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ABSTRACT 

The eye topical drug delivery continues to be challenging due to the eye's biological mechanisms 

preventing the achievement of optimal drug concentration with therapeutic effect. Various strategies 

can be made to enhance the bioavailability, retention time, and penetration of the drug into the eye. In 

this work, it was developed the use of naturally available polymers like chitosan and hyaluronic acid 

(HA) with mucoadhesive and targeting properties in a hybrid nanoparticulated system with lipids 

(hyLNPs), taking advantage to deliver both lipophilic and hydrophilic drugs. 

The hyLNPs were optimized by surface modulation properties and lipophilic drug (Curcumin-

Curc) incorporation using the high shear homogenization technique. The HA and ceftazidime (CZ) were 

adsorbed to the LNPs’ surface. The characterization was done in terms of size, polydispersity index 

(PDI) and ζ-potential, mucoadhesion and permeation properties, in vitro cell uptake, cell viability, the 

efficiency of drug encapsulation and loading (%EE, %DL), and drugs’ bio-efficacy.  

The optimized formulations comprising solid and liquid lipids, chitosan, and HA presents an 

average particle size of 256.2 ± 6.0 nm, PDI of 0.386 ± 0.013, and ζ-potential -33.3 ± 0.5 mV and 

mucoadhesive properties. The %EE was 86.5 ± 0.9 % and 48.4 ± 7.9 %, with a %DL of 0.135 ± 0.009 

% and 2.0 ± 0.3 % for Curc and CZ, respectively. Both drugs were released from the nanoparticles and 

successfully permeated through membranes within 2 h after instillation. The empty and drug-loaded 

hyLNPs didn’t present cytotoxicity in human retinal pigment epithelia cell line (ARPE-19). The drug-

loaded hyLNPs reduced oxidative stress and were effective in inhibiting P. aeruginosa growth. CZ-

Curc-hyLNPs are cell internalized being biocompatible which potentiates its application for the 

treatment of ocular pathologies. 

Keywords: Eye, Mucoadhesive, Nanoparticles, Curcumin, Ceftazidime, ARPE-19
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RESUMO 

A administração tópica ocular de fármacos continua a ser um desafio devido aos mecanismos 

biológicos do olho, impedindo que se atinja uma concentração de fármacos com um efeito terapêutico 

eficaz. Várias estratégias podem ser usadas para aumentar a biodisponibilidade, tempo de retenção e 

permeação do fármaco no olho. Neste trabalho, desenvolveu-se o uso de polímeros naturalmente 

disponíveis como o quitosano e o ácido hialurónico (HA) com propriedades mucoadesivas e seletivas, 

num sistema híbrido de nanopartículas com lípidos (hyLNPs), com capacidade para a formulação de 

fármacos lipofílicos e hidrofílicos.  

 

As hyLNPs foram otimizadas por modulação das propriedades da superfície e incorporação de 

fármacos lipofílicos (Curcumina-Curc) utilizando a técnica de homogeneização de alta velocidade. O 

HA e ceftazidima (CZ) foram adsorvidos á superfície das LNPs. A caracterização foi feita em termos 

do tamanho, índice de polidispersão (PDI), potenciais-ζ, propriedades de mucoadesão e permeação, 

internalização em células in vitro, viabilidade celular, eficiência de encapsulação e de carga (%EE, 

%DL) e bio-eficácia dos fármacos.  

 

As formulações otimizadas compostas por lípidos sólidos e líquidos, quitosano e HA 

apresentaram um tamanho médio de 256,2 ± 6,0 nm, PDI 0,386 ± 0,013, potencial-ζ -33,3 ± 0,5 mV e 

propriedades mucoadesivas. A %EE foi de 86,5± 0,9 % e de 48,4 ± 7,9 %, com um %DL de 0,135 ± 

0,009 % e 2,0 ± 0,3 % para a Curc e a CZ, respectivamente. Ambos fármacos libertaram-se das 

nanopartículas e permearam por membranas 2 h após instilação.  HyLNPs vazios e CZ-Curc-hyLNPs 

não apresentaram citotoxicidade na linha celular do epitélio pigmentar da retina humana (ARPE-19). 

CZ-Curc-HyLNPs reduziram o stress oxidativo e foram efetivos na inibição do crescimento de P. 

aeruginosa. CZ-Curc-hyLNPs foram internalizadas e sendo biocompatíveis isto potencia a sua aplicação 

no tratamento de patologias oculares. 

 

Palavas chave: Olho, Mucoadesivas, Nanopartículas, Curcumina, Ceftazidima, ARPE-19
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1. Introduction 

1.1 Current Drug Delivery for Treatment of Ocular Diseases 

 

1.1.1 State of Vision in Portugal 

The sense of vision represents one of the fundamental means for communication and interpersonal 

relationships, as well as for professional activity. In Portugal, according to the Programa Nacional para a 

Saúde da Visão 1-2, it is estimated that about half of the population suffers from impaired vision, from 

decreased visual acuity to blindness, which about 20 % of children and half of the adult population suffers 

from refractive errors and that about half of the people with blindness are of working age, however, 75 % 

of severe disorders including blindness can be treated and prevented 3. Therefore, the visual function must 

be preserved, and congenital or age-related pathologies must be diagnosed and treated in advance. 

1.1.2 Anatomy of the Eye 

The eye is a complex organ in both its anatomy and its physiology and as such the development and 

delivery of drug molecules to this organ is a challenging field of study. The eye is a specialized organ that 

focuses light and enables it to be processed and interpreted by the brain, it can be structured in two main 

segments, anterior (front of the eye) and posterior (back of the eye) 4,5 as illustrated in Figure 1.1. The 

anterior segment is a part of the eye that is anterior to the lens and includes tissues such as the cornea, pupil, 

conjunctiva, aqueous humour, lens, iris, and ciliary body 6, 7. This segment is further divided into two 

chambers connected by the opening of the pupil, the anterior chamber which is composed of everything 

between the cornea and the iris, and the posterior chamber which contains the space immediately posterior 

to the iris composed of the lens, it’s suspensory ligaments and the ciliary processes 7. The posterior segment 

is composed of the optic nerve, neural retina, retinal pigment epithelium, vitreous humour, choroid, and 

sclera 6.  

 

Figure 1.1: The anatomy of the eye. 8 (Created using BioRender). 
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1.1.3 Barriers and Protective Mechanisms of the Eye 

Drug delivery to the eye is challenging due to the eye's multiple biological mechanisms that prevent 

therapeutic systems to achieve an optimal concentration of the drug during the appropriate amount of time 

to provide a therapeutic effect at the target site 4,6,9. 

These mechanisms include lacrimation, tear dilution, tear turnover, nasolacrimal drainage, and the 

corneal epithelium, endothelium, and inner stroma 4,6,9 with the last trio being the main barriers that lower 

drug bioavailability. Such mechanisms help the organism to expel xenobiotics, however, those also include 

drugs and, as such, only 5 % of the drug applied in a topical therapy penetrates the corneal barrier due to it 

being relatively impermeable 7, 10-12. Furthermore, after it reaches the ocular tissue, the drug molecule, can 

still spill onto the lacrimal sac and into the nasolacrimal drainage in which it is absorbed into the 

bloodstream 10 leading to the systemic circulation of the drug and the potential for systemic side effects, for 

example, timolol is a therapeutic molecule used in the treatment of ocular hypertension and glaucoma as 

an eye drop, however, being a β-blocker and due to its absorption by the conjunctiva, it can have a 

deleterious effect on the heart 10, 13. 

There are two possible pathways that can be taken by drugs can still spill onto, either the corneal or the 

conjunctival routes, being the corneal route the dominant in the delivery of the majority of drugs 14,15. The 

cornea is a transparent tissue of 0.5 – 0.7 mm of thickness that protects the inner tissues of the eye, it is 

made of 5 main different layers as illustrated in figure 1.2. Of its five layers, the corneal epithelium is the 

main barrier that restricts the absorption of small and lipophilic drugs into the eye 14,15. 

  

Figure 1.2: Illustration of the anatomy of the cornea. It is made of 5 main layers with each different characteristics: 1) Epithelium; 2) 

Bowman’s membrane; 3) Stroma; 4) Descemet’s membrane and 5) Endothelium. (Adapted from Rowsey and Karamichos 2017 16). 

 Thus, there is a need for novel drug delivery systems that can increase the residence time and 

bioavailability of drug molecules in the eye, eliminating the need for formulations with a high drug 

concentration and thereby reducing systemic and local side effects 10, 17.
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1.1.4 Ocular Drug Delivery Methods 

Drug bioavailability depends, among other factors, on the route of administration into the eye, as such, 

the anatomy and physiology of the eye must be considered when designing drug delivery systems. Among the 

many possible routes for ocular drug delivery, the three main administration routes are intravitreal, periocular, 

and topical administration 18. 

Systemic administration, such as that of the ingestion of an oral formulation or intravenous injection, 

is also used due to its ease of compliance by the patients. However, the wide-body distribution of the drug, the 

gastrointestinal and the blood-retinal barriers, this last one selectively permeable to lipophilic molecules, often 

result in the need to administer large doses, a requirement to achieve a therapeutic effect which in turn leads to 

significant side effects 18,19. As such a localized administration in the eye, such as that found in the three main 

routes, is preferred. 

1.1.4.1 Intravitreal 

The current treatment of pathologies in the posterior segment of the eye requires surgical procedures 

by intravitreal injection under topical anaesthesia. Therefore the presence of an ophthalmologist is needed to 

inject the drug formulation into the vitreous chamber, there is also the need to maintain sterility and proper 

storage conditions 20,21. It is a route that allows for higher concentrations of drugs in the eye, diminishing side 

effects by systemic route, but it is not without barriers, with the inner limiting barrier, which separates the retina 

and the vitreous humour, being the primary limiting barrier to the diffusion of therapeutic drugs 19. 

Patients suffering from chronic pathologies in the posterior segment require, therefore, frequent 

invasive dosing which can lead to several side effects, including, ocular infection and/or inflammation of the 

vitreous humour, retinal detachment and damage, cataracts, among others 9, 20,21. 

Even with these side effects, being a direct administration route into the posterior segment of the eye 

and allowing higher bioavailability, the intravitreal route is a preferred delivery method into this segment 21. 

1.1.4.2 Periocular 

The periocular route involves the injection to the area immediately surrounding the eye to effectively 

bypass the barriers created by the tear film and conjunctiva for the delivery to the posterior segment, this allows 

to diminish the chances of the more severe side effects found in intravitreal injections 5,19. This type of route 

consists of five subdivisions: subconjunctival, retrobulbar, peribulbar, sub-Tenon, and posterior juxtascleral 

routes, each with their advantages and disadvantages 5,19,21.  

For example, in the subconjunctival injection, the formation of a small blister that slowly diffuses the 

drug directly to the sclera eliminates the need to transverse the conjunctival surface that limits the permeation 

of hydrophilic drugs and minimizes systemic side effects 5,22. 
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One of the many issues of the periocular route is the remaining physiological barriers needed to get an 

effective therapeutical concentration at the target site such as the sclera, choroid, retina, etc.. Moreover, injected 

therapeutical agents can still move via the anterior eye chamber to the vitreous humour, and from there, into 

systemic circulation albeit less so than the intravitreal injection 5,21. 

1.1.4.3 Topical 

Current conventional topical administration is done using eye drops, eye ointments, contact lenses, etc., 

which accounts for 90 % of the ophthalmic formulations in the market 11. Pharmaceutical formulations in the 

form of eye drops mainly target pathologies in the anterior segment of the eye, has the precorneal barriers 

(lacrimation, tear dilution, tear turnover, nasolacrimal drainage, etc.) hinder the topical formulations’ path 

through the cornea to the anterior chamber making so that only 5 % of the instilled dose reaches the target site 

and even less permeate to the posterior segment of the eye 11,22,23. 

However, although their efficacy is low, due to the several barriers present in the eye, topical 

administration avoids several adverse ocular and systemic side effects that are present in most of the invasive 

techniques like intravitreal or intravenous injections used in the treatment of posterior segment disorders 7. 

Furthermore, being applied on the surface of the cornea, topical administration bypasses the first passage 

metabolism of the drugs in the liver, and therefore, requiring less dosage than those applied in the systemic 

route 5. Furthermore, these formulations have also the advantage of the ease of administration and compliance 

of the patient 21. 

The lower permeation to the posterior segment has been addressed and novel drug delivery systems are 

in development, such as the use of polymers as permeation enhancers as a way to enhance the permeation of 

the drug into the posterior segment of the eye 21. Such an example was demonstrated by Popov et al. 2016 24 

that made use of mucus-penetrating particles, coated with Pluronic™ F127 and Poly-(vinyl alcohol) partially 

hydrolysed to enhance these nanoparticle’s mucus permeation ability showing that with certain grades of 

partially hydrolysed Poly-(vinyl alcohol) it can aid the particle’s mobility in mucus and thus allowing access to 

the posterior segment to a drug molecule. 

However, the fast clearance from the surface of the cornea still stands as a problem in topical 

administration even with the use of permeation enhancers. Thus, there is a need for novel drug delivery systems 

that can increase both the residence time and bioavailability of drug molecules in the eye, eliminating the need 

for formulations with a high concentration of active ingredients and thereby reducing side effects 10, 17. 

1.2 Nanotechnology for the Delivery of Pharmaceutical Molecules 

Nanoparticles (NPs) have shown potential to become these new delivery systems, being able to deliver 

a plethora of therapeutics, from small molecules to polypeptides and genes, as well as, improving both 

pharmacokinetics and the therapeutic index of drugs in a systemic context 17,25.  This is mainly due to their small 

size ranging from 10 to 1000 nm, high surface area to volume ratio and their capacity to conjugate with several 

molecules giving NPs functionality such as specific targeting or to deliver them as payloads which in turn makes 

these nanoscale structures a powerful tool in the field of medicine 12.
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As a topical ophthalmic delivery system, nanoparticles, ranging in size from 50 to 400 nm, provide 

several advantages when compared with current topical administration technology, some of them include: 1) 

improvement of the overall pharmacokinetics and pharmacodynamic properties of the drug molecules; 2) 

mucoadhesive properties for sustained and prolonged drug residence in the eye; 3) ability to avoid several 

physical and chemical barriers due to their characteristics; 4) Passive or ligand-mediated targeted drug delivery 

by conjugating several molecules with the nanoparticles; 5) Minimal toxic damage to cell membranes and 

cellular environment 12,25-29. A dispersion of drug-loaded nanoparticles also has the advantage of application in 

a liquid formulation, much like conventional eye drops which provides ease of application in the context of a 

topical administration as well as being patient-friendly 27. They also avoid the discomfort associated with some 

preparations that lead to blurry vision when properly administered 27 further aiding in patient compliance. 

In the last few decades, several colloidal carrier systems have been developed for ocular drug delivery 

such as liposomes 6,30-32, Solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) 33-35, 

polymeric nanoparticles 36-41 and lipid-polymer hybrid nanoparticles (hyLNPs) 42,43. These carriers are oriented 

toward achieving an improved or enhanced absorption, retention time and stability of the drug molecules 

applied to the eye. 

1.2.1 Liposomes 

Liposomes are vesicles with sizes ranging between 10 - 100 nm, that are composed of one or more 

phospholipid molecules which can rearrange themselves in concentric bilayers when in an aqueous solution 11, 

44. This unique structure enables the liposome to be a carrier of both hydrophilic and hydrophobic drugs at the 

site of action and the presence of their surface charge gives the liposome the ability to adsorb to the corneal and 

conjunctival surfaces by weak electrostatic interactions making them a suitable drug delivery system with 

positively charged liposomes preferably captured at the negatively charged corneal surface 7,11,44,45. 

Furthermore, being able to be prepared from natural and synthetic phospholipids, liposomes reveal to have 

biocompatibility and low cytotoxicity as they mimic biological membranes 36.  These characteristics attributed 

to the liposomes lead to an increase of the absorption and a possible controlled release of pharmaceutical 

formulations to the ocular surface 12. 

