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Resumo  

Novas formulações de nanopartículas lipídicas compostas por ingredientes bioactivos, como os 

óleos vegetais foram projectadas, optimizadas e produzidas, através da metodologia das 

miniemulsões, e carregadas com compostos activos hidrofóbicos. 

Nanopartículas lipídicas sólidas e transportadores lipídicos nano-estruturados (NLCs) foram formulados 

com sucesso, considerando o tamanho de partícula e a estabilidade electroestática, usando ácido láurico 

(C12:0) e óleo de girassol, na sua produção. Ambos os tipos de sistemas de veiculação tópica 

demonstraram uma elevada eficiência para a encapsulação de β-caroteno e de palmitato de retinol (RP).  

As formulações de NLCs foram ainda optimizadas usando diferentes tipos de óleos vegetais e tendo em 

conta o efeito de parâmetros de produção essenciais como a composição e proporção dos lípidos, o 

tamanho da cadeia de carbonos do lípido sólido e o tipo de agente emulsivo, nas suas propriedades 

físico-químicas. Estas nanopartículas preparadas com cada tipo de óleo vegetal foram enriquecidas com 

α-tocoferol (TOC) e demonstraram uma elevada eficiência de encapsulação, uma boa actividade 

antioxidante, uma libertação controlada do TOC e a capacidade de ser incorporadas em produtos 

dérmicos estáveis a longo prazo.  

A ferramenta estatística, central composite design, composta por 5-factores e 3-níveis foi usada 

para avaliar o efeito das variáveis de formulação seleccionadas, nas características desejadas 

para a optimização e formulação de NLCs usando RP como modelo de retinóide. A formulação de 

RP-NLC optimizada foi posteriormente testada para a encapsulação de tretínoina e adapaleno. 

Uma cultura de epiderme humana reconstruída (RHE) serviu como modelo para analisar e quantificar os 

perfis in vitro de libertação e irritação da pele, das formulações optimizadas de TOC-NLCs e de RP-

NLCs. Estas nanopartículas apresentaram uma boa performance nos modelos de RHE cultivados, 

provando-se assim estar adequadas para uma fase posterior de aumento de escala e ser incorporadas 

em veículos secundários para facilitar a sua administração tópica. 

Palavras-chave: Nanopartículas lipídicas, metodologia das miniemulsões, óleos vegetais, libertação na 

pele in vitro, modelos de RHE 
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Title: Design and characterization of lipid nanoparticles for an effective topical administration of active 

compounds 

Abstract 

New formulations of lipid nanoparticles composed by bioactive ingredients, as vegetable oils and loaded 

with lipophilic active compounds, as topical vitamins and retinoids were designed, optimized and produced 

by the miniemulsions methodology.   

Solid lipid nanoparticles and nanostructured lipid carriers (NLCs) were successfully formulated regarding 

their particle size and electrostatic stability using respectively coconut and sunflower oils. Both nanocarrier 

types demonstrated high efficiency to encapsulate β-carotene and retinyl palmitate (RP), respectively. 

The optimization of NLCs formulations was further developed using sunflower, sweet almond, olive and 

coconut oils regarding the effect of essential production parameters as the lipids composition and 

proportion, the solid lipid chain length and the type of surfactant on their physicochemical properties. These 

formulations with each vegetable oil were enriched with α-tocopherol (TOC), which is recognized as a 

powerful antioxidant and proved to exhibit high encapsulation efficiencies and drug loading capacities, good 

antioxidant activities, a well-controlled release of TOC and the ability to be incorporated in long-term stable 

dermal products. 

An effective statistical approach was applied to evaluate the effect of selected formulation variables on 

NLCs desirable attributes, having RP as model retinoid. A 5-factor, 3-level central composite design was 

used to optimize a RP-NLCs formulation which was then tested for the encapsulation of tretinoin and 

adapalene. The developed optimized RP-NLCs, TRT-NLCs and ADP-NLCs dispersions demonstrated 

appropriate physicochemical characteristics for topical administration and high efficiency with a well-

controlled in vitro release profile. 

Reconstructed human epidermis (RHE) was cultured and served as model to analyse and evaluate the in 

vitro skin delivery and skin irritation profiles of TOC-NLCs and RP-NLCs optimized formulations. These lipid 

nanoparticles showed a good performance on RHE cultured model, thus proving to be suited for a 

posteriorly scale up stage and for being incorporated in secondary vehicles to facilitate its topical 

administration. 

Keywords: Lipid nanoparticles, miniemulsions methodology, vegetable oils, in vitro skin delivery, RHE 

models 
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Título: Projecto e caracterização de nanopartículas lipídicas para uma distribuição tópica efectiva de 

compostos activos  

Resumo alargado 

A pele é o maior órgão do corpo humano e representa uma barreira muito eficaz à entrada de 

substâncias exógenas devido à sua estrutura integrada e complexa. Por esta razão, as patologias 

dermatológicas, como o cancro da pele e as infecções cutâneas são difíceis de combater, devido à 

ineficácia das formulações dérmicas existentes que promovem uma baixa concentração de compostos 

activos em sítios específicos da pele. 

O recurso a ferramentas nanotecnológicas revolucionou o conceito de libertação tópica de fármacos. 

Ao longo dos últimos anos, as indústrias de cosméticos e a farmacêutica realizaram vários estudos para 

o desenvolvimento de sistemas de veiculação tópica para a administração tópica de substâncias 

activas. Foram desenvolvidos vários tipos de sistemas de veiculação tópica, apresentando várias 

vantagens sobre os sistemas de libertação convencionais, tais como o aumento da área superficial, 

solubilidade e estabilidade do composto activo, possibilidade de uma libertação controlada e 

direccionada, redução de efeitos secundários associados, protecção do composto activo, aumento da 

sua permeação e consequente biodisponibilidade na pele. 

De entre os vários tipos de nano-transportadores, existe um grupo específico composto por lípidos. 

Este grupo é diversamente variável considerando a estrutura e composição dos nano-transportadores, 

incluindo as nanopartículas lipídicas, os lipossomas, niossomas, etossomas, as nanoemulsões, 

nanocápsulas, entre outros. Os nano-transportadores lipídicos podem ser ajustados na sua arquitectura e 

características físico-químicas, consoante a sua função terapêutica ou via de administração, servindo 

assim uma vasta gama de aplicações.  

As nanopartículas lipídicas divergem em dois tipos, as nanopartículas lipídicas solidas (SLNs) e os 

transportadores lipídicos nano-estruturados (NLCs). As SLNs são descritas como a primeira versão das 

nanopartículas lipídicas e são compostos pela dispersão de um lípido ou lípidos sólidos em meio aquoso, 

estabilizada por surfactantes. Os NLCs surgem na tentativa de colmatar a fraca capacidade de retenção 

de fármacos na matriz cristalina dos lípidos sólidos das SLNs, e são compostos pela dispersão de 

uma mistura de lípidos sólidos com lípidos líquidos, ou óleos, estabilizada por surfactantes.  

O principal desafio no desenvolvimento de SLNs e NLCs reside na selecção e optimização de vários 

factores essenciais que afectam a estrutura, a estabilidade e a capacidade de retenção dos compostos 

activos que consequentemente irá também influenciar o perfil de libertação dérmica. A composição dos 

lípidos e o tipo de surfactante são parâmetros fundamentais no controlo das propriedades e estrutura das 

nanopartículas lipídicas. Para além disso, as características dos lípidos, como a temperatura de fusão, 

cristalinidade e hidrofobia são também essenciais no controlo da eficiência deste tipo de nano-

transportadores. Actualmente, vários trabalhos de investigação têm sido desenvolvidos no âmbito da 

formulação e caracterização de nanopartículas lipídicas para um determinado tipo específico de 

composto activo. No entanto, existem ainda poucos estudos que abordam a influência de parâmetros 

chave na 
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optimização das propriedades das nanopartículas lipídicas. Existe um enorme potencial no conhecimento 

sobre as interacções entre os diferentes ingredientes e os compostos activos nas formulações, o qual 

dependendo também da sua função e aplicação, é fundamental no ajuste da composição das 

nanopartículas e na escolha da metodologia de produção. 

Esta tese teve como finalidade o projecto, a optimização, a produção e a caracterização de novas 

formulações de nanopartículas lipídicas compostas por ingredientes bioactivos para a administração tópica 

de compostos activos lipídicos. As nanopartículas lipídicas foram produzidas através da metodologia das 

miniemulsões, a qual se baseia na aplicação de uma força de cisalhamento por ultra-sons, promovendo 

uma mistura heterogénea das fases lipídica e aquosa e a formação de nano-gotículas que após 

arrefecerem permanecem sólidas à temperatura ambiente. Diferentes parâmetros essenciais na produção 

e formulação das nanopartículas lipídicas foram avaliados em relação ao seu efeito nas principais 

características físico-químicas destes nano-transportadores lipídicos. Para além disso, a utilização de 

matérias-primas lipídicas biocompatíveis, biodegradáveis, renováveis, com baixo custo e com 

propriedades bioactivas, como alguns ácidos gordos saturados e óleos vegetais foi avaliada na formulação 

das nanopartículas. 

Numa primeira fase, a produção dos dois tipos de nanopartículas lipídicas com ácido laurico (C12:0) 

foi testada e o processo de emulsificação na produção de SLNs através de ultra-sons ou por agitação 

magnética foi avaliado. Para além disso, o efeito da razão entre lípidos e surfactante, e o tipo de surfactante 

foram estudados na produção de SLNs e NLCs. A concentração de composto activo encapsulado nos 

NLCs formulados com óleo de girassol foi também avaliada e ainda, a eficiência de encapsulação dos 

SLNs e NLCs foi determinada usando β-caroteno (BC) e palmitato de retinol (RP) como modelos de 

antioxidantes lipídicos. A metodologia das miniemulsões demonstrou ser eficaz na produção dos dois tipos 

de nanopartículas lipídicas para as formulações em estudo. As SLNs produzidas por ultra-sons 

apresentaram características físico-químicas mais apropriadas, com tamanhos de partícula entre 105 ± 1 

– 146 ± 2 nm e valores de zeta potencial (ZP) ≈ -29 mV, os quais indicaram uma boa estabilidade

electroestática em relação às obtidas através de agitação magnética. A análise do efeito da razão entre 

lípidos e surfactante demonstrou que este parâmetro influenciou significativamente os tamanhos de 

partícula e índice de polidispersão (PdI) nas formulações de SLNs e NLCs e que o aumento desta razão 

teve um impacto negativo nas características físico-químicas dos NLCs, com tamanhos de partícula abaixo 

de 227 ± 14 nm e valores de ZP entre -21 ± 0.7 e -26 ± 0.7 mV. As dispersões de BC-SLN e RP-NLC 

apresentaram ambas uma elevada eficiência de encapsulação (EE,%) para o BC (≈ 95%) e para o RP (≈ 

94%). 

Numa fase posterior, foi desenvolvido um trabalho de optimização das formulações de NLCs usando 

diferentes tipos de óleos vegetais, tais como os óleos de girassol, de coco, de amêndoas doces e o azeite, 

todos sendo considerados como ingredientes bioactivos com várias propriedades benéficas reconhecidas 

na literatura. Os efeitos da composição e proporção dos lípidos, do tamanho da cadeia de carbonos do 

lípido sólido e do tipo de surfactante, foram avaliados nas propriedades físico-químicas destas 

nanopartículas. E ainda, as formulações de NLCs preparadas com cada tipo de óleo vegetal foram 



vii 

enriquecidas com α-tocoferol (TOC) e avaliadas, considerando as suas características físico-químicas, a 

EE,% e capacidade de retenção (DL,%) do TOC variando a concentração deste composto, o grau de 

cristalinidade da matriz lipídica, morfologia e estrutura interna das nanopartículas, estabilidade da 

formulação a longo prazo, perfil de libertação in vitro do TOC através do método de diálise e actividade 

antioxidante. Foi demonstrado que os tamanhos e a carga superficial das partículas foram 

significativamente afectados pela variação destes parâmetros. As formulações com cada óleo vegetal de 

NLCs apresentaram tamanhos de partícula entre 120 e 350 nm e os TOC-NLCs entre 240 e 315nm, tendo 

sido obtidos valores elevados de EE, % (≤97,9%) e DL, % os quais provaram ser dependentes da 

percentagem de TOC encapsulado e também valores elevados de actividade antioxidante, principalmente 

nas formulações com os óleos de girassol e de amêndoas doces (71.2 ± 4.1% e 70.5 ± 4.0%). Ocorreu 

uma libertação controlada do TOC em todas as formulações com cada óleo vegetal, com 51,0% de TOC 

libertado ao fim de 48h pelos NLCs formulados com óleo de amêndoas doces. Todas as formulações de 

NLCs e TOC-NLCs mantiveram-se estáveis durante um período de 8 meses, mostrando uma pequena 

variação nos tamanhos de partícula. 

