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Purpose: Puerarin (PUR) is a major bioactive ingredient extracted from the root of Pueraria lobata (Willd.) Ohwi, which is known as 
Gegen in traditional Chinese medicine. Conventional PUR ophthalmic dosage forms such as solutions and suspensions have many 
drawbacks, including-rapid precorneal elimination of the drug mainly due to lacrimal duct drainage. The purpose of this study is to 
develop a thermal responsive in situ gel system containing PUR-loaded human albumin nanoparticles (PUR-HSA-NPs ISG).
Methods: The system has the required sol-gel phase transition temperature, and therefore can be used for local ocular administration to 
treat glaucoma. The formulation was evaluated for its sol-gel transition temperature, viscosity and in vitro release. In vivo eye irritation was 
evaluated in rabbits. In this study, the animal model of glaucoma was used to evaluate the pharmacodynamics of PUR-HSA-NPs ISG 
in vivo.
Results: Morphologically, the PUR-HSA-NPs ISG exhibited a normal spherical shape with no aggregation or degradation. It had a mean size 
of 64.8 nm, and the drug-loading and encapsulation efficiency were 7.1%±0.3% and 80.7%±7.4%, respectively. The gelation temperature of the 
prepared PUR-HSA-NPs ISG thermogelling solutions was 37°C. Meanwhile, the PUR-HSA-NPs ISG showed thixotropic behavior with the 
downward curve exhibiting lower shear stress values as compared to corresponding points on the upward curve. The pharmacological results 
showed a continuous reduction of the IOP value for a long time and that the value remained in a lower-level range compared to that in the PUR 
eye drop group. According to the pharmacodynamic results, the Bcl-2/Bax ratio of the PUR-HSA-NPs ISG group was closest to 1 (0.8798, 24 
h), with obvious reduction of tissue cell apoptosis.
Conclusion: Through this study, it was found that PUR-HSA-NPs ISG is an ideal ocular drug delivery system. It is hoped that this 
product could be further promoted for clinical applications in the future.
Keywords: puerarin, albumin nanoparticles, thermoresponsive in situ gel, ophthalmic delivery

Introduction
Glaucoma is a group of optic neuropathy characterized by progressive degeneration of retinal ganglion cells. The cell 
bodies of central nervous system neurons are located in the retina, and the axons are located in the optic nerve. 
Degeneration of these nerves can lead to cupping, typical optic disc appearance, and loss of vision. The biological 
basis of glaucoma is poorly understood, and the factors leading to its progression have not been fully determined.1 

Glaucoma affects more than 70 million people worldwide, about 10% of which are bilateral blindness, which is the main 
cause of irreversible blindness in the world. Glaucoma can remain asymptomatic until it is severe, suggesting that the 
number of affected individuals is likely to be much higher than the known number.2 The treatment of glaucoma is closely 
related to today’s society.
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Puerarin (PUR) is a main bioactive component extracted from Pueraria lobata, a medicinal and edible homologous 
plant that has a long history in China and is known as Gegen in traditional Chinese medicine. PUR was first extracted 
from Gegen in the late 1950s.3 Since then, the pharmacological effects of PUR have been extensively studied. PUR has 
a broad range of pharmacological properties and is widely used to treat cardiovascular and cerebrovascular diseases, 
diabetes and complications of diabetes, bone necrosis, Parkinson’s disease, Alzheimer’s disease, endometriosis and 
cancer.4 In spite of this, however, its clinical application is limited due to low solubility (0.462g/100mL). According to 
the database of the China Food and Drug Administration, intravenous injection and eye drops seem to be the only 
methods of administration of PUR. As a β Receptor blocker, PUR can reduce intraocular pressure. Clinically, PUR eye 
drops are mainly used to treat primary open-angle glaucoma, ocular hypertension, primary angle closure glaucoma, and 
secondary glaucoma. Traditional ophthalmic formulations such as solutions (1% PUR) have many disadvantages, 
including the rapid elimination of drugs in front of the cornea mainly due to lacrimal passage drainage,5 and require 
frequent application, especially through pulse release.6 In addition, although eye ointment can maintain contact with eyes 
for a long time, it may cause a foreign body sensation and blurred vision, causing inconvenience to patients.7

