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ARTICLE INFO ABSTRACT

Keywords: Ocular inflammation is a complex pathology with limited treatment options. While traditional therapies have

LiP_id ﬂ_aﬂopartides side effects, novel approaches, such as natural compounds like Apigenin (APG) and Melatonin (MEL) offer

Ii\\ﬂpllgenlr} promising solutions. APG and MEL, in combination with nanostructured lipid carriers (NLC), may provide a
elatonin

synergistic effect in treating ocular inflammation, potentially improving patient outcomes and reducing adverse
effects. NLC could provide chemical protection of these compounds, while offering a sustained release into the
ocular surface. Optimized NLC exhibited suitable physicochemical parameters, physical stability, sustained
release of APG and MEL, and were biocompatible in vitro with a corneal cell line, and in ovo by using hen’s egg
chorioallantoic membrane test. In vitro and in vivo studies confirmed the NLC’ ability to attenuate inflammation
by reducing interleukin-6 (IL-6), IL-8 and monocyte chemoattractant protein 1 (MCP-1) cytokine levels and by
decreasing inflammation in a rabbit model. These findings suggest that the co-encapsulation of APG and MEL

Dual delivery system
Ocular inflammation
Nanostructured lipid carriers

into NLC could represent a promising strategy for managing ocular inflammatory conditions.

1. Introduction

Ocular inflammation constitutes a significant and multifaceted
challenge in ophthalmology. Encompassing a spectrum of disorders
affecting several ocular structures, from the orbit to the optic nerve,
ocular inflammation treatment requires a comprehensive approach
involving multiple medical disciplines (Xu and Rao, 2022). The etiology
of ocular inflammation is diverse, ranging from infectious and autoim-
mune processes to vascular and degenerative conditions (Egwuagu
et al., 2015). While often considered a secondary manifestation of sys-
temic diseases, such as rheumatoid arthritis or lupus, ocular inflamma-
tion can also be a primary disorder with potentially severe
consequences, including vision loss (Musa et al., 2024; Artifoni et al.,
2013).

The management of ocular inflammation involves substantial ther-
apeutic challenges. Traditionally, corticosteroids and nonsteroidal anti-
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inflammatory drugs (NSAIDs) have been the first-line treatment (Colin,
2007; Schalnus, 2003), but these agents are associated with significant
adverse effects, both locally and systemically (Rigas et al., 2020). The
emergence of novel therapeutic strategies, including immunomodula-
tory and biologic agents, offers promising avenues for improved patient
outcomes (Mazet et al., 2020). In order to develop targeted and more
effective therapies with these agents, a better understanding of the un-
derlying pathophysiology of ocular inflammatory diseases is instru-
mental (Lee and Dick, 2011). Recent research has highlighted the role of
inflammatory mediators in conditions previously considered non-
inflammatory, such as age-related macular degeneration (AMD) and
diabetic retinopathy, emphasizing the need for a re-evaluation of
treatment paradigms (Starace et al., 2021; Yue et al., 2022).

Among anti-inflammatory molecules, natural compounds constitute
an emerging novel therapeutic field. Among them, two compounds
stand out: Apigenin (APG), the main flavone of chamomile, and
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Melatonin (MEL), a neurohormone. APG exhibits potent anti-
inflammatory properties primarily by inhibiting the expression of
inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2),
key enzymes in inflammatory pathways (Mushtaq et al., 2023; Yoon
et al., 2023). This reduction in pro-inflammatory mediators is attributed
to APG ability to suppress the activation of transcription factors, such as
nuclear factor kB (NF-kB), responsible for regulating inflammatory gene
expression. Additionally, APG antioxidant properties contribute to its
anti-inflammatory effects (Ali et al., 2016). MEL, an indoleamine syn-
thesized mainly in the pineal gland, also exhibits potent anti-
inflammatory properties. Its antioxidant activity, including direct
radical scavenging and induction of antioxidant enzymes, mitigates
oxidative stress, a key driver of inflammation (Cho et al., 2021). MEL
also modulates inflammatory responses by inhibiting the nuclear
translocation of NF-kB, a pivotal transcription factor in the regulation of
pro-inflammatory gene expression (Bantounou et al., 2022). Conse-
quently, MEL suppresses the production of cytokines, such as tumor
necrosis factor o (TNF-a) and interleukin-6 (IL-6), and adhesion mole-
cules, thereby attenuating inflammatory processes (Zarezadeh et al.,
2020). Furthermore, it is well-known that MEL is able to decrease
intraocular pressure (IOP), which could counteract the side effects of
NSAIDs and corticosteroids (Alkozi et al., 2020). In this way, the com-
bination of APG and MEL to inhibit inflammation via complementary
therapeutic pathways, could represent a disruptive therapeutic strategy
to treat ocular inflammatory pathologies and also to avoid common
adverse effects of conventional treatments. Despite the promising syn-
ergistic potential of this combination, the primary limitation is the low
bioavailability of both drugs. MEL exhibits poor aqueous solubility,
rapid clearance, and susceptibility to photodegradation, while APG
suffers from extensive metabolism and low aqueous solubility (Zhang
et al., 2012; Lopes et al., 2020).

