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A B S T R A C T   

Melatonin (MEL) is a pleiotropic neurohormone of increasing interest as a neuroprotective agent in ocular dis-
eases. Improving the mucoadhesiveness is a proposed strategy to increase the bioavailability of topical formu-
lations. Herein, the design and optimization of MEL-loaded lipid-polymer hybrid nanoparticles (mel-LPHNs) 
using Design of Experiment (DoE) was performed. LPHNs consisted of PLGA-PEG polymer nanoparticles coated 
with a cationic lipid-shell. The optimized nanomedicine showed suitable size for ophthalmic administration 
(189.4 nm; PDI 0.260) with a positive surface charge (+39.8 mV), high encapsulation efficiency (79.8 %), 
suitable pH and osmolarity values, good mucoadhesive properties and a controlled release profile. Differential 
Scanning Calorimetry and Fourier-Transform Infrared Spectroscopy confirmed the encapsulation of melatonin in 
the systems and the interaction between lipids and polymer matrix. Biological evaluation in an in vitro model of 
diabetic retinopathy demonstrated enhanced neuroprotective and antioxidant activities of mel-LPHNs, compared 
to melatonin aqueous solution at the same concentration (0.1 and 1 μM). A modified Draize test was performed 
to assess the ocular tolerability of the formulation showing no signs of irritation. To the best our knowledge, this 
study reported for the first time the development of mel-LPHNs, a novel and safe hybrid platform suitable for the 
topical management of retinal diseases.  
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1. Introduction 

Melatonin (N-acetyl-5-methoxytryptamine, MEL) is a pleiotropic 
neurohormone of promising interest in the treatment of eye diseases. 
Several studies have demonstrated its antioxidant, anti-angiogenic, anti- 
inflammatory, anti-apoptotic and hypotensive properties in neurode-
generative ocular diseases (Lundmark et al., 2006, Martínez-Águila 
et al., 2021). Due to its countless beneficial effects, this molecule is 
gaining increasing interest as a neuroprotective agent (Yu et al. 2021). 
Despite its advantages, high-dose intravitreal administration of MEL 
may be inappropriate for compromising both the morphology and 
function of retinal cells. In this regard, to reduce the toxic effects on 
retinas, it may be useful to develop controlled release carriers to be 
topically applied (Tao et al., 2020). Bessone et al. found that topical 
instillation of MEL encapsulated in ethylcellulose nanoparticles provides 
an efficient neuroprotection of retinal ganglion cells (RGCs) (Bessone 
et al., 2020). It is worth to note that melatonin regulates changes in 
neurosteroids levels, these latter are neuroprotective for the retinal tis-
sue (Bucolo and Drago, 2004). After topical administration on rabbit 
eyes, Musumeci et al., reported a prolonged hypotensive effect when 
MEL was delivered in PLGA-PEG nanoparticles (NPs), compared to a 
drug aqueous solution at the same concentration, suggesting a potential 
application of nanosystems for glaucoma treatment (Musumeci et al., 
2013). In addition, it has been shown that the desired pharmacological 
effect of the drug occurred when topical administration is instilled at 
micromolar concentrations. Initially, almost all the administered drugs 
(>99 %) would reside outside the posterior segment, towards which 
they would be progressively released to reach the inner retinal structures 
at nanomolar concentrations, sufficient to induce a neuroprotective ef-
fect (Martínez-Águila et al., 2016, Dal Monte et al., 2020). Topically 
administered formulations for the treatment of diseases affecting the eye 
posterior segment are the most convenient but also the most compli-
cated. The main obstacle is the limited residence time of the drug on the 
corneal surface, which reduces absorption (Scheive et al., 2021). There 
are many factors that trigger this problem, including rapid tear turnover, 
blinking, nasolacrimal drainage, and systemic absorption. As a result, 
the amount of drug that is bioavailable within the eye is<5 % and 
penetration into intraocular tissues is<0.001 % (Gaudana et al., 2009, 
Agrahari et al., 2016, Varela-Fernández et al., 2020). 

A promising strategy to improve bioavailability is to prolong the 
corneal retention using systems with mucoadhesive properties that in-
crease corneal residence time (Wang et al., 2017). Nanomedicines with 
mucoadhesive properties have been proposed to overcome these chal-
lenges such as niosomes, liposomes, nanostructured lipid carriers and 
polymeric nanoparticles (Silva et al., 2021). From the comparison be-
tween the two different matrices, lipid and polymer-based, both classes 
present advantages and limitations in terms of physico-chemical prop-
erties (Hadinoto et al., 2013, Date et al., 2018). To overcome these limits 
and obtain nanomedicine characterized by the advantages of both 
matrices, such as a high encapsulation efficiency and a well-controlled 
release kinetics, a new generation of NPs has been designed, the lipid- 
polymer hybrid nanoparticles (LPHNs) (Mukherjee et al., 2019). Based 
on their structure, these hybrid systems are classified as: (i) monolithic 
LPHNs, consisting of a polymeric matrix inside which lipid molecules 
are dispersed; (ii) biomimetic LPHNs, designed with a polymeric matrix 
coated with erythrocyte membrane; (iii) polymer -caged liposomes, 
consisting of a liposomal matrix with polymers on the surface; (iv) 
core–shell type LPHNs, possessing a structure characterized by a poly-
mer core coated with a lipid shell (Date et al., 2018). To date, several 
applications of LPHNs have been reported such as delivery of antibiotic 
drugs, chemotherapeutics, diagnostics contrast agents, and gene therapy 
agents (Aryal et al., 2010, Liu et al., 2010, Zhong et al., 2010, Aryal 
et al., 2011, Cheow et al., 2011, Kandel et al., 2011, Aryal et al., 2012, 
Cheow and Hadinoto, 2012, Mieszawska et al., 2012, Wang et al., 2012, 
Aryal et al., 2013, Fang et al., 2014, Feng et al., 2014, Lee et al., 2014, 
Agrawal et al., 2015, Gao et al., 2015, Evangelopoulos et al., 2016, Yan 

et al., 2016, Zhang et al., 2016). 
This new generation of NPs has also been used for ocular drug de-

livery. Diebold et al. designed chitosan/phospholipid LPHNs with 
mucoadhesive properties for drug delivery to the anterior eye segment 
by topical application (Diebold et al., 2007); Gan et al., reported hyal-
uronic acid-functionalized LPHNs to increase delivery to the retinal 
pigment epithelium (RPE) targeted after intravitreal injection (Gan 
et al., 2013); analogous systems administered topically showed perme-
ation confined to the superficial eye layers (cornea and conjunctiva). 
Here for the first time, the topical application of LPHNs was investigated 
for potential retinal delivery. The common choices of biodegradable 
polymers included polylactic-co-glycolic acid (PLGA), polycaprolactone 
(PCL) and their copolymers with polyethylene glycol (PEG) due to their 
biocompatibility, biodegradability, non-toxicity and previous use in 
several FDA-approved therapeutic products (Zhang and Zhang, 2010). 
The commonly used lipids in the preparation of LPHNs include choles-
terol, phosphatidylcholine, 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine (DOPE), 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), 
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and lipid-PEG mate-
rials such as 1,2-distearoyl-sn-glycero-3-phosphoethanolamine–poly-
ethylene glycol (DSPE-PEG) (Sengupta et al., 2005, Zheng et al., 2010, 
Su et al., 2011). It should be noted that the addition of PEG always 
occurs by conjugation with the lipid, used as an anchor point (Chan 
et al., 2009). To our knowledge, the use of pegylated copolymers is a 
rare approach, to date exclusively employed for siRNA delivery in 
cationic hybrid systems. In this case, the cationic lipids were exploited to 
allow binding to the negatively charged siRNA and PEG portions to 
allow extended circulation time by eluding reticuloendothelial system 
(RES) uptake (Yang et al., 2012, Khodaei et al., 2021). With the aim of 
prolonging corneal retention time, the novelty of this work was the 
design of hybrid nanoparticles consisting of a PLGA-PEG copolymer, to 
exploit the PEG mucopenetrating agent action, and two cationic lipids, 
used to enhance mucoadhesion through electrostatic interaction with 
the anionic ocular mucosa. Selected cationic lipids have been previously 
used in ophthalmic pharmaceutical formulations, cetyl-
trimethylammonium bromide (CTAB) and didodecyldimethylammo-
nium bromide (DDAB) (Fangueiro et al., 2014, Almeida et al., 2015, 
Leonardi et al., 2015, Carbone et al., 2016). The present study was 
aimed to design and optimize MEL-loaded LPHNs (mel-LPHNs) using the 
single-step nanoprecipitation method. The optimization of nanocarriers 
was performed using the statistical experimental design approach, 
setting up a 3-level factorial design (independent variables: MEL and 
lipids concentrations; dependent variables: zeta potential (ZP) and 
encapsulation efficiency (%EE)). The selected final nanomedicine was 
deeply investigated in terms of physico-chemical, mucoadhesive prop-
erties, and release profile. Solid-state thermal and infrared analysis were 
done on the produced mel-LPHNs. Their morphology was investigated 
by transmission electron microscopy (TEM), and stability studies were 
carried out following ICH QA(R2) guidelines. In vitro and in vivo tests 
were performed after a UV-radiation process to obtain adequate steril-
ization, hence microbiological assays were carried out. The antioxidant 
and neuroprotective activities of delivered MEL was assayed in vitro on a 
model of glucose-induced diabetic retinopathy on Human Retinal 
Endothelial cells (HREC). Draize test was performed to evaluate the 
ocular tolerability of the formulation. 

2. Materials and methods 

2.1. Materials 

MEL (powder < 98 %), poly(ethylene glycol) methyl ether-block-poly 
(lactide-co-glycolide) (PEG average Mn 5000, PLGA Mn 55000), poly(D, 
L-lactide-co-glycolide)acid terminated (lactide:glycolide 75:25, Mw 
4,000–15,000), polyoxyethylene sorbitan monooleate (Tween 80®), 
CTAB (cetyltrimethylammonium bromide), DDAB (didodecyldimethy-
lammonium bromide), dibasic sodium phosphate, benzalkonium 
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chloride (≥95.0 %), glycerol, and mucin from porcine stomach type II 
were purchased from Merck Life Science S.r.L. (Milan, Italy). Ethanol 
(96 % purity) and acetone were obtained from Honeywell (Monza, 
Italy). Acetonitrile 200 for UV was kindly supplied by Romil ltd. 
(Cambridge, UK). All other chemical reagents, solvents used for HPLC 
analysis, and deionized water were of analytical grade. 