O trabalho de optimização das formulações de NLCs prosseguiu com uma abordagem diferente, 

recorrendo a uma ferramenta estatística, central composite design (CCD), para avaliar o efeito de algumas 

variáveis de formulação seleccionadas, nas características desejadas para os NLCs, usando RP como 

modelo de retinóide. A formulação de RP-NLC optimizada foi posteriormente testada para a encapsulação 

de tretinoina (TRT) e adapaleno (ADP), e todas as dispersões resultantes foram caracterizadas 

relativamente às suas propriedades físico-químicas, morfologia, EE,% e DL,%, cristalinidade da matriz 

lipídica e perfil de libertação in vitro. Foi alcançada uma formulação optimizada de RP-NLCs composta por 

2.5% de lípidos totais, com 0.5% de ácido mirístico (C14:0) e 1.5% de óleo de girassol e 1.5% de 

surfactante. As dispersões de NLCs com os três tipos de retinóides apresentaram tamanhos de partícula 

abaixo de 134.5 ± 5.4 nm, uma elevada estabilidade electroestática (ZP ≥ –57.9 ± 3.5mV) e EE, % com 

valores de 84.4 ± 3.0% para o RP, de 84.1 ± 7.8% para a TRT e de 73.7 ± 3.3% para o ADP. Estes valores 

elevados de EE, % justificam os perfis de libertação bastante controlada que foram obtidos para os três 

retinóides, com 21.5 ± 1.3% de ADP, 12.2 ± 2.7% de RP e 9.1 ± 2.5 % de TRT após 48h.  

Por fim, as formulações optimizadas de TOC-NLCs e de RP-NLCs foram avaliadas relativamente à 

sua aplicação dérmica através da análise e quantificação dos perfis in vitro de libertação e irritação tópica, 

usando uma cultura de RHE como modelo. As nanopartículas lipídicas optimizadas com TOC e RP 

apresentaram uma boa performance nos modelos de RHE cultivados, demonstrando ser viáveis para 

uma posterior fase de aumento de escala e para a sua incorporação em veículos secundários, como 

geles ou cremes para facilitar e cumprir e a finalidade de uma administração tópica efectiva. 
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1. Motivation and Thesis Outline

1.1. Background 

In recent years there was a growing interest in nanotechnology that provided extraordinary 

accomplishments in many fields, including in cosmetic and pharmaceutical industries. Several 

innovative applications of nanotechnology have transformed the administration of active compounds 

by generating innovative, safe and effective products (Severino et al., 2012). The topical 

administration of nanocarriers in dermal formulations have improved the efficacy and the delivery of 

active substances due to their several advantages over conventional passive delivery systems. Thus, 

there are currently several types of nanocarriers that are being studied for dermal delivery, as 

liposomes, lipid nanoparticles, nanoemulsions, polymeric nanoparticles, among others (Attama et 

al., 2012). Moreover, rapid advances in methodologies and techniques enabled the production 

of nanocarriers with uniform size, shape and composition which offered the opportunity of 

developing formulations with specific properties for their use in new therapeutics. Although, the 

development of suitable nanocarriers presenting interesting properties for a determined dermal 

application, that effectively enhance the inherent physicochemical properties of incorporated actives 

compounds and assists a targeted and efficient delivery of these actives, still remains a challenge 

and is, therefore of the highest academic, industrial and economical relevance.  

Lipid nanocarriers refer to a wide group of drug delivery systems that are well-known as effective 

carriers for lipophilic and hydrophilic active agents and that can be easily integrated into dermal 

formulations. A variety of lipid nanocarriers can be obtained by adjusting their composition, thus 

achieving lipid vesicles with high flexibility and deformability for enhanced results in terms of skin 

absorption. Among these, lipid nanoparticles were introduced in the early nineties as alternative 

nanoparticles made from solid lipids, also known as solid lipid nanoparticles (SLNs) (Müller et al., 

2007). During the last years, due to their biocompatibility and versatility, the interest in lipid 

nanoparticles increased significantly as evidenced by the high number of published articles regarding 

this topic (Poland, 2016). Lipid nanoparticles present several advantages of other nanocarriers, such 

as high biocompatibility, good physical stability, possibility of controlled release of drug and active 

substances, easy production at large scale and cheap raw materials, minimizing the problems 

associated with these vehicles. In fact, the first generation of lipid nanoparticles (SLNs) are derived 

from the replacement of the oil phase of a nanoemulsion by a solid lipid. Although, these lipid 

nanocarrier systems also present some limitations as drug expulsion during storage, and low drug 

loading capacity due to the limited solubility of drugs in the solid lipid (Morales et al., 2015). Thus, in 

order to overcome these drawbacks at the turn of the century, a second generation of lipid 

nanoparticles was developed, the nanostructured lipid carriers (NLCs). These nanocarriers are 
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composed by a liquid lipid (oil) mixed with a solid lipid, thus producing several imperfections in the 

solid lipid lattice, providing more space to locate higher amounts of actives than SLNs and preventing 

or minimizing the drug expulsion phenomena from their lipid matrix (Müller et al., 2007). 

There are several methodologies available for the production of lipid nanoparticles, but in general 

all require a common step, that is, the formation of a precursor oil-in-water nanoemulsion followed by 

subsequent solidification of the dispersed lipid phase (Shah et al., 2015). The miniemulsions 

methodology consist in the production of a heterophase system of stable nanodroplets, narrowly size 

distributed, dispersed in a continuous phase which is formed by shearing the system with ultrasounds. 

This methodology offers an appropriate simple and clean alternative for laboratory scale production 

of lipid nanoparticles due to its non-demanding and fast procedure and to the relatively low cost of 

the required apparatus (Schwarz et al., 2012). The production method is a very important variable to 

be considered as it greatly influences the performance and characteristics of lipid nanoparticles, thus 

demanding an accurate optimization of its parameters for achieving a formulations with certain 

characteristics appropriated for topical delivery. The physicochemical properties of lipid nanoparticles 

are also influenced by their composition as the type of used lipids, surfactants and incorporated 

actives (Zielińska and Nowak, 2016). Vegetable oils are important raw materials as they present 

several inherent beneficial properties for the skin and are abundant renewable resources (Lacatusu 

et al., 2014). These type of oils are commonly used in dermal formulations however, their use in the 

formulation of lipid nanoparticles are still underexplored. Moreover, there are several reports focusing 

the encapsulation of a certain bioactive compound into lipid nanoparticles, but only few studies 

addressed the effects of these ingredients on their formulation and resultant properties. Currently, 

research is still being done to develop new bioactive lipid nanocarriers with wide spectrum health 

benefits and enhanced delivery properties based in the use of appropriate renewable ingredients. A 

rational approach for designing and optimizing dermal formulations requires well-defined skin models, 

able to identify and evaluate the intrinsic properties of the formulation. Once the key formulation 

features that contribute for the absorption of the active substance are determined, the final 

optimization of the formulation becomes feasible. 

In this work, the use of bioactive ingredients, as vegetable oils and their effects in lipid 

nanoparticles properties was studied, in order to develop and optimize new formulations for the 

effective topical administration of active compounds.  

1.2. Research Objectives 

Although a considerable effort has been put in the formulation of lipid nanoparticles for topical 

delivery, which is translated by the large number of publications in this subject, there are still 

enormous challenges to be unravelled. 
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The finality of this thesis was to develop a new formulation of lipid nanoparticles, through the 

miniemulsions methodology, by studying and optimizing the effects of their ingredients in their 

composition and physicochemical properties to achieve more efficacy on skin and an enhanced 

dermal delivery of lipophilic active compounds. Thus, the two major goals of this thesis were: 

(1) to suitably design and optimize the composition of lipid nanoparticles, aiming at

understanding the effects of the interaction between their different ingredients for achieving

a biocompatible formulation presenting ideal physicochemical properties, high incorporation

and protection of lipophilic active substances and an efficient skin absorption profile for

topical administration.

(2) to evaluate the intrinsic properties of the developed formulation of lipid nanoparticles, in a

well-defined skin model thus avoiding the use of animal models or human explants, in order

to identify and adjust some key formulation parameters regarding their skin efficacy and

safety.

1.3.  Research Strategy 

A research strategy with specific objectives was outlined, in order to fulfil the two proposed major 

goals. In a first approach, it was essential to conceive an adequate procedure for the production of 

lipid nanoparticles based in the miniemulsions methodology. Thus, the emulsification step was tested 

using two techniques, as ultrasounds and magnetic stirring, for the production of SLNs, using lauric 

acid (C12:0) as solid lipid, which were mainly characterized regarding their particle size, polydispersity 

index (PdI) and surface charge. Moreover, the effect of formulations composition in the properties of 

SLNs was assessed in terms of solid lipid, wt%: surfactant, wt% (SL:S) ratio. SLNs produced by 

ultrasounds achieved better results for all tested formulations, and thus this technique was then 

selected for the emulsification step. The methodology conditions established in the preparation of 

SLNs were tested for the production of NLCs using sunflower oil and likewise, the effect of 

formulations composition in the properties of formulated nanoparticles was assessed in terms of total 

lipids, wt%: surfactant, wt% (TL:S) ratio. In order to evaluate the entrapment capacity of both types 

of formulated lipid nanoparticles, β-carotene (BC) and retinyl palmitate (RP) were used as lipophilic 

antioxidant drug models to be incorporated in SLNs and NLCs, respectively. Moreover, the effect of 

an increase in RP concentration was analysed regarding the particle size, PdI and surface charge of 

NLCs.  

In a second stage of this work, having set the parameters for the production of lipid nanoparticles, 

it was then required to focus on the optimization of the formulation composition. Four chemically 

different vegetable oils, namely sunflower (SF) oil, olive (OV) oil, sweet almond (SA) oil and coconut 
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(CO) oil, that present a bioactive behaviour were selected to study the influence of oil content and 

composition on mean particle size, PdI values and zeta potential of NLC formulations prepared with 

myristic acid (C14:0) as solid lipid and a constant concentration of Tween 80 as surfactant. The results 

showed that in general, the average size of the vegetable oil NLCs decreased with the increase in 

the liquid oil percentage, which were consistent to what is described in the literature. Based on the 

obtained results, a constant solid lipid, wt%: vegetable oil, wt% ratio of 40:60 was defined and was 

used to evaluate the effect of the solid lipid fatty acids chain length on mean particle size, PdI values 

and zeta potential of NLCs prepared with a constant concentration of Tween 80 as surfactant. 

According to the results, it was observed that the NLCs particle size increased with the increase in 

the solid lipid fatty acid fatty acid chain length from C16:0 and C18:0. Thus, myristic acid (C14:0) was 

selected as solid lipid to study the influence of the type of surfactant in the NLCs properties, as 

average particle size, PdI values and zeta potential. It was established that the formulations of NLCs 

prepared with surfactants presenting a lower hydrophilic lipophilic balance (HLB) value, as Span 60 

and Span 80 obtained the highest zeta potential values and consequently higher electrostatic stability 

when compared with those prepared with Tween 80 and Poloxamer 188, presenting a higher HLB 

value and consequently a more hydrophilic nature. With the view to have a complementary visual 

analysis, the morphology and internal structure of NLCs was performed by transmission electron 

microscopy (TEM) using SF oil and myristic acid in a 40:60, solid lipid, wt%: vegetable oil, wt% ratio 

and each surfactant, Span 80, Tween 80 and Poloxamer 188.  

Since the effects of the ingredients in the NLCs composition and properties of empty NLCs have 

been characterized, at this point was also crucial to evaluate the encapsulation efficiency (EE, %) 

and drug loading capacity (DL, %) for a lipophilic active compound using the studied formulations. 

Thus, α-Tocopherol (TOC) was incorporated into NLCs formulations using three different 

concentrations. The physicochemical properties of these lipid nanoparticles were evaluated regarding 

their particle size and surface charge. Moreover, an equilibrium dialysis method was used to study 

the release behaviour of TOC-NLCs prepared with each vegetable oil and an analysis by differential 

scanning calorimetry (DSC) was performed to evaluate the changes on the crystalline state of empty 

NLCs and TOC-NLCs. In order to demonstrate the capacity of empty NLCs and TOC-NLCs being 

incorporated into stable dermal formulations, the effect of storage time on the stability of these 

nanoparticles was also investigated at room temperature over 4 and 8 months after their initial 

preparation. Given the well-recognised antioxidant properties and the protective function in human 

skin against oxidative stress of TOC and vegetable oils used in the preparation of NLCs formulations, 

it was imperative to evaluate the in vitro antioxidant activity of these ingredients individually and in 

the nanoparticles.  

Aiming at an extensive comprehension of the effects of formulation parameters on NLCs 

properties, a different approach based on a statistical tool was used for the optimization of these 

nanoparticles for topical administration. A 5-factor, 3-level central composite design was applied to 

optimize the selected dependent response variables as the particle size, ZP and EE, %, in function 
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of the independent variables, as the number of carbons in the solid lipid fatty acid chain and 

concentration of total lipids, solid lipid, surfactant and incorporated drug. These independent factors 

were studied at three different levels, in a total of 31 experiments generated by the software 

STATISTICA 10, and each experiment was performed in triplicate and randomly to minimize the 

effects of variability from systematic errors. Based on previous results, the nanoparticles were 

formulated using SF oil as liquid lipid, varying the solid lipid chain length using capric acid (C10:0), 

myristic acid (C14:0) and stearic acid (C18:0), using Tween 80 as surfactant and RP as a lipophilic 

model drug. Having achieved an optimized NLCs formulation, it was then interesting to evaluate the 

capacity of these nanoparticles to incorporate another two retinoids besides RP, as tretinoin (TRT) 

and adapalene (ADP). Then, the optimized NLCs composition was adjusted by changing the type of 

surfactant to Span 80, in order to improve the electrostatic stability of the lipid nanoparticles and the 

solid lipid to myristic acid, with the view to guarantee that the melting point of the nanoparticles was 

set above 40ºC, which is considered as a pre-requisite for topical delivery. After the incorporation of 

each retinoid, the resultant RP-NLC, TRT-NLC and ADP-NLC dispersions were characterized in 

terms of particle size, morphology, surface charge, entrapment efficiency and drug loading capacity, 

crystallinity of the lipid matrix and in vitro release profile through an equilibrium dialysis method. 

