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Abstract
Brinzolamide is a widely used treatment for glaucoma, but its effectiveness relies on at least twice-daily dosing, which can be
challenging for patient adherence. To overcome this limitation, we developed an injectable hydrogel-based delivery system
designed to maintain therapeutic drug levels with a single administration. This approach aims to simplify treatment and improve
clinical outcomes. Brinzolamide-loaded polyethylene glycol poly (lactic-co-glycolic acid) (PEG-PLGA) nanoparticles were
encapsulated within a hydrogel synthesized through the crosslinking of oxidized hyaluronic acid (OHA) and carboxymethyl
chitosan (CMC). In vitro studies were conducted to assess the nanoparticles’ characterization, release profile, and biocompatibility.
In a steroid-induced high intraocular pressure (IOP) mouse model, the efficacy of a single subconjunctival injection in lowering
IOP was evaluated. Additionally, both cellular and animal biocompatibility were assessed. The brinzolamide-loaded hydrogel
system (Hydrogel@Brz) contained nanoparticles with an average diameter of 40.76 nm, exhibiting a stable size distribution and a
spherical morphology. The hydrogel demonstrated excellent injectability, self-healing properties, and a porous structure conducive
to nanoparticle encapsulation. In vitro release studies revealed a sustained drug release of 86% over 14 days. No cytotoxicity was
observed in human primary trabecular meshwork cells (HTMCs), human Tenon’s capsule fibroblasts (HTFs), or the retinal
ganglion cell line R28. In vivo, a single injection led to a prolonged IOP reduction lasting up to 21 days. No signs of drug toxicity
were detected in ocular tissue sections, transverse optic nerve sections under transmission electron microscopy, or pathology slides
of various organs. The brinzolamide-loaded hydrogel has demonstrated promising potential for sustained drug delivery and
effective intraocular pressure reduction while maintaining good biocompatibility. However, further studies in larger animal models
and long-term evaluations are needed to confirm its clinical applicability.

Graphical Abstract

1 Introduction

Glaucoma is the leading cause of irreversible blindness
worldwide and is characterized by progressive damage to
the optic nerve. The primary strategy for managing
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glaucoma is reducing intraocular pressure (IOP), which can
be achieved through various treatments, including medica-
tion, laser therapy, and surgical interventions [1]. Clinicians
typically prescribe eye drops from four main drug classes:
beta-blockers, carbonic anhydrase inhibitors, alpha-2 adre-
nergic agonists, and prostaglandin analogs (PGAs). Among
these, PGAs are considered an excellent first-line treatment
due to their superior efficacy, safety profile, and the con-
venience of once-daily dosing [2]. Additionally, brinzola-
mide, a carbonic anhydrase inhibitor, works by reducing
aqueous humor secretion and is commonly prescribed for
glaucoma patients who need adjunctive therapy or cannot
tolerate, or do not respond to, PGAs or beta-blockers [3, 4].

Currently, eye drop administration faces several limita-
tions, including poor corneal penetration, rapid tear turn-
over, and a short drug residence time, all of which
significantly reduce ocular bioavailability. To maintain
therapeutic drug levels, frequent dosing is required, which
can be inconvenient for patients and often leads to poor
treatment adherence [5]. The development of sustained-
release systems for ocular drugs is currently key to
addressing this clinical issue and holds promising applica-
tion prospects. At present, many prostaglandin analogs have
already developed sustained-release formulations, such as
Durysta [6] and iDoseTR [7], while there are fewer
sustained-release systems available for brinzolamide. For
example, brinzolamide-loaded core-shell nanoparticles
(NPs), lipoomes and nanocapsules have been developed to
enhance corneal permeability and improve drug bioavail-
ability [8–10]; In addition, an in situ gelling ophthalmic
nanoemulsion of brinzolamide, as well as brinzolamide
incorporated into a niosomal in-situ gel, have been devel-
oped to achieve 24-h sustained drug release [11–13]. Most
of the studies mentioned above involve drug administration
via eye drops, which typically offer a short sustained-release
duration. In contrast, subconjunctival drug administration
can significantly prolong the release time [14]. One study in
a rabbit model demonstrated that subconjunctival adminis-
tration of brinzolamide encapsulated in PLGA nanoparticles
provided a sustained intraocular pressure-lowering effect for
up to 10 days [15]. However, a longer sustained-release
duration is required for clinical application to ensure con-
sistent therapeutic effects.

