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1. Introduction

pH-sensitive peptide hydrogel encapsulating
the anti-angiogenesis drug conbercept

and chemotherapeutic drug dox

as a combination therapy for retinoblastomar

Wen Fan,® Mingkang Chen,? Faisal Raza, (2° Hajra Zafar,” Faryal Jahan,®
Yuejian Chen,® Lexin Ge,® Minyan Yang*® and Yiqun Wu*

Retinoblastoma (RB) is a malignant tumor originating from the retina. Radiotherapy, chemotherapy, photo-
dynamic therapy, cryotherapy, and surgery are commonly used in the clinical treatment of RB, but the overall
efficacy is poor and often accompanied with tumor metastasis. Vascular endothelial growth factor (VEGF) has
been confirmed to be highly expressed in the aqueous humor of RB patients and is closely related to the
occurrence and metastasis of tumors. Therefore, we combined the anti-VEGF fusion protein conbercept, which
is frequently used in the treatment of macular lesions, and the traditional chemotherapeutic drug doxorubicin
(DOX). In order to reduce the frequency of drug administration and adverse drug effects and improve treatment
compliance, we designed and successfully synthesized a pH-sensitive heptapeptide (DDIIIOH-NH,) encapsulat-
ing conbercept and doxorubicin to form a stable hydrogel at a concentration of 20 mg mL™* under pH 7.4. The
hydrogel was characterized using transmission electron microscopy and rheological tests. Its drug-release
properties under acidic and neutral conditions were also analyzed, with the results illustrating that the hydrogel
had ideal solid stability, injectability, sustained-release behavior, and pH sensitivity. Meanwhile, the drug-delivery
system effectively diminished Y79 tumor cells as well as inhibited the VEGF-induced proliferation of retinal
endothelial cells (HRECs) and the following angiogenesis. In vivo experiments showed that the drug-delivery
system could effectively inhibit the proliferation and angiogenesis of tumor tissues. We believe that the
pH-sensitive hydrogel is an ideal drug-delivery system for the treatment of retinoblastoma.

Therefore, there is an urgent need to find an efficient and
targeted therapy for RB.

The clinical treatment of cancer has attracted widespread
attention.' Retinoblastoma (RB), a malignant tumor originat-
ing from the retina, which frequently occurs in infants and
children under 5 years of age, has main clinical symptoms such
as leukocoria and loss of vision.*” Current clinical treatments,
including chemotherapy, cryotherapy, laser therapy, radiation
therapy, and surgery, have mild or serious side effects.®™>
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Cytokines, such as vascular endothelial growth factor
(VEGF), have been proven to be overexpressed in both RB
aqueous humor and tissue and are associated with tumor
angiogenesis and angiogenesis-related RB metastasis, nerve
involvement, and RB differentiation.’®'” Angiogenesis refers
to the process of neovascularization from the existing vascular
system by endothelial cells, which is regulated by stimulating
or inhibiting the interaction between angiogenic factors.'®"?
Normal human vascular endothelial cells are in a resting state,
while under certain specific pathological conditions, the
endothelial cells could be activated and start proliferating.
Tumor cells secrete a large amount of VEGF,”® which acts
directly on endothelial cells to promote the progress of angio-
genesis and metastasis.”* Judah Folkman called this regulatory
effect of tumor cells a “vascular switching effect”. Once the
vascular switching effect is turned on, the growth of the tumor
will not be restricted and corresponding invasion/metastasis
ability will be significantly enhanced.””* In recent years,
inhibition of tumor angiogenesis has received increasing
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attention in tumor treatment and several anti-angiogenic drugs
targeting VEGF, such as bevacizumab (BVZ), have been widely
used in clinical treatment.®> These drugs can reduce tumor
angiogenesis and normalize the survival of tumor blood ves-
sels, thus cutting off oxygen and other nutrients needed for
tumor cell growth and metastasis;>> reduce the pressure
between tumor tissues; improve the delivery of chemothera-
peutic drugs to tumor tissues; and in turn enhance the efficacy
of chemotherapy.?® In the present study, we combined a VEGF
inhibitor with the traditional chemotherapeutic drug doxoru-
bicin to achieve better treatment of retinoblastoma, as the
VEGF inhibitor can significantly reduce the angiogenesis of
RB tissue derived from the retina, thus reducing the nutrition
supply of tumor cells, ameliorating tumor metastasis, and
reducing the pressure between tumor tissues, which is con-
venient for the drug permeation to exert a collaborative ther-
apeutic effect with DOX. DOX can directly diminish tumor cells
and alleviate the hypoxic/acidic tumor microenvironment.

