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Resumo 

Os flavonoides estão entre os grupos mais comuns de substâncias polifenólicas 

naturalmente encontradas em muitas plantas e frutas. Apesar do desenvolvimento 

crescente de novos medicamentos na área farmacêutica, vários compostos naturais 

ainda são utilizados para tratar diversas patologias humanas, tais como inflamação da 

pele, cancro e várias outras doenças inflamatórias. 

A quercetina é um dos flavonóides mais estudados e o antioxidante mais abundante na 

nossa dieta. Esse composto pode ser encontrado ubiquamente distribuído em frutas, 

vegetais, ervas e outros produtos relacionados. Adicionalmente, as suas vastas 

propriedades farmacológicas, tais como atividades antioxidante, antienvelhecimento e 

antiangiogénica, tornam a quercetina um composto altamente atrativo. No entanto, a 

aplicabilidade clínica da quercetina é extremamente limitada devido à sua alta 

hidrofobicidade, instabilidade química e tempo de meia-vida curto, aspetos que levam a 

uma baixa biodisponibilidade. 

Para além das vias convencionais de administração, como, por exemplo, ingestão oral, 

métodos alternativos para a administração de quercetina, tais como administração 

tópica, têm sido explorados. Neste caso específico, a pele atua como uma barreira 

importante que dificulta a absorção e a permeabilidade de compostos, devido à 

organização e composição lipídica da camada mais externa da epiderme, o estrato 

córneo. No entanto, através da nanotecnologia, nomeadamente recorrendo à 

encapsulação de fármacos em sistemas de entrega, tais como nanopartículas lipídicas 

(transportadores lipídicos nanoestruturados, NLCs, e nanopartículas lipídicas sólidas, 

SLNs), lipossomas ou hidrogéis incorporando nanopartículas, torna-se possível 

aumentar a sua biodisponibilidade, mas também promover uma libertação controlada 

do fármaco. 

Assim, o principal objetivo desta tese foi usar a nanotecnologia para desenvolver um 

sistema de administração tópica de quercetina, para a melhorar a penetração desse 

composto, obter uma libertação controlada e entrega direcionada da quercetina, assim 

como aumentar a sua solubilidade e estabilidade, proporcionando simultaneamente 

proteção contra condições adversas. Este sistema foi desenvolvido devido ao seu 

potencial para várias aplicações, tais como terapia anti-inflamatória e antioxidante, 

cicatrização de feridas, fotoproteção ou tratamento de doenças relacionadas com a pele. 



FCUP 
Production of Lipid Nanoparticles for Topical Administration of Flavonoids 

vi 

 
 

 

Para esse propósito, o primeiro objetivo desta tese consistiu em produzir e otimizar 

NLCs para a encapsulação de quercetina. Para a fabricação dos NLCs, foi usado o óleo 

de romã (PO) como lípido líquido, uma vez possui várias propriedades importantes, tais 

como potencial anti-inflamatórios, antioxidantes e anti-apoptótico. Um desenho Box-

Behnken, no qual a relação lípido líquido/lípido sólido, a quantidade de água e a 

quantidade de fármaco foram utilizadas como variáveis independentes, foi construído 

para obter a formulação otimizada das NLCs, em relação à percentagem de 

encapsulação e incorporação de fármaco. Para comparação da percentagem de 

encapsulação e incorporação de fármaco, as formulações com SLNs foram obtidas de 

forma semelhante. A distribuição de tamanho das NLCs otimizadas apresentou uma 

variação entre 200 e 300 nm, sendo adequada para administração tópica de fármacos. 

Adicionalmente, as NLCs otimizadas apresentaram uma eficiência de encapsulação de 

quercetina de aproximadamente 55%, enquanto para as SLNs essa eficiência foi de 

43%. Além disso, foi observada uma estabilidade de armazenamento até 3 meses. A 

biocompatibilidade celular foi verificada em fibroblastos e queratinócitos após 24 horas 

de exposição às NLCs e SLNs com quercetina encapsulada, bem como à quercetina 

livre. Tanto as NLCs como as SLNs mostraram ser capazes de proteger a quercetina da 

fotodegradação. Particularmente, verificou-se que a quercetina mantém a sua atividade 

antioxidante, a qual é protegida ao ser encapsulada nas nanopartículas lipídicas, em 

comparação com a sua forma livre. Estudos de permeação usando um ensaio de 

permeação baseado em vesículas fosfolipídicas (PVPA), i.e. um modelo mimético do 

estrato córneo, revelaram que esta barreira retém uma maior quantidade de quercetina 

quando esta é encapsulada em NLCs e SLNs, em comparação com a sua forma livre. 

O segundo objetivo desta tese visou incorporar as nanopartículas encapsuladas com 

quercetina já otimizadas em hidrogéis de alginato de sódio-álcool polivinílico (SA-PVA), 

de modo a obter um sistema de libertação tópico de quercetina. A biocompatibilidade do 

hidrogel obtido foi avaliada, juntamente com o seu potencial como agente terapêutico 

contra danos na pele causados pela radiação ultravioleta (UV). Hidrogéis são redes 

poliméricas hidrofílicas que se têm tornados altamente atrativos para fins farmacêuticos 

e cosméticos. Neste trabalho, hidrogéis híbridos de SA-PVA foram desenvolvidos de 

forma a incorporarem quercetina encapsulada em NLCs e SLNs, a fim de formular um 

sistema de entrega tópica combinado, com a capacidade de aumentar a retenção de 

quercetina na pele e melhorar a sua ação local como agente fotoprotetor. NLCs e SLNs 

encapsuladas com quercetina foram incorporados com sucesso na rede polimérica dos 

hidrogéis de SA-PVA. A análise reológica revelou que estes hidrogéis são robustos com 

comportamento pseudoplástico, perfil não tixotrópico e boa resistência à deformação, a 
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temperaturas entre 20 e 40ºC. A exposição de queratinócitos aos hidrogéis incorporados 

com NLCs e SLNs encapsuladas com quercetina, antes da irradiação, originou um 

aumento da viabilidade celular, o que sugere um efeito fotoprotetor deste sistema. 

Adicionalmente, foi observada uma diminuição dos níveis intracelulares de espécies 

reativas de oxigénio (ROS) após a exposição dessas células a hidrogéis incorporados 

com quercetina, antes da irradiação. Por outro lado, hidrogéis com NLCs vazias também 

produziram uma diminuição dos níveis intracelulares de ROS, sugerindo que o PO 

também possui a capacidade de eliminar ROS intracelular gerados por irradiação UVB. 

A exposição de queratinócios a hidrogéis com quercetina, após a irradiação, levou a um 

aumento significativo da viabilidade celular, demonstrando que este sistema possui um 

potencial efeito terapêutico contra danos na pele causados por radiação UVB. 

Através deste trabalho foi possível estabelecer uma nanoplataforma promissora para a 

entrega tópica de quercetina. Esta nanoplataforma é baseada em nanopartículas 

lipídicas, nomeadamente NLCs e SLNs, as quais permitem um encapsulamento estável 

e eficiente da quercetina. Adicionalmente, a incorporação de nanopartículas lipídicas 

encapsuladas com quercetina em hidrogéis de SA-PVA deu origem a uma plataforma 

de entrega com a capacidade de aumentar a retenção da quercetina na pele, permitindo 

assim que atue como antioxidante e agente terapêutico contra danos na pele induzidos 

por UVB. Com vista a demonstrar o potencial desta nanoplataforma, vários aspetos 

foram estudados, tais como otimização da formulação, atividade antioxidante, 

biocompatibilidade celular e permeação através da pele. 

Palavras-chave: atividade antioxidante, biocompatibilidade celular, flavonoides, 

transportador lipídico nanoestruturado, fotoproteção, espécies reativas de oxigénio, 

nanopartículas lipídicas sólidas 
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Abstract 

Flavonoids are among the most common groups of polyphenolic substances found 

naturally in many plants and fruits. Despite the fast-growing development in the 

pharmaceutical field, natural compounds are still being used to treat various human 

pathologies, including conditions such as skin inflammation, cancer, and several other 

inflammatory diseases. 

Quercetin is one of the best studied flavonoids, and the most abundant antioxidant found 

in the human diet. It can be found ubiquitously distributed in fruits, vegetables, herbs, 

and related products. Its vast pharmacological properties, that include antioxidant, anti-

inflammatory, anti-aging and anti-angiogenic activities makes quercetin a highly 

attractive compound. However, its clinical applicability is extremely limited by its high 

hydrophobicity, chemical instability, and short half-life, which in turn result in low 

bioavailability.  

Besides the conventional routes of administration, e.g. oral ingestion, alternative routes 

for the delivery of quercetin, such as topical delivery have been explored. However, skin 

acts a major barrier hindering drug absorption and permeability, given the organization 

and lipidic composition of the outermost epidermis layer, the stratum corneum. Thus, 

application of nanotechnology for drug encapsulation into delivery systems such as lipid 

nanoparticles (nanostructured lipid carriers, NLCs, and solid lipid nanoparticles, SLNs), 

liposomes, or hydrogels incorporating nanoparticles can enhance bioavailability and also 

promote a controlled drug release.  

The main aim of this thesis was to use nanotechnology to develop a topical delivery 

system for quercetin, in order to improve the penetration of that compound, achieve a 

controlled release and targeted delivery of quercetin, as well as enhance its solubility 

and stability, whilst providing protection from harsh environmental conditions. As a result, 

this system was developed due to its potential for a variety of applications, such as anti-

inflammatory and anti-oxidant therapy, wound healing, photoprotection, or for treatment 

of skin disorders. 

For that, the first goal was to produce and optimize NLCs for the encapsulation of 

quercetin. For NLCs fabrication, pomegranate oil (PO) was used as the liquid lipid, since 

it possesses various attractive properties, e.g. anti-inflammatory, antioxidant, and anti-

apoptotic effects. A three-level Box-Behnken design, in which the lipid liquid/solid lipid 
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ratio, amount of water, and amount of drug were used as the independent variables, was 

constructed in order to obtain the optimized NLCs formulation, regarding encapsulation 

efficiency and drug loading. The counterpart SLNs were obtained similarly for 

comparison of the encapsulation efficiency and drug loading. The size distribution of the 

optimized NLCs ranged from 200 to 300 nm, being adequate for topical drug 

administration. The optimized NLCs exhibited a quercetin entrapment efficiency of 

approximately 55%, while SLN 43%. In addition, storage stability was verified up to 3 

months. Cell biocompatibility was verified in fibroblasts and keratinocytes upon 24 hours 

of exposure with quercetin-loaded NLCs and SLNs, as well as free-quercetin. Both NLCs 

and SLNs were proven to protect quercetin from photodegradation. Particularly, it was 

verified that quercetin’s antioxidant activity is maintained but protected upon loading in 

the lipid nanoparticles, as compared to its free form. Permeation studies using a 

phospholipid vesicle-based permeation assay (PVPA), a mimetic stratum corneum 

model, revealed that this barrier retains a higher amount of quercetin when loaded into 

NLCs and SLNs in comparison to its free form.  

The second goal of this thesis was to incorporate the optimized quercetin-loaded 

nanoparticles into sodium alginate-poly(vinyl) alcohol (SA-PVA) hydrogels with the goal 

of obtaining a topical delivery system for quercetin. The biocompatibility of the hydrogel 

system was further evaluated in addition to its potential to be used as therapeutic agent 

towards ultraviolet (UV)-induced skin damage. Hydrogels are hydrophilic polymeric 

networks that have become highly attractive candidates for pharmaceutical and cosmetic 

purposes. Hybrid SA-PVA hydrogels were design to incorporate quercetin encapsulated 

into NLCs and SLNs in order to formulate a combined topical delivery system capable of 

increasing quercetin’s retention in the skin and improve its local action as a 

photoprotective agent. Quercetin-loaded NLCs and SLNs were successfully 

incorporated into the polymeric network of the SA-PVA hydrogels. The rheological 

analysis revealed robust hydrogels with pseudoplastic behavior, a non-thixotropic profile, 

and good resistance to deformation and temperatures from 20 to 40ºC. Exposure of 

keratinocytes to hydrogels incorporated with quercetin-loaded NLCs and SLNs prior to 

irradiation resulted in an increase in cell viability, suggesting a photoprotective effect. 

Similarly, a decrease in the level of intracellular reactive oxygen species (ROS) was 

observed when cells were exposed to quercetin-loaded hydrogels prior to irradiation. 

Hydrogels containing empty NLCs were able to produce a decrease in the intracellular 

levels of ROS, which suggests that PO is also capable of scavenging the intracellular 

ROS generated by UVB irradiation. Exposure to quercetin-loaded hydrogels after 
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irradiation resulted in a significant increase in cell viability, suggesting a potential 

therapeutic effect against UVB-damaged skin. 

Overall, this work established a nanoplatform for topical delivery of quercetin. This 

nanoplatform is based on lipidic nanoparticles, namely NLCs and SLNs, which provided 

a stable and efficient means of encapsulating quercetin. These nanoparticles were 

shown to protect the quercetin payload and enhance its delivery to the skin. Furthermore, 

the incorporation of lipidic nanoparticles encapsulating quercetin into SA-PVA hydrogels 

resulted in a delivery vehicle capable of increasing quercetin’s absorption and retention 

in the skin, thus enabling its action as an antioxidant and therapeutic agent against UVB-

induced skin damage. To demonstrate the potential of this nanoplatform, several aspects 

were studied, such as formulation optimization, antioxidant activity, cellular 

biocompatibility, and permeation through the skin. 

Keywords: antioxidant activity, cellular biocompatibility, flavonoids, nanostructured lipid 

carrier, photoprotection, reactive oxygen species, solid lipid nanoparticles  
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1. Thesis Structure 

This thesis is organized into 5 chapters, comprising a brief description of the structure of 

the thesis in chapter 1, theoretical background in chapter 2, materials and methods in 

chapter 3, results and discussion in chapter 4 and in chapter 5 the conclusion and future 

perspectives.  

Chapter 1. Thesis Structure 

In this chapter, a summary of the thesis organization is given in addition to the description 

of the contents of each chapter.  

Chapter 2. Theoretical Background 

This chapter includes the state-of-the-art regarding flavonoids, in particular, quercetin. 

An overview of its structure, bioavailability and mechanisms of action is highlighted. With 

that purpose, two sub-chapters were included: 

2.1. This sub-chapter comprises a literature review describing quercetin’s structure, 

bioavailability, and mechanisms of action, particularly, antioxidant and anticancer 

capacity, as well as anti-inflammatory activity. In this sub-chapter it is also highlighted 

how nanotechnology has been used towards improving quercetin’s bioavailability.  

2.2. In this sub-chapter it is addressed the potential of nanotechnology for the 

development of topical delivery systems for quercetin, as well as other classes of 

flavonoids, by presenting a review article entitled: On the Development of a Cutaneous 

Flavonoid Delivery System: Advances and Limitations (Costa, R., Costa Lima, S. A., 

Gameiro, P., and Reis, S., On the development of a cutaneous flavonoid delivery system: 

Advances and limitations. Antioxidants 10, 1376 (2021).  

Chapter 3. Materials and Methods 

In this chapter it is presented a description of the experimental methods and 

characterization techniques used in this thesis. It includes the production and 

optimization methods used to obtain nanostructured lipid carriers (NLCs) and solid lipid 

nanoparticles (SLNs), as well as the characterization techniques. In vitro studies and its 

procedures are also described.  
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Chapter 4. Results and Discussion 

This chapter comprises the progress beyond the state of the art, and it is divided into two 

sub-chapters: 

4.1. In this sub-chapter NLCs are produced and optimized using a Box-Behnken design 

for the encapsulation of quercetin. SLNs encapsulating quercetin are also produced. The 

nanoparticles are characterized in terms of morphology by transmission electron 

microscopy (TEM), Fourier-Transform Infrared Spectroscopy (FTIR) as well as 

differential scanning calorimetry (DSC). Their storage stability is assessed over a period 

of 12 weeks as well as their capacity to protect quercetin from UV radiation upon 

encapsulation. Finally, their biocompatibility, skin permeation profile, and antioxidant 

activity were also evaluated validate its potential to be used as a topical delivery system 

for quercetin.  

4.2. In this sub-chapter the previously produced NLCs and SLNs encapsulating quercetin 

are incorporated into hydrogels composed of sodium alginate and poly(vinyl) alcohol 

(SA-PVA). The SA-PVA hybrid hydrogel system is characterized in terms of structure 

and mechanical properties. In addition, its ability to retain quercetin’s antioxidant activity 

is evaluated as well as the effect of UVB irradiation on keratinocytes exposed to the 

hybrid quercetin-loaded hydrogels. HaCaT cells were exposed to the hydrogels prior to 

UVB cell irradiation, in order to evaluate their potential photoprotective effect. The effect 

of the quercetin hydrogels on the intracellular levels of ROS is also evaluated. Finally, 

the cell recovery effect of these hydrogels on UVB-induced skin damage is addressed.  

Chapter 5. Conclusions and Future Perspectives 

In this chapter the main findings and outcomes of this thesis are discussed, and future 

perspectives are presented. 
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2. Introduction 

2.1. Quercetin Overview 

2.1.1. Flavonoids – an Overview   

Flavonoids belong to a class of plant secondary metabolites that are found ubiquitously 

in fruits, vegetables and a number of beverages. Due to their well-known antioxidant, 

anti-inflammatory, anti-carcinogenic properties, they have been used in a variety of 

pharmaceutical, nutraceutical and cosmetic applications.1 Flavonoids are low-molecular-

weight polyphenolic compounds with a 15-carbon backbone structure consisting of two 

benzene rings connected by a 3-carbon bridge that forms a heterocycle. The presence 

of different substitutes creates different subclasses, including flavones, flavonols, 

anthocyanins, proanthocyanidins, flavononols, isoflavones, and chalcones (Figure 

2.1).2–4  

 

Figure 2.1 - Structure of the main flavonoid subgroups.5 Copyright 2020 Authors licensed under a Creative 
Commons Attribution (CC BY) license. 
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2.1.2. Quercetin 

Isolated and identified in 1936 by Szent-Gyorgyi, quercetin is one of the most well-known 

flavonoid present in the human diet, in a variety of fruits and vegetables, such as capers, 

lovage, dill, cilantro, onions, apples, and berries.6,7 Quercetin's unique and interrelated 

biological properties make it an appealing pharmacological candidate for treating a 

variety of conditions and diseases, such as inflammatory diseases and cancer.8 These 

properties include anti-carcinogenic, anti-inflammatory, antibacterial, antiviral, and 

antioxidant effect, as well as the ability to stimulate mitochondrial biogenesis and inhibit 

lipid peroxidation, platelet aggregation and capillary permeability.9–17 Studies have 

shown that quercetin can inhibit the proliferation of many different types of cancer cells, 

namely prostate, liver, pancreatic and lung cancer cells. These anticancer properties are 

exerted through mechanisms that involve cellular signalling and the capacity to inhibit 

enzymes that are responsible for the activation of carcinogens.7,18  Studies have also 

shown that a synergistic effect is seen when quercetin is administrated in combination 

with chemotherapeutic agents, thus improving the outcome of the traditional 

chemotherapeutic treatments.18 In addition, recent studies have also reported a potential 

role of quercetin in the prevention of cardiovascular diseases, in fact, studies showed 

that a regular intake of quercetin can decrease the risk of coronary artery disease.19 

Other authors have verified that quercetin can assist in the protection against 

neurodegenerative diseases by lowering the oxidative stress, inflammation, and 

neuronal damage.20 Furthermore, its capacity to cross the blood-brain barrier has made 

it an interesting compound for neurological research.21 Additionally, several works have 

revealed that quercetin can help in improving several metabolic health parameters, such 

as blood sugar levels or insulin sensitivity.22 Furthermore, due to its anti-inflammatory 

properties, some authors have investigated quercetin’s potential for managing some 

inflammatory conditions, such as arthritis, allergies, and inflammatory bowel disease.23 

2.1.2.1. Chemical Structure 

Quercetin (2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one) is an aglycone, 

belonging to the class of flavonols, one of the subclasses of the flavonoids.1 It contains 

five hydroxyl groups at 3,5,7,3’ and 4’ of the basic skeleton of flavonol (Figure 2.2). 

Quercetin exhibits a bright citron yellow colour in the form of slender needle-like crystals 

that are not soluble in cold water, have limited solubility in hot water (with an aqueous 

solubility that varies between 0.409 ppm at 25 °C and 16.139 ppm at 100 °C), but readily 

dissolve in alcohol and lipids.24,25 The glycosylation of some of the hydroxyl groups from 

the quercetin skeleton form various quercetin glycosides and constitute the major 



FCUP 
Production of Lipid Nanoparticles for Topical Administration of Flavonoids 

5 

 
 

 

quercetin derivates.26 The formation of quercetin glycoside can alter the solubility of the 

compound, as well as its absorption and in vitro properties.24 Other quercetin derivatives 

can contain disaccharides, such as rutinose, or methyl groups, such as the case of 

dimethylated quercetin, named rhamnazin, that contains two methyl groups at the 3’- 

and 7-OH groups of quercetin.26 These quercetin derivatives display various biological 

properties and different structures, that can present more favourable solubility and 

absorption profiles, thus modifications of this compound, such as glycosylation, 

methylation, acetylation, esterification, have also been extensively studied.26  

Furthermore, when exposed to light, especially in the wavelength range between 280 

and 370 nm, quercetin molecules can undergo chemical reactions that result in their 

degradation.27 However, the specific mechanisms associated with this process can 

depend on various factors, such as the wavelength of the irradiation light and its intensity 

or duration of exposure.28 Therefore, the influence of structural modifications to the 

quercetin molecule on its stability and susceptibility to photodegradation has also been 

studied.29 Particularly, it has been verified that some derivatives can be more stable and 

less prone to photodegradation when compared to quercetin, while others may present 

an increased sensitivity to light.30   

 

Figure 2.2 - Molecular structure of quercetin. 