The ocular surface presents a barrier to drug delivery, characterized
by rapid tear turnover, anatomical corneal barrier, enzymatic degrada-
tion, and efficient drug efflux. These physiological challenges, coupled
with the delicate nature of ocular tissues, significantly hinder the
development of effective ophthalmic formulations (Bonilla et al., 2022).
Conventional dosage forms, such as solutions and suspensions, often
exhibit poor bioavailability due to rapid drainage and precorneal loss.
Consequently, frequent administration is required, increasing patient
burden and potentially inducing ocular irritation. To address these
limitations, nanotechnology-based drug delivery systems have emerged
as promising alternatives (Souto et al., 2010; Wong and Wong, 2019).
Lipid nanoparticles offer several advantages including enhanced drug
solubility, prolonged ocular residence time, and protection from enzy-
matic degradation. This approach holds the potential to improve ther-
apeutic efficacy, reduce dosing frequency, and minimize adverse effects,
ultimately enhancing patient compliance and treatment outcomes
(Souto et al., 2010). Furthermore, last generation of lipid nanoparticles,
the nanostructured lipid carriers (NLC), also incorporate a liquid lipid,
in this case rosehip oil (RHO), which may also reinforce the intrinsic
anti-inflammatory and anti-oxidant properties of APG and MEL (Marmol
et al., 2017; Belkhelladi and Bougrine, 2024).

Preliminary work documented the potential of NLC to encapsulate
APG for dry eye disease (Bonilla-Vidal et al., 2024), and MEL for the
treatment of uveal melanoma (Bonilla-Vidal et al., 2024). To combine
the potential of both compounds, a novel cationic NLC formulation co-
encapsulating APG and MEL was developed. The incorporation of
dimethyl dioctadecyl ammonium bromide (DDAB), as a cationic sur-
factant, aimed at improving the ocular bioavailability of the NLC by
promoting electrostatic interactions with the ocular surface character-
ized by a negatively charged mucosa (Fangueiro et al., 2016). This
approach was supported by previous studies demonstrating DDAB safety
and efficacy for ocular drug delivery (Silva et al., 2019). The present
investigation sought to optimize this cationic NLC formulation for the
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treatment of ocular inflammation through comprehensive in vitro and in
vivo evaluation of biocompatibility, cytotoxicity, and anti-inflammatory
properties in vitro and in vivo.

2. Materials and methods
2.1. Materials

APG was obtained from Apollo Scientific (Cheshire, UK) and MEL
from Thermo Fisher Scientific (Massachusetts, USA). Glyceryl distearate
(Compritol® 888 ATO) was supplied by Gattefossé (Madrid, Spain). Nile
red (NR) and polysorbate 80 (Tween® 80) were purchased from Sigma-
Aldrich (Madrid, Spain). RHO was acquired from Acofarma Foérmulas
Magistrales (Barcelona, Spain), and DDAB (dimethyl dioctadecyl
ammonium bromide) was obtained from TCI Europe (Zwijndrecht,
Belgium). All additional reagents employed were of analytical grade
purity. Ultrapure water was generated using a Millipore Milli-Q Plus
system.

2.2. Production of APG-MEL-NLC

APG-MEL-NLC were fabricated by the hot high-pressure homogeni-
zation using a Homogenizer FPG 12800 (Stansted, UK) previously
optimized (Bonilla-Vidal et al., 2023). Briefly, a pre-emulsion was
initially formed by subjecting the components to 8000 rpm agitation for
30 s using an Ultraturrax® T25 (IKA, Germany). Subsequent homoge-
nization was conducted under controlled conditions of 85 °C, with three
cycles at a pressure of 900 bar. To produce positive surface charged NLC,
incremental amounts of the cationic lipid DDAB were integrated into
APG-MEL-NLGC, as previously described (Bonilla-Vidal et al., 2023).

2.3. Physicochemical characterization

The physical properties — average size (Z,y) and polydispersity index
(PI) — were characterized by dynamic light scattering (DLS), using a
Zetasizer NanoZS (Malvern Instruments, UK) at 25 °C. Samples were
diluted 1:10 in Milli-Q water. Zeta potential (ZP) was assessed using the
same instrument, by laser-Doppler electrophoresis, with samples diluted
1:20 in Milli-Q water. All measurements were conducted in triplicate
(Esteruelas et al., 2021).

Encapsulation efficiency (EE) was calculated indirectly by deter-
mining the amount of free APG and MEL in the supernatant after
centrifugation of the APG-MEL-NLC dispersion through an Amicon®
Ultra 0.5 centrifugal filter device. The free drug concentrations were
determined by reverse-phase high performance liquid chromatography
(HPLC), and EE calculated based on the difference between the initial
drug amount and the free drug content using Eq. (1) (Llorente et al.,
2023).

_ Total amount of APG + MEL — Free amount of APG + MELX

EE
Total amount of APG + MEL

100

@

APG and MEL concentrations were quantified via reverse-phase HPLC.
An HPLC Waters 2695 separation module (Waters, Massachusetts, USA)
equipped with a Kromasil® C18 column (5 pm, 150 x 4.6 mm) was used
for analysis. The mobile phase comprised a water phase containing 2 %
acetic acid and an organic phase composed of methanol. A gradient
elution was implemented, initiating with 40 % water phase, progressing
to 60 % water phase over 5 min, followed by a reverse gradient returning
to 40 % water phase in the subsequent 5 min. The flow rate was main-
tained at 0.9 mL/min. Drug quantifications were performed using a
Waters® 2996 diode array detector at 300 nm, with data processed using
Empower® 3 Software (Bonilla-Vidal et al., 2023).
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2.4. Characterization of the optimized APG-MEL-NLC

2.4.1. Transmission electron microscopy

The morphological properties of the NLC were examined using
transmission electron microscopy (TEM) on a JEOL 1010 microscope
(Akishima, Japan). Negative staining with 2 % uranyl acetate was per-
formed on UV-activated copper grids to visualize the morphology of
APG-MEL-NLC (Galindo et al., 2022).