Conbercept is an anti-VEGF fusion protein that is widely
used in the clinical treatment of macular degeneration as it has
high affinity with all subtypes of VEGF-A, VEGF-B, and placental
growth factor.>””® Therefore, conbercept might be applied
for the suppression of tumor angiogenesis through VEGF
inhibition.”® However, according to the manufacturer, the
half-life of conbercept is only about 7 days. Although this is
longer than the 4.25 days for bevacizumab,*® it still cannot
meet our goal to reduce the frequency of drug administration.
Besides, doxorubicin is a traditional chemotherapeutic drug
that has serious adverse reactions, such as bone marrow
suppression and myocardial toxicity.>* Hence it is necessary
to find an ideal drug carrier for sustained and controlled
release to achieve a better drug efficacy.

A hydrogel is a three-dimensional hydrophilic polymer gel
with a high affinity for water and other body fluids, such as
serum or plasma.** The concept of hydrogels has attracted
attention in the biomedical field since the early 1960s. At that
moment, Wichterle and Lim?? prepared a synthetic hydrogel for
biomedical applications. To date, hydrogels have been widely
used in various biomedical fields, such as drug or cell delivery
and tissue engineering, due to their good functionality, rever-
sibility, and biocompatibility.**” Based on whether they can
change according to the changes in the external environment,
hydrogels are divided into ordinary hydrogels and responsive
hydrogels. While ordinary hydrogels are insensitive to environ-
mental changes, the properties of responsive hydrogels (e.g:,
swelling behavior, structure, mechanical strength, permeabil-
ity) could change under stimuli from external physical or
chemical conditions.®® When stimulated by temperature, pH,
light, mechanical stress, solvents, pressure, etc., a responsive
hydrogel can change the sol-gel phase through reversible
expansion or contraction of its own structure, thereby control-
ling the release of the drug.*>*° Depending on the external
stimuli, responsive hydrogels are mainly divided into
temperature-, pH-, and photo-sensitive hydrogels.*' Here, we
designed a pH-sensitive polypeptide hydrogel encapsulat-
ing the VEGF inhibitor conbercept and the traditional
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Scheme 1 Synthesis of the heptapeptide DDIIIOH. The peptide encap-
sulated conbercept and DOX to self-assemble into a stable hydrogel at pH
7.4. The hydrogel could then be embedded at the tumor site. The acidic
tumor microenvironment led to an enhanced level of DDIIIOH protona-
tion, leading to the disintegration of the hydrogel due to the strong
electrostatic repulsion, which stimulated the release of conbercept and
DOX. DOX was used to directly kill tumor cells, while conbercept could
reduce the VEGF-induced HREC proliferation and angiogenesis in order to
reduce the nutrition supply to the tumor and ameliorate tumor metastasis
and reduce the pressure between tumor tissues, which is convenient for
drug permeation to exert a collaborative therapeutic effect with DOX,
enhancing the efficacy of chemotherapy. Furthermore, the inherent prop-
erties of the hydrogel could fundamentally alleviate adverse reactions
caused by the systemic administration of chemotherapeutic drugs and
reduce the frequency of drug administration, improving medication com-
pliance for patients.

chemotherapeutic drug doxorubicin. We injected the hydrogel
in to the peritumor and it intelligently responded to the lower
pH to realize rapid and long-term drug release. Furthermore,
the inherent properties of the hydrogel could fundamentally
alleviate adverse reactions caused by the systemic administra-
tion of chemotherapeutic drugs and reduce the frequency of
drug administration, improving medication compliance for
patients, as shown in Scheme 1.

2. Materials and methods
2.1 Materials

Matrigel was purchased from Becton, Dickinson and Company
(BD, USA). DDIIIOH peptide was synthesized by Nanjing SYN
Company. HREC, Y79 cell lines were purchased from American
Type Culture Collection (ATCC, USA). Human vascular endothe-
lial growth factor (VEGF) was purchased from MedChemEx-
press. Cell Counting Kit-8 (CCK8) reagent and Bicinchoninic
Acid Assay (BCA) reagent were purchased from Shanghai
Yeasen. DOX was purchased from Sigma Aldrich. Conbercept

© 2024 The Author(s). Published by the Royal Society of Chemistry
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was purchased from Chengdu Kanghong Biotechnology Co.,
Ltd. RPMI-1640, DMEM medium, and fetal bovine serum (FBS)
were purchased from Gibco. NOD/SCID mice were purchased
from Cyagen Biosciences.