After the extensive optimization study of the production and formulation parameters of NLCs, the 

final stage of this work consisted in the evaluation of the efficacy for topical administration of the 

optimized lipid nanoparticles through an in vitro reconstructed human epidermis (RHE) model. The 

optimized NLCs formulations were produced using sunflower oil and myristic acid as liquid and solid 

lipids, respectively and RP and TOC as lipophilic model drugs. Also, the fluorescent dye DiO was 

incorporated along with TOC, resulting in the TOC-DiO-NLCs formulation to enable a qualitative 

characterization of the in vitro absorption studies. The physicochemical characteristics of empty 

NLCs, RP-NLCs and TOC-DiO-NLCs were characterized, as particle size, zeta potential, entrapment 

efficiency, drug loading capacity and crystallinity of the lipid matrix. Moreover, their surface 

morphology and their internal structure were also analyzed by atomic force microscopy and by 

transmission electron microscopy. In vitro absorption studies were performed for RP-NLCs and TOC-

DiO-NLCs in customized Franz diffusion cells, through the RHE model and characterized 

quantitatively by HPLC analysis and qualitatively characterized by fluorescence microscopy and 

confocal laser scanning microscopy (CLSM). Finally, the in vitro skin irritation test on the RHE was 

also performed for empty-NLCs, RP-NLCs, TOC-NLCs and individually for their ingredients as 

standards and demonstrated that the produced nanoparticles formulations were non-irritants. 

The thesis specific objectives are as follows: 

(1) Production of lipid nanoparticles based in the miniemulsions methodology:

1.1. Test two types of emulsification techniques, as ultrasounds or magnetic stirring in the

production of SLNs in terms of particle size and surface charge; 



Chapter I – Motivation and Thesis Outline 

6 

1.2. Study the effect of formulations composition in terms of SL:S ratio for SLNs and in terms 

of TL:S ratio for NLCs, regarding their particle size, PdI values and surface charge; 

1.3. Test the entrapment capacity of SLNs and NLCs using BC and RP, respectively as 

lipophilic antioxidant drug models. 

(2) Optimization of NLCs composition

2.1. Study the influence of oil content and composition, using four different vegetable oils in

the NLCs physicochemical properties, as average particle size, PdI values and zeta 

potential; 

2.2. Evaluate the effect of the solid lipid fatty acids chain length from C12:0 to C18:0 in the 

NLCs properties; 

2.3. Assess the influence of the type of surfactant in the NLCs properties and complementary 

in their morphology and internal structure; 

2.4. Evaluate the encapsulation efficiency (EE, %) and drug loading capacity (DL, %) of the 

studied NLCs formulation for TOC; 

2.5. Characterize the TOC-NLCs formulations prepared with each vegetable oil regarding 

their physicochemical properties; 

2.6. Study the release behaviour of TOC-NLCs through an equilibrium dialysis method; 

2.7. Analyse the changes on the crystalline state of empty NLCs and TOC-NLCs by DSC; 

2.8. Assess the effect of storage time on the stability of NLCs at room temperature over 4 

and 8 months after their initial preparation; 

2.9. Evaluate the in vitro antioxidant activity of NLCs formulations and individually, of their 

ingredients; 

(3) Maximization of the efficiency of NLCs aiming their topical administration

3.1. Study the effects of formulation parameters on the properties of NLCs prepared with RP

as a lipophilic model drug using a statistical tool; 

3.2. Evaluate the capacity of the optimized NLCs formulation with RP to incorporate 

separately other two retinoids as TRT and ADP; 

3.3. Characterize the resultant RP-NLC, TRT-NLC and ADP-NLC dispersions in terms of 

particle size, morphology, surface charge, entrapment efficiency and drug loading 

capacity, crystallinity of the lipid matrix and in vitro release profile through an equilibrium 

dialysis method. 

(4) Assessment of the efficacy for topical administration of the optimized NLCs

4.1. Characterize the optimized NLCs formulations produced using sunflower oil and myristic

acid as liquid and solid lipids, respectively and RP and TOC as lipophilic model drugs 
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regarding their particle size, zeta potential, entrapment efficiency, drug loading capacity, 

crystallinity of the lipid matrix, surface morphology and internal structure; 

4.2. Incorporate the fluorescent dye DiO along with TOC to enable a qualitative 

characterization of the in vitro absorption studies; 

4.3. Study the in vitro absorption of RP-NLCs and TOC-DiO-NLCs in Franz diffusion cells 

through an in vitro 3D RHE model, quantitatively by HPLC and qualitatively by 

fluorescence microscopy and CLSM; 

4.4. Assess the in vitro skin irritation using the RHE model for empty-NLCs, RP-NLCs and 

TOC-NLCs and individually for their ingredients as standards. 

 

 

1.4. Thesis Structure 

This thesis is composed of seven chapters, including the current introductory chapter describing 

the motivation and outline of the developed work (Chapter 1). The remaining chapters include: an 

overview of the state of the art in trends and applications of nanotechnology for topical delivery, more 

particularly on lipid nanoparticles, with a thorough overview of their composition and structure, 

production and characterization methods and their effects and performance on skin (Chapter 2); 4 

chapters (Chapters 3 to 6) describing the developed work in accordance with the specific objectives 

outlined above; and a final chapter summarizing the main conclusions achieved from this study 

(Chapter 7). 

The State of the Art (Chapter 2) starts by addressing the importance of nanotechnology in topical 

delivery, thus introducing the main types and characteristics of lipid nanocarriers that are currently 

used in dermal formulations. It then focuses particularly on lipid nanoparticles, describing the different 

types and categories of ingredients used in their formulation and that modulate their composition and 

structure, including the active compounds used in dermal formulations. The second and core section 

of Chapter 2 also overviews, the production methods that are applied for the preparation of lipid 

nanoparticles at lab and industrial scale and their characterization methods that enable an accurate 

analysis of their physicochemical properties. Lastly but not least, important aspects describing skin 

properties as a natural barrier for the permeation of external compounds, the effects of lipid 

nanoparticles and their mode of action on skin and the use of in vitro reconstructed human epidermis 

models to study these effects are further addressed.  

Chapter 3 describes the first stage of this work that consisted on the evaluation of the 

miniemulsions methodology potential for the production of both types of lipid nanoparticles, SLNs and 

NLCs, using lauric acid (C12:0) as solid lipid. Two emulsification techniques, as ultrasounds and 

magnetic stirring were tested for SLNs production and the effect of formulations composition in the 

properties of formulated nanoparticles was then assessed in terms of SL:S ratio in the case for SLNs 
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and in terms of TL:S ratio in the case of NLCs. Also, the influence of an increase in the concentration 

of loaded active compound on NLCs formulated with sunflower oil was analysed. Finally, the 

encapsulation efficiency of SLNs and NLCs was determined using BC and RP as lipophilic antioxidant 

drug models, demonstrating that BC and RP were successfully encapsulated in the lipid nanoparticles 

matrix, having been reached high entrapment efficiency values for both BC-SLNs and RP-NLCs. 

Chapter 4 focuses on work carried out in the optimization of NLCs formulations using different 

types of vegetable oils, namely sunflower oil, coconut oil, sweet almond oil and olive oil that are 

commonly used in dermal formulations due to their inherent and recognized beneficial properties for 

skin. The influence of each vegetable oil composition and proportion in the preparation of NLCs using 

Tween 80 as a surfactant and myristic acid (C14:0) as a solid lipid were evaluated in terms of particle 

size and physical stability and likewise, the influence of an increase in the solid lipid fatty acid chain 

length and the type of used surfactant were analysed. Then, the vegetable oil NLCs were enriched 

with TOC, to evaluate the incorporation capacity of this lipophilic vitamin into the lipid matrix of the 

nanoparticles and a differential scanning calorimetry (DSC) analysis was performed to investigate 

possible changes in the crystalline state of free NLCs and TOC-NLCs formulated using the selected 

vegetable oils with 2, 3 and 4 wt% of TOC. An equilibrium dialysis method, performed assuring sink 

conditions was used to study the release behaviour of TOC-NLCs prepared with each vegetable oil 

and of a pure solution of TOC in water: ethanol (1:1 v/v) that was used as reference. At this point, the 

effect of storage time on the electrostatic stability was also evaluated by analysing the changes in 

particle size and surface charge of free NLCs and TOC-NLCs prepared with each vegetable oils and 

2 wt% of TOC. Lastly, the in vitro antioxidant activity of empty NLCs and TOC-NLCs was assessed, 

as the scavenging capacity of a pure TOC solution and of each vegetable oil used in the preparation 

of the lipid nanoparticles that were used as reference.  

Chapter 5 describes the systematic optimization of the NLCs composition performed using a 

statistic tool, namely the "central composite design", aiming at reach a new formulation of lipid 

nanoparticles for the topical administration of retinoids. The most critical independent variables were 

selected, as the total concentration of lipids, the concentration of solid lipid, surfactant, drug loaded, 

and the number of carbons in the solid lipid fatty acid chain. Upper, middle and lower concentration 

levels of these formulation variables were set in function of particle size, surface charge and 

entrapment efficiency percentage. An optimal composition of 2.5% of total lipids, comprising 2.0% of 

myristic acid and 0.5% of sunflower oil and 1.5% of surfactant was effectively formulated and tested 

for the incorporation of RP, TRT and ADP. The three formulations of RP-NLCs, TRT-NLCs and ADP-

NLCs were characterized regarding their particle size, morphology, surface charge, entrapment 

efficiency and drug loading capacity, crystallinity of the lipid matrix and in vitro release profile through 

an equilibrium dialysis method. 

 In Chapter 6, the performance of optimized RP-NLCs and TOC-NLCs formulations with 

sunflower oil and myristic acid was evaluated through in vitro skin absorption studies developed in 

Franz diffusion cells and by in vitro skin irritation tests, using an in vitro RHE model. The fluorescent 
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dye DiO was incorporated along with TOC in the NLCs optimized formulation to enable a qualitative 

characterization of the in vitro absorption studies trough fluorescence microscopy and confocal laser 

scanning microscopy. Physicochemical characteristics as particle size, zeta potential, entrapment 

efficiency, drug loading capacity and crystallinity of the lipid matrix of empty NLCs, RP-NLCs and 

TOC-DiO-NLCs were characterized, as also their surface morphology, by atomic force microscopy 

and their internal structure, by transmission electron microscopy. 

Chapter 7, summarizes the main achieved conclusions from the developed work. The main 

achievements, and scientific contributions to the field of lipid nanoparticles formulation and 

optimization are described. In the perspective of this work continuity, the future perspectives are 

outlined. 
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2. State of the art

2.1.  Nanotechnology in topical delivery: trends and applications 

Nanotechnology is a fundamental science that has been consolidated during the twenty-first 

century in designing, characterizing, and using materials, devices and systems in the nanometre size 

range, with versatile industrial applications (Guimarães and Ré, 2011, Severino et al., 2016, Yan et 

al., 2014). There are several innovative applications of nanotechnology in the cosmetic and dermal 

pharmaceutical industries which have transformed the administration of active compounds and 

represent outstanding opportunities for both academic and industrial fields (Jain, 2008, Montenegro 

et al., 2016). 

Topical formulations of nanocarriers have been used for an improved delivery of active 

substances through and inside the skin mostly due to their several advantages over conventional 

passive delivery systems as skin hydration, increased surface area, smoothness, softness, 

adhesiveness, occlusion, higher solubility, site-targeted delivery, improved stability, controlled 

release, reduced skin irritancy, protection from degradation and increased drug loading (Abla et al., 

2016, Escobar-Chávez et al., 2012, Mihranyan et al., 2012). Several studies have been conducted 

by the pharmaceutical industry for the development of nanocarriers for skin delivery. However, the 

major impact of nanotechnology in this field has perhaps occurred in the cosmetic industry having in 

consideration the number of patents registered/issued and the growing list of cosmetic products 

available in the market (Abla et al., 2016, Mishra et al., 2009). The patent records provide a useful 

source to understand in which area the nanocarriers technology is being used and what types of 

nanocarrier are mainly employed Figure 2.1 (Poland, 2016). In a study published by the Danish 

Environmental Protection Agency (Poland, 2016), a total of 181 patents are reported concerning the 

use of nano-enabled technologies of which 165 patents (91%) had direct application in cosmetics. 

Figure 2.1 – Results regarding the field of application (A) and the type (B) of nanocarriers reported in patents. Adapted 

from (Poland, 2016). 
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Several approaches addressing nano-enabled technologies have been developed in order to 

increase drug bioavailability and to enhance its absorption or permeation in the skin (Severino et al., 

2016). The size of these nanocarriers is the characteristic that confers them more efficiency than 

currently available formulations (e.g. O/W and WO emulsions) and also determines their effectiveness 

and targeted delivery (Montenegro et al., 2016). The application of nanocarriers into cosmetic and 

pharmaceutical products offers several advantages as the possibility to protect active substances 

from degradation, to encapsulate poorly water-soluble compounds and to confer a controlled release 

which avoids repeated administrations and promotes patient compliance (Garcês et al., 2017, Souto 

et al., 2007). 

Nanotechnology has revolutionized the design of topical formulations by generating innovative, 

safe and effective products and patent applications that are currently increasing and represent an 

extraordinary alternative to existing market formulations. 

