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ABSTRACT

Anti-fltl peptide (GNQWFI, AF) specifically binds to Vascular Endothelial Growth Factor Receptor 1 (VEGFR1),
thereby inhibiting the interaction of VEGFR1 with a series of ligands. ES2 (IVRRADRAAVP) can effectively
inhibit the proliferation and invasion of endothelial cells and play a key role in anti-angiogenesis. AF and ES2
peptides differ in their activity. To better exploit the advantages of both, we designed a new peptide called ES2-
AF (IVRRADRAAVPGGGGGGNQWFI). Hyaluronic acid (HA) is widely used in the pharmaceutical industry be-
cause of its biodegradable and high load performance. The HA-specific cell surface receptor CD44 was highly
expressed in the tumour site during the anti-tumour study. Therefore, we used HA as a modifier to chemically
modify ES2-AF; it was expected that the modified compound would have preferable solubility, stronger tar-
geting, longer half-life, and better anti-angiogenesis effects in vivo. In this study, the anti-proliferative, anti-
migration and targeting activities of HA-ES2-AF in vitro were studied by MTT, ELISA, transwell and SPR assays.
Meanwhile, the anti-neovascularization activity of HA-ES2-AF in vivo was studied by CAM assay, and the tar-
geting of HA-ES2-AF to tumour tissue was studied by bioimaging techniques. Finally, we also studied the half-life
of HA-ES2-AF in vivo. In short, the bioactivity of the new peptide ES2-AF was enhanced to a certain extent, and
ES2-AF modified by HA had higher anti-neovascularization activity in vitro and in vivo, had stronger targeting to
tumour tissue, and had a significantly prolonged half-life in vivo. These results laid the foundation for its further
development into targeting anti-tumour drugs.

1. Introduction

protein and peptide drug, such as short half-life and poor stability in
vivo, which limits its extensive clinical application [10].

Neonatal vessels provide nutrients for solid tumour growth and
metastasis; therefore, many drugs are used to inhibit neovascularization
in order to achieve the goal of inhibiting tumour growth [1]. Endostatin
(ES) is the most potent endogenous neovascular inhibitor [2,3], and it
has been found that the active sequence ES2 (IVRRADRAAVP), which
plays a key role in anti-angiogenesis, is a fragment of 11 amino acids
from its amino terminal [4]. ES2 can effectively inhibit the proliferation
and invasion of endothelial cells, and its inhibition of angiogenesis
activity is approximately 3 times that of the complete ES sequence
[5-7]. ES2 also plays an important role in the treatment of diseases
caused by diabetic eye disease, rheumatoid arthritis and other neo-
vascularization [8,9]. However, ES2 has many shortcomings as a

* Corresponding author.
E-mail address: hainingtan@sdu.edu.cn (H. Tan).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.jconrel.2018.08.038

AF peptide (GNQWFI) is a VEGFR1-selective hexapeptide, selected
from the Position Scanning Synthetic Peptide Library, which specifi-
cally binds to VEGF, thereby inhibiting the interaction of VEGF with a
series of ligands. It can effectively inhibit VEGF and VEGF / PDGF-in-
duced endothelial cell migration and tube formation. AF can be easily
synthesized at a lower production cost, but its poor water solubility
hindered its clinical application [11-13]. Chemical modification has
opened up a new way to develop protein and peptide drugs [14].
Polyethylene glycol (PEG) is a commonly used modifier to improve
medical proteins. It can prolong half-life in vivo, reduce or eliminate the
immunogenicity of proteins and increase stability to enhance drug ap-
plication potential [15]. However, PEG also has shortcomings; the most
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significant limitation is that it is non-biodegradable, and some recent
studies on anti-PEG antibodies have raised new concerns [16,17].

Hyaluronic acid (HA) is a negatively charged, non-sulphated linear
glycosaminoglycan found in bovine vitreous that binds specifically to
CD44 [13,18]. It has been found that macromolecule HA (> 106 kDa)
could inhibit the proliferation and invasion of endothelial cells [19,20].
In recent years, HA and its derivatives have been widely used clinically
due to its safety, targeting, good biocompatibility and other biological
functions and unique physical and chemical properties. In terms of drug
delivery, HA can be used not only as a carrier for peptide and protein
drugs but also as a targeting agent to deliver these drugs or even other
drug carriers to the tumour and other lesions [21]. In this study, the
ES2-AF peptide was first synthesized and then chemically modified
with HA (Mw 240kDa) in order to target tissue, inhibit neovascular-
ization and migration and achieve the purpose of inhibiting tumour
growth. Nuclear magnetic resonance ("H NMR), methyl thiazolyl tet-
razolium (MTT) assay, cell migration assay, tube formation assay,
ELISA test, chicken chorioallantoic membrane (CAM) assay, surface
plasmon resonance (SPR), bioimaging assay, and pharmacokinetic
studies were all used in this study.

2. Materials and methods
2.1. Materials

Synthetic short peptides AF, ES2 and AF-ES2 were purchased from
China Peptides Co., Ltd. (Shanghai, China). Hyaluronic acid, average
molecular weight 240 kDa) was kindly supplied by Freda Group (Jinan,
China). EAhy926 endothelial cells (ATCC Number: CRL-2922) were
obtained from Shanghai Cell Bank, the Institute of Cell Biology, China
Academy of Sciences (Shanghai, China). Phosphate buffer saline (PBS),
fibronectin (FN), trypsin, methylthiazolyldiphenyl-tetrazolium bromide
(MTT), and bovine serum albumin (BSA) were all purchased from
Solarbio Science & Technology Co., Ltd. (Shanghai, China). Dulbecco's
modified Eagle medium (DMEM) was purchased from Gibco®, Life
Technologies (Carlsbad, CA, USA). Foetal bovine serum (FBS) was
purchased from Hangzhou Sijiqing Biological Engineering Co., Ltd.
(Hangzhou, China). Matrigel matrix, transwell chambers, 96-well
plates, 24-well plates, 25-mL cell culture bottles and 15-mL centrifuge
tubes were purchased from Corning INC. (New York, NY, USA).
Leucocrystal violet was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Dimethyl sulphoxide (DMSO), methanol, acetic acid glacial and
tetrabutylammonium hydroxide (TBA) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Benzotriazol-
1-yloxytris(dimethylamino)-phosphonium hexafluorophosphate (BOP)
was purchased from TCI Co., Ltd. (Shanghai, China). Fluorescein iso-
thiocyanate (FITC) was purchased from Shanghai Purple One Reagent
Factory (Shanghai, China). Vascular endothelial growth factor;es
(VEGF;65) and basic fibroblast growth factor (bFGF) were purchased
from Peprotech (Rocky Hill, NJ, USA). Tween 20 and TMB colour liquid
were purchased from Beyotime Biological Technology Co., Ltd.
(Shanghai, China). Anti-human IgG-HRP-Fc was purchased from
Cusabio Biological Engineering Co., Ltd. (Wuhan, China). Recombinant
CD44 protein and Flt-Fc were purchased from R & D Systems
(Minneapolis, MN, USA). All other chemicals and reagents were of the
highest commercial grade available.