A relatively novel strategy to increase the exposure time of ocular preparations is to use environmentally responsive 
polymers to form an in situ gel.8–11 These polymer-based systems are liquid at room temperature, but sol-gel transition 
occurs on the eye surface, thus prolonging the ocular residence time.6 The stimulation that may trigger the sol-gel phase 
transition of eye surface polymer network could be a product of physical (temperature, light) or chemical (ion, pH) 
factors. A gel undergoing sol-gel phase transition caused by temperature change is called a thermally responsive in situ 
gel.12 It has been widely studied as a temperature sensitive material for reversible thermal response gels at specific 
temperatures and concentrations.13 The two most commonly used gel substrates are Pluronic® (F127) and Pluronic® 

(F68). These gels differ only in the proportions of polyethylene oxide (PEO) and polypropylene oxide (PPO).14,15

An ideal ophthalmic thermal responsive in situ gel system must have a sol-gel transition temperature of >25.0 °C, be 
diluted with tear at the pre corneal temperature (34.5 °C), and converted to a semi-solid gel form. This ensures that the 
gel can be easily delivered to the eye in the form of drops to prevent the rapid loss of pre corneal drugs, which is a major 
problem faced by traditional ophthalmology. However, despite their suitability for water-soluble drugs, hydrogels are not 
suitable for insoluble drugs because insoluble drugs are dispersed in aqueous solutions as suspensions, resulting in poor 
bioavailability. Therefore, in this study, albumin based nanoparticles (NPs) and in situ gels were combined to prolong the 
residence time of the drug and improve its ocular bioavailability.16

The purpose of this study is to develop a novel thermal responsive in situ gel system containing PUR-loaded HSA- 
NPs (PUR-HSA-NPs ISG). The system has the required sol-gel phase transition temperature, and therefore can be used 
for local ocular administration to treat glaucoma. The formulation was evaluated in terms of its sol–gel transition 
temperature, viscosity and in vitro release. In vivo eye irritation was evaluated in rabbits. In this study, the animal model 
of glaucoma was used to evaluate the pharmacodynamics of PUR-HSA-NPs ISG in vivo.

Materials and Methods
Materials
The PUR was obtained from Shanghai Seedior Biopharm Corporation (Shanghai, China). The PUR eye drop was 
purchased from Shapuaisi Co., Ltd (1% w/v, Zhejiang, China). Pluronic F127 and Pluronic F68 were generously 
provided by BASF SE. Human serum albumins were purchased from Shanghai YuanYe Biopharm Co., Ltd (Shanghai, 
China). Male and female New Zealand white rabbits weighing 2.0–2.5 kg were provided by the experimental animal 
center of the Huazhong University of Science and Technology (China, No. 2020311).

Preparation
The PUR-HSA-NPs were prepared by the desolvent method and then crosslinked with glutaraldehyde.14 In short, 10 mg 
of albumin was dissolved in 1.0 mL of water. The aqueous phase was then desolvated with ethanol (6.0 mL containing 
10 mg PUR), where the latter was added dropwise to the former at a steady rate of 1 mL per minute. The coacervates 
formed were hardened for 4 hours using glutaraldehyde (0.5%, 50 μL) before the organic solvents were removed at 35 °C 
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by a rotary evaporator. The resulting NPs were resuspended in distilled water and diluted to a metered volume of 1.0 mL. 
The PUR-HSA-NPs ISG was then obtained by mixing the PUR-HSA-NPs and the F68(12%, w/v)/F127(26%, w/v) 
solution in an ice bath. The final concentration of the drug in the PUR-HSA-NPs was 10 mg/mL.

