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Purpose: We previously developed a novel 2-methacryloyloxyethyl phosphorylcholine-based polymer (MPCP) containing 
a zwitterionic stearyl methacrylate moiety and an acrylic functional group, which significantly improved moisture retention on the 
ocular surface. In this study, we investigated whether incorporating 0.1% MPCP into 0.25% or 0.5% timolol maleate (TM) ophthalmic 
formulations could enhance the ocular surface retention, corneal permeability, and intraocular pressure (IOP)-lowering efficacy of TM.
Methods: Male Wistar rats (7 weeks old) and male adult rabbits (body weight: 2.39 ± 0.71 kg) were used to evaluate ocular surface retention 
and corneal permeability of TM. IOP-lowering efficacy of TM was evaluated using a rabbit treated with 5% glucose solution (high IOP model).
Results: The TM ophthalmic formulations with MPCP (TM@MPCP-OF) were transparent, with MPCP nanoparticles (mean particle 
size 80.7 nm) dispersed in the formulation, and exhibited stable viscosity, regardless of the presence of MPCP (approximately 0.95–1.1 
mPa∙s). The addition of MPCP reduced cytotoxicity in human corneal epithelial cells (HCE-T) and caused no damage after repeated 
instillation in rats. Moreover, the combination with MPCP improved TM retention on the ocular surface and increased the corneal TM 
concentration and aqueous humor penetration after the instillation of TM@MPCP-OF. In addition, the corneal permeability-enhancing 
effect of MPCP on the TM was more pronounced with TM@MPCP-OF containing 0.5% TM than with TM@MPCP-OF containing 
0.25% TM. Furthermore, compared with the TM ophthalmic formulation alone, MPCP co-administration significantly prolonged the 
duration and magnitude of the IOP-lowering effect of TM in a rabbit model of acute ocular hypertension.
Conclusion: These findings indicate that MPCP is a safe and biocompatible additive that enhances the pharmacological performance 
of ophthalmic formulations and may contribute to the development of improved and longer-acting antiglaucoma medications.
Keywords: MPC polymer, timolol maleate, intraocular pressure, ocular drug delivery, glaucoma

Introduction
Glaucoma is a chronic ocular disorder with elevated intraocular pressure (IOP) characterized by an imbalance between 
the production and drainage of aqueous humor within the eye. High IOP is a primary risk factor contributing to the onset 
and progression of this disease, ultimately leading to the degeneration of retinal ganglion cells and subsequent visual 
impairment.1 Glaucoma is an irreversible and progressive optic neuropathy that remains a major cause of permanent 
visual field loss and blindness worldwide.2,3

Extensive research has confirmed that therapeutic strategies to effectively lower IOP play a critical role in preserving visual 
function in patients with glaucoma.2,4,5 Current pharmacological management predominantly depends on topical ophthalmic 
formulations containing IOP-lowering agents, including β-adrenergic blockers, cholinergic agonists, carbonic anhydrase 
inhibitors, and prostaglandin analogs.6–8 Among these, timolol maleate (TM), a non-selective β-blocker, is one of the most 
widely prescribed medications for glaucoma treatment.9 TM exerts its pharmacological effects by inhibiting sympathetic 
activity in the ciliary epithelium, thereby suppressing the secretion of the aqueous humor. Because TM functions through 
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a mechanism distinct from those of miotics, carbonic anhydrase inhibitors, and prostaglandin analogs, it is often used in 
combination therapy to enhance clinical efficacy.10 Consequently, TM is expected to remain the cornerstone of glaucoma 
management in the near future. However, less than 5% of TM administered via conventional eye drops penetrates the 
intraocular tissues because of the efficient protective barriers of the eye. This limited absorption is largely attributed to 
precorneal loss mechanisms such as rapid tear turnover, poor corneal permeability, brief residence in the conjunctival sac, and 
nonspecific absorption.10 The short retention time allows the drug to be washed away through tear drainage, leading not only 
to reduced therapeutic efficacy but also to systemic side effects, such as bradycardia, hypotension, and bronchospasm, as well 
as local irritation, dryness, and redness.11 Although eye drops constitute approximately 90% of all topically administered 
ophthalmic preparations and are generally favored for their ease of use, nearly 95% of the applied drugs are lost via 
conjunctival absorption or nasolacrimal drainage. Therefore, recent formulation research has focused on enhancing ocular 
drug bioavailability by improving retention and mucoadhesive properties.