Hydrogels are extensively used in the biomedical field
[16, 17]. Hydrogels, known for their strong sustained-
release capabilities and high biocompatibility, have the
potential to serve as effective drug carriers for reducing
intraocular pressure in glaucoma treatment [18]. In this
study, we encapsulated brinzolamide using PEG-PLGA
nanoparticles and subsequently prepared a hydrogel cross-
linked with oxidized hyaluronic acid (OHA) and carbox-
ymethyl chitosan (CMC) to load the brinzolamide
nanoparticles (Brz@NPs). This approach created a more

prolonged and safer drug release system (Hydrogel@Brz).
The efficacy of this system in lowering intraocular pressure
and its biocompatibility were validated through material
characterization, cell studies, and animal experiments. The
brinzolamide-loaded hydrogel developed in this study
showed promising advantages in enhancing the therapeutic
efficacy of glaucoma treatment and improving patient
compliance. This approach might pave the way for potential
clinical translation and the development of novel ther-
apeutic strategies for glaucoma.

2 Materials and methods

2.1 Material

Ethylene glycol, NaIO4, polyvinylalcohol (PVA), nile red
were obtained from Shanghai Macklin Biochemical Co.,
Ltd (Shanghai, China). Carboxymethyl chitosan (carbox-
ylation degree ≥80%) and sodium hyaluronate (molecular
weight: 90–100 k) were purchased from Shanghai Yuanye
Biotechnology Co., Ltd (Shanghai, China). The poly(-
ethylene glycol) methyl ether-block-poly(lactide-co-glyco-
lide) copolymers, featuring a 50:50 molar ratio of lactide to
glycolide and designated as PEG2k-PLGA10k, were sup-
plied by Xi’an Ruixi Biological Technology Co., Ltd
(Xi’an, China).

2.2 Preparation and characterization of Brz loaded
nanoparticles (Brz@NPs)

Brz-loaded PEG-PLGA nanoparticles (NPs) were prepared
using an oil-in-water (o/w) emulsification–solvent eva-
poration method as described previously [19, 20]. In detail,
10 mg of PEG-PLGA and 3 mg of Brz were dissolved in
1 ml of dichloromethane (DCM) to form the organic phase.
This organic solution was then added dropwise into 1 mL of
an aqueous phase containing 1% (w/v) polyvinyl alcohol
(PVA) while stirring continuously and applying sonication,
thereby forming a stable o/w emulsion. The emulsion was
subsequently transferred to a magnetic stirrer and main-
tained at room temperature for 6 h to promote complete
evaporation of DCM. After the solvent had evaporated, the
NP suspension was collected by centrifugation and washed
3–4 times with distilled water to remove any unencapsu-
lated Brz and residual PVA. Finally, the purified NPs were
lyophilized into a dry powder and stored at 4 °C for further
analysis or use. Similarly, Nile red-loaded PEG-PLGA
nanoparticles were produced using the same procedure,
with Nile red substituting for Brz as the model hydrophobic
fluorescent dye in the encapsulation studies.

To evaluate the encapsulation efficiency (EE) and drug
loading efficiency (LE) of the NPs, a high-performance
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liquid chromatography (HPLC) with UV-Vis detector was
employed according to established protocols (254 nm) [21].
The NPs were suspended in deionized water at an appro-
priate concentration and sonicated to ensure uniform dis-
persion. Next, dynamic light scattering (DLS) was used to
measure the particle size distribution and zeta potential,
which provided insights into the size homogeneity and
colloidal stability of the NPs. The morphology of the Brz-
loaded NPs was characterized using transmission electron
microscopy (TEM) on a Hitachi H-600 instrument (Hitachi,
Japan). For TEM analysis, the NP samples were first diluted
in deionized water to achieve an appropriate concentration.
A droplet of the diluted suspension was then placed onto
copper grids coated with a support film. The samples were
negatively stained with a 2% (w/v) phosphotungstic acid
solution to enhance contrast and allow clear visualization of
the nanoparticle structures. After blotting away the excess
stain, the grids were left to air dry. TEM imaging was
performed at an acceleration voltage of 80 kV, yielding
high-resolution images that detailed the size, shape, and
structural characteristics of the Brz@NPs.