Cationic liposomes in specific have shown improved efficiency in ophthalmic topical delivery when 

compared with anionic liposomes due to their electrostatic interactions with the negative charges on the corneal 

surface. Law, Huang, and Chiang 2000 47 investigated the in vivo absorption of acyclovir-loaded cationic and 

anionic liposomes, incorporated with stearylamine and dicetylphosphate as the positive and negative charged 

lipids respectively. In rabbit eyes, and 2.5 h after the topical administration, the antiviral drug showed both 

greater absorption and greater concentration in the cornea when loaded into the cationic liposomes when 

compared with anionic liposomes and acyclovir in solution (1093.3 ± 279.7; 571.7 ± 105.3 and 253 ± 279.7 

ng/g respectively). The proposed reason was the higher binding strength, by electrostatic interaction, of the 

positively charged liposomes to the negatively charged corneal surface which led to the increased in-residence 

time and acyclovir absorption 47. 
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However, these drug delivery systems have several drawbacks such as the tendency to form aggregates 

and for positively liposomal aggregates to completely disintegrate on the negatively charged mucin membrane 

which gives rise to a burst release of the drug molecules in the eye, and the difficult manufacturing processes, 

low loading efficiency for hydrophobic drugs and leakage of the entrapped drug during storage observed in the 

liposomes 11,46,48.  

1.2.2 Solid Lipid Nanoparticles (SLNs) & Nanostructured Lipid Carriers (NLCs) 

SLNs and NLCs are nanoparticles prepared using various lipids such as mono-, di-, and triglycerides, 

fatty acids, and steroids from both natural and synthetic origins, and usually have a size of 50 – 1000 nm 

remaining in a solid state at body temperature and are stabilized by emulsifiers 7. These nanoparticles have the 

advantage of being able to incorporate both hydrophilic and lipophilic drugs, having a low cost for large-scale 

production and being bio-compatible, decreases the danger of acute and chronic toxicity.  

SLNs allow for the controlled release of the pharmaceutical molecule by hindering its mobility due to 

the solid-state matrixes of the nanoparticles, thus elevating bioavailability, and retention time at the ocular site 

44,49,50. However, due to the same solid-state matrix, SLNs show some disadvantages such as a limited drug 

loading efficiency inherent in the crystalline structure and an initial burst release of the drug, which hinders a 

sustained release on the ocular surface 33,51,52. 

NLCs, a second-generation SLNs, were introduced early this century to overcome these limitations. 

They are produced by the controlled addition of a liquid lipid, such as Labrasol®, Transcutol® P and Miglyol 

812®, to the solid lipid component, to accommodate a larger quantity of the drug by forming imperfections on 

the solid lipid matrix but still produce a final product with a solid structure which in turn prevents the expulsion 

of the drug molecule during storage 53,54. 

The use of NLCs for ocular drug delivery was first reported by J. Li et al. 2010 55. Fabricating NLCs 

from a combination of the solid lipids Compritol ATO®, Gelucire 44/14, and stearylamine and with the liquid 

lipids Miglyol 812®, Cremphor EL and Transcutol® P, they investigated the possible controlled release of 

ibuprofen loaded into these nanoparticles. The obtained NLCs proved to be well tolerated in rabbit eyes and it 

was observed an enhanced bioavailability of ibuprofen in the rabbit aqueous humour when compared with the 

drug in eye drops. This increase in bioavailability was concluded to the enhanced permeability provided by 

Gelucire 44/14 and Transcutol® P while stearylamine prolonged the pre-corneal retention of the drug 55. 

Therefore, all these three components contributed to an optimized formulation of an NLC for ocular drug 

delivery.  

1.2.3 Polymeric Nanoparticles 

The formulation of biodegradable and mucoadhesive polymeric nanoparticles holds significant interest 

for ophthalmic drug delivery as the core-shell structure of these nanoparticles promotes the easy encapsulation 

and higher loading of lipophilic drugs than the liposomal systems and minimizes the drainage from the ocular 

surface by interacting with the mucin present in the ocular surface enhancing contact time and increasing the 

bioavailability of the drug 17,27,56. This enhanced contact time is provided by the functional groups found in 

polysaccharides such as amino, carboxyl and hydroxyl groups that can form hydrogen bonds with the mucosa
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 in the eye as well as the combination of other weak bond interactions 17,27,56,57. Without this 

mucoadhesive characteristic, nanoparticles are eliminated from the eye almost as quickly as an aqueous solution 

due to the tear turnover but by interacting with the mucosa the retention time of the nanoparticle is prolonged 

due to the slower mucus turnover 7,17,27,56,58. Several polymers and biomaterials which are biodegradable and 

biocompatible such as poly-(lactide-co-glycolic acid), polysaccharides such as cellulose derivatives, chitosan 

(CS), and hyaluronic acid (HA), among others 7,27,58-63 are used to achieve a prolonged residence time of the 

drugs in the cornea’s surface as well as provide active targeting by using polymer moieties to allow the NPs to 

bind to specific receptors found the cells of the ocular tissue 57,64.   

1.2.3.1 Chitosan 

Chitosan (CS), a derivative of the naturally occurring polysaccharide chitin composed of randomly 

distributed monomers of D-glucosamine and N-acetyl-D-glucosamine linked by a β-(1→4) glycosidic bond, is 

an emerging biodegradable polymer for ocular drug delivery due to it being hydrolysed by lysozyme found in 

the eye 65 with several chitosan formulations being investigated 37,39,66 to overcome the rapid elimination of the 

instilled solutions and to enhance the permeation through the corneal epithelium.   

The mucoadhesive property of the CS is made possible through the presence of positive charges at 

physiological pH due to the amine groups present in its structure, this cationic nature, helps the CS to enhance 

the precorneal contact time of the drug through interaction with negatively charged molecules found in the 

mucosal surface thereby prolonging residence time of the applied nanoparticles 18,66,67.  

Chitosan is also known to, transiently, open the thigh junctions between epithelial cells found in the 

cornea, providing an enhanced permeation of hydrophilic molecules through the paracellular pathway, this 

opening is reversible with a complete recovery of the barrier function of the tight junctions without any 

detectable change in morphology of the epithelium 68-71. 

1.2.3.2 Hyaluronic Acid 

Hyaluronic Acid (HA) is a long, linear polysaccharide composed of alternating D-glucuronic acid and 

N-Acetyl-glucosamine units linked by β-(1→4) and β-(1→3) glycosidic bonds 72. Being endogenously 

synthesised in the eye, HA is widely distributed in several ophthalmic tissues including the cornea, aqueous 

humour, iris, lens, and retinal pigment epithelial cells participating in the recovery of the cornea and 

maintenance of intraocular pressure 18,72,64. 

The advantageous characteristics of HA are: first a non-covalent binding to the mucin layer of the 

cornea in which the acid groups of the polymer interact with the sialic acid present in this layer; secondly, HA 

interacts with cells and tissues through recognition of HA receptors, the most studied being the cluster-

determined 44 (CD44)  receptors that are found distributed in the corneal epithelium and endothelium, this 

recognition is followed by receptor-mediated endocytosis of the HA into the cells. This endocytosis can increase 

the uptake of ophthalmologic nano-formulations using HA as a carrier bulk while increasing the precorneal 

residence time with its bio-adhesion 43,64,72. As such, and due to its bioadhesion, biocompatibility and receptor 

recognition characteristics, HA has been found to be a suitable polymer for ocular drug delivery.



8 

Wadhwa et al. 2009 37 developed HA modified CS nanoparticles (CS-HA-NPs) loaded with timolol 

maleate and dorzolamide hydrochloride for the treatment of glaucoma, these nanoparticles showed enhanced 

mucoadhesive strength when compared with CS nanoparticles due to the interaction of HA with the CD44 

receptors present in the mucosal linings 37,73 which favours the retention of CS-HA-NPs in the ocular epithelium. 

Furthermore, they showed an effective control on the release rate of the drugs and no signs of discomfort after 

24 h on in vivo ocular irritation assays 37. Silva et al. 2020 36 successfully encapsulated the glycoprotein 

erythropoietin in CS- HA-NPs using a low molecular weight CS and eye drop grade quality HA of 300 kDa 

which showed favourable physicochemical properties for ocular delivery of the hormone including a strong 

mucoadhesive strength provided by the HA polymer of 300 kDa. 

1.2.3.3 Sodium Alginate 

Alginic acid (ALG) is a biocompatible, linear, and anionic polysaccharide and a co-polymer of α-1, 4-

L-guluronic acid (G) and β-1, 4- D-mannuronic acid (M), presenting different G/M ratio that determines its 

structure and degree of polymerization 18,38,39,74 which can affect NPs physicochemical characteristics. For 

example, it is known that a high percentage of G content results in particles with larger diameters and 

polydispersity. As such the physical properties of ALG are affected by its composition, percentage of guluronic 

acid in its polymeric chain and its molecular weight 38,74.  

The polymer is chemically versatile, varying its viscosity according to the pH values. The viscosity 

increases as the pH decreases, i.e., carboxylate groups in the alginate backbone get protonated and form 

hydrogen bonds, reaching a maximum range of pH 3 – 3.5 74. The salt sodium alginate shows bio-adhesive 

properties that offer a prolonged release of drugs at the target site due to the biding of its G residues to the 

divalent calcium ions present in the tears forming an in-situ gel in the cul-de-sac of the eye 75. Due to its 

biocompatibility, recognized lack of toxicity and relatively low cost, it has wide potential both as a traditional 

excipient and more specifically as a tool in controlled drug delivery applications 38. 

Costa et al. 2015 39 aimed to develop an alternative carrier system of an antibiotic and to enhance its 

permeation, across ocular epithelia, using the favourable biological properties of alginate and chitosan. They 

were able to produce CS-ALG nanoparticles by ionotropic gelation 76 with a drug-loaded particle size range of 

382.8 ± 7.5 to 421.2 ± 55.1 nm, well within the particle size for ophthalmologic applications, and a negative 

zeta potential generated by the sodium alginate. Furthermore, with a drug concentration of 10 µg/mL, a high 

encapsulation was obtained (91.45 ± 0.69 %). The CS-ALG nanoparticles efficiently encapsulated an antibiotic 

and preserved its antimicrobial activity against several major pathogens. 

1.2.4 Lipid-Polymer Hybrid Nanoparticles (hyLNPs) 

To explore the increased absorption observed in lipidic nanoparticles and the mucoadhesive characteristics 

of certain polymers and to overcome the disadvantages already presented, lipid-polymer hybrid nanoparticles 

(hyLNPs) have been developed. 
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The LPNs are normally comprised of two to three components illustrated in figure 1.3, which are (i) A 

lipophilic polymer core with the active agent incorporated in it with high loading yields, and (ii) a lipid layer 

that envelopes the polymer core which provides biocompatibility to the nanoparticle system and limits the 

degradation of the polymer core by reducing the diffusion of water to the core, and (iii) a hydrophilic polymer 

outer shell commonly of polyethylene glycol (PEG) that confers some degree of stealth and prolongs the LPNs 

lifetime in a systemic environment 46,56,77.  In addition, the lipid layer also acts to minimize leakage of the 

encapsulated drug and slows down the polymer degradation rate by limiting water diffusion inside the polymer 

core enabling a sustained release of the content 46. 

On the other hand, lipid core/polymer-shell hybrid nanoparticles have not been as extensively investigated 

78-80. These hyLNPs merge the advantages of a lipidic core and polymeric shell, being able to encapsulate 

hydrophobic drugs with a high encapsulation efficiency and the low biotoxicity provided by the lipids and the 

bioadhesion properties of polymers such as polymers of chitosan.  

Furthermore, these hyLNPs can be prepared by various techniques such as the high shear homogenization 

method wherein the lipid is first melted above its melting point and combined with an aqueous phase with 

surfactants pre-heated in the same water bath and at the same temperature as the lipid phase 81. Afterwards, a 

high-shear mixer homogenises the dispersion which is subsequently cooled in a cold-water bath 81. Methods 

such as this can produce a stable colloidal solution, without using toxic organic solvents and enables large-scale 

production of hyLNPs 81. 

With these favourable characteristics, hyLNPs and have the potential to become a preferable drug delivery 

system of genetic material 82, tumour growth inhibitors 83, and diagnostic imaging agents 84, for both systemic 

and topical applications. 

 

Figure 1.3: Illustration of the structure of a lipid-polymer hybrid nanoparticle with PEGylated lipids (Created using BioRender).
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Several types of polymers, methods of preparation and compositions allow hyLNPs to respond to the 

need for a non-irritating, stable and effective ocular formulation that presents long-lasting action through the 

mucoadhesion capacity of the polymer which in turn, depends on the shape and size of its chains 85-87. 

1.3 Action of Permeation Enhancers 

Even though the mucoadhesive characteristics of the hyLNPs increase the bioavailability of drug molecules 

in the mucin of the eye, when used for topical administration these nanoparticles do not cross the corneal 

epithelium, the main barrier restricting drug absorption, even with a size as small as 21 nm 14,88. 

Therefore, to further improve the therapeutic capabilities of the drug molecules, molecules that enhance 

drug permeation can be added which increase the transcorneal passage of drugs and as such, increase the amount 

of drug that reaches its action site, some examples of these molecules are shown in Table 1.1. 

Table 1.1: List of several molecules with permeation enhancement properties. 

Family of 

Agents 
Name of the agent Model Drug Main Results Reference 

Ciclodextrins 
Hydroxypropyl β-

Cyclodextrin  

Pilocarpine 

nitrate 

In Vitro permeabilization assays demonstrated four 

times increase in the permeabilization coefficient when 

compared with the free-drug solution 

89 

Chelating 

Agents 

Ethylenediaminetetraacetic 

acid  Riboflavin / 

Vitamin B2 

& Atenolol; 

Timolol; 

Levobunolol 

and 

Betaxolol 

An increase in the penetration of riboflavin into bovine 

eye tissues was observed due to the sequestration of 

Ca2+ by all three tested polyamine carboxylic acids, 

when compared to the free-drug solution. However, 

Ethylenediaminetetraacetic acid showed to reduce the 

permeability coefficient on lipophilic drugs such as β-

blockers. 

90 - 94 

Ethylenediamine-N, N'-

disuccinic acid 

Ethylene glycol-bis (β-

aminoethyl ether) -N, N, N′, 

N′-tetraacetic acid 

Bile Salts 

Sodium Glycocholate; 

Sodium Taurocholate; 

Sodium Deoxycholate (SD); 

Sodium Taurodeoxycholate; 

Sodium Ursodeoxycholate; 

Sodium 

Tauroursodeoxycholate  

Atenolol; 

Timolol; 

Levobunolol 

and 

Betaxolol 

It was observed that the bioavailability of 

polycaprolactone-pluronic™ F-68 NPs increased only 

in the anterior segment tissues of the eye (cornea, 

conjunctiva, iris, and lenses) with the bile salts sodium 

glycocholate, and taurocholate associated with NPs 

increasing the bioavailability in the cornea, iris, and 

ciliary body. For the permeation of β-blockers, atenolol 

permeation is enhanced using Taurodeoxycholate 

(0.05%) by 5.8-fold that of the permeation coefficient 

of the free drug solution. Deoxycholate (0.05%) and 

Ursodeoxycholate (0.05%) enhanced timolol 

permeation by 5.2 and 2.1-fold respectively. For the 

more lipophilic β-blocker betaxolol it was observed a 

slight increase in permeation using Deoxycholate (2.3-

fold) and Ursodeoxycholate (1.6-fold). 

92 - 94 

Crown 

Ethers 

12C4 

Riboflavin / 

Vitamin B2 

It has been shown, in in vitro studies, that crown ethers 

improve the permeability of riboflavin moderately 

when combined at a concentration of 1 mg mL -1. 