Therefore, enhancing the ocular bioavailability of TM ophthalmic formulations (OF) is crucial for effective manage
ment of glaucoma. Developing formulations that maintain therapeutic efficacy with fewer daily instillations and improved 
therapeutic indices remains challenging. Sustained-release systems, in particular, continue to represent an unmet need in 
ophthalmic drug delivery. The use of ocular biomaterials capable of prolonging drug residence and maintaining sustained- 
release profiles has emerged as a promising strategy to overcome these limitations.12,13 Different formulation approaches 
have been explored to enhance the therapeutic efficiency and ocular availability of topically applied drugs by extending 
their precorneal retention and promoting corneal permeability. These include hydrogel-based systems, in situ gelling 
matrices, microparticles, colloidal carriers, nanovesicular gels, nanoparticles, liposomes, and nanogels.14–20

The polymer 2-methacryloyloxyethyl phosphorylcholine (MPC) is a multifunctional molecule with antiadhesive, antith
rombogenic, and highly hydrophilic characteristics.21,22 Owing to its structural similarity to cell membrane phospholipids, 
MPC can form biocompatible hydrogel coatings that minimize tissue irritation by reducing the friction between the biological 
surface and the applied material. MPC has been incorporated into more than 2000 products, including cosmetics, disinfectants, 
and medical devices, such as artificial blood vessels, artificial hearts, and hemodialysis systems, owing to its excellent 
hemocompatibility and anti-inflammatory behavior.23–25 In ophthalmology, MPC has been used as a component of contact 
lens solutions and materials,26,27 as a coating for intraocular lenses,28 and as a corneal substitute.29 The high biocompatibility 
and low cytotoxicity of MPC-based polymers suggest that they are suitable for ocular applications. However, reduced 
tolerability has occasionally been observed when MPC is combined with sodium hyaluronate or preservative.30,31 In our 
previous study, we developed a novel MPC-based polymer via radical polymerization of MPC stearyl methacrylate/N, 
N-dimethylacrylamide (MPCP). In addition, we previously demonstrated that instillation of 0.1% MPCP significantly 
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improved moisture retention on the ocular surface, indicating its potential to prevent dry-eye symptoms.32 Collectively, these 
results suggest that MPCP is a safe and biocompatible material suitable for OF and may help maintain ocular surface 
homeostasis of hydrophilic drugs. In the present study, we examined whether incorporating MPCP into TM ophthalmic 
formulations (TM@MPCP-OF) could enhance the ocular surface retention and intraocular permeation of TM. Furthermore, 
we used a rabbit model of acute ocular hypertension to evaluate the effect of MPCP co-administration on the IOP-lowering 
efficacy of TM.

Materials and Methods
Animals
In this study, to eliminate the influence of hormonal balance, evaluations were conducted using subjects of the same sex 
(male). The male Wistar rats (7 weeks old) were procured from Kiwa Laboratory Animals Co., Ltd. (Wakayama, Japan), 
and male adult rabbits (body weight: 2.39 ± 0.71 kg) were obtained from Shimizu Laboratory Supplies Co., Ltd. (Kyoto, 
Japan). All animals were housed under controlled environmental conditions at 25°C with free access to tap water and 
a standard laboratory diet (CE-2 for rats and CR-3M for rabbits; Clea Japan Inc., Tokyo, Japan). In the instillation 
experiment, eye drops were administered to only one eye. All animal experiments were performed in accordance with the 
ethical standards of Kindai University, the Japanese Pharmacological Society, and the U.S. National Institutes of Health 
(NIH) Guidelines for the Care and Use of Laboratory Animals. The experimental protocol was reviewed and approved by 
the Institutional Animal Care and Use Committee of Kindai University on April 1, 2024 (approval no. KAPS-2024-008 
and KAPS-2024-009). All procedures complied with the ARRIVE and 2020 AVMA Guidelines for the Euthanasia of 
Animals. Euthanasia was performed by intraperitoneal administration of 200 mg/kg pentobarbital sodium.