Characteristics
A transmission electron microscope and a Zetasizer (h-7500; Hitachi, Tokyo, Japan) were used to analyze the morphology, 
particle size, and zeta potential of the prepared PUR-HSA-NPs ISG. To calculate the drug-loading coefficient (DL%) and 
encapsulation efficiency (EE%), PUR was first extracted from the NPs with 1 mL 2% acetic acid/acetonitrile (1:1, v/v), and 
then the extract solution was properly diluted prior to the HPLC analysis. The content of PUR in the NPs was determined 
by the HPLC method as described below.

DL% and EE% were calculated according to Eq. (1) and Eq. (2) respectively:
DL% = WM/(WP + WM) ×100 (1)
EE% = WM/WF×100 (2)
Where WP is the weight of initial feeding polymer, WM is the weight of drug incorporated in NPs, and WF is the 

weight of initial feeding drug. The other physicochemical characteristics of the formulation such as, pH and osmolality 
were measured using appropriate machines.

Transition Temperature
The sol-gel transition temperature of the PUR-HSA-NPs ISG in water was measured by the tube conversion method.17 

Vials containing 20 mL PUR-HSA-NPs ISG sol were immersed in an oil bath at different temperatures to achieve 
equilibrium. When the flow rate could not be visually observed within 30s by inverting the vial, the temperature was 
raised by 2 °C at each step and the sample was treated as a “gel”. The viscosity of the PUR-HSA-NPs ISG in the solution 
or gel was then measured through a rotary viscometer (60 rpm, rotor 2) and a suitable sample (20 mL). The measurement 
was carried out with an appropriate number of spindles at different speeds and the the viscosity value was read directly 
from the viscometer display.

Rheological Experiments
Rheological experiments were carried out at 37 °C using cone and plate viscometers. Two to three drops of the sample 
were placed by a sampler on the plate of the rheometer, and the knob was loosened to make the plate contact with the 
conical tip. Measurements were taken at various shear rates and the viscosity values were read from the display. All 
measurements are made in triplicate.

Stability Study
The proposal of the stability study was mainly revised according to the guiding principles of the Chinese Pharmacopoeia. 
The PUR-HSA-NPs ISG was placed in a box that remained stable at 4°C and room temperature, saturated sodium chloride 
solution was added, and a relative humidity of 60% ± 5% was maintained. We then observed whether the particle size, phase 
transition temperature and viscosity of the PUR-HSA-NPs ISG changed at the 0 day, 1m and 3m of the test.

Differential Scanning Calorimetry (DSC) and X-Ray Diffraction (XRD)
The DSC analysis was performed by a DSC8000 differential scanning calorimeter (Mettler-Toledo International Inc, USA). 
The accurately weighed samples were placed in an aluminum plate and sealed with a cover. Al2O3 was used as the reference 
material. During scanning, the heating rate was 5 °C/minute, and the temperature range was 20 °C to 150 °C. The XRD 
patterns were obtained at room temperature through a high-resolution Cu-Kα radiation diffraction system operating at 
a voltage of 40 kV and a current of 30 mA. The PUR-HSA-NPs ISG was analyzed in a 2θ angle range of 0–80°.

In vitro Release
The amounts of PUR released from the PUR-HSA-NPs ISG were measured by the dialysis method. All samples (=1 mg 
PUR) were placed in the dialysis bag separately. The bag was then incubated in 18 mL artificial tear fluid (ATF) with 
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a pH value of 7.4. The medium (0.5 mL) was collected at predetermined time points and replaced with 0.5 mL fresh ATF. 
The concentrations of the released drug were determined by the HPLC method. The temperature was set at 37°C ± 0.2°C.

Ethics Statement
All animal protocols were approved by the Institutional Animal Care and Use Committee of the Shanghai Jiao Tong 
University School of Medicine, and the National Institutes of Health (NIH) guidelines for laboratory animal use and care 
were followed (No: 20210912). Efforts were made to minimize animal suffering.

