VEGFR2 andNRP-1. (a, b) Immunofluorescence images of VEGFR2 in the CNV area after injection of
LAFH NPs (a) or PBS (b) for 1 week. Red signal for VEGFR2 and blue signal for DAPI. (c) Quantitative analysis of the ratio of fluorescence
intensity of VEGFR2 to DAPI in (a) and (b) suggesting the coverage of VEGFR2 by LAFH NFs. (d) Quantitative analysis of the fluorescence
intensity of DAPI indicating the migration inhibition of ECs in (a) and (b). (e, f) Immunofluorescence images of NRP-1 in the CNV area after
injection of LAFH NPs (e) or PBS (f) for 1 week. Red signal for NRP-1 and blue signal for DAPI. (g) Quantitative analysis of the ratio of
fluorescence intensity of NRP-1 to DAPI in (e) and (f) suggesting the coverage of NRP-1 by LAFH NFs. (h) Quantitative analysis of the
fluorescence intensity of DAPI (h) indicating the migration inhibition of ECs in (e) and (f).
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also performed for validating the antiangiogenesis effect of
LAFH in the CNV rabbit model. The number of newly formed
blood vessels (red arrows) of LAFH- (Figure 6f) and
bevacizumab- (Figure 6g) treated groups were similar to each
other, but significantly lower than the PBS-treated group (Figure
6h) for 1 week (Figure 6i, n = 4, p < 0.01, Student’s t-test). A

marker of newly formed blood vessels, CD31, was used to stain
the CNV area. The immunofluorescence staining images
(Figure 6j−l) showed a smaller number of newly formed
blood vessels in the LAFH and bevacizumab groups than that of
the PBS group (n = 4, p < 0.001, Student’s t-test), which was
consistent with the result of H&E staining (Figure 6m). These

Figure 6. LAFH inhibits angiogenesis in a CNV rabbit model in vivo. (a−c) Photo of eyes in the CNV rabbit model treated with LAFHNPs (a),
bevacizumab (b), and PBS (c) for 1 week, respectively.White dashed line shows neovascularization in the CNV area. (d, e)Quantitative analysis
in the length (d) and area (e) of neovascularization in the CNV area, indicating the therapeutic effect of LAFH NPs and bevacizumab on CNV
compared with the PBS group. (f−h) H&E staining of the eye cup in the CNV rabbit model on day 7 after treatment with LAFH NPs (f),
bevacizumab (g), and PBS (h). Red arrows show newly formed blood vessels. (i) Quantitative analysis of the number of newly formed blood
vessels in (f)−(h), indicating less angiogenesis formed after treatment with LAFHor bevacizumab. (j−l) Immunofluorescence images for CD31
of the CNV area in the LAFHNPs- (j), bevacizumab- (k), or PBS- (l) treated CNV rabbit for 1 week. White arrows indicate newly formed blood
vessels. (m)Quantitative analysis on the number of newly formed blood vessels in (j)−(l), suggesting less angiogenesis after treatment by LAFH
or bevacizumab.
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powerful evidences suggested that the antiangiogenesis effect of
LAFH was comparable to bevacizumab. Furthermore, the CNV
rabbits receiving two injections, on day 0 and 7, were
characterized on day 14. The CNV in the rabbit progressed
over time, and LAFH and bevacizumab still exhibited similar
therapeutic effects (Figure S10). Notably, even though LAFH
and bevacizumab shared the same molar concentration (20 μM,
100 μL), the dose of LAFH (1.16 μg/kg) was significantly lower
than that of bevacizumab (113.3 μg/kg), which indicated the
high therapeutic efficacy of LAFH as a pepnetibody compared
with the monoclonal antibody bevacizumab. Monotargeting
LAFH NFs trap and cover angiogenesis-related receptors for
highly efficient treatment of multi-pathway-triggered angio-
genesis.

CONCLUSIONS

In summary, we designed a BIF peptide, LAFH, as a
pepnetibody for antiangiogenesis through inhibiting angio-
genesis-related receptors. The LAFHNPs could bind to integrin
αvβ3 and form a fibrous network through mimicking the
fibronectin fibrillogenesis in the ECM, i.e., binding-induced
fibrillogenesis, resulting in the blockage of the integrin αvβ3 on
cell membranes and further migration inhibition of integrin
αvβ3-overexpressing HUVECs in vitro. The LAFH fibrous
network was formed and colocalized with integrin αvβ3 on the
membrane of ECs for trapping integrin αvβ3 after subcon-
junctival injection in a CNV rabbit model. In addition, other
receptors related to angiogenesis, such as VEGFR2 and NRP-1,
were also covered by the LAFH fibrous network, which may
contribute to the high efficacy of anti-angiogenesis. LAFH
exhibited an excellent therapeutic effect compared with the
monoclonal antibody bevacizumab with a lower dose (97.7
times lower than bevacizumab), which could be utilized for the
treatment of CNV and potentially other angiogenesis-related
diseases.
We demonstrated that the BIF peptide as a pepnetibody could

