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Glaucoma is a leading cause of irreversible blindness, associated with high intraocular pressure. Topical beta-
adrenergic antagonists, such as timolol maleate (TM), are first-line therapies but often have limited effective-
ness due to rapid precorneal clearance and low ocular absorption. To address these limitations, a TM-loaded
water-in-oil-in-water (W/O/W) double Pickering emulsion (TM-loaded DPE) was developed to enhance
corneal retention, sustain drug release, and enhance ocular bioavailability. The TM-loaded DPE consisted of a
primary W/O emulsion prepared from TM solution and mineral oil, stabilized by soy lecithin, combined with an
external aqueous phase containing chitosan-Hydroxypropyl methylcellulose (chitosan-HPMC) particles as Pick-
ering stabilizers, to form a W/O/W emulsion. Chitosan-HPMC particles had a size of 1.02 + 0.16 pm, a zeta
potential of 36.20 + 2.41 mV, and a contact angle of 78.47 + 1.80°, making them suitable Pickering stabilizers.
The TM encapsulation efficiency in the TM-loaded DPE was 96%, indicating the high loading capacity of the
developed system. Confocal laser scanning microscopy revealed a mononuclear droplet morphology, and the
system exhibited excellent macroscopic physical stability under refrigerated conditions (4 °C, 12 months), as
corroborated by the creaming index test, despite slight signs of coalescence observed in microscopic analysis.
Rheological testing confirmed a non-Newtonian and shear-thinning behavior. The formulation achieved
approximately 84% TM release over 48 h, indicating sustained release. The Hen egg test chorioallantoic mem-
brane (HET-CAM) assay indicated no irritation potential, confirming its safety. Overall, these results highlight
TM-loaded DPE as a promising drug delivery system for glaucoma treatment, offering improved drug retention
and enhanced ocular bioavailability.

Glaucoma treatment

1. Introduction The primary drainage route through the trabecular meshwork and

Schlemm's canal, while the secondary outflow occurs via the uveoscl-

Glaucoma is a chronic disease characterized by optic nerve
dysfunction resulting from the progressive death of retinal ganglion
cells, frequently associated with elevated intraocular pressure [1]. Ac-
cording to the World Health Organization (WHO) [2], glaucoma con-
stitutes a significant public health challenge, affecting approximately 76
million people worldwide, and representing the primary cause of irre-
versible vision loss [3].

Increased intraocular pressure (IOP) arises from a disruption in the
equilibrium between the aqueous humor formation and drainage [4].

eral, uveo-vortex, and uveo-lymphatic pathways [5]. Glaucoma treat-
ment primarily aims to reduce IOP through pharmacological agents that
either decrease aqueous humor production or facilitate its outflow, and,
when necessary, is combined with laser trabeculoplasty and surgical
interventions [6].

Currently, the primary pharmacological categories employed to
reduce IOP include prostaglandin analogs, beta-adrenergic blockers,
carbonic anhydrase inhibitors, and alpha-adrenergic agonists [7]. These
medications are predominantly administered as topical eye drops, a
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preferred route for their rapid, localized effect and user-friendly appli-
cation. Despite their widespread use, conventional ophthalmic formu-
lations exhibit limited bioavailability in ocular tissues because a
significant fraction of the drug is rapidly removed from the ocular sur-
face shortly after application [8].

Several ocular anatomical and physiological factors contribute to
this rapid drug clearance. Barriers such as the blood-aqueous barrier and
the corneal and conjunctival epithelia limit drug permeation. Moreover,
continuous tear fluid turnover, blinking, and nasolacrimal drainage,
together with protective reflexes, reduce drug residence time on the
ocular surface, thereby limiting their absorption [9]. Additionally, drugs
may bind to tear proteins or be metabolically degraded by enzymes in
the tear film, further diminishing their effective ocular bioavailability
[10,11]. Given these limitations, frequent administration is required,
which can lead to side effects, reduced patient adherence, and, ulti-
mately, progressive vision loss or blindness [12].

Due to the inherent limitations of conventional ophthalmic formu-
lations, glaucoma management remains challenging, prompting exten-
sive research into innovative drug delivery systems. These include
liposomes, nanoparticles, niosomes, dendrimers, ocular inserts, and
hydrogels formulated from natural and synthetic biocompatible poly-
mers and incorporated with IOP-lowering agents [12]. Such advanced
delivery platforms aim to improve drug bioavailability, streamline
dosing schedules, and ultimately enhance patient compliance with
therapy.

Extensive scientific literature reviews highlight numerous studies
dedicated to developing advanced drug delivery systems for glaucoma
management. For example, Klézlovda et al. [13] reported on
non-conventional ocular drug delivery systems for glaucoma treatment,
emphasizing innovative biomaterials to overcome current therapeutic
limitations. Similarly, Albarqi et al. [11] reviewed various
chitosan-based nanocarrier systems that significantly enhance drug
residence time on the ocular surface, improve corneal penetration, and
increase the bioavailability of encapsulated therapeutics. Additionally,
Kesav et al. [14] provided a comprehensive overview of
sustained-release drug delivery platforms designed for glaucoma man-
agement, emphasizing their potential to offer more effective and
patient-friendly treatment options. Although various drug delivery sys-
tems for glaucoma have been extensively studied, double Pickering
emulsions (DPEs) have not been reported as vehicles for the incorpo-
ration and administration of anti-glaucoma agents. Furthermore, to the
best of the author's knowledge, this is the first report of a DPE for
ophthalmic drug delivery using chitosan-Hydroxypropyl methylcellu-
lose (chitosan-HPMC) particles as stabilizers, an innovative and unex-
plored strategy to enhance ocular drug bioavailability while eliminating
safety concerns associated with synthetic ingredients.

The development of Pickering emulsions, which are emulsions sta-
bilized by particles (Pickering stabilizers) rather than traditional mo-
lecular surfactants, presents a promising strategy for new drug delivery
systems. These particles form physical barriers that effectively inhibit
droplet coalescence and phase separation, thereby enhancing emulsion
stability [15-17]. Compared with conventional surfactant-stabilized
emulsions, Pickering-stabilized systems exhibit superior stability due
to the robust mechanical barrier provided by the interfacial solid par-
ticles [17]. Building upon this stabilization strategy, DPEs, particularly
the W/O/W systems employed in this study, represent more complex
architectures in which a primary W/O emulsion is dispersed in a
continuous aqueous phase containing Pickering particles to stabilize the
secondary emulsion [18].