91 15C5 

18C6 
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Non-ionic 

Surfactants 

 

DL-9; Brij® 35; Brij® 78; 

Brij® 98 

Atenolol; 

Levobunolol 

Betaxolol 

and Timolol; 

For these non-ionic surfactants the permeation of drugs, 

both hydrophilic and lipophilic, increased even if 

slightly for the latter. Significantly, the 

permeabilization of Atenolol increased by 10.5x for 

Brij® 35, for Timolol its permeabilization increased by 

4.2x and 3.9x for BL-9 and Brij® 78. In the case of 

Betaxolol the permeabilization increased by 2x for Brij 

® 98. 

93, 94 

Surfactants 

Benzalkonium chloride 

Atenolol; 

Timolol; 

Levobunolol 

and 

Betaxolol 

Benzalkonium chloride at a concentration of 0.02% 

(w/w) has been shown to significantly increase the 

permeability of β-blockers, with greater permeability 

for the more hydrophilic than the lipophilic ones. For 

the former, the permeability coefficient increased about 

5.2x the value obtained in solutions with only buffer. It 

has also been shown to increase permeability of 

PCLPF68 nanoparticles in the anterior segment of the 

eye. 

91 - 95 

Cetylpyridinium chloride Penicillin 

Cetylpyridinium chloride, at 0.02%, demonstrated to 

increase the penicillin flux rate across corneas with an 

intact epithelial layer in a manner similar to that found 

for benzalkonium chloride. However, it is known that 

this reagent is highly cytotoxic causing severe irritancy 

in a dose-dependent response. 

96, 97 

Vitamin E TPGS Riboflavin 

/ Vitamin B2 
- 

The amount of riboflavin extracted from corneal tissue 

increased with the concentration of VE-TPGS until 

reaching the critical micelle concentration (CMC). 

Accumulation assays in corneas with and without the 

epithelium demonstrate that the presence of VE-TPGS 

led to a greater accumulation of riboflavin in the 

corneal epithelium. 

98 

Digitonin; Saponin; 

Aescin/Escin 

Atenolol; 

Timolol; 

Levobunolol 

and 

Betaxolol 

For the more hydrophilic β-blockers such as atenolol 

and timolol, the most significant increases in 

permeability were verified with saponin and aescin, 

with an increase of more than 10x than those observed 

in the buffer solution. In the case of Betaxolol only 

aescin produced a slight increase in permeability (1.5x). 

For Levobunolol both digitonin and saponin produced a 

permeability increase of 1.3x and 2x. 

93, 94 
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Saturated 

Fatty acids Decanoic Acid/ Capric Acid - 

The bioavailability of PCLPF68 nanoparticles 

increased in the conjunctiva when functionalized with 

capric acid due to the binding of polar groups to 

phospholipids found in the plasma membrane, thus 

increasing the permeability of drug carriers. 

92 

Polyethylene 

glycol ethers 
Polyethoxylated Castor Oil / 

Cremophor® EL 

Cyclosporin 

A & Timolol 

maleate 

For the concentrations of 10% and 20% of 

Cremophor® EL that were studied, flux values of 

cyclosporin A across the cornea were significantly 

higher for the first 16 hours of the permeability 

experience. At a higher concentration of 0.023% (w/v) 

it showed high toxicity with cell-viability of the 

controls lower than 50% and causing the detachment 

of the membrane of the artificial rabbit corneal 

epithelium and in a lower concentration, 0.01% (w/v), 

no permeation enhancement was observed. 

94, 95, 99 

Cell-

Penetrating 

Peptides 

Penetratin; Transactivating 

transcriptional activator; 

Low molecular weight 

protamine; Poly(arginine)8  

- 

The apparent permeation coefficients of penetratin, 

Transactivating transcriptional activator, protamine, 

and Poly(arginine)8 were of 87.5x,31.8x,17.6x,16.3x 

respectively comparing to the negative control of 

poly(serine)8-Lys-FAM. The fluorophore labelled cell-

penetrating peptides permitted to follow their 

distribution in frozen sections of rabbit cornea. Intense 

and non-specifically distributed green fluorescence 

was densely localized in the cornea’s epithelium and 

sparsely so in the corneal stroma. The penetratin group 

showed a stronger fluorescence signal followed by 

Transactivating transcriptional activator, protamine, 

and Poly(arginine)8. Hydration values obtained from 

ex vivo rabbit cornea of all of the cell-penetrating 

peptides tested, showed that there is almost no 

cytotoxicity in ex vivo rabbit’s corneal tissue. 

100 

 

This enhanced permeation is obtained through the modification of the corneal epithelium integrity, such 

as the sequestering of Ca2+ caused by chelating agents like EDTA 90-94 and cyclodextrins 89, that lead to the 

loosening of the thigh junctions between the cells that keep corneal epithelium integrity and promotes the 

paracellular transport of drugs through the cornea.  As such, the presence of the polymer in hyLNPs in 

conjunction with the permeation enhancing molecules, such as, the ones presented in table 1.1 can overcome 

the ocular barriers and improve bioavailability in the several segments of the eye. 

1.4 Objectives 

The present work aimed at the development of an innovative hybrid nanoparticulate system composed 

of a lipid core/polymer shell that could take advantage of the high encapsulation efficiency and stability 

presented by NLCs and the enhanced permeation and residence time in the cornea and active targeting provided 

by polymers such as CS and HA respectively, to encapsulate and adsorb two drug molecules, curcumin, and 

ceftazidime respectively. 

Curcumin (Curc) is isolated from the rhizome of Curcuma longa. It is a low-molecular-weight 

polyphenol and being a lipophilic molecule, it can pass through the cellular membrane easily 101,102. It has been 

found to attenuate pathways related to the pathology of several ophthalmic disorders 103,104, such as the 

scavenging of ROS created by mitochondrial-mediated oxidative stress 105,106 and the downregulation of several 

enzymes responsible for inflammatory responses such as COX-2 and LOX 107 and the suppression of TNF-α 
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synthesis and several other proinflammatory cytokines such as interleukins released during the process 

of inflammation 108. However, despite the therapeutic potential of Curc, several challenges have limited its 

clinical applications, including a fast metabolism in the body and rapid degradation in solution 101, but mainly 

its poor solubility in aqueous buffers at neutral pH 109 and therefore low bioavailability when applied in topical 

administration to the eye. To improve such characteristics the hybrid nanoparticles developed in this work 

present cores composed of either solid lipid matrixes such as SLNs or liquid lipid matrixes such as NLCs, which 

can be used to provide a hydrophobic pocket for the poorly soluble drug allowing it to persist in a stable colloidal 

solution and enhance transport across biological barriers.  

Ceftazidime (CZ) is a third-generation cephalosporin that, due to the presence of a β-lactam ring, 

inhibits penicillin-binding proteins preventing the synthesis of a cell wall on the part of gram-positive and gram-

negative bacteria 110-112. However, CZ quickly degrades in aqueous solutions resulting in the opening of the β-

lactam ring, and so, commercially manufactured eye drops containing CZ are not available which makes the 

intravenous or intramuscular delivery methods the only available for the treatment of pathologies with bacterial 

origin such as infectious keratitis provoked by the gram-negative bacillus Pseudomonas aeruginosa 110,113. 

The key points of this project were: 

1. Production of different formulations of hyLNPs with NLCs as the core and a polymer shell. 

2. Physicochemical characterization of the hyLNPs. 

3. Stability assays under storage conditions. 

4. Evaluation of encapsulation and adsorption efficiency of Curc and CZ respectively. 

5. Evaluation of hyLNPs’ cytotoxicity. 

6. Evaluation of Curc-loaded hyLNPs anti-oxidation properties. 

7. Mucoadhesive properties of CS and HA in the context of hyLNPs. 

8. HyLNPs Uptake (quantitative and qualitative) in ARPE-19 cells. 

9. Evaluation of drug release by the hyLNPs. 

10. Evaluation of the antibiotic activity of CZ-loaded hyLNPs. 
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2. Experimental Section 

 

2.1 Materials 

Pluronic™ F-68 non-ionic surfactant, low molecular weight chitosan (LMW CS, 100 kDa, 92 % 

deacetylation)and stearylamine/octadecylamine (> 99 %) were obtained from Sigma-Aldrich Inc. (U.K), 

Glyceryl distearate/Precirol® Ato 5 was a kind offer from Gattefossé company (France), laboratory grade 

sodium hyaluronate from the brand PrimalHyalTM with an average molecular weight of 50 kDa and 300 kDa 

from Soliance and an eye drop grade Hyaluronic Acid with an average molecular weight of 300 kDa from 

Shandong Topscience Biotech co. ltd, were a kind offer from Inquiaroma (Barcelona, Spain). Code names were 

attributed to the hyaluronic acids: HA50 = 50 kDa, HA300 = 300 kDa, HAEye = 300 kDa eye grade, low 

viscosity sodium alginate at 37%M|63%G and 60%M|40%G were purchased from IMCD, Ltd. and sodium 

alginate copolymer (laboratory grade reagent) was purchased from Sigma-Aldrich, Inc. (U.K).  Cetrimonium 

Bromide (CTAB) cationic surfactant was purchased from Alfa Aesar, the bile salt sodium deoxycholate (SD) 

was purchased from PanReac AppliChem, and sodium cholate (SC) was purchased from Sigma-Aldrich, Inc. 

(U.K). The solid lipids Compritol® 888 Ato, Geleol®, Cetyl Palmitate and Gelucire® 48/16 were a kind gift from 

Gattefossé, Tripalmitin was obtained from Sigma-Aldrich Inc. (U.K) and Imwitor® 491 and 988 were purchased 

from IOI Oleo GmbH. The liquid lipids Labrafac™ lipophile WL 1349, Labrasol® and Labrasol® ALF, 

Transcutol® HP and P were a kind gift from Gattefossé, Miglyol 810N® and Miglyol 812® were purchased from 

IOI Oleo GmbH. Curcumin from Curcuma longa (Turmeric) was purchased from Sigma-Aldrich, Inc. (U.K.) 

and Ceftazidime was offered by Combino Pharm Portugal, mucin type II from porcine stomach was purchased 

from Sigma-Aldrich, Inc (U.K.). Tryptic soy broth and tryptic soy agar were obtained from Biokar (Panti, 

France). Pseudomonas aeruginosa (ATCC® 9027), and ARPE-19 (ATCC® CRL-2302™) cells were obtained 

from the American Type Cell Culture collection (Manassas, VA, USA). Cell culture media and supplements 

were from Gibco (ThermoFisher Scientific, Paisley, UK). Purified water was of Milli-Rx quality (Merck 

Millipore, Germany). All other reagents and solvents were of the purest grade available and generally were 

used without further treatment.
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2.2 Methods 

 

2.2.1 Formulation and Characterization of Lipid-polymer Hybrid Nanoparticles 

 

2.2.1.1 Hot High Shear Homogenization (HHSH) 

The formulation of solid lipid nanoparticles was made using glyceryl distearate/Precirol® Ato 5 

at 0.05 % (w/v) as the lipid phase and Pluronic™ F-68 (PF68) as a non-ionic surfactant (aqueous phase) 

at 0.1% (w/v), for the nanostructured lipid carriers, these were produced similar to SLNs with the liquid 

lipid, Transcutol® P, being added to the lipid phase to create empty nanoparticles. Additionally, 

curcumin, at concentrations of 10, 25, 50 and 100 µg/mL, was loaded in conjunction with the lipid phase 

from a stock solution of 20 mg/mL of Curc in Transcutol® P.  

To produce the hybrid nanoparticles, Low molecular weight CS in different concentrations (0.5, 

0.2, 0.1, 0.05 and 0.01 mg/mL) was added to the aqueous phase. Furthermore, three different permeation 

enhancers were also separately added to the aqueous phase in conjunction with the LMW CS, namely, 

CTAB at 0.01% (w/v) and 0.005% (w/v), SD at 0.5 % (w/v) and SC at 1.0, 0.5 and 0.05 % (w/v). 

Table 2.1: Tested conditions for the formulation of SLNs and NLCs using the HHSH technique. 

 

All formulations were produced via the HHSH technique as previously described by Gaspar et 

al. 2016 114. Briefly, the lipid phase was melted in a hot bath (Avantor® VWB series), at a temperature 

10 ºC above the melting point of the solid lipid, and the pre-prepared surfactant solution was heated to 

the same temperature. Homogenization was performed for 5 min using a Silverson L5M high-shear 

homogenizer equipped with the all-purpose disintegrating head (Silverson Machines, UK) at the 

nominal maximum speed of 8000 rpm (Figure 2.1). The hyLNPs containing the cationic polymer CS 

were obtained after cooling the emulsion, in an ice bath.

Lipid Phase 
PF68  

(% w/v) 

CS LMW 

(mg/mL) 

Curcumin 

(µg/mL) 

CTAB 

(% w/v) 

SD  

(% w/v) 

SC  

(% w/v) 

Precirol® Ato 5 

0.0 - - - 0.5 0.5, 1.0 

0.1 
0.5, 0.2, 0.1, 

0.05, 0.01 
- 0.01, 0.005 0.5 0.5, 1.0 

Precirol® Ato 5 + 

Transcutol® P 

0.1 0.05 - - - 0.5 

0.1 0.05 
0.0, 10, 25, 

50, 100 
- - - 
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Figure 2.1: Representation of the shearing action by the Silverson L5M. (Adapted from 

https://www.silverson.com/us/products/laboratory-mixers/, consulted on July 1 of 2022). 

2.2.1.2 Surface Modification 

HyLNPs containing the anionic polymers HA and ALG and the antibiotic CZ were produced 

via adsorption. Briefly, to a previously produced hyLNP suspension, either HA or ALG is incorporated 

into the hyLNPs surface alongside CZ at 5.0 or 2.5 mg/mL under magnetic stirring. The polymers differ 

in molecular weight and ratio of the residues, respectively for HA and ALG, and at two different 

concentrations, each, 0.1 and 0.04 % (w/v). Each formulation, with differing parameters, was produced 

in triplicate for further characterization and testing. 

2.2.1.3 Physicochemical Characterization 

 

2.2.1.3.1 Particle Size 

The mean hydrodynamic diameter of the hyLNP suspension 115 was measured by Dynamic Light 

Scattering (DLS) on the day after its production using a Zetasizer Nano S (Malvern Instruments, UK). 

For each formulation produced three measurements were performed with the results expressed as the 

mean ± standard deviation (SD) nm and polydispersity index (PDI) as mean ± SD. 

2.2.1.3.2 Zeta Potential 

Zeta potential (ζP) was determined by the electrophoretic mobility of the nanoparticles in an 

electrophoretic cell 115 (Figure 2.2). using Zetasizer Nano Z (Malvern Instruments, UK). For each 

formulation produced three measurements were performed with the results expressed in millivolts (mean 

± SD mV). As with the particle size and (PDI), ζP was measured on the day after the nanoparticles’ 

production and after 1 month as part of the stability assays. 

https://www.silverson.com/us/products/laboratory-mixers/


 18 

 

Figure 2.2: Schematic representation of the electrophoretic cell. Adapted from Zetasizer Nano Series User (2013) 115. 

2.2.1.3.3 Stability Assays 

The stability of the hyLNPs in suspension was studied after 1 month of their production in terms 

of their mean hydrodynamic diameter, PDI and ζP. All formulations were kept in storage under 4 ºC and 

protected from light.  

2.2.2 Encapsulation/Adsorption Efficiency and Drug Loading 

The encapsulation efficiency (%EE) and drug loading (%DL) of Curc inside the lipid core were 

determined by an indirect and direct ultracentrifugation method 116, 117. Firstly, for the indirect method, 

1mL of Curc-loaded NLCs in suspension was ultracentrifuged for 1 h at 30000 xg at 4 ºC in an Allegra 

64R Benchtop Centrifuge (Beckman Coulter), 200 µL of the supernatant was then collected and placed 

in a 96 well microplate for the determination of %EE and %DL of Curc by fluorescence (λexcitation = 485 

nm; λemission= 520 nm) using a microplate reader (FLUOstar Omega, BMG LabTech, Germany) all 

assessments were made in triplicate at. For the direct method, the resulting pellet of the indirect method 

was resuspended in 500 µL of acetonitrile (ACN) and centrifuged for 5 min at 13500 rpm after vortex 

mixing. Similarly, 200 µL of the resulting supernatant was then collected and placed in a 96-well 

microplate for the determination of %EE and %DL of the lipophilic drug. For every formulation, three 

samples were produced, and every sample was measured in triplicate. 