Chemicals
All reagents and chemicals used in this study were of the highest commercially available grade. A 5% glucose solution 
was obtained from Otsuka Pharmaceutical Co., Ltd. (Tokyo, Japan). TM and 0.4% benoxil were obtained from Sigma- 
Aldrich (Osaka, Japan) and Santen Pharmaceutical Co., Ltd. (Osaka, Japan), respectively. Benzalkonium chloride (BAC) 
was purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). Pentobarbital was supplied by the Tokyo Chemical 
Industry Co., Ltd. (Tokyo, Japan). Dulbecco’s Modified Eagle’s medium/Ham’s F-12 (DMEM/F-12), penicillin, strepto
mycin, and fetal bovine serum (FBS) were purchased from GIBCO (Tokyo, Japan). The Cell Counting Reagent SF was 
obtained from Nacalai Tesque, Inc. (Kyoto, Japan).

Preparation of MPCP and TM@MPCP-OF
MPCP was synthesized by the radical polymerization of 2-methacryloyloxyethyl phosphorylcholine, stearyl methacry
late, and N,N-dimethylacrylamide at a molar ratio of 50:5:45, followed by purification via dialysis.32 Next, the residual 
monomer content was analyzed, and the conversion rate for each monomer exceeded 99%, confirming the successful 
synthesis of the target polymer.32 For the present experiments, MPCP ophthalmic formulation (MPCP-OF) was prepared 
as a 0.1% (w/v) aqueous solution in saline. The concentration of MPCP in the solution was determined by calculating the 
weight of dried MPCP (residue) contained in a fixed volume of solvent (weight/volume). The TM ophthalmic formula
tions (TM-OF) were prepared by dissolving TM (0.25% or 0.5%) and BAC (0.005%) in physiological saline. 
TM@MPCP-OF was prepared by incorporating 0.1% MPCP into TM-OF.

Characteristics in TM@MPCP-OF
The particle size distribution and concentration of MPCP were analyzed using a NanoSight LM10 system (Quantum 
Design Japan; Tokyo, Japan) equipped with a 405 nm laser, and measurements were conducted over a 60s acquisition 
period. Atomic force microscopy (AFM) was performed using a scanning probe microscope (SPM)-9700 (Shimadzu 
Corp., Kyoto, Japan), and final AFM images were generated by merging the phase and height data. The viscosity of OF 
was determined using a rotational viscometer (model SV-1A, A&D Company, Ltd., Tokyo, Japan) at 25°C. Osmotic 
pressure was measured using a freezing point osmometer (OM807, VOGEL MedTec, Germany).33
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Measurement of TM
The concentration of TM was quantified by high-performance liquid chromatography (HPLC) using an LC-20AT system 
(Shimadzu Corp., Kyoto, Japan) equipped with a UV detector set at 294 nm. The mobile phase consisted of 25 mM 
phosphate buffer, methanol, and acetonitrile (60:30:10, v/v, pH 7.0). Analytical conditions were as follows: internal 
standard, 10 µg/mL propyl p-hydroxybenzoate; analytical column, Mightysil RP-18 (3 µm; Kanto Chemical Co., Inc., 
Tokyo, Japan); column temperature, 35°C; and mobile phase flow rate, 0.2 mL/min.34

Evaluation of in vitro Corneal Toxicity of TM@MPCP-OF Using HCE-T Cells
The human corneal epithelial (HCE-T) cell line was established by Araki-Sasaki et al35 were donated from RIKEN BRC 
CELL BANK (Ibaraki, Japan). HCE-T cells were maintained in Dulbecco’s Modified Eagle’s medium/Ham’s F-12 
medium supplemented with 5% heat-inactivated fetal bovine serum, penicillin (1000 IU/mL), and streptomycin (0.1 mg/ 
mL). Next, we conducted an in vitro corneal cytotoxicity assay, for which HCE-T cells (1 × 104 cells/well) were seeded 
in 96-well microplates (IWAKI, Chiba, Japan) and exposed to 0.1% MPCP-OF or 0.5% TM-OF, with or without 0.1% 
MPCP, for 120 s. After exposure, Cell Count Reagent SF was added, and the absorbance at 490 nm was measured using 
a microplate reader. Cell viability was determined according to the manufacturer’s protocol, and is expressed in Eq. (1):

Evaluation of in vivo Corneal Toxicity of TM@MPCP-OF Using Rat Eye
To assess the corneal toxicity of this formulation, we conducted toxicity evaluations under more stringent conditions than 
usual, using an instillation frequency of five times per day. Briefly, thirty microliters of saline, 0.1% MPCP-OF, 0.5% 
TM-OF, or 0.5% TM@MPCP-OF were instilled into the eyes of the rats five times daily (at 9:00, 12:00, 15:00, 18:00, 
and 21:00) for 14 consecutive days. Following treatment, the corneal wound areas were assessed by staining with 1% 
fluorescein and imaging using a TRC-50X fundus camera equipped with a digital camera (Topcon; Tokyo, Japan).33