In this study, DPE were developed and loaded with timolol maleate
(TM-loaded DPE) to enable effective drug delivery to the anterior
segment of the eye for glaucoma treatment. TM, a non-selective
B-adrenergic receptor antagonist, reduces IOP by inhibiting aqueous
humor production in the ciliary body. The primary W/O emulsion was
prepared using an aqueous solution of TM as the dispersed phase,
mineral oil as the continuous oil phase, and soy lecithin as the
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surfactant. This primary emulsion was subsequently dispersed into an
external aqueous phase and stabilized with chitosan-HPMC composite
particles, thereby forming TM-loaded DPE. The selection of these ex-
cipients was intentional, as all components have established use in
ophthalmic formulations or have been extensively investigated for
ocular drug delivery applications [10,11,19]. Moreover, the resulting
W/O/W Pickering emulsion exhibited a multicompartmental structure
that protected the hydrophilic TM and enabled its controlled release.
The ability of Pickering emulsion systems to preserve the chemical
integrity of the drug within the emulsion phases and to promote sus-
tained drug delivery constitutes key features for the development of
innovative, non-conventional pharmaceutical dosage forms [20-22].

After producing the TM-loaded DPE, various analytical methods
were used to confirm its morphology and assess its physicochemical,
rheological, and morphological properties. Additionally, the in vitro
release profile of TM from the DPE was evaluated to demonstrate its
controlled drug-delivery capability. Finally, the ex vivo biocompatibility
of the TM-loaded DPE was assessed using the chorioallantoic membrane
assay of hen eggs (HET-CAM). The hypothesis proposed that TM-loaded
DPE could serve as a promising therapeutic alternative for glaucoma
treatment by enhancing corneal retention, enabling sustained drug
release, and improving ocular bioavailability.

2. Materials and methods
2.1. Materials

Chitosan (85/10/A1) with a degree of deacetylation of 84.6%, and a
dynamic viscosity of 20 mPa s at 20 °C (1% w/v in 1% acetic acid),
corresponding approximately to a viscosity-average molecular weight of
~210 kDa, was supplied by Biotechnologie und Logistik GmbH
(Landsberg, Germany). HMPC (grade SFE-400) with a dynamic viscosity
of 371 mPa s at 20 °C (2% w/v in water) was kindly provided by Shin-
Etsu Chemical Co., Ltd. (Tokyo, Japan). The Alifar mineral oil (neat
form) was obtained from Instituto Galénico S.A. (Sintra, Portugal).
Acetic acid was acquired from Honeywell Fluka (Charlotte, NC, United
States of America). Soy lecithin was provided by Santiveri (Barcelona,
Spain). TM eye drops (Timoglau®) at 2.5 mg/mL were obtained from
Edol (Oeiras, Portugal) and contained the following excipients: mono-
sodium phosphate monohydrate, disodium phosphate dodecahydrate,
50% benzalkonium chloride solution, sodium chloride, water for in-
jections, hydrochloric acid, or sodium hydroxide.

2.2. Preparation of the chitosan-HPMC particles

Particles were prepared using 2% (w/v) HPMC and 2% (w/v) chi-
tosan solutions following an adapted procedure of Yu et al. [23]. Briefly,
HPMC was dissolved in distilled water, and chitosan was dissolved in
acidified water (0.3 mol/L acetic acid). The solutions were stirred
continuously at room temperature for 12 h using a magnetic stirrer
(Rslab-1C, RSLab, Heraklion, Greece) to ensure complete dissolution.
Then, equal volumes of both solutions were combined (25 mL each),
with the HPMC solution gradually added to the chitosan solution using a
peristaltic pump (MS-CA Series, Ismatec, Glattbrugg, Switzerland) at a
flow rate of 18 mL/min and a stirring rate of 400 rpm to promote particle
formation. Following the process, the particle dispersion was transferred
to a glass vial and maintained at room temperature. The particles were
coded as chitosan-HPMC particles.

2.3. Preparation of the double Pickering emulsions

The preparation of the double emulsion comprised two steps. The
first, the primary emulsion, was prepared at a 30/70 (v/v) W/O ratio
using distilled water and mineral oil. For the TM-loaded sample, the
aqueous phase of the primary emulsion was replaced with timolol ma-
leate eye drop (2.5 mg/mL). Soy lecithin (4% w/v, oil-basis), used as the
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surfactant, was dissolved in the mineral oil at 60 °C under stirring at
400 rpm (20 min), then cooled. Subsequently, the aqueous and oil
phases were transferred into a graduated cylinder and homogenized
using an Ultra-Turrax homogenizer (Unidrive X-1000-CAT-Scientific,
Ballrechten-Dottingen, Germany) at 14,500 rpm for 8 min.

For the second step, a (W/0)/W ratio of 50/50 (v/v) was used, and
chitosan-HPMC particles were introduced as Pickering stabilizers. The
chitosan-HPMC particle suspension (2%, w/v) was added dropwise to
the primary W/O emulsion using a peristaltic pump at a flow rate of
18 mL/min, while maintaining stirring at 400 rpm. The mixture was
then homogenized with an Ultra-Turrax homogenizer at 5000 rpm for
3 min. The unloaded DPE was coded as E1, and the TM-loaded DPE was
coded as E2.

The selected composition for the primary emulsion was established
following an initial screening in which various W/O ratios (20/80, 30/
70, and 40/60) and lecithin concentrations (2, 3, and 4% w/v) were
evaluated. Lecithin was chosen as the surfactant based on comparative
tests with other surfactants and surfactant combinations, including Span
80 and Tween 80. For the double emulsion, the best performing primary
emulsions were combined with the particles’ dispersion, acting as the
external aqueous phase of the W/O/W emulsion, and the stability was
checked to select the most promising formulation. A summary of the
tested conditions and main conclusions is provided as Supplementary
Material.