Eye Irritation Test
The in vivo eye irritation test of the PUR-HSA-NPs ISG and commercial PUR eye drops were performed in two groups 
of 12 New Zealand White rabbits. For the first group, the rabbit’s right eye was injected, in the subconjunctival sac, with 
25 μL of PUR-HSA-NPs ISG, while the left eye was used as the control without operation (first group). The second 
group received the same volume of commercially available PUR eye drops as the first group. The corneal, iris, 
conjunctival and chemical changes were observed at the 0th, 5th, 10th and 30th minute and at the 1st, 6th, 12th, 24th, 
48th and 72nd hour. The degree of eye irritation was scored after the classic Draize test.

In vivo Therapeutic Efficacy
Experimental models of induced glaucoma, such as the Morrison model with high intraocular pressure, have been 
previously verified.21 In this study, 8 SD rats (weighing 150 to 200 g) without glaucoma induction were used as controls. 
32 rats experienced increased intraocular pressure (IOP) by having hypertonic saline (1.8 M) injected into two superior 
scleral veins. Rats with chronic ocular hypertension were divided into four groups (8 rats/group), namely the control 
group (treated with blank NPs), the PUR eye drops group, the PUR-HSA-NPs group and the PUR-HSA-NPs ISG group 
(treated with two drops per day). Contralateral unoperated eyes were also used as a control. Tonopen XL was used to 
measure the IOP in both eyes every week. The rats remained anesthetized throughout the experiment (200 g/L urethane, 
1.0 g/kg, IV). The IOP was measured once before and 1, 2, 3, 4, 6, 10 and 24 hours after treatment. The reduction of the 
intraocular pressure within a certain hour was expressed as ΔIOP and calculated by the formula Δ IOP = (IOP)t - (IOP)0, 
where (IOP)t is the measured value of IOP within t time, and (IOP)0 is the measured value of IOP before treatment. After 
the pharmacodynamic study, the Bcl-2 and Bax concentrations in different treatment groups of rats were determined by 
the ELISA kit.

HPLC Condition
PUR concentration was analyzed by HPLC (Shimadzu, Kyoto, Japan). Separation was carried out at 30°C using a reverse-phase 
C18 column (5 μm, 4.6 mm × 250 mm). The mobile phase consisted of methanol and water (32:68 v:v). The injection volume 
was 10 µL and the flow rate was 1 mL/min. During all operations, the column temperature was maintained at 30 ° C. UV 
detection was performed at a wavelength of 250 nm. Different PUR concentrations ranging from 2 to 100 µg/mL were used to 
draw the calibration curve (y=3.18x-0.165, R2=0.9995).

Permeability Studies
Permeability studies were performed on the corneas removed from rabbit eyes. The eyes were stored in Hank’s balanced 
salt solution under ice-cold condition and shipped overnight. Immediately upon their receipt, the corneas were carefully 
separated for use in permeability studies. The removed corneas were washed in ice-cold Dulbecco’s phosphate buffer 
saline (DPBS) solution with a pH value of 7.4. The tissue was then mounted on Valia Chien diffusing cells with the 
epithelial surface facing the donor chamber. Throughout the study, a circulating water bath was used to maintain the 
temperature of the diffusion cell at 32 °C.

The PUR concentration in eye drops and HSA-ISG was maintained at 1% w/v, and about 1mL of the preparation was 
added to the donor chamber of the respective diffusion cell. 5mL DPBS with 5% w/v hydroxyl propyl beta cyclodextrin 
(HPßCD) solution was used as the receiver medium and stirred continuously with a magnetic stirrer. The sample (500 
µL) was taken out of the receiving chamber at a predetermined time point for up to 2 hours, and replaced with an equal 
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amount of DPBS-5% HPßCD solution to maintain the water tank conditions. The samples were stored at −80 °C until 
further analysis by HPLC. All samples were analyzed in triplicate.