2.2. Experimental design 

The experimental design was created using Design-Expert® software 
(version 11 Stat-Ease Inc., Minneapolis, MN, USA). Response surface 
quadratic model using I-optimal design was performed to optimize mel- 
LPHNs and investigate the correlation between responses and factors 
(Bonaccorso et al., 2021). The design was composed of three indepen-
dent variables such as MEL (X1), CTAB (X2) and DDAB (X3) concentra-
tions at three coded levels as shown in Table 1. 

According to the design, 18 formulations were prepared, and the 
effect of the factors was studied on the mel-LPHNs ZP (Y1) and %EE (Y2) 
which were chosen as response variables. The order of the experiments 
was randomized to avoid experimental bias. The nonlinear computer- 
generated quadratic model for design can be expresses as the 
following second-order polynomial: 

R = b0 + b1X1 + b2 X2 + b3 X3 + b12 X1X2 + b13 X1X3 + b23 X2X3 + b11 
X1

2 + b22 X2
2 + b33 X3

2. 
where R is response, b0 is intercept, b1–b33 are regression coefficients 

computed from the observed values of R from experiments, and X1, 
X2 and X3 are independent variables. The terms (X1X2, X1X3 and X2X3) 
and (X1

2, X2
2 and X3

2) represent the interaction and quadratic terms, 
respectively (Kalam et al., 2013). 

The obtained responses were subjected to model fitting using anal-
ysis of variance (ANOVA), and the best model fit was selected based on 
statistical parameters such as standard deviation (SD), R2 and the lack of 
fit. Numerical and graphical optimizations, through three-dimensional 
(3D) response surface plots, were performed to generate maximum 
desirability, which correspond to the geometric mean of all individual 
desirability for each response. Finally, the optimized formulation was 
selected from the design space and used for further investigations. 

2.3. Nanoparticles preparation 

2.3.1. Hybrid nanoparticles preparation 
A modified nanoprecipitation method was used as a single-step 

technique to prepare mel-LPHNs (Musumeci et al., 2013). Briefly, 
PLGA-PEG (3 mg/mL) and MEL (1, 3, 5 % drug-to-polymer w/w ratio) 
were dissolved in the organic phase (acetone). The aqueous phase 
composed of a water/ethanol solution (1:1, v/v) containing 0.1 % w/v 
Tween 80® and different concentrations of the employed lipids (0, 0.25, 
0.5 % w/v) was placed in a capped vial and heated to 70 ◦C to ensure 
lipids melting. The organic phase was then added dropwise to the 
aqueous phase at room temperature under magnetic stirring, obtaining a 
milky colloidal suspension. The organic solvent was removed under 
vacuum by a rotavapor (Buchi R111) at 40 ◦C. The formulations were 
purified through centrifugation (12000 rpm) for 1 h at 8 ◦C, using a 
Thermo Scientific SL16R, equipped with a FiberLiteTM F15–6x100y 
fixed angle-rotor (Thermo Scientific Scientific Inc., Waltham, Massa-
chusetts, USA). The obtained pellet was resuspended with the same 
volume of the aqueous phase as the pre-purification phase. Both 

unpurified and purified samples were characterized according to the 
mean diameters provided by the instrument as Z-Ave, size distributions 
(polydispersity index, PDI) and ZP. 

2.3.2. Preparation of P-NPs and P-PEG-NPs 
To perform mucoadhesion studies (in section 2.10 below), MEL- 

loaded P-NPs/P-PEG-NPs were prepared from PLGA and PLGA-PEG 
diblock copolymer, respectively. The nanoprecipitation method was 
used as previously reported (Musumeci et al., 2013). Briefly, PLGA or 
PLGA-PEG (3 mg/mL) and MEL (1 %, drug-to-polymer weight ratio) 
were dissolved in acetone. The organic phase was added dropwise under 
constant agitation (500 rpm) at room temperature into the aqueous 
phase (water/ethanol 1:1 v/v containing 0.1 % w/v Tween® 80) until a 
milky suspension was obtained. Organic solvents were removed under 
vacuum (Buchi R111) at 40 ◦C. The nanosystems were purified by 
different techniques. P-NPs consisting of the PLGA polymer were sub-
jected to dialysis with a water change rate of 1 L/h; according to our 
previous findings, the purification of P-NPs by centrifugation resulted in 
the formation of heterogeneous, non-redispersible aggregates (Romeo 
et al., 2021). P-PEG-NPs were purified by centrifugation (12000 rpm) for 
1 h at 8 ◦C using the Thermo Scientific SL16R centrifuge (Thermo Sci-
entific Inc., Waltham, Massachusetts, USA) followed by resuspension of 
the pellet in water. The obtained P-NPs and P-PEG-NPs nanosuspensions 
were subjected to the mucin particle method. 

2.4. Physico-chemical characterization and %EE of the designed mel- 
LPHNs 

Photon correlation spectroscopy (PCS) was performed using Zeta-
sizer Nano S90 (Malvern Ins. ltd., Malvern, UK), to determine the par-
ticle size, PDI and ZP of mel-LPHNs. The experiments were carried out 
by measuring the intensity changes of scattered light, at 25 ◦C, using a 4 
mW He-Ne laser operating at 633 nm, with a detection angle of 90◦. 
Each sample was measured in triplicate and the results are expressed as 
mean ± SD. %EE of mel-LPHNs was measured through spectropho-
tometry (UH5300 UV–visible spectrophotometer, Hitachi, Chiyoda, 
Japan). The MEL-loaded nanosuspensions (1, 3, 5 % wt/wt) were 
centrifuged at 12000 rpm for 1 h at 8 ◦C (Thermo Fischer Scientific Inc., 
USA). The supernatant solution was separated while the NP pellet was 
dissolved in 1 mL of acetonitrile. The concentration of MEL in the 
samples was quantified from absorbance measurements at a λ max of 278 
nm against the standard calibration curve that was linear in the con-
centrations range 10–50 μg/mL (R2 = 0.9989). 

EE(%) =
amount of drug in the pellet

total amount of drug
× 100  

2.5. Osmolarity and pH adjustment of the selected mel-LPHNs 

To make the optimized mel-LPHNs formulation adequate for 
ophthalmic administration, a suitable resuspension medium, consisting 
of water for injectable preparations with the addition of glycerol (2.6 % 
w/v) as an osmotic agent and benzalkonium chloride (0.01 % w/V) as a 
preservative, was prepared (Ahuja et al., 2008, Badr et al., 2021). To 
assess the fitness of the selected medium, pH and osmolarity values were 
measured after mel-LPHNs resuspension. 

The osmolarity of mel-LPHNs was measured by freezing point 
depression (FPD) using a digital osmometer (Osmomat 030, Gonotec, 
Berlin, Germany). The determination of pH was carried out at 25 ◦C 
using a pH-meter (Seven Compact™ S210, Mettler Toledo S.p.A, Milano, 
Italy). Analyses were performed in triplicate and results are expressed as 
mean ± SD. The adjusted resuspension medium was used for subsequent 
characterization studies. 

The resulting optimized mel-LPHNs was sterilized by UV irradiation 
(250–270 nm) for 30 min before in vitro and in vivo studies. 

Table 1 
Factors and the corresponding levels investigated during the I-optimal design.  

Coded Factors Coded levels 

low  medium high 

X1: MEL conc. (% wt/wt) 1  3 5 
X2: CTAB conc. (% w/v) 0  0.25 0.50 
X3: DDAB conc. (% w/v) 0  0.25 0.50  
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2.6. Morphological characterization and in vitro release profile of the 
selected mel-LPHNs 

The morphology and shape of mel-LPHNs were analyzed by TEM as 
previously reported (Duskey et al., 2021). Briefly, mel-LPHNs were 
diluted 1:100 (v/v) in deionized water. A drop of diluted suspensions 
was placed on a 200-mesh formvar copper grid (TABB Laboratories 
Equipment, Berks, UK). Excess water was removed by drying at room 
temperature. Images were acquired using a Nova NanoSEM 450 (FEI, 
Hillsboro, OR, USA) transmission electron microscope operating at 30 
kV with the spot set to 1.5 using a STEM II detector in Field free mode. 

The in vitro release behavior of mel-LPHNs and MEL aqueous solution 
in phosphate buffered saline (PBS; pH 7.4) was evaluated through 
dialysis bag method. The amount of drug released from mel-LPHNs was 
measured after samples centrifugation, performed at 12000 rpm at 8 ◦C 
for 1 h; the pellet was resuspended in 1 mL of PBS, pH 7.4 and the 
suspension was transferred into dialysis tube (Spectra/Por® mem-
branes, MWCO 3.5 kDa). The latter was incubated in 19 mL of medium 
(PBS, pH 7.4), maintained under magnetic stirring at 37 ◦C for up to 8 
days. At predetermined time points (0, 1, 2, 3, 4, 5, 6, 7, 8, 24, 48, 72, 96, 
120, 168 and 192 h), 500 µL of the release solution was withdrawn and 
replaced with the same volume of fresh buffer. The concentration of 
MEL was quantified by High-Performance Liquid Chromatography 
(HPLC): a 20-μL sample was injected into a LiChrospher® RP-18 HPLC 
column (15 cm × 3.2 mm; 5 μm) at room temperature, at a flow rate of 1 
mL/min, with a run time of 6 min, and MEL was detected at a retention 
time of 4.3 min and a wavelength of 230 nm. The mobile phase was 
composed of acetonitrile:water (55:45). The standard calibration curve 
prepared at different dilutions of MEL in the mobile phase was linear in 
the concentration range of 0.005–1 μg/mL (R2 = 0.9987). Release 
studies were performed in triplicate for each formulation. 