2.1.2.2. Absorption, Bioavailability, and Excretion 

Quercetin glucoside, the naturally occurring form, has very poor oral bioavailability, which 

is attributed to its low absorption (as evidenced by an estimated absorption of only 3% 

to 17% in healthy individuals after an oral dose of 100 mg), extensive metabolism and 

rapid elimination.7,24,31 Quercetin is a hydrophobic compound that presents low water 

solubility (0.17–7 μg/mL), as well as low solubility in gastric fluids (5.5 μg/mL) and small 

intestine fluids (28.9 μg/mL) which greatly limits its bioaccessibility and bioavailability 
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since it has a tendency to precipitate in these fluids.32,33 Quercetin’s absorption is 

affected by differences in its glycosylation, the type of food and the dietary compounds 

administrated together, namely fibres and fat.33 In fact, the solubility and transformation 

of quercetin greatly depends on the number and position of hydroxyl groups, as well as 

the number and type of sugar molecules attached to the quercetin molecule. Particularly, 

the hydroxyl groups play a pivotal role in determining its reactivity, biological activity, and 

solubility in different solvents, such as water and organic solvents.34 Moreover, the 

number and type of sugar molecules attached to quercetin can affect its solubility, 

stability, and bioavailability. Specifically, glycosylation can improve the water solubility of 

that compound and modify its physicochemical properties, making it more adequate for 

certain applications, such as pharmaceutical formulations.35 

Nevertheless, if the quercetin derivate molecule presents a low water solubility, it may 

be too polar to cross the lipidic bilayer in the epithelium cell walls.33 

Contributing to its low bioavailability is also its rapid metabolization and elimination. In 

fact, quercetin and its metabolites have a propensity to be effluxed back into the intestinal 

lumen after enterocyte uptake.32,36  Quercetin glucosides interact with sodium dependent 

glucose transport receptors that are in the mucosal epithelium, being thus absorbed by 

the small intestine.24 Following absorption, quercetin is metabolized in the small intestine 

and liver by enteric bacteria and enzymes in intestinal mucosal epithelial cells, forming 

metabolites such as methylated, sulfo-substituted and glucuronidated forms, that are 

then absorbed, transformed, or excreted later by kidney in urine.24,37  

2.1.3. Mechanisms of Action 

Quercetin exhibits a wide range of mechanisms of action, ranging from anti-inflammatory 

to neuroprotective effects. In this section some of these mechanisms will be addressed. 

2.1.3.1. Inflammation and Immune Function 

Quercetin exhibits anti-inflammatory properties, which encompass mast cell stabilization 

and gastrointestinal cytoprotective activity. Moreover, this compound demonstrates a 

modulating, biphasic, and regulatory effect on inflammation and immunity. Additionally, 

it has been observed that this compound exerts an immunosuppressive effect on the 

function of dendritic cells, which are important antigen-presenting cells involved in 

immune responses.24 

Studies have demonstrated that quercetin inhibits lipopolysaccharide (LPS)-induced 

tumor necrosis factor α (TNF-α) production in macrophages.24,46 This prevents TNF-α 
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from directly activating extracellular signal-related kinase (ERK), c-Jun NH2-terminal 

kinase (JNK), c-Jun, and nuclear factor-κB (NF-κB), that in turn are responsible for 

inducing inflammatory gene expression and protein secretion.46,47 Quercetin has been 

also shown to increase the activity of the peroxisome proliferator-activated receptor c 

(PPARγ) thus antagonizing NF-κB or activator protein-1(AP-1) transcriptional activation 

of inflammatory genes. All of these mechanisms can block the TNF-α-mediated induction 

of inflammatory cascades.48 

2.1.3.2. Antioxidant Capacity 

Reactive oxygen species (ROS) generation has been reported to contribute to many 

diseases including diabetes, atherosclerosis, hypertension, ischemic heart disease and 

heart failure. Quercetin is widely known for its antioxidant capacity, that can be due to its 

ability to prevent oxidative stress, the major cause for generation of ROS, or by 

scavenging free radicals and bind transition metal ions.49  

One of the mechanisms of quercetin’s antioxidant capacity, is its ability to regulate the 

levels of glutathione (GSH).50,51 When oxidative stress occurs and free oxygen radicals 

are produced, superoxide dismutase (SOD) captures the superoxide radical, O2-,  and 

transforms it into H2O2.51 SOD further catalyses the decomposition of H2O2 to the non-

toxic H2O, but only in the presence of GSH, that acts as a proton donor. Studies have 

shown that quercetin has the ability to induce GSH synthesis.52  

Quercetin has been shown to have a stronger inhibitory effect against key enzymes 

acetylcholinesterase (AChE) and butyrylcholinesterase (BChE), which are correlated 

with oxidative properties, since  the –OH groups on the side phenyl ring of quercetin are 

bound to important amino acid residues at the active site of these enzymes.51 Quercetin 

has also been shown to significantly enhance the expression levels of endogenous 

antioxidant enzymes such as Cu/Zn SOD, Mn SOD, catalase (CAT), and GSH 

peroxidase, as well as inhibit xanthine oxidase activity, which has been implicated as an 

important route in the oxidative injury to the tissues especially after ischemia-

reperfusion.50  

Quercetin affects a number of signal transduction pathways, by activating, inhibiting, 

upregulating, or downregulating many molecules of the body, thus quercetin can improve 

the antioxidant state of the body and repair injury such as spinal cord injury, 

atherosclerosis, and lead or cadmium toxicity.51 For instances, quercetin’s protective 

mechanism against acute spinal cord injury is due to its inhibitory effect on the 
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p38MAPK/iNOS signaling pathway, the downregulation of MDA levels, and the 

consequent upregulation of SOD activity.53  

2.1.3.3. Anticancer Capacity 

Quercetin has been shown to down regulate expression of mutant p53 protein in human 

breast cancer cell lines, which was found to arrest the cells in the G2-M phase of the cell 

cycle.54  

Quercetin was found to inhibit tyrosine kinases, which are a family of proteins located in 

the cell membrane that are involved in the transduction of growth factor signals to the 

nucleus. The expression of these enzymes may be involved in oncogenesis due to its 

ability to override normal regulatory growth control. Studies showed that in patients with 

advanced cancers, intravenous administration of quercetin at dosages of 60-1700 mg/m2 

led to inhibition of lymphocyte tyrosine kinase at one hour in nine of eleven cases.50,55 

Quercetin has been shown to inhibit the production of heat shock proteins in several 

malignant cell lines, which are proteins known to form a complex with mutant p53, which 

allow tumour cells to bypass normal mechanisms of cell cycle arrest.50 In addition it has 

also been found that quercetin has the capacity to inhibit the expression of rat sarcoma 

(ras) proteins. For instance, in a study quercetin inhibit the expression of the p21-ras 

oncogene in cultured colon cancer cell lines, which impair cellular GTP-ase, thus 

allowing the continual activation of the signal for DNA replication.56 

Quercetin has also been shown to induce ER II expression in both type I estrogen 

receptor positive (ER+) and type I estrogen receptor negative (ER-) human breast cancer 

cells, which results in a greater growth inhibition of ER- cells with quercetin treatment.50  

2.1.3.4. Neuroprotective Effects 

Quercetin has also gained significant attention due to its potential neuroprotective 

properties. Numerous studies have demonstrated the ability of this compound to protect 

against neurodegenerative disorders and promote neuronal health through various 

mechanisms. For example, it was demonstrated that due to its potent antioxidant activity, 

quercetin acts as a scavenger of ROS, inhibiting lipid peroxidation and, thereby, reducing 

oxidative stress in the brain.57,58 Furthermore, quercetin has also demonstrated potential 

for protecting mitochondria against oxidative damage, maintain mitochondrial membrane 

potential, and improve energy production. Consequently, by preserving mitochondrial 

function, this compound helps to maintain cellular energy metabolism and, therefore, 

prevent neuronal dysfunction.59,60 
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Moreover, other authors have verified that quercetin influences various neurotransmitter 

systems in the brain, including the dopaminergic, serotonergic, and glutamatergic 

systems, which are involved in mood regulation, cognition, and neuroprotection.61,62 

Furthermore, additional studies have shown that quercetin promotes neurogenesis, i.e. 

the process of generating new neurons, in the hippocampus, a brain region critical for 

learning and memory.63,64 Moreover, it has also been demonstrated that this compound 

also enhances synaptic plasticity, facilitating the formation and strengthening of neuronal 

connections.65 

2.1.4. Nanomedicine 

According to the European Science Foundation nanomedicine comprises nanometer 

size scale complex systems, consisting of at least two components, one of which being 

the active ingredient.66 The loading of the active ingredient into these nanocarriers, can 

increase drug function, including efficacy, stability, tolerability and therapeutic index.67 

These nanocarriers can be used in combination therapy, by combining more than one 

therapeutic agent in the same delivery vehicle, or as theranostic agents, by combining 

imaging and therapeutic agents in the same delivery vehicle, thus enabling diagnosis 

and therapy together, with monitoring of the therapeutic response.66  

Flavonoids and other biologically active constituents of natural compounds generally 

display poor absorption and short half-life, as well as poor water solubility, which results 

in loss of bioavailability and efficacy, and can limit their clinical applicability. To overcome 

that, several nanomedical approaches such as liposomes, polymeric nanoparticles, lipid 

nanoparticles, microemulsions and hydrogels have been proposed.68 These vehicles 

counteract the poor bioavailability of these compounds and allow for a controlled and 

site-specific drug release, thus increasing the compound’s bioavailability and safety.69,70 

On that matter, lipid nanoparticles, which are spherical vesicles primarily composed of 

lipids, have proven to be an efficient drug delivery system for flavonoids and other type 

of drugs, with extensive clinical application, low production cost, and large-scale 

production capacity.68  

As a result, various researchers have explored the use of nanoparticles as delivery 

systems for quercetin. These nanoparticles have shown to improve the solubility, 

stability, and controlled release of quercetin, leading to enhanced cellular uptake and 

targeted delivery to specific tissues or cells.71,72 By encapsulating quercetin within 

nanoparticles, its hydrophobic nature can be overcome, resulting in improved aqueous 

solubility and bioavailability.73 Furthermore, the nanoparticles can protect quercetin from 
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degradation, oxidation, and rapid elimination, thereby extending its circulation time in the 

body.74 

In this context, several studies have demonstrated the successful encapsulation of 

quercetin within different types of nanoparticles such as liposomes, polymeric 

nanoparticles, and lipid nanoparticles.75,76 Regarding liposomes, which are lipid-based 

vesicles, it was demonstrated that these can encapsulate such compound within their 

aqueous core or lipid bilayers.77 Furthermore, these nanoparticles offer excellent 

biocompatibility and can be modified to enhance stability, target specific tissues, and 

control the release of quercetin.78 On the other hand, polymeric nanoparticles, including 

polymeric micelles, nanoparticles, and nanogels, have also been employed as carriers 

for quercetin. As a result, it was verified that these polymeric systems could be tailored 

to achieve desired drug release profiles and provide protection to quercetin during 

circulation.79,80 

Furthermore, lipid nanoparticles, such as SLNs and NLCs, have also gained attention as 

quercetin delivery systems. These lipid-based nanoparticles demonstrated the capacity 

to improve the bioavailability and offer multiple advantages, such as high drug-loading 

capacity, sustained release, and enhanced stability of quercetin.81,82 

As a result, several studies have demonstrated the successful encapsulation of quercetin 

within nanoparticles, which have shown improved pharmacokinetic profiles and 

therapeutic outcomes.83,84 These nanoparticles could efficiently deliver quercetin to 

target sites, such as tumour tissues, inflamed areas, or specific cells, thereby maximizing 

its therapeutic effects while minimizing undesirable side effects.85 Particularly, the use of  

formulations as a topical delivery system for quercetin, and other classes of flavonoids, 

has been addressed by various authors and will be addressed in section 2.3. 

Furthermore, the use of nanoparticles allows for the possibility of combination therapies, 

where quercetin can be co-encapsulated with other drugs or therapeutic agents so as to 

achieve synergistic effects.86  

2.1.5. Clinical Trials Patents and Formulations in the Market  

Currently, there are various quercetin-based products available that can be used towards 

different purposes. For example, quercetin is available in the form of supplements, 

frequently combined with other bioflavonoids or antioxidants, which are commonly used 

for their anti-inflammatory, antihistaminic, and antioxidant effects. In this context, there 

are various options, such as a combination of quercetin with bromelain, which enhances 

the absorption of that compound in the body and is used to support for healthy immune 
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and inflammatory responses.87 Examples of these supplements include Now Foods® 

Quercetin with Bromelain, Thorne® Quercenase, Doctor's Best® Quercetin Bromelain or 

Swanson® Ultra Quercetin & Bromelain. Other options, such as Life Extension® 

Optimized Quercetin, involve the combination of quercetin with vitamin C in camu camu 

extract, which is a natural source of vitamin C, being used for supporting the 

cardiovascular and immune health. Moreover, there are also supplements that are only 

composed of quercetin in its pure form, such as Jarrow Formulas® Quercetin.87,88 

On the other hand, there are also some quercetin-based products used for allergies, 

which are available in the form of capsules, tablets, nasal sprays or eye drops. Some 

examples, include Aller-7® that is a proprietary blend of natural extracts, Quercetin Plus®, 

which combines quercetin with other natural ingredients, Aller-Leaf®, i.e. a quercetin-

based supplement, or Quercetin Complex-Solgar®, which is a formulation that contains 

quercetin along with other bioflavonoids and nutrients.89 

Moreover, multiple quercetin-based products that can be used to improve cardiovascular 

health are also available in the current market. One example is Optimized Quercetin by 

Life Extension®, which is composed of quercetin combined with other ingredients like 

resveratrol, for a comprehensive cardiovascular support.90 Other formulations, involve 

coenzyme Q10 (CoQ10), which is an antioxidant that supports heart health, omega-3 

fish oil, or pomegranate extract in combination with quercetin so as to support the 

hearth’s health. Examples products that can be used for this purpose are Quercetin by 

Jarrow Formulas® or Activated Quercetin by Source Naturals®.91,92 

Furthermore, there are also various quercetin-based products available for improving 

prostate health. These can involve, for example, saw palmetto, which is a popular herb 

used for prostate health, combined with quercetin, or be composed by a combination of 

quercetin with herbs, vitamins, minerals, and antioxidants. Examples of these products 

include Prostate Support by NOW Foods® or Prosta-Strong by Irwin Naturals®.93 

Finally, there are various quercetin-based products that can be used for improving not 

only the performance during exercise, but also the recovery. These include pre-workout 

supplements, where quercetin is used as due to its antioxidant and anti-inflammatory 

properties, or recovery formulas, where quercetin if frequently combined with often 

combine quercetin with other nutrients like branched-chain amino acids, glutamine, and 

vitamins in order to help in muscle recovery and reduce inflammation. Examples of 

brands that provide these types of products include BulkSupplements®, NOW Foods®, 

and Thorne Research®.94 
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Besides these commercial products, numerous clinical trials are underway to validate 

the potential of quercetin to be used as a therapeutic agent. However, despite the 

completion of numerous studies, only a limited number have disclosed their findings, 

possibly owing to inconclusive outcomes.95 

These clinical trials primarily delve into the examination of quercetin's anticancer, 

antioxidant, anti-inflammatory, cardiovascular protective, and anti-infectious attributes, 

including its potential efficacy against SARS-CoV-2.96 

Due to its anticarcinogenic activity quercetin has been undergoing clinical trials to 

evaluate its potential as a therapeutic agent in colon, pancreas, and prostate cancer.97 

For example, Tezerji et al. performed a trial were the effect of the combination of 

quercetin and resveratrol in rats with stage IV colorectal cancer was evaluated. The study 

aimed at assessing the effects of these compounds on tumour markers, quality of life, 

and overall survival of the animals. As a result, it was concluded that this therapeutic 

approach is promising for treating such type of cancer, having led to histopathological 

changes, apoptosis induction and reduced cell proliferation in colon cancer.98  

In the context of cardiovascular protective potential of quercetin, Zahedi et al. evaluated 

the effects of quercetin intake on cardiovascular risk factors and inflammatory 

biomarkers in women possessing type 2 diabetes. By considering biomarkers such as 

such as blood pressure, cholesterol levels, inflammation, the authors verified that this 

compound considerably reduced the systolic blood pressure, whilst presenting no effects 

on other cardiovascular risk factors and inflammatory biomarkers.99 Additionally, various 

trials on the effects of quercetin on cardiovascular health have been performed 

throughout the years. These have suggested that such compound has a positive effect 

on the cardiovascular system, namely in terms of blood pressure, protective effect 

against cardiovascular disease, and cardiovascular health.100–102 

Different clinical trials are exploring the anti-inflammatory and antioxidant properties of 

quercetin, for instance, in the treatment of sarcoidosis and idiopathic pulmonary fibrosis. 

Studies indicate a key role for oxidative stress in sarcoidosis ethology, thus an 

antioxidant therapy to strengthen the reduced antioxidant defence is believed to be 

efficacious in sarcoidosis treatment.103 In another clinical trial, the effect of quercetin 

supplementation was evaluated in type 2 diabetes, namely on oxidative stress, glycemic 

control, lipid profile and insulin resistance. The study concluded that oral quercetin 

supplementation was beneficial in improving the antioxidant status of patients with type 

2 diabetes despite showing no significant effect on glycemic control and lipid profile.104  



FCUP 
Production of Lipid Nanoparticles for Topical Administration of Flavonoids 

13 

 
 

 

So far, one clinical trial is evaluating the anticancer effects of quercetin either free or 

encapsulated by PLGA-PEG NPs in tongue squamous cell carcinoma (TSCC) cell line.105 

Nevertheless, several studies have provided compelling evidence of the benefits of 

encapsulating quercetin in delivery vehicles, namely in terms of increased drug half-life 

and solubility, improved drug accumulation on the target site, and reduction of side 

effects.95 

In recent years, there has been a notable increase in the number of patents being filed 

for flavonoid-based formulations.106  

For example, patent IN202141046188 was filed for a novel dosage form of quercetin with 

the goal of enhancing tumour localization and cancer specific therapy. This formulation 

consists of a quercetin nanosuspension that was develop using polymers such as soya 

lecithin with TPGS as co-stabilizer by high pressure homogenization method. The goal 

of this novel formulation is to improve the dissolution and oral bioavailability of quercetin 

in the treatment of certain cancers and other disorders with subsequent reduction in drug 

dose. This quercetin nanosuspension displayed increased cytotoxicity in MCF-7 cells as 

compared with unformulated quercetin.107  

Moreover, several patents were filed for different methods of increasing quercetin 

bioavailability. For instance, Quercetin Phytosome® (patent application no. 171816341), 

a new delivery system based on food grade lecithin was found to increase oral absorption 

of quercetin. When administered orally to human volunteers, it resulted in exceptionally 

high plasma levels of quercetin—up to 20 times higher than the levels typically achieved 

with a regular quercetin dose, without causing any noticeable side effects. These findings 

indicate that Quercetin Phytosome® enables the safe and efficient oral delivery of 

quercetin, making it a valuable option for effectively utilizing this natural compound in the 

treatment of diverse human diseases.108 

Different compositions of quercetin were developed from the treatment of skin wounds.  

In addition, taking advantage of quercetin’s antiviral action patent no. 

WO2021259441A1 provides a composition containing quercetin and tamarixin, claiming 

that both have the ability to bind with ACE2, thereby impeding the binding of SARS-CoV-

2 to the receptor. Additionally, they hinder the conversion of ACE1 to ACE2, leading to 

various advantageous effects such as vasodilatation, vascular protection, antifibrosis, 

antiproliferation, anti-inflammation, and increased release of nitric oxide.109 

In this context, patent no. WO2020153855A1 reports a composition composed of 

quercetin, all- trans retinoic acid, and L-ascorbic acid for the treatment of skin wounds.110 



FCUP 
Production of Lipid Nanoparticles for Topical Administration of Flavonoids 

14 

 
 

 

Overall, the clinical trials, quercetin-based products and patents demonstrate quercetin’s 

potential to be used as a therapeutic agent in the treatment of many diseases, including 

cancer and anti-inflammatory conditions, as well as skin disorders.  
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2.3. On the Development of a Cutaneous Flavonoid Delivery 

System: Advances and Limitations 

This sub-chapter comprises a literature review that describes currently available 

formulations that are used as a topical delivery system for different classes of flavonoids. 

The major advantages of the cutaneous delivery route are highlighted in addition to its 

limitations. The need for nanocarriers in the delivery of flavonoids to the skin is then 

discussed, in addition to an extensive review of the flavonoid cutaneous delivery systems 

that are currently under study for the treatment of skin pathologies. 
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3. Materials and Methods 

3.1. Materials 

For lipid nanoparticles preparation, cetyl palmitate was kindly supplied by Gatefossé 

(Nanterre, France), Tween® 80, quercetin (2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-

4Hchromen-4-one), 2,2-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and 

1,1-diphenyl-2-picrylhydrazyl (DPPH) were obtained from Sigma-Aldrich® (St Louis, MO, 

USA), and pomegranate oil was purchased at a local herb shop (Porto, Portugal). 

Ethanol absolute (≥ 99,8%) was obtained from Fisher Chemical (Thermo Fisher 

Scientific, Loughborough, UK).  

Hydrogels were prepared with sodium alginate (SA) purchased from ACROS OrganicsTM 

(Thermo Fisher Scientific, Waltham, MA, USA), and poly(vinyl alcohol) (PVA) from 

Sigma-Aldrich® (St Louis, MO, USA).  

The preparation of PVPASC membranes, i.e. lipid-based membranes designed to mimic 

the stratum corneum, involved the use of egg phosphatidylcholine (EPC), cholesterol, 

free fatty acids, ceramides and cholesteryl sulphate obtained from Sigma-Aldrich® (St 

Louis, MO, USA). 

For high performance liquid chromatography (HPLC) analysis of quercetin, methanol (≥ 

99.8% HPLC grade) and acetonitrile (≥ 99.8% HPLC grade) were obtained from Fisher 

Chemical (Thermo Fisher Scientific, Loughborough, UK), and dimethyl sulphoxide 

(DMSO, ≥ 99.9%) was obtained from Sigma-Aldrich® (St Louis, MO, USA).   

Cellular assays were performed using two cell lines: L929 fibroblast cell line and HaCaT 

human keratinocyte purchased from Cell Lines Service (CLS, Eppelheim, Germany). 

Cell culture was conducted using culture medium Dulbecco’s Modified Eagle’s Medium 

(DMEM), supplemented with fetal bovine serum (FBS) and penicillin-streptomycin 

(10000 U/mL) acquired from Gibco® (Invitrogen Corporation, United Kingdom). Trypsin-

EDTA 0.25% (v/v) was purchased from Gibco® (Invitrogen Corporation, UK), and 

isopropanol and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) from 

Sigma-Aldrich Co. (Merck KGaA, Germany). FITC Annexin V Apoptosis Detection Kit 

with 7-AAD was obtained from Biolegend (United Kingdom). 2',7'-

dichlorodihydrofluorescein diacetate (DCFH-DA) and hydrogen peroxide were acquired 

from Sigma-Aldrich® (St Louis, MO, USA). 
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All experiments were performed with double-deionized water (resistivity = 18.2 MΩ·cm) 

supplied through an ultra-pure water system (Arium Pro, Sartorius AG, Göttingen, 

Germany). Additionally, the pH measurements were executed in a Crison pH meter GLP 

22, which was equipped with a Crison 52-02 tip (Crison; Barcelona, Spain).  