The types of nanocarriers that are currently being study for topical administration are the 

liposomes (Jose et al., 2018), lipid nanoparticles (Alvarez-Trabado et al., 2017, Pathan et al., 2018, 

Puglia et al., 2017, Teeranachaideekul et al., 2017), nanoemulsions (Tamayo et al., 2017), polymeric 

nanoparticles (Sahle et al., 2017), hydrogels (Paolicelli et al., 2017) and microneedles (Arya et al., 

2017). The physicochemical and biological properties of these nanocarrier structures and systems 

substantially varies in terms of their ingredients and production methods, thus providing numberless 

and unique functional applications. Table 2.1 summarizes important characteristics of the most used 

lipid nanocarrier systems in dermal formulations, as liposomes, micro and nanoemulsions and lipid 

nanoparticles, which will be further discussed in more detail. 

2.1.1. Types and characteristics of lipid nanocarriers for topical administration 

Lipid nanocarriers as drug delivery systems (DDS) are designated as a formulation or a device 

that assists the introduction of an active compound in the body and improves its efficacy and safety 

by protecting it from biological degradation and controlling their delivery (Jain, 2008a, Poland, 2016). 

This group of DDS is diversely variable regarding the composition of each lipid nanocarrier which can 

differ distinctly and may include polymers and surfactants in addition to lipids (Poland, 2016).  

Lipid nanocarriers can be tailored based on their architecture and particle size to meet a wide 

range of product requirements that are dictated by disease condition, route of administration and 

considerations of cost, product stability, toxicity and efficacy. These nanocarriers can be applied in a 

wide spectrum of administration routes and are good candidates for the formulation of cosmetics, 

pharmaceuticals, food supplements and vaccines (Shrestha et al., 2014).  

Different types of lipid based nanocarriers include liposomes, niosomes, lipid nanoparticles as 

SLNs and NLCs, nanoemulsions, nanospheres/nanocapsules, among others, which are classified 

based on its structure and within these different types, they differs in terms of their specific 
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composition (Attama et al., 2012). Figure 2.2 shows some examples of the different types of lipid 

based nanocarriers and their main advantages. 

2.1.1.1. Liposomes 

Lipossomes are defined as amphiphilic vesicular structures formed by bilayers of hydrated 

phospholipids (Figure 2.3, A). The bilayers are separated from one another by aqueous domains and 

under the critical micelle concentration are able to organize themselves spontaneously into closed 

spherical shell-type structures enclosing an aqueous core (Attama et al., 2012, Severino et al., 

2016). The resultant vesicular structure is a liposome when phosphatidylcholine, phosphatidylserine, 

or phosphatidylethanolamine are used as phospholipids (Severino et al., 2016). Liposomes are the 

first class of lipid nanocarriers developed by Bangham (Bangham and Horne, 1964) as drug delivery 

systems (Abla et al., 2016) and consequently, the most popular methodology for the production of 

liposomes was the  thin-film hydration or Bangham method in which a mixture of phospholipids and 

cholesterol were dispersed in organic solvent and then, the organic solvent was removed by means 

of evaporation using a rotary evaporator (Laouini et al., 2012b). 

Due to their amphiphilic character, liposomes are able to transport hydrophilic and lipophilic 

active compounds and its basic structure of hydrated phospholipid bilayers is versatile to extensive 

modifications allowing their use in various applications such as cosmetology, radiology and 

vaccinology (Attama et al., 2012). It is possible to obtain small unilamellar vesicles (SUV) with 

dimensions of 20 up to 100 nm, large unilamellar vesicles (LUV) which are larger than 100 nm, and 

multilamellar vesicles (MLV) with dimensions exceeding 500 nm to a few microns, depending on the 

method of preparation, process and excipients selected for the manufacture (Abla et al., 2016, Korting 

and Schäfer-Korting, 2010).  

Figure 2.2 – Types of lipid based nanocarriers and their main vantages. Adapted from (Attama et al., 2012). 
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Lipossomes have been used to improve the incorporation of active substances through the skin 

and to provide a controlled release for topical applications (Mezei, 2017). Current research are being 

developed regarding the application of liposomes as carriers for topical administration. Dorrani et al. 

2016, reported the topical delivery of siRNA which presents several therapeutic applications in various 

dermatological diseases such as psoriasis, atopic dermatitis, and cancer (Dorrani et al., 2016). 

Jøraholmen et al., 2015 studied the release and permeation of resveratrol for topical vaginal 

formulations due to its biological activities against the pathogens of sexually transmitted diseases 

(Jøraholmen et al., 2015). Also, the prevention of skin aging and pigmentation by the topical delivery 

of hyaluronic acid and naringenin (Tsai et al., 2015, Vázquez-González et al., 2015) and the treatment 

of cutaneous fungal infections and leishmaniasis by the topical delivery of amphotericin B (Perez et 

al., 2016) were reported. 

Figure 2.3 – Lipid nanocarriers that have been described in the literature for topical 

administration. Adapted from (Morales et al., 2015)  

2.1.1.2. Micro- and Nanoemulsions 

In 1959, Schulman et al. (Schulman et al., 1959) has first described the term microemulsion to 

define a transparent, optically isotropic and thermodynamically stable Newtonian non-viscous liquid 
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system composed of colloidal oil droplets dispersed in an immiscible aqueous medium, stabilized by 

surfactants (Montenegro et al., 2016, Morales et al., 2015). However, these systems were later 

designated as nanoemulsions (Figure 2.3, B) as the droplet sizes were in the nanometre range 

(Azeem et al., 2009). Both micro- and nanoemulsions have droplet sizes from 10 to 100 nm, differing 

mainly in their physicochemical characteristics (Poland, 2016).  

Microemulsions are thermodynamically stable and can be formed spontaneously, without the 

use of high shear equipment, or with a very low energy input but they require a higher concentration 

of surfactant (Korting and Schäfer-Korting, 2010). On the contrary, nanoemulsions are metastable 

systems being kinetically but not thermodynamically stables and their characteristics mainly depends 

on the preparation methods, which usually require high-energy inputs and lower concentrations of 

surfactants (Korting and Schäfer-Korting, 2010, Montenegro et al., 2016). High energy methods result 

from the use of equipments such as high-shear stirrers, high pressure homogenizers, ultrasonic 

homogenizers and others to generate intense shearing forces that mix both aqueous and oil phases 

and break the droplets into smaller structures (Morales et al., 2015, Qian and McClements, 2011). 

Micro- or nanoemulsions can be formed by low energy methods by the rapid diffusion of the surfactant 

from the dispersed phase to the continuous phase and depends on the spontaneous formation of 

nanodroplets under specific compositions or environmental conditions resultant from changes on its 

interfacial properties (Ostertag et al., 2012).  

The lipid phase of micro- or nanoemulsions is generally composed by natural or synthetic oils 

(e.g., Witepsol® [Cremer Oleo Divisions], Myritol® [BASF, Ludwigshafen, Germany], isopropyl 

myristate and Miglyol, among others) while the aqueous phase consists of water, surfactants (e.g., 

polysorbate, Gelucire® [Gattefosse]) and optionally co-surfactants (e.g. PEG, glycerin and ethylene 

glycol) which may act as as penetration and occlusive enhancers  (Korting and Schäfer-Korting, 2010, 

Poland, 2016, Sharma and Sarangdevot, 2012). 

Due to their sensorial and biophysical properties, nanoemulsions can be stable for 15 years as 

indicated by Li et al. 2011 (Li et al., 2011a), conferring them a great potential to be used as carriers 

of active cosmetic ingredients (Poland, 2016). Several research works were currently developed 

using nanoemulsions for topical applications. Argenta et al. 2018 developed a formulation with 

coumestrol which is an isoflavonoid-like compound and inhibit Herpes Simplex Virus types 1 (HSV-

1) and 2 (HSV-2) replication, to tissues (Argenta et al., 2018). Choi et al. 2017, suggested a strategy

for promoting the healing process and skin regeneration in wound management by developing a 

topical a DDS consisting of a nanoemulsion-dispersed polyvinylpyrrolidone hydrogel loaded with 

three growth factors (Choi et al., 2017). The topical delivery of the powerful antioxidant coenzyme 

Q10, which is crucial for cellular energy production and is low regenerated by skin after a certain age 

was investigated by Kaci et al. 2018 (Kaci et al., 2018). Also, the prevention of premature of skin 

aging characterized by dry and rough skin, wrinkles and black spots was studied by Pratiwi et al. 

2017 through the development of a self-nanoemulsifying drug delivery system (SNEDDS) of 

mangosteen peels for topical administration (Pratiwi et al., 2017). 
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2.1.1.3. Solid lipid nanoparticles (SLN) 

The history of lipid nanoparticles started around the 90´s, and at the beginning, different names 

were used as lipid nanospheres (Müller, 1991) and even lipid microparticles or microspheres (Gasco, 

1993, Gasco, 2002) to designate solid lipid nanoparticles (SLNs) (Figure 2.3, C) which was then the 

name assigned by the inventors to describe a type of nanocarriers structurally similar to 

nanoemulsions but containing a solid matrix composed by a solid lipid (Muller et al., 2011). These 

nanocarrier systems were first developed as an efficient alternative to traditional carriers as 

emulsions, liposomes, and polymeric nanoparticles and explored to avoid some of its issues in 

biological media (Severino et al., 2016). 

SLNs are described in literature as the first generation of lipid nanoparticles and are defined as 

colloidal spherical particles with sizes ranging from 40-1000 nm, composed by solid lipids, dispersed 

in an aqueous phase and stabilized by surfactants (Abla et al., 2016, Keck et al., 2014, Muller et al., 

2011, Zielińska and Nowak, 2016). SLNs are produced using one crystalline solid lipid or a mixture 

of solid lipids, as glycerides or waxes in concentrations typically varying from 0.1 to 30% w/w and 

surfactants in contents ranging from 0.5 to 5% w/w (Abla et al., 2016, Zielińska and Nowak, 2016). 

An important prerequisite of the lipids is that they should be solid at 37ºC that is considered as the 

body temperature (Müller et al., 2016) and more than one surfactant can be used to prevent 

aggregation of particles in the dispersions (Zielińska and Nowak, 2016). Similarly to nanoemulsions, 

SLNs are obtained by replacing the oil phase of the emulsion (O/W) by the solid lipid or a mixture of 

solid lipids. The incorporation of active substances occurs by melting the solid lipid and dissolving or 

suspending the drug in the melted lipid. Then, the droplets of melted lipid recrystallize and self-

assemble typically yielding a mixture of high-energy crystallized form (α and β′), and low-energy form 

(β′) lipid modifications. However, during storage the lipid molecules incline to increase their order and 

convert from α/β′ to β modification which can lead to a subsequent decrease in imperfections of the 

lipid matrix lattice and consequently occurs the loss or leakage of active substance from the 

nanocarrier (Abla et al., 2016, Müller et al., 2016). The main advantages of SLNs are their 

physicochemical stability, providing higher protection for incorporated active substances from 

chemical and physical degradation and the controlled release and transport of drugs to target sites, 

consequently increasing its bioavailability and efficacy (Souto et al., 2013). Also, the use of 

biocompatible solid lipids is a great benefit which allows to encapsulate generally lipophilic drugs on 

SLNs crystalline matrix lattice, on its lipid layers and or between the chains of fatty acids (Severino 

et al., 2016). The most commonly well described method used to produce SLNs is the high-pressure 

homogenization which permits the manipulation of particle size according to the desired application 

or route of administration (Morales et al., 2015). Moreover, the release profile of the encapsulated 

drugs can be adjusted for a specific application through the selection of a specific combination of 

lipids and fatty acids (Müller et al., 2002a, Severino et al., 2016). 
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According to the chemical structure of the encapsulated active and the production method, SLNs 

can be divided into three basic types. The SLN type I (Figure 2.4) is characterized by a homogeneous 

matrix model since there is a uniform molecular distribution of the active ingredient in the whole 

volume of the lipid core (Korting and Schäfer-Korting, 2010, Zielińska and Nowak, 2016). This type is 

usually obtained by high pressure homogenization using optimized ratios of active compound and 

lipid above its melting point, or even by cold homogenization and its structure enables controlled 

release properties (Souto and Müller, 2007).  

The SLN type II (Figure 2.4) is obtained when a low concentration of the active substance is 

melted in the lipid and remains in the outer part of the nanoparticles. During the cooling step after 

homogenization of the nanoemulsion, occurs the precipitation of the lipid phase forming a solidified 

lipid core which pushes the active substance in the remaining melted lipid to an outer shell. Thereby, 

this nanoparticles model is more appropriate to obtain a burst release of the drug and also good 

occlusive properties of the lipid matrix (Korting and Schäfer-Korting, 2010).  

In the SLN type III (Figure 2.4), there is a high concentration of active compound within the core 

of the nanoparticles which is formed when the drug concentration is almost at the saturation solubility 

level in the melted lipid. At the cooling step of the nanoemulsion, after the saturation solubility level 

of the active substance being exceeded it occurs its precipitation which is enclosed by a shell of lipid. 

This SLN model is more advantageous in applications that requires a very well-controlled release of 

the active compound, once it is well encapsulated within the lipid core (Zielińska and Nowak, 2016). 

Figure 2.4 – Types of solid lipid nanoparticles (SLNs). Adapted from (Zielińska and Nowak, 2016). 