2.4.2. Interaction studies

Thermal properties of APG-MEL-NLC were characterized using dif-
ferential scanning calorimetry (DSC) on a Mettler-Toledo DSC 823e
System (Barcelona, Spain). The system was calibrated with an indium
pan and an empty aluminum pan as reference. Samples were heated
from 25 to 105 °C at 10 °C/min under nitrogen atmosphere. Data were
analyzed using Mettler STARe V 9.01 dB software. The crystallinity of
the samples was evaluated using X-ray diffraction (XRD) with CuKa
radiation in the 20 range of 2° to 60°. Fourier transformed-infrared
(FTIR) analysis of APG-MEL-NLC was conducted using a Thermo Sci-
entific Nicolet iZ10 spectrometer equipped with an ATR diamond and a
deuterated triglycine sulfate (DTGS) detector (Thiruchenthooran et al.,
2022).

2.5. Stability studies

APG-MEL-NLC were subjected to storage at 4, 25, and 37 °C. Stability
was assessed by monitoring light backscattering (BS) profiles using a
Turbiscan® Lab instrument each month. The experiment endpoint was
considered to be the one that showed sample destabilization, confirmed
by BS variations higher than 10 %. A glass cell containing 10 mL of
sample was utilized, with measurements conducted using a pulsed near-
infrared light-emitting diode (A = 880 nm) and a detector positioned at a
45° angle. The Z,y, PI, ZP, and EE were determined simultaneously
(Thiruchenthooran et al., 2024).

2.6. In vitro release profile

In vitro release of APG and MEL from NLC formulations was evalu-
ated using Franz-type diffusion cells, with a diffusion area of 0.20 cm?
and cellulose dialysis membranes (MWCO 12 kDa). Experiments were
conducted under previously described conditions (Bonilla-Vidal et al.,
2023), using a PBS solution containing 20 % ethanol and 5 % Tween®
80 (pH 7.4) as the receptor medium. NLC formulations were compared
to APG and MEL solutions used as controls. Release studies were per-
formed at 37.0 & 0.5 °C for 48 h. Formulations (300 pL) were applied to
the donor compartment, and samples (150 pL) were collected at specific
time intervals, and replaced with fresh receptor solution. APG and MEL
concentrations in the receptor medium were determined by HPLC, and
the cumulative release amounts were computed. Each sample was
analyzed in triplicate.

2.7. Ocular tolerance

2.7.1. Invitro study: HET-CAM test and HET-CAM TBS

The hen’s eggchoriolantoic membrane (HET-CAM) assay was
employed to assess the in vitro ocular tolerance of APG-MEL-NLC for
ophthalmic suitability. Adhering to ICCVAM guidelines, 300 pL of each
formulation (free APG/MEL, APG-MEL-NLC, NaOH 0.1 M, and NacCl 0.9
%) were applied to the choriolantoic membrane (CAM) of fertilized
chicken eggs (n = 3/group) for 5 min. Signs of irritation, coagulation
and hemorrhage were monitored, and the ocular irritation index (OII)
was determined using Eq. (2), where H, V and C stand for the time
(seconds) to induce hemorrhage (H), vasoconstriction (V), and coagu-
lation (C). Formulations were categorized as non-irritating (OII < 0.9),
weakly irritating (0.9 < OII < 4.9), moderately irritating (4.9 < OII <
8.9), or irritating (8.9 < OII < 21) (Sanchez-Lopez et al., 2020).
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To quantify membrane damage, trypan blue staining (TBS) test was
applied to the CAM following the HET-CAM assay. The CAM was incu-
bated with 1 mL of 0.1 % TBS for 1 min, then rinsed with distilled water
to remove excess dye. Subsequently, the stained CAM was excised,
extracted in 5 mL formamide, and the absorbance of the extract
measured by spectrophotometric analysis at 595 nm to determine trypan
blue incorporation. A calibration curve of TBS in formamide was built to
quantify the absorbed dye (Bonilla-Vidal et al., 2024).

2.7.2. Invivo study: Draize test

The implemented experimental in vivo methods were performed in
compliance with the UB Ethical Committee for Animal Experimentation
standards and applicable regulations (Decree 214/97, Gencat). To
corroborate HET-CAM results, the Draize primary eye irritation test was
performed on male New Zealand albino rabbits (2.0-2.5 kg, San Ber-
nardo farm, Spain). Fifty microliters of each formulation were admin-
istered into the conjunctival sac of each animal (n = 3 rabbits/group),
followed by gentle massage to facilitate corneal absorption. Irritation
indicators (corneal opacity, conjunctival hyperaemia, chemosis, ocular
discharge, iris abnormalities) were assessed immediately and also after
1h,24h,48h,72h, 7 days, and 21 days post-instillation. The untreated
contralateral eye functioned as a negative control. Draize scores were
allocated according to corneal opacity, iris modifications, and
conjunctival changes (hyperaemia, chemosis, swelling, discharge)
(Fernandes et al., 2022).

2.8. Cellular experiments

2.8.1. Cell culture

Human corneal epithelial (HCE-2) cells were cultured in keratino-
cyte serum-free growth medium (SFM; Life Technologies, Invitrogen,
GIBCO®, Paisley, UK) supplemented with epidermal growth factor (5
ng/mL), bovine pituitary extract (0.05 mg/mL), penicillin (100 U/mL),
insulin (0.005 mg/mL) and streptomycin (100 mg/mL). Cells were
incubated in flasks at 37 °C with 10 % CO» in a humidified atmosphere
until achieving 80 % confluence (26).

2.8.2. Cell viability

The cytotoxicity of APG-MEL-NLC was evaluated using the 3-[4,5-
dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium bromide (MTT) test,
which quantifies the metabolic activity of viable cells via tetrazolium
salt reduction by intracellular dehydrogenases. HCE-2 cells (100 pL, 2 x
10° cells/mL) were seeded in a 96-well plate followed by incubation for
48 h at 37 °C. To simulate corneal conditions, cells were exposed to
several sample concentrations (6.67 x 10*-5.00 x 102 mg/mL of drugs
combination) for 5, 15, and 30 min. Following incubation, MTT solution
(0.25 % in PBS) was added, and after 2 h replaced with dimethyl sulf-
oxide. Cell viability was assessed by measuring absorbance at 560 nm
using a Modulus® Microplate Photometer, expressed as a percentage of
untreated control cells (Bonilla-Vidal et al., 2024; Lopez-Machado et al.,
2021).