2.3 Preparation of oxidized hyaluronic acid (OHA)

OHA was prepared using the NaIO4 oxidation method
[22].One gram of hyaluronic acid (HA) was completely
dissolved in 100 mL of deionized water under gentle stir-
ring. In a separate step, 0.535 g of NaIO4 was dissolved in
5 mL of distilled water, and this solution was slowly added
dropwise to the HA solution while stirring continuously.
The reaction mixture was then covered with aluminum foil
to protect it from light and stirred at room temperature for
6 h to oxidize HA, thereby introducing aldehyde groups into
its polymer chains. After the oxidation period, 1 mL of
ethylene glycol was added to quench any remaining NaIO4,
and the mixture was stirred for an additional hour to ensure
complete quenching. The resulting OHA solution was dia-
lyzed against deionized water using a dialysis membrane
with a molecular weight cut-off of 8000–14,000 Daltons.
Finally, the purified OHA solution was freeze-dried to
obtain a solid powder, which was stored at 4 °C for
future use.

2.4 Preparation of Brz loaded OHA/CMC hydrogel

Separate 8 wt% solutions of OHA and carboxymethyl
chitosan (CMC) were prepared. Brz@NPs suspensions
(2 mg/mL) were then added individually to each polymer
solution and stirred continuously to ensure even dispersion.
Afterward, equal volumes of both solutions were combined
and thoroughly mixed. The mixture was then left undis-
turbed until the hydrogel formation was visually observed.

2.5 Characterization of hydrogels

The surface porosity of the prepared hydrogel was char-
acterized using scanning electron microscopy (SEM). For
SEM analysis, the freeze-dried hydrogel was first rapidly
frozen in liquid nitrogen for 30 min and then immediately
fractured to expose its internal structure. Afterward, the
sample was coated with a thin layer of gold to enhance
electrical conductivity and minimize charging effects during
imaging. The morphology and porous architecture were
then examined using SEM.

To evaluate the shear-thinning properties of the hydrogel,
shear rates ranging from 0.001 to 1000 s−1 were applied,
and shear viscosity was measured using rotational rheo-
metry. The hydrogel’s injectability was assessed by
extruding it through a 31 G syringe needle into an aqueous
solution, simulating practical injection conditions and pro-
viding insight into its flow behavior under clinically rele-
vant scenarios. Additionally, thixotropic behavior was
analyzed by monitoring viscosity changes over two con-
secutive cycles of high (500%) and low (1%) shear strains.

In vitro drug release studies were conducted at pH 7.4 using
the dialysis method [23]. Brz-loaded hydrogel was placed
inside dialysis tubing and incubated in a release medium at
37 °C. At predetermined time points, aliquots were withdrawn
for analysis and replaced with an equal volume of fresh
medium to maintain sink conditions. The Brz concentrations in
the collected samples were quantified using HPLC.

2.6 Animals

C57BL/6 male mice (8 weeks weighing about 18 g) were
purchased and raised at the AIER Eye Hospital Animal
Experiment Center. In order to detect the intraocular
pressure-lowering effect of the drug, the animals were
divided into five groups: Control group, DEX modeling
group, DEX+ Hydrogel@Brz, DEX+ Brz, and DEX+
Hydrogel. All animals underwent modeling in the right eye.
This study was approved by the Animal Ethics Committee
of Aier Eye Hospital (AEI20230008).