2.2 Synthesis of the peptide

The peptide (sequence: DDIIIOH-NH,) was synthesized by
Nanjing SYN Company through solid-phase polypeptide synth-
esis, including the connection between the C-terminal amino
acid of polypeptide and Rink resin, extension of the peptide
chains, cutting of the peptide chains, and purifying.

2.3 HPLC

Reversed-phase HPLC was selected to purify the peptide in the
solid-phase synthesis. Polypeptide was dissolved by water. The
solution was filtered by a 0.45 pm microporous membrane and
purified with the Shimadzu LC-8A preparative RP-HPLC system.
The chromatographic parameters were: use of a Shimadzu C18
column (4.6 x 250 mm, 5 um), 0.1% TFA/water (V/V)-0.1% TFA/
acetonitrile (V/V) as the mobile phase, flow rate of 5 mL min ",
and elution time of 45 min. The purified peptide was obtained

by freeze-drying.

2.4 Mass spectrometry

Liquid-mass spectrometry (LC-MS) was used to confirm the
molecular weight of the target polypeptide after liquid-phase
purification. The polypeptide solution with a concentration of
1 mg mL~" was first prepared, and then the solution was
filtered with a 0.22 pm aqueous microporous membrane. LC-
MS analysis was used for the structural confirmation.

2.5 Preparation of peptide hydrogel

First, 0.2 mg doxorubicin hydrochloride was dissolved in 100 pL
10 mg mL ™" conbercept solution, and then 2 mg DDIIIOH-NH,
polypeptide powder was dissolved in the aqueous solution, so that
the concentrations of conbercept and DOX were 10 mg mL ™" and
2 mg mL ", respectively, and the final concentration of DDIIIOH
peptide was 20 mg mL™". The pH value of the solution was
adjusted to 7.4 with NaOH. A stable hydrogel was obtained
within 5 min.

2.6 Transmission electron microscopy

Transmission electron microscopy (TEM) was used to observe
the nano-microstructure of the peptides under different con-
ditions. DDIIIOH polypeptide hydrogels at pH 7.4 and 6.5 were
prepared. After stabilization, the hydrogel was crushed and
suspended in H,O. One drop of crushed hydrogel suspension
was pipetted onto carbon-coated copper mesh, aspirating the
excess liquid with filter paper after 3 min. Then, 2% phospho-
tungstate solution was added to the copper mesh for sample
dyeing. After that, an HT-7700 type transmission electron
microscope was used for observation and analysis of the pep-
tide sample.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.7 Rheological testing

Blank peptide hydrogel with a concentration of 20 mg mL ™"
and another hydrogel loaded with conbercept and DOX
were prepared. The experiments were performed with a HAAKE
600 rotary rheometer.

The parameters for the dynamic frequency sweep experi-
ments were as follows: frequency of 0.1-10 rad s~ ', shear strain
of 1%. The parameters for the dynamic time sweep experiments
were as follows: frequency fixed at 6.28 rad s '; 0-120 s, shear
strain of 1%; 120-240 s, shear strain of 50%; 240-360 s, shear
strain of 1%. The total cycle lasted for 600 s.

2.8 Invitro drug release

The hydrogel was prepared according to Section 2.5. Here, 1000
pL PBS buffer (pH 7.4 and pH 6.5 and containing 1% phenyl-
methanesulfonylfluoride fluoride (PMSF)) was added as the
release solution. The release solution was collected every 24 h
and the same volume of fresh release solution was added to
replace that taken out. Different concentrations of doxorubicin
solution were tested and the absorbance of doxorubicin hydro-
chloride at 480 nm was recorded using a UV-vis spectrophot-
ometer to draw a standard curve (Fig. S3, ESIf) (The UV/vis
spectra of DDIIIOH, DOX, and conbercept are shown in Fig. S4
(ESIt), whereby 480 nm wavelength was used to detect the
concentration of DOX, as DDIIIOH and conbercept had no
absorbance at 480 nm). Different concentrations of conbercept
solution were tested and BCA experiments were performed
according to the manufacturer’s instructions and used to plot
the standard BCA curve (Fig. S2, ESIt). The collected release
solution was observed at 480 nm with a UV-vis spectrophot-
ometer and the absorbance was observed at 562 nm using a
multifunctional microplate reader. The concentration of DOX
or conbercept in the release solution was calculated, and the
cumulative drug release curve was drawn according to the data
obtained in the readings and calculations.

