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A B S T R A C T   

Corneal neovascularization (CNV) is a heavy attribute of blinding disease changes. Existing medications need 
numerous infusions and have a limited absorption. Investigating novel drugs with safety, efficacy, and conve-
nience is crucial. In this study, we developed a bone morphogenetic protein 4 (BMP4)-loaded poloxamer- 
oxidized sodium alginate (F127-OSA) thermosensitive hydrogel. The 14 % F127-OSA hydrogel transformed 
from sol to gel at 31–32 ◦C, which might extend the application period on the ocular surface. The hydrogel’s 
porous structure and uniform dispersion made it possible for drugs to release gradually. We used a suture- 
induced rat CNV model to investigate the mechanism of CNV inhibition by hydrogel. We discovered that 
F127-OSA hydrogel loaded with BMP4 could significantly reduce the length and area of CNV, relieve corneal 
edema, and stop aberrant epithelial cell proliferation. The hydrogel’s efficacy was superior to that of the common 
solvent group. Additionally, BMP4 thermosensitive hydrogel repaired ultrastructure, including microvilli, 
intercellular junctions, and damaged apical junctional complexes (AJCs), suggesting a potential mechanism by 
which the hydrogel prevented CNV formation. In conclusion, our investigation demonstrates that F127-OSA 
thermosensitive hydrogel loaded with BMP4 can repair corneal epithelial AJCs and is a promising novel medi-
cation for the treatment of CNV.   

1. Introduction 

The cornea is normally a transparent, avascular tissue that is the first 
barrier to the surface of the eye [1]. A variety eye conditions, such as 
trauma, corneal infection, and chemical burn, can cause the capillaries 
and venules in the cornea’s peripheral vascular network to branch out 
and invade the avascular cornea [2,3]. Contact lenses use also raises the 
incidence of CNV [4]. CNV is the fourth most common cause of vision 
impairment globally and is a significant pathogenic change that can 
cause blindness [5]. However, the current treatment of CNV has some 
limitations. For instance, corneal transplantation may cause rejection. 

Drug therapy is a widely used and simple approach, but it comes with a 
number of drawbacks. Medication residence time on the ocular surface 
is insufficient, bioavailability is limited [6], and frequent drug delivery 
is required due to factors such as tears, blinking, and corneal anatomy 
[7]. In addition, glaucoma and cataract are easily brought on by 
long-term hormone usage. Although bevacizumab can cure CNV, sub-
conjunctival injection of the drug slows the recovery of corneal sensi-
tivity in experimental models of alkali burn and impairs corneal 
epithelial wound repair and nerve regeneration [8]. Therefore, it is 
critical to investigate novel medications with safety, effectiveness, 
convenience and efficiency for the treatment of CNV. 
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Corneal epithelium AJCs is a key structure to maintain corneal bar-
rier function. It is made up of adherens junctions underneath the corneal 
epithelial cells and tight junctions at the top. AJCs can control cellular 
polarity, paracellular ion and macromolecule transport, and intercel-
lular interaction [9]. The various etiologic factors that lead to CNV also 
produce varying degrees of damage to corneal epithelial AJCs. Inflam-
matory cell infiltration and CNV formation were seen in corneal 
epithelial injury caused by UV [10], alkali burn [11], and EB 
virus-associated keratitis [12], together with reduced expression of the 
adherens junction proteins E-cadherin and β-catenin and the tight 
junction proteins ZO-1 and occludin. Damage to AJCs can further 
accelerate the development of CNV. When ZO-1 antibody was utilized to 
interfere with the corneal epithelium’s tight junction function, inflam-
matory cell infiltration and CNV both considerably increased. Vascular 
endothelium growth factor A (VEGF-A) and angiopoietin have been 
significantly up-regulated during functional mutations of adherens 
connexin β-catenin, leading to keratoma and CNV formation [13]. 
Therefore, preserving the cornea’s normal structure and function de-
pends on having intact AJCs, and repairing damaged epithelial AJCs aids 
in preventing the formation of CNV. 

BMP4 acts as a cytokine involved in cell differentiation, prolifera-
tion, metastasis and apoptosis, and plays a specific regulatory role in 
tissue healing and angiogenesis [14–16]. We previously discovered that 
BMP4 may greatly reduce CNV formation, down-regulate VEGF-A 
expression, and facilitate corneal epithelial healing [17]. However, the 
mechanism by which BMP4 plays the role of inhibiting CNV formation is 
still unclear. Furthermore, due to the limited bioavailability of con-
ventional eye drops, it is unable to fully utilize BMP4 eye drops’ bio-
logical function. 

Hydrogel is a unique three-dimensional structure with a large 
porosity that can accommodate small molecules and high polymers, etc. 
By modifying the density and affinity of crosslinking agents, hydrogels 
can modify their stiffness, viscoelasticity, pore size, and other physical 
and chemical properties to achieve applications in various fields. 
Hydrogel’s pore structure offers the necessary guarantee for drug 
loading and release, making it an excellent carrier for drug loading [18, 
19]. Therefore, we loaded BMP4 in Poloxamer-407 (pluronic F127) 
thermosensitive hydrogel, extending the drug’s residence duration on 
the cornea and increasing its usage efficiency. We discovered that 
compared to BMP4 eye drops alone, BMP4 thermosensitive hydrogel 
had a stronger inhibitory impact on CNV [20]. In this study, we intro-
duced OSA, which may significantly lower the dosage of F127 and more 
efficiently save costs. In contrast to F127, F127-OSA has a porous 
structure that facilitates continuous medication release on the ocular 
surface. The purpose of this work is to investigate the efficacy of the 
modified BMP4 thermosensitive hydrogel in preventing CNV develop-
ment and elucidating its mechanism. Our findings imply that F127-OSA 
gel loaded with BMP4 can repair corneal epithelial AJCs and is a 
promising medication for the treatment of CNV. 