2.4. Characterization of the chitosan-HPMC particles

Chitosan-HPMC particles were characterized in terms of size, zeta
potential, and wettability.

2.4.1. Zeta potential and size

The zeta potential and size (hydrodynamic volume) of the chitosan-
HPMC particles were determined using an electrophoretic light scat-
tering instrument (Zetasizer Ultra Blue, Malvern Instruments, Worces-
tershire, UK). Before analysis [24], the samples were diluted with
deionized water as the dispersant medium to minimize
multiple-scattering effects. Each sample was analyzed in triplicate.

2.4.2. Wettability

The wettability was assessed using a contact angle goniometer
(Ramé-Hart Instrument Co., Model 210, USA) equipped with an inte-
grated camera. For that, particle films were prepared by casting. For that
[24], particle pellets were prepared by drying the chitosan-HPMC par-
ticle dispersion in an oven at 40 °C for 3 days, followed by compression
using a hydraulic press (SPECAC Manual Hydraulic Press, UK) at 78 kN.
The three-phase contact angle was determined by immersing the pellet
in 30 mL of mineral oil and depositing a water droplet (20 pL) onto the
pellet surface. Contact angle values (8) were continuously monitored for
30 s following droplet deposition (20 pL, water), and the reported values
correspond to the stabilized measurement at 5 s. The instrument's image
analysis software (DROPimage Pro) automatically calculated the left
and right angles using the Young-Laplace equation. All experiments
were done in triplicate at room temperature using freshly prepared
films, and results were expressed as mean =+ standard deviation (SD).

2.5. Characterization of the TM-loaded DPE

The TM-loaded DPE was characterized with respect to droplet size,
zeta potential, and pH; type and morphology (drop test and Confocal
Laser Scanning Microscopy - CLSM); stability (optical microscopy
monitoring and creaming index); rheological behavior; encapsulation
efficiency; and ocular biocompatibility.

2.5.1. Encapsulation efficiency
TM encapsulation efficiency (EE) in the loaded DPE was determined
using an indirect method adapted from Hemar et al. [25]. Briefly, 2 mL
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of freshly prepared TM-loaded DPE was centrifuged at 500 xg for 20 min
at 25 °C to separate the external aqueous phase. Subsequently, 0.1 mL of
the supernatant was collected, diluted with 7.9 mL of ultrapure water,
and centrifuged again at 7500xg for 30 min to remove any remaining
particulate matter. The resulting solution was filtered through a 0.45 pm
syringe filter and analyzed by UV-visible spectroscopy (V-730, Jasco
Inc., Tokyo, Japan) at 294 nm. The concentration of non-encapsulated
TM was determined using a validated UV spectrophotometric method
at 306 nm. The method demonstrated selectivity, with UV spectra
recorded between 200 and 400 nm showing no matrix interference. It
exhibited linearity over the concentration range of 2.5-500 pg/mL (y =
0.0067x + 0.3284, r* = 0.9987), precision (relative standard deviation,
RSD <4%) and accuracy, with recoveries ranging from 98% to 102%.
The limit of detection (LOD) and limit of quantification (LOQ) were
1.62 pg/mL and 4.91 pg/mL, respectively. Encapsulation efficiency (%)
was calculated based on Equation (1). All measurements were per-
formed in triplicate, and results were reported as mean =+ SD.
_ Qtotal — Q free

EE(%) = Qwa ~ 100 (€]

where Q total is the total amount of drug added to the formulation and Q
free is the amount of non-encapsulated drug determined in the
supernatant.

2.5.2. Droplet size analysis and zeta potential

The droplet size was measured using laser diffraction (Mastersizer
2000, Malvern Instruments, Worcestershire, UK). Measurements were
performed in volume and number at room temperature using water as
the dispersant phase [26]. Results were reported as Dv10, Dv50 and
Dv90. Span index, which reflects the dispersion of the distribution, was
determined according to Equation (2).

(Dv90 — Dv10)

Span = w0 (2)
where Dv10, Dv50, and Dv90 represent the droplet sizes below which
10%, 50%, and 90% of the total droplet volume distribution were found,
respectively. Five consecutive measurements were acquired for each
sample.

For the zeta potential determination, the procedure described for the
particles in section 2.4.1 was followed.

2.5.3. pH determination

Emulsion pH was measured in triplicate using a calibrated pH meter
(inoLab pH 720, WTW GmbH, Weilheim, Germany). Calibration was
performed using standard buffer solutions at pH 4.0 and 7.0 before
measurements. All pH readings were taken at room temperature (25 °C).

2.5.4. Emulsion type

The emulsion type was initially confirmed using the drop test. For
that, a droplet of the emulsion was placed into 10 mL of purified water or
mineral oil. A uniform dispersion in the aqueous phase indicates an
external aqueous phase, whereas a dispersion in the oily phase corre-
sponds to an external oily phase [27]. The test was performed on both
the primary W/O emulsions and the W/O/W emulsions, including the
optimized TM-loaded DPE.

2.5.5. Morphology - CLSM

For the TM-loaded DPE, high-resolution analysis of the interfacial
microstructure was performed using CLSM on a Leica TCS-SP5 AOBS
system (Leica Microsystems Inc., Heidelberg, Germany) [28]. The
emulsion was stained with fluorescent dyes Nile red (oil phase) and Nile
blue (stabilizer), each at 1% (w/v) in DMSO, mixed with the emulsion at
a 1:10 ratio. Nile red and Nile blue were excited using an argon laser at
wavelengths of 488 nm and 633 nm, respectively. This dual staining
approach enabled separate visualization of the oil and particles to assess
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the system's stabilization mechanism.

2.5.6. Emulsion stability

The macroscopic emulsion stability was evaluated by measuring the
creaming index (CI) at two temperatures (4 and 25 °C) to identify the
best storage conditions for the developed product [18]. The CI
(expressed in %) was calculated using Equation (3).

HS
CI (%) = 77X 100 ©)

where HS represent height of the separated serum phase and HT the total
height of the emulsion. The evaluation was conducted at predetermined
intervals of 0, 7, 15, 30, 60, and 365 days.