2.7. Differential Scanning Calorimetric analysis (DSC) 

Thermal analyses were performed for raw materials such as neat 
MEL, PLGA-PEG, CTAB, DDAB and freeze-dried mel-LPHNs using a 
DSC1 Star System apparatus (Mettler Toledo, Schwerzenbach, 
Switzerland) equipped with a Poly-Science temperature controller 
(PolyScience, Illinois, USA). The DSC detection system consists of 
ceramic Mettler Full Range (FRS5, with 56 thermocouples) and High 
Sensitivity (HSS8, with 120 thermocouples) sensors. Calorimetric reso-
lution and sensitivity of sensors, determined through the TAWN test, 
were respectively between 0.12 and 0.20 and 11.9–56.0. Each scan has 
an accuracy of ± 0.2 ◦K and a precision of ± 0.02 ◦K. Here, 3 mg of each 
sample were accurately weighed and placed into 40 μL aluminum cru-
cible and sealed using an aluminum lid by a sealing machine. Samples 
were submitted to DSC analysis by setting a heating cycle followed by 
cooling in the temperature range of 20–160 ◦C, with a scan rate of 5 ◦C/ 
min (heating cycle) and 10 ◦C/min (cooling cycle). The obtained tran-
sition temperature data was extrapolated from the peak areas with the 
Mettler STARe Evaluation software system installed on Optiplex3020 
DELL. 

2.8. Fourier-Transform Infrared Spectroscopy (FTIR) measurement 

Infrared analyses were performed for neat MEL, PLGA-PEG polymer, 
CTAB, DDAB and mel-LPHNs. Absorption spectra were recorded using 
an FT-IR spectrophotometer (Perkin-Elmer Spectrum RX I, Waltham, 
MA, USA) equipped with a diamond window and a zinc selenide crystal 
(diamond/ZnSe) and an attenuated total reflectance (ATR) accessory. 
All samples were cast on NaCl plates except MEL analyzed by the KBr 
disk method. Data were collected in the wavenumber range 400–4000 
cm− 1 and each measured spectrum was averaged from 20 scans with a 
resolution of 2 cm− 1 at room temperature. 

2.9. Stability evaluation of optimized mel-LPHNs 

Stability evaluation of the optimized batch of the optimized and 
selected mel-LPHNs suspension was determined by measuring the 
physico-chemical properties of the nanosuspension stored for a period of 
six months at different temperatures and relative humidity (RH). The 
formulations were stored at refrigeration temperature (5 ◦C ± 3 ◦C) and 
under accelerated conditions (40 ◦C ± 2 ◦C /75 ± 5 % RH) according to 
the International Conference on Harmonization (ICH) guidelines (QA 
(R2)) (EMA, 2003). Batches were kept refrigerated or stored in an 
environmental simulation chamber to keep constant climatic conditions 
(Binder GmbH, Tuttlingen, Germany). Samples were withdrawn at 
different intervals (0, 1, 2, 3, 4, 5, 6 months) and evaluated for Z-Ave, 
PDI, ZP and osmolarity. The %EE was assessed at the beginning, after 3 
months and at the end of the storage time. All measurements were made 
in triplicate and all data were expressed as mean ± SD. 

2.10. In vitro NPs mucoadhesive evaluation by mucin particle method 

In this study, the potential mucoadhesive properties of the optimized 
mel-LPHNs was evaluated by the mucin particle method (Bonaccorso 
et al., 2018, Pai et al., 2019). NPs uncoted and coated with cationic 
lipids were analyzed in presence of mucin, with the aim of exploring and 
comparing the mucoadhesive propensity of the studied nanosystems. In 
detail, NPs with different external shells were analyzed: hydrophobic 
consisting of PLGA polymer (P-NPs), hydrophilic composed of a PLGA- 
PEG matrix (P-PEG-NPs) and PLGA-PEG/cationic lipids (mel-LPHNs). 

Briefly, an accurately weighed amount of mucin was dispersed in 
phosphate buffer pH 6.8 to obtain 0.25 and 0.5 % w/v solutions. Then, 1 
mL of mucin solution was mixed with an equal amount of the respective 
nanosuspension and vortex-mixed for 1 min. Samples were incubated at 
37 ◦C for 1 and 24 h, and finally, to assess NP/mucin interaction, PCS 
analysis was performed using the Zetasizer Nano S90, as described 
above. Controls (Ctrl), consisting of mucin, P-NPs, P-PEG-NPs, and mel- 
LPHN dispersions in phosphate buffer (pH 6.8) were also treated and 
measured in the same way. Analyses were performed in triplicate for 
each sample. 

2.11. Microbiological test to evaluate sterilization process 

Microbiological analyses were performed according to the European 
Pharmacopoeia (01/2005:20601), at laboratory of Food Microbiology of 
the Department of Agriculture, Food and Environment (Di3A), Univer-
sity of Catania. 

As reported in the official protocol, both the validation and sterility 
tests were performed. In details the following strains: Clostridium spor-
ogenes ATCC 11437, Pseudomonas aeruginosa ATCC 9027, Staphylococcus 
aureus ATCC 25213, Bacillus subtilis ATCC 19659, Candida albicans ATCC 
1023 and Aspergillus flavus ATCC 16,883 were used. Based on official 
guidelines, the analytical procedure was validated by performing a 
validation test, which is designed to verify the absence of substances 
inhibiting the growth of microorganisms in the product to be examined. 
In this regard, in order to ensure the viability of the selected target 
strains, the strains were cultivated in appropriate media and conditions. 
In details, the strains were previously inoculated and incubated at the 
optimal growth conditions. C. sporogenes, P. aeruginosa and S. aureus 
were inoculated in Thioglycollate medium (L-cystine 0.5 g; agar 0.75 g; 
glucose monohydrate/anhydrous 5.5 g; yeast extract 5 g; pancreatic 
digest of casein 15 g; sodium thioglycollate 0.5 g; resazurin sodium 
solution 1 g/L freshly prepared; water R to 1000 mL; the pH of medium, 
after sterilization, was set to 7.1 ± 0.2) and incubated for 3 days at the 
optimal growth conditions. B. subtilis, C. albicans and A. flavus were 
inoculated into TSB Triptic Soy Broth (TSB, Oxoid, Italy) medium and 
incubated for 3–4 days at the optimal growth conditions. The media 
were considered suitable when a clear growth was observed. The vali-
dation test was performed using three samples of mel-LPHNs: one 
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previously subjected to UV treatment for 30 min, one did not UV-treat, 
and the last one treated with UV light, opened and analyzed after 28 
days (shelf-life for multi-dose eye drop) before the analyses. Fresh cul-
tures of target strains, obtained as above, were dissolved into a sterile 
saline solution (0.9 w/v of NaCl) and transferred into 1 mL of each mel- 
LPHNs samples, to reach a final density of 100 Colony Forming Units 
(CFU). One mL of the obtained mixture was filtered through a 0.45 µm 
membrane and the membranes were subsequently placed into a suitable 
agar medium. A positive control of each strain was performed. After the 
incubation, a clearly visible growth of microorganisms was obtained 
comparable to the positive control test, highlighting that the samples did 
not possess any antimicrobial activity under the test conditions or that 
such activity has been satisfactorily eliminated. In parallel with the 
validation test, the sterility test was carried out using the technique of 
membrane filtration by direct inoculation of the standardized microbial 
culture with the mel-LPHNs samples. Appropriate negative controls 
were included. After filtration, the whole membrane was transferred to 
the culture medium and incubated for 15 days. During the incubation 
time, the plates were examined to detect microbial growth, at regular 
intervals. 

2.12. In vitro biological assessment 

2.12.1. Cell viability assay 
Cell viability was assessed in an in vitro model of diabetic retinopathy 

by the 3-[4,5-dimethylthiazol-2-y l]-2,5-diphenyl tetrasodium bromide 
(MTT assay). HRECs were cultured in the presence of a normal con-
centration of glucose (5 mM, NG), or treated with a high concentration 
of glucose (25 mM, HG) for 48 h in order to mimic a hyperglycemic 
insult, in the presence or absence of 0.1 and 1 μM of LPHNs, 0.1 and 1 
μM of mel-LPHNs or 0.1 and 1 μM of pure MEL. At the end of treatments, 
20 µL of 5 mg/mL MTT were added to the medium that was then 
incubated for 4 h at 37 ◦C. The supernatants were replaced with 150 µL 
of DMSO to dissolve the precipitate. The absorbance of the mixtures was 
determined at 570 nm in a plate reader (VariosKan, Thermo Fisher 
Scientific, Waltham, MA, USA) (Lupo et al., 2019). 

2.12.2. ROS determination 
ROS production was detected by a spectrophotometric evaluation of 

a dichloro-dihydro-fluorescein diacetate (DCFH-DA) fluorescent probe. 
After the treatments of HREC reported in section 2.11.1., cells were 
incubated with 25 µM 2′,7′-dichlorodihydrofluorescein diacetate 
(DCFDA) in a buffer solution at 37 ◦C for 30 min. Then, DCFDA was 
replaced with 100 µL of medium and the ROS concentration was 
measured by VarioskanTM (λex = 495 nm, λem = 529 nm) (Giurdanella 
et al., 2022). 

2.13. Draize test 

2.13.1. Animals 
Male New Zealand albino rabbits (2.0–2.5 kg) were purchased from 

Envigo (Udine, Italy). Animals were housed under standard conditions 
with food and water provided ad libitum in a light- controlled room and 
set temperature and humidity. Animal care and experimental proced-
ures were carried out according to the ARVO Statement for the Use of 
Animals in Ophthalmic and Vision Research. Protocols were approved 
by the Institutional Animal Care and Use Committee of the University of 
Catania (project #886). 