2.7 Model of steroid-induced ocular hypertension
and subconjunctival drug delivery intervention

Dexamethasone (DEX) (CAS 50-02-2) was purchased from
APExBIO. Dexamethasone was dissolved in DMSO and
saline to a final concentration of 10mg/mL. Mice were
anesthetized with 65mg/kg of Shutai and 10mg/kg of xyla-
zine hydrochloride. A glass microsyringe (25 μL) was used to
take 20 μL of the prepared DEX. The conjunctiva was gently
pulled away from the surface of the eyeball with forceps and
slowly injected for 20–25 s [24]. The high intraocular pressure
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group was injected with the prepared DEX, and the control
group was injected with the vehicle. Then the mice were
injected once a week to maintain high intraocular pressure.

After the intraocular pressure increased, 25 μL of drug
was injected subconjunctivally once (as shown in Supple-
mentary Fig. 1). The TonoLab rebound tonometer was used
to measure the intraocular pressure of mice in a non-
anesthetized state. The measurement time was 12AM–2PM
every day. The model was established and measured every
1–7 days according to the changes in intraocular pressure.

2.8 In vivo sustained release effect testing of
materials

The sustained-release model of Nile red instead of Brz is
Hydrogel@Nile red. The control group uses Nile red
nanoparticles. A new batch of mice was selected and 20 μL
of the drug was injected subconjunctivally at one time. The
eyeballs were removed after 1 week and 2 weeks, and
frozen sections were made. The fluorescence intensity was
detected under Ex/Em~552/636 nm conditions.

2.9 Cytotoxicity and In vivo toxicity testing

Human Tenon’s capsule fibroblasts (HTFs) (HTX2135
from Otwo Biotech Inc), Human primary trabecular mesh-
work cells (HTMCs) (from Aier Glaucoma Institute), and
retinal ganglion cell line R28 (from Neural Repair
Laboratory, The Second Affiliated Hospital of Hunan
Normal University) were used to evaluate drug cytotoxicity.
Sterilized Brz (1 μL, 1 μg/μL), Hydrogel (1 μL), and
Hydrogel@Brz (1 μL) were directly added to 96-well plates
for intervention. CCK8 cell death detection kit was used for
determination after 24 h. Phalloidin was used to detect the
cytoskeletal status of HTFs and HTMCs. Cytotoxicity was
evaluated per ISO 10993-5 guidelines, with cell viability
thresholds defined as follows: ≥70%= non-cytotoxic.

Healthy C57 mice without modeling were used and
divided into a control group, a Hydrogel group, and a
Hydrogel@Brz group. They were intervened for 3 weeks.
On the 21nd day, visual quality and phNR wave tests were
performed, and the eyeballs were removed for immuno-
histochemistry detection of the retinal ganglion cell marker
Brn3a. The cross-sections of the optic nerves were taken for
transmission electron microscopy, and the organs of the
mice were taken for pathological sections to explore the
toxicological status of the organs.

2.10 Data analysis

Data are expressed as mean ± standard deviation (SD). For
comparisons between two groups, unpaired Student’s t test

or Welch’s t test were applied. Statistical significance was
defined as *p < 0.05, **p < 0.01, **p < 0.001. All analyses
were performed using GraphPad Prism 9.0.

3 Results

3.1 Characterization of Brz@NPs and hydrogel

The particle size of the drug-loaded nanoparticles was
40.76 nm and the Polydispersity Index (PDI) was 0.162
(Fig. 1A) with a zeta potential of −21.33 ± 1.38 mV
(Supplementary Fig. 2). Stability studies revealed that
both the particle size and PDI remained consistent over a
two-week period when stored at 4 °C (Fig. 1B). The
transmission electron microscopy of the drug-loaded
nanoparticles showed that they were quasi-circular (Fig.
1C). Subsequently, we successfully synthesized oxidized
hyaluronic acid (OHA) from hyaluronic acid (HA) using
sodium periodate, as confirmed by 1H NMR spectroscopy
(Fig. 1D). A stable hydrogel was formed within three
minutes upon mixing 4 wt% OHA with 4 wt% carbox-
ymethyl chitosan (CMC) at room temperature (Fig. 1E).
Scanning electron microscopy (SEM) observations
revealed that this hydrogel exhibited a porous structure
(Fig. 1F).