2.9 In vitro antitumor activity

Y79 tumor cells were seeded in a 96-well plate at a density of
5 x 10° per well. Conb@Hydrogel, DOX@Hydrogel, and Conb +
DOX@Hydrogel were placed in 10 mL DMEM medium (pH 6.5
and 7.4) at 37 °C for 48 h and the medium was collected. Then,
DMEM solution containing 0.1 mg mL ™" conbercept and 20 ug
mL ™" DOX was prepared. All the solutions were filtered by a
0.22 um sterile filter. The initial medium in the 96-well plate
was discarded and 100 pL drug-containing DMEM solution
prepared above was added. Next, 10 pL CCK-8 reagent was
added to each well after 48 h. The OD value at the wavelength of
450 nm after incubation for 1.5-2 h was recorded.

Relative cell viability (%) = (OD¢arget — ODbjanto)/
(ODcontrol - ODblank) X 100%

The concentration of the free drug was determined as follows:
since the hydrogel encapsulated 1 mg conbercept and 0.2 mg
DOX, if the drug was completely released in 10 mL release

Mater. Adv,, 2024, 5, 2175-2184 | 2177
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solution, the concentration of conbercept was 0.1 mg mL ™" and
the concentration of DOX was 20 ug mL ",

2.10 Study of the inhibitory effect of the drug-loaded
hydrogels on VEGF-induced HREC proliferation

HRECs were seeded in 96-well plates at a density of 5 x 10* per
well. After the cells were stabilized, 10% FBS DMEM was
replaced with serum-free DMEM medium and the cells were
starved for 24 h. The different masses of VEGF were then
diluted with 10% FBS DMEM medium to obtain concentrations
of 0, 5, 10, 20, 40, and 80 ng mL ', and the HRECs were
incubated with DMEM containing VEGF for a total of 72 h. The
CCK-8 assay was performed after the incubation.

2.11 Tube-formation experiment

Tube-formation experiments were performed to observe the
effects of VEGF and anti-VEGF drugs on the formation of
capillary-like structures. HRECs were treated as above. The
matrigel was added in a pre-cooled 12-well plate and then
placed in a 37 °C cell culture incubator for 30 min to solidify
the matrigel. HRECs cultured for 72 h under various adminis-
trations were seeded on coagulated matrigel at a density of
1 x 10° per well. Cells were incubated for 6 h to form capillary-
like structures. Images were taken using an inverted micro-
scope. At least 7 random fields of view were picked to calculate
the average number of branch points formed by the HRECs.

2.12 In vivo antitumor experiments

Twenty-five female NOD/SCID mice were purchased from Cya-
gen Biosciences with the age of six weeks. All the animal
experiments were approved by the Ethics Committee of The
First Affiliated Hospital of Nanjing Medical University (Jiangsu
Province Hospital, Nanjing, China) and carried out in accor-
dance with EC guidelines.

Y79 cells were resuspended using the medium and centri-
fuged at a speed of 1500 rpm for 5 min; then the supernatant
was discarded and physiological saline was added to resuspend
the cells. The cell density was controlled at 5 x 10’ mL™". The
right axillary skin of the mice was sterilized using 75% ethanol
and then 0.1 mL cell resuspension was injected per mouse. The
tumor-bearing mice were randomly divided into 5 groups when
the tumor volume reached 150-200 mm®. The administration
was as follows: (1) control group: empty NOD/SCID mice were
injected with 100 pL/20 g saline; (2) Conb@Hydrogel group:
in situ injection of Conb@Hydrogel with the volume of 100 pL/
20 g, where the dose of conbercept was equivalent to 50 mg
kg '; (3) DOX@Hydrogel group: in situ injection of DOX@Hy-
drogel hydrogel with the volume of 100 puL/20 g, where the dose
of DOX was equivalent to 10 mg kg™ '; (4) free Conb + DOX
group: in situ injection of Conb + DOX solution with the volume
of 100 uL/20 g, where the dose of conbercept was 50 mg kg ™"
and the dose of DOX was 10 mg kg '; (5) Conb + DOX®@
Hydrogel group: in situ injection of Conb + DOX@Hydrogel
with the volume of 100 pL/20 g, where the dose of conbercept
was 50 mg kg~ ' and the dose of DOX was 10 mg kg '. The
administration day was viewed as day 0. The body weight were
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weighed at days 0, 2, 4, 6, 8, 10 and the tumor length (L) and
width (W) were recorded using Vernier calipers. The calculation
formula for the tumor volume was: V (mm?®) = L x W?/2. On
day10, the mice were executed. Hematoxylin-eosin staining
(H&E) was performed of the heart, liver, spleen, lung, kidney.
Terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling (TUNEL) and CD31 immunohistochemistry (IHC)
were also performed. The microvascular density (MVD) was
analyzed using the Motic digital Slide Assistant System Lite 1.0.
For detecting the histocompatibility and biodegradability, a
blank hydrogel with the volume of 100 pL was embedded at
the tumor site before weighing. After 10 days, the hydrogel was
surgically removed for another weighing and then the biode-
gradable rate was calculated and the dissected skin tissue
clinging to the hydrogel was collected for H&E staining.