3.2. Methods 

3.2.1. Production of Nanostructured Lipid Carriers and Solid Lipid 

Nanoparticles 

Quercetin was incorporated into NLCs and SLNs by hot emulsification followed by 

sonication.1 In this process, drugs, or bioactives, are premixed with lipids and, 

subsequently, the temperature is raised to 5-10 ºC above the temperature associated 

with the lipid that has the highest melting point.1,2 Then, the resulting mixture is mixed 

with a surfactant solution at an identical temperature. As a result, the surfactant 

adsorption at the oil and water interface is going to lower the energy barrier required to 

form new surfaces, as well as a stabilized nanoemulsion.1,3 Afterwards, a nanoemulsion 

is synthesized by applying external energy, which, in this case, was provided in the form 

of sound waves by sonication.2 Following, the nanoemulsion is cooled down and the 

melted lipids return to the solid state. The resulting particle size depends directly on the 

energy dissipation, as well as on the surfactant nature.3 

The amount of cetyl palmitate (150 mg), selected amount of quercetin (Table 3.1), and 

the defined ratio liquid lipid/solid lipid (Table 3.1) were heated separately from the Tween 

80 solution in a water bath at 60ºC to solubilize the lipids and the drug. The volume of 

aqueous phase containing Tween 80 (Table 3.1) was added into the lipid phase and 

homogenized using a probe sonicator (VCX130; Sonics & Materials, Inc., Newtown, CT, 

USA), at 70% of amplitude for 5 minutes. Similarly, SLNs were prepared using cetyl 

palmitate as the solid lipid, in the same amount as the lipidic content of optimized NLCs 

(section 3.2.3), quercetin and Tween 80. In addition, drug-free NLCs and SLNs were 

prepared using the previously described method. 

3.2.2. Experimental Design: Box-Behnken Design 

The NLCs prepared using pomegranate oil (PO) as the liquid lipid were optimized using 

a three factor-three level Box–Behnken design (BBD) with 15 runs. This is a commonly 

applied type of response surface design used for optimizing the response of a system, 

or process, that is controlled by various factors.4 Particularly, BBD is composed by a 
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central point together with the middle points of the edges of a cube circumscribed on a 

sphere of radius √2 (Figure 3.1).5,6  

 

Figure 3.1 - BBD for three variables x1, x2 and x3; the circles represent experimental points and square is 
the central point.7 Copyright 2022 Authors licensed under a Creative Commons Attribution (CC BY) license. 

BBD approach is efficient, since it requires a reduced number of experiments when 

compared to a full factorial design.7 Furthermore, as the BBD does not involve any 

experimental points at the vertices of the cube, it can be advantageous when the 

experiments at these points are costly or unfeasible due to practical reasons.8 The 

number of experimental runs is determined by the following expression:7 

2𝑘(𝑘 − 1) + 𝑐𝑝 (1) 

Where 𝑘 is the number of factors and 𝑐𝑝 represents the number of replicates located at 

the central point. 

The chosen independent variables were (𝑋1) the liquid lipid/solid lipid ratio, (𝑋2) the 

quantity of water and, (𝑋3) the quantity of drug. All the other parameters were maintained 

constant, namely the type and amount of solid lipid (cetyl palmitate, 150 mg), type and 

amount of surfactant (Tween 80, 47 mg), and the method of nanoparticle production (hot 

emulsification followed by ultrasonication). The correspondent responses were analyzed 

in terms of Y1= mean particle diameter, Y2 = polydispersity index (PDI), Y3= % of loaded 

drug and Y4= drug loading (DL), and the data calculated through the regression 

coefficient associated with each response, following the equation:  

𝑌 = 𝑏0 + 𝑏1𝑋1 + 𝑏2𝑋2  +  𝑏3𝑋3  + 𝑏12𝑋1𝑋2  + 𝑏13𝑋1𝑋3  + 𝑏23𝑋2𝑋3  + 𝑏11𝑋1
  2  + 𝑏22𝑋2

  2  +

 𝑏33𝑋3
  2   

In which the Y refers to the response, b0, represents the results average and b1 to b33 are 

the associated coefficient. X1, X2 and X3 represent the lipid liquid/solid lipid ratio (X1); 

water volume (X2); and quantity of drug (X3) correspondently. XiXj and Xi2 express the 
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combination of factors and quadratic terms, correspondently. The optimal formulation 

resulted of the analyzes of the variables using STATISTICA 10 software and considering 

the optimal conditions including maximal drug encapsulation and drug loading. 

3.2.3. Validation of the Optimized Quercetin-Loaded Nanostructured Lipid 

Carriers 

The optimal formulation indicated by STATISTICA 10 software, that resulted of the 

analyses of the variables studied in the Box-Behnken experimental design, was prepared 

in triplicate, in order to validate the theorical data predicted by the software, namely, size, 

PDI, entrapment efficiency (EE) and DL. For optimized NLCs preparation, the lipids were 

melted with 1.32% (2.49 mg) of a previously prepared solution of quercetin dissolved in 

ethanol 70% (v/v) and homogenized in 4 mL of double-deionized water (Table 3.1) 

Unloaded NLCs and quercetin-loaded and unloaded SLNs were also prepared for 

comparison.  

Table 3.1 - Composition of optimized quercetin-loaded NLCs. 

Compound Quantity (mg) 

Cetyl Palmitate 150 

Pomegranate oil 39 

Tween 80 47 

Quercetin 2.5 

3.2.4. Characterization of Quercetin-Loaded Nanoparticles 

3.2.4.1. Determination of Nanoparticles’ Size and Zeta Potential 

The average size, polydispersity index (PDI), and surface potential of all the optimized 

formulations under study were measured in a ZetaPALS zeta potential analyzer 

(Brookhaven Instruments Corporation, Holtsville, NY, USA). Before the analysis, the 

samples were diluted by a factor of 200 in double-deionized water.  

The average size and PDI were determined through dynamic light scattering (DLS), a 

technique also known as photon correlation spectroscopy or quasi-elastic light 

scattering. This method measures the Brownian motion of particles in suspension, which 

results from the bombardment of solvent molecules that surround a particle, relating such 
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motion to the particle size.9,10 This measure is dependent on temperature as well as on 

the solvent viscosity.9 A scheme of a general DLS setup is represented in Figure 3.2. 

 

Figure 3.2 - Scheme of a general DLS setup.11 Copyright 2020 Authors licensed under a Creative Commons 
Attribution (CC BY) license. 

When particles are illuminated by a laser over time, the scattered light intensity fluctuates 

at a rate which is dependent on the particle size. Particularly, smaller particles are 

projected a larger distance by the solvent molecules and they also move quicker, leading 

to fast fluctuations. On the other hand, bigger particles will diffuse slower, originating 

slower fluctuations.12 In a DLS instrument, the intensity of the light that reaches the 

detector, at any instant, is dependent on the interference pattern resulting from the light 

scattered by all the particles in the scattering volume. The scattered light will either result 

in mutually destructive phases, which will cancel each other out, or in mutually 

constructive phases, originating a detectable signal.12 

Then, a correlogram, where the raw correlation function is plotted (Figure 3.3), is 

produced.13  
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Figure 3.3 - Raw correlation function.13 Copyright 2015 Authors licensed under a Creative Commons 
Attribution (CC BY) license. 

As a result, if the particles have a spherical shape and do not interact, their hydrodynamic 

diameter, 𝑑ℎ, can be determined from the diffusion coefficient by considering the Stokes-

Einstein equation:14 

𝑑ℎ =
𝐾𝑏𝑇

3𝜋𝜂𝐷
 (3) 

Where 𝐾𝑏 is the Boltzmann constant (1.38064852 × 10−23 J/K), 𝑇 is the temperature, 

𝜂 represents the absolute viscosity of the medium, and 𝐷 is the diffusion coefficient. 

DLS also provides information about the size distribution of the nanoparticles in the form 

of a polydispersity index, which is given by the slope of the correlation function (Figure 

3.3). Particularly, stepper lines indicate more monodispersed the systems.15 In our 

experiments, 6 runs of 2 minutes were completed to determine particle size and the 

polydispersity index of the produced samples.  

The surface potential of the fabricated samples was determined through the zeta 

potential. This parameter assesses the potential difference among the electric double 

layer (EDL) associated with electrophoretically mobile particles and the dispersant 

medium around them in the sliding plane (Figure 3.4).16 
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Figure 3.4 - EDL of a negatively charged nanoparticle during electrophoresis.17 Reprinted from Journal of 
Controlled Release 10, Bhattacharjee, S., DLS and zeta potential – What they are and what they are not?, 
337-351, Copyright (2016), with permission from Elsevier. 

As can be observed in the above figure, at the particle surface there is a strongly adhered 

layer, known as stern layer, composed by ions of opposite charge. Additionally, there is 

the development of a diffuse layer that is constituted by positive and negative 

charges.17,18 This double layer adsorbed on the particle surface is known as EDL and its 

composition depends on multiple factors, such as pH, ionic strength, or concentration.19 

As a result, during electrophoresis, the particle with the adsorbed EDL will move in the 

direction of the electrode with the opposite charge and the slipping plane becomes the 

interface between the mobile particles and dispersant. The zeta potential is the 

electrokinetic potential at this slipping plane.17  

Since the zeta potential cannot be directly measured, it is determined by the 

electrophoretic mobility (µ𝑒) of charged particles under the application of an external 

electric field. Firstly, µ𝑒 is calculated by the following equation:17,20 

µ𝑒 =
𝑉

𝐸
 (4) 

Where 𝑉 is particle velocity (μm/s) and 𝐸 the applied electric field strength (V/cm). Then, 

the zeta potential is calculated using the Henry’s equation:17,20 

µ𝑒 =
2𝜀𝑟𝜀0𝜉𝑓(𝐾𝑎)

3𝜂
 (5) 
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Where 𝜀𝑟 is the relative permittivity/dielectric constant, 𝜀0 represents the vacuum 

permittivity, 𝜉 is the zeta potential, 𝑓(𝐾𝑎 is the Henry's function, and 𝜂 represents 

viscosity at the experimental temperature. 

In the produced samples, the zeta potential was measured with an electrode working at 

a scattering angle of 90º at 20ºC. 6 runs of 10 cycles were carried out for each assay 

and the Smoluchowski mathematical model was employed to acquire the respective 

measurements. Three independent batches of each formulation were examined, in terms 

of size and zeta potential, as described. 

3.2.4.2. Morphology Evaluation 

The nanoparticles’ morphology was evaluated through transmission electron microscopy 

(TEM). In this imaging technique, a highly focused beam of electrons passes through a 

thin sample. As a result, those particles pass through the sample, they are either 

transmitted or scattered by the atoms in the analyzed material, which are detected.21 

Those electrons provide detailed information about the interior of the sample, its 

crystalline structure, morphology, and stress state information, allowing the formation of 

an image.22 

For the TEM analysis of the samples considered in this work, 20 µL of each optimized 

type of lipid nanoparticle was set in a copper grid for 1 minute, using 0.75% (w/v) uranyl 

acetate as a contrast agent. The grid was submitted to an accelerating voltage equal to 

60 kV, and images were acquired using a JEM-1400 transmission electron microscope 

(Jeol JEM-1400, JEOL, Ltd., Tokyo, Japan). 

3.2.4.3. Encapsulation Efficiency and Drug Loading Determination 

The encapsulation efficiency (EE) of the previously prepared nanoparticles was 

determined by analyzing the amount of quercetin loaded in each formulation. The EE% 

and DL% were determined using direct quantification method. Briefly, NLCs and SLNs 

were diluted 1:200 in water, placed into centrifugal filter units (Amicon® Ultra Centrifugal 

Filters Ultracell-50 kDa, MERCK Millipore, Ltd.; Cork, Ireland) and centrifuged at 2500 

xg (Allegra®X-15R centrifuge, Beckman Coulter, Pasadena, CA, USA) until the complete 

separation of the lipid and the aqueous phase. The lipid samples were diluted 1:10 in 

methanol, vortexed for 1 minute and centrifuged at 10,000 xg for 10 minutes using an 

Allegra®X-15R centrifuge (Beckman Coulter, Pasadena, CA, USA). The supernatant 

was then recovered and further diluted 1:10 in mobile phase (solution prepared with 

methanol 60% (v/v), acetonitrile 20% (v/v) and water 20% (v/v)).23 The quantity of 
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quercetin was then determined through High Performance Liquid Chromatography 

(HPLC).  

HPLC is an analytical technique that allows the separation of compounds soluble in a 

particular solvent. This technique involves the migration of a lipid mixture through a 

column containing a stationary phase (liquid).24 Particularly, the liquid phase is pumped 

at a constant rate to a column packed with the stationary phase. On the other hand, 

before entering the column, the sample is injected into the carrier stream and, when it 

reaches the column, its components are selectively retained depending on the physico-

chemical interactions between the analyte molecules and the stationary phase.25 The 

detection and quantification of the eluted molecules is typically performed using an 

ultraviolet (UV) or UV-visible detector (Figure 3.5).26 

 

Figure 3.5 - Schematic diagram of a HPLC system.24 Copyright 2013 Authors licensed under a Creative 
Commons Attribution (CC BY) license. 

Then, the EE, i.e., the percentage quercetin successfully entrapped into the 

nanoparticles, was calculated using the following formula27: 

𝐸𝐸 (%) =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑

𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑦 𝑎𝑑𝑑𝑒𝑑
× 100 (6) 

where the "Amount of encapsulated compound" refers to the quantity of the compound 

measured by HPLC after being extracted from the formulation, while the "Total amount 

of compound initially added" is associated with the initial amount of the compound that 

was added during the formulation fabrication process. 

Additionally, the drug loading, i.e. the quantity of drug loaded per unit weight of the 

nanoparticle, was also determined through this technique using the following equation28: 

𝐷𝐿(%) =
 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑒𝑛𝑡𝑟𝑎𝑝𝑝𝑒𝑑 𝑑𝑟𝑢𝑔

𝑇𝑜𝑡𝑎𝑙 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡
× 100 (7) 
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In this work, a HPLC equipped with a reversed-phase monolithic column (Chromolith® 

RP-18e, 100 mm x 4.6 mm i.d., Merck) connected to a Jasco (Easton, PA, USA) HPLC 

system (pump PU-4180, autosampler AS-4050, and LC-Net II/ADC controller) coupled 

to a PDA detector (Jasco MD-4010, start wavelength = 200 nm, end wavelength = 400 

nm) was used. The data processing was performed by ChromNAV 2.0 HPLC software 

(Easton, PA, USA). The chromatographic separation was performed using an injection 

volume equal to 10 µL, flow rate of 1.0 mL/min, column temperature of 30ºC and a 

detection wavelength of 374 nm.  

3.2.4.4. Storage Stability Assessment 

The nanoparticles storage stability was assessed over a period of 12 weeks. For that 

two different batches of nanoparticles were kept at 4ºC and at room temperature (RT), 

and characterized every two weeks by measuring size, PDI, zeta potential as well as 

drug content as described in 2.2.4.3. 

3.2.4.5. Fourier Transform Infrared Spectroscopy Analysis 

In order to assess whether quercetin was successfully incorporated in the nanoparticles 

and evaluate the existence of possible chemical interactions between quercetin and the 

lipid matrix, Fourier Transform Infrared Spectroscopy (FTIR) spectroscopy was 

conducted. This analysis was also conducted to identify the functional groups in the 

developed hydrogels based on SA and PVA (section 2.2.5) as well as to evaluate 

whether quercetin was successfully incorporated in the hydrogels and the existence of 

possible chemical interactions between quercetin and the polymeric matrix. 

FTIR is a method that allows the acquisition of the infrared (IR) spectrum of absorption, 

emission, photoconductivity, or Raman scattering associated with a solid, liquid, or gas. 

In this technique, IR radiation is used to determine the structures, chemical bonding, as 

well as functional groups present in molecules.29 Particularly, when exposed to IR 

radiation, the molecules in a given sample selectively absorb at specific wavelengths, 

transitioning to a higher vibrational state. In this process, the wavelength associated with 

the radiation absorbed by a particular molecule is a function of the energy difference 

among its ground and excited, i.e. higher energy, vibrational state.30 Consequently, the 

intensity of the transmitted, or reflected, IR radiation is then measured as a function of 

its wavelength, being plotted in a single-beam IR spectrum.31 

FTIR (FrontierTM, Perkin Elmer, Santa Clara, CA, USA) coupled to an attenuated total 

reflectance (ATR) sampling device possessing a diamond/ZnSe crystal was employed 

to obtain the spectra of quercetin-loaded and unloaded lipid nanoparticles. The 
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formulations were previously frozen at -80ºC (Deep freezer, GFL®, Burgwedel, 

Germany), and freeze-dried in a LyoQuest 85 plus v.407 Telstar freeze dryer (Telstar® 

Life Science Solutions, Terrassa, Spain) during 72 hours at -80 ºC, under pressure of 

0.40 mbar. Then, samples were placed in a temperature and humidity-controlled 

environment. Spectra were then acquired by merging 16 scans and recorded between 

4000 and 600 cm-1 with a resolution of 4 cm-1. Three analyses were performed for each 

sample. 

3.2.4.6. Thermal Analysis 

Differential scanning calorimetry (DSC) analysis was used to assess the physical state 

of the optimized nanoparticles core, and to investigate the existence of possible drug 

and lipid interactions within the nanoparticles. DSC is a technique that allows the 

measurement of the quantity of heat flow required to increase the temperature of a 

substance, under controlled conditions.32 In this method, the heat flow rate difference 

into the sample material and the reference material is continuously measured as a 

function of temperature, whilst both materials are subjected to a controlled temperature 

program.33 In an adequate environment, the measured temperature difference is 

proportional to the sample’s heat capacity, as well as to the heat flowing into and out of 

it. The resulting record is known as DSC curve.34 

In this work DSC measurements of cetyl palmitate, quercetin-loaded, and non-loaded 

NLCs and SLNs were achieved utilizing a Perkin Elmer Pyris 1 differential scanning 

calorimeter (PerkinElmer, Waltham, MA, USA). Samples were measured (0.5 – 2 mg) 

directly in aluminum pans and scanned between 25°C and 75°C, considering a heating 

rate of 10°C/min and a cooling rate equal to 40°C/min, under nitrogen gas (20 mL/min). 

A vacant aluminum pan was considered as the reference. Origin software (Northampton, 

MA, USA) was used to analyze the data. Raw data was baseline-corrected and then 

normalized with regard to the scan rate and the gram mass of the sample in the pan, 

yielding the excess heat capacity (Cp, J. g−1.C−1). The melting point was taken as the 

temperature at which the heat capacity was maximum and calorimetric enthalpy changes 

(ΔH) were determined by integrating the area below the endothermic peak, expressed in 

J/g. The same software was also employed to calculate the width of peak in its half height 

(ΔT1/2) and, when peaks overlapped, it was used to estimate thermodynamic parameters 

of each single component peak. DSC studies were performed in collaboration with Dra. 

Catarina Morais, Professor Dra. Amália Jurado and Professor Dra. Maria Pedroso de 

Lima, from Center for Neuroscience and Molecular Biology, from University of Coimbra.  
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3.2.4.7. Photostability Study 

In order to evaluate the protection effect of the lipid nanoparticles against UV-induced 

quercetin’s photodegradation a photostability study was performed. In this assay, 

solutions of 10 µg/mL of quercetin in its free form and quercetin-loaded NLCs and SLNs 

were exposed for 3 hours to radiation with a wavelength of 254 nm. At 0, 1, 2 and 3 hours 

of irradiation, aliquots were withdrawn from each sample, diluted with ethanol 70% (v/v) 

by a factor of 1:3, vortexed for 1 minute and centrifuged at 10,000 xg for 10 minutes 

using an Allegra®X-15R centrifuge (Beckman Coulter, Pasadena, CA, USA). Ethanol 

was used to promote the disruption of the lipidic composition of the nanoparticles, 

allowing the quantification of quercetin in solution. The quantification of quercetin was 

performed by spectrophotometric detection in a wavelength range of 250-500 nm in a V-

660 spectrophotometer (Jasco, Easton, MD, USA). 

3.2.5. Preparation of the Sodium Alginate-Poly(Vinyl Alcohol) Hydrogels 

The hydrogels were prepared as described elsewhere.35 Shortly, SA was dissolved in 

sterile double-deionized water (7.5% w/v) with the help of a glass rod. Simultaneously, a 

PVA solution (8% w/v) was also dissolved in sterile double-deionized water. In order to 

facilitate the dissolution process the PVA solution was heated until 70ºC, and then added 

to the SA in a SA-PVA ratio of 2:1. Both SA and PVA solutions were then mixed using a 

glass rod.35 In the hydrogels loaded with quercetin in its free form, a concentration of 0.1 

mg/mL of quercetin was added to the hydrogel in the SA dissolution step. Likewise, in 

the hydrogels prepared with quercetin loaded into both NLCs and SLNs, the 

nanoparticles were added to the hydrogel in the SA dissolution step to achieve 0.1 

mg/mL concentration of quercetin. Quercetin-loaded NLCs and SLNs were prepared by 

hot emulsification/ sonication technique and made of cetyl palmitate as the solid lipid and 

pomegranate oil (PO) as the liquid lipid for NLCs, in the presence of tween 80, as 

described in section 3.2.1. In order to remove the air bubbles, all hydrogels were left 

degassing in an incubator shaker (ES-60E Incubator Shaker, Miulab, Hangzhou, 

Zhejiang, China) at room temperature and 125 rpm for 48 hours. The hydrogels were 

prepared under sterile conditions in a flow chamber. 

3.2.6. Rheology Studies 

In order to better understand the mechanical properties of the hydrogels under study 

control and quercetin-containing (as free or loaded in nanoparticles) hydrogels were 

submitted to rheology studies, in particular viscosimetry, thixotropy, and resistance to 
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deformation and temperature. From a cutaneous application point of view, gathering 

information regarding the rigidity and elasticity of the polymeric network is essential. 

The determination of the response of a given material to an externally applied 

mechanical stress is crucial for its successful application in the industry, since it allows 

not only a fine tuning of its response to external conditions so as to achieve the desired 

final result, but also to acquire insight on its structure, properties, and microscale 

structural organization.36 In this context, rheometers appear as important equipments, 

since they allow assessing how a liquid, suspension, or slurry flows in response to 

applied forces, measuring its rheology, being employed for fluids whose viscosity cannot 

be defined by a single value.37  

Depending on the measuring principle, two types of rheometers can be distinguished, 

namely rotational, or shear, rheometers, which control the applied shear stress and 

measure the shear strain (or vice-versa), and extensional rheometers, which control the 

applied extensional stress and measure the extensional strain (or vice-versa).38 The 

experiments carried out in this work were performed using a rotational rheometer. In this 

type of equipment the sample is set among two plates: the lower plate is fixed and the 

upper plate rotates, imposing a controlled torque (stress-controlled rheometer) or a 

controlled strain (strain-controlled rheometer). Our measurements were performed with 

the first type of device, where the strain is measured as a function of the applied stress. 

On the other hand, a strain-controlled instrument measures the torque as a function of 

the imposed strain.39 

Furthermore, the upper plate can possess distinct shapes in order to address different 

measurement requisites. In our case, a geometry composed of two parallel plates, which 

allows tuning the thickness among both of them and, therefore, investigating different 

deformation regimes depending on the gap height between the two plates, was used. 