The crosslinking mechanism based on dynamic Schiff
base bonds imparted the hydrogel with excellent inject-
ability and self-healing properties [25]. These char-
acteristics were validated in this study using a rotational
rheometer. As shear stress increased, the viscosity of the
hydrogel decreased, indicating favorable shear-thinning
behavior (Fig. 1G). The inset image in Fig. 1G also
demonstrated that the hydrogel could be extruded from a
syringe with a needle to form a stable “HG” shape.
Moreover, step-strain sweep test results indicated that
the hydrogel structure, which was disrupted under a
strain of 500%, could rapidly recover under low-strain
conditions, showcasing superior self-healing capability
(Fig. 1H). The injectability of the hydrogel significantly
facilitated clinical administration, while its rapid self-
healing property ensured that upon subconjunctival
injection, the hydrogel could quickly form a stable gel
structure, thereby preventing unnecessary diffusion. In
vitro drug release studies showed rapid initial release
over the first two days, followed by gradual sustained
release; by day 14, the cumulative release reached 86%
(Fig. 1I).

In summary, we successfully developed hydrogel-loaded
brinzolamide nanoparticles, referred to as Hydrogel@Brz,
which exhibit good stability, excellent injectability, and a
prolonged in vitro sustained release profile.
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3.2 The intraocular pressure-lowering effect of a
single subconjunctival injection of
Hydrogel@Brz

As shown in Fig. 2, the baseline intraocular pressure (IOP) of
C57 mice under normal conditions was 11.64 ± 0.64 mmHg.
Following DEX-induced modeling, the IOP increased sig-
nificantly to around 17.65 ± 0.88 mmHg. A single sub-
conjunctival injection led to a noticeable reduction in IOP in
both the Brz group and the Hydrogel@Brz group, with the

effect becoming evident 24 h after administration. In contrast,
the DEX group and the Hydrogel group continued to exhibit
elevated IOP levels.

By the 5th day, a sustained reduction in IOP was
observed only in the Hydrogel@Brz group. On the 14th
day, the average IOP in this group decreased to
13.20 ± 0.84 mmHg, significantly lower than the
18.2 ± 0.84 mmHg recorded in the DEX group. However,
after 14 days, the IOP in the Hydrogel@Brz group began to
gradually rise. By the 20th day, the average IOP had

Fig. 1 Material characterization. A The drug-loaded nanoparticles
have a particle size of 40.76 nm, a PDI of 0.162, and a uniform size
distribution; B The particle size and PDI of the nanoparticles are stable
within two weeks of storage at 4 °C; C Transmission electron micro-
scopy of the nanoparticles; D Nuclear magnetic resonance spectrum;
the three new peaks in the circle represent the successful synthesis of
OHA; E 4 wt% OHA and 4 wt% CMC form a stable hydrogel within
3 min at room temperature; F Scanning electron microscopy: The
hydrogel has a porous surface structure; G Shear thinning, the

viscosity of the hydrogel decreases with the increase of shear rate, and
it has good injectability; H Step strain scanning, when the strain is 1%,
the storage modulus G′> loss modulus G″, the hydrogel structure;
when the strain is 500%, the storage modulus G′< loss modulus G″,
the hydrogel structure is destroyed, and when the strain is restored to
1%, the hydrogel structure can be restored. The representative
hydrogel has good self-healing properties; I In vitro drug release, the
cumulative drug release was 44.63% at two days and 86% at 14 days
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reached 15.8 ± 0.45 mmHg, still significantly lower than the
18.4 ± 0.89 mmHg observed in the DEX group. By the 21st
day, although the Hydrogel@Brz group continued to show
a lower IOP compared to the DEX group, the difference
between the two groups was no longer statistically
significant.