The cumulative amount of PUR was calculated as per the equation:

Mn ¼ VrCr nð Þ þ ∑x¼n
x¼1Vs x � 1ð ÞCr x � 1ð Þ

where n is sampling time point; Vr and Vs are the volume in the receiver chamber (mL) and the volume of the sample 
collected at the nth time point (mL), respectively; and Cr(n) is the concentration of the drug in the receiver chamber 
medium at nth time point (µg/mL).

The transmission rate of PUR through rabbit cornea was calculated by using the slope of PUR transmission 
accumulation and time curve. Use the following equation to determine the steady-state flux of PUR:

Flux(J) = (dM/dt)/A
where M is the cumulative amount of drug transported and A is the surface area of the cornea (0.625 cm2).
The transcorneal permeability of PUR was calculated by the following equation:
Permeability =Steady state flux/Donor concentration.

Statistical Analysis
The SPSS 24.0 software was used. Statistical methods involved the chi-square test, the single-factor ANOVA test and the 
t-test. P < 0.05 was considered statistically significant. Graphic production application Origin 8.0 software.

Results and Discussion
Preparation and Characteristics
Morphologically, the PUR-HSA-NPs ISG (Figure 1A) showed a normal sphere without aggregation or degradation. The 
average particle size of the PUR-HSA-NPs ISG was 64.8 nm (Figure 1B). A light milky translucent suspension of PUR- 
HSA-NPs ISG was obtained (Figure 1C). The drug loading and entrapment efficiencies of the preparation were 7.1% ± 
0.3% and 80.7% ± 7.4%, respectively, indicating excellent drug-loading efficiency. The in situ gels prepared by cold 
method were transparent and had good fluidity at room temperature. Therefore, the developed formula can be easily 
stored without a refrigerator, which can improve patient compliance. The physicochemical properties are listed in 
Table 1.

An acceptable eye thermogelling solution requires a gelation temperature between 32 and 37 °C in order to remain 
liquid at room temperature and immediately form a gel phase in the eye.18 Viscosity measurements showed that the 
formulation behaved as a fluid but formed a rigid gel at an elevated temperature (Figure 1D). The gelation temperature of 
the prepared PUR-HSA-NPs ISG thermogelling solutions was 37°C (Figure 2A).19

The constructed rheogram showed the shear thinning behavior of the in situ gel (Figure 2B), which was considered 
the best choice for ocular administration. The shear rate of eye ranged from 0.03 s−1 during inter-blinking periods to 
4500–28,500 s−1 during blinking. The shear thinning property will allow the formulation to be well distributed on the eye 
surface during blinking. In addition, the high viscosity will maintain long-term contact between the gel and the corneal 
surface during blink intervals.17 The in situ gels showed thixotropic behavior, with the downward curve exhibiting lower 
shear stress values as compared to corresponding point on the upward curve.

Stability Study
Stability is an important index for the evaluation of preparations. Stability parameters are shown in Table 1. There were 
negligible alterations in the initial values of various indicators of the formulations over a storage period of 3 months.

DSC and XRD Analysis
The interaction between the drug entity and the excipient in the PUR-HSA-NPs ISG system was determined by the DSC 
method. Figure 3A shows the thermal behavior of pure components and final preparation (PUR-HSA-NPs ISG). The 
PUR peaks was clearly visible, showing a sharp characteristic endothermic peak at 278 °C corresponding to its melting 
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temperature. The DSC thermal behavior of blank HSA-NPs ISG and physical mixture were used as a reference. The 
thermogram of PUR-HSA-NPs ISG showed an endothermic peak at 182 °C, indicating a phase transition during melting. 
It was also found that PUR existed in the PUR-HSA-NPs ISG in amorphous form, rather than crystalline form.