2. Materials and methods 

2.1. Preparation and oxidation degree determination of OSA 

The synthesis of OSA is slightly improved on the basis of the original 
procedure [21]. After thoroughly dissolving 1.0 g of sodium alginate 
(SA, Tianjin Guangfu Technology Development Co., Ltd., China) in 50 
ml of deionized water, acetic acid (Tianjin Tiantai Chemical Co., Ltd., 
China) was used to raise the pH to 3 and it was heated in a water bath at 
40 ◦C. Afterward, 0.99 g of sodium periodate (NaIO4, Shanghai Macklin 
Biochemical Co., Ltd., China) was added, and the mixture was left 
without light for 6 h. Then, 1 ml of glycol (Tianjin Tiantai Chemical Co., 
Ltd., China) was added to stop the reaction once the reaction was 
finished. The reaction solution was mixed with the ethanol solution to 
collect the sediment. Finally, pure OSA was obtained by dissolving the 
collected white precipitate in deionized water, dialysis, and 

freeze-drying. 
According to the literature, the oxidation degree of OSA was calcu-

lated by titration of hydroxylamine hydrochloride (Shanghai Macklin 
Biochemical Co., Ltd., China) [22]. The 0.05 g sample was dissolved in 
15 ml of deionized water, and the pH was adjusted by H2SO4 (Sino-
pharm Chemical Reagent Co., Ltd., China) to 4.5. 0.215 g of hydroxyl-
amine hydrochloride was dissolved in 10 ml of deionized water, with the 
pH 4.5. Following their total dissolution, the two were mixed and 
swirled for 24 h. The HCl generated by the reaction with 0.1 M NaOH 
was then titrated using methyl orange (Sinopharm Chemical Reagent 
Co., Ltd., China) as an indicator. 

CHO (%)=
(V2 − V1) × c × M

m
× 100% 

V1 and V2 are the NaOH volumes consumed by blank test (unoxi-
dized alginate) and product (oxidized alginate), respectively. c: NaOH 
standard solution concentration; M: molar mass of oxidized alginate 
repeat unit; m: sample quality. 

CHO (%)=
(1.50-0.75) × 0.1 × 216.1230

0.05 × 1000
× 100% = 32.42%  

2.2. Gel preparation 

2.2.1. F127-CDI 
12.6 g of pluronic F127 (Lutrol, Basf, Germany) was dissolved in 15 

ml of acetonitrile (Sinopharm Chemical Reagent Co., Ltd., China); 1.62 g 
of N, N′-Carbonyldiimidazole (CDI, Shanghai Macklin Biochemical Co., 
Ltd., China) was dissolved in 15 ml of acetonitrile and kept from 
oxidizing by N2. After being dissolved, CDI was added to the F127 so-
lution, and the reaction proceeded for 12 h. Following the reaction, the 
solution was dialyzed for 3 days (MWCO: 3500 D), with deionized water 
being replaced every 4 h. The freeze-dried white solid F127-CDI was 
obtained after dialysis was finished. 

2.2.2. F127–NH2 
After dissolving 12.6 g of F127-CDI in 15 ml of acetonitrile at room 

temperature, 10 ml of ethylenediamine (Sinopharm Chemical Reagent 
Co., Ltd., China) was added. The aforementioned dialysis procedures 
were repeated and freeze-dried after the response, which lasted 
overnight. 

2.2.3. F127-OSA 
After dissolving 10.0 g of F127–NH2 in 60 ml of deionized water, 

0.52 g of OSA was added. The reaction lasted 12 h, and the previous 
dialysis stages were repeated and freeze-dried. 

2.3. Characterization of F127-OSA thermosensitive gel 

2.3.1. Fourier transform infrared spectroscopy 
By scanning with a Fourier transform infrared spectroscopy (FTIR; 

IRAffinity-1, Japan) and using the potassium bromide pressing tech-
nique, the spectra of 4000-400 cm− 1 were obtained at room temperature 
with a resolution of 4 cm− 1. 

2.3.2. 1H nuclear magnetic resonance spectroscopy 
F127-CDI, F127–NH2 and F127-OSA were analyzed using Avance 

NEO 400 NMR spectrometer with D2O as hydrogenating solvent at 400 
MHz. 

2.3.3. SEM 
Hydrogel morphology was investigated using emission SEM (Hitachi, 

H-7500, Japan). The dried hydrogel sample was adhered to the double- 
sided conductive adhesive, plated with platinum for 2 min in an ion 
sputtering coater, and then analyzed by SEM. 
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2.4. Rheological property 

The rheological characteristics of hydrogels were assessed using a 
rheometer (MCR 301, Anton Paar, Germany) in order to confirm the 
mechanical properties of hydrogels. The sample was disc-shaped (25 
mm diameter, 0.5 mm height). In short, the energy storage modulus (G′) 
and loss modulus (G″) of the hydrogel were measured under different 
conditions: 1) the change of G′ and G″ at a temperature range of 15–40 ◦C 
under 1 % oscillatory strain and a frequency of 1 Hz; 2) at 37 ◦C, the 
scanning range is 0.1–100 rad/s for dynamic frequency sweeping and 3) 
the viscosity of the hydrogel with different shear rates (1-100 s− 1) was 
measured at 37 ◦C. 