The research work on topical applications of SLNs that is currently being developed are focused 

on the encapsulation of anti-inflammatory drugs (Daneshmand et al., 2018, Peng et al., 2017), 

sunscreens (Netto MPharm and Jose, 2017, Souza and Campos, 2017), antibiotics (Severino et al., 

2017, Valdes et al., 2018), anti-aging cosmetic actives (Chen et al., 2017, Rocha et al., 2017), 

elasticity and hydration enhancers (Marto et al., 2017) and on the increase of skin permeability 

(Montenegro et al., 2017).  
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2.1.1.3. Nanostructured lipid carriers (NLC) 

A new generation of lipid nanoparticles was introduced in late 90´s by Muller et al. (Muller et al., 

1999), derived from SLNs, to overcome their main limitations related to low drug capacity and its loss 

or leakage from the nanocarrier during storage (Abla et al., 2016, Montenegro et al., 2016, Müller et 

al., 2002a). The 2.0 version or 2nd generation of lipid nanoparticles, named as nanostructured lipid 

carriers (NLCs) (Figure 2.3, D) are composed by an unstructured solid lipid matrix consisting on a 

mixture of liquid and solid lipids dispersed in an aqueous phase containing a surfactant of a mixture 

of surfactants (Beloqui et al., 2016). Generally, the solid lipids are blended with the liquid lipids in 

ratios from 70:30 up to 99.9:0.1, while the surfactant concentration usually varies from 1.5% to 5% 

(w/v) (Pardeike et al., 2009). The incorporation of liquid lipids in the solid matrix results in a melting 

point depression compared to the pure solid lipid. Also, the addition of oils leads to a substantial 

crystal order disturbance producing a high number of imperfections in the crystalline lattice, which 

provides more space to accommodate active compounds, increase the drug loading capacity and 

avoids or reduces the drug expulsion during storage due to a higher drug incorporation capacity, in 

comparison with previous developed SLNs (Montenegro et al., 2016, Morales et al., 2015, Müller et 

al., 2016). However, despite the limited drug loading capacity of SLNs that often constrains the 

amount of active substance in relation to the amount of solid lipid, obtained encapsulation efficiencies 

for this type of lipid nanoparticles can reach very high values and usually exceeds 90% particularly 

with lipophilic actives (Korting and Schäfer-Korting, 2010). 

In order to achieve a high degree of imperfections on the lipid crystal lattice, the lipid blends 

should comprise structurally different molecules as e.g. solid lipids with longer chain fatty acids and 

oils with shorter chain fatty acids. Nevertheless, when choosing the composition of the lipid blends it 

is necessary to have in consideration that the melting point of the blends still need to be above the 

body or skin temperature at 37ºC (Müller et al., 2016). 

NLCs can be produced as SLNs by several methods described in the literature, through high-

pressure homogenization (Moradi et al., 2017, Pang et al., 2017), microemulsion technique 

(Mojahedian et al., 2013, Qidwai et al., 2016), solvent emulsification evaporation method 

(Abdolahpour et al., 2017, Khan et al., 2016), membrane emulsification (Laouini et al., 2012a, Li et 

al., 2011b), supercritical fluid-based method (Hu et al., 2011, Santo et al., 2013a), ultrasonication 

(Lason et al., 2013, Rosli et al., 2015), among others. 

Similarly to the 1st generation of lipid nanoparticles, NLCs can also be categorized in three 

incorporation types, mainly differing in the lipid blends used in their preparation. The NLC type I 

(Figure 2.5) is characterized by a highly disordered structure consisting in a lipid matrix presenting 

several crystal imperfections that is formed by mixing solid lipids with a low amount of oils (Souto and 

Muller, 2010, Zielińska and Nowak, 2016). The structurally different solid lipids used to prepare this 

nanoparticles model, varying on its fatty acids chain length, once blended with mono-, di- and 
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triacylglycerols, form structural imperfections that are able to very well-accommodate active 

substances (Müller et al., 2002a).  

Figure 2.5 – Types of nanostructured lipid carriers (NLCs). Adapted from (Zielińska and Nowak, 2016). 

The NLC type II (Figure 2.5)  is composed by a structure less solid amorphous matrix which is 

obtained through the mixture of specific lipids (e.g. hydroxy octacosanyl hydroxyl stearate, isopropyl 

myristate and dibutyl adipate) that do not recrystallize after the nanoemulsion homogenization and 

cooling steps (Ganesan and Narayanasamy, 2017). The structure of this amorphous NLC matrix that 

avoid or delays the recrystallization of lipids, allows a reduction of active substance loss during the 

storage (Souto and Muller, 2010).  

The NLC type III (Figure 2.5) is derived from the multiple water in oil in water emulsion (W/O/W) 

production method and results by the mixture of solid lipids with oils and long-chain triacylglycerols 

in such a ratio that the solubility of the oil molecules in the solid lipid is exceeded (Guimarães and Ré, 

2011, Souto and Muller, 2010, Zielińska and Nowak, 2016). The lipid matrix of this NLC multiple 

model is composed of very small oily nanocompartments that are surrounded by the solid lipid core, 

which enables the advantage of an increase in the capacity to incorporate active ingredients 

(Ganesan and Narayanasamy, 2017, Souto and Muller, 2010). 

Recent research works published in literature describe the use of NLCs form the topical delivery 

of active compounds as anti-allergenic substances (Surassmo et al., 2017), photosensitizers (Calixto 

et al., 2016, Md et al., 2017), antioxidants (Lasoń et al., 2017, Puglia et al., 2017), anti-inflammatory 

compounds (Abdel-Salam et al., 2017, Moghddam et al., 2017, Pivetta et al., 2018), anti-cancer drugs 

(Bhise et al., 2017, Carbone et al., 2018, Estanqueiro et al., 2017), analgesics and anaesthetics 

(Bakonyi et al., 2018, da Silva et al., 2017, You et al., 2017), compounds to treat or prevent alopecia 

(Kaur et al., 2017, Noor et al., 2017, Yazdani-Arazi et al., 2017), among others that serve a very wide 

range of applications. 
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The physicochemical and biological properties of these nanocarriers structure substantially vary 

in terms of their ingredients and production methods, thus providing numberless and unique functional 

applications. Table 2.1 describes some important characteristics of the lipid nanocarrier systems that 

were previously addressed.  

2.1.2. Lipid nanocarriers in dermal pharmaceutical products and cosmetics 

There is a very thin line separating the application of lipid nanocarriers for dermal delivery in 

pharmaceutical products and cosmetics and despite the high resemblance there are a few differences 

mainly concerned with technical aspects (Poland, 2016). For instance, the time between production 

and market introduction of a dermal pharmaceutical product is much longer compared with a cosmetic 

due to very complex regulatory requirements (Puglia and Bonina, 2012). This is justified by the need 

of imperatively have a good understanding about the interaction of dermal formulations containing 

drug nanocarriers with the skin and their potential toxicological effects. It is obtained a higher degree 

of reliability for dermal pharmaceutical products which are validated and approved through rigorous 

clinical trials according specific application criteria (dose, area and duration of exposure, etc) (Poland, 

2016, Weissig et al., 2014). In Table 2.2 are listed some examples of marketed pharmaceutical 

products for dermal applications based on lipid nanocarriers. 

In the past few years, there have been efforts to introduce in the market advanced cosmetics 

through the incorporation of active compounds, thus surpassing their main role as products for beauty 

care that serve the preservation, restoration or improvement of beauty in human body. For example, 

cosmetic products can offer protection against pathological lesions, or can be employed to prevent, 

treat, or alleviate diseases (Draelos, 2012). As such products are more than simply cosmetics, the 

term “cosmeceuticals” that combines the English terms “cosmetics” and “pharmaceuticals” was 

introduced to describe these hybrid products that have a positive effect on the skin, but not a medical-

therapeutic effect (Lohani et al., 2014). However, the U.S. Food and Drug Administration does not 

recognize the “cosmeceuticals” category and labels them simply as cosmetics (Draelos, 2012, Lohani 

et al., 2014, Reszko et al., 2009).  The cosmetic and pharmaceutical industries have devoted much 

attention to the development of “pharmacologically” active cosmetics and to cosmetically oriented 

medications, thus increasing the medical importance of cosmeceuticals (Kerscher and Buntrock, 

2016). 
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Table 2.1 – Overview of some important lipid nanocarriers used in topical delivery. Adapted from (Poland, 2016). 

Type of lipid 

nanocarrier 
Size (nm) Description Advantages Limitations 

Lipossomes 20 – few hundred 

microns 

Spherical, closed 

vesicular structures 

formed by bilayers of 

hydrated phospholipids 

enclosing an aqueous 

core 

 Capacity to incorporate both hydrophilic and lipophilic

active compounds

 Non-toxic, biocompatible, biodegradable, and non-

immunogenic for systemic and non-systemic

administrations

 Highly versatile for a wide range of applications

 Enhanced efficacy and therapeutic index of drugs

 Increased stability of encapsulated active compounds

 Able to reduce the toxicity of the encapsulated agent

 Flexibility to cope with site-specific ligands to achieve

active targeting

 Low Solubility

 Short half-life

 Phospholipids can undergo

oxidation and hydrolysis-like

reaction

 Leakage and fusion of

encapsulated molecules

 High production costs

Nanoemulsions 10 - 100 Colloidal oil droplets 

dispersed in an 

immiscible liquid 

 Good substitute for liposomes and vesicles which are much

less stable

 Small-sized droplets with enhanced surface area providing

higher absorption, improving the bioavailability of

encapsulated active compounds and increasing their

stability

 Easy to be produced by non-toxic, biocompatible and

biodegradable ingredients

 Possibility to be formulated as foams, creams, liquids, or

aerosols

 High drug payloads

 Efficient delivery of active ingredients through the skin

 Enhanced stability of chemically unstable compounds

 Possibility of controlled drug release and drug targeting

 High energy inputs to reduce

the droplets size

 Large concentration of

surfactant and co-surfactant for

stabilizing the nanodroplets

 Limited solubility capacity for

high melting substances

 Nanoemulsions stability is

influenced by environmental

parameters such as temperature

and pH

(Continued next page) 
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Table 2.1 (Continued) 

Type of lipid 

nanocarrier 
Size (nm) Description Advantages Limitations 

SLNs 80 - 1000 
1st generation of lipid 

nanoparticles 

characterized by colloidal 

carriers with a lipid 

matrix composed by 

crystalline solid lipids 

dispersed in an aqueous 

media and stabilized by 

surfactants 

 Molecular dispersion of the active substance in the lipid

matrix, providing higher protection and resulting in a

controlled release and high drug loading

 Particles in the nanometer size range, increasing the surface

area

 Produced using generally recognized as safe (GRAS), with

good biocompatibility and lower cytotoxicity

 Easy to scale up and sterilize with avoidance of organic

solvents in the preparation process

 Wide potential of application spectrum due to the long term

stability of nanoparticles

 Insufficient capacity for the

active substance

 Leakage of encapsulated drug

molecules resulting from the

ordered crystalline structure of

the solid lipid

 Tendency for particle growth

during storage

NLCs 10 - 1000 
2nd generation of lipid 

nanoparticles consisting 

in colloidal carriers 

composed by blends of 

liquid and solid lipids 

forming a less ordered 

lipid matrix 

 Produced using GRAS ingredients, biocompatible and

biodegradable

 Easy to scale‐up and produce, with low costs and

equipment requirements

 High loading capacity

 Excelent protenction of the active substance, preventing its

expulsion from the lipid matrix

 Well-controlled drug release

 Long term-stability

 Relatively high content of

dispersions

 Nanotoxicity associated to the

use and concentration of some

surfactants

 Low capacity to incorporate

hydrophilic active compounds

due to partitioning effects

during preparation
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Lipid nanoparticles are very effective carriers of active compounds used in cosmetics in order to 

moisturize the skin due to their occlusive properties, to improve skin elasticity due to their ability to 

increase skin hydration, to reduce wrinkles and to be used antioxidant agents in antiaging formulations 

(Mitrea et al., 2014, Müller et al., 2016, PPardeike et al., 2009, Souto and Müller, 2007, Zielińska and

Nowak, 2016).These nanoparticles are also excellent carriers of perfumes and insect repellent thanks 

to their adhesive properties and the possibilities of sustained release (Guimarães and Ré, 2011, Mitri 

et al., 2011, Puglia and Bonina, 2012) and are commonly used in physical and chemical sunscreens 

since they can reflect radiation and produce a synergistic effect of protection, thus reducing the amount 

of incorporated UV filter which limits the possibility of irritation and also reduces the associated 

production costs (Zielińska and Nowak, 2016). 

Table 2.2 – Examples of commercially available pharmaceutical products for dermal applications based on lipid 

nanocarriers. Modified from (Korting and Schäfer-Korting, 2010, Mansour et al., 2016, Patravale et al., 2012, Weissig et 

al., 2014). 