2.8.3. Determination of proinflammatory cytokines

To assess the anti-inflammatory activity APG-MEL-NLC and free drug
combinations, HCE-2 cells were seeded at a density of 2 x 10° cells/mL
in 12-well plates and cultured until reaching 90 % confluence. Samples
were administered for 30 min incubation at a concentration of 0.02 mg
drugs combination/mL, and inflammation was induced with lipopoly-
saccharide (LPS) at 10 pg/mL. LPS-stimulated cells served as the positive
control and untreated cells as the negative control. Moreover, cells with
APG-MEL-NLC were also assesed without LPS stimuli. For the inflam-
mation prevention, the formulations were incubated for 30 min, washed
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with PBS, and incubated with LPS for 24 h. Following 24 h incubation,
supernatants were collected, centrifuged at 16,000 g for 10 min at 4 °C,
and stored at —80 °C. For the inflammation treatment, LPS was admin-
istered for 24 h, and then the treatments were applied for 30 min. Af-
terwards, supernatants were processed in the same manner (Lopez-
Machado et al., 2021).

The levels of pro-inflammatory cytokines IL-6, IL-8 and monocyte
chemoattractant protein 1 (MCP-1) were quantified in the supernatants
using Custom human ProcartaPlex Multiplex immunoassays (Labclinics,
Barcelona, Spain), according to the manufacturer’s protocol, with re-
sults analyzed by Luminex MAGPIX® expressed as pg/mL.

2.9. In vivo anti-inflammatory efficacy

All experimental procedures were conformed with the guidelines of
the UB Ethical Committee for Animal Experimentation, complying with
current regulations (Decree 214/97, Gencat), and received approval
under protocol code 326/19. To assess the effects of APG-MEL-NLC
against ocular inflammation, New Zealand male albino rabbits (n = 3/
group) were used. The samples comprised APG-MEL-NLC, free APG and
MEL, and a control solution of 0.9 % NaCl. To evaluate the inflammation
preventive effects of APG-MEL-NLC, 50 uL of each sample were applied
topically in the right eye, followed by 50 uL of 0.5 % sodium arach-
idonate (SA) in PBS to induce inflammation 30 min after the samples
application. The left eye received no sample and was used as the control.
To evaluate the anti-inflammatory effects of APG-MEL-NLC, SA was
administered 30 min before application of each sample. Ocular assess-
ments were monitored up to 210 min utilizing a modified Draize scoring
system (Bonilla-Vidal et al., 2024; Lopez-Machado et al., 2021).

2.10. Statistical analysis

Data analysis was conducted via GraphPad Prism 9. Two-way
ANOVA, followed by Tukey’s post-hoc test, was utilized for multiple
group comparisons, whereas Student’s t-test was employed for pairwise
comparisons. Data are expressed as mean + standard deviation (SD),
with statistical significance established at p < 0.05.

3. Results
3.1. Production of cationic APG-MEL-NLC

The present study used a previously optimized formulation (5.0 % of
lipid phase containing 3.25 % of solid lipid, 4.0 % of surfactant, 0.067 %
of APG and 0.033 % of MEL) as the starting point. To investigate the
influence of the cationic surfactant on the physicochemical properties of
APG-MEL-NLC, increasing concentrations of DDAB were added to the
formulations (Table 1). The selection of the optimal cationic formulation
was based on achieving a ZP exceeding + 15 mV and a PI below 0.3.
According to these parameters, the formulation containing 0.06 %
DDAB was determined to be optimal.

3.2. Characterization of optimized APG-MEL-NLC

TEM analysis revealed that APG-MEL-NLC are predominantly
spherical with a mean diameter below 200 nm (Fig. 1A). These results
are corroborated by the data recorded by DLS. No evidence of particle
aggregation was observed.

Table 1
Effect of cationic lipid on the physicochemical parameters.
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FTIR spectroscopy was used to investigate the molecular interactions
among the drugs, surfactant, and lipid matrix (Fig. 1B). The FTIR
spectrum of APG exhibited characteristic peaks at approximately 3278,
2800, 1650 and 1605 cm’l, attributed to O-H, C-H, and C-O functional
groups, respectively. MEL displayed distinct peaks at 3303, 1629, 1555
and 1212 em™ !, corresponding to N-H, C=0, C-O and C-N groups,
respectively. FTIR spectra of APG-MEL-NLC exhibited a prominent ab-
sorption band centered at 1100 cm ™7, indicative of the presence of the
surfactant (Fu et al., 2015). Notably, no new intense bands were
observed in APG-MEL-NLC, suggesting the absence of significant cova-
lent bond formation. Additionally, the reduced or absent peaks of APG
and MEL support the encapsulation of both drugs within the lipid
matrix.

DSC analysis was employed to evaluate alterations in the crystal-
linity and melting behavior of the bulk materials, their mixtures and of
APG-MEL-NLC (Fig. 1C). The melting temperature (Tp) of the lipid
mixture was similar to the drug-loaded lipid mixture (69.50 °C). Ty, of
APG-MEL-NLC was lower than that of the physical lipid mixture (67.59
°C), potentially attributed to their reduced particle size and presence of
surfactant (Bunjes et al., 1996). Enthalpy values (AH) were comparable
for the lipid mixture and drug + lipid mixture (74.1 Jg~! vs. 79.2 Jg ™),
whereas APG-MEL-NLC exhibited a lower AH (55.4 J g’l). Thermograms
of APG and MEL revealed significantly higher T, and AH values
(365.50 °C, 198.50 .Jg71 and 118.52 °C, 134.70 Jg’l, respectively),
suggesting greater crystallinity and melting points compared to the lipid
mixtures.