2.13.2. Ocular tolerability 
The potential ocular irritancy and/or damaging effects of unloaded 

formulation and MEL-ladden formulation were evaluated according to a 
modified Draize’s test (4 animals/group) (Leonardi et al., 2014, Puglia 
et al., 2018). Analysis was carried out using a slit lamp (mod. 4179 T 
Sbisà, Florence, Italy). Congestion, swelling, and discharge of the con-
junctiva were graded on a scale from 0 to 3 (0 = normal; 1, 2 and 3 =

discrete, moderate and intense dilatation of conjunctival vessels, 
respectively), 0 to 4 (0 = normal; 1, 2, 3 and 4 = discrete, moderate, 
intense, intense + lid closure conjunctival swelling, respectively), and 
0 to 3 (0 = normal; 1, 2 and 3 = discrete, moderate and intense 
discharge, respectively). Iris hyperemia was graded on a scale from 0 to 
4 (0 = normal, 1 = discrete dilatation of iris vessels; 2 = moderate 
dilatation of iris vessels; 3 = intense iridal hyperemia with flare in the 
anterior chamber; 4 = intense iridal hyperemia with flare in the anterior 
chamber and presence of fibrinous exudates). Corneal opacity was 
graded on a scale from 0 to 4 (0 = normal, 1 = some spots of opacity; 2 =
diffuse cortical opacity; 3 = cortical and nuclear opacity; 4 = intense 
opacity plus posterior subcapsular opacity). Formulations (30 μL) were 
topically administered in the right eye every 30 min for 6 h (12 treat-
ments). At the end of the treatment, two observations at 10 min and 6 h 
were carried out to evaluate the ocular tissues. Observations were made 
by two independent observers in a masked way. Methylene blue staining 
was used to evaluate the corneal integrity, which allows an accurate 
determination of the extent of epithelial damage because of its poor 
diffusion through the stromal layer of the cornea. Intraocular pressure 
(IOP) was measured at baseline and at the end of treatment (after 6 h) 
using Bio-Rad Tono-Pen XL tonometer. 

2.14. Statistical analysis 

All experiments were carried out in triplicate and results presented as 
mean ± SD. A single factor ANOVA was used to compare the treatments, 
where differences between groups were considered significant for a p- 
value < 0.05. The T-test was used to calculate the statistical significance 
in mucoadhesion studies; the obtained values were considered not sig-
nificant for p-value > 0.05, significant for p-value < 0.05, very signifi-
cant for p-value < 0.01 and extremely significant for p-value < 0.001 
respective to the control group. 

3. Results and discussion 

In order to improve the absorption of a topically administered drug 
loaded nanomedicine, one strategy could be to increase interactions 
with biological substrates by modifying the surface properties of NPs 
(Rabinovich-Guilatt et al., 2004). Our novel nanotechnology was 
developed with cationic lipids and PEG as a mucus penetrating agent to 
synergistically promote corneal retention and mucoadhesion of nano-
carriers. Currently, for the preparation of LPHNs two methods are 
mainly followed, two-step and single-step. The first involves that the 
polymer core and the lipid coating are prepared separately, and the two 
components are then incubated together to obtain the core–shell struc-
ture. Beyond the requirement of longer preparation times, the limitation 
of this technique lies in the incubation phase, during which part of the 
drug could be expelled from the matrix before the lipid coating forms on 
the surface. Instead, the single-step method is quick, simple, and 
reproducible, since it involves the self-assembly of the lipid coating on 
the polymer matrix in a single step, making this technique suitable for 
industrial scale-up (Zhang et al., 2008). Thus, the one-step emulsifica-
tion-solvent evaporation or nanoprecipitation, with slight modifica-
tions, preparation techniques were used. The emulsification-solvent 
evaporation method has two variants, single or double emulsion, used 
respectively to encapsulate water-insoluble and water-soluble drugs. 
While the nanoprecipitation technique is limited to water-insoluble 
drugs, briefly, the polymer and drug are solubilized in a water- 
miscible organic solvent (e.g., acetone or acetonitrile) and then added 
dropwise under magnetic stirring into the aqueous phase containing 
lipids (Cheow and Hadinoto, 2011). The organic phase in contact with 
the aqueous phase would result in the polymer coiling in the NPs and 
self-assembly of the lipid monolayer. To date, the development of self- 
assembled LPHNs has been used to prepare nanosystems with different 
applications such as the delivery of anti-cancer agents (vincristine sul-
phate, methotrexate, paclitaxel and siRNA) for breast or prostate cancer. 
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To the best of our knowledge, this technique has not been used until now 
to prepare LPHNs for ophthalmic administration (Ling et al., 2010, 
Zhang and Zhang, 2010, Yang et al., 2012, Garg et al., 2015, Godara 
et al., 2020). To produce mel-LPHNs, nanoprecipitation using the single- 
step method was employed. This method has several operational ad-
vantages, such as the use of highly biocompatible solvents; in our case 
acetone and ethanol used in the preparation belong to class 3 according 
to the ICH solvent toxicity scale and present very low risks for human 
health. In addition, the chosen method allows the use of low concen-
trations of surfactant, in our case 0.1 % Tween®80 (w/v) which is highly 
tolerated for ophthalmic use (Leonardi et al., 2015). 

3.1. Experimental design: Effect of independent variables on Zeta 
potential and encapsulation efficiency 

For a rational design of the systems, a preliminary investigation was 
conducted to select the independent variables, the factors to be kept 
constant and the output responses. From the know-how of the research 
group, it was decided to maintain certain factors constant: the polymer 
concentration (3 mg/mL), the surfactant concentration (0.1 % w/v) and 
the ratio between the aqueous and organic phases (1:1). Once the con-
stant parameters were established, the independent variables and their 
levels were introduced to construct the experimental design (Table 1). 
The choice of lipids and the concentrations to be investigated within the 
design space were made based on data available in the literature (on 
Science Direct database from 2014 to August 2021 accessed). The con-
sulted papers reported that the use of the cationic lipids CTAB and DDAB 
could improve retention time, drug penetration through the cornea, and 
thus ocular bioavailability (Sánchez-López et al., 2017, Hassan et al., 
2018). Particular attention was focused on Fangueiro et al. in-
vestigations who demonstrated that an ocular formulation could be safe 
and biocompatible when the lipid concentration did not exceed 0.5 % 
w/v (Fangueiro et al., 2014, Fangueiro et al., 2016). This concentration 
was set as a high coded level in the experimental design. Particle size, 
PDI and ZP were measured for the 18 runs before and after the purifi-
cation step. The mean size of purified mel-LPHNs ranged from 160.3 to 
250.4 nm, while the PDI varied from 0.222 to 0.442. The influence of the 
investigated factors on particle size and PDI was not noticeable by 
varying mel-LPHNs composition, so these parameters were measured for 
our knowledge, but data were not included in the experimental design. 
From the collected data, we found that purification systematically 
contributed to a decrease in size and a shift in ZP from neutral to positive 
values (Supplementary Fig. 1). 

Pre-centrifugation neutral values could be attributed partly to the 
excess non-ionic surfactant, which was removed by purification, and 
partly to the PEG chains that provide a negative charge, neutralized by 

the cationic lipids (Conte et al., 2019, Cortés et al., 2021). The reason of 
occurred modifications could be attributed to the conformation of the 
flexible PEG chains. A previous study showed that before purification 
PEG chains extended into the brush-like conformation, and the applied 
centrifugation force would induce a conformational change resulting in 
mushroom-like chains (Craparo et al., 2021). A diagram of the assumed 
hypothesis is shown in Fig. 1. Switching from the brush to the mushroom 
conformation, a strong reduction of the hydrodynamic diameter (>100 
nm) and a change of the ZP towards positive values were observed. It has 
been hypothesized that the mushroom conformation may allow the 
heads of lipid-shell to emerge on the surface, providing a positive charge 
to the hybrid nanocarriers (Zhang et al., 2008). 

NP optimization was performed by applying I-optimal design to 
minimize experimental runs. As proposed by the software the response 
variables were observed experimentally for 18 runs; the obtained data 
referred to purified samples and were expressed as mean ± SD in 
Table 2. 

The input data were processed for different mathematical models. 
Reducing the model by removing non-significant terms helped to in-
crease its accuracy. The adequacy of the models was assessed by means 
of ANOVA (Table 3). The lower the SD value, the better the model 

Fig. 1. Conformations of MEL-loaded-LPHNs (mel-LPHNs) before (a) and after (b) centrifugation purification processes.  

Table 2 
Composition and observed responses in I-optimal design for MEL-loaded LPHNs 
(mel-LPHNs).  

Run Independent Variablesa Dependent Variablesb 

X1 X2 X3 Y1 Y2 

1 1 0.50 0 43.08 ± 0.643 79.19 ± 9.560 
2 3 0 0.25 55.10 ± 0.404 29.52 ± 2.015 
3 3 0.25 0.50 51.50 ± 0.971 30.75 ± 1.336 
4 1 0.50 0.25 39.50 ± 0.458 86.15 ± 5.346 
5 1 0 0.50 64.30 ± 0.781 83.81 ± 1.591 
6 3 0.50 0 36.10 ± 1.070 33.12 ± 2.786 
7 5 0 0.50 46.80 ± 3.670 18.18 ± 4.773 
8 3 0.25 0.50 41.60 ± 1.610 31.24 ± 7.509 
9 1 0.50 0.25 45.30 ± 0.586 68.04 ± 5.827 
10 3 0 0.25 46.60 ± 0.839 15.44 ± 0.799 
11 5 0.25 0 22.30 ± 1.520 14.18 ± 1.209 
12 1 0.25 0 35.00 ± 0.265 74.36 ± 0.014 
13 5 0.25 0.25 35.90 ± 0.100 18.83 ± 0.566 
14 5 0.25 0.25 40.30 ± 0.153 18.11 ± 1.344 
15 3 0 0 − 9.81 ± 2.210 16.31 ± 0.467 
16 3 0.25 0 28.60 ± 0.100 27.05 ± 0.269 
17 5 0 0 –33.20 ± 0.924 16.91 ± 0.926 
18 5 0.50 0.50 36.00 ± 0.700 24.31 ± 0.021  

a Independent variables: X1 = [MEL]; X2 = [CTAB]; X3 = [DDAB]. 
b Dependent variables: Y1 = Zeta Potential (mV) ± SD; Y2 = Encapsulation 

Efficiency (%) ± SD. 
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describes the response. As shown in Table 3, the lowest SD values were 
obtained for the quadratic model (8.26 and 6.44, for Y1 and Y2 re-
sponses, respectively). The highest R2, which describes how well the 
model fits the data, was achieved for the quadratic model (0.9389 and 
0.9723 for Y1 and Y2, respectively). The fit of the models was assessed by 
applying the lack-of-fit test. The proposed ideal model should have an 
insignificant lack-of-fit. Therefore, the significant lack-of-fit results for 
the linear and two factor interaction (2FI) models showed that they were 
not adequate. The test was not significant for the quadratic model. The 
statistical results revealed that the quadratic model would be the rec-
ommended model as it can describe the effect of the variables on the 
responses well compared to the other models. The coefficients of the 
reduced polynomial models were assessed by ANOVA to measure sig-
nificance (Table 4). 