2.2. Synthesis of the HA-ES2-AF conjugate

HA-TBA was synthesized according to a previously established
method [22]. Briefly, HA was dissolved in water, and Dowex 50 W ion-
exchange resin was added to the solution (resin:HA = 3:1). After ex-
changing for 6 h, the resin was filtered using a 0.45-um filter, and the
filtrate was titrated by TBA-OH to pH7.0. The resulting solution was
then lyophilized. The obtained HA-TBA was dissolved in DMSO; then,
2.5M excess of BOP was added to activated carboxyl groups of HA-TBA
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with 30 min mixing after dissolving completely. ES2-AF peptide and an
equimolar amount of DIPEA were added to the HA-TBA solution and
mixed at 37 °C. After 24 h, an equal volume of 1 M NaCl aqueous so-
lution was mixed with the reaction solution. The pH of the mixture was
adjusted to 7.0 by dropwise addition of 1 M NaOH solution. The re-
sulting product was dialyzed against a large amount of 0.3 M NaOH
solution, 25% ethanol and water, and then lyophilized for 3 days
[11,23].

2.3. Cell culture

Cell experiments were conducted using endothelial EAhy926 cells.
The media and operation specifications for cell culture were in ac-
cordance with the previous study [24]. EAhy926 cells were cultured in
DMEM medium with 10% FBS and maintained under a 5% CO, atmo-
sphere at 37 °C.

2.4. Cell proliferation assay

MTT assay was used to determine the anti-proliferative effects of
HA-ES2-AF on endothelial cells. EAhy926 cells were seeded into 96-
well plates (6 X 103 cells/well). After incubation overnight, endothelial
cells were treated with AF, ES2, ES2-AF, HA & ES2-AF, and HA-ES2-AF
at peptide concentrations of 25 pg/mL, 150 pg/mL, 400 ug/mL, 600 pg/
mL and 800 pg/mL (concentrations of 25 ug/mL, 150 ug/mL, 400 pug/
mL, 600 ug/mL and 800 pg/mL pointed to the ES2-AF part only) for
48h. Then, 20 uL MTT reagent was added to each well and further
cultured for 4h under dark conditions. Afterwards, 150 uL dimethyl
sulphoxide was added to each well to dissolve the formazan crystal
after removing the medium. The absorbance was measured at 490 nm
[7,25-271].

2.5. Invasion assay

Invasion assays were performed using the transwell method
[7,28,29]. Matrigel was diluted in serum-free DMEM (dilution ratio 1:
6) and 50 pL was coated onto each transwell chamber and incubated at
37°C for 1h. Then, EAhy926 cells were resuspended in serum-free
DMEM and seeded at a density of 5 X 10* cells per chamber. AF, ES2,
ES2-AF, the mixture of HA & ES2-AF and HA-ES2-AF were added into
transwell chambers at different peptide concentrations of 25 pg/mlL,
75ug/mL and 125pg/mL (concentrations of 25ug/mL, 75pg/mL,
125 pug/mL pointed to the ES2-AF part only). DMEM with 10% FBS was
added to the bottom of a 24-well plate, while the chambers were placed
in a 24-well plate and incubated at 37 °C for 24 h. Then, the medium
was aspirated, and the chambers were washed with PBS. The transwell
chambers were placed in a pre-cooled methanol-acetic acid mixture
(3:1, 500 pL) for 30 min, stained with 0.1% crystal violet for 30 min,
washed three times with PBS and dried. An inverted fluorescence mi-
croscope was using to photograph the chambers, and the number of
invaded cells was counted.

2.6. Tube formation assay

The tube formation assay was used to evaluate the effect of drugs on
endothelial cell tubulogenesis [29,30]. Briefly, Matrigel was pre-melted
at 4°C, coated on 96-well plates (50 uL/well), and then incubated at
37 °C for 30 min for polymerization. EAhy926 cells were seeded in the
Matrigel-coated plates (5 X 10* cells/well). Different peptide con-
centrations (25ug/mL, 75ug/mL and 125ug/mL, concentrations of
25ug/mL, 75 pg/mL, 125 ug/mL pointed to the ES2-AF part only) of
AF, ES2, ES2-AF, the mixture of HA & ES2-AF and HA-ES2-AF were
added to each well, and bFGF was added to a final concentration of
5ng/mL. After incubation at 37 °C for 8h, the formation of tubular
structures of endothelial cells was observed with an inverted fluores-
cence microscope.



F. Sun et al.

2.7. ELISA assay

VEGF;¢5 was dissolved in PBS at a concentration of 0.5 pg/mL and
coated onto 96-well plates. After storage at 4 °C overnight, the VEGF; ¢5-
coated 96-well plates were prepared. The plates were washed thrice by
PBS and then blocked with 3 wt% BSA at room temperature for 2 h.
After washing thrice with PBS, different final peptide concentrations
(5ug/mL, 25ug/mL, 50pug/mL, 100pg/mL and 200 ug/mL, con-
centrations of 5ug/mL, 25 pg/mL, 50 pg/mL, 100 ug/mL and 200 pg/
mL pointed to the ES2-AF part only) of AF, ES2, ES2-AF, the mixture of
HA & ES2-AF, HA-ES2-AF and 500 ng/mL Flt-Fc in 1 wt% BSA were
added to the pre-coated wells and maintained for 1h at room tem-
perature. The 500 ng/mL Flt-Fc without peptide was used as a positive
control. PBS with 0.05 wt% Tween 20 was prepared for washing the 96-
well plates and anti-human IgG-HRP-Fc in 0.3 wt% BSA (1:1000) was
added with 1h maintaining. After washing twice using PBS with
0.05 wt% Tween 20 and once with PBS alone, the 96-well plates were
dried and measured with the TMB method to evaluate the amount of
bound Flt-Fc [11,28].