The XRD study was carried out with the support of DSC to verify the reduction in the crystalline nature of the PUR in 
the prepared PUR-HSA-NPs ISG. The XRD spectrums of the PUR and the physical mixture in Figure 3B showed distinct 
and intense peaks at 2θ scale, indicating the crystalline nature of the drug. The XRD spectrum of the blank HSA-NPs ISG 
was considered as a reference. In contrast, the intensity of all peaks in the XRD pattern of PUR-HSA-NPs ISG decreased 
significantly. Therefore, it can be found that PUR drug may be in an amorphous state in HSA-NPs ISG preparations.

In vitro Release
Free PUR released rapidly, with more than 90% released in the first 2 h. In contrast, the PUR-HSA-NPs ISG exhibited 
a slight burst release during the first 0.5 h, followed by a slower and continuous release. Even after 24 hours, only about 
67% of the PUR was released from the PUR-HSA-NPs ISG (Figure 4). These results suggest that the PUR-HSA-NPs 
ISG shows relatively low leakage at 37 °C and a pH value of 7.4. This release curve is designed to maintain a sustained 
high drug concentration at the site of action. The PUR-HSA-NPs group also demonstrated a sustained release, but its 

Figure 1 Basic characteristics of PUR-HSA-NPs ISG. (A) Transmission electron microscope; (B) Particle size distribution; Photographs of in situ gels formed before ((C), 
room temperature) and after ((D), 37°C) gelation.
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release performance was not as good as that of the PUR-HSA-NPs ISG group. The rather slow release of the PUR in the 
ISG indicated that the core of the PUR-HSA-NPs ISG was hard and glassy, which confered less mobility to the 
incorporated drug as compared to mobile cores.20 Therefore, the PUR encapsulated in the PUR-HSA-NPs ISG inner 

Table 1 The Characteristics and Stability Data of PUR-HSA-NPs ISG. (n=3)

Parameters PUR-HSA-NPs ISG

4°C Room Temperature 4°C Room Temperature

0 m 1 m 3 m

Particle size (nm) 64.8 ± 3.7 62.6 ± 3.7 62.9 ± 4.1 63.6 ± 4.6 63.7 ± 4.3

Drug-loading (DL%) 7.1 ± 0.3 7.0 ± 0.3 6.9 ± 0.5 6.8 ± 0.6 7.0 ± 0.4

Encapsulation efficiency (%) 80.7 ± 7.4 78.8 ± 5.7 79.1 ± 6.9 77.9 ± 7.3 78.3 ± 7.7
Polydispersity index 0.139 0.151 0.156 0.167 0.172

Zeta potentials (mV) −19.6 ± 2.7 −21.6 ± 4.1 −20.4 ± 3.2 −20.6 ± 3.2 −21.3 ± 3.7

Viscosity (mPas) 2317.5 ± 189.3 2261.9 ± 219.2 2289.4 ± 231.4 2112.3 ± 211.4 2124.6 ± 219.7
pH 7.2 ± 0.1 7.2 ± 0.2 7.3 ± 0.1 7.1 ± 0.2 7.2 ± 0.1

Osmolality (mOsm/L) 304.5 ± 2.4 305.1 ± 3.9 306.3 ± 2.9 306.1 ± 2.6 305.2 ± 2.3

Phase transition temperature (°C) 37.1 ± 0.2 37.0 ± 0.4 36.9 ± 0.3 37.1 ± 0.2 37.2 ± 0.4

Figure 2 (A) Mean viscosity-temperature trends profiles of PUR-HSA-NPs ISG. (B) Mean viscosity-shear rate profiles of PUR-HSA-NPs ISG. (n=3).

Figure 3 The DSC (A) and XRD spectra (B) of free PUR, blank HSA-NPs ISG, physical mixture and PUR-HSA-NPs ISG.
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core was continuously released in a sustained manner in a long cycle. By analyzing the relationship between the amount 
of drug release and the square root of time, a relatively high correlation coefficient was obtained, which showed that the 
release followed the Higuchi kinetic model (Q=0.918t1/2+0.121, r=0.993).