The adsorption efficiency (%AE) and %DL of CZ adsorbed to the hyLNPs were determined by 

the indirect method using an ultra-filtration technique 116. Briefly, solutions containing CZ-loaded 

hyLNPs were dosed up to centricons with a cut-off of 300 kDa and ultra-filtered at 15 000 xg for 15 min 

after which any aggregate found was resuspended and the sample was again ultra-filtered at 15 000 xg 

for 15 min. The resulting filtrated solution was then collected and placed in a 96-well microplate in 

triplicate for the determination of %AE and %DL of the hydrophilic drug using UV-Vis at λCZ=310 nm.
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The %EE (for the direct and indirect methods respectively) as well as the %AE and %DL were 

calculated using the following equations: 

                                          𝐸𝐸/𝐴𝐸(%)  =
(𝑊𝑡−𝑊𝑓)

𝑊𝑡
× 100 ..............................................  (1) 

                                                       𝐷𝐿 (%) =
(𝑊𝑡−𝑊𝑓)

𝑊𝑛𝑝
× 100 ................................................  (2) 

Where Wt is the total amount of the drug used, Wf is the amount of free drug detected in the 

supernatant after ultra-filtration or ultracentrifugation and Wnp is the weight of the nanoparticles. 

2.2.3 In Vitro Studies 

2.2.3.1 Mucoadhesion Studies 

The interaction between mucin type II from porcine stomach and hyLNPs was measured using 

zeta potential measurements as described previously by B. Silva et al. 2020 17. Briefly, several samples 

with mucin (2 mg/mL) in a 1:1 ratio with different formulations were tested for their electrophoretic 

mobility after the incubation with mucin, in addition, the mucin dispersion in water was also measured. 

2.2.3.2 Drug Permeation Studies 

Drug permeation was investigated using Franz-type diffusion cells with polyvinylidene 

difluoride (PVDF) membranes separating the donor and receptor phases. The receptor phase was filled 

with approximately 4 mL of 10 mM phosphate buffer at pH 7.4 (PBS) in a 1:1 ratio with ethanol (EtOH). 

The donor phase was filled with 1 mL of each of the following formulations: Empty hyNPs (n=1) and 

Curc-CZ loaded hyLNPs (Curc-CZ-hyLNPs) (n=8). 

Franz cells were incubated at 36 ºC with magnetic stirring at 300 rpm. At the predefined time, 

intervals, throughout 6 h, a 200 µL sample of the receptor solution was collected for the determination 

of the drug released by the hyLNPs through the donor phase and it was replaced by an equal volume of 

fresh buffer solution at the same temperature.  

All permeation studies were done using four Franz diffusion cells per formulation and were 

performed under sink conditions. Samples were analysed in a microplate reader by UV-

spectrophotometry (λCZ= 310 nm) and fluorescence (λexcitation= 485 nm; λemission= 520 nm) for the 

determination of CZ and Curc’s permeation respectively.  

The percentage of the cumulative amount of the drugs permeated through the membrane 

(%µg/cm2) was determined using equation (3): 

                                       %𝑄𝑡 =
𝑉𝑟×𝐶𝑡+∑ 𝑉𝑠

𝑡−1
𝑡=0 ×𝐶𝑖

𝑆
×

100

𝑚𝐶𝑍
 ............................................  (3)
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 where Vr is the volume of the receptor solution, Ct is the CZ concentration in the receptor 

solution at any given sampling time (t), Vs is the volume of the sample and Ci is the concentration at 

each sampling time. The S value is the membrane area, 1 cm2. mCZ corresponds to the weight of CZ (µg) 

for a 200 µL sample.  

2.2.3.3 Cell Uptake of HyLNP 

2.2.3.3.1 Quantitative Uptake Assessment 

To assess the association between drug-loaded hyLNPs and cells, the curcumin encapsulated 

into the lipidic core was used as the fluorophore. Firstly, on the day prior to the experiment, ARPE-19 

(human retinal pigment epithelia cell line, ATCC® CRL-2302TM) cells were seeded in a sterile flat 

bottom 96-well tissue culture plates (Greiner, Germany), in RPMI 1640 culture medium, supplemented 

with 10% foetal bovine serum, 100 U/mL of penicillin G, 100 µg/mL of streptomycin sulphate and 2 

mM of L-glutamine (Gibco, Thermo Fisher, UK), at a cell density of 2 ×105 cells/mL and 10 µL per 

well. The cells were incubated overnight at 37 ºC and 5 % CO2. 

 On the next day, the culture medium was removed and replaced with a medium containing 

different amounts of Curc-loaded NLCs (Curc-NLCs), Curc-loaded hybrid nanoparticles (Curc-

hyLNPs) and CZ-Curc-loaded hybrid nanoparticles (Curc-CZ-hyLNPs) (n=8) to a final nanoparticle 

concentration of 100, 50, 25 and 12.5 µg/mL. 

 Fluorescence measurements for Curc were performed for the 96-well plate immediately after 

the addition of the samples. After a 2 h incubation, the 96 well plate was washed in 2 washing steps with 

250 µL of 10 mM PBS + 20 mM glycerine at pH 7.4. Afterwards, the PBS solution was removed, and 

cells were lysed with 100 µL of 1 % Triton X-100 and fluorescence measurements were made to 

determine the amount of cell-associated hyLNPs.  

2.2.3.3.2 Fluorescence Microscopy 

ARPE-19 cell cultures were performed at the same conditions as described in the quantitative 

uptake assessment. Cells were grown on the surface of sterile glass slides (Greiner, Germany) on a 24-

well plate. After a 2 h incubation with hyLNPs, cells were rinsed 3 times with 10 mM PBS + 20 mM 

glycerine at pH 7.4. Afterwards, the cells were fixed for 15 min at room temperature and protected from 

light with 4 % (w/v) paraformaldehyde (Sigma-Aldrich, UK).  

The cells were then rinsed 3 times with 10 mM PBS + 20 mM glycerine at pH 7.4 and 

permeabilized with 0.1 % Triton X-100 for 4 min and rinsed again. Afterwards, a 6.6 µM phalloidin-

TRITC solution (Life Technologies) in PBS was added to the cells for 30 min at room temperature. 

After the cells were newly rinsed with 10 mM PBS + 20 mM glycerine at pH 7.4, air dried and the cell 

slides mounted in fluorescent mounting medium ProLong® Gold antifade reagent with 4’-6-diamidine-

2’-phenylindole dihydrochloride (DAPI) (Life Technologies, UK).
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Fluorescence was observed and recorded on an Axioscop 40 fluorescence microscope (Carl 

Zeiss, Germany), equipped with an Axiocam HRc camera (Carl Zeiss, Germany). The AxioVision Rel. 

4.8.1 software (Carl Zeiss, Germany) was used to process the images. 

2.2.3.4 Cell Viability Studies 

Cytotoxicity of the different formulations was assessed using an ARPE-19 cell line, using a 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay to evaluate cell 

viability 118 after 24 h of incubation of the cell line with the different tested formulations of hyLNPs. 

Firstly, on the day prior to the experiment, ARPE-19 cells were grown in a 96-well plate at the 

same density as in the quantitative cell uptake assessment and incubated in the same conditions. On the 

experiment day, the culture medium was replaced by fresh medium and hyLNPs were added to a final 

concentration of 500 µg/mL with each sample tested in 8 wells per plate. Additionally, cells were also 

incubated with PF68 and culture medium (negative controls), and as the positive control, sodium 

dodecyl sulphate (SDS) at 0.1 mg/mL and free curcumin at 50 µg/mL were added. Afterwards, an MTT 

reduction assay was performed, by replacing the medium with one containing 0.25 mg/mL of MTT and 

incubating the cells for 3 h. To solubilize the intracellular formazan crystals formed, the medium was 

carefully removed and 100 µL of DMSO was added, and after 15 min the absorbance at 570 nm was 

measured in the microplate reader (FLUOstar Omega, BMG LabTech, Germany). Cell viability (%) 

relative to the culture medium was calculated using equation 4: 

                                         𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝑆𝑎𝑚𝑝𝑙𝑒𝐴𝑏𝑠

𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝐴𝑏𝑠
× 100 .........................................  (4) 

Where SampleAbs is the observed absorbance obtained for the cells incubated with hyLNPs and 

ControlAbs is the observed absorbance for cells incubated in culture medium. 

2.2.3.5 Activity Assays 

2.2.3.5.1 Antioxidant Activity of Curc-Loaded NPs 

The intracellular reactive oxygen species (ROS) production by chemical induction was used to 

evaluate the antioxidant effect of curcumin-loaded hyLNPs according to a previously published 

procedure 17. Briefly, the same treatment as the one in the in vitro cell viability studies was given to the 

ARPE-19 cell culture on the day prior to the experiment.  

After 24h incubation the culture medium was replaced by fresh medium and the fluorescence 

probe 2’,7’ dicholorofluoresceindiacetate (H2DCFDA, ThermoFisher Scientific, Paisley, UK) was 

added to the wells to a final concentration of 20 µM followed by incubation for 1h. Afterwards, the fresh 

culture medium was added alongside the formulations of NLCs with different Curc concentrations (10, 

25, 50 and 100 µg/mL) and empty NLCs (negative control) were added in six replicates (10 µL/well) 

with the wells incubated with H2O2 and culture medium being a positive control. 
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After the cells were incubated for 1h with the samples tested, hydrogen peroxide (H2O2) was 

added to a final concentration of 500µM to generate reactive oxygen species and after a 2 h incubation 

period, fluorescence was measured at λexcitation=485 nm and λemission=520 nm, using a microplate reader 

(FLUOstar Omega, BMG LabTech, Germany). Data collected is expressed as a percentage of reduction 

of ROS using the following equation: 

                                          𝑅𝑂𝑆 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) = 100 − (
𝑆𝑎𝑚𝑝𝑙𝑒_𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒

𝐶𝑜𝑛𝑡𝑟𝑜𝑙_𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒
× 100) ..................... (5) 

2.2.3.5.2 Determination of Antimicrobial Activity of CZ 

 

 The antimicrobial activity of CZ-loaded hyLNPs against CZ in solution was assessed by the 

microtiter plate antibacterial assay adapted from a method previously described 119 and according to the 

guidelines of Clinical and Laboratory Standards Institute by broth microdilution method 120. Briefly, a 

bacterial culture of P. aeruginosa was prepared in a tryptic-casein soy broth (TBS). After 24h of 

incubation, the optical density (OD) of P. aeruginosa was recorded at 600 nm, and various dilutions 

were made with aseptic techniques until the OD was between 0.5 and 1.0. The dilution factor was 

obtained after the dilution was carried out to achieve a 5 × 105 CFU/mL concentration.  

In this study, the antimicrobial effect of hyLNPs with two differing loaded concentrations of 

CZ, 2.5 and 5 mg/mL, and loaded with Curc, were tested alongside free CZ. 

A sterile 96-well plate was prepared under aseptic conditions. The last column was filled with 

100 µL of TBS as the negative control. All the other wells were filled with 50 µL of TBS, as well as the 

second to last column which was filled with 50 µL P. aeruginosa as the positive control. Afterwards, 

the samples were loaded in the wells and subjected to serial dilutions. Finally, the bacterial suspension 

was added to each well to achieve the concentration previously mentioned. The plate was then incubated 

at 37 ± 1 ºC overnight.  

A vital dye Alamar Blue was added to all wells in the plate and incubated for 3 h. The visual 

colour change from blue to pink was assessed as positive for bacterial growth and the first concentration 

with no detectable growth was taken as the minimum inhibitory concentration (MIC) value. To confirm 

the visual results, the wells’ fluorescence intensity was measured in a microplate spectrophotometer 

reader (FLUOstar Omega. BMGLabtech, Ortenberg, Germany). 

2.2.4 Statistical Data Analysis 

The data were expressed as the mean and standard deviation (mean ± SD) of each experiment. 

Statistical analysis of the experimental data was performed using a one-way analysis of the variance 

(one-way ANOVA) and the significance of the differences between groups was assessed by Kruskal-

Wallis multiple comparison test (GraphPad PRISM 9 software, La Jolla, CA, USA) assuming p < 0.05.



 23 

3. Results 

 
3.1 Formulation and Physicochemical Characterization of HyLNPs 

 

3.1.1 Formulation of HyLNPs 

In the present work, all hyLNPs formulations were prepared by HHSH using the solid lipid 

Precirol® Ato 5 at 0.05 % (w/v) as the lipid phase and the surfactant PF68 at 0.1 % (w/v) as the aqueous 

phase in which the polymers were dissolved. This simple, rapid method of nanoparticle production 

makes use of the high-speed rotation of a stationary rotor to shear the melted lipid solution into the 

aqueous surfactant solution. As such, this method does not require the use of organic solvents to dissolve 

the lipid phase found in other methods such as the solvent evaporation technique.  

3.1.1.1 Effects of Different Polymers in HyLNPs’ Characteristics 

 

3.1.1.1.1 Chitosan 

The incorporation of a low molecular weight CS (LMW CS), in hyLNP was studied by 

adsorption to the surface of the lipid cores and by incorporation of CS into the aqueous surfactant 

solution at 0.01, 0.05, 0.1, 0.2 and 0.5 mg/mL. 

The results obtained with the CS incorporated into the surfactant solution are presented in figure 

3.1. An expected increase in size was observed as the concentration of CS increased for all 

concentrations except 0.01 mg/mL which showed to produce nanoparticles with a higher mean size of 

478.2 ± 18.3 nm, this increase (0.01 < p < 0.05) could be attributed to insufficient amount of the cationic 

polymer to coat the anionic lipidic core as justified by the low anionic charge found in this formulation 

of -13.8 ± 0.3 mV. At the concentration of 0.01 mg/mL, LMW CS does not provide that stabilization 

leading to the formation of nanoparticles with increased size.  

The wide values of PDI for 0.5CS (0.001< p < 0.01) corroborate with the higher-sized SLN 

observed in these formulations most likely indicating an ongoing aggregation. 

The concentration of 0.05 mg/mL of CS incorporated showed no significant changes (p ≥ 0.05) 

to both size and PDI when compared to the control formulation with a mean size of 178.8 ± 1.9 nm.
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Figure 3.1:  Influence of LMW CS concentration on SLNs’ physicochemical properties, produced by HHSH. Results in terms 

of size (nm), PDI and ζP (mV) (mean ±SD, n=9), (* 0.01 < p < 0.05, ** 0.001 < p < 0.01, *** 0.0001 < p < 0.001, **** p < 

0.0001). 

 As expected, the ζP values increase with CS concentration, however, no significant (p ≥ 0.05) 

changes were found between the two lowest concentrations of polymer, with the lowest ζP observed in 

0.05CS formulations, however even with the smaller ζP of + 12.5 ± 0.5 mV it was observed that this 

concentration of LMW CS was enough to overcome the aggregation of the SLNs resulting in smaller 

nanoparticles of 178.8 ± 1.9 nm and a small PDI value 0.242 ± 0.007. 

 The results referring to LMW CS’s adsorption onto the SLNs’ surface (according to section 

2.2.1.2) are represented in Figure 3.2. Similarly, to CS incorporated into the surfactant solution, higher 

concentrations of the polymer adsorbed in the surface lead to bigger sizes of nanoparticles with SLNs 

at 0.05 mg/mL CS showing to produce the smallest size of 198.9 ± 3.5 nm with no significant changes 

(p ≥ 0.05) of PDI compared to the lipidic cores (0CS).
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Figure 3.2: Influence of LMW CS’s concentration adsorbed on to SLNs’ surface on their physicochemical properties, produced 

by HHSH. Results in terms of size (nm), PDI and ζP (mV) (mean ±SD, n=9), (* 0.01 < p < 0.05, ** 0.001 < p < 0.01, *** 

0.0001 < p < 0.001, **** p < 0.0001). 