bind to the specific receptor and process fibrillogenesis on cell
membranes with a multivalent effect. The fibrous network
exhibited long-term retention on cell membranes rather than
internalizing into cells, leading to a long-term therapeutic effect.
The pepnetibody could not only bind to the targeting receptor
but also cover other nontargeted receptors on the cell
membranes, resulting in highly efficient therapy for multi-
pathway-induced diseases. Other aspects of the pepnetibody,
such as a bispecific targeting pepnetibody, are under
investigation in our lab.

MATERIALS AND METHODS
Materials. All solvents were used without further purification.

Dimethyl sulfoxide (DMSO), Cy5, and hexafluoroisopropanol were
purchased from Aladdin. The CCK-8 was provided by Beyotime
Institute of Biotechnology (Shanghai, China). HUVECs and MCF-7
cell lines were purchased from Cell Culture Center of Institute of Basic
Medical Sciences, Chinese Academy of Medical Sciences (Beijing,
China).
Preparation of Cy5-Labeled LAFH. For the preparation of Cy5-

labeled LAFH, LAFH (4 mM in DMSO, 500 μL) was mixed with Cy5
(4 mM in DMSO, 50 μL). The pH value was adjusted to 9 with
triethylamine. The solution was stirred in an ice bath overnight and was
further dialyzed to remove free Cy5. The resultant solution was freeze-
dried before being used.
Binding-Induced Fibrillogenesis in Solution and in Vitro.

Transmission Electron Microscope. The measurements were
performed on an HT-7700 TEM (Hitachi, Tokyo, Japan); 10 μL of

LAFH (20 μM) in the presence or absence of Ca2+ (20 μM) was
dropped on a copper mesh for 10 min. Then filter paper was used to
remove excess solvent. The samples were dyed by 10 μL of
phosphotungstic acid (2% wt in H2O) for 5 min before being removed
by filter paper. Finally, the copper mesh was cleaned with 10 μL of
deionized water, then absorbed by filter paper and dried.

Circular Dichroism. The measurements were performed on a CD
spectrometer (JASCO-1500, Tokyo, Japan). LAFH (20 μM in H2O
with 0.5% hexafluoroisopropanol in volume) with or without CaCl2 (20
μM) was prepared and further stored at room temperature before
testing. The measurements were performed between 190 and 240 nm
with a resolution of 2.0 nm and a scanning speed of 500 nm/min.

Fourier Transform Infrared Spectroscopy. Measurements were
performed on a spectrometer (SP-200i, PerkinElmer, USA) using KBr
pellets. LAFH (20 μM in H2O with 0.5% DMSO in volume) with or
without CaCl2 (20 μM) was prepared and further stored at room
temperature. A 10 μL amount of the samples was dropped on the KBr
pellet and dried. The measurements were performed between 4000 and
400 cm−1.

Cytotoxicity Assay for HUVECs and MCF-7 Cells. The CCK-8 assay
was employed to evaluate the cytotoxicity of HUVECs andMCF-7 cells
treated with LAFH. The cells were precultured in 96-well plates for 24 h
at a density of 6 × 103 cells per well. A series of different concentrations
(10, 20, 40, 80, and 160 μM) of LAFH were added and co-incubated
with cells in the medium for another 24 h. The medium was removed
and washed with PBS three times. A 100 μL amount of the CCK-8
solutions (10% in medium) was added to each well and cultured for 2 h.
The UV−vis absorption was measured by a multimode microplate
detection system (Enspire, America) for each well at a test wavelength
of 450 nm and a reference wavelength of 690 nm.

Confocal Laser Scanning Microscopy. CLSM characterization was
performed on a Zeiss 710 scanning confocal microscope (Zeiss).
HUVECs or MCF-7 cells were precultured in medium overnight, and
after removal of the culture, the Cy5-labeled LAFH (40 μM, 0.5%
DMSO in volume in serum-free medium) was co-incubated with
HUVECs or MCF-7 cells for 2 h before CLSM observation. The
fluorescence signal of Cy5 was collected at an excitation wavelength of
λex = 633 nm and λem = 662 nm with a red pseudocolor. The
fluorescence signal of DiI was collected at an excitation wavelength of
λex = 549 nm and λem = 565 nm with pseudocolor of green.