Nevertheless, this configuration has the disadvantage that the strain/strain rate is not 

uniform. This problem can be overcome through a cone-plate geometry, which is 

composed by a fixed plate together with a rotating cone, however these two elements 

have to be placed at a fixed distance.40 

Through the use of rheometers it is possible to study various physical properties 

associated with the considered material. For example, in this work, we studied the 

viscosity of the fabricated samples by acquiring their flow curve. This curve is obtained 

either by increasing the shear rate applied to the material as a function of time and 

measuring the shear stress that is necessary to obtain such shear rate, or by increasing 

the applied shear stress and measuring the resulting shear rate.41 Then, the curve is 
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presented as the viscosity, or shear stress, as a function of the shear rate (Figure 3.6). 

This curve presents the flow behaviour for reduced shear rates (slow motions) and large 

shear rates (fast motion), allowing the determination of the viscosity for the desired shear 

rates.42 

 

Figure 3.6 - Flow curves of different commercial hydrogels.43 Reprinted from Pharmaceutical Development 
and Technology 22, Osmałek, T., Milanowski, B., Froelich, A., Górska, S., Białas, W., Szybowicz, M., and 
Kapela, M Novel organogels for topical delivery of naproxen: Design, physicochemical characteristics and 

in vitro drug permeation, 521-536, Copyright (2016), with permission from Taylor & Francis. 

Thixotropy of the synthesized hydrogels was also studied using the rheometer. This 

property represents the tendency of a material’s viscosity to decrease over time, when 

under shear, and to recover during rest periods.44 In this work, thixotropy was determined 

using three-step shear rate method where the measurement is divided in three distinct 

segments, so as to assess the structure breakdown and recovery as a function of time.45 

In the first part, a low shear rate is applied in order to simulate the quiescent state of the 

material, with the goal of obtaining a constant viscosity at a constant low shear rate, 

providing the reference viscosity of the considered sample at rest. The following section 

simulates structural breakdown of the sample, therefore a large shear rate is applied. 

Finally, in the last section, the sample structural regeneration at rest after the second 

step is simulated, using the same shear rate considered in the first part. Typically, the 

obtained result is represented as a time-dependent viscosity function.46,47 

Additionally, the linear viscoelastic region of the hydrogels was determined through an 

amplitude sweep method, using the same equipment. In this technique, the deformation 

amplitude (or, alternatively, shear stress amplitude) is varied, while the frequency is 
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fixed.48 Then, the analysis is performed by plotting the storage modulus, G', and the loss 

modulus, G'', as a function of the deformation (strain sweep curve), see Figure 3.7.49 

 

Figure 3.7 - Example of an amplitude sweep curve. (LVE – linear-viscoelastic).50 Copyright 2022 Authors 
licensed under a Creative Commons Attribution (CC BY) license. 

As can be observed in figure 3.7, when the deformation is low the two moduli are 

constant, meaning that the sample structure is not affected. This region is known as 

linear-viscoelastic. When those moduli start to decrease, the material structure is 

disturbed, indicating the end of the linear-viscoelastic region.51 In that region, the plateau 

value exhibited by G’ indicates the rigidity of the sample at rest, while the plateau value 

associated with G’’ represents a measure of the unsheared sample viscosity.52,53 

Furthermore, the ratio between the two moduli, in the linear viscoelastic region, provides 

information on the sample characteristic, namely if G' > G’’, the material behaviour is 

similar to that of a viscoelastic solid, while if the opposite is true it possesses properties 

of a viscoelastic fluid.54 With this technique, two additional points can be determined, 

namely the yield point, given by the shear stress value at the limit of the linear-

viscoelastic region; and the flow point, given by the shear stress value at the crossover 

point, i.e. when G’ = G’’.55,56 

The effect of temperature on the hydrogels was also evaluated with the rheometer. This 

evaluation was performed using a single frequency temperature ramp where the 

temperature was varied continuously at a constant frequency, under constant shear 

conditions, i.e. the shear-strain/shear stress was kept at a fixed value, and the material 

response was monitored. This examination provides information on the softening or 

melting behaviour of the considered material when temperature is increased; or on 
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solidification, crystallization, or cold gelation when its temperature is reduced.57 In the 

particular case of polymers, this characterizes their architecture as well as describe the 

internal superstructure and configuration associated with the macromolecules. The 

acquired data is typically presented as G’ and G’’ as a function of temperature. From 

these curves, it is possible to determine the melting temperature, i.e. the temperature at 

which a material changes from a solid to a liquid state, corresponding to the temperature 

were G’ = G’.58,59 Moreover, it is also possible to obtain the glass-transition temperature, 

which, usually, is considered as the temperature corresponding to the G’’ maximum and 

represents the temperature at which an amorphous material changes from a hard/glassy 

state to a soft/leathery state, or vice versa.60,61 

The developed hydrogels were analysed in terms of their rheological properties using a 

rheometer (Malvern Kinexus Lab+; Malvern Instruments; Worcestershire, UK), in which 

four different methods were deployed. Rheological properties were also performed 

following a storage period of six weeks at room temperature in order to assess the 

hydrogel’s stability over time. Viscosimetry analysis was performed, using a shear rate 

table method (0.1 to 100.0 s-1, 10 samples per decade, 25 ºC). For the thixotropy test a 

three-step shear rate method (1st phase: 0.1 s-1, 2 min; 2nd phase: 100.0 s-1, 30 s; 3rd 

phase: 0.1 s-1, 15 min, 25 ºC) was applied. In addition, to determine the linear viscoelastic 

region of the hydrogels, an amplitude sweep method was performed (0.1 to 100%, 10 

samples per decade, 1.0 Hz, 25 ºC), and, finally, the temperature effect on the hydrogels 

was evaluated, using a single frequency temperature ramp with an initial temperature of 

20 ºC, final temperature of 40 ºC, a 1 ºC/min ramp, and a frequency of 1 Hz. All analysis 

were conducted with a plate-plate configuration (geometry PU20 SR4367) with a 1 mm 

gap (Peltier Plate Cartridge). The data were collected using the rSpace software® 

(Kinexus 1.75: PSS0211-17). 

3.2.7. Morphology of SA-PVA Hydrogels Incorporating Quercetin-Loaded 

Nanoparticles 

In order to obtain information about the morphology associated with the produced 

hydrogels, scanning electron microscopy (SEM) was used. This technique allows a direct 

observation of the fabricated samples with a resolution ranging from a few millimeters 

until 5 nm, and a magnification of up to 500.000 times. Additionally, the chemical 

composition of the analysed materials can also be determined through this technique, 

since SEM is typically coupled with an energy dispersive X-ray spectroscopy (EDS) 

detector.62,63 
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Electronic microscopy is based on the irradiation of a sample by an electron beam, which 

possesses a controlled kinetic energy and is under high vacuum. This beam hits a small 

spot of the sample, causing the emission of electrons of photons. Through the use of a 

set of electrostatic and magnetic lenses, which allow the control of the focused electron 

beam, the sample is scanned. Subsequently, the intensity of the emitted particles is used 

to form the SEM image through convolution of the sample spots that were hit by the 

focused electron beam.64,65 

A schematic diagram of the main components of a SEM equipment is presented in Figure 

3.8. These involve an electron column, condenser lenses, and a detector. 

 

Figure 3.8 - Schematic diagram of the main components of a SEM equipment.66 Reprinted from 
Encyclopedia of Materials Characterization Surfaces, Interfaces, Thin Films, 1st edition, Bindell, J. B., 2.2 - 
SEM: Scanning Electron Microscopy, 70-84, Copyright (1992), with permission from Elsevier. 

Particularly, the electron column is composed by an electron source, such as a tungsten 

filament cathode, which is responsible for emitting an accelerated electron beam that 

can have energies between 0.1 and 40 KeV, under pressures of ~10-4 Pa.67 The diameter 

of this beam is reduced, i.e. the beam is focused, using a series of magnetic focusing 

lenses that have defines apertures, so as to converge the electron beam towards the 

sample. In the sample chamber, two types of detectors exist, namely secondary and 

backscattered detectors. In order to obtain an image, the focused electron beam is 

scanned, in a raster scan pattern, over the sample surface and the electrons emitted at 

each spot hit are gathered by the detectors and subsequently processed. Then, the SEM 
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image is constructed by mapping (point-to-point) the intensity of the detected signals to 

the position of the scanning beam.67 

When the focused electron beams hits the sample and interacts with its atoms, different 

types of particles are emitted at different depths within the sample (Figure 3.9). The most 

commonly used ones for image formation are secondary electrons and backscattered 

electrons.66–69 

 

Figure 3.9 - Schematic diagram of the different particles emitted during electron-sample interaction at various 
depths.70 Copyright 2013 Author licensed under a Creative Commons Attribution (CC BY) license. 

The secondary electrons have a low energy, i.e. <50 eV, and they originate due to 

inelastic collisions of the primary electrons beam with superficial atoms, which are 

located a few nanometers from the sample surface and are weakly bound. The SEM 

images obtained using these particles give information of the sample topography.66 

On the other hand, backscattered electrons possess a high energy, i.e. >50 eV, and they 

originate from the elastic collision between the primary electron beam and atoms of the 

sample that are in a deeper location. These particles can be used to obtain a composition 

contrast image, since the intensity of the backscattered electrons emission is associated 
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with the atomic number of the material, namely chemical elements that have a greater 

atomic number emit more backscattered electrons than those with a lower atomic 

number, appearing brighter in the resulting image.62,71 

The developed hydrogels were analysed by SEM using a FEI Quanta 400 FEG 

ESEM/EDAX Pegasus X4M with an accelerating voltage of 10 kV. Briefly, all hydrogels 

were kept overnight in a -80 ºC freezer (Deep Freezer, GFL®, Burgwedel, Germany), to 

be further lyophilized in a freeze drier (LyoQuest –85 plus v.407, Telstar® Life Science 

Solutions,Terrassa, Spain) for 72 hours, continuously kept at -80 ºC and 0.40 mbar of 

pressure. Hydrogels were then fixed onto carbon-taped metal pins and coated with 

Au/Pd by sputtering for 45 seconds. 

3.2.8. Determination of Quercetin Antioxidant Activity 

3.2.8.1. The ABTS Assay 

In order to understand how quercetin’s encapsulation in the drug delivery systems 

(optimized nanoparticles and SA-PVA hydrogels, either in its free form or within lipid 

nanoparticles), affects its antioxidant capacity the 2,2-azinobis (3-ethylbenzothiazoline-

6-sulfonic acid) (ABTS) assay was performed.  

The ABTS assay is considered one of the most sensitive techniques to identify 

antioxidant activity, since it has faster reaction kinetics and a heightened response to 

antioxidants.72 This assay is based on measurement of the ability of the studied 

compounds to reduce the radical cation ABTS+, which possesses a characteristic long 

wavelength absorption spectrum with a maximum at a wavelength of 734 nm. This 

radical cation, which has a dark green color, is generated by reaction of the ABTS salt 

with a strong oxidizing agent (eg, potassium permanganate or potassium persulfate).73 

Then, when an antioxidant transfers electrons, or donates hydrogen atoms, to this ABTS 

radical cation, its color fades leading to a decrease in absorbance.74 

In this work, the ABTS radical cation decolorization test was employed to determine the 

antioxidant activity associated with the formulations under study75. Free quercetin and 

quercetin-loaded nanoparticles ranging from 1.25 until 25 µg mL-1 were prepared and 

the test was carried out following previously described methods.76–78 Briefly, 7 mM ABTS 

in water and 2.45 mM potassium persulfate aqueous stock solution were mixed in equal 

volumes and left in the dark overnight at ambient temperature, previous to the utilization. 

Then, the ABTS solution was mixed with the sample buffer till an absorbance equal 0.90 

± 0.02 at 734 nm was achieved. In a 96-well plate, 100 µL of the previously diluted ABTS 

solution were added to 100 µL of each sample. After 15 minutes the absorbance (Asample) 
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was read using a microplate reader (BioTek Instruments Inc., Winooski, VT, USA). All 

determinations were performed in triplicate and results are presented as mean ± 

standard deviation. The radical scavenging activity percentage (% RSC) was determined 

through following equation: 

𝑅𝐶𝑆 (%) =
𝐴(𝐶𝑜𝑛𝑡𝑟𝑜𝑙) − 𝐴(𝑆𝑎𝑚𝑝𝑙𝑒)

𝐴(𝐶𝑜𝑛𝑡𝑟𝑜𝑙)
× 100 (8) 

3.2.8.2. The DDPH Assay 

To complement the results of the ABTS assay, the 1,1-diphenyl-2-picrylhydrazyl (DPPH) 

assay was employed to assess the free radical scavenging activity associated with free 

quercetin and the nanoparticles under study. This is fast, simple, cheap, and commonly 

used technique to assess the capacity of compounds to act as free radical scavengers 

or hydrogen donors,79 based on the scavenging ability of antioxidants towards DPPH.80 

This molecule is known as stable free radical, due to the delocalization of a spare 

electron over the whole molecule, which prevents dimer formation and leads to a deep 

violet color.81 This molecule has an absorption maximum at 515 nm, when dissolved in 

methanol.82 Antioxidants, or other radical species, can react with DDPH by providing an 

electron, or hydrogen atom, which reduces it to 2,2-diphenyl-1-hydrazine (DPPH-H) or a 

substituted analogous hydrazine (DPPH-R), characterized by a colorless or pale-yellow 

color. This decolorization can be monitored using a spectrophotometer.83  

In our work, a range of 0.10 until 1.56 µg mL-1 was tested following a previously described 

method.78 Briefly, a DPPH solution at 0.2 mM in methanol was prepared by dissolving 

3.94 mg of DPPH reagent in 50 mL of MeOH.  

In a 96-well plate 100 µL of the previously prepared DPPH solution were added to 100 

µL of each sample. The 96-well plate was subsequently protected with aluminum foil to 

avoid radical degradation by light and incubated during 30 minutes at room temperature. 

The reaction solution absorbance (Asample) was measured at 515 nm using a microplate 

reader (BioTek Instruments Inc., Winooski, VT, USA). All determinations were carried 

out in triplicate and results are exhibited as mean ± standard deviation. The percentage 

of free radicals scavenging by the sample was determined using the following equation: 

𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (%) =
1 − 𝐴(𝑆𝑎𝑚𝑝𝑙𝑒)

𝐴(𝐶𝑜𝑛𝑡𝑟𝑜𝑙)
𝑥 100 (9) 
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3.2.9. Cellular Studies 

3.2.9.1. Cell Culture Conditions 

Murine fibroblasts L929 and Human HaCaT cells were grown in DMEM supplemented 

with 10% (v/v) of FBS and 1% (v/v) Penicillin- Streptomycin and maintained at 37ºC in a 

5% CO2 atmosphere (Unitherm CO2 Incubator 3503 Uniequip; Planegg, Germany). After 

achieving approximately 90% confluence, L929 fibroblasts were removed from the cell 

culture flask utilizing a scrapper (NuncTM Cell Scrappers, Thermofisher Scientific; 

Waltham, MA USA), and HaCaT keratinocytes were recovered by incubating the cells at 

37ºC in a 5% CO2 atmosphere for approximately 5 minutes with a solution of 0.25% (w/v) 

trypsin-EDTA. Cells were counted and then plated in fresh supplemented DMEM in order 

to maintain the cell culture or platted in 24- or 96-wells to proceed with the studies.  

3.2.9.2. Biocompatibility 

Cell viability was evaluated through the 3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide (MTT) assay, with the goal of evaluating the quercetin-

loaded lipid nanoparticles’ biocompatibility.  

In this colorimetric assay, cell viability is examined through cellular metabolic activity. 

Particularly, viable cells contain NAD(P)H-dependent oxidoreductase enzymes, which 

are capable of reducing the yellow MTT to purple formazan crystals.84 Subsequently, 

these crystals, which have an absorbance maximum at 570 nm, are dissolved using a 

solubilization solution (dimethyl sulfoxide, DMSO, in this case), originating a colored 

solution that can be quantified by measuring their absorbance in the 500-600 nm range. 

The amount of formazan produced is proportional to the number of viable cells.85 

In this work, L929 and HaCaT cells reaching confluence were collected and seeded in 

96-well plates, considering a density of 4x104 cells per well in 100 µL of supplemented 

DMEM, and incubated for 24 hours at 37ºC in a 5% CO2 atmosphere. Following this step, 

the cell medium was removed and various concentrations of free quercetin as well as 

loaded and unloaded SLNs and NLCs were diluted in supplemented DMEM and added 

to the cells. 

To determine the effect of the hydrogels on human keratinocytes (HaCaT cells), the cell 

viability was evaluated through the MTT assay. After reaching confluence, the cells were 

collected and seeded in 96-well plates, with a density of 4x104 cells per well in 100 µL of 

supplemented DMEM and incubated for 24 hours at 37ºC in a 5% CO2 atmosphere. After 

cell adhesion, the culture medium was removed and replaced by serial dilutions (1.25 to 
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10 µg/mL in quercetin) of empty hydrogel, free quercetin-containing hydrogels, as well 

as unloaded and quercetin-loaded nanoparticles incorporated into hydrogels. In these 

assays, Triton X-100 (1% (v/v)) was considered the positive control for cytotoxicity, and 

untreated cells were used as the negative control. Then, cells were then incubated for 

another 24 hours at 37ºC in a 5% CO2 atmosphere.  

For viability assessment, the culture medium was removed and 100 µL of an MTT 

solution prepared at a concentration of 0.5 mg/mL in supplemented DMEM was added. 

Cells were then incubated 4 hours at 37ºC in 5% CO2, following which the MTT solution 

was removed and 100 µL of DMSO were added to solubilize the formazan crystals. A 

microplate reader (BioTek Instruments Inc., Winooski, VT, USA) was used to determine 

the absorbance at 570 nm and 630 nm for background subtraction. The percentage of 

viable cells was compared to that of control cells through the corrected absorbance ratio 

(570–630 nm) measured for the analyzed conditions and the untreated cells.  

3.2.9.3. Ultraviolet B Irradiation Intensity Studies 

In order to infer the UVB radiation intensity necessary to reduce cell viability by about 

50%, a preliminary evaluation was performed using four UVB pulses of 60, 80, 100, and 

120 mJ/cm2. Briefly, HaCaT cells were plated in a 96-well plate, at a density of 4x104 

cells per well, and left in an incubator for 24 hours at 37ºC in a 5% CO2 atmosphere, for 

cell adhesion. Following 24 hours of incubation, cells were irradiated using an illuminator 

system with UVB lamp (TRIWOOD 31/36, Helios Italquartz, Milan, Italy) at 60, 80, 100 

and 120 mJ/cm2). The cells were then incubated in fresh culture media for another 24 

hours prior to cell viability assessment using the MTT assay, as previously described. 

An intensity of 60 mJ/cm2, corresponding to a decrease in cell viability of approximately 

50%, was selected to proceed for the photoprotective studies.  

3.2.9.4. Photoprotective Assay 

To assess the photoprotective effect of the SA-PVA hydrogels under study against UV-

induced damage, HaCaT cells were plated in 96-well plates, at a density of 4x104 cells 

per well, and left in an incubator for 24 hours at 37ºC in a 5% CO2 atmosphere, for cell 

adhesion. Then, cells were incubated for 24 hours with serial dilutions (2.5 to 10 µg/mL) 

of free quercetin-containing hydrogels, as well as unloaded and quercetin-loaded 

nanoparticles incorporated into hydrogels. Empty hydrogels as well as non-irradiated 

cells were used as a control. On the following day, cells were irradiated using an 

illuminator system with UVB lamp (TRIWOOD 31/36, Helios Italquartz, Milan, Italy) for 

60 seconds (60 mJ/cm2). The cells were then incubated in fresh culture media for another 
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24 hours prior to cell viability assessment using the MTT assay, as previously described 

above. A similar assay was performed in order to evaluate cell apoptosis.   

3.2.9.5. Cellular Recovery Study 

The potential cell recovery effect of quercetin-loaded hydrogels on UVB-induced skin 

damage was also evaluated. As previously described HaCaT cells were plated in 96-well 

plates, at a density of 4x104 cells per well and left in an incubator for 24 hours at 37ºC in 

a 5% CO2 atmosphere. Cells were then irradiated using an illuminator system with UVB 

lamp (TRIWOOD 31/36, Helios Italquartz, Milan, Italy) for 60 seconds (60 mJ/cm2). 

Following irradiation, cells were incubated with serial dilutions (2.5 to 10 µg/mL) of free 

quercetin-containing hydrogels, as well as unloaded and quercetin-loaded nanoparticles 

incorporated into hydrogels. Empty hydrogels as well as non-irradiated cells were used 

as a control. After 24 hours of incubation, cell viability was assessed using the MTT 

assay, as described previously. A similar assay was performed in order to evaluate cell 

apoptosis.   

3.2.9.6. Apoptosis Analysis 

When cells undergo apoptosis, they can be identified by certain morphologic features, 

such as loss of plasma membrane asymmetry and attachment, condensation of the 

cytoplasm and nucleus, as well as internucleosomal cleavage of DNA.86 One of the 

earliest structural changes in those cells is the modification in the plasma membrane 

involving the redistribution of phospholipids.87 Namely, in healthy cells, the phospholipids 

are asymmetrically distributed at the plasma membrane. Particularly, 

phosphatidylcholine and sphingomyelin are mainly present in the external leaflet, while 

the majority of the phosphatidylethanolamine and all the phosphatidylserine (PS) are 

confined to the inner leaflet of the plasma membrane. However, in early apoptosis, the 

lipid asymmetry is lost, and PS is translocated from the inner to the external leaflet of the 

plasma membrane, which leads to its appearance on the cell surface, exposing it to the 

extracellular environment. Consequently, the monitoring of the appearance of PS on the 

cell surface provides an indication of apoptosis.86,88 

One compound typically used for this purpose is Annexin V, which is a is a 35-36 kDa 

Ca2+ dependent phospholipid-binding protein with a high affinity for PS, binding to cells 

with exposed PS.89 Additionally, it can be conjugated to a fluorochrome, such as 

fluorescein isothiocyanate (FITC), so as to obtain a sensitive probe for flow cytometry 

examination of cells undergoing apoptosis.90 Since FITC Annexin V staining precedes 

the loss of the plasma membrane’s capacity to exclude vital dyes, such as propidium 
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iodide (PI) or 7-Amino-Actinomycin (7-AAD), it is commonly used together with those 

substances in order to distinguish between viable, early apoptotic, and necrotic or late 

apoptotic cells.89 Particularly, such dyes are excluded by cells with intact membranes, 

while those that are dead or have damaged membranes are permeable to them91. 