2.8. CAM assay

Chick embryonic chorioallantoic membrane assay was employed to
evaluate the anti-angiogenesis effect in vivo. Fertilized eggs were
maintained at 37 °C and 70% humidity, and after 7 days a small window
(0.3-0.4 cm?) was opened on the top of the eggs. This window formed a
new air chamber, which exposed the chick embryonic chorioallantoic
membrane. With continued incubation for 48 h, the window was ex-
panded (1 cm?) and a 5mm diameter gelatin sponge with different
agents was implanted. Eggs were treated with 10 pL. bFGF (5 ng/mL)
and 20 uL. AF, ES2, ES2-AF, HA & ES2-AF, and HA-ES2-AF at peptide
concentrations of 5pug/mL, 25pug/mL, 50 pug/mL (concentrations of
5ug/mL, 25ug/mL, 50 ug/mL pointed to the ES2-AF part only) for
another 48 h. Saline was used as blank control [30,31]. The neovascular
areas were observed and photographed by a stereomicroscope, and then
each group of photographed areas of the same area was analysed by IPP
software. The ratio of neovascular area to total area was compared to
determine the anti-angiogenic capacity of the drug.

2.9. Pharmacokinetic study

Eight female Wistar rats at a mean weight of 250 g were randomly
divided into two groups. Then, 1 mL of ES2-AF or HA-ES2-AF was re-
spectively injected through the femoral vein at a peptide dose of 25 mg/
kg (concentration of 25 mg/kg pointed to the ES2-AF part only). Blood
samples were collected through the jugular vein at 5min, 15min,
30min, 1h, 2h, 6h, 12h, 24h, and 48h after administration. The
collected blood was stored at 4°C for 2h and then centrifuged for
10 min at 10,000 rpm to obtain the plasma samples. Plasma samples
were precipitated by acetonitrile and the supernatants were collected
by centrifugation at 16,000 rpm and 4 °C for 10 min [11,29,32]. Finally,
the fluorescence intensity in the samples was measured by fluorescence
spectrophotometer (excitation at 280 nm and emission at 350 nm).

2.10. Surface plasmon resonance (SPR) assay

We bound CD44 to a CM5 sensor chip to determine the affinity of
HA, HA-ES2-AF and ES2-AF using a Biacore T200 system. First, we
performed a pH-scouting process with the pH value range of 3.8-5.0
and discovered that the most suitable pH was 3.8. The sensor chip was
activated with EDC/NHS; then, CD44 was immobilized on the surfaces
of CMS5 chips in sodium acetate buffer pH 3.8. The dissociative carboxyl
groups of the chip were blocked by ethanolamine-HCl. The series of
concentrations of HA solution as positive controls were flowed across
the chip using primary Kinetics/Affinity methods at a flow rate of
30 pL/min. The obtained sensorgrams were analysed to obtain dynamic
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parameters, including kp (equilibrium dissociation constant), k,
(binding constant), and kq (dissociation constant) [33-36]. The other
two analytes, HA-ES2-AF and ES2-AF, were analysed in the same way.

2.11. Bioimaging of FITC-labelled HA-ES2-AF conjugate

To study the targeting properties, the modified product and ES2-AF
were labelled with FITC following a previous protocol [25]. ES2-AF and
HA-ES2-AF were separately dissolved in PBS, and the peptide con-
centrations were both 1 mg/mL. The two samples were dialyzed in
carbonate buffer solution, pH 9-9.5. FITC was dissolved in DMSO (1 mg
FITC / 1 mL DMSO). According to FITC: peptide = 1: 1 drop of the
FITC-DMSO solution was added to the dialyzed samples and stirred at
4°C for 4h. Then, 5mol/L NH4CI solution was added to a final con-
centration of 50 mmol/L with stirring at 4 °C for 2 h. FITC-labelled ES2-
AF and HA-ES2-AF were dialyzed in PBS at a low temperature to re-
move the unlabelled FITC. Preparation and storage were performed at
low temperature in the dark. The tumour model was established by
subcutaneous injection of 1.0 X 10° B16 cells into the right armpit of
each nude mouse. When the tumour volume reached approximately
200 mm?, the nude mice were injected with FITC-labelled ES2-AF, HA-
ES2-AF and HA&HA-ES2-AF via tail vein injection. The peptide dose
was 50 mg/kg (concentration of 50 mg/kg pointed to the ES2-AF part
only). The IVIS kinetics system was used to visualize the mice at 2h,
4h, 8h, 12h, and 24 h after administration [27,32,37].

2.12. In vivo antitumor efficacy

Nude mice bearing B16 tumors were used to evaluate the ther-
apeutic efficacy of ES2-AF and its derivatives on inhibition of tumour
growth. The mice were subcutaneously injected at the right axillary
space with 0.1 mL of cell suspension containing 1 x 107 cells. When the
tumour tissue grew to 100-200 mm?®, the mice were randomly assigned
to one of the three treatment groups (n = 5 for each group). The mice of
each group were treated every day with the different drugs as described
in the following: normal saline (NS; iv.), ES2-AF solution (20 mg/kg;
iv.) and HA-ES2-AF solution (60 mg/kg; iv.).

All of the mice were treated for 14 days. The body weights and tu-
mour volumes were recorded every day. The tumour volumes were
measured with a vernier caliper, the length is the longest dimension and
width is the widest dimension. At day 14, the mice were sacrificed and
tumors from each group were surgically excised, rinsed with NS, wiped,
weighed and photographed.