2.5. Measurement of gel temperature and gel time 

The "vial inversion method" was used to calculate the gel tempera-
ture and gel time of the F127-OSA hydrogel at various concentrations. In 
short, place 1 ml of gel in a 20 ml vial in a water bath at different 
temperatures and observe its gelling state. The gel temperature and gel 
time are the conditions under which the sample vial is tilted and the gel 
ceases to flow. Three parallel measurements were made for each group 
of samples. 

2.6. Optical transmittance measurement 

The optical transmittance of F127-OSA thermosensitive gel was 
tested by an ultraviolet–visible spectrophotometer (TU-1810) in the 
range of 200–800 nm. 

2.7. Drug release in vitro 

Artificial tears were used to investigate the in vitro release behavior 
of albumin from bovine serum (BSA; Sinopharm Chemical Reagent Co., 
Ltd., China) in F127-OSA hydrogel. In a nutshell, 10 mg of BSA was 
added to 4 ml of F127-OSA hydrogel solution. Then the mixture solution 
was placed in a constant temperature water bath at 37 ◦C, and after the 
sol-gel conversion, 2 ml of artificial tear (CaCl2⋅H2O 0.06 mg/ml, 
NaHCO3 2.18 mg/ml, NaCl 6.7 mg/ml, pH = 7.4) was gradually added 
to F127-OSA gel. It was then incubated in a shaker at 37 ◦C at 100 rpm/ 
min 2 ml of the BSA release matrix was removed periodically and the 
BSA release concentration in the medium was analyzed by UV–Vis 
spectrophotometry. To maintain the same volume, fresh artificial tears 
were added right away. By comparing the cumulative recovery of BSA in 
the release medium at each time point to the total quantity of BSA in the 
4 ml hydrogel, the cumulative release percentage was calculated. The 
cumulative drug release was calculated using the following equation 
[23]: 

Cumulative release (%)=
Vs

∑n-1
1 Ci+V0Cn

m0
× 100 

Vs is the sample volume (2 ml), V0 is the initial volume (4 ml), Ci and 
Cn are the concentration of the drug at the sampling points i and n (mg/ 
ml), and m0 is the mass of the drug in the hydrogel (mg). 

2.8. In vitro toxicity assay 

B16–F10 mouse melanoma hypermetastasis cells (Shanghai Zhong 
Qiao Xin Zhou Biotechnology Co., Ltd., China) were cultured and treated 
by CCK-8 (Meilunbio, China) to detect the toxicity of F127-OSA ther-
mosensitive hydrogel in vitro. The modified hydrogel with a mass to 
volume ratio of 14 % was added to DMEM high-sugar medium (Shanghai 
Zhong Qiao Xin Zhou Biotechnology Co., Ltd., China) containing 10 % 
fetal bovine serum and 1 % double antibody at a concentration of 0.1 g/ 
ml for 0.5 h after elimination and incubated for 24 h to obtain the 
extract. Following this, cells were inoculated into 96-well plates at a 

density of 8000/ well and incubated for 24 h. The original cell medium 
was replaced with 100 μl cell culture medium containing 5 % DMSO, 
hydrogel extract, and cell culture medium per well, respectively, which 
referred to the positive group, gel group, and normal group (n = 5). After 
incubation for 24 h, 10 μl CCK-8 enhancement solution was added to 
each well. After 2 h, absorbance at 450 nm was measured by microplate 
reader (ThermoFisher Scientific, China) and cell survival rate was 
calculated. 

2.9. Animal model of CNV 

Female Wistar rats (7–8 weeks old, 200–220 g) were purchased from 
Liaoning Changsheng biotechnology Co., Ltd. (Liaoning, China) for ex-
periments. The study was approved by the Ethics Committee of Jilin 
University. The animal experiment strictly adhered to the National In-
stitutes of Health guide for the care and use of Laboratory animals. 

The suture method was used to induce rat CNV. Rats were anes-
thetized by intraperitoneal injection with pentobarbital (30–50 mg/kg). 
Under the operating microscope, we positioned the cornea with a 4 mm 
corneal trephine, then we used nylon 10-0 shovel needle to insert the 
needle from the limbus of cornea about 1.5 mm away, sutured at 4, 8 and 
12 o’clock directions of the cornea. The nylon 10-0 shovel needle was 
used to penetrate the deep corneal stroma without penetrating the 
endothelium as a stimulus to induce CNV. The rats were then randomly 
divided into six groups. In the first two groups, we dropped 20 μg/ml 
BMP4 (R&D Systems, USA) to left eyes as BMP4 group，one drop 5 μl， 
and reconstitution buffer 4 (0.1 % Bovine Serum Albumin in 4 mM HCl, 
R&D) to right eyes as solvent control group, one drop 5 μl. In BMP4 
thermosensitive hydrogel group, 20 μg/ml of BMP4 was dissolved in 
F127-OSA hydrogel as solvent, which was administered to the left eyes, 
one drop 5 μl，and F127-OSA hydrogel was applied to the right eyes as 
gel control group, one drop 5 μl. Drugs were used three times a day, 5 μl 
per time for 3, 5 or 7 days. In addition, there was a suture group (no 
drugs after modeling) for 3, 5 or 7 days, and an untreated group (no 
suture and no drugs). For the rat models, all of our procedures followed 
the Association for Research in Vision and Ophthalmology (ARVO) 
Statement for the Use of Animals in Ophthalmic and Vision Research. 