Therefore, cells that are considered viable are FITC Annexin V and 7-AAD negative; 

cells in early apoptosis are FITC Annexin V positive and 7-AAD negative; and cells in 

late apoptosis, or dead, are FITC Annexin V and 7-AAD positive.89 

The apoptosis analysis was performed for both the photoprotective assay and the cellular 

recovery assay. Following both assays, cells were washed with phosphate buffer and 

detached using 0.25% trypsin. Then cells were centrifuged at 300 xg for 5 minutes and 

resuspended in 100 µL of binding buffer, following the addition of 10 µL of FITC Annexin 

V, and 10 µL of 7-AAD, and incubation for 15 minutes at room temperature protected 

from light. After the incubation period, cells were analysed using a BD Accuri C6 flow 

cytometer with a minimum of 10,000 events. The assays were performed in triplicate and 

the results were analysed by Accuri C6 analysis software. 

3.2.9.7. Determination of Intracellular Reactive Oxygen Species 

To assess whether quercetin-loaded hydrogels have the ability to reduce UVB-induced 

ROS generation, the intracellular level of ROS was measured using the 2',7'-

dichlorodihydrofluorescein diacetate (DCFH-DA) assay. The DCFH-DA is a nonpolar, 

non-fluorescent, and non-ionic molecule that can easily cross the cell membrane through 

passive diffusion.92 After diffusing into the cells, the DCFH-DA is deacetylated by 

intracellular esterases, originating non-fluorescent 2′,7′-dichlorodihydrofluorescein 

(DCFH). Then, in the presence of ROS, such as hydrogen peroxide (H2O2), lipid 

hydroperoxides, and peroxynitrite, DCFH is quickly oxidized to 2′,7′-dichlorofluorescein 

(DCF), which is highly fluorescent, possessing excitation and emission wavelengths of 

498 and 522 nm, correspondingly.93–95 

In the performed experiments, HaCaT cells were plated in 24-well plates, at a density of 

2x105 cells per well and left in an incubator for 4 hours at 37ºC in a 5% CO2 atmosphere, 

for cell adhesion. Following cell plating, cells were incubated for 24 hours with 2.5 µg/mL 

of free quercetin-loaded hydrogels, as well as unloaded and quercetin-loaded 

nanoparticles incorporated into hydrogels. Empty hydrogels as well as non-irradiated 

cells were used as a control. On the following day, cells were irradiated using an 

illuminator system with UVB lamp (TRIWOOD 31/36, Helios Italquartz, Milan, Italy) for 

60 seconds (60 mJ/cm2). Cells were then washed twice with PBS and incubated for 30 

minutes with 5 µg/mL of DCFH-DA. Following incubation, cells were washed twice with 
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PBS, digested with trypsin, and finally collected. Then cells were centrifuged at 300 xg 

for 5 minutes and resuspended in 150 µL of PBS, following the addition of 1.5 µL of 

Trypan Blue, and 1.5 µL of PI. Cells were then analysed using a BD Accuri C6 flow 

cytometer with a minimum of 10,000 events. The assays were performed in triplicate and 

the results were analysed by Accuri C6 analysis software. The relative fluorescent 

intensity was calculated compared to the control, corresponding to non-irradiated cells, 

using the following equation: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑡 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =
 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐺𝑟𝑜𝑢𝑝

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝐺𝑟𝑜𝑢𝑝
 (10) 

3.2.10. Permeation Studies Using PVPAsc Model 

To evaluate the potential of the quercetin-loaded NLCs and SLNs to permeate through 

the skin, the ex vivo stratum corneum mimetic model PVPAsc was used.96 

Since the diffusion through the skin is controlled by its outermost layer, i.e. stratum 

corneum (SC), can be thought as diffusion through a passive membrane, the skin 

permeability of the produced formulations was evaluated by a phospholipid vesicle-

based permeation (PVPA) assay with a lipid composition close to that of a human SC 

layer.96,97 This assay consists of a tightly packed layer of liposomes, formed by 

centrifugation, on a filter support, allowing the screening of passive permeability through 

biological membranes Figure 3.10.98  

 

Figure 3.10 - Principle of the PVPA assay, mimicking the SC.99 Copyright 2013 Authors licensed under a 
Creative Commons Attribution (CC BY) license. 
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3.2.10.1. Preparation of PVPAsc Model 

The PVPASC model systems were prepared as previously described.96 The PVPASC 

model is made of liposomes composed of ceramide (50% w/w), egg phosphatidylcholine 

(EPC) (25% w/w), cholesterol (12.5% w/w), free fatty acids (10% w/w) and cholesteryl 

sulphate (2.5% w/w). The lipid mixtures were prepared as a close approximation to the 

composition of human SC, excluding the small proportions of cholesteryl esters and other 

minor constituents.96,100 Briefly, the lipid mixtures composed by ceramides, EPC, 

cholesterol, stearic acid and cholesteryl sulfate were dissolved in a mixture of chloroform 

and methanol (3:2 v/v), and then transferred into a 100-mL glass round-bottom flask. 

Using a rotary evaporator under nitrogen stream (P=1.0 Bar) and a heating bath at a 

temperature of 40 ºC, the solvents were evaporated until complete dryness. 5 mL of 

phosphate buffered saline were added to the dry lipid film and vortexed 10 minutes at 

room temperature, with repeated cycles of 5 minutes heating and vortex until the lipid 

film was totally detached, allowing the formation of multilamellar large liposomes (MLVs). 

To assure an efficient hydration of the lipid materials, the lipid MLVs were left overnight 

at 4 °C. On the following day, two cycles of heating/vortex were performed again. The 

suspension of MLVs was divided into two portions and one was sonicated (Ultrasonic 

Processor for Small Volume Applications, Sonic Vibra-Cell) with amplitude 70% to obtain 

large unilamellar liposomes (LUVs).  

In order to obtain the PVPASC barrier for the permeability studies, the liposomes were 

inserted into a filter support, as previously described.101 Briefly, the freshly prepared 

LUVs were incorporated into sterile culture inserts (Millicell membrane with 0.4 μm pore 

size) by two cycles of centrifugation (Allegra X-15R, Beckman Coulter) at 950 ×g for 15 

minutes at 20 °C and one step at 45 °C for 60 minutes, in order to enhance the viscosity 

of the suspension and to promote filling the insert. Following that, MLVs were added to 

the insert and centrifuged at 1030 ×g for 60 minutes at 20 °C, followed by a 200xg 

centrifugation for 5 minutes at 20 °C in an inverted position to remove excess of 

liposomes. Then, inserts were transferred to 15 mL falcon tubes and frozen at −80 °C. 

Prior to use inserts were thawed at 30 °C for 90 min. 

3.2.10.2. Permeation Assay Using PVPAsc Model 

Quercetin permeation studies were carried out at 32ºC, with agitation and protection from 

light. Briefly, falcons containing the inserts comprising the PVPASC membranes were 

collected and inverted quickly, to avoid defrost of residual liquid in the tubes and 

incubated in a water bath during 90 minutes at 30ºC.  
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The inserts were then positioned in a 24-well plate containing 2 mL of PBS (pH 7.4) with 

10% (v/v) ethanol as the acceptor chamber. The use of ethanol was known in permeation 

studies to improve drugs’ solubility in an aqueous medium.102 500 µL of each quercetin-

loaded nanoparticle formulation containing approximately 150 µg of drug was added to 

the donor chamber. The free drug permeation was performed similarly, 500 µL of the 

same amount of quercetin dissolved in Mygliol, were added to the donor chamber. 

Mygliol was used to dissolve quercetin since ethanol can enhance skin permeation of 

drugs when simultaneously applied with drugs.103 200 µL aliquots were then collected at 

1-, 3- and 6-hours’ time points, while the receptor chamber medium was replaced by an 

identical quantity of fresh buffer. 800 µL of mobile phase were added to the collected 

samples and the amount of quercetin was then assessed though HPLC, as described in 

section 2.2.4.3.  

A calibration curve (absorbance = 18163 [quercetin] – 3533.9) was acquired in mobile 

phase for concentrations ranging from 0.313 until 20 µg/mL of quercetin, with a r2 equal 

to 0.9998.  

After 6 hours, the donor chamber samples were recovered and diluted by a factor of 1:10 

in DMSO. Subsequently, a 2 minutes vortex and an ultrasonic bath of 45 minutes were 

performed in order to destroy the lipid nanoparticles and free the entrapped drug. 

Followingly, the samples were centrifuged during 15 minutes at 10000 xg in an Allegra 

X-15R centrifuge (Beckman Coulter, Pasadena, CA, USA). The concentration of 

quercetin in the supernatant was quantified through HPLC, as described above. A 

calibration curve (absorbance = 33037 [quercetin] – 23076) was acquired in DMSO for 

concentrations ranging from 0.625 until 20 µg/mL of quercetin, with a r2 equal to 0.9931.  

3.2.11. Statistical Analysis 

All the statistical analysis were performed using the GraphPad Prism Software (Version 

7.03 for Windows; GraphPad Software Inc, San Diego, CA, USA). Considering the 

obtained data consists of at least three independent experiments, the results are 

expressed as mean ± standard deviation (SD), and Ordinary one-way Anova or two-way 

Anova with multiple comparisons were performed to assess the differences between 

control and treatment groups. A p-value < 0.05 considered statistically significant.  



FCUP 
Production of Lipid Nanoparticles for Topical Administration of Flavonoids 

79 

 
 

 

3.3. References 

1. Martins, S. A. M., Drug delivery across blood-brain barrier by means of intravenous 

administration of lipid nanoparticles. PhD thesis, Faculty of Pharmacy of the University 

of Porto (2012). 

2. Nandvikar, N. Y., Lala, R. R., and Shinde, A. S., Nanostructured Lipid Carrier: the 

Advanced Lipid Carriers. International Journal of Pharmaceutical Sciences and 

Research 10, 5252–5265 (2019). 

3. Du, Y. Fabrication and Characterization of Low Crystalline Curcumin Loaded Lipid 

Nanoparticles. MSc thesis, Graduate School-New Brunswick Rutgers, The State 

University of New Jersey (2011). 

4. Fu, S., Dou, B., Zhang, X., and Li, K., An Interactive Analysis of Influencing Factors 

on the Separation Performance of the Screw Press. Separations 10, 245 (2023). 

5. Manohar, M., Joseph, J., Selvaraj, T., and Sivakumar, D., Application of Box Behnken 

design to optimize the parameters for turning Inconel 718 using coated carbide tools. 

International Journal of Scientific Engineering and Research 4, 620-642 (2013). 

6. Chaichi, M. J., Azizi, S. N., Alijanpour, O., Heidarpour, M., and Qandalee, M. 

Application of Box-Behnken design in the optimization of new peroxyoxalate-H2O2 

chemiluminescence system using furan derivatives as blue activators. Journal of 

Luminescence 138, 65–71 (2013). 

7. Leyva-Jiménez, F. J., Fernández-Ochoa, Á., Cádiz-Gurrea, M. D. L. L., Lozano-

Sánchez, J., Oliver-Simancas, R., Alañón, M. E., Castangia, I., Segura-Carretero, A., 

and Arráez-Román, D., Application of Response Surface Methodologies to Optimize 

High-Added Value Products Developments: Cosmetic Formulations as an Example. 

Antioxidants 11, 1552 (2022). 

8. Jankovic, A., Chaudhary, G., and Goia, F., Designing the design of experiments (DOE) 

– An investigation on the influence of different factorial designs on the characterization 

of complex systems. Energy and Buildings 250, 111298 (2021). 

9. Housmans, J. A. J., Wu, G., Schymkowitz, J., and Rousseau, F., A guide to studying 

protein aggregation. The FEBS Journal 290, 554–583 (2023). 

10. Joshi, M., Bhattacharyya, A., and Ali, S. W., Characterization techniques for 

nanotechnology applications in textiles. Indian Journal of Fibre and Textile Research 33, 

304-317 (2008). 



FCUP 
Production of Lipid Nanoparticles for Topical Administration of Flavonoids 

80 

 
 

 

11. Velichko, E., Makarov, S., Nepomnyashchaya, E., and Dong, G., Molecular 

Aggregation in Immune System Activation Studied by Dynamic Light Scattering. Biology 

9, 123 (2020). 

12. Stetefeld, J., McKenna, S. A., and Patel, T. R., Dynamic light scattering: a practical 

guide and applications in biomedical sciences. Biophysical Reviews 8, 409–427 (2016). 

13. Varenne, F., Botton, J., Merlet, C., Beck-Broichsitter, M., Legrand, F. X., and 

Vauthier, C., Toward a standardization of physico-chemical protocols for nanomedicine 

characterization: I. Size measurements. In: 17th International Congress of Metrology, 

14002 (EDP Sciences, 2015). 

14. Misono, T., Dynamic Light Scattering (DLS). In: Measurement Techniques and 

Practices of Colloid and Interface Phenomena, 65–69 (Springer, 2019). 

15. Varenne, F., Botton, J., Merlet, C., Hillaireau, H., Legrand, F. X., Barratt, G., and 

Vauthier, C., Size of monodispersed nanomaterials evaluated by dynamic light 

scattering: Protocol validated for measurements of 60 and 203 nm diameter 

nanomaterials is now extended to 100 and 400 nm. International Journal of 

Pharmaceutics 515, 245–253 (2016). 

16. Ploetz, E., Engelke, H., Lächelt, U., and Wuttke, S., The Chemistry of Reticular 

Framework Nanoparticles: MOF, ZIF, and COF Materials. Advanced Functional 

Materials 30, 1909062 (2020). 

17. Bhattacharjee, S., DLS and zeta potential – What they are and what they are not? 

Journal of Controlled Release 235, 337–351 (2016). 

18. Amran Tengku Mohd, T., Zaidi Jaafar, M., Anugerah Ali Rasol, A., and Fauzi Hamid, 

M., Measurement of Streaming Potential in Downhole Application: An Insight for 

Enhanced Oil Recovery Monitoring. In: MATEC Web of Conferences 87, p. 03002 (EDP 

Sciences, 2017) 

19. Sharma, S., Shukla, P., Misra, A., and Mishra, P. R., Interfacial and colloidal 

properties of emulsified systems: Pharmaceutical and biological perspective. In: Colloid 

and Interface Science in Pharmaceutical Research and Development, 149–172 

(Elsevier, 2014). 

20. Lowry, G. V., Hill, R. J., Harper, S., Rawle, A. F., Hendren, C. O., Klaessig, F., 

Nobbmann, U., Sayre, P., and Rumble, J., Guidance to improve the scientific value of 

zeta-potential measurements in nanoEHS. Environmental Science: Nano 3, 953–965 

(2016). 



FCUP 
Production of Lipid Nanoparticles for Topical Administration of Flavonoids 

81 

 
 

 

21. Inkson, B. J., Scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) for materials characterization. In: Materials Characterization Using 

Nondestructive Evaluation (NDE) Methods, 17–43 (Woodhead publishing, 2016). 

22. Malatesta, M., Transmission Electron Microscopy as a Powerful Tool to Investigate 

the Interaction of Nanoparticles with Subcellular Structures. International Journal of 

Molecular Sciences 22, 12789 (2021). 

23. Bose, S., and Michniak-Kohn, B., Preparation and characterization of lipid based 

nanosystems for topical delivery of quercetin. European Journal of Pharmaceutical 

Sciences 48, 442–452 (2013). 

24. Czaplicki, S., Chromatography in Bioactivity Analysis of Compounds. In: Column 

Chromatography, 99-122 (IntechOpen, 2013). 

25. Paul, S., Saikia, A., Majhi, V., and Pandey, V. K., Analytical instruments. In: 

Introduction to Biomedical Instrumentation and Its Applications, 213–250 (Springer, 

2021). 

26. Katz, V. L., Lentz, G., Lobo, R. A., Gershenson, D., and Willard, M., Small Animal 

Clinical Diagnosis by Laboratory Methods. Elsevier Health Sciences (2012). 

27. Ali, H., Kalashnikova, I., White, M. A., Sherman, M., and Rytting, E., Preparation, 

characterization, and transport of dexamethasone-loaded polymeric nanoparticles 

across a human placental in vitro model. International Journal of Pharmaceutics 454, 

149–157 (2013). 

28. Xu, J., Zhang, S., Machado, A., Lecommandoux, S., Sandre, O., Gu, F., and Colin, 

A., Controllable Microfluidic Production of Drug-Loaded PLGA Nanoparticles Using 

Partially Water-Miscible Mixed Solvent Microdroplets as a Precursor. Scientific Reports 

7, 1-12 (2017). 

29. Nagy, E., Basic Equations of Mass Transport through a Membrane Layer. Elsevier 

Science (2018). 

30. Saleh, T. Abdo., and Gupta, V. Kumar., Surface Science of Adsorbents and 

Nanoadsorbents: Properties and Applications in Environmental Remediation. Academic 

Press (2022). 

31. Iqbal, H. M. N., Bilal, Muhammad., and Nguyen, T. Anh., Nano-Bioremediation : 

Fundamentals and Applications. Elsevier Science (2021). 



FCUP 
Production of Lipid Nanoparticles for Topical Administration of Flavonoids 

82 

 
 

 

32. Ong, K. L. L., Lovald, S., and Black, J., Orthopaedic Biomaterials in Research and 

Practice. CRC Press (2017). 

33. Menczel, J. D., and Grebowicz, J., Handbook of Differential Scanning Calorimetry: 

Techniques, Instrumentation, Inorganic, Organic and Pharmaceutical Substances. 

Elsevier (2023). 

34. Maehly, A., and Williams, R. L., Forensic Science Progress. Springer (1988). 

35. Esposito, L., Barbosa, A. I., Moniz, T., Costa Lima, S., Costa, P., Celia, C., and Reis, 

S., Design and characterization of sodium alginate and poly(Vinyl) alcohol hydrogels for 

enhanced skin delivery of quercetin. Pharmaceutics 12, 1–15 (2020). 

36. Vitali, V., Nava, G., Zanchetta, G., Bragheri, F., Crespi, A., Osellame, R., Bellini, T., 

Cristiani, I., and Minzioni, P., Integrated Optofluidic Chip for Oscillatory Microrheology. 

Scientific Reports 10, 5831 (2020). 

37. Narayan, D. A., & Salunke, P. J., Workability & Rheological Parameter of Concrete. 

GRD Journal for Engineering 1, (2016). 

38. Ali, M. F., Development of mucoadhesive biopolymers for food formulation. PhD 

Thesis, University of Birmingham (2015). 

39. Higham, R. G., A biophysical analysis of the Ocr protein gel. PhD Thesis, University 

of Edinburgh (2007). 

40. Tanner, R. I., and Keentok, M., Shear Fracture in Cone‐Plate Rheometry. Journal of 

Rheology 27, 47–57 (1983). 

41. Jaganath, N., The Application of Rheological Techniques in the Characterization of 

Semisolids in the Pharmaceutical Industry. PhD Thesis, Nelson Mandela Metropolitan 

University (2004). 

42. Bair, S., and Qureshi, F. The high pressure rheology of polymer-oil solutions. 

Tribology international 36, 637–645 (2003). 

43. Osmałek, T., Milanowski, B., Froelich, A., Górska, S., Białas, W., Szybowicz, M., and 

Kapela, M., Novel organogels for topical delivery of naproxen: Design, physicochemical 

characteristics and in vitro drug permeation. Pharmaceutical Development and 

Technology 22, 521-536 (2017). 

44. Mazzoni, G., Stimilli, A., and Canestrari, F., Self-healing capability and thixotropy of 

bituminous mastics. International Journal of Fatigue 92, 8–17 (2016). 



FCUP 
Production of Lipid Nanoparticles for Topical Administration of Flavonoids 

83 

 
 

 

45. Rial, R., Liu, Z., and Ruso, J. M., Soft Actuated Hybrid Hydrogel with Bioinspired 

Complexity to Control Mechanical Flexure Behavior for Tissue Engineering. 

Nanomaterials 10, 1–20 (2020). 

46. Mezger, T., The Rheology Handbook: For users of rotational and oscillatory 

rheometers. Vincentz Network (2020). 

47. Galindo-Rosales, F. J., Campo-Deaño, L., Afonso, A. M., Alves, M. A., and Pinho, F. 

T., Proceedings of the Iberian Meeting on Rheology (IBEREO 2019). Springer Nature 

(2019).  

48. Nelson, C., Tuladhar, S., and Habib, A. Physical Modification of Hybrid Hydrogels to 

Fabricate Full-Scale Construct Using Three-Dimensional Bio-Printing Process. Journal 

of Micro and Nano-Manufacturing 10, 011005 (2022). 

49. Tian, T. F., Li, W. H., Ding, J., Alici, G., and Du, H., Study of shear-stiffened 

elastomers. Smart materials and structures 21, 125009 (2012). 

50. Ramli, H., Zainal, N. F. A., Hess, M., and Chan, C. H., Basic principle and good 

practices of rheology for polymers for teachers and beginners. Chemistry Teacher 

International 4, 307–326 (2022). 

51. Kim, J. K., Thomas, S., and Saha, P., Multicomponent polymeric materials. Springer 

(2016). 

52. Zhang, L., Yue, L. N., Qian, J. Y., and Ding, X. L., Effect of Curdlan on the Rheological 

Properties of Hydroxypropyl Methylcellulose. Foods 10, 34 (2020). 

53. Yadav, R., and Purwar, R., Influence of metal oxide nanoparticles on morphological, 

structural, rheological and conductive properties of mulberry silk fibroin nanocomposite 

solutions. Polymer Testing 93, 106916 (2021). 

54. Zhang, X., Ding, Y., Zhang, G., Li, L., and Yan, Y., Preparation and rheological 

studies on the solvent based acrylic pressure sensitive adhesives with different 

crosslinking density. International journal of adhesion and adhesives 31, 760–766 

(2011). 

55. Horvat, M., Pannuri, A., Romeo, T., Dogsa, I. & Stopar, D. Viscoelastic response of 

Escherichia coli biofilms to genetically altered expression of extracellular matrix 

components. Soft Matter 15, 5042–5051 (2019). 

56. Bilek, V., Iliushchenko, V., Hruby, P., and Kalina, L., Effectiveness of common water-

reducing admixtures in alkali-activated slag pastes with different types of activator. In: 



FCUP 
Production of Lipid Nanoparticles for Topical Administration of Flavonoids 

84 

 
 

 

IOP Conference Series: Materials Science and Engineering 1205, 012001 (IOP 

Publishing, 2021). 

57. Mattice, K. D., and Marangoni, A. G., Evaluating the use of zein in structuring plant-

based products. Current Research in Food Science 3, 59–66 (2020). 

58. Osorio, F. A., Bilbao, E., Bustos, R., and Alvarez, F. Effects of Concentration, Bloom 

Degree, and pH on Gelatin Melting and Gelling Temperatures Using Small Amplitude 

Oscillatory Rheology. International Journal of Food Properties 10, 841–851 (2007). 

59. Mawardi, I., Jannifar, A., and Lubis, H., Effect Of Injection Temperature On Defect 

Plastic Products. In: In IOP Conference Series: Materials Science and Engineering 536, 

012102 (IOP Publishing, 2019). 

60. Polacco, G., Biondi, D., Stastna, J., Vlachovicova, Z., and Zanzotto, L., Effect of SBS 

on rheological properties of different base asphalts. In: Macromolecular Symposia 218, 

333–342 (Weinheim: Wiley‐VCH Verlag, 2004). 