Ocular Surface Retention of TM@MPCP-OF
Rabbits were randomly divided into three groups (n = 7 per group), and 30 µL of TM-OF and TM@MPCP-OF were 
instilled into the eyes. Tear fluid was collected using Schirmer test strips at 15 and 60 min after instillation, and the TM 
concentration in the tear samples was quantified by HPLC, as described above. In addition, the 30 µL of TM-OF and 
TM@MPCP-OF were instilled into the rat eyes, and the animals were euthanized by intraperitoneal administration of 
pentobarbital (200 mg/kg) at 15 and 60 min after instillation. The TM content in the isolated corneal tissues was 
measured by HPLC as described above.

In vitro Transcorneal Penetration of TM@MPCP-OF
The corneas were excised from 7-week-old Wistar rats (n = 14) that were randomly assigned to two groups (n = 7 per 
group). The animals were euthanized by intraperitoneal administration of pentobarbital (200 mg/kg), and the isolated 
corneal tissues were mounted onto Franz diffusion cells. The receptor compartment (12.2 mL) was filled with 0.2 mM 
phosphate buffer (pH 7.2) and maintained at 37°C. The TM-OF, with or without MPCP, was uniformly applied to the 
corneal surface. At predetermined time points, 100 µL aliquots were withdrawn from the receptor chamber for HPLC 
analysis described above. The cumulative transcorneal drug absorption, expressed as the area under the concentration– 
time curve from 0 to 90 min (AUCpenetration), was calculated using the trapezoidal integration method.33,34

In vivo Transcorneal Penetration of TM-OF with or without MPCP
The rabbits were randomly assigned to four groups (n = 7 per group). Thirty microliters of 0.25% or 0.5% TM-OF, with 
or without MPCP, were instilled into the eyes, and 5 µL samples of aqueous humor were collected at designated time 
points over 90 min. The concentrations of TM were measured by HPLC as described above. The area under the 
concentration–time curve from 0 to 90 min (AUCAH) was calculated using the trapezoidal integration method.33,34
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IOP in Rabbits Instilled with TM-OF with or without MPCP
Rabbit models were used to evaluate the effects of the formulations on IOP. An elevated IOP was induced by rapid 
intravenous infusion of a 5% glucose solution via the marginal ear vein (15 mL/kg body weight).36 All infusions were 
completed within 20s. IOP measurements were performed under topical anesthesia with 0.4% benoxil using TonoPen XL 
(Medtronic SOLAN, FL, USA). Following instillation of 30 µL of the OF containing TM, IOP was recorded at 5–20 min 
intervals over a 90-min period. The change in intraocular pressure (ΔIOP) was calculated as the difference between the 
measured IOP and baseline IOP at the start of the experiment. The area under the ΔIOP–time curve from 0 to 90 min 
(AUCΔIOP) was calculated using the trapezoidal integration method.33,34

Statistical Analysis
All data are presented as the mean ± standard error (S.E). The sample size (n) represents the number of independent 
biological samples (eg., different formulations, cell-culture wells, or animals), as indicated in each figure legend. To 
further assess the adequacy of the analyses, effect sizes (Cohen’s d) were calculated from the obtained data. For datasets 
subjected to statistical analyses, the results indicated that the statistical power exceeded 0.8. Statistical analyses were 
performed using the JMP software version 5.1 (SAS Institute, Cary, NC, USA). Differences between the two groups were 
assessed using Student’s t-test, whereas comparisons among multiple groups were analyzed by one-way analysis of 
variance (ANOVA) followed by the Tukey–Kramer post-hoc test. Homogeneity of variance was evaluated using an F-test 
for two-group comparisons and Levene’s test for multiple-group comparisons. A value of P < 0.05 was considered 
statistically significant. Normality was assessed using graphical methods (Q–Q plots), which were visually inspected. The 
results indicated no substantial deviation from normality, supporting the use of subsequent parametric analyses.