It was observed that in all formulations the ζP was positive, indicating a successful adsorption 

of the cationic polymer onto SLNs’ surface. 

 Considering the results presented for both LMW CS incorporated or adsorbed, the polymer at 

0.05 mg/mL showed the most promise, presenting smaller size nanoparticles when incorporated into the 

surfactant solution or adsorbed. The use of LMW CS incorporated in the surfactant solution was chosen 

for further studies allowing the adsorption of a secondary, anionic polymer with compelling 

characteristics for ocular drug delivery such as HA and ALG. 

3.1.1.1.2 Hyaluronic Acid 

In this work HA of molecular weights of 50 and 300 kDa (HA50, HA300 and HAEye) at the 

concentrations of 0.04 % (w/v) and 0.1 % (w/v) were firstly adsorbed onto the surface of SLNs made 

up of the solid lipid Precirol®, surfactant PF68 and the cationic lipid stearylamine (according to section 

2.2.1.2), this last one added to allow the adsorption of the anionic polymer (0HA). The results for the 

influence of HA on the NPs’ physicochemical characteristics are presented in figure 3.3. 
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Figure 3.3: Influence of HA’s concentration and molecular weight adsorbed on to SLNs’ surface on their physicochemical 

properties. Results in terms of size (nm), PDI and ζP (mV) (mean ±SD, n=9), (* 0.01 < p < 0.05, ** 0.001 < p < 0.01, *** 

0.0001 < p < 0.001, **** p < 0.0001). SLNs with the added stearylamine were made the control.  

 It was observed no significant (p ≥ 0.05) difference in the sizes of the nanoparticles due to the 

absorption of hyaluronic acid when compared with the control nanoparticles to any of the formulations 

tested except the formulation made up of eye drop grade hyaluronic acid (HAEye) at 0.1% (w/v) which 

presented higher sized nanoparticles at 323.5 ± 15.9 nm with a high polydispersity index of 0.760 ± 

0.077. Furthermore, through the changes in ζP of the positive surface charge, of the control nanoparticles 

to a negative surface charge it was observed that in all formulations HA was able to be adsorbed.  

With these results it was decided that eye drop grade HA at 0.04 % (w/v) could integrate the 

final, optimized formulation of the hyLNPs system as it showed to produce nanoparticles with small 

sizes of 183.0 ± 3.0 nm and PDI of 0.390 ± 0.028 and a ζP of – 19.2 ± 0.9 mV.
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3.1.1.1.3 Sodium Alginate 

Another polymer studied was Alginate of three different types at two concentrations [0.1 % 

(w/v) and 0.04 % (w/v)] differing from each other on the ratio of the monomers that constitute them, 

37%M|63%G, 60%M|40%G and Low viscosity ALG (LV) due to their anionic nature, these polymers 

were adsorbed on to the surface of SLN (precirol®, surfactant PF68 and stearylamine). The results of 

nanoparticles properties in terms of size, PDI and zeta ζP obtained in the assays of adsorption of ALG 

are shown in Figure 3.4 

 

Figure 3.4: Influence of ALG’s concentration and monomer ratios composition adsorbed on to SLNs’ surface on their 

physicochemical properties. Results in terms of size (nm), PDI and ζP (mV) (mean ±SD, n=9), (* 0.01 < p < 0.05, ** 0.001 < 

p < 0.01, *** 0.0001 < p < 0.001, **** p < 0.0001). SLNs with stearylamine were used as control. 

 Through the ζP, it can be concluded that in all formulations the polymer is present at the SLN’s 

surface as it is observed a predominantly net negative surface charge when compared to the SLN’s 

positive surface charge with no polymer adsorbed (0Alg). 

 At the lower concentrations, the ratio of M/G residues that compose ALG showed to produce 

no significant (p ≥ 0.05) changes in the SLN’s size as well as the formulation of 37%M|63%G at 0.1% 

(w/v) when compared with the stearylamime-SLNs. On the other hand, the formulation with ALG 

60%M|40%G at 0.1 % (w/v) showed to produce nanoparticles with bigger sizes (0.0001 <p< 0.001) and 

PDI (0.001 <p< 0.01). 
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 The formulation with ALG composition of 37%M|63%G at 0.04 % (w/v) showed to result in a 

small size NPs of 164.3 ± 3.1 nm and a small polydispersity index of 0.314 ± 0.011 with a ζP suitable 

for ocular delivery of - 26.2 ± 1.2 mV, however, and although sodium alginate formulations presented 

good characteristics similar to those of the hyaluronic acid, they showed low stability at 4 ºC and where 

therefore discarded from further studies. 

3.1.1.2 Effects of Permeation Enhancers in SLNs’ Characteristics 

 In this work, the chosen permeation enhancers (PE) were the bile salts sodium deoxycholate (SD) 

and sodium cholate (SC). SD was tested both alone and being a co-surfactant of PF68 at a concentration 

of 0.5 % (w/v) and SC was tested in the same conditions with two concentrations of 1.0 % (w/v) and 0.5 

% (w/v). The results of nanoparticles properties in terms of size, PDI and zeta potential obtained are 

shown in Figure 3.5. 

 

Figure 3.5: Influence of the bile salts sodium deoxycholate and sodium cholate as surfactant or as a co-surfactant in SLNs’ 

physicochemical properties. Results in terms of size (nm), PDI and ζP (mV) (mean ±SD, n=9), (* 0.01 < p < 0.05, ** 0.001 < 

p < 0.01, *** 0.0001 < p < 0.001, **** p < 0.0001).  Control formulations were produced using PF68 as the surfactant and 

precirol® as the lipidic phase (SLN). 

It was observed, extremely significant changes in ζP (p < 0.0001) in all formulations with surface 

charges between – 62.0 and – 54.0 mV among the tested formulations produced with both SC and SD 

(Figure 3.6).
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The nanoparticles produced with SC 0.5% (w/v) as surfactant resulted in no significant differences 

(p ≥ 0.05) in terms of the SLNs’ size and PDI (408.8 ± 20.6 nm, 0.535 ± 0.054) when compared with 

those produced with PF68 (SLN). 

All other formulations with the PEs as surfactants produced nanoparticles with significantly higher 

sizes than the control formulations, exceeding 1000 nm as observed in the formulation of SC 1.0 % 

(w/v) and SD 0.5 % (w/v) (p < 0.0001) in Figure 3.5. 

 

Figure 3.6: Chemical structure of the bile salts used as co-surfactants. 

On the other hand, as a co-surfactant with PF68, bile salts show to be effective in stabilizing the 

lipidic phase with the best results shown in the formulation with SC at 0.5 % (w/v) as the co-surfactant, 

producing nanoparticles of 149.7 ± 4.3 nm, and PDI of 0.367 ± 0.014. This formulation was chosen for 

further studies, with SC as the permeation enhancer for the SLNs produced in this work. 

 

3.1.2 Formulation Optimization 

With all the components tested for their individual influence on SLNs’ physicochemical 

characteristics the next step was to optimize the formulations to be able to efficiently encapsulate the 

hydrophobic antioxidant Curcumin (Curc) inside the lipidic matrix of the SLN core and the adsorption 

of a hydrophilic antibiotic, Ceftazidime (CZ), on to the polymeric shell, while maintaining the hyLNPs, 

physicochemical, mucoadhesive and permeation enhancing properties. 

3.1.2.1 Curcumin Solubilization 

The solubility of Curc was studied in different solid and liquid lipids and the results are 

presented in table 3.1. Curc demonstrates low solubility in all the different solid lipids tested except 

Imwitor® 988, however, the high amount of lipid required to solubilize Curc, led to it being discarded 

alongside all solid lipids as lone solubilizers. For liquid lipids, both Trascutol® P and HP showed to be 

good solubilizers for Curc at a lower needed volume.
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Table 3.1: Solubility of Curcumin in different lipidic phases. 

Lipid  
Final Amount of Lipid Curc weighted Precipitate  

(g) (g) (Yes/No) 

Precirol® Ato 5 0.300 0.0104 Y 

Compritol® 888 Ato 0.300 0.0100 Y 

Geleol® 0.300 0.0101 Y 

Cetyl Palmitate 0.300 0.0103 Y 

Tripalmitin 0.300 0.0104 Y 

Imwitor® 491 0.300 0.0101 Y 

Imwitor® 988 0.800 0.0108 N 

Gelucire® 48/16 0.300 0.0105 N 

  Final Volume added (µL) (g)   

Labafrac™ WL1349 300 0.0103 Y 

Labrasol® 300 0.0108 N 

Larasol® ALF 300 0.0106 N 

Transcutol® HP 200 0.0210 N 

Transcutol® P 200 0.0208 N 

Miglyol 810N® 300 0.0106 Y 

Miglyol 812® 300 0.0104 Y 

 

From this data the nanoparticles need to incorporate a liquid lipid to efficiently carry out the 

Curc molecule, thus the new hyLNPs comprise two lipids, Precirol® and Transcutol® P at 0.05 % (w/v). 

Therefore, it was necessary to assess the physicochemical characteristics of the new NLCs produced 

using the same methods as described in section 2.2.1. The results presented in table 3.2 showed no 

significant differences in terms of (p ≥ 0.05) size, PDI and ζP between both types of lipidic nanoparticles. 

Table 3.2: Physicochemical characteristics of nanostructured lipid carriers (NLCs) in comparison with solid lipid nanoparticles 

(SLNs). Results in terms of size (nm), PDI and ζP (mV) (mean ±SD, n=9). 

Formulation Size (nm) PDI ζP (mV) 

SLN + 0.5%SC 149.7 ± 4.3 0.367 ± 0.014 -58.2± 1.0 

NLC + 0.5%SC 152.1 ± 1.4 0.344 ± 0.007 -51.8±1.4 

 

As such NLCs made up of Precirol® and Transcutol® P were used in further testing as the liquid 

lipid proved to solubilize Curc. 

3.1.2.2 Sodium Cholate & Chitosan Interaction 

The incorporation of CS at 0.05 mg/mL to the NLCs core with two concentrations of the 

permeation enhancer SC were tested, 0.05 % (w/v) and 0.5 % (w/v). Production and testing of the 

physicochemical characteristics of the resulting formulations were done as previously described in 

section 2.2.1 with both SC and CS in the aqueous surfactant solution. The results of the formed 

nanoparticles are shown in figure 3.7.
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Figure 3.7: Influence of SC and CS on NLCs’ on size (nm), PDI and ζP (mV) of NLCs (mean ±SD, n=9), (* 0.01 < p < 0.05, 

** 0.001 < p < 0.01, *** 0.0001 < p < 0.001, **** p < 0.0001). 

At first observation, the addition of 0.5 % (w/v) of SC showed no significant changes (p ≥ 0.05) 

to the nanoparticles’ size and ζP with a very significant change (0.001 < p < 0.01) in PDI when compared 

to the control formulations (Empty NLC), however, at this concentration of bile salt all formulations 

exhibited low stability at 4 ºC thus, another concentration of SC was tested. At a concentration of 0.05 

% (w/v) it was observed the aggregation of the nanoparticles. 

As such, new formulations were produced as described in section 2.2.1 with SC at the initial 

concentration of 0.5 % (w/v) in the aqueous solution, followed by the removal of excess SC done using 

disposable PD-10 desalting columns (GE Healthcare, US) containing Sephadex ™ G-25 Medium and 

following a gravity protocol 121 and followed by the adsorption of CS at 0.05 mg/mL on to NLC’s surface 

(Purified + 0.05CS). It was observed that the removal of the excess in the bile salt from the aqueous 

solution and posterior adsorption of the polymer did not prevent nanoparticles’ aggregation. 

Thus, the addition of bile salts as PE for topical ocular delivery was not considered for further 

studies.
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3.1.2.3 Optimized Carrier of HyLNPs 

Discarding the use of bile salts as permeation enhancers, the final formulation chosen to be the 

carrier of both Curc and CZ was composed of the solid lipid Precirol® and the liquid lipid Transcutol® 

P as the lipidic phase and the surfactant PF68 as the aqueous solution with a low molecular weight 

chitosan 0.05 mg/mL followed by the adsorption of an eye grade hyaluronic acid (300 kDa) on to the 

NLCs’ surface at a concentration of 0.04 % (w/v) forming the empty Lipid-Polymer Hybrid 

Nanoparticles. 

Table 3.3: Physicochemical characteristics of the lipidic core (Empty NLC), with CS incorporated in the aqueous solution 

(NLC + 0.05CS) and the final optimized formulation of the empty hyLNPs with HAEye at 0.04% adsorbed at the surface 

(hyLNPs). Results in terms of size (nm), PDI and ζP (mV) (mean ±SD, n = 9). 

Formulation Size (nm) PDI ζP (mV) 

Empty NLC 148.3 ± 2.3 0.239 ± 0.015 - 23.2 ± 1.8 

NLC + 0.05CS 217.8 ± 5.4 0.251 ± 0.014 + 17.1 ± 0.4 

hyLNP 241.4 ± 3.3 0.282 ± 0.006 - 26.6 ± 1.2 

 

3.2 Encapsulation/Adsorption Efficiency and Drug Loading 

The next step was the encapsulation of Curc inside the lipidic core and the adsorption of CZ 

onto the surface of the hyLNPs and the determination of the %EE and %AE respectively and %DL for 

both drugs. 

3.2.1 Curcumin Encapsulation 

3.2.1.1 Characterization of Curc-loaded NLC 

The encapsulation of Curcumin (0, 10, 25, 50, and 100 µg/mL) was tested, by its addition to the 

lipidic phase. After the production of the Curc-loaded NLCs with CS incorporated the characteristics of 

the nanoparticles were assessed as previously described. The results are shown in figure 3.8. 

It was observed that the presence of encapsulated Curc have no significant (p ≥ 0.05) impact on 

the nanoparticles’ size in all concentrations except 100 µg/mL which produced slightly bigger (0.0001 

< p) nanoparticles (270.2 ± 8.0 nm), the lowest size recorded was of 205.0 ± 3.1 nm for [Curc]Total = 25 

µg/mL.  

The surface of the nanoparticles with Curc were all positively charged being the values 

significantly different from empty nanoparticles with the exception of the lowest tested concentration 

of curcumin.



 33 

 

Figure 3.8: Effect of Curc encapsulation at different concentrations in the physicochemical characteristics of the lipidic core 

with CS incorporated in the aqueous solution. Results in terms of size (nm), PDI and ζP (mV) (mean ±SD, n = 9), (* 0.01 < p 

< 0.05, ** 0.001 < p < 0.01, *** 0.0001 < p < 0.001, **** p < 0.0001). 

3.2.1.2 Encapsulation Efficiency and Drug Loading of Curc 

To determine the %EE and %DL of Curc in the different formulations, a calibration curve 

(Figure 3.10) for the Cur dissolved in dimethyl sulfoxide (DMSO) was obtained measuring the 

fluorescence at the wavelengths λexcitation =485 nm; λemission=520 nm using Curc concentrations between 

31.3 and 1 µg/mL. The UV-Vis spectrum of Curc is shown in figure 3.9. 

 

Figure 3.9: Curcumin in DMSO UV-Vis spectrum, in descending concentrations of 31.3, 15.6, 7.8, 3.9, 2.0 and 1.0 µg/mL. 

When dissolved in DMSO Curc presents an absorbance peak at 435 nm.
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Both fluorescence and UV-Vis measurements were tested to determine Curc %EE and %DL in 

two ultracentrifugation methods indirect and direct and using the calibration curve presented in Figure 

3.10 to determine the amount of Curc encapsulated in the lipidic matrixes. 

 

Figure 3.10: Calibration curve of Curcumin in DMSO through fluorescence measurements. 

The concentration encapsulated, the encapsulation efficiency (%EE) and drug loading (%DL) 

of Curc in the lipidic matrix are presented in table 3.4. 

Table 3.4: Amount of Curc encapsulated at different concentrations and the encapsulation efficiency and drug loading in the 

NLCs (mean ±SD, n = 3). Due to the high coefficient of variation (CV ≥ 20 %) found in the measurements for the formulation 

25Curc its results were discarded. 