61. Kim, T. H., and Chang Song, K., Effect of types of hydrophilic acrylic monomers in 

reducing glistenings of hydrophobic acrylic intraocular lenses. Optical Materials 119, 

111401 (2021). 

62. Goldstein, J. I., Newbury, D. E., Michael, J. R., Ritchie, N. W. M., Scott, J. H. J., and 

Joy, D. C., Scanning Electron Microscopy and X-Ray Microanalysis. Springer (2018). 

63. Huang, J., Wu, P., Dong, S., and Gao, B., Occurrences and impacts of microplastics 

in soils and groundwater. In: Emerging Contaminants in Soil and Groundwater Systems: 

Occurrence, Impact, Fate and Transport 253–299 (Elsevier, 2022). 

64. Zhu, Y., and Dürr, H., The future of electron microscopy. Physics Today 68, 32–38 

(2015). 

65. Mafu, L. D., Msagati, T. A. M., and Mamba, B. B., Ion-imprinted polymers for 

environmental monitoring of inorganic pollutants: Synthesis, characterization, and 

applications. Environmental Science and Pollution Research 20, 790–802 (2013). 

66. Brundle, C. R., Evans, C. A., and Wilson, S., Encyclopedia of Materials 

Characterization: Surfaces, Interfaces, Thin Films. Gulf Professional Publishing (1992). 

67. Echlin, P., Fiori, C. E., Goldstein, J., Joy, D. C., and Newbury, D. E., Advanced 

scanning electron microscopy and X-ray microanalysis. Springer Science & Business 

Media (2013). 



FCUP 
Production of Lipid Nanoparticles for Topical Administration of Flavonoids 

85 

 
 

 

68. Li, L., Versatile Applications of Nanostructured Metal Oxides. PhD Thesis, University 

of Cambridge (2014). 

69. Zhou, W., Apkarian, R. P., Lin Wang, Z., and Joy, D. Fundamentals of Scanning 

Electron Microscopy. Springer (2006). 

70. Claudionico, Available Source: 

https://upload.wikimedia.org/wikipedia/commons/4/49/Electron_Interaction_with_Matter

.svg (2019; Accessed May 21, 2013). 

71. Grote, K. H., and Hefazi, H., Springer handbook of mechanical engineering. Springer 

Nature (2020). 

72. Hernández-Rodríguez, P., Baquero, L. P., and Larrota, H. R., Flavonoids: Potential 

Therapeutic Agents by Their Antioxidant Capacity. In: Bioactive Compounds: Health 

Benefits and Potential Applications, 265–288 (Woodhead Publishing, 2019). 

73. Ratnavathi, C. V., and Komala, V. V., Sorghum Grain Quality. In: Sorghum 

Biochemistry: An Industrial Perspective (Academic Press, 2016). 

74. Zhang, X. L., Zhang, Y. D., Wang, T., Guo, H. Y., Liu, Q. M., and Su, H. X., Evaluation 

on Antioxidant Effect of Xanthohumol by Different Antioxidant Capacity Analytical 

Methods. Journal of Chemistry 2014, 249485 (2014). 

75. Barbosa, A. I., Costa Lima, S. A., and Reis, S., Development of methotrexate loaded 

fucoidan/chitosan nanoparticles with anti-inflammatory potential and enhanced skin 

permeation. International Journal of Biological Macromolecules 124, 1115–1122 (2019). 

76. Magalhães, L. M., Barreiros, L., Reis, S., and Segundo, M. A., Kinetic matching 

approach applied to ABTS assay for high-throughput determination of total antioxidant 

capacity of food products. Journal of Food Composition and Analysis 33, 187–194 

(2014). 

77. Re, R., Pellegrini, N., Proteggente, A., Pannala, A., Yang, M., & Rice-Evans, C., 

Antioxidant activity applying an improved ABTS radical cation decolorization assay. Free 

Radical Biology and Medicine 26, 1231–1237 (1999). 

78. Fang, R., Jing, H., Chai, Z., Zhao, G., Stoll, S., Ren, F., Liu, F., and Leng, X., Design 

and characterization of protein-quercetin bioactive nanoparticles. Journal of 

Nanobiotechnology 9, 19 (2011). 

79. Kedare, S. B., and Singh, R. P., Genesis and development of DPPH method of 

antioxidant assay. Journal of Food Science and Technology 48, 412–422 (2011). 



FCUP 
Production of Lipid Nanoparticles for Topical Administration of Flavonoids 

86 

 
 

 

80. Zhang, M., Cao, J., Dai, X., Chen, X., and Wang, Q., Flavonoid Contents and Free 

Radical Scavenging Activity of Extracts from Leaves, Stems, Rachis and Roots of 

Dryopteris erythrosora. Iranian Journal of Pharmaceutical Research: IJPR 11, 991 

(2012). 

81. Gangwar, M., Gautam, M. K., Sharma, A. K., Tripathi, Y. B., Goel, R. K., and Nath, 

G., Antioxidant capacity and radical scavenging effect of polyphenol rich Mallotus 

philippenensis fruit extract on human erythrocytes: an in vitro study. The Scientific World 

Journal 2014, 27945 (2014) 

82. Njoya, E. M., Medicinal plants, antioxidant potential, and cancer. In: Cancer: 

Oxidative Stress and Dietary Antioxidants, 349–357 (Elsevier, 2021). 

83. Patel, V. B., and Preedy, V. R., Toxicology: oxidative stress and dietary antioxidants. 

Academic Press (2020). 

84. Milojević, M., Harih, G., Vihar, B., Vajda, J., Gradišnik, L., Zidarič, T., Kleinschek,K. 

S., Maver, U.,  and Maver, T., Hybrid 3D Printing of Advanced Hydrogel-Based Wound 

Dressings with Tailorable Properties. Pharmaceutics 13, 564 (2021). 

85. Malfa, G. A., Tomasello, B., Acquaviva, R., Genovese, C., La Mantia, A., Cammarata, 

F. P., Ragusa, M., Renis, M., and Di Giacomo, C., Betula etnensis raf. (betulaceae) 

extract induced HO-1 expression and ferroptosis cell death in human colon cancer cells. 

International Journal of Molecular Sciences 20, (2019). 

86. Yin, X. M., and Dong, Z., Essentials of Apoptosis. Totowa: Humana Press (2003).  

87. Diaz, C., Lee, A. T., McConkey, D. J., and Schroit, A. J., Phosphatidylserine 

externalization during differentiation-triggered apoptosis of erythroleukemic cells. Cell 

Death & Differentiation 6, 218–226 (1999). 

88. Barbucci, R., Integrated Biomaterials Science. Springer Science & Business Media 

(2002). 

89. Leporatti, S., Nanocolloids for Nanomedicine and Drug Delivery. MDPI (2019). 

90. Gillan, L., Evans, G., and Maxwell, W. M. C. Flow cytometric evaluation of sperm 

parameters in relation to fertility potential. Theriogenology 63, 445–457 (2005). 

91. Rowland-Jones, S. L., and McMichael, A. J., Lymphocytes: a practical approach. 

Oxford University Press (2000). 



FCUP 
Production of Lipid Nanoparticles for Topical Administration of Flavonoids 

87 

 
 

 

92. Srivastava, A. K., Advances in citrus nutrition. Springer Science & Business Media 

(2012). 

93. Galluzzi, L., and Kroemer, G., Conceptual background and 

bioenergetic/mitochondrial aspects of oncometabolism. Elsevier (2014). 

94. Kowluru, R. A., and Chan, P. S., Oxidative stress and diabetic retinopathy. 

Experimental diabetes research 2007, 43603 (2007). 

95. Clift, M. J., Fytianos, K., Vanhecke, D., Hočevar, S., Petri-Fink, A., and Rothen-

Rutishauser, B., A novel technique to determine the cell type specific response within an 

in vitro co-culture model via multi-colour flow cytometry. Scientific Reports 7, 434 (2017). 

96. Shakel, Z., Nunes, C., Costa Lima, S. A., and Reis, S., Development of a novel 

human stratum corneum model, as a tool in the optimization of drug formulations. 

International Journal of Pharmaceutics 569, 118571 (2019). 

97. Zidarič, T., Kleinschek, K. S., Maver, U., and Maver, T., Function-oriented 

bioengineered skin equivalents : continuous development towards complete skin 

replication. Springer (2023). 

98. Fischer, S. M., Buckley, S. T., Kirchmeyer, W., Fricker, G., and Brandl, M., 

Application of simulated intestinal fluid on the phospholipid vesicle-based drug 

permeation assay. International Journal of Pharmaceutics 422, 52–58 (2012). 

99. Varga-Medveczky, Z., Kocsis, D., Naszlady, M. B., Fónagy, K., and Erdő, F., Skin-

on-a-Chip Technology for Testing Transdermal Drug Delivery—Starting Points and 

Recent Developments. Pharmaceutics 13, 1852 (2021). 

100. Abd, E., Yousef, S. A., Pastore, M. N., Telaprolu, K., Mohammed, Y. H., Namjoshi, 

S., Grice, J. E., and Roberts, M. S., Skin models for the testing of transdermal drugs. 

Clinical Pharmacology: Advances and Applications 8, 163 (2016). 

101. Flaten, G. E., Dhanikula, A. B., Luthman, K., and Brandl, M., Drug permeability 

across a phospholipid vesicle based barrier: A novel approach for studying passive 

diffusion. European Journal of Pharmaceutical Sciences 27, 80–90 (2006). 

102. Moniz, T., Costa Lima, S. A., and Reis, S., Application of the human stratum 

corneum lipid-based mimetic model in assessment of drug-loaded nanoparticles for skin 

administration. International Journal of Pharmaceutics 591, 119960 (2020). 

103. Horita, D., Todo, H., and Sugibayashi, K., Effect of Ethanol Pretreatment on Skin 

Permeation of Drugs. Biological and Pharmaceutical Bulletin 35, 1343-1348 (2012). 



FCUP 
Production of Lipid Nanoparticles for Topical Administration of Flavonoids 

88 

 
 

 

4. Results and Discussion 

4.1. Design, Optimization, and Characterization of Nanostructured 

Lipid Carriers Containing Pomegranate Oil 

4.1.1. Experimental Design: Optimization 

In this study, NLCs were optimized for skin delivery of the antioxidant molecule, 

quercetin. Pomegranate oil was selected for the nanoparticle’s composition as the 

incorporation of a liquid lipid obtained from a natural product could bring additional 

beneficial features, namely, anti-inflammatory, antioxidant, and anti-apoptotic effects.1–3 

On that matter, SLNs with no pomegranate oil were produced as control. To optimize the 

production conditions of the quercetin-loaded NLCs toward achieving maximal drug 

encapsulation efficiency and DL capacity, a three-level BBD was made. The liquid 

lipid/solid lipid ratio (X1), amount of water (X2) and quantity of drug (X3) were varied to 

explore individual and synergic effects on particle size, PDI, EE and DL. All the other 

variables were maintained constant. Thus, 15 formulations were prepared and analyzed 

regarding the adopted responses (Table 4.1). Three-dimensional response surface 

analyses were plotted as a graphical representation of the behavior of each response 

with the simultaneous changing of two factors at a time, maintaining non-used variables 

fixed at their middle level (Figure 4.1).  
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Table 4.1 - Formulation composition and correspondent responses of 15 different formulations obtained from 
BBD. 

 Independent Variables Dependent Variables 

Formulation Liquid 

lipid/ Solid 

Lipid ratio 

Water 

Volume 

(mL) 

Quercetin 

(%) 

Size 

(nm) 

PDI EE 

(%) 

DL 

(%) 

1 0.200 4.0 2.5 280.10 0.106 42.40 0.95 

2 0.467 4.0 2.5 155.80 0.126 31.80 0.87 

3 0.200 10.0 2.5 250.50 0.116 21.48 0.48 

4 0.467 10.0 2.5 218.30 0.120 17.19 0.47 

5 0.200 7.0 1.0 246.80 0.140 31.24 0.28 

6 0.467 7.0 1.0 264.00 0.138 33.56 0.37 

7 0.200 7.0 4.0 234.80 0.134 23.89 0.86 

8 0.467 7.0 4.0 201.70 0.260 24.88 1.10 

9 0.333 4.0 1.0 270.60 0.138 60.98 0.61 

10 0.333 10.0 1.0 198.50 0.150 26.90 0.27 

11 0.333 4.0 4.0 2675.00 0.345 31.05 1.24 

12 0.333 10.0 4.0 237.90 0.097 20.95 0.84 

13 0.333 7.0 2.5 256.10 0.183 31.37 0.78 

14 0.333 7.0 2.5 250.70 0.137 29.97 0.75 

15 0.333 7.0 2.5 257.30 0.172 34.55 0.86 
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Figure 4.1 - Response surface plots evidencing the influence of the independent variables on the selected 
responses particle size. (A) influence of the drug concentration and liquid lipid/solid lipid ratio on the particle 
size, (B) influence of the quantity of drug and water volume on the particle size, (C) influence of the water 
volume and liquid lipid/solid lipid ratio on the PDI, (D) influence of the quantity of drug and liquid lipid/solid 
lipid on PDI, (E) Influence of the water volume on the % EE, and (F) influence of drug quantity on the % EE. 

The obtained values of particle size from the formulations ranged from 155 nm to 300 

nm. As observed in Figure 4.1A and 4.1B, the particle size increases with the 

simultaneous increase of the liquid lipid/solid lipid ratio and quantity of drug in the 

nanoparticle. Moreover, the solvent volume significantly influenced the particle size, i.e., 

the higher the volume the larger the nanoparticle. 

Apart from formulations 8 and 11, all the others exhibited PDI values lower than 0.2, 

indicating a narrow distribution. As observed in Figure 4.1C and 4.1D, the simultaneous 

increase in water value and liquid lipid/solid lipid ratio influenced PDI of the formulations, 

resulting in an increase in the values. In addition, the simultaneous increase in the 
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quantity of drug and liquid lipid/solid lipid ratio also resulted in an increase in 

polydispersity.  

The EE obtained varied from 17.2% to 60.9%, with the majority of the formulations 

presenting an EE between 20 to 40%. As observed in Figure 4.1E and 4.1F, the amount 

of solvent as well as the quantity of drug on the formulations affected the encapsulation 

efficiency. The lower the solvent volume and the quantity of quercetin, the higher the 

encapsulation efficiency.  

4.1.2. Validation of the Experimental Design 

The validation of the experimental design model was performed by formulating the 

optimized formulation, indicated by STATISTICA 10 software, with (X1) 0.259 of liquid 

lipid/solid lipid ratio, (X2) 4 mL of amount of water and (X3) 2.49 of quantity of drug (Table 

4.1) and comparing the experimental data (Table 4.2) with the theoretical data predicted 

by the software (size of 271± 21 nm, PDI 0.137 ± 0.1, EE 60 ± 14% and DL 0.61 ± 0.3). 

The obtained data for all the responses displayed good correlation with the model, thus 

being an indicator of the robustness and high extrapolative ability of prediction of the 

experimental design. Table 4.2 displays the obtained results for optimized quercetin-

loaded NLCs, as well as control quercetin-loaded SLNs and drug-free lipid nanoparticles.  

Table 4.2 - Physicochemical parameters of optimized quercetin-loaded lipid particles.  

 
Size (nm) PDI EE (%) DL (%) 

NLCs 234 ± 14 0.124 ± 0.007 
  

Quercetin-loaded NLCs 306 ± 13** 0.134 ± 0.02 55 ± 2* 0.52 ± 0.05 

SLNs 194 ± 13 0.115 ± 0.01 
  

Quercetin-loaded SLNs 262 ± 11** 0.150 ± 0.007 43 ± 4 0.41 ± 0.03 

Data are represented as mean ± SD (n = 3). Statistical differences are in relation to unloaded nanoparticles; **p < 0.01 in 

relation to blanck nanoparticles, *p < 0.05 in relation to SLN  

4.1.3. Characterization of Quercetin-Loaded Lipid Nanoparticles 

The obtained nanoparticles, including both quercetin-loaded and unloaded counterparts, 

are approximately 200 and 300 nm in size, thus being within the recommended size of 

500 nm for topical delivery.4 Quercetin incorporation had an impact on the nanoparticle’ 

size, resulting in a significant statistical increase for both SLNs and NLCs.  A possible 
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reason for this was that the loaded drug disturbed the lattice structure of the 

nanoparticles resulting in a higher size.4 In a previous study, the average size of 

quercetin-loaded silica nanoparticles increased with an increasing concentration of 

quercetin of 0.02%, 0.04%, 0.06%, 0.08% and 0.1%.5 The average size of the quercetin-

loaded silica nanoparticles ranged from 90 ± 0.5 to 306 ± 11.3 nm.5 All PDI values are 

under 0.2 and thus illustrative of monodisperse populations with a narrow size 

distribution.6  

As expected, optimized NLCs exhibited an entrapment efficiency of 55%, with a loading 

capacity of 0.5%, while their counterpart SLNs had significantly lower encapsulation 

efficiency (ca. 43%) with a loading capability of 0.4%. The presence of a liquid lipid within 

the NLCs might lead to less ordered matrix with more space to load molecules of interest 

as compared to the SLNs.7,8 

4.1.4. Morphology Assessment 

Transmission electron microscopy (TEM) was employed to evaluate the formulations 

morphology. TEM images in Figure 4.2 revealed that both NLCs and SLNs had similar 

size, with particle diameters ranging from 200 to 300 nm. NLCs display a rough surface, 

non-spherical shape, and irregular morphology, as previously reported.9,10 In addition, 

these images show a clear presence of a mixture of lipids forming distinct zones (red 

arrow). The incorporation of quercetin in the nanoparticles did not affect their 

morphology.11 Both loaded and unloaded SLNs displayed a spherical appearance, 

smooth surface, uniform morphology, and a solid character, that were not affected with 

the presence of quercetin. This agrees with data published by Lee et al. (2016) and 

Morales et al. (2015), in which SLNs appear to have a spherical profile with a narrow 

diameter distribution and lack of aggregation5–7. The images also revealed, for both NLCs 

and SLNs, no visible aggregation of the particles, which is a good indicator of the stability 

of the formulations, and in line with observations already reported.8 
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Figure 4.2 - Quercetin-loaded and unloaded formulations morphology. Transmission electron microscopy 
images attained for both quercetin-loaded and non-loaded SLNs and NLCs. The red arrows in the images 
point to the distinct zones formed that result from a mixture of lipids in the nanoparticles. Scale bar of 100 
nm. 

4.1.5. Storage Stability Assessment 

A storage stability study of both NLCs and SLNs was performed over 12 weeks by 

analyzing every two weeks particle size, PDI, zeta potential, and drug content (Figure 

4.3). The obtained results show that both types of lipid nanoparticles are stable for at 

least 12 weeks, with no considerable differences being observed between freshly 

produced and stored formulations. In addition, quercetin loading had no significant 

influence on the nanoparticle’s storage stability. During the studied period of time 

quercetin remained inside NLCs and SLNs when stored at RT and at -4ºC (data not 

shown). Visual observations of the developed nanoparticles did not show any significant 

alterations. Nonetheless, it is possible to observe that the measured parameters, in 

particular size, PDI and zeta potential, presented a higher variability for all the 

formulations stored at RT, as compared to the ones stored at -4ºC. Since only minimal 

differences (p > 0.05) occur in the physicochemical data gathered to assess the storage 

stability of the nanoparticles under study, it may be inferred that they remain stable for 

at least 12 weeks at both studied conditions. Surface potential remains its negativity 

ranging from -20 to -35 mV, assuring colloidal stability of the nanoparticles.3  These 

results correlate with data previously published by Ni et al. (2015), which showed 

quercetin-loaded NLCs stable for at least 8 weeks when stored at RT.12 
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Figure 4.3 - Storage stability of quercetin-loaded NLCs (black bar), unloaded NLCs (light grey), quercetin-
loaded SLNs (dark grey) and unloaded SLNs (white) at 4ºC and RT. 

4.1.6. Fourier-Transform Infrared Spectroscopy Evaluation 

To evaluate whether quercetin was successfully incorporated in the nanoparticles and 

assess possible chemical interactions between quercetin and the lipid matrix, FTIR 

spectroscopy was conducted. The FTIR spectra for both loaded and unloaded particles 

are displayed in Figure 4.4. Quercetin spectrum includes a number of characteristic 

bands representing O-H stretching (3700 to 3100 cm-1), C=O stretching (1730 cm-1), C–

C stretching (1649 cm−1), C–H bending (1461, 1369, and 838 cm−1), C–O stretching in 

the ring structure (1272 cm−1), and C–O stretching (1070 to 1089 cm−1).13 The FTIR 

spectra of SLNs were analogous to the NLCs spectra. Regarding the spectra of both 

quercetin-loaded SLNs and NLCs, it appears that the major characteristic bands of 

quercetin disappeared in the peaks of loaded nanoparticles, which may be due to the 

relation between the amount of flavonoid versus amount of lipid in the nanoparticles, or 

even an indirect confirmation of its encapsulation within the nanoparticles. Similar results 
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reporting the major characteristic bands corresponding to quercetin disappearing or 

being buried in NLCs peaks were also observed.14  

 

Figure 4.4 - FTIR spectra of quercetin in its free form and quercetin-loaded NLCs and SLNs. Empty NLCs 
and SLNs are also displayed. 

4.1.7. Thermal Analysis 

DSC analysis was used to assess the physical state of the optimized nanoparticles core, 

and to investigate the existence of possible drug and lipid interactions within the 

nanoparticles. The thermograms of unloaded and quercetin loaded SLNs and NLCs, as 

well as the corresponding physical mixtures are shown in Figure 4.5. On the heating 

curve of the pure solid lipid, cetyl palmitate, it is possible to observe two distinct melting 

peaks corresponding to two different phase transitions. The first one presented a smaller 

melting point (43.1°C) which corresponds to the α-polymorphic form, while the second 

peak (53.4°C) corresponds to the β-polymorphic form.15 The curves for the physical 

mixtures of both loaded and unloaded NLCs and SLNs are displayed in Figure 4.5B. As 

observed, the thermograms corresponding to both physical mixtures of the lipid 
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nanoparticles uncovered a maximum peak at 53ºC, which correlates with the β-form of 

the cetyl palmitate (53.4°C).  

The DSC thermogram obtained for the optimized NLCs displayed a single melting 

transition peak 2ºC lower than that of the physical mixture. This is described as the 

Gibbs–Thompson effect and is due to the larger surface area to volume ratio of the 

nanoparticles, as described in the literature by Kovacevic et al. (2011).16 On the other 

hand, the thermogram obtained for the SLNs formulation displayed melting transition 

peak correspondent to that of the physical mixture counterpart. 

 

Figure 4.5 - DSC thermograms for (A) quercetin loaded and unloaded SLNs and NLCs and (B) 
corresponding physical mixtures. 