3. Results and discussion
3.1 Design and synthesis of the peptide hydrogel

Under normal physiological conditions, polypeptides form
conformations such as B-folding, PB-corner, and twist into
nanofibers at appropriate concentrations owing to their own
properties, which can be used to encapsulate drugs or biologi-
cal macromolecules. David et al** reported a pentapeptide
(sequence: DDIII) that had the ability to form a stable hydrogel.
However, due to its poor solubility and pH-responsiveness, the
polypeptide needed further modification. The pH-responsive-
ness of polypeptides to the microenvironment is mainly deter-
mined by the relationship between the pH and the pK, value of
amino acids. We introduced an alkaline amino acid-ornithine
at the C-end of DDIII to make the side chain easier to be
protonated. Meanwhile, the hydrophilic amino acid-histidine
was added to improve the water solubility of the peptide.
Furthermore, the imidazole ring structure of histidine provided
stronger m-m interactions and in turn enhanced the self-
assembly ability of the polypeptide. We used solid-phase pep-
tide synthesis and selected Rink resin as the carrier to synthe-
size DDIIIOH polypeptide with 7 amino acids. HPLC showed
that the purity was 97.23% (Fig. S1A, ESIf), and the mass
spectrometry data showed that the molecular weight of the
compound was consistent with the theoretical molecular
weight of the polypeptide (Fig. S1B, ESIf), indicating the
successful synthesis of the DDIIIOH peptide.

3.2 Characterization of the peptide hydrogel

As clearly shown in Fig. 1A, under pH 6.5, the hydrogel
appeared to be in a liquid condition. It turned to a solid
condition within 5 min after the pH was adjusted to 7.4. TEM
was used to observe the state of the hydrogel in normal
physiological environment (pH 7.4) and acid environment
(pH 6.5) (Fig. 1B). At pH 7.4, the hydrogel presented a highly
dense long fibrous structure with cavitary structures in the
middle of the fiber so that the drug could be easily encapsu-
lated in the hydrogel; while when the pH was adjusted to 6.5,
the fiber structure completely disintegrated and the hydrogel

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Physical characteristics of the DDIIIOH peptide hydrogel. (A) Images of the DDIIIOH peptide hydrogel containing conbercept and DOX (Conb +
DOX@Hydrogel) at pH 6.5 and 7.4. (B) TEM images of the blank DDIIIOH peptide hydrogel at pH 7.4 and 6.5. Scale bar: 200 nm. (C) Dynamic frequency
scanning of the blank hydrogel and Conb + DOX@Hydrogel. (D) Dynamic time sweep of the blank hydrogel and Conb + DOX@Hydrogel (E).

structure appeared to have a loose spherical structure, indicating
that the hydrogel had acidic sensitivity and the acidic microenvir-
onment could completely destroy the three-dimensional network
structure.