2.13. Cell affinity assay

The affinity activity of HA-ES2-AF to endothelial cells was de-
termined. Fluorescein 6-isothiocyanate (FITC)-labelled-ES2-AF, HA-
ES2-AF and HA&HA-ES2-AF were respectively incubated with en-
dothelial cells (30 x 10* cells/well) for 4h at 37 °C. Fluorescent la-
beling methods have been described in previously published articles
[25]. The concentrations of all groups were set to be 0.5 ug/mL, 1 pg/
mL, 2pg/mL, 5pug/mL, 10 ug/mL and 25 pg/mL (concentrations were
pointed to the ES2-AF part only). After incubation, the cells were de-
tached with 0.25% trypsin/EDTA and washed three times with pre-
cooled PBS. The cell pellet was then resuspended in 0.5 mL of PBS.
Fluorescence-activated cell sorting analysis was performed using
FlowJo.

3. Results and discussion
3.1. Characterization of the HA-ES2-AF conjugate
It has been reported that macromolecule HA (> 106 kDa) has anti-

angiogenesis effect, so we choose hyaluronic acid with molecular
weight of 240 kDa to modify ES2-AF. To ensure the dissolubility of HA
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Fig. 1. (A) Synthetic route for HA-ES2-AF. (B) H NMR spectrum of HA-ES2-AF. (C) Schematic illustration of HA-ES2-AF conjugates.

in DMSO, HA-TBA was prepared using ion-exchange resin by an ion-
exchange method. As shown in Fig. 1(A), when the carboxyl of HA was
activated with BOP, the ES2-AF peptide was conjugated with HA by the
formation of an amide linkage between the amino group of the ES2-AF
peptide and the activated carboxyl of HA. As shown in Fig. 1(B), the
successful conjugation of HA-ES2-AF was characterized by 'H NMR
spectrogram. From the obtained spectra, peaks at 7.10-7.65 ppm cor-
responded to the aromatic rings of phenylalanine and tryptophan, and
peaks at 1.85-1.95ppm correspond to the methyl resonance of the
acetamido moiety of HA. By comparing peaks at 1.85-1.95 ppm and
peaks at 7.10-7.65 ppm, we determined the peptide content. The suc-
cessful conjugation of HA and the novel angiogenic peptide ES2-AF was
confirmed by *H NMR spectroscopy, and the prepared ES2-AF con-
tained 60 peptide molecules per HA chain.

Conjugating macromolecular polymers with drugs has been applied

as a promising platform for drug delivery [ 38]. Synthetic polymers
exhibit high thermal and chemical stabilities and can be synthesized
with controlled molecular weight and low dispersity [ 39]. In this study,
the conjugation of hydrophobic ES2-AF to HA may result in the for-
mation of self-assembled nanoparticles/micelle-like structures (as
shown in Fig. 1 C), in which drugs can be physically encapsulated [ 40].
Thus, better stability, bioactivity and longer half-life in vivo can be
expected.

3.2. Cell proliferation assay

The effect of ES2-AF and HA-ES2-AF on the proliferation of
EAhy926 cells was assessed by MTT assay. First, we investigated the
anti-proliferation ability of AF, ES2 and AF-EF2. As shown in Fig. 2, at
the concentrations of 25pg/mL, 150 ug/mL, 400 ug/mL, 600 ug/mL,
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Fig. 2. Inhibition of ES2-AF and HA-ES2-AF on endothelial cell proliferation in
vitro. Data represent the means + SD (n = 5). *P < .05, significantly different
compared with the ES2-AF or HA & ES2-AF group.
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and 800 pug/mL, the inhibitory rates of AF, ES2 and ES2-AF were
(5.42 = 1.21)%, (9.72 = 2.61)%, (17.32 = 2.89)%, (24.24 =
4.76)%, and (29.46 * 1.98)%; (8.94 * 2.94)%, (13.96 = 2.73)%,
(30.24 = 2.41)%, (32.6 = 1.66)%, (42.1 = 2.46)% and (10.9 *
2.76)%, (22.06 *+ 2.57)%, (37.42 += 0.90)%, (40.56 = 2.53)%, and
(47.26 = 3.78)%, respectively. At the same concentrations, the in-
hibitory rates of HA & ES2-AF and HA-ES2-AF were (8.96 = 2.10)%,

(20.68 *= 2.99)%, (38.05 = 0.46)%, (42.67 = 4.17)%, and
(48.06 = 2.47)%, and (16.12 * 2.03)%, (31.95 * 2.63)%,
(45.48 = 2.09)%, (48.71 * 1.00)% and (52.36 + 0.47)%, respec-

tively. As seen from the above results, the inhibition rate increased in a
dose-dependent manner as the concentration increased in all groups.
However, the results showed that when the concentration exceeded
150 pg/mL, the inhibitory effect of mixture group on endothelial cell
proliferation was stronger than ES2-AF group. According to the litera-
ture, high molecular weight HA can inhibit the proliferation of en-
dothelial cells when the concentration is more than 100ug/mL [41], so
when the concentration exceed 150ug/mL, the HA and peptide in the
mixture also play a role in inhibiting the proliferation of endothelial
cells, so there is a tendency for the mixed group to inhibit endothelial
cell proliferation slightly stronger than ES2-AF group. The new syn-
thetic peptide, ES2-AF, retained or even improved the ability of ES2 to
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Fig. 3. Conjugation of HA to ES2-AF enhanced the inhibition of the transwell invasion of endothelial cells. (A) Inhibition of the transwell invasion of endothelial cells
after incubation with AF, ES2, ES2-AF, HA-ES2-AF and the mixture of HA & ES2-AF at the concentration of 200 pg/mL. (B) Comparison of invaded cell numbers for
AF, ES2, ES2-AF, HA-ES2-AF and the mixture of HA & ES2-AF in the transwell invasion assay. Data represent means + SD (n = 5). *P < .05, significantly different
compared with the control group. *P < .05, significantly different compared with the ES2-AF or HA & ES2-AF group.
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Fig. 4. Inhibition of ES2-AF and HA-ES2-AF on endothelial cell tubular morphogenesis. (A) EAhy926 cells were suspended in DMEM containing different con-
centrations of AF, ES2, ES2-AF, HA-ES2-AF and the mixture of HA & ES2-AF at the concentration of 200 pg/mL. PBS was used as a negative control and bFGF was
added to a final concentration of 5ng/mL. After incubation at 37 °C for 8 h, vascular network formation was observed by inverted fluorescence microscope. (B)
Number of branches/field with AF, ES2, ES2-AF, HA-ES2-AF and the mixture of HA & ES2-AF after incubation for 8 h at 37 °C. Data represent means + SD (n = 5).
*P < .05, significantly different compared with the control group. “P < .05, significantly different compared with the ES2-AF group.

inhibit endothelial cell proliferation. In contrast with ES2-AF and the
mixture of HA&ES2-AF, HA-ES2-AF displayed the best inhibitory ac-
tivity at all concentrations tested.