[Curc]Total (µg/mL) [Curc]Encapsulated (µg/mL) %EECurc %DLCurc 

100 27.52 ± 2.76 86.2 ± 1.4 0.275 ± 0.028 

50 13.54 ± 0.89 86.5 ± 0.9 0.135 ± 0.009 

10 2.87 ± 0.15 85.7 ± 0.8 0.029 ± 0.002 

0 0 0 0 

 

Both formulations 50Curc-NLC and 100Curc-NLC showed to have the highest %EE, for the 

last formulation the concentration of Curc encapsulated was low when compared to the total amount of 

Curc in solution upon the formation of the nanoparticles. As such the formulation with [Curc]Total = 50 

µg/mL was chosen to proceed with the adsorption of HAEye (0.04 %) and CZ as well as further tests. 

3.2.2 Ceftazidime Adsorption 

3.2.2.1 Characterization of CZ-loaded HyLNP 

The adsorption of 0.04 % (w/v) of HAEye containing CZ in two different concentrations (5 and 

2.5 mg/mL) was evaluated. Data from the properties of Curc-loaded and empty NLCs are shown in 

figure 3.11.



 35 

ζP changes to negative values in the presence of HAEye and the presence of CZ did not 

significantly change (p ≥ 0.05) the surface charge of the hyLNPs in all tested formulations. 

The addition of CZ in both concentrations did not significantly change (p ≥ 0.05) the size when 

compared with empty hyLNPs. However, the size is significantly (0.01< p < 0.05) different when 

HAEye and CZ were adsorbed to Curc-loaded nanoparticles with mean sizes of 524.0 ± 117.9 nm and 

537.1 ± 38.8 nm for the formulations 50Curc-5Ceftz-hyLNP and 50Curc-2.5Ceftz-hyLNP, respectively.  

It can be observed for the concentration of CZ at 5 mg/ml both CZ-Curc-loaded and CZ-loaded 

hyLNPs’ size distribution showed no significant changes (p ≥ 0.05) when compared with empty 

hyLNPs. 

 

Figure 3.11: Effect of CZ adsorption at with the concentrations of 5 and 2.5 mg/mL in the physicochemical characteristics of 

Curc-loaded and empty hyLNPs. Results in terms of size (nm), PDI and ζP (mV) (mean ±SD, n = 9), (* 0.01 < p < 0.05, ** 

0.001 < p < 0.01). 

As such a secondary formulation was produced using the same batch of HAEye and the same 

methods with CZ adsorbed at 5 mg/mL (Figure 3.12). This secondary formulation showed to produce 

hyLNPs with significantly smaller sizes (p < 0.0001) when compared with the empty formulations 

(256.2 ± 6.0 nm) without significant (p ≥ 0.05) difference in the surface charge or the size distribution 

of the hyLNPs. As such this formulation was used for further tests.
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Figure 3.12: Effect of CZ adsorption at with the concentrations of 5 mg/mL in the physicochemical characteristics of Curc-

loaded hyLNPs. Results in terms of size (nm), PDI and ζP (mV) (mean ±SD, n = 9), (** 0.001 < p < 0.01, **** p < 0.0001). 

The preparation of CZ-loaded hyLNPs has successfully produced nanoparticles with the 

targeted characteristics for topical eye administration, successfully adsorbing HAEye at 0.04 % (w/v) 

without much variation in the size and PDI and maintaining the stability of the colloidal solution.  

3.2.2.2 Adsorption Efficiency and Drug Loading of CZ 

In order to determine the %AE and %DL of CZ in the different formulations, a calibration curve 

(Figure 3.13) for the CZ in an aqueous solution was determined at λCZ = 310 nm and used to determine 

the concentration of adsorbed CZ in the hyLNPs. The UV-Vis spectrum of CZ is also shown in figure 

3.13. 

To determine CZ’s %AE and %DL, empty and loaded hyLNPs were subjected to ultrafiltration 

using membranes with a cut-off of 300 kDa which allowed the separation of CZ free in solution from 

the CZ adsorbed to hyLNPs’ surface and the determination of %AE without the interference of the 

empty hyLNP.  
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Figure 3.13: CZ’s UV-Vis spectrum in aqueous solution (left) and calibration curve for CZ in aqueous solution (right), in 

descending concentrations of 125.0, 62.5, 31.3, 15.6, 7.8, 3.9, 2.0, 1.0 mg/mL  

The concentration of Curc encapsulated, the concentration of CZ adsorbed, the adsorption 

efficiency (%AE) and drug loading (%DL) of CZ in the surface of hyLNPs are presented in table 3.5. 

Table 3.5: Amount of CZ adsorbed at 5 mg/mL, the adsorption efficiency and drug loading in the hyLNPs (mean ±SD, n = 

3).  

[Curc]Total (µg/mL) 
[CZ]Total 

(mg/mL) 

[CZ]adsorbed  

(µg/mL) 
%AECZ %DLCZ 

50 5 201.8 ± 47.0 48.4 ± 7.9 2.0 ± 0.3 

0 5 253.6 ± 8.0 58.5 ± 1.3 2.4 ± 0.1 

 

It was observed that at 5 mg/mL CZ can be found to efficiently adsorb to the hyLNPs’ surface 

with an efficiency above 50 % and a drug loading of ≥ 2.0 %. For the formulations with CZ at 2.5 

mg/mL, the absorbance measurements were inconclusive due to the lack of adequate replicates of this 

formulation to determine the [CZ]adsorbed even after several ultrafiltration and ultracentrifugation cycles 

and considering λCZ
max = 256 nm. 

It can be concluded that the adsorption of CZ to Cur-loaded hyLNPs was successful for the 

formulation with the higher CZ concentration. As such this formulation was chosen for the following in 

vitro studies. 

3.3 In Vitro Studies 

3.3.1 Mucoadhesion Studies 

The mucoadhesive characteristics of HAEye and CS were tested through the changes in 

electrophoretic mobility of the hyLNPs due to the interaction of the polymers with mucins found in the 

tear fluid. In this work mucin type II from the porcine stomach was used as a model of the mucins. 

In an aqueous solution (Figure 3.14) mucin-type II presented anionic behaviour with a mean ζP 

of -15.8 ± 0.8 mV. As expected, in an aqueous solution the incorporation of CS in the lipidic core 

subverts 
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the anionic charge of the lipids used, and the following adsorption of HAEye returns the anionic 

characteristics of the hyLNPs. 

 

Figure 3.14: Surface charge of the several formulations produced in this work in aqueous solution. Mucin type II at 2 mg /mL 

in aqueous solution was used as the control solution (Mucin), in a 1:1 volume ratio. 

The ζP of NPs mixed with mucin-type II solution (Figure 3.15) was significantly different (p < 

0.0001) from nanoparticles without mucin for the 50Curc-NLC formulation.  

 

Figure 3.15: Surface charge of different formulations mixed with mucin type II at 2 mg/mL, (* 0.01 < p < 0.05, ** 0.001 < p 

< 0.01, *** 0.0001 < p < 0.001). 

No significant differences in ζP (p ≥ 0.05) were observed between the CZ-Curc-loaded hyLNP 

in water and when incubated with mucin (Figure 3.16).
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Figure 3.16: Surface charge changes between the several hyLNPs produced in aqueous solution (X-Water) and when incubated 

with Mucin, (*** 0.0001 < p < 0.001, **** p < 0.0001). 

3.3.2 Drug Permeation Studies 

The permeation of Curc and CZ from the formulations was evaluated using Franz-type diffusion 

cells with polyvinylidene difluoride (PVDF) membranes. Data from the permeation through membranes 

over time is presented in Figure 3.17 for the 50Curc-5CZ-hyLNP formulation, with approximately 60 

% of CZ permeating in the first hour and completely permeated within the 2 hours of the study. Curc on 

the other hand presented a more sustained permeation with 40 % permeating within the first hour and 

complete permeation was reached in the second hour.   

 

Figure 3.17: Cumulative permeation profile of CZ (□) adsorbed on to hyLNPs’ surface and encapsulated Curc (◊) in 10 mM 

PBS pH 7.4 in a 1:1 ratio with EtOH through PVDF membranes at 37 ºC (mean ± SD, n=8).
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3.3.3 Cell Uptake of HyLNP 

The cellular uptake of Curc-loaded NLCs, Curc-loaded hyLNPs and Curc-CZ-hyLNPs by the 

ARPE-19 cell line was observed by fluorescence microscopy. For that cells were stained with different 

fluorophores for nuclei (DAPI-blue), plasma membrane (Phalloidin-red) and Curcumin (Nanoparticles-

green), the results are shown in Figure 3.18. 
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Figure 3.18: Drug loaded NLC and hyLNPs’ cellular uptake in ARPE-19 cell line observed under confocal microscopy. 

Fluorescence microscopy images using 100x amplification. The blue and yellow stains represent the nuclei and plasma 

membranes of the cells, respectively. Curcumin loaded nanoparticles are represented in green. In the last column a merge of 

the images is presented. 

All formulations, as shown from pictures in figure 3.18, with nanoparticles loaded with either 

Curc and CZ or just Curc were able to be internalized by ARPE-19 cells.
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A further quantitative uptake assay was done using four different concentrations of the 3 

formulations tested in the fluorescence microscopy (Figure 3.19). It can be observed that the association 

of the nanoparticles to the cells is concentration dependent, however, no significant differences (p ≥ 

0.05) were found between the different formulations tested at the same concentrations except at 100 

µg/mL of the total amount of nanoparticles in which very significant differences (0.001 < p < 0.01) were 

observed upon the addition of HA of 300 kDa to the formulations with a higher amount of nanoparticles 

associated to the cells for the formulations 50Curc-hyLNPs and 50Curc-5CZ-hyLNPs. 

 

Figure 3.19: Quantification of nanoparticle uptake by fluorescence. The cells were exposed to Curc loaded nanoparticles and 

to hyLNPs with and without being loaded with CZ. The nanoparticles’ concentrations tested were of 12.5, 25, 50 and 100 

µg/mL (mean ±SD, n = 8). 

3.3.4 Cell Viability Studies 

The potential cytotoxicity of both empty hyLNPs and drug loaded hyLNPs was assessed using 

the MTT reduction assay to evaluate the cell viability of the ARPE-19 cell line, after the incubation of 

the different formulations at 500 µg/mL (Figure 3.20).  

Results show that, although a significant (0.01< p < 0.05) decrease in cell viability was observed 

for some of the formulations differing in Curc concentration (Figure 3.20, A), for the final chosen Curc 

concentration of 50 µg/mL, no significant (p ≥ 0.05) cytotoxicity (61.4 ± 6.8 % of cell viability) was 

observed when compared with the culture’s medium.  
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Figure 3.20: Cell viability of ARPE-19 cell line after exposed for 24h (mean ± SD, n=6) to 500 µg/mL of Curc-loaded NLCs 

(A) and hyLNPs (B). Dashed lines represent a cell viability of 70%. (* 0.01 < p < 0.05, ** 0.001 < p < 0.01, *** 0.0001 < p < 

0.001, **** p < 0.0001). 

It was observed that upon HA adsorption the formulations showed a very significant difference 

in cell viability (0.001 < p < 0.01) when compared to the culture medium.  

3.3.5 Activity Assays 

 

3.3.5.1 Antioxidant Activity of Curc-Loaded NPs 

The ability of Cur-loaded NLCs to reduce the intracellular oxidative stress in ARPE-19 cells 

was followed using H2DCFDA fluorescence. The results showed (Figure 3.21) that all Curc 

concentrations tested, present a significant reduction in the %ROS (0.01 < p < 0.05) after 24 h of 

exposure when compared with the control culture medium.  

The highest % ROS reduction was obtained in the 50Curc-NLC and 100Curc-NLC formulations 

at 60.4 ± 2.6 % and 58.4 ± 4.8 %, respectively, when compared with the negative control culture 

medium.
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Figure 3.21: Percentage of the reduction in production of reactive oxygen species. ARPE-19 cells were exposed for 24h to 

Curc-loaded NLCs with differing concentrations of the antioxidant (10, 25, 50 and 100 µg/mL) (mean ± SD, n= 18), (* 0.01 < 

p < 0.05, **** p < 0.0001). Oxidative stress was induced by adding 500 µM of H2O2 and it was used as the negative control 

(Medium). 

3.3.5.2 Determination of Antimicrobial Activity of CZ 

The susceptibility of P. aeruginosa to CZ free in solution or adsorbed to the hyLNPs was 

assessed by the microtiter plate antibacterial assay (Tabel 3.7). The minimum inhibitory concentration 

determined for CZ-loaded hyLNPs was found to be a lower concentration of 1.42 µg/mL for both tested 

formulations with and without Curc. 

Table 3.6: Antimicrobial activity of free CZ, Curc-CZ loaded hyLNPs, and CZ loaded hyLNPs (P. aeruginosa) 

(Mean ± SD, n=4). 

Formulation 
Minimum inhibitory  

Concentration (MIC) (µg/mL) 

Free CZ 1.95 

Curc-CZ loaded hyLNPs 1.42 

CZ loaded hyLNPs 1.42 
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4. Discussion 

The design and development of a novel lipid core/polymer shell hybrid nanoparticle system with 

dual mucoadhesive and permeation enhancing properties aiming to interact with the mucosal barrier in 

the ocular tissues is described in the present work. Lipid-polymer hybrid nanoparticles, a merge of 

advantages of a lipidic core and polymeric shell, are becoming promising carriers for the delivery of 

drugs by topical application as they encapsulate drug molecules with a high encapsulation efficiency 

and the low cytotoxicity provided by the lipids and the mucoadhesive properties of polymers combined 

with their inherent small particle size can increase ocular bioavailability and permeation of the drugs in 

ocular tissue. 

4.1 Formulation and Physicochemical Characteristics of HyLNPs 

The chosen lipids and surfactants used in the formulation of SLNs and NLCs can alter their 

physicochemical properties, as such, the optimization of the formulation of the SLNs and NLCs is 

important for drug delivery. 

Solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) provide several 

advantages to drug delivery to ocular tissues, including good biocompatibility, low cost of production 

and easy scale up and high drug loading efficiency 53,122. The selection of PF68 as a surfactant and 

Precirol® as the lipid phase, in previous studies 123, showed to produce nanoparticles with adequate size, 

PDI and zeta potential for ocular delivery. 

Alongside the selection of its constituents, lipidic nanoparticles can be produced using different 

formulation techniques such as sonification, solvent evaporation and hot high-shear homogenization 

which have a direct effect on the nanoparticles’ size and PDI 124, with higher rotations producing smaller 

size particles and smaller PDI 123. In the present work, all hyLNPs formulations were prepared by HHSH, 

as it allowed the production of nanoparticles with both size and polydispersity index in the range 

adequate for its application 36, the modulation of these parameters can be done by changing the rate and 

the time of homogenization. Furthermore, this method is free of organic solvent which allows for 

improved production and safety in the development of hyLNPs. As such, HHSH was the preferred 

method in hyLNPs’ production in this work 123. 

4.1.1 Formulation of HyLNPs 

4.1.1.1 The Effect of Polymers  

The addition of natural polymers such as CS, ALG and HA to the lipidic core, incorporated in 

the surfactant solution or adsorbed at its surface is a promising strategy for ocular drug delivery as they 

can enhance ocular penetration and drug bioavailability through their mucoadhesive characteristics 27,56. 
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Chitosan is a biodegradable polymer which presents strong mucoadhesive properties due to its 

polycationic nature that allows it to interact with the mostly anionic ocular surface through hydrogen 

and ionic bonding 37. Additionally, CS is a permeation enhancer being able to transiently open the tight 

junctions between epithelial cells 125.   

The incorporation of this polymer into the lipidic core showed that the modulation of the 

nanoparticle’s size is concentration dependent with up to 0.05 mg/mL CS in the aqueous phase (Figure 

3.1). With this concentration and using the HHSH method for the production of the nanoparticles, it 

allows for the production of a suitable nanoparticulate system with size and PDI for ocular drug delivery 

in line with data presented previously in the literature 17,126. LMW CS helped to reduce the size and PDI 

of the nanoparticles when compared with CS with a higher molecular weight 127. 