Type of lipid 

nanocarrier 

Commercial 

product name 

Company Active compound Indication 

Liposomes Pevaryl® Lipogel Janssen-Cilag, 
Switzerland 

Ecosanole Dermatomicoses 

Diclac® Lipogel Hexal, Germany Diclofenac sodium Osteoarthritis or 
rheumatoid arthritis 

Visudyne® Valeant 
Pharmaceuticals, Inc, 
Canada 

Verteporfin Pathological myopia, 
ocular histoplasmosis 
syndrome 

LMX®‐4 Ferndale 
Laboratories 

Lidocaine Topical anesthesia 

Nanoemulsion Estrasorb®  Novavax, United 
States 

Estradiol Topical emulsion for 
the reduction of 
vasomotor symptoms 

Flexogan® AlphaRx, Canada Methyl salicylate, 
menthol, camphor 

External Analgesic 

BF-200 ALA-gel Biofrontera 5-Aminolevulinic
acid

Actinic keratosis for 
photodynamic therapy 

Restasis® Allergan Cyclosporine Chronic dry eye 
disease 

Lipocomplex Amphocil® Sequus 
Pharmaceutical, 
United States 

Amphotericin B Severe fungal 
infections 

The incorporation of lipid nanoparticles in cosmetics holds several advantages over traditional 

personal care products including improving the stability of cosmetic actives, enhancing the product 

aesthetics, targeting active ingredients to the desired sites, controlling active ingredient release to 
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achieve prolonged effects and conferring skin protection due to their occlusion property (Mu and 

Sprando, 2010, Padamwar and Pokharkar, 2006). This type of nanocarriers is mainly proposed in 

cosmetics used in anti-aging products, moisturisers to maintain skin hydration, sunscreens, as well as 

hair, skin, lip and nail care products to maintain personal hygiene and appearance but also other novel 

uses such as fragrance release (Hosseinkhani et al., 2015, Poland, 2016). 

The antiaging gel Capture™ launched by Christian Dior, France, in 1986 was the first cosmetic 

formulation containing nanocarriers, namely liposomes (Abla et al., 2016). NLCs were first introduced 

in the market in 2005 by Dr. Rimpler GmbH and Prof. R.H. Müller at the “BEAUTY FORUM” in 

Munich/Germany presenting the first two NLC products, Cutanova Cream Nanorepair Q10 and the 

respective serum (Figure 2.6).  

Meanwhile, many more cosmetic products using lipid-based nanocarriers have been marketed 

worldwide (Abla et al., 2016). Table 2.3 provides an insight to examples of products which are currently 

on the market containing lipid nanocarriers. 

Figure 2.6 – The first two NLCs cosmetic products marketed 

in the world, Cutanova Cream Nanorepair Q10 (right) and the 

respective serum (series NanoCare) (left), presented by Dr. 

Rimpler GmbH and Prof. R.H. Müller at the “BEAUTY 

FORUM” Munich in 2005. Adapted from (Müller et al., 2016) 
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Table 2.3 – Examples of cosmetic products containing lipid nanocarriers that are currently on the market. Modified from (Müller 

et al., 2016, Puthli et al., 2012, Zielińska and Nowak, 2016). 

Type of lipid 

nanocarrier 

Company Commercial 

product name 

Main active ingredients Indication 

Nanoemulsion Dr. Theiss – 

Medipharma 

Cosmetics 

Olivenöl 

Intensivcreme 

Olive oil, retinol and vitamin E Skin care 

Liposomes Keenwell Biologics – Revital 

Triple Action 

Reaffirming Serum 

DMAE (Dimethylamino 

ethanol), silanol-mannuronate, 

GP4G: Diguanosine 

tetraphosphate, obtained from 

Artemia salina 

Skins with flaccidity or 

lacking tone and 

elasticity 

Nanosomes L´Oreal Revitalfift Pro-retinol A and fibrelastyl Anti-aging 

SLN Astellas Nanobase Repair Paraffin nanoparticles Moisturizer 

NLCs Dr. Rimpler Cutanova Nanorepair 

Q10 

Coenzyme Q10, polypeptide, 

hibiscus extract and extracts, 

ketosugar 

Anti-aging 

Intensive Serum 

Nano-Repair Q10 

Coenzyme Q10, polypeptide, 

Acmella oleracea extract 

Anti-aging 

Cutanova Nano-Vital 

Q10 

Coenzyme Q10, TiO 2 , 

polypeptide, ursolic acid, 

oleanolic acid, sunfl ower seed 

extract 

Anti-aging day care with 

UV protection 

Cutanova Nano 

Sensitive Cream 

Hemp oil, Squalane, 

Defensil®, Ximenia 

Americana, seed oil, 

microsilver, ferment extract 

Anti-inflamatory, 

moisturizer 

Amore Pacific – 

IOPE 

Super Vital -  

Collection 

Coconut oil, niacinamid, 

Myrica cerifera leaf extract, 

selaginella extract, safflower 

extract, tocopherol, caffeine, 

theanine, green tea extract 

Moisturizer, anti-aging, 

firming cream 

Isabelle Lancray Surmer – Soft 

ostorizing protecting 

cream 

Coconut oil, Noni tree extract, 

magnolia, green tea, coconut 

milk essence, cell-renewing 

peptides, and extract from wild 

Indigo 

moisturizer 

Surmer – Rich 

restouring cream 

Coconut oil, magnolia, green 

tea, coconut milk essence, cell-

renewing peptides, extract 

from wild Indigo, tamanu oil. 

Anti-aging 

(Continued next page) 
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Table 2.3 (Continued) 

Type of lipid 

nanocarrier 

Company Commercial 

product name 

Main active ingredients Indication 

NLCs Isabelle Lancray Surmer – Remodeling 

eye contour cream 

Coconut oil, magnolia, green tea, 

coconut milk essence, cell-

renewing peptides 

Anti-aging, moisturizer, 

regenerator 

Surmer – Firming 

neck care 

Coconut oil, Mangosteen tree, 

quince, tamanu oil, wheat germ oil 

Anti-aging, moisturizer, 

regenerator 

Dr. Theiss – 

Medipharma 

Cosmetics 

Olivenöl 

Augenpflegebalsam 

Extra virgin olive oil, rose root and 

caffeine 

Anti-aging 

Bellamora Collagen cellular 

repair cream and 

advanced exfoliant 

Laminaria digitata extract, Shea 

butter, Green tea extract, Palmitoyl 

oligopeptides, Multivitamin 

(vitamin A, C, E, F) nanolipids, 

Elastine, Collagen 

Anti-aging, regenerator 

Bellamora Collagen cellular 

repair cream and 

advanced exfoliant 

Laminaria digitata extract, Shea 

butter, Green tea extract, Palmitoyl 

oligopeptides, Multivitamin 

(vitamin A, C, E, F) nanolipids, 

Elastine, Collagen 

Anti-aging, regenerator 

Naturalia 

Sintesi 

Regenatur NG11 

ProgressiveE 

Undeciylenoyl Phenylalanine & 

Hydroxyphenoxy Propionic Acid - 

Propionic Acid, Vitamin C 

Anti-aging, regenerator 

It is estimated that more than 500 products containing NLCs can be found worldwide (Müller et 

al., 2016). However, in some cases NLCs are not designated and listed on INCI nomenclature of 

cosmetic products, but instead they present the INCI names of their excipients and actives ingredients, 

as e.g., coenzyme Q10, carnauba wax, and black current seed oil, but on contrary, some companies 

advertise the use of NLCs in markets where it is known that nano-cosmetics are popular (Müller et al., 

2016). NLCs are also often used to optimize the skin feeling of products, they are added in small 

amounts to a product granting them unique sensation properties which can be experienced by the 

consumer (Müller et al., 2016).  
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2.2. Lipid nanoparticles for the dermal delivery of active compounds 

Lipid nanoparticles, including SLNs and NLCs are colloidal carriers composed of a lipid matrix 

that is solid at body temperature. These lipid nanocarriers have attracted great interest and have been 

intensively studied for their use in dermal applications. 

The composition and structure of lipid nanoparticles intrinsically influences their performance. In 

general, the lipid nanoparticles are formulated as aqueous dispersions using lipids that are usually 

solid at room temperature and surface-tailored by surfactants and optionally by co-surfactants to 

improve the dispersion stability. These excipients are generally recognized as safe (GRAS), being 

well-tolerated in physiological conditions and even some lipids could present bioactive properties 

granting to lipid nanoparticles a biocompatible and multifunctional character. 

The encapsulation and preservation of active compounds are other aspects to be considered 

regarding the structure of lipid nanoparticles since these parameters will influence their release 

properties, protection and stability during storage until the final dermal application. However, it is only 

possible to quantify the amount of active compound that is incorporated into the lipid core, while the 

interactions between the encapsulated compound and the lipids are not yet possible to characterize 

in terms of state and location in the nanoparticle lipid matrix. 

The selection of the production method is also determinant and is mainly dependent of the final 

product application, considering its physical and chemical stability, concentration, required particle 

size, release mechanism and manufacturing costs. 

2.2.1. Formulation, composition and structure 

In general, lipid nanoparticles are composed by solid lipid(s), surfactant(s), co-surfactant 

(optional) and active ingredients (Shah et al., 2015).The lipids are usually physiological lipids 

(biocompatible and biodegradable) with low acute and chronic toxicity (Das and Chaudhury, 2011) and 

are structurally diverse being categorized mainly into fatty acids, fatty esters, fatty alcohols, 

triglycerides or partial glycerides (Ganesan and Narayanasamy, 2017). There are also, few reports of 

the use of waxes in the preparation of lipid nanoparticles (Jenning et al., 2000b). The physiochemical 

diversity and biocompatibility of lipids and their ability to enhance the bioavailability of active 

compounds have granted lipid nanoparticles as very attractive carriers for several administration 

routes but primarily for dermal delivery (Das and Chaudhury, 2011, Ganesan and Narayanasamy, 

2017). 
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2.2.1.1. Lipids 

As their designation stands for, lipid nanoparticles are mainly composed by solid lipids which 

molecular structure and blends may influence their drug loading capacity, their stability and the 

sustained release behaviour of nanoparticles formulations. Liquid lipids, or oils, are specifically 

introduced in the production of NLCs to decrease the crystallinity order of the lipid matrix and improve 

the drug loading capacity. 

One important pre-requisite of lipids is their physiological tolerance, thus the majority of lipids 

used in lipid nanoparticles formulations are GRAS, including natural, semi-synthetic or synthetic lipids 

varying in structure as fatty acids, waxes, mono-, di- and trigliceraldeides and phospholipids (Blasi et 

al., 2013, Doktorovova et al., 2014a, Durán-Lobato et al., 2013, Montenegro et al., 2016, Shah et al., 

2015). Examples of lipids which have been used in the preparation of lipid nanoparticles, both SLNs 

and NLCs, are sumarized in Table 2.4. For the preparation of lipid nanoparticles, it can be used only 

one type of lipid or a mixture of different types of lipids, which according to their melting points, 

crystallinity and polymorphic characteristics will present different functional properties. It is essential 

that the lipids have solubilization properties for the specific lipophilic active compound to be 

encapsulated because it invariably influences the drug encapsulation efficiency and loading capacities, 

and subsequently the usefulness of the lipid nanoparticles as effective nanocarriers (Attama et al., 

2012a). Thus, the selection of appropriate lipids is crutial prior to their use in the preparation of lipid 

nanoparticles (Shah et al., 2015). In the case of NLCs, the solid and liquid lipids blend screening in 

very important and It should be ensured that the mixture of both lipids is uniform, presenting only one 

phase, in the molten state but also, and mainly in the solid state (Müller et al., 2016). The lipids 

screening may be performed by testing different ratios of solid and liquid lipids, by melting and mixing 

them, and by analyzing then by macroscopic evaluation (Müller et al., 2016). 

The lipids polymorphism or the occurrence of multiple crystaline forms in solid lipids is another 

important aspect that influences the structure and properties of lipid nanoparticles and is particularly 

useful as it provides structural defects in which drug molecules can be accommodated. A perfect 

crystalline lattice is thermodynamically more stable and thus, thermodynamically less stable forms 

eventually tend to transform into stable forms which constitutes a significant challenge in the 

development of SLNs since the crystal imperfections tend to disappear with time and the active 

molecules that were there accommodated will be released, promoting consequently drug expulsion 

during storage or burst release after administration. Thus, tendency of lipids to form perfect crystalline 

lattice structures is a factor that influences the selection an appropriate lipid for the preparation of lipid 

nanoparticles, however, there are currently no definitive guidelines for the choice of lipids based on 

these properties (Müller et al., 2016, Shah et al., 2015). 
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Table 2.4 – Example of lipids used in the formulation of lipid nanoparticles. Adapted from (Montenegro et al., 2016, 

Shah et al., 2015). 

Fatty acids Waxes 

Lauric acid (C12:0) 

Myristic acid (C14:0) 

Palmitic acid (C16:0) 

Stearic acid (C18:0) 

Beeswax 

Carnauba wax 

Cetyl palmitate (Precifac® ATO 5, Cutina® CP) 

Hard fat (Witepsol® E 85, Suppocire® NA 150) 

Hydrogenated Coco-Glycerides (Softisan® 142) 

Hydrogenated Palm Oil (Softisan® 154) 
Monoglycerides 

Glyceryl monostearate (Imwitor® 900, Geleol®) 

Glyceryl hydroxystearate 

Glyceryl behenate (Compritol® 888 ATO) 

Liquid lipids 

Soya bean oil 

Oleic acid (C18:1) 

Medium chain triglycerides (MCT) 

α-tocopherol/Vitamin E 

Squalene 

Castor oil 

Hydroxyoctacosanylhydroxystearate 

Diglycerides 

Glyceryl palmitostearate (Precirol® ATO 5) 

Glyceryl dibehenate 

Triglycerides 

Caprylate triglyceride 

Caprate triglyceride 

Glyceryl trilaurate (Dynasan® 112) 

Glyceryl trimyristate (Dynasan® 114) 

Glyceryl tripalmitate (Dynasan® 116) 

Glyceryl tristearate (Dynasan® 118) 

Glyceryl tribehenate/Tribehenin 

Cationic lipids 

Stearylamine 

Cetrimide (tetradecyl trimethyl ammonium bromide) 

Cetyl pyridinium chloride (hexadecyl pyridinium chloride) 

Dimethyl dioctadecyl ammonium bromide 

2.2.1.2. Surfactants 

Along with lipids, surfactants constitute a key ingredient in the formulation of lipid nanoparticles. 