XRD patterns (Fig. 1D) provided insights into the physical state of the
drugs within the NLC. APG, MEL, and the lipid mixture exhibited crys-
talline profiles, as evidenced by the presence of sharp, intense peaks in
their respective XRD spectra. A reduction in peak intensity of MEL
diffraction angles (16.34, 20.44 and 26.14°) within the APG-MEL-NLC
profile, together with small APG peaks (7.02, 11.25 and 15.95°), sug-
gests that both drugs were solubilized within the lipid matrix, consistent
with EE data. The crystallinity of other formulation components was
also evaluated. The bulk lipid and drug-loaded lipid mixture displayed
prominent peaks at 19.36° (20) i.e. d = 0.46 nm, indicative of the stable
B-form of triacylglycerols. Additionally, two distinct peaks at 21.36° (260)
i.e.d = 0.42 nm and 23.59° (20) i.e. d = 0.38 nm were attributed to the
p’-form of triacylglycerols. APG-MEL-NLC also exhibited these charac-
teristic signals, corresponding to the most common polymorphic forms
of triacylglycerols (Souto et al., 2006; Freitas and Miiller, 1999).

3.3. Stability studies

Stability of APG-MEL-NLC was assessed by monitoring changes in
Zav, P1, ZP, and EE over time. Additionally, BS profiles were recorded for
samples stored at 4, 25, and 37 °C to detect risk of destabilization pro-
cesses, such as sedimentation, agglomeration, or aggregation, indicated
by BS variations exceeding 10 % (Fig. 2). The experimental endpoint
was stabilized as the day in which the formulation showed any sign of
instability. APG-MEL-NLC exhibited stability for 3 months at 4 °C,
maintaining consistent physicochemical properties. At 25 °C, stability
was observed for 1 month, whereas at 37 °C, the formulation showed
stability for only 15 days.

Higher temperatures were associated with accelerated particle
destabilization, characterized by neutralization of ZP, because the ki-
netic energy of the particles increases with temperature, triggering
collisions leading to formation of agglomerates (Freitas and Miiller,

DDAB (%) Zay £ SD (nm) PI +SD ZP + SD (mV) EE APG =+ SD (%) EE MEL =+ SD (%)
0.05 187.5+ 0.5 0.211 + 0.008 11.4 £ 0.2 99.9 £ 0.1 549 +0.4
0.06 166.2 + 2.4 0.265 + 0.007 16.8 £ 0.7 99.9+0.1 54.5+0.2
0.07 148.3+1.3 0.299 + 0.016 15.3 £ 0.5 99.8 £ 0.1 55.1 £ 1.0
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Fig. 2. Backscattering profiles of APG-MEL-NLC stored at (A) 37 °C; (B) 25 °C; and (C) 4 °C.

1998). As indicated in Table 2, the nanoparticles maintained their
physicochemical properties until a decrease in ZP was observed at 25
and 37 °C, or a decrease in Z,, at 4 °C. These alterations were also in
correlation with the BS profiles. In all the cases, destabilization was
observed, as highlighted by the 10 % BS difference in the profiles; the
data collectively suggest that APG-MEL-NLC stored at 4 °C exhibited
higher stability for up to 3 months.

3.4. In vitro release profile

In vitro release profiles of APG and MEL from APG-MEL-NLC were
compared to their respective free drug counterparts to characterize the

drug release kinetics from the particles.

As depicted in Fig. 3, APG release from APG-MEL-NLC exhibited a
biphasic pattern adjusted to a two-phase kinetic model. An initial rapid
release, likely attributed to APG diffusion from the NLC outer lipid layer,
was followed by a sustained release associated with APG release from
the inner lipid core. In contrast, free APG showed a complete release
within 24 h, adjusted to an exponential plateau model. APG-MEL-NLC
released approximately 30 % of their APG content over the same
period. Kinetic analysis revealed a lower dissociation constant (K4) and a
longer half-life (t;,5) for the sustained release of APG from NLC
compared to free APG.

MEL release from APG-MEL-NLC followed a biphasic pattern with an
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Table 2
Physicochemical parameters of APG-MEL-NLC stored at different temperatures.
Temperature (°C) Day Z,y + SD (nm) PI+ SD ZP + SD (mV) EE APG + SD (%) EE MEL + SD (%)
0 160.4 £ 1.6 0.217 + 0.018 16.1 +£ 0.5 99.9 £0.1 55.9 £ 0.5
37 15 1351+ 1.9 0.201 + 0.002 11.4+ 0.4 99.7 £ 0.3 54.2 £ 0.8
25 15 156.0 £ 1.2 0.175 £ 0.014 15.7 £ 0.3 99.9 £ 0.1 53.8 £ 0.4
30 157.8 £2.3 0.189 + 0.006 13.7 £ 0.3 99.3 +£ 0.3 54.1 +£0.2
60 1479+ 1.0 0.189 + 0.011 131 +1.1 99.9 £0.1 55.1 £0.2
4 15 159.6 £ 1.1 0.199 + 0.007 15.8 +£ 0.8 99.9 £0.1 55.7 £ 0.4
30 160.2 £+ 5.0 0.173 + 0.003 15.0 £ 1.3 99.9 £0.1 54.9 £ 0.7
60 157.8 £ 2.1 0.185 £ 0.019 159+ 0.6 99.8 £ 0.2 55.0 £ 0.3
120 139.1 £ 0.6 0.200 + 0.010 15.0 £ 0.8 99.9 +£ 0.1 54.1 £ 0.9

initial faster release compared to free MEL. Free MEL was completely
released within 24 h, approximately 75 % of encapsulated MEL within
the same timeframe was released. Determined parameters demonstrated
alower Kq and a higher t; /5 for MEL from NLC than free MEL, indicating
a sustained release profile.