Results
Effect of MPCP Combination on Characteristics and Ophthalmic Safety of TM-OF
TM is widely used as an antiglaucoma agent clinically. In this study, we investigated the potential benefits of 
incorporating MPCP into a TM-OF. Figure 1A shows the chemical structure of the MPCP, and Figures 1B–F 
physicochemical properties of the TM@MPCP-OF. Visual inspection revealed that the MPCP aqueous solution was 
clear, and no precipitation or turbidity was observed in TM@MPCP-OF (Figure 1B). On the other hand, the MPCP alone 
formed colloidal particles with an average size of 80.7 nm (Figure 1C). The particle size distribution and morphology of 
these colloidal particles were altered by TM incorporation, and the particle size increased (mean particle size: 159.0 nm, 
Figure 1D and E). The viscosities of TM and MPCP alone were 1.06 mPa∙s and 0.95 mPa∙s, respectively, and these 
values remained unchanged in the TM@MPCP-OF formulation (Figure 1F). Ensuring ocular surface safety is critical for 
the development of OF. In this case, the osmotic pressure was isotonic in all formulations (TM@MPCP-OF 295 ± 9 
mOsm). Therefore, we evaluated the cytotoxicity of HCE-T cells (Figure 2A) and corneal damage (Figure 2B) following 
repeated instillation in rats (Figure 2). Treatment with TM-OFs alone induced cell death in HCE-T cells, whereas 
treatment with MPCP-OFs alone demonstrated no cytotoxicity (Figure 2A). Furthermore, the incorporation of MPCP into 
TM mitigated TM-induced cytotoxicity (Figure 2A). In addition, repetitive instillation (five times/day) for 1 week in rats 
caused no detectable corneal damage to any of the formulations tested (Figure 2B). These findings demonstrate that 
TM@MPCP-OF ensures ocular safety and suggest its potential application as an OF.

Ocular Absorption of TM in the Instillation of TM-OF with or without MPCP
The antiglaucoma drug TM must remain on the ocular surface within the tear fluid after instillation, penetrate the cornea, 
and subsequently reach the aqueous humor to exert its IOP-lowering effect. Figure 3 shows the evaluation of ocular 
surface retention in rabbits (Figure 3A) and corneal drug uptake in rats (Figure 3B). The results demonstrated that the 
ocular surface concentration and corneal drug content of TM@MPCP-OF at 15 min after instillation were 3.93- and 1.23- 
fold higher, respectively, than those of TM-OF. These findings indicate that the incorporation of MPCP not only 
enhanced the ocular surface retention of TM-OF (Figure 3A) but also significantly increased corneal uptake 
(Figure 3B). Figure 4 presents the corneal permeability of the TM-OF with and without MPCP using excised rat corneas. 
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During the first hour of the experiment, the corneal permeability of TM-OF was comparable between the two formula
tions; however, after that point, TM@MPCP-OFs exhibited markedly higher permeability (Figure 4A). The AUCpenetration 

value of TM@MPCP-OF was two-fold greater than that of TM-OF (Figure 4B). Figure 5 shows the intraocular 
penetration of TM when administered at two different concentrations [0.25% (Figure 5A) and 0.5% (Figure 5B)] with 
or without MPCP. Increasing the TM concentration from 0.25% (AUCpenetration 342.3 µM/min) to 0.5% (AUCpenetration 

Figure 1 Physicochemical properties of MPCP and TM@MPCP-OF. (A) Structure of the formulated MPCP. (B) Digital image of MPCP-OF and TM@MPCP-OF. (C and D) 
Particle distribution of MPCP-OF (C) and TM@MPCP-OF (D). (E) SPM image of MPCP-OF and TM@MPCP-OF. (F) Viscosity of TM-OF, MPCP-OF, and TM@MPCP-OF. 
n = 5, *P < 0.05 vs. TM-OF for each category. The TM-OF containing MPCP was transparent. The MPCP particles in TM@MPCP were higher than those of MPCP-OP 
without TM, and the particle size was 50 to 250 nm. The viscosity remained constant regardless of the presence or absence of MPCP.

Figure 2 Ocular toxicity of MPCP-OF and TM@MPCP-OF. (A) Cytotoxicity in HCE-T cells treated with MPCP-OF, TM-OF, and TM@MPCP-OF. (B) Corneal damage in 
rats following five-daily instillation for 1 week. n = 7, *P < 0.05 vs. TM-OF for each category (Tukey–Kramer post-hoc test). The combination of MPCP reduced the corneal 
cytotoxicity of the TM-OF. Moreover, no corneal damage was observed following repeated instillation of TM@MPCP-OF.
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365.8 µM/min) caused no substantial change in intraocular penetration (Figure 5A–C). In contrast, the incorporation of 
MPCP significantly enhanced intraocular penetration, which is consistent with the findings of ocular surface retention, 
corneal concentration, and corneal permeability. The AUCAH increased 1.4-fold upon MPCP addition in 0.25% TM-OF, 
whereas the AUCAH increased 1.9-fold in 0.5% TM-OF, indicating that the effect of MPCP was more pronounced at 
higher TM concentrations (Figure 5C).