Eye Irritation Test
Table 2 shows the eye irritation test results of the PUR-HSA-NPs ISG and commercial PUR eye drops on New Zealand white 
rabbits. The PUR-HSA-NPs ISG did not irritate the eyes of rabbits, as shown in the overall score of eye irritation, which was equal 
to 0. Compared with the group treated with commercially available PUR eye drops, the eyes of rabbits in the PUR-HSA-NPs ISG 

Figure 4 The in vitro drug release profiles of PUR-HSA-NPs ISG (red) and PUR eye drop (blue). Number represents the percentage of release. (n=6) (*p <0.05, PUR-HSA- 
NPs ISG vs PUR eye drop).

Table 2 Score Obtained from Eye Irritation Assessment of PUR-HSA-NPs ISG and Commercial PUR Eye Drops in New Zealand 
White Rabbits. (n=6)

Lesion Score for Each 
Lesion

Score Obtained from Assessment

PUR-HSA- 
NPs ISG

Commercial PUR 
Eye Drops

A-conjuctival edema (chemosis)
No swelling 0 0 1

Any swelling 1

Prominent swelling along with partial lid eversion 2
Swelling with half-closed lids 3

Swelling with totally closed lids 4

B-redness in conjunctiva
Absent 0 0 0

Abnormal conjunctival injections 1

More diffuse and deeper hyperemia separate vessels cannot be seen easily 2
Diffuse and dense hyperemia 3

C-secretion

Absent 0 0 1
Any abnormal secretion 1

Secretion Leading to wet eye lashes closer to lids 2

Secretion leading to wet lids and whole periorbital area 3

(Continued)
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group looked normal. Rabbits tolerated the PUR-HSA-NPs ISG well, and no macroscopic signs of irritation, redness or other toxic 
effects were observed. Therefore, PUR-HSA-NPs ISG can be used as a safe ophthalmic drug formula.

In vivo Therapeutic Efficacy
In vitro evaluation confirmed that this product had sustained-release properties and good safety. Its efficacy, however, 
needs to be further evaluated by pharmacodynamic research. The PUR not only improves microcirculation, but also has β 
Receptor blocking effect, which is fundamental to the reduction of IOP.22 PUR eye drops may change the structure of the 
filter curtain and increase the discharge of aqueous humor by expanding the small blood vessels around the scleral venous 
sinus and contracting the ciliary muscle, so as to reduce the IOP. It may also directly block the stimulating effect of 
catecholamine on secretory cells, reduce the production of aqueous humor and lower intraocular pressure.23,24 Results of 
pharmacological showed that the IOP of the control group the study was 3.503±0.09 kPa. Traditional eye drops could 
quickly reduce IOP, but only for a relatively short period of time, and the IOP value would recover rapidly. However, the 
PUR-HSA-NPs ISG showed different effects. It could continuously reduce the value of IOP and keep it at a low level 
range (from −0.231 to −1.43 kPa, Figure 5). Its clinical significance lies in reducing the number of drug administrations 
and prolonging the efficacy of the PUR.

Table 2 (Continued). 

Lesion Score for Each 
Lesion

Score Obtained from Assessment

PUR-HSA- 
NPs ISG

Commercial PUR 
Eye Drops

D-corneal opacity

Absent 0 0 1

Scattered or diffused areas-detail of the iris discernible 1
Easy discernible transparent areas detail of the iris slightly darkened 2