3.3. Invasion assay

Transwell assay was used to determine the effect of ES2-AF and HA-
ES2-AF on endothelial cell invasion. Cells that passed through the
transwell basement membrane were counted to evaluate endothelial
cell invasion. As shown in Fig. 3(A, B), all groups significantly inhibited
the invasion of endothelial cells (*P < .05, significantly different
compared with the control group), but the HA-ES2-AF group displayed
the best inhibition on cell invasion compared with ES2-AF and HA&
ES2-AF groups (*P < .05, significantly different from the ES2-AF and
HA&ES2-AF group). At the peptide concentration of 200 pug/mL, the
numbers of invaded endothelial cells with AF, ES2 and ES2-AF were
(229 = 11), (254 * 4) and (255 = 13), respectively. At the same
concentrations, the number of invaded cells with the mixture of HA &

ES2-AF and HA-ES2-AF were respectively (202 = 24) and (170 = 7).
The above results showed that three groups (AF, ES2 and ES2-AF) had a
certain amount of reduction on the number of cell invasion compared
with the control group. This indicated that AF, ES2 and ES2-AF all have
inhibitory effects on endothelial cell invasion, but there was no sig-
nificant difference among these three peptide. This result indicated that
the anti-invasion activity of ES2-AF did not increase, but only main-
tained the original anti-invasion activity of two short peptides. Com-
pared with the blank control group, the invaded cells in the five
treatment groups were significantly decreased, indicating that these
treatment groups have an inhibitory effect on the invasion of en-
dothelial cells. Meanwhile, comparing the ES2-AF and HA&ES2-AF
groups, the number of cells in the mixture group was significantly re-
duced, indicating that HA can also inhibit cell invasion. Similarly,
compared the HA-ES2-AF and HA&ES2-AF groups, it was found that the
binding group had a stronger ability to inhibit cell invasion, which
indicated that HA-modified ES2-AF significantly increased the ability of
ES2-AF to inhibit cell invasion.
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3.4. Tube formation assay

Endothelial cell tube formation is essential to angiogenesis.
Therefore, the tube formation assay was used to evaluate the anti-an-
giogenic activity of ES2-AF and its derivatives. As shown in Fig. 4(A),
bFGF induced the formation of organized tubular structures in each
group. In groups treated with AF, ES2, ES2-AF, the mixture of HA &
ES2-AF and HA-ES2-AF, tube formation was significantly inhibited
(*P < .05, significantly different from the control group).

The number of branches in each treatment group were calculated
and compared. As shown in Fig. 4(B), at peptide concentrations of
25 pg/mL, 100 pg/mL, and 200 ug/mL, the mean branches of AF, ES2
and AF-ES2 were respectively (99 + 19), (75 + 17), and (63 = 12);
(67 + 14), (72 + 3), and (61 * 5); and (66 * 12), (49 + 11), and
(42 = 9). At the same concentrations, the numbers with the mixture of
HA & ES2-AF were (41 * 2), (32 % 8), and (25 * 1), respectively,
while those of the HA-ES2-AF were (32 = 3), (17 * 6) and (19 * 5),
respectively. In all groups, with the increase of concentration, the
number of branches was reduced in a dose-dependent manner. As seen
from the above results, with the increase of the concentration, there
was no significant difference in the number of branches between AF and
ES2, but the number in the ES2-AF group decreased significantly. This
phenomenon indicated that ES2-AF not only retained but also enhanced
the anti-angiogenesis activity of the AF or ES2 peptide. The HA-ES2-AF
group had the fewest tube branches compared to ES2-AF or the mixture
groups. The HA-ES2-AF group exhibited the best inhibition of cell tube
formation compared to the ES2-AF group (*P < .05, significantly dif-
ferent from the ES2-AF group).

These results indicate that ES2-AF has improved anti-proliferation,
anti- invasion and inhibition of tube formation abilities with in vitro
chemical modification of HA. What causes this? As mentioned earlier,
AF can specifically bind VEGF and inhibit the migration of endothelial
cells and tube formation; ES2 and HA have the effect of inhibiting the
proliferation and invasion of endothelial cells. Therefore, we hypothe-
sized that the combination of HA and ES2 with AF enhanced the ability
of AF to bind VEGF and inhibited the binding of VEGF and VEGFR1.
Therefore, we used ELISA to detect the effect of several peptides on
inhibiting the binding of VEGF and VEGFRI1 receptors.
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3.5. ELISA assay

The inhibitory ability of the binding of VEGFR1 to VEGF;45 was
assessed by an ELISA assay. VEGF;¢5 was coated on 96-well plates,
washed to remove unbound VEGF, and then treated with each drug
group. The absorbance of each treated well was measured by the TMB
colouring method. The absorbance value of the positive control group
was set to 100%, and the other treatment groups were statistically
analysed according to the ratio of the absorbance to the control group.
As shown in Fig. 5, at the peptide concentrations of 5 ug/mL, 25 ug/mL,
50 pg/mL, 100 ug/mL and 200 pg/mL, the relative amounts of AF, ES2
and ES2-AF bound to Fltl-Fc were respectively (65.74 = 8.45)%,