Effect of TM-OF with or without MPCP on IOP in the High-IOP Rabbit Model Induced 
by the Rapid Infusion of a 5% Glucose Solution
As the incorporation of MPCP enhanced the intraocular penetration of TM-OF, we evaluated the IOP-lowering effect of 
TM using a high-IOP rabbit model induced by rapid infusion of a 5% glucose solution. Figure 6A and B show the results 
obtained when 5% glucose solution was administered immediately after instillation. TM-OF significantly inhibited IOP 
elevation induced by a 5% glucose solution (Figure 6A). In addition, TM@MPCP-OF exhibited a strong IOP-lowering 
effect; however, its AUCΔIOP was comparable to that of TM-OF without MPCP (Figure 6B). To further evaluate the 
sustained effect of MPCP incorporation, we examined the results when a 5% glucose solution was administered 2 h after 
instillation (Figure 6C and D). IOP gradually increased in the TM-OF-treated group following the administration of the 
5% glucose solution (Figure 6C), and its AUCΔIOP was 611 mmHg∙min (Figure 6D). In contrast, TM@MPCP-OF 

Figure 3 Ocular surface retention of TM-OF and TM@MPCP-OF. (A) Changes in TM concentrations in the tear fluid of the rabbit at 15 min and 60 min after instillation of 
TM-OF and TM@MPCP-OF. (B) Changes in TM levels in rat cornea at 15 min and 60 min after the instillation of TM-OF and TM@MPCP-OF. n = 7, *P < 0.05 vs. TM-OF for 
each category (Tukey–Kramer post-hoc test). The incorporation of MPCP enhanced the ocular surface retention of TM. Moreover, the corneal TM content at 15 min after 
instillation was increased by the combination of MPCP.

Figure 4 In vitro corneal permeability of TM-OF and TM@MPCP-OF in rats. (A and B) Changes in permeation behavior (A) and AUCpenetration (B) after TM-OF and 
TM@MPCP-OF treatments. n = 7, *P < 0.05 vs. TM-OF for each category (Figure 4A; Tukey–Kramer post-hoc test, Figure 4B; Student’s t-test). No difference in corneal 
permeability was observed between the formulations with and without MPCP up to 60 min after the start of the experiment; however, a significant increase in corneal 
permeability was observed in the TM@MPCP-OF group than in the TM-OF group.
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maintained a significant IOP-lowering effect 2 h after instillation (Figure 6C), and the AUCΔIOP of TM@MPCP-OF was 
39.0% that of TM-OF without MPCP (Figure 6D).

Discussion
We previously designed MPCP, a polymer containing both a zwitterionic group derived from stearyl methacrylate and an 
acrylic group, and found that it exhibited a high affinity for water and enhanced moisture retention on the ocular 
surface.32 Furthermore, we demonstrated that the topical application of MPCP has potential as an effective treatment for 
dry eye disease. In the present study, we revealed that the co-administration of this MPCP with the antiglaucoma drug 
TM enhanced the ocular surface residence time, corneal permeability, and pharmacological efficacy (ie., IOP-lowering 
effect) of TM.

MPCP was prepared as described in our previous report using 2-methacryloyloxyethyl phosphorylcholine, stearyl 
methacrylate, and N,N-dimethylacrylamide, followed by purification via dialysis. Nanoparticles larger than 30 nm, which 
were not detected in the conventional MPCP-BMA,32 were observed in this MPCP preparation. As previously reported, 
the MPCP contained micelle-like monomeric structures (polymer nanospherules) with particle sizes ranging from 50 to 
250 nm.32 These nanoparticles were also detected in MPCP when TM was incorporated, although the particle size 
increased with the addition of TM (Figures 1C–E). The viscosity and osmotic pressure of MPCP were 0.96 mPa·s and 
remained constant regardless of the presence or absence of TM (Figure 1F). In addition, the osmotic pressure of TM-OF, 
MPCP-OF, and TM@MPCP-OF were 293 ± 9 mOsm/L, 288 ± 5 mOsm/L, and 295 ± 9 mOsm/L, respectively. The 
increase in the MDPI particle size may be attributed to the encapsulation of TM. Further studies are required to confirm 
this hypothesis.