2.10. Biomicroscope examination 

The induction of CNV was evaluated by biomicroscope examination 
at 3, 5, 7 days after the surgical intervention. Slit lamp was used to take 
clinical photographs at 4 o’clock, 8 o’clock and 12 o’clock directions of 
the cornea. The length and area of CNV were analyzed using Image J 
(National Institutes of Health, USA). 

2.11. HE staining 

Rats were sacrificed following 3, 5 or 7 days of observations. The 
eyes were removed and set in 4 % paraformaldehyde (Biosharp, China) 
for 12 h. Corneas were dissected from the ocular bulb, then full corneal 
cross-sections were obtained and embedded in paraffin. Paraffin sec-
tions were stained using hematoxylin and eosin (Department of 
nephrology, the Second Hospital of Jilin University) and images were 
collected under microscope. 

2.12. TEM 

Dissected corneas were fixed in 2.5 % glutaraldehyde (Biosharp, 
China) at 4 ◦C for 4 h, post-fixed with 1 % osmium tetroxide. Each 
sample was subsequently dehydrated at room temperature by adding to 
solutions of 30 % and then 50 % ethanol, followed by staining with 70 % 
uranyl acetate at 4 ◦C for 4 h. The samples were then dehydrated at room 
temperature with a concentration gradient of 70 %, 90 %, 100 % ethanol 
for 15 min each immersion and embedded in Spurr resin. Ultrathin 
sections were made with an ultramicrotome and then stained with lead 
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Fig. 1. Synthesis and characterization of F127-OSA thermosensitive hydrogel. (A) Schematic diagram of hydrogel synthesis; (B) FTIR was used to determine the 
chemical structure of F127, F127–NH2 and F127-OSA. (C) 1H NMR spectroscopy of F127-CDI; (D) 1H NMR spectroscopy of F127–NH2; (E) 1H NMR spectroscopy of 
F127-OSA; (F) Microscopic morphology of F127 and F127-OSA under SEM. 
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citrate to observe the microstructure changes in cornea (Department of 
nephrology, the Second Hospital of Jilin University). 

2.13. Western blot 

Rats were sacrificed 3 or 7 days after suturing. The corneas were 
ground to powder with liquid nitrogen. Total protein was lysed by 
ultrasonication (Scientz, China) after extracting by RIPA buffer (Beyo-
time, China) and then centrifuged for protein extraction. After agarose 
gel electrophoresis, the polyvinylidene fluoride membrane (Merck, 
Ireland) was blocked with 5 % non-fat milk for 1 h and incubated with 
primary antibodies against ZO-1 (1:1000, 21773-1-AP, Proteintech, 
China), E-cadherin (1:1000, 20874-1-AP, Proteintech, China), β-catenin 
(1:1000, 51067-2-AP, Proteintech, China) and β-actin (1:3000, AC038, 
ABclonal, China) at 4 ◦C overnight. The polyvinylidene fluoride mem-
brane was then incubated with the Goat anti-rabbit IgG secondary 
antibody HRP conjugated (1:10000, #L3012, SAB, USA) for 1 h at room 
temperature. Protein bands were detected using enhanced chem-
iluminescence substrate after the membrane was washed. The greyscale 
value for each protein was normalized to that of β-actin and averaged by 
Image J software. Each experiment was repeated three times 
independently. 

2.14. Immunofluorescence staining 

Rats were sacrificed 3 or 7 days after suturing. The eyes were 

removed, and corneas were dissected from the ocular bulb. Corneas 
were embedded in SAKURA Tissue-Tek® O⋅C.T. compound and sliced at 
a thickness of 3 μm using a cryostat (Leica CM1950, China). After 
rewarming the frozen cross sections at room temperature, the sections 
were fixed in 4 % paraformaldehyde for 20 min, followed by a blocking 
and permeabilization step for 1 h in PBS with 1 % BSA and 0.5 % Triton- 
X. Then the sections were incubated with primary antibodies against ZO- 
1 (1:1000, 21773-1-AP, Proteintech, China), E-cadherin (1:100, 20874- 
1-AP, Proteintech, China) and β-catenin (1:200, 51067-2-AP, Pro-
teintech, China) at 4 ◦C overnight. The sections were then incubated 
with Dylight 488 goat anti-rabbit-IgG (1:500, Abbkine, China) for 1h at 
room temperature. DAPI was used as a nuclear counterstain. The sec-
tions were photographed under a fluorescence microscope (Olympus, 
Japan). 

2.15. Statistical analysis 

The SPSS 23.0 software (IBM SPSS, Inc., United States) was used for 
statistical analysis. All the data were represented as means ± standard 
error of mean (SEM). A P value under 0.05 was considered to be sta-
tistically significant. 