(69.28 = 15.78)%, (67.86 = 13.91)%, (72.91 * 14.76)%, and
(67.77 = 11.75)%; (63.65 = 12.64)%, (66.46 = 14.87)%,
(62.98 = 13.66)%, (65.33 = 16.01)%, and (64.08 = 13.17)%; and
(67.76 = 17.80)%, (63.07 = 18.05)%, (59.25 + 20.37)%,
(59.07 = 21.25)%, and (58.84 + 23.54)%. At the same concentra-

tions, the amounts of Fltl-Fc bound to the mixture of HA & ES2-AF and
HA-ES2-AF were (68.82 = 16.55)%, (59.92 *= 8.35)%, (56.23 =
12.52)%, (48.16 = 0.72)%, and (47.65 = 7.00)%; and (83.24 +
0.40)%, (55.01 = 6.81)%, (51.04 = 9.29)%, (41.25 + 0.92)%, and
(37.76 = 2.52)%, respectively. From the above results, it can be seen
that there was no significant difference among the AF, ES2 and ES2-AF
groups at the low concentrations of 5pg/mL and 25 pg/mL. With the
increase of concentration, the ES2 and ES2-AF groups showed higher
inhibitory ability than the AF group, and the inhibitory ability of the
ES2-AF group was slightly better than that of the ES2 group. This result
indicated that ES2-AF not only retained but also enhanced the biolo-
gical activity of the AF and ES2 peptides. At the same time, we found
that with the increase in concentration, the inhibitory capacity of each
treatment group increased in a concentration-dependent manner. We
found that the inhibitory ability of the HA-ES2-AF group was sig-
nificantly higher than that of the ES2-AF group (*P < .05, significantly
different from the ES2-AF group). These results were in accordance
with the hypothesis mentioned above about the improved binding
ability of AF to VEGF.

3.6. CAM assay

Anti-angiogenesis effects of ES2-AF and its derivatives were tested
with a classical chicken chorioallantoic membrane (CAM) assay. bFGF
was added as an inducing factor for angiogenesis; thus, the effect of
neovascularization was more obvious in the experimental results. As
shown in Fig. 6(A), compared with the control group, the AF group
showed no significant decrease in CAM neovascularization. The ES2
and ES2-AF groups inhibited neovascularization to some extent at the
range of 5 ug/mL~50 ug/mL (*P < .05, significantly different from the
control group), and the activity of ES2-AF was better than that of ES2.
As shown in Fig. 6(B), the degrees of angiogenesis were significantly
lower in all groups than in the blank control group (*P < .05, sig-
nificantly different from the control group), and there was no sig-
nificant difference between the AF group and the blank control. When
the dosage was 5pug/mL, 25 pug/mL, or 50 ug/mL and the incubation
time was 24 h, the number of blood vessels in the AF, ES2 and ES2-AF
groups was respectively (44.44 + 3.04), (48.42 = 3.90), and

(42.10 = 10.00); (39.33 = 1.00), (28.21 += 2.00), and
(27.31 = 6.00); and (32.03 = 10.00), (22.84 = 19.00), and
(19.26 = 3.00). At the same concentrations, the number of blood

vessels in the mixture and HA-ES2-AF groups was (34.10 = 3.00),
(22.92 = 2.00), and (18.58 * 5.00); and (9.67 *= 3.00),
(10.12 *= 1.00), and (13.10 * 4.00), respectively. The above results
suggest that AF has no significant inhibitory effect on CAM angiogen-
esis at the experimental dose. ES2-AF exhibits higher anti-angiogenic
activity than ES2 in vivo, and anti-angiogenic activity in a dose-de-
pendent manner. In addition, compared to ES2-AF, the mixture and HA-
ES2-AF groups, we found that the three treatment groups could
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Fig. 6. Inhibition of angiogenesis with HA-ES2-AF in vivo. (A) Inhibition of CAM angiogenesis after incubation with AF, ES2, ES2-AF, HA-ES2-AF and the mixture of
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significantly different from the control group. *P < .05, significantly different from the ES2-AF group.

significantly inhibit neovascularization, and the HA-ES2-AF group
showed stronger anti-angiogenesis ability than the ES2-AF group
(*P < .05, significantly different from the ES2-AF group). These results
showed that the inhibition of CAM was improved by using HA-modified
ES2-AF compared with ES-AF.

Because of the protection of the HA shell, the stability and half-life
of HA-ES2-AF was thought to be better than that of ES2-AF. Thus, the
bioactivity of HA-ES2-AF was much better than that of ES2-AF in vivo,
while the bioactivity of HA-ES2-AF in vitro just displays slightly better
activity than that of ES2-AF. In the following results, the half-life pro-
longation will be proven.

3.7. Pharmacokinetic study

We investigated the pharmacokinetic behaviour of ES2-AF and HA-
ES2-AF in Wistar rats. The pharmacokinetic concentration-time curves
after single intravenous administration of ES2-AF and HA-ES2-AF
conjugate in mice are presented in Fig. 7(A). Pharmacokinetic para-
meters are summarized in Table 1. These data provided a clear dis-
tinction between the ES2-AF and HA-conjugated ES2-AF. The half-life
time of the conjugate was prolonged from 18.07h to 2.79h after

modification and the area under the curve (AUC) was increased 3.7
times, which could be explained by a reduction of glomerular filtration
in the kidney caused by the increasing hydrodynamic radius of the
peptide after attaching the HA polymer chains. These results proved
that the conjugation of ES2-AF with HA improved the pharmacokinetic
profiles of ES2-AF in mice. The half-life prolongation provided strong
evidence for why HA-ES2-AF displays much better anti-angiogenesis
activity in the CAM model. The result also provided a support for the
formation of self-assembled nanoparticles/micelle-like structures.

3.8. SPR assay

To effectively determine the binding activity of CD44, a sensitive in
vitro assay of CD44 binding has been implemented [42]. The SPR assay
can be used to access the affinity of HA-ES2-AF for a CD44-coated
surface. First, the preconcentration and coupling experiments of ligand
protein CD44 were carried out, and the pH that was most suitable for
coupling experiments was identified as 3.8 (Fig. 8A). The CD44 protein
(pH = 3.8) was coupled to the ligand by the pre-set guidance function
in the Biacore T200 control software to determine that the final cou-
pling amount of the protein was 3920.7 RU. As shown in Fig. 8(B, C, D),
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Table 1
Pharmacokinetic parameters of plasma concentration of ES2-AF and HA-ES2-AF
in mice.