They are also known as emulsifiers or surface-active agents molecularly they are amphiphilic (Figure 

2.7) possessing a hydrophilic group (polar) and a lipophilic group (non-polar), which grant them a 

water-insoluble (or oil-soluble, head) component and a water-soluble component (tail) (Shah et al., 

2015). At low concentrations, surfactants will difuse in water and adsorb onto the surface of a system 

or interface between air and water or at the interface between oil and water, in the case where water 

is mixed with oil. They are essential to stabilize lipid nanoparticle dispersions and prevent particle 

agglomeration, since they reduce the surface or interfacial free energy and consequently reduce the 

surface or interfacial tension between the two phases (Shah et al., 2015, Tewes et al., 2013). 
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Figure 2.7 – Molecular structure of some non-ionic surfactants with their respective 

hydrophilic-lipophilic balance (HLB). 

The surfactant properties such as charge, molecular weight, chemical structure, their effect on lipid 

modification and particle size, their role in in vivo degradation of the lipid and the respective 

hydrophile-lipophile balance (HLB), which concern their effective proportions of both hydrophilic and 

lipophilic groups, will determine the selection conditions for the formulation of a particular type of lipid 

nanoparticles (Attama et al., 2012). To be more precisely, the HLB of a surfactant is given by the 

balance between the size and strength of the hydrophilic and the lipophilic groups and is a major 

characteristic to be considered in the selection process. Also, the choice of surfactants for the 

preparation of lipid nanoparticles is dependent of the route of administration, as for instance, in topical 

administration the issue of skin sensitization has to be considered, while for the oral route, the 

surfactant should not produce any physiological effect at its concentration in formulation (Severino et 

al., 2012). 

In the preparation of lipid nanoparticles, surfactants act in two distinct and important roles, they 

disperse the lipid melt in the aqueous phase during the production process and stabilize the lipid 

nanoparticles in dispersions after cooling. Moreover, they can be used in combination to produce 

synergistic effect and better stabilize the formulation (Lovelyn and Attama, 2011).  It has been 

suggested that the composition and concentration of surfactant essentially contribute to the properties 

of lipid nanoparticles such as their toxicity (Scholer et al., 2001), physical stability (Han et al., 2008) 

and crystallinity (Bunjes et al., 2003, Karn-Orachai et al., 2014).  

Surfactants are grouped into three classes based on their charge, as ionic, non-ionic and 

zwitterionic or amphoteric (Shah et al., 2015). Table 2.5 shows examples from each class of 

surfactants used in the preparation and stabilization of lipid nanoparticles.  
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Table 2.5 – Examples of surfactants and co-surfactants commonly used in the preparation of lipid nanoparticles. Adapted 

from (Montenegro et al., 2016, Shah et al., 2015). 

Non-ionic surfactants Ionic surfactants 

Sorbitan monododecanoate (Span® 20) 

Sorbitan monostearate (Span® 60) 

Sorbitan monooleate (Span® 80) 

Sorbitane trioleate (Span® 85) 

Tyloxapol 

Poloxamer 188 (Lutrol® F68, Pluronic® F68) 

Poloxamer 407 (Pluronic® F127) 

Poloxamine 908 

Polysorbate 80 (Tween® 80) 

Polysorbate 65 (Tween® 65) 

Polysorbate 20 (Tween® 20) 

Brij78 

Polyglyceryl-3 Methylglucose Distearate (Tego® Care 450) 

Solutol HS15 

Cremophor EL 

Sodium cholate 

Sodium glycocholate 

Sodium taurocholate 

Sodium taurodeoxycholate 

Sodium oleate 

Sodium dodecyl sulphate 

Amphoteric surfactants 

Egg phosphatidylcholine (Lipoid E PC S) 

Soy phosphatidylcholine (Lipoid S 100, Lipoid S PC) 

Hydrogenated egg phosphatidylcholine (Lipoid E PC-3) 

Hydrogenated soy phosphatidylcholine (Lipoid S PC-3, 

Phosphatidylcholine (Epikuron® 200, Phospholipon® 80/H) 

Egg phospholipid (Lipoid E 80, Lipoid E 80 S) 

Soybean lecithin (Lipoid® S75) 

Co-surfactants 

Butanol 

Butyric acid 

Ionic surfactants are referenced to infer electrostatic stability, while non-ionic surfactants are 

pointed to infer steric repulsion stability (Shah et al., 2015). Some non-ionic surfactants show great 

potential for improving the stability of nanoparticles (Tan et al., 2010, Zadeh et al., 2010), especially 

those with large sized hydrophilic portions, for example, members from Tween® family containing 

hydrophilic polyoxyethylene groups (Karn-Orachai et al., 2014, Zadeh et al., 2010). Amphoteric 

surfactants, as phospholipids and phosphatidylcholines are also commonly employed in lipid 

nanoparticle formulation, presenting properties of both cationic and anionic surfactants at low and high 

pH conditions, respectively (Shah et al., 2015). 

2.2.1.3. Other ingredients for the formulation of lipid nanoparticles 

In addition to lipids and surfactants, other agents are also used in the formulation of lipid nanoparticles, 

including counter-ions and surface modifiers (Table 2.6) (Aditya P. Nayak, 2011, Shah et al., 2015). 

Lipid nanoparticles have the intrinsic disadvantage of low encapsulation of hydrophilic compounds 

associated with the lipophilicity of their solid lipid matrix (Cavalli et al., 2003, Shah et al., 2015). Thus, 

in order to overcome this limitation, counter ions such as polymers and esters (organic salts) are used 

to neutralise the charge of the hydrophilic active compounds to be encapsulated (Aditya P. Nayak, 

2011). For instance, modifying the surface of lipid nanoparticles formulated for “stealth” or long-

circulating carriers that stay longer in the systemic circulation and increase the residence of drug in 
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blood, with surface-modifiers such as hydrophilic polymers (poloxamers, poloxamines or polyethylene 

glycol) may reduce their uptake by the reticuloendothelial system (RES) (Shah et al., 2015).This 

technique is also valuable to minimise the clearance of these nanoparticles by phagocytosis (Bocca 

et al., 1998) due to their high surface hydrophobicity (Aditya P. Nayak, 2011). 

Table 2.6 - Commonly used counter-ions and surface modifiers in the formulation of lipid nanoparticles. 

Adapted from (Aditya P. Nayak, 2011, Shah et al., 2015) 

Counter-ions 

Organic salts Ionic polymers 

Mono-octyl phosphate 

Mono-hexadecyl phosphate 

Mono-decyl phosphate 

Sodium hexadecyl phosphate 

Dextran sulphate sodium salt 

Hydrolyzed and polymerized epoxidised soybean oil 

Surface modifiers 

Dipalmitoyl-phosphatidyl-ethanolamine conjugated with polyethylene glycol 2000 (DPPE-PEG2000) 

Distearoyl-phosphatidyl-ethanolamine-N-poly(ethyleneglycol) 2000 (DSPE-PEG2000) 

Stearic acid-PEG 2000 (SA-PEG2000) 

α-methoxy-PEG 2000-carboxylic acid-α-lipoamino acids (mPEG2000-C-LAA18) 

α-methoxy-PEG 5000-carboxylic acid-α-lipoamino acids (mPEG5000-C-LAA18) 

2.2.2. Active compounds used in dermal formulations 

Essential properties of galenic and cosmetic formulations as efficacy and tolerability are 

determined not only by the nature of the active compound but also by the vehicle. Thus, a well-

formulated base of empty lipid nanoparticles may have numerous positive effects on skin, as occlusion 

and stabilization of the epidermal barrier. Moreover, the effects of many active compounds are 

dependent from the overall formulation and preparation as it may confer them more stability and 

protection, increasing their bioavailability. The interactions between the carrier, active ingredient and 

the skin greatly influences their effects in the formulation as well the release profile of the active 

substance (Kerscher and Buntrock, 2016).  

Research studies on the encapsulation of some examples of different active compounds in lipid 

nanoparticles are shown in Table 2.7 and the categories in which these active substances belong will 

be presented and further discussed. 
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Table 2.7 – Studies on the encapsulation of different active compounds in lipid nanoparticles reported by different researchers. Adapted from (Casanova and Santos, 2016, Ganesan 

and Narayanasamy, 2017) 

Lipid 

nanoparticle 
Active compound Class/ Function Excipients Encapsulation method Principal results Reference 

SLNs Retinol (Vitamin A) Retinoid Glyceryl behenate Melt solidification Particle size: 224 nm 

Release after 6 h: 3400 ng out of 500 mg 

Retinol SLN incorporated in o/w cream 

showed better localizing action results 

 (Jenning et al., 2000a) 

SLNs Benzophenone-3 Benzophenone/ 

Sunscreen 

Cetyl palmitate 

Poly(-caprolactone) 

Hot high pressure homogenization; 

Precipitation 

Particle size: 133.0 to 147 nm 

The sun protection factor increased when 

benzophenone-3 was encapsulated in both 

nanostructures 

 (Marcato et al., 2011) 

NLCs Benzophenone-3 Benzophenone/ 

Sunscreen 

Carnauba wax 

Isodecyl oleate 

Hot high pressure homogenization Particle size: 0.3 to 8 mm 

Encapsulation efficiency: 90% (max) 

 (Lacerda et al., 2011) 

NLCs Acitretin Retinoid  Precirol ATO 5 

Labrasol 

Solvent diffusion technique Particle size: 223 ± 8.92 nm 

Greater efficacy in the treatment of 

Psoriasis with a reduction in side effects 

 (Agrawal et al., 2010) 

NLCs Ascorbyl palmitate Vitamin derivative/ 

Antioxidant 

Imwitor 900 

Labrafil 

M1944 

High pressure homogenization Particle size: 170–240 nm 

Viscoelastic measurements is appropriate 

for topical/dermal application 

 (Teeranachaideekul et 

al., 2008b) 

NLCs Benzocain  Ester/ Local 

anesthetic  

Comprotol©888 ATO 

Miglyol©812 

Lutrol©F68 

Ultrasonication Particle size: 386.1 ± 65.6 nm 

Targeting and prolonged release effects in 

dermal delivery 

 (Puglia et al., 2011) 

NLCs Calcipotriol 

Methtrexate 

Vitamin derivative/ 

Immune system 

suppressant 

Myverol™ 18-04K, 

Precirol® ATO 5 

Pluronic® F68 

Squalene 

Solvent evaporation method Particle size: 267.3 ± 12.3 nm 

Enhanced skin permeation, negligible skin 

irritation, and the compatibility of the two 

drugs 

 (Lin et al., 2010) 

NLCs Coenzyme-Q10 Benzoquinona/ 

Antioxidant 

Miglyol®812,  

Precifac® ATO 

Tegocare 450  

Labrasol 

High pressure homogenization Particle size: 195.9 ± 3.6 nm 

Good physical stability and showed 

biphasic release pattern i.e. a fast release 

initially for skin saturation then slow and 

prolong release profile to maintain the skin 

concentration of Q10 

 (Obeidat et al., 2010) 

(Continued next page) 
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Table 2.7  (Continued) 

Lipid 

nanoparticle  
Active compound Class/ Function Excipients Encapsulation method Principal results Reference 

SLNs Dexamethasone 

  

Corticosteroid/ Anti-

inflammatory and 

Immunosuppressant 

  

Compritol 888 ATO 

  

Ultrasonication 

 

Particle size: 106.8 nm 

Efficient drug delivery for topical use 

(Chen et al., 2008) 

  

NLCs 

  

Flurbiprofen  

  

  

Phenylalkanoic acid/ 

Nonsteroidal anti-

inflammatory drugs 

Compritol 888 ATO 

Miglyol1 812 

Castor Oil 

  

High pressure homogenization 

  

Particle size: 179.7 ± 3.1 nm 

Highly effective, non-irritant carrier for 

topical administration of flurbiprofen and 

improved drug permeation 

 (Gonzalez-Mira et al., 

2010) 

  

  

NLCs 

  

Flurbiprofen  

  

  

Phenylalkanoic acid/ 

Nonsteroidal anti-

inflammatory drugs 

  

Compritol ATO 888 

Miglyol 812 

Gelucire 44/14 

 Solutol HS  

Tween 80 Glycerol 

Ultrasonication 

  

Particle size: 55.4 nm 

Longer retention time due to mucous-

adhesive nature and improved penetration 

rate 

 (Liu and Wu, 2010) 

  

  

NLCs 

  

Ketoprofen 

  

  

Propionic acid/ 

Nonsteroidal anti-

inflammatory drugs 

  

Compritol®888 ATO 

Labrafac lipophile  

Lutrol® F68 

Xanthum gum 

Ultrasonication 

  

Particle size: 494 ± 47 nm 

Improvement in the dissolution and skin 

permeation properties 

  

(Cirri et al., 2012) 

SLNs 

  

Ketoprofen 

  

Propionic acid/ 

Nonsteroidal anti-

inflammatory drugs 

Mixture of beeswax and 

carnauba wax 

Microemulsion technique 

  

Particle size: 75 ± 4 nm to 250 ± 9.38 nm 

Faster drug release 

 (Kheradmandnia et 

al., 2010) 

NLCs 

  

Ketoprofen 

  

  

Propionic acid/ 

Nonsteroidal anti-

inflammatory drugs 

Compritol 888 ATO/ 

Labrafac lipophile 

  