Fig. 2. Rheological properties of F127-OSA thermosensitive hydrogel. (A) the relationship between F127 and F127-OSA hydrogel’s modulus and temperature; (B) G′ 
and G″ of F127 and F127-OSA hydrogels in the oscillating frequency range of 0.1–100 rad/s; (C) viscosity change of F127 and F127-OSA hydrogels with shear rate. 
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3. Results and discussion 

3.1. Synthesis and characterization of F127-OSA thermosensitive gel 

Fig. 1A showed the synthesis scheme of F127-OSA. First, the end 
group of F127 was activated by CDI, then ethylenediamine was intro-
duced to the F127 molecular chain. Finally, OSA was grafted onto 
F127–NH2 chain by Schiff base reaction to obtain F127-OSA polymer. 
The chemical structure of F127, F127–NH2, and F127-OSA was ascer-
tained using FTIR. As shown in Fig. 1B, the stretching vibration of C=O 
had a very broad absorption peak near 1720 cm− 1. The absorption peak 
at 1620 cm− 1 could be attributed to the deformation vibration of –NH2 
and overlapped with the asymmetric stretching vibration of the -COO- 

group. The absorption peak at 1360 cm− 1 was caused by the stretching 
vibration of C–N. NMR analysis showed that protons "e", "f" and "g" of 
F127-CDI (400 MHz, D2O, ppm) at δ = 1.09 (d, 3H, –CH3), 3.30–3.55 
(–OCH2CHO– of propylene oxide and –CH2CH2O- of polyethylene 
oxide), 8.27 (s, 1H), 7.56 (s, 1H) and 7.01 (s, 1H) ppm were imidazole 
group [24]. A new peak appeared in the NMR hydrogen spectrum of 
F127–NH2 (400 MHz, D2O, ppm), namely 2.90 ppm (t, 2H, –CH2N-), 
3.28 ppm (q, 2H, –CNCH2-). As a result of the impact of imine bonds, the 
peaks of –CH2N- and –CNCH2- in the 1H NMR of F127-OSA changed 
from 2.90 to 3.28 ppm to 2.64 and 3.06 ppm, respectively (Fig. 1C–E). 
These findings demonstrated that the effective synthesis of F127-OSA. 

In order to understand the surface morphology of F127 and F127- osa 
hydrogels, their micromorphology was investigated using scanning 
electron microscopy. As shown in Fig. 1F, there was no regular micro-
porous structure on the surface of F127, but F127-OSA fibers were 
evenly dispersed and joined into a strong network structure, demon-
strating a porous structure. This finding supported the hypothesis that 
OSA grafting affected the morphology of hydrogels. Hydrogels were 
further proven to be effective medication delivery and storage carriers 
due to their porous structure. 

3.2. Rheological properties 

The rheological test results of hydrogels reflect the mechanical 
properties of hydrogels, which is an important factor affecting their 
biological applications. Rheological properties include energy storage 
modulus (G′) and loss modulus (G″) [25]. G′ and G″ of hydrogel were 
investigated using small deformation oscillation method. The relation-
ship between the hydrogel’s modulus and temperature was depicted in 
Fig. 2A. In the range of 15–40 ◦C, when the temperature increased to 
31.8 ◦C, G’ = G″, the hydrogel transformed from a solution to a gel state, 
demonstrating the thermal responsiveness of the F127-OSA hydrogel. 
The G′ of the F127-OSA hydrogel grew substantially with frequency at 
37 ◦C in the range of 0.1–100 rad/s. F127-OSA hydrogel had fluidity at 
low frequency and it was solid at high frequency, with G′ > G″, 

Fig. 3. (A) Gel time and gel temperature of F127-OSA thermosensitive hydrogel with different concentrations. Temperature range:33◦C–39 ◦C. Error bars indicate ±
SEM (n = 3); (B) BSA release spectra of F127 and F127-OSA thermosensitive hydrogels in vitro. Error bars indicate ± SEM (n = 3); (C) transmittance of F127-OSA at 
different concentrations; (D) viability of B16–F10 mouse melanoma hypermetastasis cells in normal group, gel group and positive group. ****p < 0.0001 (n = 5). 
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exhibiting the properties of reversible gel (Fig. 2B). Previous research 
has demonstrated that vitreous substitutes with G′ greater than 100 Pa 
could withstand high reversible deformation resistance when subjected 
to traumatic stress [26]. Additionally, the hydrogel’s viscosity was 
examined. As can be seen from Fig. 2C, the viscosity of F127-OSA 
hydrogel was significantly higher than that of F127 at 37 ◦C. The 
hydrogel’s viscosity dropped dramatically with an increase in shear rate, 
going from 2470 Pa s to 2.50 Pa s, while the shear rate changed from 1 to 
100 s− 1, proving that it was both shear thinnable and injectable. 

3.3. Gel temperature and gel time analysis 

The optimal eye hydrogel should be able to flow easily at low tem-
peratures, solidify when it comes in touch with the eye’s surface, and 
continue to be gel even after the maximum dilution of tears. Poloxamer 
is a substance that is frequently used for in situ gel production. It is a 
copolymer composed of polyethylene oxide (PEO) and propylene oxide 
(PPO) units. When the temperature rises, the Poloxamer PPO unit de-
hydrates to create micellar nuclei, and the PEO unit is hydrated, the 
micellar nuclei expand to form the outer structures [27]. F127-OSA 
micelles will arrange to form hydrogels as the temperature rises. 

The "vial inversion method" was used to determine the gel formation 
time and gel formation temperature of F127-OSA hydrogel at different 
concentrations. F127-OSA hydrogels with different mass fractions were 
dissolved in deionized water at low temperature before being incubated 
in a constant temperature bath. The experimental results showed that 
gel could not be formed when the gel concentration was less than 14 %. 
As shown in Fig. 3A, the gel time of all hydrogel groups decreased with 
increasing concentration. The rapid formation of hydrogel could effec-
tively avoid protein drug loss, extend the duration of drug activity on the 

ocular surface, and improve the therapeutic effect. It was discovered 
that 14 % of the F127-OSA hydrogel started to transition from the sol to 
gel state at 31 ◦C. The hydrogel went back to its sol state when the room 
temperature fell below the gel temperature. OSA enhanced PEO’s hy-
dration and had good hydrophilicity. The intermolecular distance 
decreased as temperature rose, which facilitated the creation of 
hydrogen bonds and accelerated the production of hydrogels. It is 
helpful to prolong the duration of the drug on the ocular surface, reduce 
the drug loss and improve the therapeutic effect. 