3.5. Ocular tolerance

Ocular tolerance was assessed in vitro via the HET-CAM assay (Fig. 4)
and in vivo through the Draize test . The HET-CAM test revealed that 1 M
NaOH, serving as a positive control, caused significant haemorrhage
that intensified over a 5-minute observation period, indicating a potent
irritant. The negative control (0.9 % NacCl), along with both loaded and
empty NLC, as well as the free medicines, did not induce any irritating
responses on the CAM, categorizing them as non-irritant (OII 0.07 +
0.01). These findings were corroborated by quantitative TBS analysis,
which confirmed the non-irritant nature of APG-MEL-NLC. Because of
the limitations of in vitro models in predicting in vivo ocular tolerance,
Draize tests were conducted with free APG and MEL, and APG-MEL-NLC.

Results indicated that none of the tested formulation induced ocular
irritation in vivo. Collectively, these data support the conclusion that
APG-MEL-NLC show ocular tolerance, being therefore suitable for
further anti-inflammatory studies.

3.6. Cellular experiments

3.6.1. Cell viability

The cytotoxicity of various concentrations of free APG and MEL,
APG-MEL-NLC, and empty NLC was assessed on HCE-2 corneal epithe-
lial cells. This cell line was selected to simulate the in vivo contact be-
tween the formulations and the cornea following topical administration
(Mofidfar et al., 2021). Cell viability was evaluated 5, 15, and 30 min
after incubation to mimic real exposure conditions. According to ISO
10993-5, cell viability exceeding 80 % indicates no cytotoxicity, while
values between 60 % and 80 %, 40 % and 60 %, and below 40 %
correspond to weak, moderate, and strong cytotoxicity, respectively
(Lopez-Garcia et al., 2014). Results demonstrated that free drug solution
(MEL + APG) did not induce significant cytotoxic effects (>80 %
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Fig. 3. In vitro release profile of APG and MEL from APG-MEL-NLC vs free APG and MEL carried out for 48 h and adjustment to a two-phase association, two-phase
association, exponential Plateau, and Plateau followed by one phase decay model respectively. (A) APG release profile from APG-MEL-NLC. (B) MEL release profile
from APG-MEL-NLC. (C) Release calculated parameters: dissociation constant (Kg), half-life (t;,2), plateau and correlation coefficient ).
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Fig. 4. In vitro irritation assay. (A) Negative control, NaCl 0.9 %, (B) Free APG + MEL and (C) APG-MEL-NLC at optimized concentration of 0.67 % APG and 0.33

% MEL.
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viability) at any concentration or incubation timepoint. Both formula-
tions showed a moderate toxicity in the highest tested concentration
(0.05 mg/mL of total drug concentration). When increasing the dilution,
the formulations became less toxic to the cells, but with higher incu-
bation time, the formulations were slightly more toxic (Fig. 5A). How-
ever, it can be observed that APG-MEL-NLC were safer (higher cell
viability) in all the studied concentrations than empty NLC (Fig. 5B).

3.6.2. Anti-inflammatory activity of nanoparticles in HCE-2 cells

The anti-inflammatory potential of the NLC was assessed in vitro by
evaluating their ability to inhibit LPS-induced cytokine secretion in
HCE-2 cells in a prevention and treatment model. The conditions were
selected from the results obtained in the cell viability testing, which
were the concentration of the free drugs at 6.67 and 3.33 ug/mL of APG
and MEL, respectively during 30 min of incubation time.

IL-6, IL-8 and MCP-1 were selected as inflammatory markers. LPS
stimulation resulted in significantly elevated levels of cytokines. In the
treatment of inflammation, when the tested formulations were applied
after LPS stimulus, free drug solution was not able to reduce the in-
flammatory response, but APG-MEL-NLC were able to significantly
inhibit the secretion of the cytokines (Fig. 6A-6C). In the study of the
APG-MEL-NLC capacity to prevente inflammation, in which the formu-
lation was applied 30 min incubation before LPS stimulation, the free
drugs and APG-MEL-NLC were not able to reduce IL-6 and IL-8 cyto-
kines, but they decreased significatively the MCP-1 levels (****p <
0.001) (Fig. 6D-6F).

3.7. Anti-inflammatory efficacy

To assess the in vivo anti-inflammatory potential of APG-MEL-NLC,
their prophylactic and therapeutic efficacy in an ocular inflammation
model was evaluated.

The therapeutic efficacy of APG-MEL-NLC was determined by
administering treatment 30 min post-inflammatory stimuli. Inflamma-
tion severity was monitored over time. Fig. 7A shows a significant
reduction in inflammation within 30 min post APG-MEL-NLC adminis-
tration. Furthermore, the combination of both drugs also induced a
significant reduction of inflammation in the first 30 min. In all the
monitored times, APG-MEL-NLC showed a significant anti-inflammatory
effect.

The preventive capacity of NLC against inflammation was also
investigated. APG-MEL-NLC or the free drugs were administered 30 min
prior the induction of ocular inflammation. Subsequent inflammation
severity was evaluated. Fig. 7B illustrates a significant reduction in
inflammation following exposure to the inflammatory stimulus
compared to untreated control. In this study, also both treatments
showed a significant anti-inflammatory effect, in which APG-MEL-NLC
showed a higher activity.

4. Discussion

A cationic NLC containing RHO was formulated to co-encapsulate
APG and MEL. The negatively charged corneal mucus layer presents a
barrier for drug delivery (Vedadghavami et al., 2020). For this reason,
this study aimed to modify a previous formulation by incorporating a
cationic surfactant (DDAB) to revert surface charge, potentially
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enhancing mucoadhesion to the ocular mucosa and subsequently
improving bioavailability following topical administration (Abruzzo
et al., 2021). Besides the cationic charge of the NLC, it is expected to
obtain an enhanced and synergistic effect with the RHO contained in the
lipid matrix, which has been described as an anti-inflammatory active
(Belkhelladi and Bougrine, 2024; Bonilla-Vidal et al., 2024; Strugata
et al., 2016).