Brinzolamide is a lipophilic drug; however, tracking its
metabolism within the eye remains challenging. In contrast,
Nile red, known for its strong lipophilicity, remarkable
fluorescence, and excellent imaging capabilities, serves as a
valuable tool for studying the metabolic localization of
drugs in vivo [26]. Therefore, we utilized hydrogel-loaded
Nile red nanoparticles (Hydrogel@Nile red) to conduct a
preliminary investigation of sustained drug release in vivo.
In a separate batch of unmodeled C57 mice, Hydro-
gel@Nile red and a Nile red control solution were injected
subconjunctivally. Eyeballs were collected at 7 and 14 days
for frozen sectioning and fluorescence imaging to observe
the distribution and metabolism of Nile red.

Fluorescence imaging revealed that Nile red was dis-
tributed in the ciliary body. At day 7, the mean gray value
in the Hydrogel@Nile red group was significantly higher
than that in the Nile red control group. By day 14, Nile red
in the control group was almost completely metabolized,
whereas a substantial amount remained in the Hydro-
gel@Nile red group (Fig. 2C, D). These findings suggest
that the sustained-release system provides drug release for
at least 14 days in vivo, which may correspond to the 21-
day intraocular pressure-lowering effect observed in
this study.

3.3 Drug cytotoxicity assay

Cytotoxicity experiments demonstrated that, compared
to the control group, the relative cell viability in all drug-
treated groups remained above 70%. This indicates that
specific concentrations of Brz, Hydrogel, and Hydro-
gel@Brz did not induce significant cytotoxic effects on

Fig. 2 Hydrogel@Brz’s intraocular pressure-lowering effect and pre-
liminary in vivo drug release investigation. A Schematic diagram of
the modeling approach; B Changes in intraocular pressure;
C Fluorescence and semi-quantitative analysis of frozen sections from
eyeballs collected 1 and 2 weeks after subconjunctival injection of
hydrogel-loaded Nile red nanoparticles (Week 1 Hydrogel@Nile

red= 14.8 ± 1.5, Nile red= 2.4 ± 0.5; Week 2 Hydrogel@Nile
red= 6.7 ± 0.4, Nile red= 0.5 ± 0.1). The white arrow points to the
ciliary body that produces aqueous humor. Data analyzed by unpaired
Student’s t test or Welch’s t test; *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001
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Human Tenon’s capsule fibroblasts (HTFs), human pri-
mary trabecular meshwork cells (HTMCs), or the retinal
ganglion cell line R28 (Fig. 3A–C). Additionally,
no noticeable alterations in the cytoskeleton were
observed in the Brz, Hydrogel, and Hydrogel@Brz
groups compared to the control group, indicating that
the drug maintains a certain level of cellular safety
(Fig. 3D, E).

3.4 Animal toxicology experiments

Animal toxicology studies were conducted on a cohort of
healthy C57 mice, which were divided into three groups:
the control group, the Hydrogel group, and the Hydro-
gel@Brz group (Fig. 4A). After 21 days of intervention,
visual quality assessments showed no significant differences
among the three groups (Fig. 4B). Similarly, phNR wave

Fig. 3 Cytotoxicity of the drug.A–CCCK8 assay evaluating the relative
cell viability of HTFs (Control= 100.0 ± 5.0, Brz= 101.7 ± 3.8,
Hydrogel= 99.6 ± 3.6, Hydrogel@Brz= 98.5 ± 7.1), HTMCs
(Control= 100.0 ± 2.8, Brz= 100.2 ± 3.1, Hydrogel= 104.3 ± 2.2,
Hydrogel@Brz= 105.2 ± 3.34), and R28 cells (Control= 100.0 ± 4.3,