This analysis was accompanied by optical microscopy (OM), which
can help discern early signs of microscopic instability, using an Eclipse
50i microscope equipped with a Nikon imaging system (Nikon In-
struments Inc., New York, USA). Sample preparation [18] involved
placing an aliquot of the double Pickering emulsion onto a glass slide
and gently covering it with a coverslip. Images were captured and saved
using NIS-Elements Documentation software 5.01.

2.5.7. Rheological behavior

The rheological behavior was characterized using a Kinexus Lab +
controlled stress rheometer (Netzsch, Selb, Germany). Measurements
were performed using a parallel cone-plate geometry with a 40 mm-
diameter upper plate and a 1 mm gap at 20 °C [24]. Viscosity was
measured over a shear-rate range of 0.01 to 100 s~! to evaluate flow
behavior. To assess the viscoelastic properties, oscillatory tests were
conducted. An amplitude sweep was performed at a fixed frequency of
1 Hz, varying shear strain from 0.01% to 100% to determine the linear
viscoelastic region (LVR). The yield stress was identified at the crossover
point where the storage modulus (G) intersected the loss modulus (G").
Subsequently, frequency-sweep tests were conducted over 0.01 to 10 Hz
at a constant strain of 0.5% (within the LVR) to further characterize the
viscoelastic response.

2.6. Evaluation of the DPE performance

2.6.1. In vitro drug release of TM from DPE

The drug release profile was determined using the Franz vertical
diffusion cell (Hanson Research, Phoenix RDS, USA). The donor and
receptor compartments were separated by a dialysis membrane (MW
12,000-14,000 Da), into which 100 pL of the sample was added, cor-
responding to 0.036 mg of TM. The receptor medium consisted of 20 mL
of simulated tear fluid maintained under constant agitation at 37 °C for
up to 48 h. Samples (500 pL) were collected at predetermined time in-
tervals of 0.5, 1, 3, 6, 12, 24, and 48 h, with the medium being replaced
after each collection (500 pL). The assay was conducted under sink
conditions. The drug quantification was performed with a plate reader
(Tecan Infinite Pro 200, Switzerland) at 306 nm, following the method
described in section 2.5.1. The release profile was evaluated as the cu-
mulative percentage of TM delivered from DPE in the medium (n = 5).
Higuchi, zero order, first order, and Korsmeyer-Peppas mathematical
models were applied to evaluate the kinetic profile of the drug [29].

2.6.2. Hen egg test chorioallantoic membrane (HET-CAM) irritation test
Fertilized hen eggs were obtained from a poultry farm (Alimentos
Rivelli, MG, Brazil) and incubated in an automatic GP® incubator (SP,
Brazil) at 37 + 0.5 °C and 40 + 4% relative humidity for 10 days. During
incubation, eggs were rotated daily and placed horizontally for several
minutes each time to ensure proper embryo positioning. On day 10, each
egg was opened by gently cracking the underside against the edge of a
plastic Petri dish, exposing the CAM. A 300 pL volume of each test
sample was applied directly to the CAM surface (n = 5 per sample). After
20 s of exposure, the CAM was carefully rinsed with 5 mL of
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physiological saline solution to remove any residual test substance. The
CAM was then observed at 0.5-, 2-, and 5-min post-application for
physiological reactions, which were graded based on their time of
appearance according to the criteria outlined in Table 1. Observed ef-
fects included hemorrhage (diffuse blood release from vessels and/or
capillaries), vascular lysis (disintegration of blood vessels), and coagu-
lation (protein denaturation both intra- and extravascular), following
the definitions of Luepke [30]. Final classification of the formulations’
irritability potential, as determined by the HET-CAM assay, is summa-
rized in Table 2. The tested samples included: (1) sodium hydroxide
0.1 mol/L (positive control); (2) TM eye drops (2.5 mg/mL); (3)
unloaded DPE; and (4) TM-loaded DPE. Eggs prior to sample application
(time 0) were used as negative controls.

2.7. Statistical analysis

For droplet size measurements, a paired Student's t-test was per-
formed using SPSS Statistics software version 27.0 (IBM Corp., Armonk,
NY, USA) to compare day 0 and day 30 values within the same samples
(n = 5). Results were expressed as mean + SD of five consecutive
technical replicates. Differences were considered statistically significant
when p < 0.05.

3. Results
3.1. Characterization of the chitosan-HPMC particles

The obtained particles had a hydrodynamic diameter of 1.02 + 0.16
pm, measured by dynamic light scattering, and a zeta potential of
+36.20 + 2.41 mV. The zeta potential is an important parameter that
influences physicochemical stability; a higher absolute zeta potential
(>30 mV) indicates a stable dispersion system [31]. Using ~1 pm par-
ticles is expected to yield Pickering emulsions with a coarse morphology
and behavior governed by particle concentration and wettability.
Moreover, a three-phase contact angle of 78.47 + 1.80° (Fig. 1) was
observed, confirming the particle's preferential affinity for the aqueous
phase and suitability as Pickering stabilizers for O/W emulsions, making
them suitable for incorporation into the external aqueous phase during
the preparation of the W/O/W emulsions, promoting O/W interfacial
adsorption and Pickering stabilization.

For the produced chitosan-HPMC particles, a three-phase contact
angle (0) of 78.47 + 1.80° (Fig. 1) was measured in mineral oil, con-
firming their preferential affinity for the aqueous phase and suitability
as Pickering stabilizers for O/W emulsions, making them ideal candi-
dates for incorporation into the external aqueous phase during the
preparation of the W/O/W emulsions, promoting O/W interfacial
adsorption and Pickering stabilization.

3.2. Characterization of the TM-loaded DPE

3.2.1. Encapsulation efficiency

The encapsulation efficiency was evaluated after incorporating the
TM solution (2.5 mg/mL), yielding 96%. The high encapsulation effi-
ciency confirmed the successful incorporation of the drug into the in-
ternal aqueous phase, likely facilitated by its hydrophilic properties. The
results are similar to the 93% encapsulation percentage reported by
Tang et al. [32] in a double emulsion using chitosan and HPMC.