DSC results also reveal that no significant changes in the melting point of the 

formulations were seen, after quercetin encapsulation (Table 4.3). Yet, the melting 

enthalpy increased after drug incorporation, in NLCs from 95.7 J/g to 135.7 J/g, that 

indicates a lipid matrix stabilization with the addition of the drug into the lipid phase.4 

Whereas for the SLN formulation, quercetin incorporation resulted in a decrease the 

melting enthalpy, from 182.35 J/g to 146.2 J/g, thus suggesting less crystal lattice 

organization. Lipid nanoparticles loaded with cyclosporine A were reported to exhibit 

higher transition enthalpies, suggesting that the incorporation of the drug into the lipid 

phases provide a stabilizing effect due to its inclusion within the lipid matrix.4,17 Here, the 

decreased in the melting enthalpy observed in the SLNs, following quercetin loading, 

might be attributed to the smaller size of the bioactive molecule as compared to 

cyclosporine A. 
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Table 4.3 - DSC parameters of optimized quercetin-loaded and unloaded formulations. 

Samples Melting Point 

(T1) ºC 

∆H (j/g) Melting Point 

(T2) ºC 

∆H (j/g) 

NLCs 52.7 96.51 52.2 95.73 

Quercetin-loaded NLCs 51.9 137.25 51.7 135.77 

SLNs 52.8 186.52 52.5 182.35 

Quercetin-loaded SLNs 52.8 150.51 52.5 146.16 

4.1.8. Photostability Study 

In order to assess whether both lipid nanoparticles, NLCs and SLNs, have the ability to 

protect quercetin against photodegradation, a photostability study was performed. Figure 

4.6A displays the absorption spectra of quercetin in its free form and quercetin 

encapsulated into both NLCs and SLNs before and after UV light exposure for 3 hours. 

The results show a decrease of approximately 30% in free quercetin’s absorption 

intensity at 373 nm after 3 hours of UV light exposure, as compared to the compound’s 

absorption intensity protected from UV light (Figure 4.6B).  The spectra of quercetin 

encapsulated into SLNs and NLCs suggests that these nanoparticles are able to protect 

the compound from photodegradation, as only a small decrease in quercetin’s absorption 

intensity was displayed. In fact, the results demonstrate that quercetin encapsulated into 

SLNs showed only around 7% of degradation and approximately 17% of degradation 

when encapsulated into NLCs (Figure 4.6B). Similar results have been previously shown 

by Pinheiro et al. (2020). In this study, the authors assessed the protection effect of lipid 

nanoparticles against photodegradation of quercetin, by exposing both ethanol 

formulations of quercetin in its free form (0.7 mg/mL) and quercetin encapsulated into 

NLCs and SLNs, to UVA light for 6 hours. The authors concluded that around 55% of 

free quercetin in solution was photodegraded after UV exposure, while the encapsulated 

compound inside lipid nanoparticles showed only around 10% of degradation, thus 

confirming that nanoparticles have the ability to protect quercetin from photodegradation. 

18  
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Figure 4.6 - (A) Absorption spectra of quercetin in its free form and quercetin-loaded NLCs and SLNs before 
and after UV light exposure for 3 hours. (B) Percentage of quercetin photodegradation after 3 hours exposure 

to UV light. Values correspond to means ± standard deviation for n = 1 replicates. 

4.1.9. Cellular Studies 

The biocompatibility of both quercetin-loaded and unloaded NLCs and SLNs was 

assessed in L929 fibroblasts, following ISO 10993-1:2009.19 The effect of these 

nanoparticles on Human HaCaT keratinocytes’ viability was also assessed, as a skin cell 

model. Figure 4.7 shows the in vitro cell viability after exposure to free quercetin and 
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quercetin-loaded in both NLCs and SLNs at equivalent concentrations of 3, 6.25, 12.5, 

25, 50 µg/mL.  

According to the obtained results, exposure of both L929 cells and keratinocytes with the 

different concentrations of quercetin-loaded NLCs and SLNs resulted in a concentration-

dependent cell cytotoxicity. In addition, keratinocytes were also more sensitive to all 

evaluated nanoparticles in comparison to the L929 fibroblasts. In fact, significant loss of 

HaCaT cell viability was found for concentrations of quercetin loaded in the lipid 

nanoparticles above 12.5 µg/mL (P ≤ 0.05-0.0001), whereas no relevant loss of cell 

viability was found in L929 cells for quercetin concentrations under study (P ≤ 0.001). 

 

Figure 4.7 - Viability of L929 fibroblasts (A) and HaCaT keratinocytes (B) upon 24 hours of exposure to 
unloaded and quercetin-loaded NLCs and SLNs. Tested concentrations ranged from 3.125 to 50 µg/mL. 
Each result represents the mean ± standard deviation for n=4 replicates of 3 assays. Asterisks indicate 
statistical significance in relation to control (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001). 

4.1.9.1. Antioxidant Activity of Quercetin Incorporated within NLCs and SLNs 

Quercetin has been extensively studied for its attractive pharmacological properties, in 

particular its antioxidant effect. Hence, in order to understand how its encapsulation in 

the optimized nanoparticles affects quercetin’s antioxidant capacity, two scavenging 

assays, ABTS and DDPH, were performed (Figure 4.8A and 4.8B, respectively). 

According to the obtained results, the scavenging activity of quercetin-loaded 

nanoparticles as well as its free form increases with the concentration. Furthermore, 

upon incorporation into both, NLCs and SLNs, the antioxidant activity of quercetin 

decreased as compared to its free form for the ABTS scavenging assay. Similar results 

have been reported upon quercetin incorporation in hydrogels, where drug loading 

resulted in a decrease of quercetin’s antioxidant activity in relation to its free form in 

approximately 20%.9 A similar decrease in the antioxidant activity of quercetin upon its 
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incorporation into both NLCs and SLNs, as compared to its free form, was not observed 

for the DPPH assay. This may be attributed to the fact that compared to DPPH assay 

the ABTS assay better estimates the antioxidant capacity of hydrophilic, lipophilic, and 

high-pigmented antioxidant compounds.20 

 

Figure 4.8 - Antioxidant activity of quercetin-loaded nanoparticles. (A) ABTS and (B) DPPH radical 
scavenging activity percentage of free quercetin and quercetin-loaded NLCs and SLNs. Values correspond 
to means ± standard deviation for n = 3 replicates. 

4.1.9.2. Assessment of Skin Permeation 

To evaluate the potential of the quercetin-loaded NLCs and SLNs to permeate through 

the skin, the ex vivo stratum corneum mimetic model PVPAsc was used.21 Data on Figure 

4.9 shows that quercetin loaded in the lipid nanoparticles was more retained within the 

PVPAsc barrier than in its free form. In fact, after 3 hours assay, about 90% of quercetin 

per se was in the apical compartment, evidencing its low absorption and permeation 

profile. Quercetin loading in NLCs and SLNs lead to a statistically significant increase in 

the absorption with low permeation, which highlights the local application of lipid 

nanoparticles in the skin for this flavonoid delivery. In fact, about 30% of quercetin-loaded 

NLCs, corresponding to approximately 60 µg of quercetin, was retained within the 

PVPAsc barrier, whereas only 28 µg of quercetin remained in the PVPAsc barrier, when 

applied in its free form. Similarly, Pivetta and co-workers described that using NLCs 

produced from Illipe butter and Calendula oil, quercetin did not permeate the skin, but 

was retained in the dermis and epidermis.22 Bose and collaborators addressed the 

permeation quercetin-loaded NLCs, produced with glyceryl dibehenate and oleic acid, 

as well as SLNs produced glyceryl dibehenate using human skin. Here, the authors also 

verified that there was no transdermal delivery for quercetin from both nanosystems.23 

Overall, the results demonstrate that encapsulation of quercetin in lipid nanoparticles, as 

opposed to its administration as a free drug dissolved in agents such as Mygliol, results 
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in a decreased permeation rate and increased retention and interaction of the drug with 

the skin. In turn, this advantage can result in a localized effect, with minimized release 

into the systemic circulation and non-specific antioxidant and anti-inflammatory effects.    

 

 

Figure 4.9 - Percentage of quercetin permeated, retained, and non-permeated through the PVPASC after 3 
hours. Values correspond to means ± standard deviation for n = 3 replicates. 

4.1.10. Conclusion 

In this chapter, NLCs were optimized for loading quercetin. The optimized NLCs 

displayed a high encapsulation efficiency, storage stability at 20ºC and 4ºC up to 12 

weeks, and biocompatibility with fibroblasts and keratinocytes. The counterpart SLNs 

were obtained similarly for comparison and exhibited lower encapsulation efficiency and 

similar storage stability and biocompatibility. Thus, the presence of a natural lipid from 

pomegranate improved quercetin loading in the lipid nanoparticle without causing 

significant cytotoxicity. Additionally, skin permeation studies in a mimetic SC model 

revealed that encapsulation of quercetin results in an increase of quercetin in the skin, 

whilst allowing the retention of its antioxidant activity. These results demonstrate that the 

optimized NLCs may represent an advantageous topical delivery system for flavonoids 

contributing to the application of this natural product as preventive and therapeutic skin 

agent. 
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4.2. Characterization of SA-PVA Hydrogels Incorporating 

Quercetin-Loaded Nanoparticles 

4.2.1. Fourier-Transform Infrared Spectroscopy Evaluation 

FTIR spectroscopy was conducted to identify the functional groups in the developed 

hydrogels based on SA and PVA molecules as well as to evaluate whether quercetin 

was successfully incorporated in the hydrogels and the existence of possible chemical 

interactions between quercetin and the polymeric matrix. The FTIR spectra for unloaded 

and quercetin-loaded hydrogels as free quercetin or loaded into NLCs and SLNs are 

displayed in Figure 4.10. The FTIR spectrum of PVA exhibits absorption of C–OH at 

1050–1150 cm-1, O–H stretching at 3200–3600 cm-1, CH2 twisting vibration around 1023 

cm-1 and C–H stretching of CH2 group at 2850–3000 cm-1.24 The characteristic IR 

spectrum of pure SA exhibits absorption bands at 1574 cm-1 and 1416 cm-1 that are 

related to the asymmetric and symmetric stretching modes of the carboxylate anion, as 

well as an absorption band at 1032 cm-1 related to the stretching vibrations of CO-C 

group.21,24,25 The IR spectra of SA/PVA hydrogels show the characteristic peaks 

described for both pure SA and PVA, which indicates the formation of an effective blend 

of polymers. Similar results were obtained by Esposito et al. (2020), using different ratios 

of SA and PVA.21 Quercetin spectrum shows a number of characteristic bands 

representing O-H stretching (3700 to 3100 cm-1), C=O stretching (1730 cm-1), C–C 

stretching (1649 cm−1), C–H bending (1461, 1369, and 838 cm−1), C–O stretching in the 

ring structure (1272 cm−1), and C–O stretching (1070 to 1089 cm−1).26 However, the 

major characteristic bands of quercetin are not observed in the peaks of quercetin-loaded 

hydrogels, which may be attributed to the higher ratio of polymer versus quercetin in the 

hydrogels. In addition, the disappearance of quercetin characteristic peaks may present 

itself as an indirect confirmation of its incorporation within the polymeric matrix of the 

hydrogels. Different authors report the disappearance of quercetin characteristic peaks 

upon incorporation of quercetin into different vehicles.27–29 The disappearance of 

characteristic peaks of quercetin after encapsulation into NLCs was also observed by Ni 

et al. (2015).12 
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Figure 4.10 - FTIR spectra of (A) quercetin in its free form and (B) quercetin-loaded hydrogels. Unloaded 
and hydrogels loaded with empty nanoparticles are also displayed. 

4.2.2. Rheology Analysis of SA-PVA Hydrogels 

Rheological characterization of hydrogel systems design to be used in cutaneous 

applications is of extreme importance since it provides information regarding the rigidity 

and elasticity of the polymeric network.30 Cutaneous application implies that hydrogels 

are subjected to oscillatory stress, temperature, and moisture, thus its import to assess 

their effects on the rheological properties of the hydrogels in order to ensure their clinical 

applicability.30,31 In order to better understand their mechanical properties, control and 
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quercetin-loaded hydrogels were submitted to rheology studies, in particular 

viscosimetry, thixotropy, and resistance to deformation and temperature. 

Figure 4.11 represents the viscosimetry analysis of the control hydrogel as well 

quercetin-loaded hydrogels as free quercetin and quercetin loaded into NLCs and SLNs. 

According to the obtained results incorporation of quercetin in the hydrogel matrix did 

not affect its structure or mechanical properties. In addition, in all unloaded and 

quercetin-loaded hydrogels it is possible to observe that with an increase in shear rate, 

the shear stress increases as the shear viscosity decreases, being that consistent with 

a pseudoplastic behaviour. Pseudoplastic formulations are viscous under static 

conditions and become thinner or less viscous following the application of shear-stress, 

thus resulting in easier spreadibility, which is an important characteristic of systems 

design for a topical application, since it facilitates its application and improved drug 

permeation through the skin.21,31–33 Souto et al. (2006) demonstrated that formulations 

based on NLCs and SLNs prepared using Carbopol 934 as carriers for imidazole 

antifungal agents, demonstrated pseudoplastic behaviour with thixotropic properties, 

proving its usefulness to be used as topical delivery systems.34 

 

Figure 4.11 - Viscosimetry analysis of control and quercetin-loaded hydrogels, as free quercetin and 
quercetin-loaded NLCs and SLNs, through shear stress (black line) and shear viscosity (blue line) data. Data 
points correspond to mean ± standard deviation for n = 2 replicates. 



FCUP 
Production of Lipid Nanoparticles for Topical Administration of Flavonoids 

105 

 
 

 

Thixotropy is when the rheological manifestation of viscosity-induced structural changes 

is reversible and time-dependent.33 According to Figure 4.12, all hydrogels are non-

thixotropic since the initial viscosity was almost completely regained after a high shear 

was applied during thirty seconds to replicate extreme stress conditions. Similar results 

were observed by Esposito et al. (2020) and Wu et al. (2020). The authors reported that 

similar SA-PVA hydrogels displayed self-healing capacity to regain their initial state after 

stress being induced. 21,35 

 

Figure 4.12 - Thixotropy analysis of control and quercetin-loaded hydrogels, as free quercetin and quercetin-
loaded NLCs and SLNs. Data points correspond to mean ± standard deviation for n = 2 replicates. 

Stress application can result in polymeric matrix rearrangement, thus in order to assess 

whether all hydrogels are stable and resistant to deformation, an amplitude sweep test 

was performed.34 The hydrogels were submitted to a range of amplitudes in order to 

determine the linear viscoelastic region. According to Figure 4.13, both elastic and 

viscous modulus exhibit a constant profile, which indicates a high resistance to 

deformation. Similarly, all hydrogels display good resistance to a temperature increase 

from 20 to 40º C, which is shown by the constant maintenance of the elastic and viscous 

modulus through the increase in temperature (Figure 4.14). Considering a potential 

topical application, resistance to temperatures between 32 and 37º C is of extreme 
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importance. These results agree with data published by Esposito et al. (2020), in which 

similar SA-PVA hydrogels incorporating free quercetin were highly resistance to both 

deformation and a temperature increase from 20 to 40 ºC.21 

 

Figure 4.13 - Resistance to deformation based on the determination of viscoelastic region of control and 
quercetin-loaded hydrogels, as free quercetin and quercetin-loaded NLCs and SLNs. Data points 
correspond to mean ± standard deviation for n = 2 replicates. 

Overall, the rheological analysis revealed that all tested hydrogels displayed 

pseudoplastic behavior, a non-thixotropic profile, and good resistance to deformation 

and temperatures ranging from 20 to 40ºC. In addition, incorporation of quercetin either 

in its free form, or encapsulated into both NLCs and SLNs, did not significantly affect 

their mechanical properties, thus making them highly attractive topical delivery systems.  
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Figure 4.14 - Resistance to temperature based on the determination of viscoelastic region of control and 
quercetin-loaded hydrogels, as free quercetin and quercetin-loaded NLCs and SLNs. Data points 
correspond to mean ± standard deviation for n = 2 replicates. 

4.2.3. Long-Term Mechanical Stability Analysis of SA-PVA Hydrogels 

In order to evaluate the storage stability of the hydrogels over a period of six weeks, 

quercetin-loaded hydrogels as free quercetin and quercetin loaded into NLCs and SLNs 

were submitted to previous rheology studies, in particular viscosimetry, thixotropy, and 

resistance to deformation and temperature. Figure 4.15 represents the viscosimetry 

analysis of all hydrogels after a period of six weeks. According to the obtained results all 

hydrogels retained their shear thinning behaviour, as shear stress increases, and shear 

viscosity decreases with increasing shear rate. It is possible to conclude that all 

hydrogels continued to display a pseudoplastic behaviour, however, the overall viscosity 

of hydrogels incorporated with quercetin loaded NLCs and SLNs decreased in 50%. The 

initial viscosity of the hydrogels loaded with quercetin in its free form maintain their 

viscosity profile, thus being stable over a period of six weeks.  
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Figure 15 - Viscosimetry analysis over a period of six weeks of quercetin-loaded hydrogels, as free quercetin 
and quercetin-loaded NLCs and SLNs, through shear stress (black line) and shear viscosity (blue line) data. 

Data points correspond to mean ± standard deviation for n = 2 replicates. 

These results are consistent with the thixotropy analysis. All hydrogels are non-

thixotropic, maintaining their self-healing capacity to regain their initial viscosity after 

shear stress is applied, although the amount of time necessary to regain their initial 

viscosity is higher as compared to fresh hydrogels (Figure 4.16). Again, a decrease in 

the viscosity of the hydrogels incorporated with quercetin-loaded nanoparticles is 

observed.  
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Figure 4.16 - Thixotropy analysis over a period of six weeks of quercetin-loaded hydrogels, as free quercetin 
and quercetin-loaded NLCs and SLNs. Data points correspond to mean ± standard deviation for n = 2 
replicates. 

As observed in Figure 4.17, after six weeks of storage all hydrogels appear to continue 

to be resistant to deformation, demonstrated by the overall constant profile of both elastic 

and viscous modulus. Deformation only occurred for higher values of shear strain. A 

decrease in resistance to temperate (Figure 4.18) after a six-week storage period appear 

to be higher for hydrogels incorporated with quercetin-loaded SLNs, whereas only small 

changes in viscosity are observed for free quercetin and quercetin-loaded NLCs 

incorporated into the hydrogels. Overall, the results demonstrate that the incorporation 

of nanoparticles into hydrogels affect their stability over a period of six weeks, resulting 

in a decrease of the hydrogel’s viscoelastic properties. 
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Figure 4.17 - Resistance to deformation based on the determination of viscoelastic region over a period of 
six weeks of quercetin-loaded hydrogels, as free quercetin and quercetin-loaded NLCs and SLNs. Data 

points correspond to mean ± standard deviation for n = 2 replicates. 



FCUP 
Production of Lipid Nanoparticles for Topical Administration of Flavonoids 

111 

 
 

 

 

Figure 4.18 - Resistance to temperature based on the determination of viscoelastic region over a period of 
6 weeks of quercetin-loaded hydrogels, as free quercetin and quercetin-loaded NLCs and SLNs. Data points 
correspond to mean ± standard deviation for n = 2 replicates. 

4.2.4. Quercetin-Loaded SA-PVA Hydrogels Morphology 

The morphology of free quercetin and quercetin-loaded SA-PVA hydrogels was 

observed at different magnitudes on SEM (Figure 4.19). The SA-PVA hydrogel matrix 

displayed an interconnected branch structure. Similar results have previously been 

shown with SA-PVA hydrogels containing quercetin.21 The authors observed that 

incorporation of quercetin resulted in an increase in branching and formation of 

micropores.21  Here, the incorporation of quercetin-loaded and empty nanoparticles 

significantly affected the hydrogel matrix. The network structured of these hydrogels 

became more compact and the porosity significantly decreased. These results suggest 

that quercetin nanoparticles were successfully incorporated into the hydrogel matrix. 
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Figure 19 - Analysis of the hydrogel’s morphology. SEM micrographs of quercetin free and quercetin-loaded 
NLCs and SLNs incorporated into sodium alginate-poly(vinyl) alcohol (SA-PVA) hydrogels. Scale bar 200 
µm and 400 µm. Red arrows indicate more compact areas presenting lower porosity. 

4.2.5. Antioxidant Activity of Quercetin-Loaded SA-PVA Hydrogels 

One of the most attractive pharmacological properties of quercetin is its antioxidant 

capacity. Thus, in order to assess whether its incorporation into SA-PVA hydrogels, 

either in its free form or encapsulated into NLCs and SLNs, affects quercetin’s 

antioxidant activity, the ABTS scavenging assay was performed (Figure 4.20). According 

to the obtained results, the scavenging activity of quercetin, either free or incorporated 

within the SA-PVA hydrogels, is concentration-dependent. In addition, incorporation of 

quercetin in its free form into the hydrogel matrix did not significantly affect its antioxidant 
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capacity (P < 0.05). However, when quercetin is encapsulated into either NLCs and SLNs 

prior to its incorporation within the SA-PVA hydrogels, its antioxidant capacity 

significantly decreases as compared to its free form (p < 0.0001) in approximately 20%. 

This decrease in quercetin’s antioxidant activity is consistent with the higher protection 

provided by the nanoparticles’ lipidic matrix. A similar result was obtained upon 

incorporation of quercetin into SA-PVA hydrogels.21 
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Figure 4.20 - Antioxidant activity of quercetin incorporated within SA-PVA hydrogels. ABTS radical 
scavenging activity percentage of free quercetin and quercetin-loaded SA-PVA hydrogels, as a free 
quercetin or loaded into NLCs and SLNs. Data points correspond to mean ± standard deviation for n = 3 
replicates, Asterisks indicate statistical significance in relation to  control (**** p < 0.0001). # Represent 

statistical significance in relation to quercetin in its free form ( ###, p ≤ 0.0001). 

4.2.6. Cellular Studies 

4.2.6.1. Biocompatibility 

To investigate the biocompatibility of the SA-PVA hydrogels, HaCaT cells were treated 

with quercetin-loaded hydrogels (both free quercetin and quercetin loaded into NLCs and 

SLNs) and the cell viability was determined. Unloaded hydrogels and unloaded 

nanoparticles incorporated into the hydrogels were used as controls. According to Figure 

4.21, exposure of keratinocytes to different concentrations of quercetin-loaded hydrogels 

resulted in a concentration-dependent cell cytotoxicity. In addition, no significant loss of 

cell viability was observed for concentrations of quercetin loaded in the hydrogels under 
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5 µg/mL (P ≤ 0.001), which is demonstrated by the acceptable cell viability (>70%) based 

on the ISO 10993-5:2009 cutoff of 70% cell viability.36 However an increase in 

cytotoxicity was observed for quercetin concentrations of 10 µg/mL. In addition, 

keratinocytes were more sensitive to exposure to hydrogels loaded with empty NLCs (P 

≤ 0.05), whereas exposure to hydrogels loaded with empty SLNs had no significant effect 

on cell viability. In a similar way, keratinocytes were more sensitive to quercetin loaded 

in its free form in the hydrogels, as compared to quercetin encapsulated into NLCs and 

SLNs. Overall, these results demonstrate that concentrations of quercetin equal or under 

5 µg/mL are safe to be used, since no significant loss of cell viability was observed for 

all the hydrogels under study. 
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Figure 4.21 - Viability HaCaT keratinocytes upon 24 hours of exposure to the developed nanoformulations, 
unloaded and quercetin-loaded hydrogels as free quercetin or loaded into NLCs and SLNs. Tested 
concentrations ranged from 1.25 to 10 µg/mL in quercetin and equivalent polymer concentration of 20.9 to 
167 mg/mL. Each result represents the mean ± standard deviation for n=4 replicates of 3 independent 
assays. Asterisks indicate statistical significance in relation to non-irradiated control cells (*, p ≤ 0.05). No 

asterisks indicate no statistical significance (p > 0.05). 