Brz= 99.54 ± 2.1, Hydrogel= 102.8 ± 8.4, Hydrogel@Brz= 97.7 ± 6.0);
D, E Phalloidin staining showing cytoskeletal structures of HTMCs and
HTFs after drug intervention. Data analyzed by unpaired Student’s t test or
Welch’s t test; ns= p > 0.05
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Fig. 4 Biocompatibility at the animal level. A Schematic diagram of
animal toxicology experiments; B Visual performance analysis, where
Cyc(Cycles) represents mouse visual ability, with higher values indicating
better performance (Control= 188.0 ± 13.0, Hydrogel= 186.0 ± 18.2,
Hydrogel@Brz= 188.0 ± 14.8); C Electrophysiological assessment of
phNR wave amplitude, which decreases in cases of retinal ganglion cell
damage (Control= 4.56 ± 0.80, Hydrogel= 4.46 ± 0.63, Hydrogel@
Brz= 4.48 ± 0.60); D, E Immunohistochemical staining and semi-
quantitative analysis of the retinal ganglion cell marker Brn3a

(Control= 24.0 ± 2.7, Hydrogel= 23.67 ± 3.5, Hydrogel@Brz=
24.33 ± 3.5); F,G Transmission electron microscopy of optic nerve cross-
sections and axon counting (Control= 55.3 ± 4.2, Hydrogel= 54.3 ± 6.0,
Hydrogel@Brz= 56.3 ± 4.7); H. Histological sections and staining of the
eyeball and major systemic organs. Staining includes HE for the eyeball,
intestine, spleen, and heart; Masson’s trichrome for the lungs; Sirius Red
for the liver; and PAS staining for glycogen in the kidneys. Data analyzed
by unpaired Student’s t test or Welch’s t test; ns= p > 0.05
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measurements revealed no notable variations (Fig. 4C). To
further assess potential toxicity, the eyeballs and optic
nerves of the mice were collected for analysis. Immuno-
histochemical staining showed no significant differences in
Brn3a expression within the retinal ganglion cell layer
across groups (Fig. 4D, E). Additionally, transmission
electron microscopy of optic nerve cross-sections indicated
no significant changes in axon density (Fig. 4F, G). Further
pathological analysis was conducted on key organs,
including the eyes, heart, liver, spleen, lungs, kidneys, and
intestines (Fig. 4H). Histological examination revealed no
structural abnormalities or immune cell infiltration in any of
these tissues. Moreover, no adverse effects were observed in
key liver and kidney function indicators (Supplementary
Fig. 3).

4 Discussion

Glaucoma remains a leading cause of irreversible blindness
globally, with intraocular pressure (IOP) reduction serving
as the cornerstone of treatment. While prostaglandin ana-
logs (PGAs) are widely recognized as first-line therapies
due to their efficacy and once-daily dosing [27], adjunctive
agents such as brinzolamide—a carbonic anhydrase inhi-
bitor—are essential for patients intolerant to PGAs or
requiring additional IOP control [28]. Despite their ther-
apeutic value, conventional eye drops face limitations
including poor bioavailability, short residence time, and
patient non-adherence [29]. To address these challenges,
sustained-release drug delivery systems have emerged as a
transformative approach. This study introduces a novel
hydrogel-based sustained-release system (Hydrogel@Brz),
which combines brinzolamide-loaded PEG-PLGA nano-
particles (Brz@NPs) with an oxidized hyaluronic acid
(OHA)/carboxymethyl chitosan (CMC) hydrogel. The sys-
tem exhibited prolonged IOP reduction, excellent inject-
ability, and good biocompatibility, making it a potential
alternative to traditional glaucoma therapies.

The Hydrogel@Brz system achieved sustained drug
release over 14 days in vitro and maintained IOP reduction
for up to 21 days in vivo, a significant improvement over
existing brinzolamide formulations. The prolonged efficacy
observed in this study is likely attributed to the dual
mechanisms of PEG-PLGA nanoparticles and the hydrogel
matrix, which work together to enhance sustained drug
release and retention. PEG-PLGA nanoparticles, with their
small size and negative zeta potential, construct a stable
drug loading structure. Meanwhile, the OHA/CMC hydro-
gel forms a porous network, enabling gradual nanoparticle
release. The shear-thinning and self-healing properties of
the hydrogel further ensure clinical practicality, allowing
smooth injection through a needle and rapid structural

recovery post-administration. These features align with
recent advances in injectable hydrogels for ocular drug
delivery [30], yet our system uniquely integrates nano-
particle encapsulation with a tunable hydrogel to extend
release duration.