Table 1
Events grading in the chorioallantoic membrane of embryonated chicken eggs.
Event Time
<30s 30s <t <2min 2 min < t < 5 min
Hyperemia 5 3 1
Hemorrhage 7 5 3
Coagulation/opacity 9 7 5
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Table 2
Irritation score classification range.

Range (grading of lesions) Classification

0.0-0.9 Non-irritating
1.0-4.9 Mildly irritating
5.0-8.9 Moderately irritating
9.0-21 Severely irritating

78.47 ° £1.80

Fig. 1. Contact angle (6) of chitosan-HPMC particles.

3.2.2. Droplet size, zeta potential, and pH

Fig. 2 shows the distribution of droplet sizes in volume and number
of unloaded DEP (E1) and TM-loaded DPE (E2), both freshly prepared
(time zero) and after 30 days of storage at 4 °C and 25 °C. While the
number-based distribution was unimodal, the volume-based distribu-
tion showed a bimodal pattern with two distinct droplet populations
spanning a wide size range (Fig. 2), as evidenced by high polydispersity,
indicated by span values of 2.38-4.90 (Table 3). Such distributions are
characteristic of double-emulsion systems prepared by mechanical
emulsification, in which multiple droplet populations are inherently
part of the system's structure [33]. To better reflect this polydispersity,
the sizes are reported as Dv10, Dv50 and Dv90 in Table 3. Although
statistically significant differences (p < 0.05) were detected between
day O and day 30 for most parameters, particularly at 25 °C, the
observed variations were minimal in absolute terms, suggesting that the
formulation remained practically stable over the storage period. At 4 °C,

E1
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E1 showed minimal variation (<3%) across all measured parameters,
whereas E2 showed a small but statistically significant change in Dv50
(1.6%) and a pronounced increase in Dv90. At 25 °C, E2 showed the
most pronounced temporal variation, with a statistically significant
decrease in Dv90 from day O to day 30. These results predict an
enhanced emulsion stability at 4 °C and a beneficial effect of TM
incorporation.

Regarding the zeta potential, which was determined right after
production, values of +68.65 + 1.12 mV and +62.53 + 0.85 mV were
observed for E1 and E2, respectively. These values indicate a slight
reduction in zeta potential after drug incorporation, without any indi-
cation of compromised stability, as both systems fall within the range
associated with high stability.

The pH of the emulsion was measured to assess its compatibility with
the ocular region, as it is essential that the emulsion not alter the pH of
this region. The measurement revealed that the emulsion had a pH of
4.8.

3.2.3. Emulsion type and morphology

Drop test analysis confirmed the successful formation of the double-
emulsion structure. The primary W/O emulsion droplets aggregated
immediately upon introduction into the aqueous medium and remained
uniformly dispersed in the oil phase, confirming their water-in-oil na-
ture. The final double Pickering emulsion (W/O/W) droplets dispersed
uniformly in the aqueous medium but aggregated in the oil phase,
thereby validating the water-continuous external-phase characteristic of
the W/O/W system. The visual inspection is shown in Fig. 3.

CLSM analysis, performed only on the E2 sample, confirmed the
multiple W/O/W emulsion structure and indicated a predominant
mononuclear morphology, as shown in the images of Fig. 4. Moreover,
the emulsion exhibits a coarse morphology with many droplets >10 pm.
Compared with laser diffraction measurements, CLSM provides a more
realistic visualization of droplets because it is a direct observation.
Moreover, laser diffraction tends to underestimate size due to sample
dilution and its higher sensitivity to smaller droplets. In Fig. 4A, large
green, mostly ring-like structures correspond to the oil phase, composed
of mineral oil. They encapsulate an internal droplet, marked in red in
Fig. 4B, indicating their aqueous nature and compatibility with the TM
solution. Additionally, it is suggested that the distinct bright red color-
ation observed at the interfaces between the two phases corresponds to
soy lecithin, the surfactant responsible for stabilizing the primary W/O
emulsion. Surrounding this primary emulsion, chitosan-HPMC particles
were visible as bright red dots at the interface between the oil phase and
the external aqueous phase, which can promote bridging effects, thus
reinforcing emulsion stability (Fig. 4C).
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Table 3
Droplet diameter (Dv10, Dv50 and Dv90) (um), and Span values of unloaded DPE (E1) and TM-loaded DPE (E2) at time zero and after 30 days of storage at 4 °C and
25 °C.
Samples Time (days) Temperature
4°C 25°C
Dv10 (pm) Dv50 (pm) Dv90 (pm) Span Dv10 (pm) Dv50 (pm) Dv90 (pm) Span
El 0 1.00 + 0.002 1.88 + 0.003 9.84 £ 0.052 4.70 + 0.030 1.03 £ 0.003 1.91 + 0.008 9.60 + 0.056 4.50 £+ 0.030
30 1.01 + 0.000 1.84 £ 0.003* 9.81 £+ 0.061 4.78 £+ 0.080* 1.00 + 0.000* 1.80 £ 0.000* 9.83 £ 0.017* 4.90 + 0.080*
E2 0 1.08 + 0.003 1.89 + 0.004 5.59 + 0.054 2.38 £ 0.002 1.09 + 0.004 1.95 + 0.005 8.62 + 0.107 3.86 + 0.040
30 1.04 + 0.000* 1.86 + 0.001* 6.41 £+ 0.014* 2.88 + 0.007* 1.04 + 0.000* 1.86 + 0.000* 6.00 £+ 0.003* 2.66 + 0.080*

Values represent mean + SD of five consecutive replicates. *p < 0.05 compared to day O (paired Student's t-test).

Primary emulsion

(A)

Double Pickering emulsion

water oil

(B)

Fig. 3. Drop test to confirm the emulsion type. (A) Primary emulsion droplets aggregate in water and exhibit uniform dispersion in oil. (B) DPE droplets show

uniform dispersion in water and aggregation in oil.