Rheology performance is an important indicator for exam-
ining the mechanical properties of hydrogels, which deter-
mines whether the hydrogel is stable and could be easily
injected. The energy storage modulus, also known as elastic
modulus, refers to the amount of the energy stored due to
elastic deformation of a material when it undergoes deforma-
tion, reflecting the elastic size of the material. The energy
consumption modulus, also known as the viscous modulus,
refers to the material undergoing viscous deformation, where
the amount of energy lost reflects the material’s viscosity. When
the energy storage modulus (G’) is greater than the energy

consumption modulus (G”), it is considered that the material is
solid. The dynamic frequency sweep results of the blank
hydrogel and the loaded Conb + DOX®@Hydrogel are
shown in Fig. 1C. The G’ values of the two hydrogels in the
frequency range of 0.1-10 rad s~ ' were 36109.29-43195.14 Pa
and 34186.63-37186.68151Pa, while the values of G” were
8277.65-8609.59 Pa and 7796.52-8099.61 Pa, respectively.
There was no significant change in rheological properties
before and after drug loading. The value of G’ was about 5
times greater than the value of G”, proving that the hydrogel
was a solid material with strong rigidity.

To verify whether the hydrogel would be easy to inject, we
applied 1% strain for 120 s in the first stage and then applied
50% strain in the second stage for another 120 s, after which
the strain immediately returned to 1%. The process lasted for

100 B 100
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Fig. 2 Cumulative release curves for DOX (A) and conbercept (B) within 10 days at pH 6.5 and 7.4. Significant differences were analyzed using t-test,

** p < 0.01
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600 s. As shown in Fig. 1D and E, when the strain became 1%,
the G’ value became much higher than G”, proving that the
hydrogel was solid. However, when the strain increased to 50%,
the G” value was higher than G, indicating that the hydrogel
appeared to be liquid, and when the strain became 1% again,
the values of G’ and G” were consistent with the first cycle,
proving that the hydrogel presented a solid state when applying
a small external force and showed a liquid state when a large
external force was applied. More importantly, it could recover to
a stable solid when the larger external force disappeared. To
conclude, the hydrogel could be easily pipetted using a syringe
and injected in to the tumor tissues.

3.3 Invitro drug release

We examined the ability of the hydrogel to release conbercept
and doxorubicin (DOX) at pH 6.5 and pH 7.4. As shown in
Fig. 2A, the cumulative release rate of DOX was 21.2% at pH 7.4
within 48 h; while under pH 6.5, the release rate reached 32.0%.
The 10 day cumulative release rate showed a significant differ-
ence and its value was 46.4% at pH 7.4, and 73.6% under pH
6.5. For conbercept, the release rate at pH 7.4 was 20.4%, while
it was 26.8% at pH 6.5 within 48 h. The 10 day cumulative
release rate at pH 7.4 was 38.25% and at pH 6.5 it was 68.32%,
respectively (Fig. 2B), illustrating the excellent pH sensitivity of
the drug-loaded hydrogel. Compared with the release rate of
DOX, the release rate of conbercept at the same time and same
pH was relatively lower, and this phenomenon was possibly due
to the larger molecular weight of conbercept as it could not be
easily released from the hydrogel mesh structure.

3.4 Biocompatibility of the peptide hydrogel

Before validating the antitumor efficacy, we had to ensure that
the hydrogel is biocompatible. Y79 cells and HRECs were
incubated with 0, 1, 10, 50, 100, 500 pg mL~ " peptide solution
for 48 h. The CCK-8 results showed that the cell viabilities of
Y79 cells and HRECs were all above 90%, and different con-
centrations of peptides had no significant effect on the cell
viability of both cell lines (Fig. 3A). Next, we applied a time
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gradient of 0, 12, 24, 48, 96 h to both cell lines at the
concentration of 500 ug mL ™ '. As shown in Fig. 3B, the cell
viability was also greater than 90%. We thus believe that the
peptide had excellent biocompatibility.

3.5 Antitumor efficacy in vitro

Y79 tumor cells were treated with free conbercept, free DOX,
free conbercept + DOX, release solution of Conb@Hydrogel,
release solution of DOX@Hydrogel, and release solution of
Conb + DOX@Hydrogel for 48 h, respectively. The pH value
of the medium was adjusted to 6.5 in all groups. As shown in
Fig. 4, the survival rates of the free conbercept group and the
Conb@Hydrogel group were 98.1% and 95.2% after 48 h,
respectively. There was no significant difference with the con-
trol group, proving that conbercept had no adverse effect on
Y79 tumor cells. The survival rate of the free doxorubicin group
was only 3% and the survival rate of the free conbercept + DOX
group was almost equal to that of the free DOX group. In the
DOX@Hydrogel group, the cell survival rate was 15.7% due to
the incomplete drug release, almost equal to that of the Conb +
DOX@Hydrogel group. Although the inhibition rate was
slightly lower than the free DOX group, it showed a significant
difference compared with the control group, confirming that
the drug-loaded hydrogel system had significant antitumor
efficacy.