Parameters ES2-AF HA-ES2-AF
Cmax (ug/mlL) 684.100 618.360
t1/2 (h) 2.785 18.070
AUC (mg/L*h) 2887.795 10,694.702
Tmax (h) 4.680 13.175

Abbreviations: t; », half-life of ES2-AF and HA-ES2-AF in plasma; Tp,.y, the time
to reach maximum plasma concentration; Cp.x, the maximum plasma con-
centration of ES2-AF and HA-ES2-AF; AUC, area under the curve for the plasma
concentration versus time curve of ES2-AF and HA-ES2-AF. Mice received a
single intravenous injection of ES2-AF or HA-ES2-AF, with a dose of SOD at
25mg/kg. The results are shown as the means + SD (n = 5).

we determined the kinetic parameters of different analytes over a chip
with immobilized CD44. Kp, is an important parameter to measure af-
finity between receptor and ligand; a high Kp value indicates reduced
binding. As shown in Table 2, HA as a positive control showed a low Kp
value (4.198 x 10~ mol / L); HA-ES2-AF (4.779 x 10™°mol / L)
was slightly higher than HA, and ES2-AF (3.011 X 10~ *mol /L) had a
very high Kp value. Thus, after modification with HA, the affinity to
CD44 of the ES2-AF conjugate was strongly improved. The CD44-
binding ability of HA might give the conjugate excellent affinity for
CD44. As halation significantly improved the interaction of CD44 in
vitro, we next investigated its targeting in vivo using bioimaging tech-
niques.

3.9. Bioimaging of HA-ES2-AF on tumour tissue

The ES2-AF-FITC and HA-ES2-AF-FITC conjugates were prepared as
described above [25]. We also set up HA&HA-ES2-AF-FITC group se-
parately to prove the targeting effect of HA. Nude mice bearing mela-
noma (B16) were randomly divided into three groups. ES2-AF-FITC,
HA-ES2-AF-FITC and HA&HA-ES2-AF-FITC were injected through tail
veins of the nude mice when the tumour volume became 200 mm?.
Nude mice were anaesthetized with chloral hydrate and photographed
using live image system when they were in a coma; the live images were
recorded at different time points after intravenous injection.
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As shown in Fig. 9 (tumour was indicated using blue cycle), ES2-AF-
FITC was mainly distributed in the vicinity of cervical lymph nodes
after intravenous administration for 2h, HA-ES2-AF-FITC was mainly
distributed in the abdominal and cervical lymph nodes, and a small
amount of fluorescence appeared at the tumour site. At the same time,
the fluorescence distribution of HA&HA-ES2-AF-FITC was similar to
HA-ES2-AF-FITC, mainly in the cervical lymph nodes and a small
amount was distributed in the tumour site. After intravenous adminis-
tration for 4 h, ES2-AF-FITC had a small amount of fluorescence signal
at the tumour and bladder. Combined with the FITC metabolic
pathway, we found that part of the ES2-AF-FITC was hydrolysed and
discharged in the form of urine. At the same time, it was found that HA-
ES2-AF-FITC began to accumulate in the tumour site. While HA&HA-
ES2-AF-FITC was not found to aggregate at the tumour site, but only a
small increase in fluorescence intensity was observed when compared
with 2h. After intravenous administration for 8 h, ES2-AF-FITC was
concentrated in the kidney region, indicating that most of the ES2-AF-
FITC had been metabolized. At this time, the intensity and area of
fluorescence signals of HA-ES2-AF-FITC at the tumour site were ob-
viously enhanced. Similarly, the fluorescence intensity of HA&HA-ES2-
AF-FITC at the tumour site was only slightly increased compared with
the previous time point. After intravenous administration for 12 h, the
intensity and area of fluorescence signals of HA-ES2-AF-FITC and HA&
HA-ES2-AF-FITC at the tumour site were obviously decreased, and a
small amount of fluorescence was found in the bladder region, in-
dicating that a small amount of metabolism began in both drugs. After
intravenous administration for 24 h, HA-ES2-AF-FITC was still present
in the tumour and cervical lymph nodes, and there was also a large area
of fluorescence at the bladder site, indicating that 24 h later, metabo-
lized drugs remained. As seen from the above results, the metabolic rate
of HA-ES2-AF-FITC in nude mice was slower than that of ES2-AF-FITC,
and the HA-modified ES2-AF had a longer plasma half-life in nude mice
and was not be easily hydrolysed. At the same time, through the
quantitative analysis of Fig. 9B, we also found that the fluorescence
intensity of HA&HA-ES2-AF-FITC in the tumour site was significantly
weaker than that of HA-ES2-AF-FITC at the same time point. The reason
for this phenomenon may be that free HA can specifically bind to CD44
at the tumour site, resulting in less binding of HA to CD44 in HA-ES2-
AF-FITC, thus causing the fluorescence intensity and area of the mixture
group at different time points were weaker than that of HA-ES2-AF-
FITC group. This result also proves the role of HA as a targeting carrier
throughout the conjugate. During the whole experiment, the distribu-
tion and maintenance time of HA-ES2-AF-FITC in the tumour site was
more than that of ES2-AF-FITC, indicating that HA-ES2-AF-FITC dis-
tribution targeting to tumour was better than that of ES2-AF-FITC.
These findings may due to the increased stability of HA-ES2-AF in
plasma and are consistent with the prolonged half-life in vivo from the
pharmacokinetic study.

The conjugation of drug to PEG will increase the half-life, but no
effects on the drug targeting can be found. In our study, the widely used
drug delivery polymer HA was used to replace PEG as the modifier. We
hypothesized that the conjugation of HA would not only increase the
half-life but will also improve the targeting of HA-peptide conjugates to
tumour tissue. The SPR assay and bioimaging assay results all support
this theory. The high affinity of HA-ES2-AF for CD44 and the obviously
improved targeting to tumour tissue in vivo make HA-ES2-AF a potential
targeted anti-tumour drug.

3.10. In vivo antitumor efficiency evaluation

Antitumor activity was evaluated using B16 tumour-bearing mice. It
was clear to observe that the tumors of ES2-AF group still grew with a
retarded rate as compared to the s control, while the tumour growth
was severely suppressed after treated with HA-ES2-AF (P < .05 vs ES2-
AF) (Fig. 10A and B). The tumour growth inhibition rates of ES2-AF and
HA-ES2-AF were 30.32% and 51.15% compared with the saline control.
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Fig. 8. Screening the optimum pH for coupling experiments and SPR sensorgram on immobilized CD44 chips from different concentrations of analytes. (A) pH
scouting of CD44 in acetate buffer solution. (B) SPR sensorgram obtained from HA with different concentrations over a chip with immobilized CD44. (C) SPR
sensorgram obtained from HA-ES2-AF with different concentrations over a chip with immobilized CD44. (D) SPR sensorgram obtained from ES2-AF with different

concentrations over a chip with immobilized CD44.