Opalescent areas no details of the iris discernible size of the pupil barely 

discernible

3

Opaque cornea iris not discernible 4

E-iris involvement

Absent 0 0 0
Pronounced deep folds congestion deep swelling circumcorneal injection 

the iris still reacts to light

1

No response hemorrhage marked destruction 2
Total score 0 3

Figure 5 The ΔIOP-time trends profiles of different PUR formulations in rats’ model. (n=6) (ap <0.05, PUR-HSA-NPs ISG vs Control, bp <0.05, PUR-HSA-NPs ISG vs PUR 
eye drop, cp <0.05, PUR-HSA-NPs ISG vs PUR-HSA NPs).
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After acutely injured by tissue ischemia, cells develop both necrosis and apoptosis. Bcl-2 family proteins play an 
important role in regulating the release of some pro-apoptotic factors in mitochondria.25,26 A large number of experi-
ments have proved that Bcl-2 has anti-apoptosis properties. Bax is a homologous gene of Bcl-2. Its overexpression can 
promote mitochondria to increase the release of cytochrome c and apoptosis factors, which may antagonize the protective 
effect of Bcl-2 and make cells susceptible to apoptosis.27,28 In fact, Bcl-2 and Bax proteins form heterodimers, and the 
ratio between Bcl-2 and Bax ultimately determines whether the cell undergoes apoptosis. Under normal conditions, the 
ratio of Bcl-2/Bax is close to 1.0 and does not initiate apoptosis.29,30 When this ratio becomes smaller, whether Bcl-2 is 
relatively decreased or Bax is relatively increased, apoptosis will be initiated. Therefore, when regulating the relative 
increase of Bcl-2 or the relative decrease of Bax, it has the significance of reducing tissue cell apoptosis (Figure 6).31–34 

Experimental results showed that the Bcl-2 to Bax ratio of the PUR-HSA-NPs ISG group was closest to 1 (0.8798, 24 h), 
with obvious reduction of tissue cell apoptosis.

Permeability Test
The permeability coefficient and flux values of the PUR in eye drops and in the HSA-NPs ISG are shown in Table 3. The 
transcorneal permeability and flux of the PUR in the HSA-NPs ISG was significantly higher compared to that of the eye 
drops. This indicates that the HSA nanoparticles enhanced the permeation of the drug through intact corneal tissues. The 
slightly lower flux of the PUR in the HSA-NPs ISG compared with that of the eye drops indicates controlled release of 
the drug from the higher viscosity formulation.

Conclusion
The purpose of this study is to develop a thermal responsive in situ gel system containing PUR-loaded HSA-NPs (PUR- 
HSA-NPs ISG). The system has the required sol-gel phase transition temperature, and therefore can be used for local 
ocular administration to treat glaucoma. Morphologically, the PUR-HSA-NPs ISG showed normal spherical shape 
without aggregation or degradation. The average particle size was 64.8 nm, and the drug loading and encapsulation 
efficiency were 7.1% ± 0.3% and 80.7% ± 7.4%, respectively. The prepared PUR-HSA-NPs ISG solution had a gel 

Figure 6 The Bcl-2/Bax value-time trends profiles of different PUR formulations in rats’ model. (n=6) (ap <0.05, PUR-HSA-NPs ISG vs Control, bp <0.05, PUR-HSA-NPs ISG 
vs PUR eye drop, cp <0.05, PUR-HSA-NPs ISG vs PUR-HSA NPs).

Table 3 The Result of Permeability and Flux of Different PUR Formulation. Each Value 
Represents the Mean ± SD. *p<0.05 (Compared to PUR Eye Drops). (n=3)

Formulation Permeability (*10−6 cm/sec) Flux (µg/min/cm2)

PUR eye drops 1.12±0.05 0.075±0.011

PUR-HSA-NPs ISG 7.43±0.69* 0.069±0.013
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temperature of 37 °C. At the same time, the PUR-HSA-NPs ISG exhibited thixotropic behavior, and the downward curve 
shows a lower shear stress value than the corresponding points on the upward curve. The pharmacological results showed 
a continuous reduction of the value of IOP for a long time and that the value remained in a lower-level range compared to 
that in the the PUR eye drop group. This study found that PUR-HSA-NPs ISG is an ideal ocular drug delivery system. It 
is hoped that this product could be further promoted for clinical applications in the future.
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