Fig. 4. Confocal Laser Scanning Microscopy (CLSM) images showing the W/O/W structure of the TM-loaded DPE. Large green droplets represented the oil phase
composed of mineral oil (A), Red large droplets represent the water phase (B), and the combination of them (C). Scale bar: 10 pm. Magnification: 40 x . Zoomed-in
view 4.4 X. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.2.4. Emulsion stability

Optical microscopy analysis of both E1 and E2 samples over time at
4 °C and 25 °C is shown in Figs. 5 and 6, respectively, covering a period
of 365 days. For the E1 sample (Fig. 5), only the 0- and 365-day images
are shown. For the E2 sample (Fig. 6), a detailed time-course analysis
was performed at 0, 7, 15, 30, 60, and 365 days. Both formulations
showed temperature-dependent stability under the tested conditions. At
4 °C, the formulation retained its spherical morphology throughout
storage. For E2, the TM-loaded DPE stored at 25 °C (Fig. 6B) maintained
its structural integrity for up to 60 days, with a gradual increase in
droplet size becoming evident at 365 days. Similarly, E1 showed com-
parable behavior, with increased droplet size observed after 365 days at
25 °C (Fig. 5B) compared to the initial timepoint (Fig. 5A).

The creaming index of both E1 and E2 was evaluated over 365 days
at 4 °C and 25 °C (Figs. 7 and 8). Both formulations maintained their
macroscopic characteristics during storage at 4 °C, with a creaming
index of 0, indicating stability. In contrast, both samples (E1 and E2)

showed increasing creaming indices over time at 25 °C, with phase
separation occurring after 60 days for the E2 sample and after 365 days
for the E1 sample (Table 4), indicating formulation instability at higher
temperatures.

3.2.5. Rheological behavior

Both E1 and E2 exhibited a non-Newtonian and shear-thinning
behavior, where their apparent viscosity gradually decreased with
increasing shear rate (0 to 100 s’l). This phenomenon was attributed to
the breakdown of the emulsion's internal microstructure under
increasing shear stress (Fig. 9A).

The strain sweep tests (Fig. 9B) revealed similar viscoelastic behavior
for both formulations. Both emulsions initially showed stable storage
(G)) and loss (G") moduli within their linear viscoelastic regions (LVR),
with G" consistently higher than G, characteristic of liquid-like
behavior. Within the LVR, both formulations exhibited comparable
viscoelastic properties, suggesting that the incorporation of TM did not
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Fig. 5. Optical micrographs of E1 (unloaded DPE), on the first day prepared, and after 365 days during storage at (A) 4 °C and (B) 25 °C. Scale bar: 10 pm (400X

magnification).

Fig. 6. Optical micrographs of E2 (TM-loaded DPE) during storage at (A) 4 °C and (B) 25 °C over 365 days (0, 7, 15, 30, 60, and 365 days). Scale bar: 10 pm

(400 x magnification).

significantly alter the system's mechanical behavior.

Dynamic oscillatory measurements (Fig. 9C) further confirmed that
both emulsions were predominantly liquid-viscous, as the loss modulus
(G") consistently exceeded the storage modulus (G) across the tested
frequency range. This indicated a dominant viscous component in their
overall rheological response.

3.3. Evaluation of the DPE performance

3.3.1. Invitro drug release

The in vitro release profile of TM from the developed DPE was
evaluated under simulated ocular physiological conditions, and the
obtained results are shown in Fig. 10. Within the first 4 h, approximately
48% of the drug was released from the DPE, indicating an initial burst

release. Subsequently, TM was released gradually, with about 84% of
the drug detected in the medium after 48 h, indicating a sustained
release period.

The in vitro TM release data from the DPE were fitted to the Higuchi,
zero-order, first-order, and Korsmeyer-Peppas mathematical models,
and the corresponding correlation coefficients (R%) were presented in
Table 5. Among the models evaluated, the Korsmeyer—Peppas model
provided the best fit to the experimental data, as indicated by the highest
R? value when compared with the other models, suggesting that it more
accurately describes the TM release kinetics from the DPE. Moreover, in
this model, the diffusional exponent (n) provides insight into the
dominant release mechanism. For spherical systems, n values < 0.43
indicate Fickian diffusion-controlled release. In the present study, the n
value was 0.39, lower than 0.43, indicates that TM release from the DPE
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Fig. 7. Macroscopic images of E1 (unloaded DPE) during storage at (A) 4 °C and (B) 25 °C over 365 days (0, 7, 15, 30, 60, and 365 days).

Fig. 8. Macroscopic images of E2 (TM-loaded DPE) during storage at (A) 4 °C and (B) 25 °C over 60 days (0, 7, 15, 30, 60 and 365 days).

bl is predominantly governed by Fickian diffusion through the DPE system.
Table 4

Creaming index of E1 (unloaded DPE) and E2 (TM-loaded DPE) storage at 4 and

.3.2. HET-CAM
25 °Cfor 0, 7, 15, 30, 60 and 365 days. 3.3 c

The toxicity assays performed on embryonated chicken eggs

Time (days) Creaming Index (%) demonstrated that the positive control (0.1 mol/L NaOH) induced
4°C 25°C intense hemorrhage and coagulation across all replicates within 30 s,
- 2 El E2 causing severe irritation of the CAM vascular system, thereby confirm-

ing the validity of the model (Fig. 11). In contrast, treatment with TM

TO 0 0 0 0 . e -

7 0 0 o o eye drops (2.5 mg/mL) showed no signs of irritation. Similarly, the

Tis 0 0 0 0 unloaded DPE and TM-loaded DPE did not cause hyperemia, hemor-

T30 0 0 0 0 rhage, or coagulation and were therefore classified as non-irritating

T60 0 0 0 20 based on the irritation score.

T365 0 0 15 20
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Fig. 9. Rheological characterization of E1 (unloaded DPE) and E2 (TM-
loaded DPE).

4. Discussion

The TM-loaded DPE was prepared through a two-step emulsification
process. The initial step involved forming a primary W/O emulsion,
stabilized by soy lecithin. Soy lecithin is a natural amphiphilic surfactant
composed primarily of phospholipids such as phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylinositol (PI), and phos-
phatidic acid (PA). In particular, the relatively lower contents of PC and
PE contribute to enhanced stabilization of W/O emulsions. Moreover,
these components induce a negative spontaneous curvature at the
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Fig. 10. Cumulative percentage of TM released from DPE in simulated tear
fluid. Data were presented as mean + SD (n = 5).