Table 2
Kinetic parameters of different analytes over a chip with immobilized CD44.

HA HA-ES2-AF ES2-AF

ka (L'mol " 's™1) 4,163 x 10° 1.178 x 10° -

kd (s71) 1.748 x 10~° 5.629 x 10~° -

KD (mol- L™ 1) 4,198 x 10~ 11 4.779 x 107 1° 3.011 x 10~ *

Abbreviations: ka, binding constant; kd, dissociation constant; KD, equilibrium
dissociation constant. The results are shown as the means = SD (n = 5).

In addition, the variation of the relative body weights of the mice was
shown in Fig. 10C. Body weights of the mice in HA-ES2-AF group ex-
hibited no serious body weights reduction during the treatment,
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indicating no obvious systemic toxicity of HA-ES2-AF was detected.
These results suggested the HA-ES2-AF possessed the most effective
antitumor activity with no obvious systemic toxicity against melanoma.

3.11. Cell affinity assay

To evaluate the affinity of HA-ES2-AF to endothelial cells, FITC-la-
belled HA-ES2-AF and ES2-AF were respectively cultured with
EAhy926 cells for 4h. The results were shown in Fig. 11, at con-
centrations of 0.5pg/mL, 1pg/mL, 2pg/mL, 5pg/mL, 10pug/mL,
25ug/mL  (concentrations of 0.5pg/mL, 1pg/ml, 2pg/mL,
5pug/mL, 10 pg/mL and 25 pg/mL pointed to the ES2-AF part only), the
affinity rate of ES2-AF and endothelial cells was (4.55 +
0.61)%, (22.79 *= 5.20)%, (82.99 *= 3.99)%, (99.61 *= 0.62)%,
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Fig. 9. In vivo tumour-targeting ability of HA-ES2-AF in nude mice bearing B16 tumour xenografts monitored by the Optix system. Tumour was indicated using blue
cycle. (A) In vivo whole-body images after 0-, 2-, 4-, 8-, 12- and 24-h. (B) Quantification of fluorescence signal intensity in mice after administration of FITC-labelled
ES2-AF, HA-ES2-AF and HA&HA-ES2-AF. P < .05, significantly different from the ES2-AF and HA&HA-ES2-AF groups. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

(99.63 = 0.06)% and (99.96 = 0.01)%, respectively. At the same
concentrations, the affinity rate of HA-ES2-AF and HA&HA-ES2-AF
were respectively (74.31 * 4.95)%, (94.59 = 3.28)%, (99.85 =
0.01)%, (99.97 = 0.01)%, (99.99 + 0.01)%, (99.96 + 0.02)% and
(20.01 = 1.99)%, (75.83 = 5.08)%, (97.98 * 0.34)%, (99.88 *
0.12)%, (99.98 = 0.02)%, (99.98 *= 0.02)%. From the above results,
when the concentration was lower than 5 pg/mL, the affinity activity of
HA-ES2-AF and ES2-AF was significantly different, indicating that the
modification of HA significantly increased the affinity of ES2-AF for
endothelial cells. To verify this conjecture, we added free HA to see if it
could competitively inhibited the binding ability of HA-ES2-AF to en-
dothelial cells. The results showed that the affinity rate of HA&HA-ES2-
AF group was significantly lower than the HA-ES2-AF group at this
concentration, indicating that the combination of free HA to endothelial
cells competitively inhibited the binding of HA-ES2-AF to endothelial
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cells. As can be seen from the figure, when the concentration was higher
than 5 pg/mL, the affinity of the peptides and conjugates to endothelial
cells was all close to 100%, indicating that the presence of AF structure
in ES2-AF made the affinity of both ES2-AF and HA-ES2-AF to a high
level. This result echoes the results of bioimaging and in vivo antitumor
experiments, further explaining why the modification of HA allows ES2-
AF to have better targeting and antitumor activity in vivo.

4. Conclusion

To conclude, ES2-AF was synthesized by a solid-phase method in
this study, and HA-ES2-AF was obtained by HA chemical modification
of the new peptide ES2-AF. First, "H NMR spectroscopy showed that HA
successfully bound to ES2-AF and that there were 60 peptides per 1 HA
chain.
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We then performed in vitro studies on the activity of ES2, ES2-AF
and HA-ES2-AF. HA-ES2-AF was found to have a strong inhibitory effect
on the proliferation of endothelial cells; ES2-AF inhibited the pro-
liferation of endothelial cells, in contrast to ES2 and was concentration-
dependent. In terms of anti-invasion of endothelial cells and inhibition
of tube formation, we found that the inhibitory effect of HA-ES2-AF was
more pronounced than that of ES2-AF. However, ES2-AF inhibited en-
dothelial cell tube formation more strongly than did ES2 and AF, but its
anti-invasion ability was similar to that of ES2 and AF. These results
indicate that ES2 and HA inhibit the proliferation and invasion of en-
dothelial cells. Next, we used ELISA to detect the effect of several
peptides in inhibiting the binding of VEGF and VEGFRI1 receptors.
Surprisingly, it was found that the inhibitory rate of a high con-
centration of HA-ES2-AF was higher than that of ES2-AF; ES2-AF had
stronger inhibitory activity than AF. At the same time, because HA can
specifically bind to CD44, we used surface plasmon resonance analysis
to study the interaction of ES2-AF and HA-ES2-AF with CD44 protein.
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with the in vivo half-life experiments. The half-life of HA-ES2-AF was
approximately 6-fold longer than that of ES2-AF. These data strongly
suggest that hyaluronic acid has the desired effect of extending the half-
life of this peptide drug.

In conclusion, ES2-AF that has been modified by HA has increased
anti-neovascularization activity in vitro and in vivo, higher targeting to
tumour tissue, significantly prolonged half-life in vivo, and thus has
better anti-tumour activity in vivo, providing the foundation for its
further development as a targeted anti-tumour drug.
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