3.4. Drug release in vitro 

One of the primary methods for evaluating a medication’s behavior 
in vivo is by measuring the in vitro release rate of the drug inside a 
formulation [28]. The cumulative release and release behavior of the 
drug from F127-OSA hydrogel in artificial tears were studied using BSA 
as a drug model. Fig. 3B displayed the F127 and F127-OSA hydrogel 
release curves. Because F127 was in a semi-fluid condition at a con-
centration of 14 % and was unable to adequately encapsulate the 
medication in its porous structure, the release quantity of F127 reached 
92 % in the 48 h when compared to the release curves of F127-OSA. The 
drug release of F127-OSA reached 78 % at 72 h under the same cir-
cumstances, and the cumulative release was at its lowest within that 
time. This helped to achieve continuous medication release on the sur-
face of the cornea without causing discomfort to the patient owing to the 
drug’s abrupt release. The results were consistent with the porous 
structure of F127-OSA hydrogel under SEM. In subsequent experiments, 
after BMP4 was loaded on F127-osa, the residual aldehyde group of OSA 
may react with the amino group on BMP4, but the amount of residual 
aldehyde group of OSA should be very small, because the degree of 

Fig. 4. Inhibition of suture induced CNV by BMP4 and BMP4 thermosensitive gel. (A) Representative slit-lamp images of CNV in suture group, gel group, BMP4 
group, BMP4+gel group and untreated group at different times after suturing (magnification: × 16); (B) CNV length between groups at a specific time after modeling; 
(C) CNV area between groups at a specific time after modeling. The length and area of CNV was quantified and normalized (n = 6). Results were presented as means 
± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 
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oxidation measured when doing oxidation at that time was not very 
high. And in the later reaction process the reactants are added by molar 
ratio, generally there will not be too much residue, which has little effect 
on the release of BMP4.The porous structure of F127-OSA hydrogel can 
make BMP4 release gradually. 

3.5. Light transmittance and in vitro toxicity 

Transparency is essential for a good visual outcome since the cornea 
is a transparent, avascular tissue [29]. By using a UV–Vis spectropho-
tometer, the optical transmittance of F127-OSA hydrogel in the 
200–800 nm region was investigated. The sample was liquid, 1 cm thick 
and evenly distributed. As seen in Fig. 3C, the optical transparency of 
F127-OSA hydrogel at a concentration of 14 % reached 88.9 % at 
wavelengths above 600 nm. The gel’s optical transparency somewhat 
decreased when its concentration was raised. However, F127-OSA 
hydrogels displayed an optical transparency of 72 % at wavelengths 
above 600 nm, even at concentrations as high as 20 %. In addition, 
B16–F10 mouse melanoma hypermetastasis cells were used to detect in 
vitro toxicity of F127-OSA thermosensitive gel. High concentrations of 
DMSO were cytotoxic and limited cell survival, so a cell medium con-
taining 5 % DMSO was utilized as a positive control [30]. As shown in 
Fig. 3D, cells in the normal control group and the F127-OSA 

thermosensitive gel group survived normally, with no significant dif-
ference in cell viability, while those in the positive group significantly 
decreased. These results indicate that F127-OSA thermosensitive gel has 
high light transmittance, negligible cytotoxicity and has good biological 
application potential. 

3.6. Efficacy of BMP4 thermosensitive gel on CNV 

CNV can be induced by a number of injuries such as trauma, infec-
tion, and chemical burns. Suture models are more stable than alkali burn 
models in that they can better preserve ocular tissue and do not result in 
perforations that might affect CNV measurement [31]. Therefore, in this 
study, we induced CNV formation in rats via sutures. In order to 
dynamically monitor the change of CNV after modeling and the inhi-
bition impact of BMP4 dissolved in conventional solvent and F127-OSA 
thermosensitive hydrogel on CNV were compared. On the 3rd, 5th and 
7th day after modeling, slit lamp was utilized to evaluate the CNV status 
(Fig. 4A). The length and area of CNV gradually grew with the extension 
of the stimulation time. On Day 5, the corneal rate-limiting barrier and 
tear secretion may interfere with BMP4 eye drops, preventing them from 
completely inhibiting CNV [32,33]. Poloxamer, however, exhibited 
histocompatibility, slow release, and good adherence. Loading BMP4 in 
F127-OSA thermosensitive hydrogel could prolong the residence time of 

Fig. 5. Effects of BMP4 and BMP4 thermosensitive hydrogel on corneal epithelial thickness and epithelial cell arrangement. (A) HE slices from suture group, gel 
group, BMP4 group, BMP4+gel group and untreated group at different times after modeling; (B) corneal epithelial thickness of each group at Day 3; (C) corneal 
epithelial thickness of each group at Day 5; (D) corneal epithelial thickness of each group at Day 7. Scale bars = 20 μm ( × 400). n = 6, results were presented as 
means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 
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BMP4 on the ocular surface and promote the passage of hydrophilic 
BMP4 through the corneal lipid barrier [34], thus better inhibiting the 
formation of CNV (Fig. 4B and C). The microscopic structure of cornea 
was also changed after corneal suture and BMP4 dropping. We believe 
that the changes in protein and microstructure at day 3 of eye BMP4 and 
BMP4 in F127-OSA thermosensitive hydrogel were not enough to cause 
changes in CNV length and area. When eye BMP4 and BMP4 in 
F127-OSA thermosensitive hydrogel were dropped at day 5, the accu-
mulated quantitative changes caused qualitative changes in CNV length 
and area, so there was a statistical difference at day 5. However, the 
stimulation of the sutures on the cornea always existed, CNV growth was 
more and more vigorous, and the inhibitory effect of BMP4 on CNV was 
gradually weakened, so the effect was not significant at 7 days, and then 
the dose and frequency of BMP4 dropping were considered to be 
increased before detection. This also provides more possibilities for the 
application of BMP4 thermosensitive hydrogel. 