Table 5

Correlation coefficients obtained from the Higuchi, zero-order, first-order, and
Korsmeyer-Peppas mathematical models used to describe the TM release kinetic
profile from the DPE. The diffusional exponent (n) calculated using the
Korsmeyer-Peppas model is also presented.

Correlation coefficient (R%)

Higuchi Zero-order First-order Korsmeyer-Peppas

0.8939 0.7345 0.5678 0.9757 (n = 0.39)

(A)

(B)

©

(D)

Fig. 11. HET-CAM assay: CAM exposed to 0.1 mol/L NaOH solution (positive
control) (A), which caused hemorrhage; TM from eye drops at 2.5 mg/mL (B);
E1l, unloaded DPE (C); and E2, TM-loaded DPE (D), which did not induce
irritation. (n = 5 for each sample).

phospholipid bilayer interface [34,35], thereby ensuring the stability of
the W/O system with TM confined within the inner aqueous phase.
Subsequently, the primary emulsion was supplemented with an
external aqueous phase containing chitosan-HPMC particles, thereby
forming a W/O/W Pickering system. The stability of this final system
relies on the Pickering mechanism provided by the composite particles.
Chitosan-HPMC particles had a size of 1.02 + 0.16 pm, a zeta potential
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of +36.20 £+ 2.41 mV, and a three-phase contact angle of 78.47 + 1.80°,
making them suitable Pickering stabilizers for O/W interfaces [36].
Wettability is a crucial factor for effective emulsion stabilization, as
reported by Ribeiro et al. [28]. This inherent hydrophilicity arises from
the protonated amino groups in chitosan and the hydrophilic hydrox-
ypropyl groups in HPMC [37-39]. Furthermore, the hydrophobic
methylcellulose segments of HPMC interact with the oil phase; whereas
its hydrophilic groups extend into the external aqueous phase, estab-
lishing a robust Pickering barrier that prevents droplet contact [40].

The morphology of the W/0O and W/O/W was first validated by drop
test analysis and further corroborated by CLSM. The drop test analysis
provided a simple yet effective confirmation of the emulsion type at each
stage of the formulation. For the primary W/O emulsion, the immediate
aggregation in water and uniform dispersion in oil confirmed its W/O
nature, validating the successful formation of the first emulsification
step [27]. This behavior results from the hydrophobic continuous phase
of the W/O emulsion, which naturally resists mixing with water but
readily disperses in oil media. Conversely, the final double Pickering
emulsion exhibited the opposite behavior: uniform dispersion in water
and aggregation in oil, confirming the characteristic water-continuous
external phase of W/O/W systems [33].

CLSM images confirmed a predominant mononuclear morphology in
the W/O/W Pickering emulsion, consistent with the reported advan-
tages reported by Wang et al. [41]. Their well-defined structure with a
single water core enables better control of material transport between
phases, making them particularly valuable for applications in biological
and biomedical research. Also, as described by Guo et al. [42] and Yuan
et al. [43], it can contribute to structural uniformity by minimizing the
complexity of internal droplet arrangements.

CLSM images revealed that the droplets existed as discrete entities,
with no notable interactions or aggregation, confirming the effective-
ness of the dual stabilization mechanism: lecithin at the inner W/O
interface and chitosan-HPMC particles at the external O/W interface.
The tightly adsorbed layer formed by chitosan-HPMC particles via
Pickering stabilization, together with the system's viscous behavior,
provided a robust mechanical barrier that prevented droplet contact and
maintained structural integrity throughout the system. This physical
separation mechanism aligns with findings from Du et al. [44] and
Tenorio-Garcia et al. [45], who demonstrated, e.g., that increased vis-
cosity in Pickering emulsions played a crucial role in physically sepa-
rating droplets and preventing coalescence.

The unloaded and TM-loaded DPE systems exhibited high positive
zeta potentials (+68.65 + 1.12 and +62.53 £+ 0.85 mV, respectively),
thereby providing colloidal stability by inducing strong electrostatic
repulsion between droplets and preventing coalescence [39]. The results
obtained by Li et al. [46] also showed that chitosan-particle-stabilized
emulsions at higher concentrations exhibit increased Pickering emul-
sion stability. In their study, coalescence and phase separation were
observed at lower concentrations (0.025% and 0.05%) due to insuffi-
cient particle concentration to stabilize the high-oil fraction. Despite the
differences in particle composition, both studies confirm the funda-
mental requirement of adequate particle concentration for proper
interfacial coverage in Pickering emulsion systems. The conditions used
in this work, a 2% composite particle (1:1, chitosan-HPMC ratio)
dispersion, were sufficient to achieve droplet coverage and enhance
stability through additional particle bridging, as observed in the CLMS
images.

The TM-loaded DPE was characterized by a droplet population with
a Dv50 of ~2 pm and a Dv90 of ~6 pm, as measured by laser diffraction,
with span values (2.38-4.90) indicating broader size distributions and
the coexistence of droplet populations across different size ranges [47].
CLMS images clearly showed droplets >10 pm, providing direct, in situ
visualization of the emulsion. The size of the nano/micro entities is often
described as crucial for minimizing irritation of the anterior segment of
the eye, as irritation can decrease the drug's residence time on the ocular
surface and, consequently, limit its absorption [48], even though
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deformable liquid droplets can spread, flatten, and reorganize on the
ocular surface, surpassing this effect. For this reason, conducting per-
formance tests that assess drug release and irritation upon application is
of high importance.

Droplet size is often associated with emulsion stability by reducing
the incidence of coalescence and creaming, two standard mechanisms
that drive destabilization [33]. The overall stability of highly concen-
trated emulsions, colloidal systems with a higher dispersed-phase vol-
ume, is significantly dependent on inter-droplet forces (disjoining
pressure) and the tenacity of the interfacial film [31]. These findings are
corroborated by those reported by Gracher-Teixeira et al. [49] in a study
of double emulsions, in which droplet size directly affected emulsion
stability, with smaller, more homogeneous droplets correlating with
enhanced stability and reduced phase separation.