At a lower concentration, the addition of CS led to an apparent aggregation that can be justified 

by the low ζP in these formulations (Figure 3.1), the values in the range of - 20 mV to + 20 mV 

considered those which provide stable colloidal formulations 115. With the incorporation by adsorption 

(Figure 3.2) of CS in the formulation, it is also observed that size is a function of the polymer 

concentration dependency but resulting in higher values (> 190 nm) than those obtained by the 

incorporation of 0.05 mg/mL of chitosan in the aqueous phase. 

As such the best compromise was observed when the chitosan at 0.05 mg/mL is integrated into 

the aqueous phase with the surfactant PF68 at 0.1 % during the production step of the lipidic cores. 

The biocompatible HA is a promising excipient for ocular delivery due to the mucoadhesive 

properties of the D-glucuronic acid monomers which bind to the sialic acid present in the mucins of the 

eye. Furthermore, the specific and reversible binding to cellular receptors in the corneal epithelium such 

as the CD44 receptor would allow nanoparticles, with HA adsorbed in their surface, to be internalized 

via endocytosis 64. These properties depend, among other factors, on the molecular weight of HA and of 

pH of the solutions 73. In this work, the size and PDI characteristics of the NPs did not seem to be 

influenced by the tested HA’s molecular weights (50 and 300 kDa) when compared with the control 

formulations (p ≥ 0.05) (Figure 3.3). These results are corroborated with previous studies as Silva et al. 

2020 36 found that the molecular weight of HA in EPOβ loaded CS/HA nanoparticles did not seem to 

increase or decrease the size of the PDI of the nanoparticles.  

The choice of ophthalmologic grade hyaluronic acid with the molecular weight of 300 kDa over 

the 50 kDa was therefore made due to the increase in the number of binding moieties to the CD44 

receptors with the increase of the MW of the polymer 73, in turn, increasing the internalization of HA 

coated nanoparticles in the cells of the cornea epithelium.
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 The sodium salt of alginic acid is a biocompatible and bioadhesive co-polymer whose adhesive 

properties vary depending on the M/G ratio of its residues in which the α-1, 4-L-guluronic acid residues 

provide this characteristic through weak electrostatic interactions with calcium ions present in the tear 

solution 38,75.  

 In this work, it was observed that at lower concentrations the different M/G composition of ALG 

in the aqueous solution did not show to influence the nanoparticle’s size and PDI (Figure 3.4) when 

compared with the stearylamine-SLNs (p ≥ 0.05) producing nanoparticles with good characteristics 

(164.3 ± 3.1 nm, 0.314 ± 0.011).  

 The higher size and PDI observed in the formulation with ALG 60%M|40%G at 0.1 % (w/v) 

can be explained by the high content of the α-1,4-L-guluronic acid (G) residue, this is known to result 

in particles with larger size and PDI 128, however, including the ratio, molecular weight of the polymer 

also affects the nanoparticles’ size which could explain the bigger nanoparticles produced with a higher 

M/G ratio of the formulation 60%M|40%G at 0.1% (w/v). 

4.1.1.2 The Effect of Permeation Enhancers  

Although mucoadhesive polymers such as chitosan, hyaluronic acid and alginic acid enhance 

the retention time of the drug carrier in the cornea epithelium and conjunctiva, a second alternative to 

enhance the bioavailability is the use of permeation enhancers (PE) 92. Bile salts are known to increase 

drug permeability by disrupting cell-cell junction and allowing the permeability of drugs via the 

paracellular route 129. In this work, the bile salts SC and SD were tested for their influence on the lipid 

cores’ physicochemical characteristics as sole surfactants and co-surfactants with PF68.  

In this work SC at 1.0 % (w/v) and SD at 0.5 % (w/v) as sole surfactants were unable to provide 

enough stabilization for the lipid cores leading to the formation of higher sized nanoparticles (Figure 

3.5).  This could be due to the small-sized polar carboxylate anion (COO-) and hydroxyl (OH) groups 

found in bile salts’ chemical structure (Figure 3.6) which although give them amphiphilic propriety 

shown to be ineffective as sole stabilizer agents for lipidic nanoparticles formulation 130, 131. Previous 

studies made by Talele, Sahu, and Mishra 2018 132 using the same bile salts, found that the variation in 

concentration can yield SLNs with the particle size of 200 – 800 nm range with an increase in bile salt 

concentration leading to an increase in SLNs’ size due to intermolecular interaction of the hydroxyl 

groups of the bile salts on to the SLNs’ surface causing their coalescence. 

Interestingly SC at 0.5 % (w/v) as the sole surfactant on the other hand was in line with previous 

studies 132 producing SLNs with appropriated sizes intended for nanoparticular systems (Figure 3.5) and, 

presenting no significant differences (p ≥0.05) in size when compared with SLNs within the suitable 

range of 50 – 400 nm for topical ocular delivery 29,36.
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When added with PF68, bile salts showed no significant changes to the mean size of the 

produced nanoparticles (p ≥ 0.05) with the formulations presenting the sizes of 351.5 ± 7.8, 149.7 ± 4.3 

and 325.2 ± 29.8 nm for SD 0.5 % (w/v), SC 0.5 % (w/v) and SC 1.0 % (w/v) respectively (Figure 3.5). 

It can be observed that similarly with formulations with SC as the sole surfactant as a co-surfactant, 

nanoparticles’ size seems to be dependent on the bile salt’s concentration, furthermore, comparing SD 

and SC at 0.5 % (w/v), the latter when in combination with PF68 showed to produce similar sized 

nanoparticles as the control formulations. As such this formulation was chosen for further studies, with 

SC as the permeation enhancer for the SLNs produced in this work. 

4.1.2 Formulation Optimization 

Having tested the components for their individual influence on SLNs’ physicochemical 

characteristics the proceeding optimization steps were taken to efficiently encapsulate Curc in the SLNs’ 

cores and adsorb CZ onto the polymeric shell while maintaining the hyLNPs’ size, PDI and ζP 

appropriated to ocular drug delivery 29,132 as well as their mucoadhesive and permeation enhancing 

properties. 

 Firstly, the solubility of Curc in the lipidic core was tested. Since Curc’s water solubility under 

acidic and neutral pH conditions is relatively low (0.6 µg/mL) 133, it can be a limiting factor for this 

molecule’s therapeutic potential. As such, its encapsulation into lipidic cores would further aid in its 

bioavailability and allow Curc to become a viable therapeutic agent for the treatment of ocular diseases. 

Since the size of the lipidic cores is dependent on the lipid concentration in the organic phase 134 it is of 

interest that Curc can be easily dissolved in the least lipid concentration.  

Curc demonstrated low solubility in all the different solid lipids tested except Imwitor® 988, a 

partial ester of caprylic acid and glycerol used in topical preparations 135, however, the high amount of 

lipid required to solubilize Curc would lead to nanoparticles with bigger sizes 134 and was, therefore, 

improper for topical eye delivery and, as such, this lipid was discarded alongside all solid lipids. 

The results (Table 3.1) show that Curc has low solubility in most of the solid lipids and high 

solubility in the liquid lipids, with Trascutol® P being chosen due to it being able to solubilize the highest 

amount of Curcumin with the lowest amount of lipid needed. 

 The resulting NLCs were able to maintain physicochemical characteristics (Table 3.2) similar 

to those found in SLNs appropriated for ocular drug delivery 132. 
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Upon the addition of chitosan in the aqueous solution with the bile salt, NLCs showed to 

precipitate in solution even with the formulations showing high anionic ζP which would indicate a stable 

colloidal solution (Figure 3.7). Therefore, the formation of the precipitates couldn’t be due to low 

electrostatic interaction between the nanoparticles in solution nor the critical micellar concentration of  

SC was reached, a value which is around 11–18 mM 136 in aqueous solution, as such, the precipitates 

could have appeared due to the possible excess of SC interacting with CS forming and CS-SC complexes 

137 during the cooling step of the HHSH method through the electrostatic interaction of the carboxyl 

group of the bile salt and the primary amine group (pKa  6,5) present in the polymer 138,139. Successful 

integration of bile salts in CS nanoparticles has been previously described by Hashem et al. 2019 137 

developing gene-loaded CS-SD nanoparticles with mean particle sizes from 96.5 ± 11.3 to 405.0 ± 46.4 

nm. 

As such, and since CS has itself been described to present permeation enhancing characteristics 

by, opening tight junctions between epithelial cells 70, the further use of bile salts as permeation 

enhancers was discarded in this work. 

The final optimized formulations, therefore, were formed with a lipidic core with an irregular 

matrix able to encapsulate lipophilic drug molecules such as Cur and a polymeric permeation enhancer 

incorporated in the nanoparticles, these NLCs presented small mean size of 217.8 ± 5.4 nm and a small 

PDI of 0.251 ± 0.014 and a mean positive surface charge of + 17.1 ± 0.4 mV (Table 3.3) originating 

from the cationic amine groups of CS 18,66,67. Despite formulating SLN and not NLCs, Sandri et al. 2010 

140 presented similar results in CS-Precirol® SNLs produced by high shear homogenization, showing 

sizes between 200 to 290 nm and higher PDI while using higher concentrations of CS than those 

presented in this work although with a higher PDI than that achieved in this work. 

The subsequent adsorption of HAEye (300 kDa) to the lipidic cores slightly increased the size 

from 217.8 ± 5.4 nm to 241.4 ± 3.3 nm and an expected negative surface charge of - 26.6 ± 1.2 mV 

(Table 3.3), the adsorption of HA to the NLCs’ surface can be mainly attributed to the hydrogen bonds 

and electrostatic interactions between the oppositely charged CS and HA.  

Although using a strictly polymeric nanoparticulate system of CS/TPP/HA, B. Silva et al. 2020 

36 demonstrated similar results in the size and PDI characteristics in formulations with a 1:1 ratio of 

LMW CS/HAEye, however, in this work a shift in ζP from positive to negative upon the addition of the 

anionic polymer was observed which was not observed by B. Silva et al. 2020 36, this shift is important 

as it can be an indicator of successful adsorption of HAEye to the NLCs’ surface. 
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4.2  Encapsulation/Adsorption Efficiency and Drug Loading 

4.2.1 Curcumin Encapsulation 

Due to its lipophilic nature, Curc was chosen to be the model lipophilic drug to be encapsulated 

inside the lipidic matrix. As such, in this work, the molecule was added to the lipidic phase in several 

different concentrations in order to test their potential to alter the physicochemical characteristics of the 

NLCs. It was observed that the encapsulation of Curc in NLCs did not significantly impact the size at 

the smaller Curc concentrations maintaining it between 200 – 270 nm nor it had a significant impact on 

the PDI of the lipid cores (Figure 3.8). These results are in line with previous reports by, Sun et al. 2013 

117, reporting the successful formulation of Curc-loaded NLCs presenting small particle sizes and a 

narrow particle size distribution.  

On dilution in DMSO, Curc presented an absorbance peak at 435 nm (Figure 3.9), comparable 

with previous values reported 141. Spectroscopic determination of Curc concentration was done initially 

by UV-Vis spectroscopy and fluorescence spectroscopy, however, owing to the latter’s increased 

sensibility and specificity as well as due to the low concentrations of Curc used in this work, 

fluorescence measurements were used to determine Curc concentration in solution for the determination 

of the %EE and %DL. The direct method of ultracentrifugation showed to be suitable as it provided a 

fast way to measure the concentration of Curc encapsulated in the lipid cores while avoiding the 

interference presented by the excess Curc and empty NLCs suspended in solution. 

It was observed that in all concentrations, NLCs can efficiently encapsulate Curc with 

percentages above 85 % and a high drug loading (Table 3.4). These percentages are justified due to the 

presence of the liquid lipid Transcutol® P which readily solubilizes Curc in the irregular matrix formed 

by the lipid phase. It was further observed that there is a limit to the amount of Curc able to be 

encapsulated in the lipid matrix as with the highest Curc concentration, 100Curc-NLC, although a high 

%EE was obtained, the total amount of drug encapsulated was 27.52 ± 2.76 µg/mL out of the total 100 

µg/mL dissolved in the lipid phase. Sun et al. 2013 117 also reported similar high encapsulation 

efficiencies, of > 90 %, and high drug loading percentages of Curc in their Curc-loaded NLCs 

formulations.  

These results are in line with other studies which reported NLCs to be carriers able to 

encapsulate high amounts of lipophilic drugs. This high encapsulation found in NLCs, similarly to the 

SLNs, is mainly due to the degree of crystallization of the lipid core, on the length of the chains of the 

fatty acid glycerides, and the addition of liquid lipids which increases the imperfections better 

accommodating the encapsulated drug molecules in the crystal matrixes 34,53-55. These characteristics 

allow the accommodation of Curc in the lipid cores of the NLCs with a high encapsulation efficiency 

and drug loading.  
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4.2.2 Ceftazidime Adsorption 

The cephalosporin ceftazidime prevents the synthesis of a cell wall on the part of gram-positive 

and gram-negative bacteria this is of interest for the treatment of ocular pathologies with a bacterial 

origin, however, its high instability in aqueous solution is its main drawback with previous studies 

showing a maximum storage period of 5 days at 7 ºC before degrading to pyridine 142, as such this 

instability inhibits its use in ocular delivery.  

The adsorption mechanisms of CZ onto nanoparticles’ surface are not yet known, however, it’s 

a structure (Figure 4.1) containing double bounded carbon atoms as well as the carbonyl and amino 

groups these groups may participate in π binding complexes and hydrogen bonding respectively 143, 

which in turn may provide enough stabilization for the antibiotic to be viable for topical ocular delivery. 

This adsorption to nanoparticulate systems and combined with the use of mucoadhesive polymers such 

as CS and HA which allows the interaction with the mucus layer could allow the increase in 

bioavailability of this antibiotic in the ocular tissue and improve its stability under storage conditions. 

 

Figure 4.1: Chemical structure the antibiotic ceftazidime. Publicly available at Pubchem 144. 

As with Curc-loaded NLCs the adsorption of CZ to hyLNPs’ surface was evaluated in terms of 

the effect on the size, PDI and ζP characteristics. It was observed that the adsorption of the antibiotic 

CZ at a concentration of 5 mg/mL to the empty hyLNPs’ surface did not show significant (p ≥ 0.05) 

differences in the size and nanoparticles’ size distribution of the HA/CS-lipid hybrid nanoparticles 

(Figure 3.11). Upon the addition of Curc, however, hyLNPs of higher sizes (Figure 3.11) were formed 

upon the simultaneous adsorption of HA and CZ to the lipid cores, this could be due to the hydration of 

hyaluronic acid in the batch used, leading to the crosslink between the chains of the polymer and its 

swelling, this, in turn, could have increased the size of the nanoparticles upon the adsorption step 145,146.  
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Upon production of a second formulation with a batch of HAEye of equal molecular weight and 

using the same methods of production this second formulations showed the adequate characteristics for 

ocular delivery 132: high negative ζP of - 33.3 ± 0.5 mV that provides electrostatic stabilization 115, a size 

of 256.2 ± 6.0 nm, within the dimensions of 50 - 400 nm 29,36 and a narrow size dispersity of 0.386 ± 

0.013 (Figure 3.12). 

The adsorption efficiency of CZ-Curc-loaded hyLNPs, determined as described in section 2.2.2, 

as shown a median AE % slightly above the 50 % for the maximum concentration tested, this is not as 

those results found by B. Silva et al. 2020 36, which efficiently encapsulated CZ in CS/TPP/HA 

polymeric nanoparticles with an EE% of 78.4 ± 1.0 % (Table 3.5). The median AE % found can be due 

to electrostatic repulsion between CZ and the exposed CS chains at the NLCs’ surface, since both CZ 

and LMW CS are positively charged owned to a quaternary ammonium (pKa 4.02) and primary amine 

groups (pKa 6,5) respectively. These characteristics could in turn provoke some electrostatic repulsion 

negatively impacting the AE % of CZ onto the hyLNPs, however, this repulsion in turn is addressed 

through the presence of the anionic charge presented at the surface of the hyLNPs by the HAEye 

allowing the adsorption of some of the CZ to the surface of the nanoparticulate system. As such the pH 

of the aqueous solution in which the nanoparticulate system is in suspension is of extreme importance 

to guarantee the efficient encapsulation and/or adsorption. 