Scanning Electron Microscopy. SEM was detected on a NOVA
Nano 430 SEM (FEI). The LAFHNPs (20 μM inmedium, 1 mL) were
incubated with HUVECs or MCF-7 cells on a silicon wafer for 2 h, then
fixed with paraformaldehyde (4% in PBS) for 1 h. These cells were
further dehydrated with ethanol for 10 min for each gradient (volume
ratio of alcohol to water: 10, 30, 50, 70, 90, and 100%) and tert-
butanoluse for 10 min. Finally, the samples were further coated with
gold before being photographed.

Migration Inhibition in Vitro. Wound Healing Experiment.
HUVECs and MCF-7 cells (1 × 104 cells per well) were cultured with
medium in a six-well plate for 24 h. The cell layers were scratched with a
pipet tip to obtain a physical wound. The wells were washed three times
with PBS after removing the medium. Then, the two kinds of cells were
cultured with LAFH NPs (20 μM in medium) for 24 h.
Paraformaldehyde (4% in PBS) was employed to fix cells for 10 min,
which were subsequently stained with crystal violet (0.1 wt % in PBS)
for 2 min. Finally, the samples were observed under a microscope. The
wound healing rate was calculated as below: The healed area in the PBS
group was normalized as 100%. The wound healing rate of the LAFH
group was calculated as the healed area in the LAFH group divided by
the healed area in the PBS group.

Transwell Migration Assay. HUVECs or MCF-7 cells were starved
for 24 h and then digested with trypsin to obtain individual cells. LAFH
cocultured with HUVECs and MCF-7 cells was set on the upper layer
without fetal bovine serum (FBS). DMEM with FBS (10% in volume)
was added to the lower layer of the chamber. The Transwell plates were
incubated in an oven at 37 °C for 24 h. After fixing with
paraformaldehyde (4% in PBS), the cells were further stained with
crystal violet (0.1 wt % in PBS). The samples were washed with PBS
three times and observed by a microscope.
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Bioeffect of LAFH in Vivo. Alkali-Induced Corneal Neo-
vascularization. Thirty healthy male New Zealand strain albino
rabbits weighing from 2.4 to 3.3 kg were used in the project.
Experimental procedures of all animals in this study were conducted
according to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research and were approved by the Animal
Care Committee of Shanghai Jiaotong University (No. TJHBLAC-
200917), Shanghai, China. All experiments were executed on the oculus
dexter (OD) eyes. Induction of CNV was carried out according to the
previous method with some adjustment. Briefly, after the rabbits were
anesthetized, a 5.5-mm-diameter round filter paper (type 3, Whatman
Co., USA) was soaked in NaOH (1M) for 60 s. The wet filter paper was
transferred to the central cornea and maintained for 30 s. The corneal
surface was immediately rinsed with physiological saline (60 mL) for
more than 2 min. The rabbits were divided into three groups of 10
rabbits per group randomly: (1) The OD eye of each rabbit received
subconjunctival injection (20 μM, on day 0 and 7) of PBS (Roche,
USA); (2) theOD eye of each rabbit received subconjunctival injection
(20 μM, on day 0 and 7) of LAFH NPs; (3) the OD eye of each rabbit
received subconjunctival injection (20 μM, on day 0 and 7) of
bevacizumab (Genentech/Novartis, South San Francisco, CA, USA).
Quantification of CNV. The CNV modeling day was considered as

day 0. We assessed all eyes daily and revealed the development of CNV
at the seventh and 14th day after alkaline cauterization by a slit-lamp
(SL-120; Zeiss, Jena, Germany). The total area of CNV and the length
of the longest CNV were quantified by ImageJ software (NIH) at the
time points indicated. To examine neovascularization formation, the
histopathological analysis and CD31+ (Santa Cruz, USA; 1:200)
immunofluorescence (IF) staining were performed for the vascular
system at different time points as described. The number of blood
vessels was calculated blindly by two pathologists.
Immunofluorescence Staining. CNV tissues in different groups

were collected and fixed in paraformaldehyde (4% in PBS buffer). The
slices were sectioned after being embedded in paraffin and further
deparaffinized through EDTA buffer under microwave. The slices were
stained by ThT (Shanghai yuanye), followed by immunostaining with
primary antibodies (anti-integrin αvβ3 antibody, bs-1310R, Bioss,
China; anti-VEGFR2 antibody, ab233693, Abcam, China; anti-
neuropilin-1 antibody, bs-10412R, Bioss, China) and subsequent dye-
labeled secondary antibody (Cy3-conjugated goat anti-mouse/rabbit
IgG (H+L), Beyotime, China), and were further observed with a
Pannoramic MIDI digital slide scanner (3Dhistech).
Statistical Analysis. All data are reported as the means ± SD. The

in vitro experiments were performed in three independent experiments
with 3−5 technical replicates. The in vivo experiments were performed
with 5 or 8 rabbits in each group. Statistical analysis of the samples was
performed using unpaired two-tailed Student’s t-test, and a p value of
<0.05 was considered significant.
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