3.6 Anti-angiogenesis efficacy in vitro

Next, we examined the anti-angiogenesis efficacy of Conb@Hy-
drogel. Applying a gradient concentration of recombinant
VEGF protein (0, 5, 10, 20, 40, 80 pg mL™') to HRECs for
72 h, as shown in Fig. 5A, with the increase in VEGF concen-
tration, the proliferation rate of HRECs gradually increased. It
had a particularly significant proliferative promotion effect on
HRECs at concentrations of 40 and 80 ng mL ', confirming
that VEGF did have the ability to promote the proliferation of
HRECs. We thus selected 80 ng mL ™" as the suitable concen-
tration for subsequent experiments.
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Fig. 3 Biocompatibility of the DDIIIOH peptide. (A) Relative cell viability of Y79 cells and HRECs treated with the DDIIIOH peptide with a concentration
gradient of 0, 1, 10, 100, 500 ug mL~* for 48 hours. (B) Relative cell viability of Y79 cells and HRECs at concentrations of 500 ug mL™* for 0, 12, 24, 48, and

96 hours.
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Fig. 4 Cytotoxicity of conbercept + DOX@Hydrogel. Relative cell viability
of Y79 cells treated with blank DMEM medium, free conbercept (0.1 mg
mL™Y), free doxorubicin (20 pg mL™Y), free conbercept + doxorubicin,
Conb@Hydrogel, DOX@Hydrogel, and Conb + DOX@Hydrogel for 48 h;
significant differences were analyzed using one-way ANOVA, n.s: no
significance. **:p < 0.01. (1) Control, (2) free conbercept, (3) free DOX,
(4) free conbercept + DOX, (5) Conbercept@Hydrogel, (6) DOX@Hydrogel,
(7) conbercept + DOX@Hydrogel.

Then, we explored whether conbercept and Conb@Hydrogel
could reverse VEGF-induced endothelial cell proliferation. As
shown in Fig. 5B, the treatment of free conbercept (0.1 mg mL ™)
significantly reversed the effect of VEGF on HREC proliferation,
while Conb@Hydrogel did not have such a significant reversal
effect on proliferation due to the incomplete drug release.
However, there were still significant differences compared with
the free VEGF group and the value of cell viability was compar-
able to that of the control group. This result showed that the
conbercept-loaded hydrogel could reduce the proliferation of
endothelial cells induced by VEGF in pathological conditions.

We next investigated the inhibitory effect of Conb@Hydro-
gel on angiogenesis. As shown in Fig. 6A and B, the HRECs in
the control group appeared to have a dense tubular structure
and the number of tubular structures increased after the
induction of 80 ng mL™' VEGF. The number of tubular
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structures decreased significantly after the addition of free
conbercept or Conb@Hydrogel, confirming that the drug-
delivery system had significant properties to inhibit angio-
genesis.

3.7 Antitumor effect of the drug-loaded hydrogel in vivo

Furthermore, we evaluated the antitumor efficacy in vivo. The
average weight changes of the mice in each group within 10
days is shown in Fig. 7A. We found that the body weight of the
free DOX group was reduced to a certain extent that was
significantly different from other groups, revealing that the
hydrogel system had the function of the local sustained release
of DOX, which in turn could improve the medication compli-
ance. After examining the tumor volume curve and tumor
anatomical diagram (Fig. 7B and C), we found that the tumor
growth in the control group without drug treatment was
extremely rapid, and the tumor volume quickly reached about
1700 mm?® within 10 days. The antitumor efficacy of the Con-
b@Hydrogel group was obvious and the tumor volume within
10 days was only half that of the control group. However, the
efficacy was still slightly worse than that of the DOX@Hydrogel
group and free conbercept + DOX group, highlighting the
excellent performance of DOX in inducing tumor cell death
and showing that conbercept was not suitable for use as a
medication alone. The Conb + DOX@Hydrogel group had the
best antitumor efficacy and the average tumor volume was even
smaller than the level before administration.