Figure 5 Changes in TM concentration in rabbit aqueous humor after instillation of TM-OF and TM@MPCP-OF. (A and B) TM concentration profiles in rabbit aqueous 
humor after instillation of 0.25% (A) and 0.5% (B) TM-OF and TM@MPCP-OFs. (C) AUCAH values after the instillation of 0.25% and 0.5% TM-OF and TM@MPCP-OF, n = 7, 
*P < 0.05 vs. TM-OF for each category (Tukey–Kramer post-hoc test). No significant difference in drug penetration into the aqueous humor was observed during the early 
phase after instillation; however, from 20 min onward, the amount of TM transferred into the aqueous humor significantly increased with the addition of MPCP. The 
enhancing effect of MPCP on the corneal permeability of the TM was more pronounced in the 0.5% TM-OF group than in the 0.25% TM-OF group.
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Ensuring the safety of OFs is crucial for their clinical application. Therefore, the ocular toxicity was evaluated both 
in vitro using HCE-T cells and in vivo through direct instillation into rat eyes (Figure 2). Treatment with TM-OF reduced 
the viability of HCE-T cells by 69.1%. Because TM-OF typically contain 0.005% BAC as a preservative, and BAC is 
known to exert cytotoxic effects, it is likely that BAC strongly contributed to the observed toxicity in HCE-T cells (cell 
viability of BAC, 73.4 ± 4.9%, mean ± S.E., n = 6). In contrast, MPCP-OFs alone exhibited almost no cytotoxicity 
toward HCE-T cells. Furthermore, the combination of MPCP and TM significantly reduced the cytotoxicity induced by 
TM-OF. Because of their biocompatibility, MPCP should exhibit low toxicity. MPCP exerts a protective effect on the cell 
membrane and reduces the cytotoxicity of BAC.30 Thus, tolerability may be attenuated when a combination of MPCP 
and a preservative is used. Furthermore, in vitro studies using cultured cells and in vivo experiments using rats were 
conducted to evaluate the ocular toxicity when MPCP was co-administered with TM. As shown in Figure 2B, no corneal 
damage was observed even after frequent instillation. These results indicate that the incorporation of MPCP into TM-OF 
poses no safety concerns.

Next, we investigated the effects of MPCP incorporation on the ocular pharmacokinetics of TM-OF after instillation, 
focusing on the ocular surface, cornea, and aqueous humor. A prolonged drug retention on the ocular surface was 
observed in the TM@MPCP-OF group than in the TM-OF alone group (Figure 3A). Moreover, TM levels within the 
cornea and the amount of TM that penetrated the aqueous humor were significantly increased by the addition of MPCP 
(Figure 4). In a previous study using rebamipide, MPCP maintained a micellar-like structure in aqueous environments, 
thereby enhancing its ocular surface retention.32 Consistent with this finding, the present results demonstrated improved 
retention of TM-OF on the ocular surface, suggesting that this effect contributes to the enhanced penetration of TM into 
the aqueous humor observed in the in vivo rabbit model.