To optimize DDAB concentration, the surfactant was incrementally
added to a previously optimized formulation (Bonilla-Vidal et al., 2024).
Zav remained relatively below 200 nm, whereas the PI increased at
higher DDAB concentrations. ZP did not increase with concentrations of
DDAB from 0.06 to 0.07 %, remaining at ~16 mV, and EE was stable in
all the tested concentrations. In this way, a DDAB concentration of 0.06
% was selected, yielding a PI below 0.3 and a ZP of approximately 17
mV, achieving suitable physicochemical parameters (Bonilla et al.,
2022).

Interaction studies revealed an enhancement of lipid matrix amor-
phism upon APG and MEL incorporation, suggesting their loading
within the lipid matrix of NLC (Ojo et al., 2020). FTIR analysis
confirmed the absence of covalent bonds between both drugs and the
lipid matrix, indicating that non-covalent interactions, commonly
hydrogen bonding and hydrophobic forces, were predominantly
responsible for APG and MEL encapsulation within the NLC. This
interaction facilitated the sustained release profile of APG and MEL from
the particles (Huang et al., 2020). DSC analysis of APG-MEL-NLC
revealed a significantly lower melting point compared to the bulk
lipid. This suggests a highly amorphous state, possibly attributed to the
incorporation of the drugs within the amorphous lipid matrix (Khosa
et al., 2018). In comparison to the negatively charged NLC (Bonilla-
Vidal et al., 2024), the Ty, values were slightly higher with a similar AH,
which could be attributed to a greater crystallinity of the present
formulation. This fact was also observed in previous studies encapsu-
lating MEL, in which the positively charged formulation showed a
higher degree of crystallinity, and consequently, a lower stability
(Bonilla-Vidal et al., 2024). XRD patterns exhibited characteristic
diffraction peaks corresponding to the p and p’ polymorphic forms of
triacylglycerols (Souto et al., 2006; Zimmermann et al., 2005). In
comparison to the previous negatively charged NLC (Bonilla-Vidal et al.,
2024), the present formulation showed the two main forms of tri-
acylglycerols, the stable (B) and the metastable (§’) ones, which could be
related to the slightly lower stability of the particles. Moreover, the
formulations encapsulating each compound alone showed higher sta-
bility, which could be mainly attributed to the more neutral ZP of the
APG-MEL-NLC (+21 mV for APG-NLC and +20 mV for MEL-NLC), but
could also be related to the lower concentration of lipid phase in the dual
loaded NLC (5 % in APG-MEL-NLC vs 7.5 % in APG-NLC and MEL-NLC).
In the case of MEL-NLC (Bonilla-Vidal et al., 2024), it was also observed
that the stability of the positively charged formulation presented a
reduced stability in comparison to the negatively one, which could be
related to the increased crystallinity of the NLC when DDAB was
incorporated.

APG-MEL-NLC showed a slow-release profile compared to a rapid
diffusion observed for the drugs in solution. The release kinetics of APG-
MEL-NLC were best described by a two-phase association model,
indicative of a biphasic release pattern. This pattern was characterized
by an initial burst release phase followed by a sustained release period,
during which approximately 30 and 75 % of the encapsulated APG and
MEL respectively were released into the receptor medium. The observed
biphasic behavior suggests that the NLC formulation effectively encap-
sulate APG and MEL, while simultaneously allowing their gradual
diffusion through the nanoparticle matrix. In comparison to the release
studies performed with MEL negatively charged formulation (Bonilla--
Vidal et al., 2024), the positively charged APG-MEL-NLC showed a
slower APG release but a faster MEL diffusion, the latter probably due to
the modification of the release media. Both actives were able to achieve
a higher plateau (34.5 % for APG and 76.6 % for MEL in the negatively
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charged NLC, vs 45.9 % for APG and 77.5 % for MEL in the positively
charged NLC). In the case of APG, this slower release from the positively
charged NLC has been described by other authors (Wang et al., 2006;
Baspinar and Borchert, 2012). Wang et al. (Wang et al., 2006) related
this effect to the long carbon chains of the cationic surfactant, which
could form an ordered close packing and strengthening the interfacial
layer in the particles. In the case of MEL, other authors also found a
faster release from a positively charged formulation, in comparison to a
negatively and neutrally charged lipid nanoparticle (Landh et al., 2020).
In contrast, in comparison to the formulations containing each com-
pound by itself, the co-encapsulation of APG and MEL resulted in a
slower release of both compounds. This difference could be related to
the lower concentration of each compound in the dual-loaded NLC or to
the lowest concentration of lipids (Bonilla-Vidal et al., 2024;
Bonilla-Vidal et al., 2024).

To evaluate the ocular safety profile of the formulation, a combina-
tion of in vitro and in vivo assessments was conducted. The in vitro HET-
CAM assay showed no irritation phenomena following direct application
of APG-MEL-NLC. Posterior quantitative analysis of trypan blue uptake
corroborated these findings, indicating no toxicity. Subsequently, an in
vivo ocular irritation study using the Draize test was performed. Results
revealed no clinically significant ocular irritation or hyperemia in ani-
mals treated with either free APG/MEL or APG-MEL-NLC, suggesting
suitable ocular tolerance of the formulation.