3.7. BMP4 thermosensitive hydrogel inhibits corneal edema and aberrant 
proliferation of corneal epithelial cells 

The thickness of the corneal epithelium and the configuration of the 
epithelial cells might serve as indicators of corneal inflammation. The 

corneal epithelium is accompanied by aberrant thickening in infectious 
keratitis [35,36], epithelial basement membrane dystrophy [37], mu-
tations in destrin [38], and other disorders. In this study, we showed the 
effect of BMP4 thermosensitive hydrogel on corneal epithelial cell 
thickness and epithelial cell configuration by HE staining. The corneal 
epithelial cells in the untreated group were well stratified and organized, 
as seen in Fig. 5A. The columnar-arranged basal cells progressively 
differentiated into wing cells and superficial cells as they rose to the 
surface. Both the suture group and the gel group’s corneal epithelial cells 
exhibited aberrant growth and disorganized organization. The aberrant 
proliferation and irregular arrangement of corneal epithelial cells could 
be inhibited by BMP4 eyedrops and BMP4 thermosensitive hydrogel. 
Additionally, the corneal epithelium’s thickness dramatically increased 
after suture and continued to grow with longer stimulation periods. At 
all time periods, BMP4 eye drops and BMP4 thermosensitive hydrogel 
dramatically decreased corneal epithelial thickness, reduced corneal 
edema, and returned corneal thickness to normal levels. BMP4 ther-
mosensitive hydrogel performed better on Day 5 than BMP4 eye drops 
did (Fig. 5B–D). 

Fig. 6. The morphology of untreated group, suture group, gel group, BMP4 group, BMP4+gel group under TEM at Day 3 and 7 (n = 5). (A) the morphology of 
epithelial microvillus; (B) the morphology of epithelial superficial cells and intercellular junctions. Scale bars = 1 μm ( × 8000). 
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3.8. BMP4 thermosensitive hydrogel restores the corneal epithelium’s 
ultrastructural alterations brought on by CNV 

The corneal epithelial barrier, mostly composed of AJCs and 
epithelial basement membrane, serves as the first line of protection for 
the ocular surface [39–41]. In order to investigate the healing effect of 
BMP4 on the corneal epithelial barrier from a microscopic perspective, 
the corneal epithelium of each group was observed by TEM on the 3rd 
and 7th day following the modeling. The corneal epithelial microvilli 
were numerous and organized in the untreated group, but they were flat, 
with apparent shedding and fusion, in the suture group and the gel 
control group. BMP4 eye drops and BMP4 thermosensitive hydrogel 
could improve the morphology and arrangement of epithelial cells and 
repair damaged microvilli (Fig. 6A). 

Studies have shown that the injury of corneal epithelium AJCs can 
aggravate the progression of corneal disease while its restoration may 
aid to rearrange the corneal epithelium and delay the progression of 
corneal diseases [9]. Thus, we investigated the BMP4 thermosensitive 
gel’s ability to repair different epithelial cells and intercellular junctions. 
Fig. 6B and 7A revealed that the superficial cells and wing cells in the 
untreated group possessed tight intercellular junctions, complete nuclei 

and nuclear membranes, dense chromatin, and typical cell structures. 
The intercellular space was noticeably larger in the suture group, the 
intercellular junctions were disrupted, the chromatin was aberrant, the 
nuclear membrane was broadened, and the cytoplasm was focally lysed, 
along with an expansion of the rough endoplasmic reticulum and 
mitochondrial swelling. However, BMP4 eye drops and BMP4 thermo-
sensitive hydrogel could be used to heal the aforementioned damage, 
with the thermosensitive hydrogel having a greater repair outcome than 
the eye drops. 

The hemidesmosomes that exist between the corneal epithelium’s 
basal cells and the basement membrane are also crucial for maintaining 
the corneal epithelium’s structural integrity [42,43]. In the control 
group, the basal cells were evenly spaced, the hemidesmosomes were 
firmly connected, and the basement membrane was continuous. 
Following suture, the basement membrane was ruptured and the num-
ber of hemidesmosomes was greatly decreased. BMP4 thermosensitive 
hydrogel and BMP4 eye drops might be used to restore the integrity of 
the basement membrane and the stability of the hemidesmosomes 
(Fig. 7B). Studies have revealed that the basement membrane’s filtration 
function and the regulatory effect of basement membrane proteins on 
the integrity of intercellular junctions help to resist pathogen invasion 