Figure 6 Effect of TM-OF and TM@MPCP-OF instillation on IOP in rabbits with acute ocular hypertension. High IOP model of rabbits was induced by rapid intravenous 
infusion of a 5% glucose solution (Control). (A–D) The ΔIOP (A and C) and AUCΔIOP (B and D) of TM-OF and TM@MPCP-OF immediately after instillation (A and B) and 
2 h after instillation (C and D), n = 7, *P < 0.05 vs. control for each category, #P < 0.05 vs. TM-OF for each category (Figure 6A–C; Tukey-Kramer post-hoc test, Figure 6D; 
Student’s t-test). The combination with MPCP prolonged the duration of the IOP-lowering effects of TM-OF. The AUCΔIOP in the high IOP model induced by glucose loading 
2 h after TM@MPCP-OF instillation was 39.0% of that of the TM-OP without MPCP.
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Therefore, we examined whether the incorporation of MPCP enhanced the pharmacological effects of TM-OF, 
namely, its IOP-lowering activity after instillation. The selection of an appropriate animal model is crucial for evaluating 
IOP-lowering effects. The intravenous administration of an isotonic glucose solution is a simple and highly reproducible 
method for screening antiglaucoma agents.37 Therefore, the IOP-lowering effect of the TM@MPCP-OF was evaluated 
using an experimental glaucoma model (Figure 6). When a 5% glucose solution was administered intravenously, the IOP 
of the rabbits rapidly increased, reaching a peak 20 min after injection and then gradually declined. This convenient and 
reproducible method can be used to screen antiglaucoma agents.37 The mechanism of IOP elevation in this model has 
been reported to involve the rapid infusion of an isotonic glucose solution, which decreases blood osmotic pressure and 
induces fluid movement into the eye. The rapid production of aqueous humor consequently increases IOP.38 Because TM 
reduces IOP by suppressing aqueous humor production, the IOP elevation model is often used to evaluate TM efficacy. 
Topical instillation of TM@MPCP-OF, similar to TM-OF, significantly suppressed the glucose-induced increase in IOP 
compared to that in the control group; however, no significant difference was noted between OF with and without MPCP 
(Figure 6A and B). These findings indicate that the acute glaucoma rabbit model is simple and useful for screening 
purposes, but also suggest that under such conditions, the effect of MPCP cannot be properly evaluated. Therefore, TM- 
OF, with or without MPCP, was administered 120 min before intravenous injection of the isotonic glucose solution to 
assess the effect of MPCP under more appropriate conditions, and changes in IOP were monitored. The AUCΔIOP value 
of TM@MPCP-OF was significantly higher than that of TM-OF without MPCP (Figure 6C and D). These results may 
demonstrate that under properly optimized experimental conditions, the retention properties of the formulations can be 
evaluated. Moreover, the co-administration of MPCP enhanced the effect of TM in the animal model (Figure 6C), and the 
2.56-fold increase in AUCΔIOP value (Figure 6D) is considered meaningful not only in terms of statistical significance but 
also in terms of biological relevance. Furthermore, consistent with the results for TM concentrations in the aqueous 
humor (Figure 5), these results suggested that the inclusion of MPCP enhanced the pharmacological efficacy of TM. It is 
possible that this study suggests that topical administration of TM@MPCP-OF could serve as an effective therapeutic for 
patients with glaucoma. It is important to clarify the mechanism for enhancement of retention and permeability by MPCP 
combination. The corneal epithelium, which constitutes the outermost surface of the cornea, is hydrophobic and acts as 
a barrier to drug permeation. In addition, after instillation, drugs are rapidly washed away from the ocular surface by tear 
fluid, resulting in only limited retention on the corneal epithelium. In contrast, MPCP is amphiphilic and is therefore 
likely to adhere to the corneal epithelium, while also exhibiting affinity for the hydrophilic drug used in this study. 
Accordingly, the observed increases in ocular surface retention and corneal permeability of TM upon the addition of 
MPCP may be attributed, at least in part, to an indirect enhancement of the affinity between the drug and the corneal 
epithelium mediated by MPCP. However, further studies are required to elucidate the precise mechanism by which co- 
administration of MPCP enhances the corneal permeability of TM-OF. In addition, this study has several limitations, 
including the validity of the animal model, the short study duration, and the presence of benzalkonium chloride. 
Especially, the short-term experimental timeframe is suitable for initial pharmacokinetic and pharmacodynamic assess
ment but limits conclusions regarding long-term efficacy. To address this, we investigated the effects of MPCP on the 
tight junctions of corneal epithelial cells using histological approaches. In addition, ongoing studies have examined the 
influence of MPCP-containing TM-OF on aqueous humor production and outflow during the circadian cycle.39,40

Conclusion
The use of MPCP as an ophthalmic additive enhanced the ocular surface retention and corneal permeability of 0.5% TM- 
OF, thereby prolonging the duration of their IOP-lowering effect in a rabbit model. Furthermore, topical application of 
MPCP demonstrated minimal toxicity to the ocular surface. These findings provide valuable insights for the future design 
and development of improved formulations of antiglaucoma medications. In the present study, TM was used as a model 
drug; however, we plan to investigate other anti-glaucoma agents in future studies. If similar results are obtained with 
these formulations, it may become possible to reduce the dosing frequency of glaucoma medications to once daily, 
thereby improving patient compliance and adherence. On the other hand, as the present findings are still at the animal 
experimental stage, further investigation is required.
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