The in vitro cytotoxicity assays showed that a solution of APG and
MEL exhibited no toxic effects on corneal cells across the tested con-
centration range. Empty NLC showed moderately toxicity the majority
of the assessed concentrations. The cationic nature of the particles may
contribute to enhanced electrostatic interactions with the negatively
charged cell membrane, potentially inducing oxidative stress and sub-
sequent reactive oxygen species (ROS) generation (Yang et al., 2021).
Additionally, the lipid composition of the NLC exhibits affinity for
cellular membranes, promoting strong interactions (Bonilla et al., 2022;
Zhang et al., 2014). Nevertheless, APG-MEL-NLC demonstrated a
favorable safety profile across a range of concentrations, except for
moderate toxicity observed at the highest tested dose. This protective
effect could be related to the properties of the drugs. Jung (Jung, 2014)
reported that APG attenuated HyO,-induced downregulation of PI3K,
AKT2, and ERK2, essential components of cell survival signaling.
Concurrently, APG stimulated the expression of antioxidant enzymes
SOD1, SOD2, and GPx1. These findings suggested that APG induces their
protective effects by counteracting oxidative stress and restoring cellular
redox balance. Cavelier et al. (Cavalier et al., 2024) showed that APG
can suppress inflammation-related gene and protein expression. It has
been widely described that MEL induces their antioxidant effects by
stimulating enzymatic defenses within cells, safeguarding mitochondrial
membrane phospholipids from oxidative damage, thereby preserving
membrane integrity. Additionally, this indolamine influences mito-
chondrial membrane potential, contributing to its overall protective role
in cellular homeostasis, and regulates inflammation processes (Gu et al.,
2024; Tarocco et al., 2019; Kopustinskiene and Bernatoniene, 2021). In
this way, the initial burst of both drugs could contribute to their fast
protective effects in HCE-2 cells.

IL-6, IL-8, and MCP-1 are key inflammatory mediators implicated in
ocular diseases. IL-8 primarily recruits neutrophils and eosinophils,
while MCP-1 attracts monocytes and lymphocytes (Kany et al., 2019).
Both chemokines are upregulated in various ocular inflammatory con-
ditions and contribute to monocyte infiltration (Ghasemi et al., 2011).
IL-6, a pleiotropic cytokine involved in inflammation and hematopoie-
sis, is also upregulated in these settings. These cytokines exhibit syner-
gistic effects, with IL-8 and MCP-1 promoting inflammation and
angiogenesis, while IL-6 amplifies inflammatory responses (Da Cunha
et al., 2018). Collectively, they play pivotal roles in the pathogenesis of
ocular disorders characterized by chronic inflammation and neo-
vascularization. In this way, the in vitro anti-inflammatory potential was
evaluated by analyzing these three pro-inflammatory cytokines. In the
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treatment assay, the results showed that in 30 min exposure to inflamed
human corneal cells, APG-MEL-NLC were able to revert LPS-induced
inflammation levels in comparison to the free combined drugs. Prob-
ably, this strong anti-inflammatory activity of the NLC was related to the
interactions of the lipid matrix with the cellular membrane, enhancing
the uptake of the formulation in comparison to the free drugs, facili-
tating their therapeutical action (Mahor et al., 2023). Other authors
found that APG was able to reduce IL-6, IL-8 and MCP-1 cytokine levels
in different cell lines (Wang et al., 2012; Funakoshi-Tago et al., 2011). In
the case of MEL, it has also been described that the neurohormone was
able to reduce the levels of the same cytokines (Cho et al., 2021; Deng
et al., 2020). However, the prevention results showed that APG-MEL-
NLC and the combination of free drugs were not able to decrease IL-6
and IL-8 levels. This fact could be related to the exposure of the treat-
ments to the cells, during which the cells were already inflamed and
their membrane could be more permeable, promoting a higher uptake of
NLC facilitating their action (Aguilar-Briseno et al., 2020).

Finally, to corroborate in vitro experiments, an in vivo inflammation
assay was performed to evaluate both, inflammation prevention and
treatment. The results showed that APG-MEL-NLC possessed a faster and
more effective anti-inflammatory properties than the free combination
drugs. In the inflammation treatment, during the first 30 min post-
instillation, APG-MEL-NLC were able to reduce significantly ocular
inflammation, which correlated with the in vitro results. Furthermore, in
the inflammation prevention, APG-MEL-NLC also showed promising
results, decreasing the ocular inflammation score after 30 min. As in vivo
processes are more complex than in vitro ones, both experiments are
needed to corroborate the possible therapeutical properties of a
formulation. Single loaded nanoparticles (APG-NLC and MEL-NLC) were
also tested in previous studies (Bonilla-Vidal et al., 2024; Bonilla-Vidal
et al., 2024). Free APG showed a faster and higher anti-inflammatory
effect on the inflammation prevention, while free MEL showed the
same effect in the inflammation treatment. In the present study, the
combination of both drugs acted in a faster way, which could be related
to the faster release of MEL in the burst initial phase, and the higher
amount of each drug released in each timepoint. It is well-documented
that both compounds possess a promising anti-inflammatory activity
in vivo. Benedeto et al. (Benedeto-Stojanov et al., 2024) described that in
an in vivo model, MEL prevented an LPS-induced increase in pro-
inflammatory cytokines TNF-o and IL-6 and NF-kB levels. Moreover,
APG was able to reduce NF-kB and STAT3 activity, inhibiting the
inflammation process (Ai et al., 2017).

5. Conclusions

NLC loading APG and MEL showed promising activity as a potential
therapeutic tool for ocular inflammation. The formulation exhibited
physical stability and sustained release of both encapsulated drugs. In
vitro and in vivo assessments confirmed suitable biocompatibility of the
NLC, with no evidence of ocular irritation. Moreover, NLC-mediated
delivery of APG and MEL effectively attenuated inflammation in vitro
by reducing IL-6, IL-8 and MCP-1 cytokine levels and in vivo by
decreasing the SA inflammation in a rabbit model. These findings
collectively suggest that the developed NLC formulation represents a
promising strategy for the management and prevention of ocular in-
flammatory conditions.
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