Fig. 7. The morphology of untreated group, suture group, gel group, BMP4 group, BMP4+gel group under TEM at Day 3 and 7 (n = 5). (A) the morphology of 
epithelial wing cells and intercellular junctions; (B) the morphology of epithelial basal cells, basement membrane, and hemidesmosomes. Scale bars = 1 μm ( 
× 8000). 
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Fig. 8. Therapeutic effect of BMP4 eye drops on AJCs. (A) immunofluorescence staining of corneal epithelial tight junction protein ZO-1 and adherens junction 
proteins β-catenin and E-cadherin in untreated group, suture group, BMP4 solvent group and BMP4 group at Day 3. Scale bars = 20 μm ( × 400); (B) representative 
western blot analysis of β-catenin in corneal epithelium at Day 3. (C) the expression of β-catenin in corneal epithelium at Day 3. (D) representative western blot 
analysis of E-cadherin in corneal epithelium at Day 3. (E) the expression of E-cadherin in corneal epithelium at Day 3. (F) representative western blot analysis of ZO-1 
expression in corneal epithelium at Day 3. (G) the expression of ZO-1 in corneal epithelium at Day 3. n = 6, results were presented as means ± SEM. *P < 0.05, **P <
0.01, and ***P < 0.001. 
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Fig. 9. Therapeutic effect of BMP4 eye drops on AJCs. (A) immunofluorescence staining of corneal epithelial tight junction protein ZO-1 and adherens junction 
proteins β-catenin and E-cadherin in untreated group, suture group, BMP4 solvent group and BMP4 group at Day 7. Scale bars = 20 μm ( × 400); (B) representative 
western blot analysis of β-catenin in corneal epithelium at Day 7. (C) the expression of β-catenin in corneal epithelium at Day 7. (D) representative western blot 
analysis of E-cadherin in corneal epithelium at Day 7. (E) the expression of E-cadherin in corneal epithelium at Day 7. (F) representative western blot analysis of ZO-1 
expression in corneal epithelium at Day 7. (G) the expression of ZO-1 in corneal epithelium at Day 7. n = 6, results were presented as means ± SEM. *P < 0.05, **P <
0.01, and ***P < 0.001. 
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into the corneal stroma [44]. In order to assist basal cells in migrating to 
the lesion and repairing the corneal epithelium’s structure and function 
after injury, the basement membrane undergoes remodeling. Therefore, 
the healing of corneal epithelial damage benefits from the restoration of 
corneal epithelial basement membrane and hemidesmosomes. In this 
study, we showed that both BMP4 eye drops and BMP4 thermosensitive 
hydrogel could repair the damage of corneal epithelial microvilli, 
epithelial cells, AJCs, and basement membranes, and the healing effect 
of BMP4 thermosensitive hydrogel was better. 

3.9. BMP4 can repair corneal epithelial AJCs 

It is yet unknown how corneal epithelial AJC damage and healing 
relate to the development of CNV. Tight and adherens connexin ab-
normalities are frequently present alongside CNV development, and 
their malfunction promotes CNV development [45]. By using immuno-
fluorescence and western blot analysis, we explored alterations in the 
tight junction protein ZO-1 and adherens junction proteins E-cadherin 
and β-catenin after 3 and 7 days of modeling in order to better under-
stand the mechanism by which BMP4 inhibits CNV. Tight junctions are 
complexes composed of a variety of transmembrane proteins such as 
occludin and claudin, membrane related proteins such as ZO-1 and 
ZO-2, and actin, among which ZO-1 is often used as a sign of tight 
junctions [46,47]. Adherens junctions are mainly composed of the 
transmembrane glycoproteins’ cadherin family and catenin family, 
which can promote the formation of tight junctions and stabilize barrier 
function [48,49]. Therefore, we reflected the changes of AJCs by the 
changes of ZO-1, E-cadherin and β-catenin. 

Fig. 8A–G showed that the connections between corneal epithelial 
cells in the suture group and the solvent control group were loose and 
vacuolated after 3 days of modeling, and the quantity of intercellular 
junctions was dramatically decreased. The cells were organized neatly, 
and the intercellular junctions were tight after BMP4 eye drops were 
applied. The expression levels of ZO-1, E-cadherin, and β-catenin were 
also considerably lower in the suture group and the solvent control 
group than those in the control group, while BMP4 eye drops could 
dramatically raise the expression levels of the aforementioned proteins. 
The same impacts and patterns persisted after 7 days of modeling 
(Fig. 9A–G). These findings indicated that suture induced CNV forma-
tion caused damage to AJCs, which could be repaired by BMP4, sug-
gesting that BMP4 thermosensitive hydrogel may inhibit CNV formation 
by repairing AJCs. 

4. Conclusions 

In this study, we report the development of F127-OSA thermo-
sensitive hydrogel loaded with BMP4 and investigated the inhibitory 
effect of this hydrogel on CNV and its mechanism in vivo. The hydrogel 
provides more possibilities for the use of BMP4 thermosensitive hydro-
gel since it had excellent slow-release and biocompatibility, high light 
transmittance, and could significantly reduce the dosage of poloxamer 
and production costs when compared to traditional gel. This study 
proved that BMP4 thermosensitive hydrogel had a superior inhibitory 
impact on CNV compared to BMP4 eye drops. Additionally, the hydrogel 
might reduce inflammatory response and aid in corneal epithelial 
healing. AJCs were damaged during the development of CNV, and BMP4 
thermosensitive hydrogel was able to prevent the development of CNV 
by mending the harmed AJCs. In conclusion, this study identifies the 
mechanism by which BMP4 thermosensitive hydrogel inhibits CNV and 
proves that F127-OSA hydrogel loaded with BMP4 is a potential new 
drug for the treatment of CNV. 
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