4.2.6.2. Biocompatibility Evaluation of the Effect of Ultraviolet B Irradiation on 

Keranocytes Treated with the Quercetin-Based Nanoformulations – 

Photoprotective Assay 

A preliminary study evaluated the effect of different UVB intensities (60, 80, 100 and 120 

mJ/cm2) on the HaCaT cell’s viability. An intensity of 60 mJ/cm2 resulted in a decrease 
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of HaCaT viability of approximately 50% (Figure 4.22).  Based on these results the 

intensity of 60 mJ/cm2 was chosen for further studies.  

 

Figure 4.22 - Effect of different UVB intensities (60, 80, 100 and 120 mJ/cm2) on the HaCaT cell’s viability. 

To assess the photoprotective effect of the SA-PVA hydrogels under study, HaCaT cells 

were exposed for 24 hours with an equivalent concentration of quercetin-containing 

hydrogels (free quercetin-loaded hydrogels and quercetin-loaded NLCs and SLNs 

incorporated into the hydrogels) of 2.5 µg/mL. Following exposure, cells were irradiated 

at an intensity of 60 mJ/cm2, and then incubated for 24 hours, prior to cell viability 

measurement. According to the obtained results (Figure 4.23A), HaCaT exposure to 

quercetin-free hydrogels showed no protective effect on UVB radiation, with a loss of 

approximately 30% in cell viability compared to the irradiated control group. However, a 

significant increase of approximately 40% and 30% in cell viability was observed when 

cells were exposed respectively to hydrogels containing quercetin encapsulated into 

NLCs and SLNs (p ≤ 0.001). In addition, a significant increase of approximately 20% in 

cell viability was observed when cell were exposed to containing quercetin in its free form 

(p ≤ 0.05), thus suggesting that these delivery systems may have a photoprotective effect 

against UVB irradiation. Control hydrogels show no statistically significant protective 

effect on UVB radiation. The photoprotective effect appears to be more significant when 

quercetin is encapsulated into nanoparticles rather than incorporated in its free form on 

the hydrogels. Previously treatment of keratinocytes with quercetin-loaded chitosan 

nanoparticles resulted in an increase in cell viability following exposure to irradiation. 
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This effect was attributed to the successful internalization and sustained retention of 

quercetin by skin cells.37 

Here, the lipid nanoparticles used to encapsulate quercetin were previously shown to 

increase its permeation and retention in the SC barrier, as compared to its free form 

(Figure 4.8). Hence, the combination of quercetin-loaded nanoparticles with a hybrid 

hydrogel was used as a tool to enhance quercetin’s skin bioavailability and 

simultaneously reinforce its photoprotective effect against skin UVB-induced disorders.38 

It is well described that UVB radiation leads to cell death mediated by apoptosis.38 Figure 

4.8 points out the apoptotic profile of HaCaT cells upon the photoprotective assay. Cells 

were incubated with quercetin-containing SA-PVA hydrogels prior to irradiation on UVB-

induced apoptosis. The percentage of apoptotic cells was calculated by flow cytometric 

analysis of the cells that were coincidentally stained with FITC Annexin V and 7-AAD-

Annexin V is a member of the annexin family of intracellular proteins that binds to 

phosphatidylserine (PS) in a calcium-dependent manner. In healthy cells, PS is found on 

the intracellular leaflet of the plasma membrane, but during early apoptosis, PS 

translocates to the external leaflet due to membrane asymmetry loss. Fluorochrome-

labelled Annexin V can then be used to specifically target and identify apoptotic cells. 

However, Annexin V binding alone cannot differentiate between apoptotic and necrotic 

cells, requiring the use of 7-AAD, a DNA intercalator. Late apoptotic cells and necrotic 

cells lose their cell membrane integrity thus being permeable to 7-AAD, while early 

apoptotic cells will exclude 7-AAD.39,40  

According to the obtained results (Figure 4.23B), the percentage of cells in early 

apoptosis is significantly increased in UVB-irradiated control cells (ca. 44 %), whereas 

the percentage of viable cells is significantly decreased in ca. 54%. No considerable cells 

in late apoptosis are observed in UVB-irradiated control cells (less than 0.5%). However, 

following treatment with quercetin-containing hydrogels a significant decreased (ca. 

25%) of cells in early apoptosis was observed as compared to the irradiated control 

group. This is accompanied by a significant increase in the percentage of viable cells 

(ca. 26%) as compared to the irradiated control group. These results correlate with the 

increase in cell viability observed, thus suggesting a photoprotective effect. 
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Figure 4.23 - Effects of free quercetin and quercetin-containing hydrogels (both quercetin free-loaded 
hydrogel and quercetin-loaded NLCs and SLNs incorporated into hydrogels) on cell viability in UVB (60 
mJ/cm2) irradiated HaCaT keratinocytes at a concentration of quercetin of 2.5 µg/mL. (A) Photoprotection 
effect on cells exposed to the hydrogels prior to irradiation and (B) Apoptosis analysis on cells exposed to 
the hydrogels prior to irradiation. Flow cytometry analysis was performed following staining with FITC 
Annexin V and 7-AAD and the percentage of viable cells as well as early and late apoptotic cells is showed. 
Data are representative of tree independent experiments as mean ± SD. Asterisks indicate statistical 
significance in relation to irradiated control cells (*, p ≤ 0.05; **, p ≤ 0.01; *** p ≤ 0.001). No asterisks indicate 
no statistical significance (p > 0.05). # Represent statistical significance in relation to non-irradiated control 
cells (#, p ≤ 0.05; ##, p ≤ 0.01; ###, p ≤ 0.0001). 

4.2.6.3. Effect of Quercetin-Based Nanoformulations on Intracellular ROS Levels 

UV radiation is known to induce DNA damage, either directly or via ROS generation.41 

Thus, in order to assess whether quercetin-loaded hydrogels have the ability to reduce 

UVB-induced ROS generation, a fluorescence assay using DCFH-DA was performed.  

DCFH-DA is a non-fluorescent lipophilic molecule that penetrates the plasma membrane 

into the cytosol, where it’s activated by esterase-mediated cleavage of acetate forming 

DCFH. In the presence of ROS, DCFH is oxidized resulting in the formation of DCF, a 

green fluoresce probe. The fluorescence intensity is proportional to the level of 

intracellular ROS.41 The results obtained are shown in Figure 4.24. Compared to the non-

irradiated control cells, UVB irradiation significantly increased the DCF fluorescence 

intensity, thus indicating that UVB irradiation causes the production of intracellular ROS 

in HaCaT cells that were not treated in quercetin-based nanoformulations. When HaCaT 

cells were treated with quercetin hydrogels (either quercetin in its free form or quercetin 

encapsulated NLCs and SLNs incorporated in the hydrogel matrix) a significant decrease 

of approximately 70% in the DCF fluorescence intensity was observed, thus suggesting 

a decrease in the level of intracellular ROS due to quercetin’s scavenging ability. In 

addition, a decrease in the intracellular levels of ROS was also observed when cells were 

treated with hydrogels incorporated with empty NLCs, which suggests that the 

pomegranate oil is also capable of scavenging the intracellular ROS generated by UVB 

irradiation. The results also show that no cumulative effect between quercetin and 
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pomegranate oil was observed. Previously, different authors have reported a protective 

effect of pomegranate oil against both H2O2 and UVB-induced oxidative stress.42–44 On 

the other hand, a similar decrease in the intracellular ROS levels was not observed when 

cells were treated with hydrogels containing empty SLNs, thus confirming the potential 

beneficial role of the lipid liquid PO. These results demonstrate that the ability of 

antioxidants such as quercetin to scavenge or supress the generation of intracellular 

ROS may be an effective strategy to prevent UVB-induced cell death. Similar results 

were obtained using quercetin in its free form and encapsulated into liposomes.41,45 In 

fact, Zhu and co-workers reported that quercetin’s (20 μM) ability to inhibit HaCaT UVB-

induced cell damage is attribute to its ROS clearance ability. This prevented cell 

membrane and mitochondria from ROS attack and inhibited cell membrane fluidity 

decrease and mitochondrial membrane depolarization. The author reported that the 

outflow of cytochrome c and apoptosis were markedly inhibited, concluding that the 

photoprotective effect was mediated by quercetin’s ROS scavenging ability.45 
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Figure 4.24 - Effect of quercetin-based nanoformulations on intracellular ROS levels in cultured HaCaT cells. 
Cells were treated with quercetin-based nanoformulations at a concentration of quercetin of 2.5 µg/mL for 
24 hours, prior to UVB irradiation (60 mJ/cm2). Immediately following irradiation, the intracellular ROS levels 
were determined using the fluorogenic probe DCFH-DA. The intracellular ROS levels were quantitatively 
determined via flow cytometry. Data are representative of tree independent experiments as mean ± SD. 
Asterisks indicate statistical significance in relation to irradiated control cells (*, p ≤ 0.05; **** p ≤ 0.0001). 
No asterisks indicate no statistical significance (p > 0.05). # Represent statistical significance in relation to 
non-irradiated control cells (###, p ≤ 0.001). 



FCUP 
Production of Lipid Nanoparticles for Topical Administration of Flavonoids 

119 

 
 

 

4.2.6.4. Evaluation of the Effect of Ultraviolet B Irradiation on Keranocytes Treated 

with the Quercetin-Based Nanoformulations – Cell Recovery Effect 

To evaluate whether quercetin-loaded hydrogels had a cell recovery effect on UVB-

induced skin damage, HaCaT cells were irradiated at an intensity of 60 mJ/cm2 and 

incubated for 24 h prior to exposure to with a concentration of quercetin-loaded hydrogels 

(free quercetin-loaded hydrogels and quercetin-loaded NLCs and SLNs incorporated into 

the hydrogels) of 2.5 µg/mL. According to the obtained results (Figure 4.25A) exposure 

of cells to control hydrogel and unloaded nanoparticles incorporated at the hydrogels 

had no effect on cell viability as compared to the irradiated control group, with no visible 

recovery being observed. On the other hand, a significant increase in cell viability up to 

90% was observed for cells exposed to quercetin-loaded NLCs incorporated into SA-

PVA hydrogels. A similar increase in cell viability was observed in cells exposed to 

quercetin-loaded SLNs hydrogels, although not as significant as quercetin loaded NLCs 

counterparts (ca. 65%). These results suggest that quercetin-loaded hydrogels have a 

potential therapeutic effect against UVB-damaged skin. These results are in correlation 

with a previous study by Casagrande et al. (2006), who reported the effectiveness of 

topical formulations containing quercetin against damage induced by UVB radiation 

exposure.46 

Quercetin is a well-known dietary flavonoid with antioxidant, anti-inflammatory and anti-

carcinogenic capacity.47 In addition, quercetin has been shown to reduced UVB 

radiation-mediated oxidative damage to the skin. However, its action requires an 

effective percutaneous absorption.48 Thus, prior encapsulation of this compound into lipid 

nanoparticles, such as NLCs and SLNs, may prove to be an effective strategy to increase 

quercetin’s percutaneous absorption profile and get the most out of its therapeutic 

potential. 

Figure 4.25B displays the effect of exposure to quercetin-loaded SA-PVA hydrogels after 

irradiation on UVB-induced apoptosis. HaCaT cells were irradiated at an intensity of 60 

mJ/cm2 and incubated for 24 h prior to exposure to with a concentration of quercetin-

loaded hydrogels (free quercetin-loaded hydrogels and quercetin-loaded NLCs and 

SLNs incorporated into the hydrogels) of 2.5 µg/mL. The percentage of cells in early and 

late apoptosis as well as viable cells is shown. No visible cells in late apoptosis are 

observed for either the control irradiated cells or the cells incubated with all tested 

hydrogels. In addition, according to the obtained results, the percentage of cells in early 

apoptosis is significantly increased in UVB-irradiated control cells (ca. 45%) as compared 

to non-irradiated control cells, whereas a significant decrease in the number of viable 



FCUP 
Production of Lipid Nanoparticles for Topical Administration of Flavonoids 

120 

 
 

 

cells is observed (ca. 53%). An increase in the percentage of cells in early apoptosis is 

also observed in cells exposed to quercetin free control hydrogels (ca. 32 %) and 

quercetin loaded hydrogel as free quercetin (ca. 33 %), suggesting that these hydrogels 

had no effect on preventing early cell apoptosis. However, following the incubation with 

hydrogels incorporating quercetin encapsulated NLCs, the number of cells in early 

apoptosis was 38% lower, when compared to the irradiated control group. In addition, an 

increase to approximately 85% of viable cells as compared to irradiated control group 

was observed.  

A decrease in 29 % of cells in early apoptosis was also displayed following exposure to 

quercetin loaded SLNs hydrogels. These results correlate with the increase in cell 

viability, thus being an indicative of the ability of these hydrogels to increase cell recovery 

capacity after UVB-induced apoptosis. Several studies have reported the protective 

effect of formulations containing quercetin against irradiation-induced cell damage.46,49,50  

 

Figure 4.25 - Effects of free quercetin and quercetin-loaded hydrogels (both quercetin free-loaded hydrogel 
and quercetin-loaded NLCs and SLNs incorporated into hydrogels) on cell viability in UVB (60 mJ/cm2) 
irradiated HaCaT keratinocytes at a concentration of quercetin of 2.5 µg/mL. (A) Cell recovery effect on cells 
exposed to the hydrogels after irradiation and (B) Apoptosis analysis on cells exposed to the hydrogels after 
irradiation. Flow cytometry analysis was performed following staining with FITC Annexin V and 7-AAD AAD 
and the percentage of viable cells as well as early and late apoptotic cells is showed. Data are representative 
of tree independent experiments as mean ± SD. Asterisks indicate statistical significance in relation to 
irradiated control cells (*, p ≤ 0.05; **, p ≤0.01; ***, p ≤ 0.001; **** p ≤ 0.0001). No asterisks indicate no 
statistical significance (p > 0.05). # Represent statistical significance in relation to non-irradiated control cells 
(###, p ≤ 0.001; ###, p ≤ 0.0001). 

4.2.7. Conclusion 

In this chapter, SA-PVA hybrid hydrogels were design as a cutaneous delivery system 

for quercetin. The quercetin-loaded NLCs and SLNs were successfully incorporated into 

SA-PVA hydrogels, with the goal of obtaining a topical delivery system for quercetin. 

Rheological analysis showed that the hydrogels displayed pseudoplastic behavior, a 
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non-thixotropic profile, and good resistance to deformation and temperatures from 20 to 

40ºC, making them promising candidates for cutaneous applications. Exposure of 

keratinocytes to hydrogels incorporated with quercetin-loaded NLCs and SLNs 

significantly increased cell viability after UVB-induced cell damage. Similarly, exposure 

of keratinocytes to hydrogels incorporated with quercetin loaded NLCs and SLNs prior 

to irradiation resulted in an increased cell viability, suggesting a photoprotective effect. 

In addition, it also resulted in a decrease in the level of intracellular ROS due to 

quercetin’s scavenging ability, thus suggesting it may an effective strategy to prevent 

UVB-induced cell death. Overall, the hybrid hydrogels may represent a promising 

platform for the delivery of flavonoids for skin therapeutic and cosmetic applications, 

including as an antiaging and solar filter. 
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5. Conclusions and Future Perspectives 

This thesis is based in a multidisciplinary work involving two main research lines: (i) 

optimization, production and characterization of nanostructured lipid carriers with 

encapsulated quercetin, and (ii) incorporation of the optimized quercetin-loaded 

nanoparticles into hydrogels with the goal of obtaining a cutaneous delivery system for 

the flavonoid as therapeutic tool towards UV-induced skin damage.  

Quercetin-loaded NLCs were optimized to enhance quercetin’s skin absorption capacity 

and improve its bioavailability. Due to its numerous appealing properties such as anti-

inflammatory, antioxidant, and anti-apoptotic effects, pomegranate oil was employed as 

a liquid lipid in the fabrication of NLCs.1–3 A three-level BBD was constructed to achieve 

the optimal formulation of NLCs. The resulting nanoparticles, which included both 

quercetin-loaded and unloaded counterparts, exhibited sizes ranging from 200 to 300 

nm, which falls within the recommended limit of 500 nm for topical delivery.4 The 

inclusion of quercetin had a noticeable effect on the size of the nanoparticles, leading to 

a statistically significant increase in both SLNs and NLCs. PDI values indicate 

populations with a narrow size distribution.5 The optimized NLCs displayed an 

entrapment efficiency of 55%, with a drug loading of 0.5% (12.5 μg), while their 

counterpart SLNs had significantly lower encapsulation efficiency (ca. 43%) with a drug 

loading of 0.4% (10 μg). The inclusion of quercetin did not impact the morphology of 

NLCs, in contrast to SLNs. Both lipid nanoparticles are stable for at least 12 weeks. DSC 

demonstrated that no significant changes in the melting point of the formulations were 

seen, after quercetin encapsulation. Yet, the melting enthalpy increased after drug 

incorporation in NLCs, suggesting a lipid matrix stabilization with the addition of the drug 

into the lipid phase. Whereas for the SLN formulation, quercetin incorporation resulted 

in a decrease the melting enthalpy, thus indicating less crystal lattice organization. The 

optimized nanoparticles are able to protect quercetin from photodegradation, as only a 

small decrease in quercetin’s absorption intensity was displayed. Keratinocytes were 

more sensitive to all evaluated nanoparticles in comparison to the L929 fibroblasts. Upon 

incorporation into both NLCs and SLNs, the antioxidant activity of quercetin decreased 

as compared to its free form for the ABTS scavenging assay. A similar decrease in the 

antioxidant activity of quercetin upon its incorporation into both NLCs and SLNS, as 

compared to its free form, was not observed for the DPPH assay. Quercetin loaded in 

the lipid nanoparticles was more retained within the PVPAsc barrier than in its free form, 

thus highlighting the local application of lipid nanoparticles in the skin for this flavonoid 

delivery.  
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Quercetin-loaded NLCs and SLNs were successfully incorporated into SA-PVA 

hydrogels, with the goal of obtaining a topical delivery system for quercetin.  All 

developed hydrogels were non-thixotropic, highly resistant to deformation and to 

temperatures between 32 and 37º C. In addition, incorporation of quercetin either in its 

free form, or encapsulated into both NLCs and SLNs, did not significantly affect their 

mechanical properties, thus making them highly attractive topical delivery systems. After 

a period of six weeks, quercetin-loaded hydrogels as free quercetin and quercetin-loaded 

into NLCs and SLNs continued to display a pseudoplastic behaviour, however, the 

overall viscosity of hydrogels incorporated with quercetin loaded NLCs and SLNs 

decreased in 50%. The hydrogels remained non-thixotropic, and resistant to deformation 

and temperature. The morphology of the hydrogels was significantly affected upon 

incorporation of quercetin-loaded and empty nanoparticles The hydrogel’s network 

structure became more compact, and the porosity significantly decreased, suggesting 

that quercetin nanoparticles were successfully incorporated into the hydrogel matrix. The 

ABTS assay revealed that quercetin incorporated in its free form in the hydrogels 

retained its antioxidant capacity. However, when quercetin is encapsulated into either 

NLCs or SLNs prior to its incorporation within the SA-PVA hydrogels, its antioxidant 

capacity significantly decreases as compared to its free form in approximately 20%. This 

may be attributed to a protection effect provided by the nanoparticles’ lipidic matrix. In 

terms of biocompatibility, exposure of keratinocytes to different concentrations of 

quercetin-loaded hydrogels resulted in a concentration-dependent cell cytotoxicity.   

Exposure of keratinocytes to hydrogels containing quercetin encapsulated into NLCs and 

SLNs lead to increase in cell viability, while in the presence of quercetin-free hydrogels 

showed no protective effect on UVB radiation. Moreover, following treatment with 

quercetin-containing hydrogels a significant decreased of cells in early apoptosis was 

observed as compared to the irradiated control group, which correlate with the increase 

in cell viability, suggesting a photoprotective effect. Cell treatment with quercetin 

hydrogels (either quercetin in its free form or quercetin encapsulated NLCs and SLNs 

incorporated in the hydrogel matrix) resulted in a decrease in the level of intracellular 

ROS due to quercetin’s scavenging ability. Similarly, hydrogels containing empty NLCs 

were able to produce a decrease in the intracellular levels of ROS, which suggests that 

the PO is also capable of scavenging the intracellular ROS generated by UVB irradiation. 

Overall, these results demonstrate that the ability of antioxidants such as quercetin to 

scavenge or supress the generation of intracellular ROS may be an effective strategy to 

prevent UVB-induced cell death. 
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A significant increase in cell viability was observed for keratinocytes exposed to 

quercetin-loaded NLCs or SLNs incorporated into SA-PVA hydrogels. These results 

suggest that quercetin-loaded hydrogels have a potential therapeutic effect against UVB-

damaged skin. The apoptosis profile revealed a decrease in the percentage of apoptotic 

cells for these nanoplatforms whereas an increase in early apoptosis is observed in cells 

exposed to quercetin free control hydrogels and quercetin loaded hydrogel as free 

quercetin.  These results are an indicative of the ability of these hydrogels to increase 

cell recovery capacity after UVB-induced apoptosis.  

To conclude, flavonoids such as quercetin will continue to be explored as therapeutic 

and/or preventive agents for many diseases, either alone or in combination with other 

drugs. NLCs offer many advantages over conventional drug delivery systems, including 

low production costs and the fact that their manufacturing is easily scaled up. In addition, 

because of their tuneable properties and their biocompatibility, hydrogels are promising 

topical drug delivery platforms. Hydrogels are capable of increasing drug’s retention in 

the skin, potentiating their therapeutic action, which makes them very attractive delivery 

platforms towards not only therapeutic but also cosmetic applications. 

In this thesis a nanoplatform for the delivery of flavonoids to the skin was established, 

constituting the basis for the start of new scientific works such as optimization of the 

hydrogel-lipid nanoparticles system, incorporation of different flavonoids and 

combination of flavonoids with potential synergistic effects.  
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