As such, in this work CZ-Cur-loaded hyLNPs were successfully obtained with adequate 

characteristics to ocular administration in eye drops being, a size which allows for ease of transportation 

through the several biological barriers present in the eye, a narrow size distribution indicating a relative 

homogeneous dispersion, a high negative ζP which provides stability to the colloidal dispersion through 

electrostatic repulsion 115 and promotes the adsorption of positively charged drug molecules. 

Furthermore, the drug-loaded formulations showed to encapsulate successfully and efficiently lipophilic 

drugs and adsorb hydrophilic molecules with pharmaceutical interest without provoking aggregation of 

the nanoparticulate system. 
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4.3 In Vitro Studies 

4.3.1 Mucoadhesion Studies 

The interaction to mucin of each change in the complexion of the formulations produced, from 

SLN to CZ-Curc-loaded hyLNPs, was tested in the presence of mucin by the measurement of the 

changes in ζP of a mucin dispersion before and after its incubation with each of the formulations. The 

changes in ζP of the formulations containing only CS (both CS-NLCs and 50curc-NLCs) from a mean 

positive charge in aqueous solution to a mean negative charge (Figure 3.14) when the nanoparticles were 

incubated with mucin denotes that the interaction between the amine groups of CS and the carboxylic 

acid groups of the sialic acid residues present in the mucin 147 happens in solution. These findings are in 

line with previous studies made by de Campos et al. 2004 148 and their work with CS nanoparticles. 

When mucin is incubated with hyLNPs (Figure 3.14) the increase in surface charge is to be 

expected as both molecules present negatively charged groups which induced an increase in the 

measured surface charge, however, the significant changes (0.0001 < p < 0.001) observed between the 

50Curc-hyLNPs, in the aqueous solution and incubated with mucin, indicate a successful interaction of 

the HAEye (300 kDa) with the sialic acids residues of the mucins. However, in this work HA was chosen 

due to its targeting capabilities of HA, which stems from its binding to the CD44 receptors expressed in 

the cells of the corneal epithelium and endothelium, and not from its interaction with the mucins in the 

tear fluid 73, the determination of this interaction is secondary, but it did provide confirmation that 

HAEye successfully covered most of the lipid core’s surface. 

As such in this work, we were able to produce hyLNPs capable of binding to the mucin produced 

in the ocular tissue through the electrostatic interactions between the cationic chitosan and the sialic 

acids present in the mucin. 

4.3.2 Drug Permeation Studies 

In the assay of permeation using Franz-type diffusion cells, PVDF membranes were used instead 

of cellulose-based membranes as usual 36, as it was observed strong, irreversible adsorption of Curc was 

to the cellulose membranes. 

As expected, the CZ permeated rapidly through the membranes and completely permeated 

within 2 h of the studies (Figure 3.17), since the molecules are presented at the surface of the hyLNPs 

through weak electrostatic interactions it is therefore readily released from the nanoparticles. This rapid 

but sustainable permeation is desirable for an antibiotic such as CZ allowing the immediate treatment 

of bacterial infections in the ocular tissues. These results are in part, in line with previous studies done 

by the group 36 in which an initial burst phase of CZ permeation was attributed to CZ adsorbed in the 

surface.
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For the entrapped Curc, it was observed an initial burst release of 40 % followed by a more 

controlled permeation until 60 % of the Curc was permeated within the second hour (Figure 3.17) in 

which no further increased permeation was observed, suggesting a controlled permeation of the 

antioxidant from the irregular lipidic matrixes through the membranes. 

These results can lead to the conclusion that hyLNPs enable the co-permeation of the two drugs 

enabling the quick delivery of hydrophilic antibiotics and a posterior controlled release of an anti-

inflammatory and antioxidant which could be an advantage in long-term treatments. 

However, to further determine the permeation enhancing capabilities of CS, ex vivo and in vivo 

studies using conjunctivas and corneas from fresh pig eyes could be undertaken to determine a more 

precise permeation of both drugs since the in vitro studies used in this work do not consider the 

biological barrier presented by the cornea 7, 10-12, furthermore, NLCs enhance permeation either by 

phagocytosis/endocytosis dissociation of the drug from the NLCs, further aided by the CD44 mediated 

internalization, or collision-mediated transfer of the drug from NLCs to the cornea 149,150, therefore, a 

biological model could be used to further assess the permeation provided by the mucoadhesive hyLNPs. 

4.3.3 Cell Uptake of HyLNP 

In this work, it was observed, by optical analysis, that, although at a low number, all drug loaded 

formulations were able to be internalized by the ARPE-19 cell line. The observed low number of 

internalized nanoparticles was most likely due to the low number of cells analysed; this in turn could be 

attributed as a consequence of the harsh fixating and washing steps of the multi-staining process. 

However, it can be observed that the Curc-loaded lipid cores seem to be more readily internalized or 

bounded to the cells’ surface than hyLNPs coated by HAEye (Figure 3.18), this could be due to the 

internalization method differing from uncoated NLCs and hyLNPs whereas the latter is a receptor-

mediated uptake through the CD44 receptor which means the uptake must happen at specific sites and 

with a smaller number of binding sites readily available at the cells’ surface, therefore, limiting the 

amount of hyLNPs being internalized 73, on the other hand, the lipid cores making up the NLCs are 

readily internalized into the ARPE-19 cell lines due to being prepared using endogenous lipids such as 

glyceryl distearate present in the cell membrane 46. 

The quantitative uptake (Figure 3.19) at different concentrations gave a better insight into the 

uptake of the hyLNPs, as it was observed a concentration dependency for the association of both Cur-

loaded lipid cores and HA coated hyLNPs to the cells with the highest concentration of the tested HAEye 

showing a higher amount of hyLNPs associated to the cells with or without being loaded with 5 mg/mL 

of CZ.
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These results show that the adsorption of the HAEye (300 kDa) polymer enhances the 

association of the nanoparticles that it coats to the ARPE-19 human retinal cell line at higher 

concentrations of the hyLNPs. It must be noted that, contrary to fluorescence microscopy, the 

quantitative data here presented does not necessarily correspond only to the amount of internalized 

hyLNPs by the cell line, since the used method does not allow the differentiation of intracellular and 

surface-bound nanoparticles. 

The quantitative results are in line with previous studies being documented which found that 

SLN and NLC are promptly internalised by a wide variety of cell lines 151 including the human retinal 

cell line by either phagocytosis or endocytosis 149. On the other hand, nanoparticles coated by CS or HA 

have also been shown to be easily internalized in cultures of the ARPE-19 cell line 152, with Zaki, Nasti, 

and Tirelli 2011 153 finding a similar decrease in HA-coated CS/TPP nanoparticles’ internalization in 

phagocytic cell models and a concentration dependency on NPs’ internalization. 

4.3.4 Cell Viability Studies 

Although most of the constituents used for the production of the hyLNPs, both lipids and 

polymers have been described to produce no cytotoxicity either owning to them being endogenous to 

the ocular tissue such as HA or being biocompatible compounds such as CS 18,64,72, the cytotoxicity of 

these components needs to be determined. 

In this work, within the levels proposed by the International Organization for Standardization 

(ISO 10993-5:2009) 154, a slight decrease in metabolic activity was observed after the culture medium 

was incubated with Curc-loaded CS-NLCs and empty NLCs at concentrations of 500 µg/mL (Figure 

3.20). These results go against previous studies. Lakhani et al. 2018 150 using an in vitro corneal 

hydration study observed no adverse effects in the corneal integrity upon contact with Curc-loaded 

NLCs for 3h with further corneal histology studies also showing no insult to the corneal epithelium or 

the stroma for both empty NLCs and Curc-loaded NLCs. 

The concept of SLNs and NLCs being well tolerated carriers in, in vitro studies, is well 

documented 151, and therefore, we could conclude that the lipids composing the cores may not be the 

origin for the decrease in cell viability observed in this study, and since no scalable decrease in cell 

viability with the rise in encapsulated Curc concentration was observed in this work and previous works 

150, the most likely cause of the cytotoxicity can be attributed to the presence of the cationic CS in the 

formulation. Previous studies show that this polymer is capable to induce cytotoxicity depending on its 

MW and degree of deacetylation (DD), with H.-S. Huang and Schoenwald 2004 155 observing a CS 

dose-dependent cytotoxicity in A549 cell line (MTT reduction assay) in polymer concentrations higher 

than 0.741 mg/mL. This toxicity was also observed to depend more on the DD than the MW with a 

decrease of DD from 88% to 61% showing to attenuate the cytotoxicity of CS nanoparticles. 
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With these two characteristics, MW and DD, being critical in both physical and biological 

properties as well as for the NPs’ formulation, studies are required, in the formulation of nanocarriers, 

to determine the possible cytotoxicity provoked by the inclusion of mucoadhesive polymers such as CS 

of a cationic nature for topical administration to the eye, even if such compounds are widely considered 

to be biocompatible 65.  

Upon the adsorption of HA and CZ, although a decrease (Figure 3.20) in cell viability was 

observed, it was within the limits required by the ISO 10993-5:2009 and both molecules were therefore 

considered to be non-cytotoxic, indeed the observed decrease above the 70 % limit when compared to 

culture medium could be attributed to the possible presence of uncoated CS-NLCs mixed the colloidal 

solutions provoking the observed cytotoxicity as aforementioned in this section. These results are in line 

with previous studies, with de la Fuente, Seijo, and Alonso 2008 127 and B. Silva et. al 2020 36 observing 

no significant decrease in cell viability for CS-HA polymeric nanoparticles and CZ-loaded CS/HA 

nanoparticles respectively. 

As such even with the slight cytotoxicity provoked by CS the polymer/lipid hybrid nanoparticles 

developed in this work showed to have no cytotoxic effect in the ARPE-19 cell line when these 

nanoparticles are coated with the naturally occurring HA and when loaded with the antioxidant Curc 

and antibiotic CZ. 

4.3.5 Activity Assays 

4.3.5.1 Antioxidant Activity of Curc-Loaded NPs 

In this work, Curc-loaded NLCs showed to maintain the antioxidant effect of Curc encapsulated 

in the lipidic matrix of the NLCs. Furthermore, at 50 µg/mL the percentage in ROS reduction showed 

to be the maximum among the tested Curc concentrations with a 60.4 ± 2.6 % reduction on H2O2 induced 

ROS production. Similar ROS reduction has been observed in previous studies, Fan et al. 2018 156 

observed a cellular antioxidant activity higher when Curc at 5 μg/ml was encapsulated in BSA-dextran 

nanoparticles when compared with free curcumin.  

These results show that the antioxidant properties of Curcumin are maintained after 

encapsulation in the irregular lipidic matrix of the NLCs and that this antioxidant activity is dependent 

on the concentration of Curc until the 50 µg/mL with the higher concentration of 100 µg/mL showing 

no significant (p ≥ 0.05) reduction of the production of ROS when compared with the 50Curc-NLC 

formulations. 

As such, the nanostructured lipid carriers made up of precirol® and transcutol® P can be used as 

delivery systems for Curc and other hydrophobic drug molecules to improve their bioavailability in 

ocular tissues. 
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4.3.5.2 Determination of Antimicrobial Activity of CZ 

The results of the microtiter plate antibacterial assay show that the adsorption of CZ to the 

hyLNPs’ surface nor the presence of Curc interfered with the antimicrobial activity of CZ against P. 

aeruginosa both adsorbed and free CZ showing very similar MICs. These results also confirm the 

successful adsorption of the antibiotic in the hyLNPs’ surface. Furthermore, the lower MIC for both 

formulations is indicative of a rise in the efficiency of the antimicrobial activity of CZ in comparison 

with the antibiotic in free solution. This enhanced efficiency can be due to the ready association of the 

hyLNPs to the cell wall bacteria acting as a drug reservoir 149,150,157. 

The MIC obtained in this work for an aqueous solution of CZ-Curc-loaded hyLNPs is similar 

to that observed by previous works of the investigation group 158 with CZ-loaded CS/TPP/HA 

nanoparticles in a gel solution showing a MIC of 1.56 µg/mL, although a lower than that of the antibiotic 

in free solution which was explained by the association of the NPs with an HMPC gel which led to 

slower diffusion of the drug molecule and lower efficiency observed. 

As such, the prepared mucoadhesive nano-formulations preserved and enhanced the 

antibacterial effects of CZ and could therefore be used to treat ocular infectious diseases. 
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5. Conclusion & Future Work 

The main objective of this work was the development of a nanoparticulate system composed of 

biocompatible mucoadhesive polymers capable of increasing the bioavailability of both lipophilic and 

hydrophilic drugs when topically applied to the ocular tissue in order to act as future nanocarriers for 

the treatment of ocular pathologies.  

Both CS and HA are well-known polymers that demonstrate mucoadhesive properties being 

able to maintain their presence in the ocular tissues through different mechanisms, with the cationic CS 

weakly binding through electrostatic interactions to the terminal sialic acid residues of the glycoproteins 

and glycolipids present in the ocular mucin in the mucus layer and HA through specific binding to 

expressed HA-binding receptors found at the surface of the ocular epithelium improving the residence 

time of drugs in these tissues. CZ is a powerful antimicrobial agent against a wide variety of pathologies 

with bacterial origin such as P. aeruginosa, responsible for common eye infections. Curc has shown 

powerful therapeutical potential owing to its antioxidant and anti-inflammatory properties but presents 

low bioavailability when applied in topical administration to the eye. 

After the optimization process, the final CZ-Cur-loaded hyLNP formulations produced in this 

work showed appropriate physicochemical properties for topical ocular applications such as a median 

size of 256.2 ± 6.0 nm, a narrow size distribution of 0.386 ± 0.013 and ζP of - 33.3 ± 0.5 mV with the 

presence of the drugs having no significant impact on these properties. Cur was successfully 

encapsulated to the hyLNPs’ lipidic core with an efficiency of 86.5 ± 0.9 % at an initial concentration 

of 50 µg/mL. Similarly, CZ was efficiently adsorbed to the HA present at the surface of the nanoparticles 

with an efficiency of 48.4 ± 7.9 %.  

In vitro, mucoadhesive studies confirmed that the formulations containing CS and HA showed 

increased interaction with ocular mucin potentially prolonging the residence time of Curc and CZ in the 

eye. Permeation studies successfully demonstrated that both drugs are released from the hyLNPs 

allowing their permeation through synthetic membranes. Cellular uptake studies reveal that both NLCs 

and hyLNPs are successfully internalized or associated with the ARPE-19 cell line, a model of the 

human retinal cells. 

Cell viability studies demonstrated that all of the nanoparticulate components except the 

polymer chitosan are not cytotoxic for the ARPE-19 cell line. The results of the in vitro activity assays 

demonstrate that the encapsulation and adsorption of the drugs to the hyLNPs do not affect their 

antimicrobial and antioxidant activities maintaining their efficiency to decrease ROS generation and 

maintain bacterial growth inhibition for Curc and CZ, respectively, and may in fact enhance their 

therapeutic properties. 
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To summarize, the developed lipid/polymer hybrid nanoparticles loaded with both hydrophilic 

and lipophilic drugs seem capable to deliver their therapeutic cargo while maintaining it at a prolonged 

residence time in the eye due to their mucoadhesive properties thus increasing the bioavailability of the 

loaded drugs maintaining their efficacy.  For future work other biological and pharmaceutical properties 

need to be studied: the viscosity of the produced hyLNP solution is essential to be determined so as to 

avoid damage to the corneal epithelium, to determine if the nanoparticulate system is capable of 

sustainably releasing the drug load and further evaluation of hyLNPs’ short- and long-term stability 

under storage conditions needs to be assessed so as to determine their viability as a topical drug delivery 

system to the eye. 
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