In the TUNEL staining experiments (Fig. 7D and E), the
apoptosis rate of the control group tumor was only 0.82% and
that of the Conb@Hydrogel group was 3.37%, indicating that
the reduction of angiogenesis led to a decrease in the nutrient
supply of tumor cells and then induced apoptosis. The apop-
tosis rate of the Conb + DOX@Hydrogel group was the highest
and the value reached 21.52%, which was consistent with the
results from the H&E staining (Fig. 7D). IHC was used to
investigate the inhibitory effect of the administration system
on tumor angiogenesis. CD31 staining of tumor blood vessels
showed that the control group and the DOX@Hydrogel group
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(A) Relative cell viability of HRECs treated with dose-dependent VEGF for 72 hours. (B) Relative cell viability of HRECs treated with blank DMEM

medium, VEGF, VEGF + free conbercept, and VEGF + Conbercept@Hydrogel for 72 hours; significant differences were analyzed by one-way ANOVA,
*0.01 < p < 0.05, **, p < 0.01. (1) Control, (2) VEGF, (3) VEGF + free conbercept, (4) VEGF + Conbercept@Hydrogel.
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Fig. 6 Tube-formation experiments of HRECs. (A) Images of HRECs with different treatment methods for 6 hours; the images were taken by an inverted
microscope (x400), scale bar is 250 um. (B) Mean number of tube branches points calculated according to (A); significant differences were analyzed
using one-way ANOVA, *, 0.01 < p < 0.05, **, p < 0.01. (1) Control, (2) VEGF, (3) VEGF + free conbercept, (4) VEGF + Conbercept@Hydrogel.
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Fig. 7 Antitumor efficacy of Conb + DOX@Hydrogel in vivo. (A) Body weight, (B) tumor volume NOD/SCID tumor-bearing mouse within 10 days after
administration. (C) Images of tumor issues collected at the end of drug administration. (D) TUNEL, H&E staining, and CD31 IHC staining of tumor tissues.
Scale bar is 50 pm. (E) Statistical results of TUNEL staining, (F) statistical results of the CD31 IHC image representing the microvessel density (MVD);
significant differences were analyzed uisng one-way ANOVA, **, p < 0.01. (1) Control, (2) Conbercept@Hydrogel, (3) DOX@Hydrogel, (4) free DOX +

conbercept, (5) conbercept + DOX@Hydrogel.

had strong CD31 expression; while in the free conbercept +
DOX group, CD31 expression was significantly reduced. The
Conb@Hydrogel and Conb + DOX@Hydrogel groups had a
fairly low CD31 expression and microvascular density, con-
firming that the sustained release of the hydrogel greatly
improved the ability of conbercept to inhibit tumor
angiogenesis.

2182 | Mater. Adv.,, 2024, 5, 2175-2184

H&E staining of the heart, liver, spleen, lung, and kidneys
showed that the drug-delivery system did not damage healthy
organs (Fig. S5, ESIT). Furthermore, the H&E staining of the
skin tissues in the groups with hydrogel administration showed
no necrosis or inflammation, which was similar to that of the
control group (Fig. S6, ESIt) and the biodegradable rate of
the hydrogel within 10 days was 61.7% ((99.17-37.98 mg)/
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99.17 mg). The above results showed that the hydrogel drug-
delivery system had excellent histocompatibility and bio-
degradability.

In summary, the combination of the angiogenesis inhibitor
conbercept and the chemotherapeutic drug DOX and its
implantation in a pH-sensitive peptide hydrogel could effec-
tively inhibit tumor proliferation.

4. Conclusions

Solid-phase peptide synthesis was performed to synthesize a
heptapeptide with the sequence DDIIIOH which self-assembled
into a stable intelligent pH-responsive peptide hydrogel encap-
sulating the VEGF inhibitor conbercept and classic chemother-
apeutic drug doxorubicin at a concentration of 20 mg mL™"
under pH 7.4. The peptide hydrogel had excellent stability,
biocompatibility, and injectability. In the tumor microenviron-
ment, the degree of protonation of the peptide was greatly
enhanced, leading to a disintegration of the hydrogel due to
electrostatic repulsion and the following rapid release of con-
bercept/doxorubicin, making sure that the drug-loaded hydro-
gel had excellent anti-angiogenesis and antitumor efficacies
both in vivo and in vitro. In clinical RB treatment, the hydrogel
delivery system would be directly injected into the corpus
vitreum close to the tumor site to achieve efficient treatment.
Moreover, the hydrogel system has the potential to act as a
carrier for multiple drugs to cure various tumors and other
diseases characterized with hypoxic microenvironments, such
as rheumatoid arthritis.
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