The Fisher’s variation (F-value) and the probability value (p-value) 
suggested the significance of the model. A p-value < 0.05 indicates that 
the significance of the model is high. As shown in Table 4 the F-value, p- 
value and R2-value revealed that the quadratic model was adequate and 
satisfactorily explained the data for both ZP (Y1) and %EE (Y2). Another 
useful parameter for assessing the significance of the model is the 
adequate precision (AP). AP is a measure of the signal-to-noise ratio, so a 
value>4 is desirable (Mandlik and Ranpise, 2017). AP > 4 was obtained 
for responses Y1 (17.4) and Y2 (23.4), confirming that the model was 
adequate to navigate the selected design space and the signal of all re-
sponses was satisfactory (Niizawa et al., 2019). 

For the ZP (Y1), the predicted R2 (0.6652) and adjusted R2 (0.8644) 
are in reasonable agreement, as the difference is<0.2. The F-value 
(16.48) and p-value (0.0001) implied the significance of the model. The 
equation of the reduced quadratic model generated for the NPs ZP (Y1) is 
shown in equation (1). The estimated coefficients represented the in-
fluence that each individual variable exerted on the response, indicating 
a synergistic (with positive signs) or adverse (with negative signs) 
relationship between the variables. 

ZP = 48.07 − 5.27 × X1 + 2.68 × X2 + 10.21 × X3 + 12.87 × X1X2 + 6.50

× X1X3 − 20.61 × X2X3 − 16.65 × X3
2

(1) 

The significant model terms regarding ZP were X3, X1X2, X2X3 and 
X3

2. The term X3 affected the response both individually as a linear term, 
as a quadratic term and in combination. This indicates that the effect of 
DDAB concentration on the ZP of NPs was more pronounced than that of 
CTAB (Sinha et al., 2015). The term that mainly influenced the ZP 
response (Y1) was X2X3, referring to the interaction between the two 
cationic lipids CTAB and DDAB. This interaction term shows how ZP 
varied when the variables were changed simultaneously. ZP increased 
proportionally as the concentration of the two lipids increased. A study 
by Carbone et al showed that the magnitude of the ZP is directly pro-
portional to the concentration of lipids used in the preparation (Carbone 
et al., 2012). The interaction effects of the terms on the ZP are shown in 
the 3D response surface plots and the 2D contour plots (Fig. 2). From the 
response surface plots of the X2X3 interaction (Fig. 2E and F), it was 
observed that negative ZP values were obtained when the systems were 
formulated in the absence of the lipids (run 15, Table 2). The 3D 
response surface plots and contour plots of the X1X2 (Fig. 2A and 2B) and 
AC (Fig. 2C and 2D) interactions showed that low ZP values were ob-
tained at high drug concentrations and low concentrations of the 
respective lipids. 

Regarding the %EE of mel-LPHNs, the reduced quadratic model fit 
with respect to its p-value (<0.0001) as shown in Table 4. The F-value of 
145.35 implied that the model was significant. The predicted R2 of 
0.9293 is in reasonable agreement with the adjusted R2 of 0.9444. The 
mathematical relationship between the independent variable and the % 
EE for mel-LPHNs is given by the following equation. 

%EE = 26.20 − 29.95 × X1 + 22.16 × X1
2 (2) 

Among all formulations, the highest %EE equal to 86.15 ± 5.346 % 

Table 3 
Models summary statistics of response and lack of fit test to select the satisfactory model to fit data.  

Source Y1 (ZP) Y2 (%EE) 

SD R2 Lack of fit SD R2 Lack of fit 

F value P value F value P value 

Linear  17.18  0.5380  14.41  0.0102  12.39  0.8207  2.86  0.1612 
2FI  12.46  0.8093  8.16  0.0302  13.49  0.8330  3.77  0.1086 
Quadratic  8.26  0.9389  3.90  0.1081  6.44  0.9723  0.26  0.8894 

2FI = Two factor interaction model. 

Table 4 
Analysis of variance results.  

Polinomyal term Zeta Potential Encapsulation Efficiency 

Coeff. estimate  P value Coeff. estimate  P value 

Model  Quadratica 0.0001  Quadratic a < 0.0001 
X1 − 5.27  0.0939 − 29.95  < 0.0001 
X2 2.68  0.3681    
X3 10.21  0.0042    
X1X2 12.87  0.0060    
X1X3 6.50  0.0967    
X2X3 − 20.61  0.0002    
X1

2    22.16  < 0.0001 
X2

2       

X3
2 − 16.65  0.0039    

R2  0.9202   0.9509  
Adjusted R2  0.8644   0.9444  
Predicted R2  0.6652   0.9293  
AP  17.3859   23.4276  
F value  16.48   145.35  

AP = Adequate Precision. 
a Reduced quadratic model. 
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was found for run 4 and the lowest %EE of 14.18 ± 1.209 % was ob-
tained for run 11 (Table 2). Data obtained from ANOVA analysis 
revealed that X1 and X1

2 were the most significant model terms; the other 
non-significant terms were removed following the stepwise regression 
procedure, indicating that cationic lipids concentration did not affect % 
EE. From the equation it is clearly shown that the MEL concentration 
plays a highly significant role for the %EE. The estimated coefficient for 
X1 was negative, showing that a decrease in MEL concentration corre-
sponded to a proportional increase in %EE. The low yield of %EE when 
the drug concentration was increased could be due to poor availability of 

polymer to encapsulate MEL (Surwase et al., 2017). The 3D response 
surface plots and 2D contour plots are shown in Fig. 3. 

The reliability of the reduced mathematical models obtained through 
the response surface methodology was validated through the formula-
tion optimization. The goals of the candidate formulation were applied 
for each significant response and were reported in Table 5. The pa-
rameters assigned for the desired formulation were a maximized ZP to 
obtain NPs with a strong positive surface charge and a %EE with a target 
value of 86.15, the highest achieved during the 18-run experimental 
phase. 

Fig. 2. 3D surface (A) and contour plot (B) of the effect of X1: MEL concentration (% w/v) versus X2: CTAB concentration (% w/v); 3D surface (C) and contour plot 
(D) of the effect of X1: MEL concentration (% w/v) versus X3: DDAB concentration (% w/v); 3D surface (E) and contour plot (F) of the effect of X2: CTAB con-
centration (% w/v) versus X3: DDAB concentration (% w/v) on the mel-LPHNs zeta potential. 

Fig. 3. 3D surface (A) and contour plot (B) of the effect of X1: MEL concentration (% wt/wt) versus X2: CTAB concentration (% w/v) on the mel-LPHNs encap-
sulation efficiency. 
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The formulation with the highest desirability index (0.838) was 
selected and validated experimentally. The optimized formulation was 
composed by MEL = 1 %wt/wt, CTAB = 0.427 % w/v and DDAB =
0.341 % w/v. The observed experimental data were compared with the 
values predicted by the software revealing a good correlation, as 
demonstrated by the error percentage < 4 (Table 6). These findings 
confirmed the robustness of the DoE, and the reliability of the model 
used. The optimized formulation with size of (189.40 ± 1.96 nm), 
particle size distribution of (0.260 ± 0.009), ZP (39.8 ± 1.7 mV) and % 
EE (79.85 ± 13.039 %) was subjected to further physico-chemical and 
biological investigation. 

3.2. Physico-chemical properties of optimized mel-LPHNs 

As reported above, the optimized mel-LPHNs were 323.40 ± 10.81 
nm in the pre-purification phase, which after centrifugation was reduced 
to ~ 190 nm. The PDI remained rather unchanged, varying from 0.276 
± 0.023 to 0.260 ± 0.009 corresponding to monodispersed systems. NPs 
with a size of<250 nm and a PDI close to 0.25 have been shown to be 
good candidates for ophthalmic delivery (Gupta et al., 2010). The sur-
face charge (ZP) moved from neutral (0.087 ± 0.107 mV) to positive 
values (39.800 ± 1.700 mV). Nanocarriers with positive ZP values 
(+36.86 mV) were able to enhance electrostatic interactions with the 
anionic corneal surface layers, showing excellent mucoadhesive prop-
erties, an effective requirement for increasing ocular drug bioavail-
ability (Manchanda and Sahoo, 2017). The pH and osmolarity 
measurements of the unpurified systems were carried out in deionized 
water, with values equal to 5.040 ± 0.105 and 0.034 ± 0.003 mOsm/ 
kg, respectively. To make the eye drops suitable for ophthalmic 
administration, the purified mel-LPHN pellet was resuspended in a 
medium consisting of water for injectable preparations with the addition 
of a non-ionic excipient, glycerol (2.6 % w/v). NaCl, the tonicity agent of 
first choice, was excluded from this study because its ionic nature 
destabilized the nanosuspension by reducing the ZP value close to 
neutral (data not reported). According to international standards, mul-
tidose ophthalmic formulations should mandatorily contain a preser-
vative to prevent microbial contamination (Datta et al., 2017). 
Benzalkonium chloride was added as a preservative to obtain a final 
product with the desirable microbiological properties (0.01 % w/v). The 
preservative concentration used was approved by the EMA for the 
absence of irritation and ocular damage and was also reported that its 

addition to the formulation improved corneal permeation (Ahuja et al., 
2008, EMA, 2017). In addition, in vivo cytotoxicity studies on monkeys 
and rabbits showed that following repeated topical applications (for up 
to 52 weeks, up to 8 times/ day) eye drops containing benzalkonium 
chloride (0.01 % w/v) showed no signs of irritation (Okahara and 
Kawazu, 2013). The purified nanosuspension showed pH values close to 
neutral (6.330 ± 0.020) and an isotonic osmolarity similar to tear fluid 
(0.296 ± 0.001 mOsm/Kg). The designed systems consisted of three 
structural components (Fig. 1): a hydrophobic polymeric core of PLGA 
with a hydrophilic PEG corona (PLGA-PEG) and a cationic lipid mono-
layer at the interface between the hydrophobic core and the hydrophilic 
corona as suggested by other authors (Zhang et al., 2008). The self- 
assembly of the coating layer is induced by hydrophobic interactions, 
where the hydrophobic lipid tails are attached to the polymer core and 
the hydrophilic heads are directed to the external side (Mukherjee et al., 
2019). 