Despite the observed droplet polydispersity, the DPE systems
remained stable for 365 days of storage, particularly for the TM-loaded
DPE at 4 °C, as confirmed by a zero-creaming index. The mechanical
strength of the chitosan-HPMC particle barrier at the oil-water interface
is compromised by thermal energy, leading to decreased emulsion sta-
bility and increased coalescence at 25 °C [50]. The stability at 4 °C can
be attributed to reduced thermal motion, which preserves the structural
integrity of the chitosan-HPMC particle barrier, consistent with reported
temperature-dependent behavior of chitosan-based Pickering systems,
minimized droplet collisions, and slowed diffusion kinetics [43,50]. To
highlight that both formulations remained stable for 365 days at 4 °C
with minimal changes in droplet size. Therefore, refrigerated storage at
4 °C is essential for maintaining the long-term physicochemical stability
of the developed system, corroborating results from similar systems [51]
and ensuring their suitability for pharmaceutical applications.

Rheological analyses showed that both formulations exhibited
pseudoplastic (shear-thinning) behavior, typical of structured emulsions
and beneficial for ocular delivery systems. Incorporating TM reduced
viscosity and viscoelastic moduli relative to the unloaded formulation,
suggesting a less organized internal network, likely due to interactions
between TM and the chitosan-HPMC matrix or interfacial components.
Both systems exhibited viscoelastic liquid behavior (G” > G'), confirming
their predominantly viscous nature rather than gel-like behavior. The
viscosity of the TM-loaded DPE is a key formulation characteristic, as it
prolongs residence time in the anterior segment of the eye, helping
overcome the common challenge of low bioavailability in ophthalmic
drug delivery. Moreover, this extended ocular retention is further
enhanced by the mucoadhesive properties of chitosan and HPMC in the
formulation. In fact, HPMC is a water-soluble, biocompatible, first-
generation mucoadhesive polymer widely used in ophthalmic prepara-
tions for its lubricating effects and ability to mimic the natural tear film
[52]. Chitosan, a cationic polysaccharide, exhibits mucoadhesion pri-
marily through electrostatic interactions between its positively charged
amino groups and the negatively charged sialic acid residues of mucin in
the ocular mucus. This ionic binding significantly prolongs residence
time on the ocular surface [53]. Therefore, both polymers synergistically
enhance the retention of TM-loaded DPE and improve TM bioavail-
ability in the eye.

The DPE exhibited a two-phase release profile for TM. In the initial
phase (4 h), the release rate increased sharply, indicating a rapid burst
release. This initial burst was likely driven by the presence of very small
droplets with a larger surface area, which rapidly swelled and released
the drug. This phase was followed by a sustained release lasting up to
48 h. The controlled release during this period was probably influenced
by the chitosan-HPMC nanoparticles, which formed a viscous physical
barrier that slowed the diffusion of TM through the system. Therefore,
the TM release mechanism was fitted to the Korsmeyer—Peppas model,
indicating that drug release is governed by water penetration into the
polymer matrix followed by diffusion of the drug. These findings align
with those of Zang et al. [54], who demonstrated that Pickering emul-
sions stabilized by chitosan hydrochloride-carboxymethyl starch nano-
particles served as an effective diffusion barrier, thereby regulating the



A. Reis Teixeira et al.

lixiviation of tea polyphenols in the medium. The prolonged TM release
profile from the DPE represents a promising strategy for glaucoma
management by enhancing the drug's ocular bioavailability, reducing
administration frequency, and thereby improving patient adherence to
therapy.

Finally, ex vivo biocompatibility was assessed using the HET-CAM
assay, which closely resembles conjunctival tissue in its rich vascular
network and responsiveness to inflammatory and irritant challenges.
Both tissues are highly vascularized mucous membranes, making the
CAM an effective model for studying how materials interact with the
eye's surface. Because of these analogous properties, the CAM has
become a preferred alternative for biocompatibility testing, particularly
in assessing the irritation and toxicity risks of ophthalmic formulations
[55,56]. In the present study, the ex vivo biocompatibility of TM-loaded
DPE was evaluated by direct application to the CAM. The membrane
showed no signs of vascular irritation, such as hemorrhage, tissue
degradation, or coagulation, suggesting that TM-loaded DPE is unlikely
to cause similar adverse effects in conjunctival tissue upon direct con-
tact. This biocompatibility is crucial for preventing rapid clearance of
the formulation from the eye's anterior segment, thereby enhancing its
therapeutic effectiveness in glaucoma treatment.

Overall, these findings, together with the high TM encapsulation
efficiency (96%), highlight these systems as a promising drug delivery
platform for glaucoma treatment, with the potential to improve ocular
retention and enhance drug bioavailability.

From a future perspective, using an animal model of glaucoma is the
next step in this research to strengthen the scientific evidence for TM-
loaded DPE.

5. Conclusions

In this study, an unloaded and TM-loaded DPE was developed by first
preparing a W/0 emulsion using mineral oil as the hydrophobic phase
and soy lecithin as the surfactant, followed by stabilization with
chitosan-HPMC particles to form the DPE. CLSM provided a detailed
visualization of the TM-loaded DPE, revealing well-defined droplet in-
terfaces coated with soy lecithin and chitosan-HPMC particles. The
formulation exhibited remarkable stability for 12 months at 4 °C, with
no signs of coalescence or creaming, highlighting the need for refriger-
ated storage. This stability was mainly attributed to the high positive
surface charge (zeta potential > +60 mV) arising from protonated chi-
tosan at the droplet interfaces, which promoted strong electrostatic
repulsion, and to the viscous interfacial layer conferred by the chitosan-
HPMC particles through Pickering stabilization, which restricted droplet
mobility and prevented coalescence. Moreover, the DPE demonstrated
controlled and sustained release of TM over 48 h. Importantly, the TM-
loaded DPE elicited no irritation in the hen's egg CAM assay, confirming
its ocular biocompatibility. Collectively, these physicochemical and
biological properties position TM-loaded DPE as a promising therapeutic
approach for glaucoma, extending ocular residence time, improving
drug bioavailability, and ultimately enhancing patient compliance.
Future steps including in vivo and pharmacokinetic studies would pro-
vide a deepener overview about the clinical translation and ocular
retention potential of the formulation.
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