The in vivo Nile red tracking experiments corroborated
the sustained-release profile, showing fluorescence retention
in the ciliary body for 14 days in the Hydrogel@Nile red
group, whereas the control group displayed rapid clearance.
This localization is crucial, as brinzolamide exerts its IOP-
lowering effect by inhibiting carbonic anhydrase in the
ciliary body, where it plays a key role in aqueous humor
production [31]. The correlation between sustained drug
presence and prolonged IOP reduction suggests that
Hydrogel@Brz effectively maintains therapeutic con-
centrations at the target site. However, the gradual IOP
rebound after day 14 highlights the need for hydrogel for-
mulation optimization, but balancing prolonged release with
injectability remains a challenge [32], increasing cross-
linking density could extend release but may compromise
clinical applicability. Future studies should explore struc-
tural modifications, such as incorporating additional poly-
mer layers or adjusting the OHA/CMC ratio, to further
prolong efficacy without sacrificing functionality.

A critical advantage of Hydrogel@Brz lies in its bio-
compatibility. Cytotoxicity assays revealed no adverse
effects on human Tenon’s fibroblasts (HTFs), trabecular
meshwork cells (HTMCs), or retinal ganglion cells (R28).
This is particularly significant for HTFs, as subconjunctival
fibrosis remains a major cause of failure in glaucoma sur-
geries [33]. The absence of cytoskeletal disruption or
fibrotic changes in HTFs suggests that the hydrogel may
mitigate postoperative scarring, a hypothesis warranting
further investigation. The absence of cytotoxicity aligns
with ISO 10993-5 guidelines and is consistent with findings
in chitosan-PEG hybrid hydrogels [34]. Similarly, in vivo
toxicology studies demonstrated preserved retinal function
and structure despite prolonged hydrogel exposure, sug-
gesting minimal off-target effects—a key characteristic of
advanced ocular drug delivery systems [35]. While CMC
and OHA in the hydrogel are known for their low immu-
nogenicity [36], the potential for hypersensitivity reactions
must be carefully considered in clinical translation.

While this study demonstrates the feasibility of Hydro-
gel@Brz, several limitations must be addressed. First, the
murine model’s small ocular volume precluded direct
measurement of aqueous humor brinzolamide concentra-
tions. Larger animal models, such as rabbits—which share
closer anatomical and physiological similarities with
humans—are necessary to quantify pharmacokinetic para-
meters [37], Future studies in larger animal models will
incorporate standardized clinical scoring (e.g., Draize test),
behavioral monitoring to complement histopathological
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findings and the correlation between hydrogel degradation
and brinzolamide release profile to improve treatment effi-
cacy, further promoting clinical translation; Second, while
the current formulation’s 21-day efficacy surpasses existing
options, it may still fall short of the ideal 3 to 6-month
duration required for true clinical convenience. Optimizing
hydrogel degradation rates through innovations such as
enzyme-responsive crosslinkers or pH-sensitive modifica-
tions [38, 39], could further extend drug release and
enhance its clinical applicability; Third, while sub-
conjunctival administration minimizes systemic exposure,
the 21-day efficacy period only meets the criteria for sub-
acute systemic toxicity in rodents, future studies should
extend observation to 6 months to comply with chronic
toxicity standards. Such evaluations will further validate the
hydrogel’s safety for potential human trials.

5 Conclusion

Glaucoma intraocular pressure-lowering therapy remains
the first-line treatment for glaucoma, and the development
of sustained-release drug delivery systems holds significant
clinical value. However, research on sustained-release for-
mulations for the commonly used IOP-lowering drug brin-
zolamide remains limited. In this study, we developed a
hydrogel-loaded brinzolamide nanoparticle system that,
with a single subconjunctival injection, achieved a sustained
IOP-lowering effect for up to 21 days in a mouse model.
Furthermore, its basic biocompatibility was confirmed at
both the cellular and animal levels. This research suggests
potential for clinical translation and offers insights for the
future development of brinzolamide sustained-release
systems.
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