TEM analysis of the nanosuspension confirmed a core–shell type 
spherical NPs with moderately polydispersed particle size distribution 
(Fig. 4A). The core–shell structure is highlighted in the peripheral region 
of mel-LPHNs by a ring with higher electronic density than the polymer 
core, which showed a more marked gray coloration (Fig. 4B) (Li et al., 
2017). 

3.3. Release profile of hybrid nanoparticles 

The in vitro drug release capacity of mel-LPHNs was investigated in 
PBS at physiological conditions (pH 7.4, 37 ◦C) for 8 days. The free MEL 
suspension was compared with the respective optimized nanomedicine. 
The in vitro release profiles of MEL in solution and MEL-loaded LPHNs 
are shown in Fig. 5. 

Almost 99 % of the drug was recovered in the receiving phase from 
the MEL solution within 1 h, indicating that drug could diffuse freely 
through the dialysis bag, while mel-LPHNs showed a controlled and 
sustained release of MEL. Lack of any initial burst release indicated that 
there was no drug located at the surface of the NPs, rather it was trapped 
into the polymer matrix (Afshari et al., 2014). Mel-LPHNs released a 
small percentage (approximately 2 %) of their load over 8 days, 
resulting in a slow and continuous release typical of this type of nano-
medicine, i.e., hybrid nanosystems. In this regard, it is well known that 
polymers play a key role, but on the other hand it has been widely re-
ported that the role of the lipid monolayer is equally important (Siva-
dasan et al., 2021). Previous studies on LPHNs have shown that lipids 
have a dual barrier function, acting both against the diffusion of the drug 
to the outside and against the penetration of water to the inside (Zhao 
et al., 2015). Reducing water permeation should also decrease the rate of 
degradation of the polymer matrix. As a result, the slow degradation of 
the systems could provide a controlled release for longer time (Tahir 
et al., 2017, Yalcin et al., 2018). A sustained and prolonged release 
profile is the main goal for MEL nanocarriers, which for this purpose has 
been encapsulated in different vehicles; according to a recent study by 
Liang et al., the neuroprotective effect of MEL on RPE cells was found to 
be effective only after prolonged (>72 h) exposure of MEL (0.1–200 μM) 
compared to short-term (<24 h) administration (Liang et al., 2004). In 
this regard, examples of systems designed for the controlled release of 
MEL were ethylcellulose NPs and hybrid nanocapsules, which showed a 
release profile trend overlapping with that obtained in our study, linear 
and constant over time (Carbone et al., 2016, Bessone et al., 2020). In 
addition, the percentage of MEL released by the mel-LPHNs, equal to a 
concentration of 1 μM, was the same that (as presented in sections 3.8.1 
and 3.8.2 below) was effective in the in vitro studies. 

3.4. Thermal and infrared analysis 

A DSC study was conducted to investigate the status of raw materials 
and optimized mel-LPHNs, the results are shown in Fig. 6A. The ther-
mogram of pure MEL (curve a) showed the endothermic transition at 

Table 5 
NPs optimization.  

Independent Variablesa Goals Lower limit Upper limit 

X1 (% wt/wt) Minimize 1 5 
X2 (% w/v) Maximize 0 0.5 
X3 (% w/v) Maximize 0 0.5 
Dependent Variablesb     

Y1 (mV) Maximize –33.2 64.3 
Y2 (%) Target (86.15) 14.18 86.15  

a Independent variables: X1 = [MEL]; X2 = [CTAB]; X3 = [DDAB]. 
b Dependent Variables: Y1 = Zeta potential (mV); Y2 = Encapsulation effi-

ciency (%). 

Table 6 
Results of dependent variables obtained from the optimized formulation: Pre-
dicted, Observed values and error percentage.   

Predicted value Observed valuea Error %b 

Y1 (mV)  41.305 39.800 ± 1.700 4 
Y2 (%)  78.480 79.850 ± 13.039 2  

a MEL-loaded LPHNs (mel-LPHNs) Y1 = Zeta potential (mV) ± SD; Y2 =

Encapsulation efficiency ± SD (%); n = 3; 
b Absolute Predicted Error = | (Obs.value-Pred.value) / Pred.value |*100. 
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118 ◦C, which corresponded to the characteristic melting peak of the 
drug (Topal et al., 2015). No noticeable endothermic event was detected 
in the polymer DSC profile (curve b). In the thermograms of the two 
lipids the thermotropic liquid crystalline character, typical of quater-
nary ammonium salts, was highlighted. The two endothermic events 
observed in curves (c) and (d) showed the sequence of lipid mesophases 
in response to increasing temperature. The first endothermic event 

indicated the phase transition of the lipid from a highly ordered crys-
talline solid state to a crystalline liquid state, where conformational 
melting of the long aliphatic chains occurred. The first transition was 
detected at 75 and 62 ◦C for CTAB and DDAB respectively. The second 
endothermic event indicated the phase transition from crystalline to 
isotropic liquid, where all spatial order was completely lost. This second 
transition represented the melting of the head-groups and corresponds 
to the melting temperature of the lipids, which was detected at 105 and 
70 ◦C for CTAB and DDAB, respectively (Leonidopoulou M., 1988, 
Doktorovova et al., 2011). No peak attributable to MEL was observed in 
the thermogram of the optimized mel-LPHNs (curve e), confirming that 
the drug was totally encapsulated in the formulated systems. Endo-
thermic events in the curve of the mel-LPHNs occurred at 45 and 97 ◦C, 
showing peaks shifted to new positions. The detected flexures could 
suggest a possible interaction between the polymeric and lipidic entities 
(Das et al., 2019). 

FT-IR spectroscopy was used to understand the nature of the mo-
lecular interactions that may took place in the structuring of the mel- 
LPHNs and to determine the chemical variations of the functional 
groups. Pure materials and mel-LPHNs were scanned. The results are 
shown in Fig. 6B. MEL showed a typical stretching vibration peak for 
N–H group at 3303 cm− 1, an identifying vibration peak for C––O amidic 
carbonyl group at 1628 cm− 1, an N–H bending signal at 1559 cm− 1 and 
characteristic stretching vibration signals for C–N group at 1212 and 
1041 cm− 1 (Topal et al., 2015). The polymer spectra also showed 
characteristic absorption bands. The absorption band at 3645 cm− 1 was 
attributed to the terminal hydroxyl groups, the bands at 3000 cm− 1 were 
due to the vibration of the C–H alkane fractions, the stretching peak 

Fig. 4. (A) TEM image of MEL-loaded LPHNs (mel-LPHNs) at low magnification, and (B) TEM image of MEL-loaded LPHNs (mel-LPHNs) at high magnification 
showing core–shell structure. Image B was obtained from cryoprotected (10 % w/V sucrose) and freeze-dried MEL-loaded LPHNs (mel-LPHNs), ongoing cry-
oprotection studies. 

Fig. 5. In vitro release profiles of the neat drug and MEL-loaded LPHNs (mel- 
LPHNs) in phosphate buffered solution (pH 7.4) at 37 ◦C. Each point represents 
the mean value of three different experiments ± S.D. 

Fig. 6. DSC (A) and FT-IR (B) curves of MEL (a), PLGA-PEG polymer (b), CTAB (c) DDAB (d) and MEL-loaded LPHNs (mel-LPHNs) (e).  
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assigned for C––O stretch of the lactide and glycolide structures was 
identified at 1759 cm− 1 and the bands in the region between 1000 and 
1400 cm− 1 were identifying the vibration for C-OR, C–C and C–O 
groups (Mirakabad et al., 2016). The lipid spectra showed a similar 
trend. A strong and broad band that can be attributed to the stretching 
vibrations of the ammonium group was detected at 3645 and 3414 cm− 1 

for CTAB and DDAB, respectively. The peaks displayed at 2916–2848 
cm− 1 for CTAB and 2922–2852 cm− 1 for DDAB represented two 
different C–H band vibrations of the CH2 group. The signals at 1634 and 
1635 cm− 1 were indicative of the asymmetric stretching vibration of 
N+–CH3, for CTAB and DDAB, respectively; while the symmetric vi-
bration signals for methylene group were detected at 1461 and 1466 
cm− 1, for CTAB and DDAB (Quan et al., 2015, Ain et al., 2020). In the 
spectrum of the optimized formulation of mel-LPHNs, the absorption 
peaks of lipids and polymers were found to be shifted to slightly lower 
frequencies than those of pure substances. Typical lipid signals were 
detected in the high-frequency region of the spectrum. A broad ab-
sorption band typical of the stretching vibration for lipid ammonium 
group was detected at 3430 cm− 1, a signal at 2903 cm− 1 was attributed 
to the CH2 group vibration and a peak at 1455 cm− 1 was assigned to the 
symmetrical stretching vibration of the N+–CH3 group. The detection of 
the ammonium group could confirm the arrangement of the lipid 
monolayer with the hydrophilic heads directed towards the external 
environment (Hadinoto et al., 2013). Signals that belonged to the 
polymer were identified in the low-frequency region of the spectrum. A 
1757 cm− 1 peak was associated with the carbonyl group, and the 
identification regions for C–O groups were observed in the region be-
tween 1172 and 1093 cm− 1. The FT-IR spectra of the mel-LPHNs 
appeared to be the overlap of the spectra of PLGA-PEG and the two 
lipids, CTAB and DDAB. The characteristic peaks of the lipids were 
observed in the spectra of the mel-LPHNs, indicating that CTAB and 
DDAB successfully modified surface of polymeric NPs (Mishra et al., 
2017, Lu et al., 2019). The characteristic signals of MEL had completely 
disappeared in the spectrum of mel-LPHNs demonstrating an effective 
incorporation of the drug into the polymer matrix. 

3.5. Stability under storage conditions 

Physical and chemical stability is an essential parameter for ensuring 
the appropriate storage of NPs. Stability studies were performed on 
optimized mel-LPHNs under two different storage conditions. The 
sample was divided into two batches and stored at a refrigerated tem-
perature (5 ◦C ± 3 ◦C) or in a climatic chamber (40 ◦C ± 2 ◦C /75 ± 5 % 
RH). The results of the physical and chemical stability of the optimized 
formulation in various time intervals are shown in Table 7. Storage of 
the mel-LPHNs at 40 ◦C/75 % RH resulted in a significant change in 
particle size, from 101.6 ± 2.4 nm when freshly prepared to 129.6 ±
86.940 nm after 3 months, to 81.2 ± 10.310 nm at the end of the sixth 
month of storage. This change was associated with a significant increase 
in PDI from 0.117 ± 0.021 to 0.526 ± 0.085. Storage under accelerated 
conditions led to an extremely significant (p < 0.001) increase in zeta 
potential from 22 mV to 45 mV and a decrease in MEL content (>5%), 
above the threshold of the acceptance criteria of the ICH QA(R2) 
guidelines. 

The observed variations in the samples stored at the higher 

temperature could be attributed to changes in the polymorphic state of 
the lipid layer. An endothermic event close to the storage temperature 
was recorded in the thermogram of mel-LPHNs (Fig. 6A, curve e). Lipids 
are highly polymorphic, and the predominant form depends on intrinsic 
factors (structure and hydration rate of the molecule) and extrinsic 
factors (temperature, pressure, ionic strength and pH of the medium) 
(Lewis and McElhaney, 2013). The energetic input of heat, provided 
during the storage time, could induce crystalline reorientation of the 
lipid shell (Makoni et al., 2019). The conversion of lipids into different 
polymorphic forms could be responsible, in addition to the increased 
expulsion of MEL from the systems, for changes in the surface charges 
(Vivek et al., 2007). It has been shown that temperature causes distur-
bances in the electric double layer (EDL) around the NPs, reflected in 
changes in the ZP value (Salunkhe et al., 2016). The EDL of a NP can be 
considered as a layer of liquid molecules at the interface with the par-
ticle surface, consequently the hydrodynamic dimensions of the sus-
pended NPs could also be related to the electrical elements of the double 
layer (i.e., resistance, capacitance, and relaxation frequency) (Tillman 
and Hill, 2007, Yao et al., 2016). D10, D50 and D90 values of samples 
stored at 40 ◦C indicate that on average 10 %, 50 % and 90 % of particles 
in each population are smaller than 25, 35 and 55 nm respectively 
(Supplementary Fig. 2). These sizes are smaller compared to mel-LPHNs 
analyzed after fresh preparation (50, 80 and 140 nm, respectively), 
which remain unchanged in samples stored at refrigerated temperatures. 

Low temperature storage has prevented the polymorphic transition 
(Bertoni et al., 2021). In comparison, the groups at 5 ◦C were stable, with 
unchanged physico-chemical properties after six months of storage. The 
MEL content decreased around 2 %, remaining within the threshold 
accepted by the guidelines. The optimized formulation was stable under 
refrigerated storage conditions. 

3.6. Mucoadhesive evaluation: Influence combining cationic lipid and 
PEG portion on mucin binding 

In these experiments an evaluation of the mucoadhesive properties 
of mel-LPHNs was performed in comparison with two other NPs, the 
three investigated NPs differed for external shells: hydrophobic (P-NPs), 
hydrophilic (P-PEG-NPs) and cationic/PEG (mel-LPHNs). The experi-
ment was performed by varying the mucin concentration (0.25 and 0.5 
%w/v) and incubation time (1 and 24 h). Interactions between mucin 
and other entities can be due to various forces such as the occurrence of 
hydrogen, electrostatic, hydrophobic, and/or covalent bonds (Eliyahu 
et al., 2018). Electrostatic interactions play a key role in mucoadhesive 
mechanisms (Li et al., 2016). At a physiological pH, glutamate and 
aspartate residues in mucin undergo ionization, which provides the 
structure a negative charge (Pai et al., 2019). 

Mucoadhesiveness was assessed by monitoring variations in the 
mean diameter and ZP of NPs incubated with mucin (de Campos et al., 
2004, Shen et al., 2009, Ammar et al., 2012). Mucin showed a bimodal 
size distribution with particle populations in the order of 200 and 2000 
nm. The average size of the native P-NPs, P-PEG-NPs and mel-LPHNs 
were approximately 418, 135 and 200 nm. Their size increased to 
494, 397 and 343 nm, respectively, after 24 h of incubation with mucin 
(Fig. 7A-7B). Statistical analysis of the collected data showed that the 
mean size of NPs incubated with mucin suffered a significant increase in 

Table 7 
Effect of refrigerated (5 ± 3 ◦C) and accelerated (40 ± 2 ◦C / 75 ± 5 % RH) storage conditions on mean particle size, PDI, ZP, osmolarity and encapsulation efficiency of 
MEL-loaded LPHNs (mel-LPHNs). Each value is the mean ± SD of three estimations.  

Condition Time (month) Size (nm) ± SD PDI ± SD ZP (mV) ± SD Osmolarity (Osm/kg) ± SD %EE ± SD 

Starting 0 101.6 ± 2.442 0.117 ± 0.021 22.2 ± 3.14 0.296 ± 0.001 78.3 ± 0.012 
Refrigerated 3 103.3 ± 2.606 0.126 ± 0.009 24.1 ± 1.00 0.302 ± 0.006 77.34 ± 0.009 

6 105.3 ± 4.143 0.116 ± 0.020 22.9 ± 0.23 0.312 ± 0.011 76.59 ± 0.008 
Accelerated 3 129.6 ± 86.940 0.526 ± 0.085 44.4 ± 4.61 0.316 ± 0.003 72.54 ± 0.010 

6 81.2 ± 10.310 0.407 ± 0.122 45.9 ± 2.65 0.329 ± 0.009 68.59 ± 0.012  

A. Romeo et al.                                                                                                                                                                                                                                  



International Journal of Pharmaceutics 627 (2022) 122195

12

size with p < 0.001 in the case of mel-LPHNs and p < 0.01 for P-PEG-NPs 
respectively. Incubation of P-NPs with mucin did not significantly in-
fluence their size (p > 0.05). Furthermore, it was observed that the in-
crease in size was proportional to the increase in mixed mucin 
concentration. While the incubation time was not an influential 
parameter on the final mean size of the NPs. The significant increase of 
mean size occurred when pegylated and hybrid systems were incubated 
with mucin, indicating that interaction between the components had 
taken place. It was noticed that the average size after incubation was in 
the ideal size range (200–500 nm) for interaction with the mucosa 
(Hejjaji et al., 2018). 

The increase in size was not only attributed to the mucin bound on 
the NPs, but also to the aggregates formed by the extended interaction of 
mucin protein between the particles (Boya et al., 2017). Therefore, it 
was useful to analyze the size distribution of the mixtures. From size 
distribution graphs, it was possible to observe that both the mel-LPHNs 
and P-PEG-NPs (Fig. 7E – 7D) showed a very heterogeneous distribution, 
with the presence of two peaks in size distribution, one attributed to the 
average size of the mucin-coated NPs and the other due to the aggregates 
of mucin and NPs. The second peak was not detected in the case of the 
mixture composed of mucin and P-NPs (Fig. 7C). 

Morris et al. demonstrated that variation in the size of NPs was 
correlated with variation in ZP (Morris et al., 2013). Accordingly, NP- 
mucin interactions were further confirmed by ZP measurements. Fig. 8 
shows the changes in ZP after incubation of the NPs with mucin. The ZP 
of the mucin particles was negative, around − 5 mV. Before incubation 
with mucin, the ZP values of the native P-NPs, P-PEG-NPs and mel- 
LPHNs were − 4.7–1.1 and + 1.8 mV. The surface charges were − 4.8, 

− 6.1 and − 5.3 mV, respectively, after incubation with mucin. The ZP 
values of the observed mixtures were close to the ZP of plain mucin, 
confirming that the interaction took place (Klemetsrud et al., 2013). The 
magnitude of ZP reduction was significant for mel-LPHNs (p < 0.001) 
and for P-PEG-NPs (p < 0.05). The increased interaction shown by mel- 
LPHNs compared with P-PEG-NPs could suggest greater mucoadhesion 
(Hejjaji et al., 2018). The adhesive forces produced during incubation of 
P-PEG-NPs with mucin could be attributed to the hydrogen bonds. The 
enhanced interaction of mel-LPHNs with mucin could be promoted by 
electrostatic interactions in addition to hydrogen bonds (Mainardes 
et al., 2010, Mazzarino et al., 2012). Electrostatic interactions could 
occur between the protonated amino groups (N+–CH3) of lipids and the 
carboxylate (COO–) or sulfonate (SO3

- ) groups of mucin (Hejjaji et al., 
2018). 

From the results, it is evident that mucin significantly modified the 
surface charge of hybrid systems from positive to negative values, which 
was required for interaction with the corneal surface of the eye (D’An-
gelo et al., 2015). This could be great evidence of the good mucoadhe-
sive properties of mel-LPHNs. Mucoadhesiveness between mucin and 
the designed hybrid systems is desirable to prolong the contact time with 
the mucous layer surface, and thus could improve absorption as proved 
by other authors (Silva et al., 2013, Dudhani and Kosaraju, 2010). 

3.7. Microbiological analyses 

Mel-LPHNs were sterilized by UV exposure for 30 min prior to in 
vitro/in vivo studies. To evaluate the efficacy of the sterilizing treatment 
and the added preservative, the formulation was subjected to a 

Fig. 7. Mean size (nm) of P-NPs, P-PEG-NPs and MEL-loaded LPHNs (mel-LPHNs) in phosphate buffer at pH 6.8 (Ctrl) and in mucin mixture at different concen-
tration (0.25 and 0.5 w/v) after 1 (A) and 24 (B) hours of incubation at 37 ◦C. Each value was the mean of three experiment ± SD; T-test was used to calculate 
statistical significance of the percentages obtained versus control group [ns = not significant (P > 0.05); * = significant (P < 0.05); ** = very significant (P < 0.01); 
*** = extremely significant (P < 0.001)]. Size distribution by intensity of P-NPs (C), P-PEG-NPs (D) and MEL-loaded LPHNs (mel-LPHNs) (E) suspensions after 
incubation in mucin mixture. 
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microbiological assay. The sterility of mel-LPHNs samples, differently 
treated, was evaluated. According to the European Pharmacopoeia, 
based on performed validation test, results highlighted that both UV 
treated and untreated samples, showed a clearly visible growth of the 
selected target microorganisms (data not shown). The only exception 
was observed for mel-LPHN samples analyzed 28 days after opening, 
where no growth of B. subtilis, C. albicans or A. flavus (data not shown) 

was observed. This finding could be related to the presence of the 
antimicrobial benzalkonium chloride in the mel-LPHNs samples which 
was activated after opening. Lastly, the sterility test carried out by direct 
inoculation of the standardized microbial culture together with the mel- 
LPHNs samples. After 15 days of incubation, showed no evidence of 
microbial growth. 

Fig. 8. Zeta potential (mV) of P-NPs, P-PEG-NPs 
and MEL-loaded LPHNs (mel-LPHNs) in phos-
phate buffer at pH 6.8 (Ctrl) and in mucin 
mixture at different concentration (0.25 and 0.5 
w/v) after 1 (A) and 24 (B) hours of incubation at 
37 ◦C. Three independent experiments were per-
formed and error bars depict SD of the mean; T- 
test was used to calculate statistical significance 
of the percentages obtained versus control group 
[ns = not significant (P > 0.05); * = significant 
(P < 0.05); ** = very significant (P < 0.01); *** 
= extremely significant (P < 0.001)].   

Fig. 9. Determination of cell viability 
(MTT assays) in HREC stimulated with 
normal glucose (5 mM, Ctrl) or with high 
glucose (25 mM) with or without 0.1 and 
1 μM of LPHNs, 0.1 and 1 μM of MEL- 
loaded LPHNs (mel-LPHNs) or 0.1 and 1 
μM of MEL for 48 h. Values are expressed 
as mean ± SD of three independent ex-
periments. Two-way ANOVA, followed by 
Tukey’s test was used to calculate statisti-
cal significance of the obtained values. [* 
= significant (P < 0.05); ** = very signif-
icant (P < 0.01); *** = extremely signifi-
cant (P < 0.001)].).   
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3.8. Biological evaluation of empty/melatonin-loaded LPHNs in an “in 
vitro” model of diabetic retinopathy and in vivo tolerability test on rabbits 

3.8.1. Protective effects on HG-treated HREC 
As previously shown, LPHN-based carriers could provide beneficial 

effects to the therapeutic potential of MEL for the treatment of ocular 
diseases. In facts, these systems ensure an effective drug delivery due to 
a prolonged interaction between the cationic lipid shell and the anionic 
ocular mucosa. Moreover, the low percentage of drug (2 % corre-
sponding to a concentration of 1 μM) released in a controlled and pro-
longed profile from mel-LPHNs reduced MEL-induced cytotoxicity, 
highlighting its therapeutic benefits (Elsaid et al., 2016). The capability 
of the nanoparticles to improve the efficacy of the melatonin in prevent 
the glycemic insult on HRECs has been evaluated by treating the cells 
with high concentrations of glucose and mel-LPHNs, at the same time 
(Xie et al., 2014, Jiang et al., 2012). 

As reported in Fig. 9, 48 h of treatment with HG reduced HREC cell 
viability by about 40 % (p < 0.01) as a consequence of glucose toxicity 
(Giurdanella et al., 2020). The treatment with 0.1 and 1 μM of control 
LPHNs did not change HREC viability highlighting their delivery po-
tential with no detrimental effects both in normal and in HG conditions. 
Incubation with HG in the presence of 0.1 and 1 μM of mel-LPHNs 
counteracted HG-mediated cell viability reduction in a dose dependent 
manner. In fact, the presence of 0.1 and 1 μM Mel-LPHNs restored cell 
viability by about 30 % (p < 0.01) and 80 % (p < 0.001) in comparison 
to HG-treated HREC, respectively. Mel-LPHNs were (significantly, p <
0.05) more effective in the protection of HREC against HG damage than 
neat MEL. In fact, the free drug was only able to partially prevent cell 
viability reduction (in a very statistically significant manner, p < 0.01) 
at a dose of 1 μM in HG-treated HREC. No changes were observed in cell 
viability of co-treated HREC with NG and tested systems compared to 
the NG-treated cells. 

3.8.2. Antioxidant effects on HG-treated HREC 
MEL was described to protect endothelial cells against hyperglyce-

mic insult by preventing glucose-induced reactive oxygen species (ROS) 
production at concentrations ranging from 0.1 to 5 μM (Tiong et al., 
2020, Wang et al., 2021). To support cell viability data, we further 
investigate the antioxidant action of neat MEL or loaded LPHNs. Results 
from these experiments are reported in Fig. 10. Compared to NG-treated 
cells, HREC stimulated with HG showed a very significant increase in 
ROS levels of about 2-fold, however, the presence of 0.1 and 1 μM mel- 
LPHNs reverted the HG-mediated ROS production to about 30 % (p <
0.01) and 65 % (p < 0.001), respectively, in comparison to HG-treated 
HREC. According to cell viability data, only the higher concentration 

of pure MEL was able to partially prevent the enhanced ROS levels 
induced by HG, reducing their amount by about 35 % (p < 0.01) in 
comparison to HG-stimulated HREC. These data highlighted that mel- 
LPHNs reversed ROS production in HG-induced HREC more effectively 
(p < 0.01) than pure MEL. No remarkable changes in ROS production 
were observed in co-treated cells with HG and 0.1 and 1 μM of LPHNs 
compared to HG-treated HREC; the presence of LPHNs, mel-LPHNs or 
pure MEL in NG conditions did not modify the rate of ROS production in 
comparison to NG-stimulated cells. 

3.8.3. Tolerability test on rabbits 
Both unloaded and mel-LPHNs formulations, were well-tolerated and 

the score for each parameter was zero at all times of observations (not 
shown). No changes were also observed for IOP values. 

4. Conclusion 

Non-invasive topical ocular delivery targeting the posterior segment 
of the eye remains a challenge due to the numerous barriers protecting 
the eye. Here, with the need to improve drug delivery to the retina, 
minimize frequency of administration and provide controlled and sus-
tained drug release, the design of hybrid cationic nanovectors for topical 
administration has been proposed. The synthesis of hybrid nanoparticles 
combining polymeric and lipid materials has proved successful in 
incorporating MEL and resulted in high-performance vehicles. mel- 
LPHNs showed ideal requirements for an eye drop formulation. The 
particles consisted of homogeneous populations, with adequate size, 
optimal pH and osmolarity values and a positive zeta potential, which 
provided good mucoadhesive properties. Thermal and infrared analysis 
suggested the incorporation of MEL into the mel-LPHNs and the suc-
cessful interaction of the lipids with the polymer matrix. The optimized 
formulation was stable for 6 months under refrigerated storage condi-
tions. According to Ph. Eur., the mel-LPHNs samples met the sterility 
test. No differences were found between the UV treated and untreated 
samples, while the preservative addition confirmed the desired effect 
against some the above listed microorganisms. In vitro and in vivo studies 
confirmed that the systems showed no signs of cytotoxicity or ocular 
irritation. In vitro studies also showed that loading of MEL into mel- 
LPHNs improve its effectiveness in preventing HG-evoked oxidative 
stress and cell damage in HREC. 

Taken together, these findings suggested that our novel hybrid NPs 
could represent a promising strategy for topical MEL delivery in the 
treatment of ocular pathology. 

Fig. 10. Evaluation of reactive oxygen species 
(ROS) using the DCFH-DA in HREC stimulated 
with normal glucose (5 mM, Ctrl) or with high 
glucose (25 mM) with or without 0.1 and 1 μM of 
LPHNs, 0.1 and 1 μM of MEL-loaded LPHNs (mel- 
LPHNs) or 0.1 and 1 μM of MEL for 48 h. Values 
are expressed as mean ± SD of three independent 
experiments. Two-way ANOVA, followed by 
Tukey’s test was used to calculate statistical sig-
nificance of the obtained values. [** = very sig-
nificant (P < 0.01); *** = extremely significant 
(P < 0.001)].   
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Cortés, H., Hernández-Parra, H., Bernal-Chávez, S.A., Prado-Audelo, M.L.D., Caballero- 
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Mäkilä, E., Salonen, J., Santos, H.A., 2017. Development and optimization of 
methotrexate-loaded lipid-polymer hybrid nanoparticles for controlled drug delivery 
applications. Int. J. Pharm. 533, 156–168. https://doi.org/10.1016/j. 
ijpharm.2017.09.061. 

Tao, Y., Hu, B., Ma, Z., Li, H., Du, E., Wang, G., Xing, B., Ma, J., Song, Z., 2020. 
Intravitreous delivery of melatonin affects the retinal neuron survival and visual 
signal transmission: in vivo and ex vivo study. Drug Delivery 27, 1386–1396. 
https://doi.org/10.1080/10717544.2020.1818882. 

Tillman, P., Hill, J.M., 2007. Determination of nanolayer thickness for a nanofluid. Int. 
Commun. Heat Mass Transfer 34, 399–407. https://doi.org/10.1016/j. 
icheatmasstransfer.2007.01.011. 

Tiong, Y.L., Ng, K.Y., Koh, R.Y., Ponnudurai, G., Chye, S.M., 2020. Melatonin inhibits 
high glucose-induced ox-LDL/LDL expression and apoptosis in human umbilical 
endothelial cells. Hormone Molecular Biology and Clinical Investigation 41. https:// 
doi.org/10.1515/hmbci-2020-0009. 

Topal, B., Çetin Altindal, D., Gümüsderelioglu, M., 2015. Melatonin/HPβCD complex: 
Microwave synthesis, integration with chitosan scaffolds and inhibitory effects on 
MG-63CELLS. Int. J. Pharm. 496, 801–811. https://doi.org/10.1016/j. 
ijpharm.2015.11.028. 
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