Nanoemulsification and 

ultrasonication 

  

Particle size: 300–500 nm 

Improvement in both the dissolution and 

the skin permeation properties of drug 

 (Cirri et al., 2012) 

  

  

NLCs 

  

Lidocain 

  

  

Amide/ Local 

Anesthetic and 

Antiarrhythmic 

Compritol®888ATO, 

Precirol®ATO5, 

Miglyol®812,T80 

Ultrasonication 

  

Particle size: 72.1 nm 

Long duration of deep local anesthesia in 

guinea pig 

 

 (Pathak and 

Nagarsenker, 2009) 

  

  

NLCs Lidocain 

  

 Amide/ Local 

Anesthetic and 

Antiarrhythmic 

Compritol 888 ATO 

Miglyol 810 

Ultrasonication Particle size: 78.1 nm 

Long duration of local anesthesia in guinea 

pigs 

 (Pathak and 

Nagarsenker, 2009) 

  

(Continued next page) 
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Table 2.7  (Continued) 

Lipid 

nanoparticle 
Active compound Class/ Function Excipients Encapsulation method Principal results Reference 

NLCs Oxybenzone Benzophenones/ 

Sunscreen 

GMS, Miglyol 812, 

Oleic acid, 

Carbopol® 934P 

PVA 

Solvent evaporation Particle size: 327 ± 30 to 797 ± 100 nm 

Enhanced the sunscreen efficacy to about six 

fold while reducing its side effects 

Increased the in vitro sun protection factor 

and UVA erythema protection factor of 

oxybenzone more than 6- and 8-folds, with 

fewer side effects 

 (Sanad et al., 2010) 

NLCs Psoralens Furocoumarins/ 

Treatment for 

psoriasis, eczema, 

vitiligo, and cutaneous 

T-cell lymphoma 

Precirol/Squlaene High pressure homogenization Particle size: ∼ 300 and 200 nm 

Enhanced permeation and controlled release 

of the drug 

 (Fang et al., 2008) 

SLNs Quercetin Flavonol/ Antioxidant Glyceryl monostearate 

Soya lecithin 

Tween-80  

PEG 400 

Emulsification-solidification Particle size: 155.3 ± 22.1 nm 

Improved bioavailability  (Li et al., 2009) 

NLCs Quercetin Flavonol/ Antioxidant GMS/MCT Emulsion evaporation solidification Particle size: 215.2 nm  

Increased drug retention in epidermis and 

enhanced the therapeutic effect 

 (Chen-yu et al., 

2012) 

NLCs Resveratrol Polifenol/ Antioxidant Compritol 888 

ATO/Miglyol 

Ultrasonication Particle size: 287.2 ± 5.1 and 110.5 ± 1.3 nm 

The drug loaded NLCs with smaller particle 

size and high drug loading showed greater 

antioxidant activity as compared to SLNs 

 (Gokce et al., 2012) 

NLCs Triamcinolone 

acetonide 

Synthetic 

corticosteroid 

Precirol ATO 5/Squalene High pressure 

homogenization 

Particle size: 173.3 ± 0.32 nm  

Improved stability 

 (Araújo et al., 2011) 
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2.2.2.1. Vegetable oils and fatty acids 

Current research on dermal formulation has been steered towards the use of vegetable 

ingredients by both consumer’s preferences and by excelent results of scientific research on the 

properties of natural origin raw materials (Rigano I., 2006). Vegetable oils are abundant renewable 

and readily available sources exhibiting great interest as raw materials in the development of natural 

and eco-friendly dermal products (Badea et al., 2015, Balboa et al., 2014). These lipids are liquid 

vegetable fats that remain in the liquid form at room temperature which are most commonly extracted 

from various parts of plants such as seeds, fruits, or plant seedlings. Oils are composed by a 

combination of triglycerides of higher saturated and unsaturated fatty acids (Zielińska and Nowak, 

2014). These compounds are esters of glycerol and higher fatty acids, containing in their structure 

long aliphatic carbon chains and in small amounts they may contain phospholipids, free sterols, tocols  

(tocopherols and tocotrienols), triterpene alcohols, hydrocarbon sand fat soluble vitamins (Badea et 

al., 2015, Karak, 2012, Zielińska and Nowak, 2014). 

Depending upon the individual percentages of fat acids in their molecules, vegetable oils exhibit 

multiple skin benefits and a therapeutic activities as antioxidant properties, providing skin protection 

against reactive oxygens species (ROS) (Dhavamani et al., 2014, Tehranifar et al., 2011), and also 

anti-carcinogenic and anti-inflammatory activities (Badea et al., 2015, Cicerale et al., 2012). In dermal 

formulations, vegetable oils are used as moisturizers and emollients by increasing the hydration and 

preventing water loss through the skin, mainly by means of making a protective layer on the 

epidermis (Saraf et al., 2010, Zielińska and Nowak, 2014). Moreover, the beneficial effects of 

vegetable oils are well-recognized in the biological synthesis of components of cell membranes and 

in the transport and oxidation of cholesterol, thus playing a very important role in the proper 

functioning of the human body (Zielińska and Nowak, 2014). 

There are a few research works reporting the use of vegetable oils in the formulation of lipid 

nanoparticles. Badea et al. (Badea et al., 2015) described a study involving the selection of seven 

vegetable oils, namely pomegranate seed oil, blackcurrant seed oil, sesame seed oil, raspberry seed 

oil, carrot root oil, wheat germ oil and rice bran oil to design and produce NLCs as nanocarriers for the 

encapsulation of diethylamino hydroxybenzoyl hexyl benzoate (DHHB) which is a synthetic sunscreen 

by hot high pressure homogenization. They obtained appropriate sized NLCs, having mean particle 

sizes ranging between 100 nm and 145 nm and showed that vegetable oils and especially their 

combinations have a great potential to be used in the development of antioxidant nanostructured lipid 

carriers loaded with a UV-A filter in order to boost their photo-protective action. Lacatusu et al. 

(Lacatusu et al., 2012) explored the potential of squalene (Sq) and grape seed oil (GSO) to prepare 

biocompatible antioxidant NLCs as a safety and protective formulation for BC by a melt high-shear 

homogenization process and obtained nanoparticles with average diameters of about 85 nm for GSO 

and 89 nm for Sq with excellent antioxidant properties mainly attributed to the presence of Sq and 
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GSO. Also, Lacatusu et al. (Lacatusu et al., 2014) successfully synthesized by a combination of high 

shear and high pressure homogenization techniques, soft and functional nanocarriers based on 

pumpkin and amaranth oils able to co-encapsulate and co-deliver avobenzone and octocrylen, two 

UV-A and UV-B filters with mean diameters of 100 and 160 nm, good antioxidant activity and strong 

anti-UV properties. 

2.2.2.2. Retinoids 

Retinoids are poorly water-soluble compounds, chemically related natural and synthetic vitamin 

A derivatives that in part present different biological activities (Morales et al., 2015, Sorg et al., 2006). 

This group includes various substances or derivatives of retinol, as retinaldehyde, retinoic acid 

(tretinoin) or retinyl esters as retinyl palmitate (Figure 2.8) (Sorg et al., 2006). In this context, it is 

possible to differentiate two major retinoids families of acids, including isotretinoin and tretinoin, and 

non-acids. As lipophilic molecules, they can diffuse through cellular and other phospholipid 

membranes (de Nóvoa et al., 2015).  

Figure 2.8 – Molecular structure of natural retinoids. The black bolded arrows shows enzyme-catalysed conversions and the 

dotted-lined arrows represent probable conversions, although they have not been confirmed. Adapted from (Sorg et al., 

2006). 

In the skin, retinoids play a crucial regulatory role in epidermal growth and differentiation, they 

increase skin elasticity, decrease skin roughness and prevent the peroxidation of skin lipids (Morales 

et al., 2015, Pople and Singh, 2006). Research studies have demonstrated that retinoids present 

several therapeutic benefits and can be helpful in (i) renewing epidermal cells, (ii) acting as UV filters, 

(iii) preventing oxidative stress, (iv) controlling cutaneous bacterial flora, and (v) improving skin aging

and photo-aging (Sorg et al., 2006). Some biological effects of retinoids include improvement of fine 

wrinkles and acne vulgaris, decrease in roughness, improvement in reducing actinic keratoses, and 

hyperpigmentation (Morales et al., 2015). Moreover, topical retinoids act as antioxidants, preventing 
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tissue atrophy and the loss of collagen that is generally a result of aging (Thomas et al., 2013) and 

show antimicrobial activity against the bacteria that are typically involved in acne (Raza et al., 2013c, 

Ridolfi et al., 2012).  

Some retinoids as retinol (vitamin A), retinyl palmitate, beta carotene, tretinoin, isotretinoin, 

adapalene, and tazarotene have a great impact in topical administration (de Nóvoa et al., 2015).  

Retinol is the most commonly used substance in modern anti-aging preparations, which in 

comparison with tretinoin present less irritant effects to the skin and is generally well-

tolerated in topical administrations (Kerscher and Buntrock, 2016). Retinol and their derivative 

retinyl esters are currently considered as the “gold standard” of antiaging agents and can be applied 

at a maximal concentration of up to 0.3% as the clinical efficacy of these compounds has been 

scientifically well studied and proven (de Nóvoa et al., 2015, Kerscher and Buntrock, 2016). 

Tretinoin has been commonly used in dermatology since the early 1960s, but it was only in the 1980s 

that its importance in the treatment of aging skin was discovered (de Nóvoa et al., 2015). Isotretinoin 

is a neo-collagenous substance that inhibits the functioning of metalloproteinases and is more 

tolerable than tretinoin which although being typically recommended for the treatment of acne, it is 

also viewed as an alternative approach to photo-aging (Kligman et al., 1986, Mukherjee et al., 2006). 

Despite the numerous beneficial effects of retinoids in the skin that were previously mentioned, 

the development of topical systems containing these compounds also present some drawbacks as 

poor water solubility, high chemical instability and photo-instability and potential irritation upon 

administration (Brisaert and Plaizier-Vercammen, 2000, Morales et al., 2015). Thus, retinoid-loaded 

lipid nanoparticles have been pointed to help in decreasing the adverse effects of these molecules and 

protect them against degradation (Morales et al., 2015, Prasad et al., 2012, Raza et al., 2013b, Raza 

et al., 2013c). 

2.2.2.3. Antioxidants 

Antioxidants are a heterogeneous group of substances that prevent oxidative stress from tissues 

of the body and offer protection to cell membranes  by  reducing or neutralizing the concentration of 

toxic oxygen molecules and free radicals (Kerscher and Buntrock, 2016, Salavkar et al., 2011). 

During the aging process, antioxidants are significantly reduced by extrinsic and intrinsic factors of 

human body. Between the various factors contributing to skin aging are photo-damage, free radicals 

and oxidation, smoking, hormones, heredity and life style (Kerscher and Buntrock, 2016). 

Topical administration of antioxidants is considered as powerful strategy to reduce skin damage 

produced by reactive oxygen species (ROS) and restore or improve its antioxidant defence 

mechanisms (Montenegro, 2014). This has driven the design of several pharmaceutical and cosmetic 

formulations to prevent or correct the injuries related to skin aging, thus improving skin healthiness 

and appearance (Kerscher and Buntrock, 2016, Vinardell and Mitjans, 2015). Some of the most 

commonly employed antioxidants in skin care formulations, claiming anti-aging effects are based on 
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exogenous antioxidants such as vitamins, enzymes, plant-derived active ingredients as polyphenols, 

and synthetic compounds that cannot be synthesized by human body (Figure 2.9) (Kerscher and 

Buntrock, 2016, Montenegro, 2014).  

Figure 2.9 – Diagram of some antioxidants most commonly used in dermal formulations. Adapted from (Montenegro, 2014)

There are many skin care products based on botanical active ingredients and extracts due to its 

potent antioxidant activity that are produced by plants to counteract the effect of UV radiation to 

which they are regularly exposed (Salavkar et al., 2011). Besides the antioxidant important 

characteristic, many topical products based on plant-derived active ingredients show other biologic 

properties such as anti-inflammatory and anti-carcinogenic activities (Montenegro, 2014). As an 

example of such cases is resveratrol which belongs to the polyphenolic phytoalexins family and is 

found in grapes, nuts, fruits (coloured berries), and many red wines. Resveratrol has pronounced 

antioxidant activity with strong anti-inflammatory, anti-proliferative, and sirtuin-activating properties 

(Kerscher and Buntrock, 2016, Montenegro, 2014). 

Vitamins as vitamin E (α-tocopherol), vitamin C (l-ascorbic acid) and vitamin B3 (niacinamide) are 

at present the most common active ingredients in cosmetic formulations to treat premature skin aging 

(Bissett et al., 2005, Friedland and Buchel, 2000). TOC is a lipid-soluble antioxidant that is found in 

concentrations of 2%–20% in countless skin care products, in various foods such as vegetables, 

seeds, in meat and in the skin (Kerscher and Buntrock, 2016). It has demonstrated good tolerability 

on the skin with very positive effects and it can also be used as a protective agent against oxidation in 

dermal and food formulations. Besides its physiologic anti-inflammatory, immunostimulatory, and 

antiproliferative effects, α-tocopherol helps skin repair itself, protects it from harmful bacteria, and also 

creates a moisture barrier so that the epidermis is less likely to dry (de Nóvoa et al., 2015, Kullavanijaya 

and Lim, 2005) . Moreover, this vitamin also showed anti-aging effects, it accelerates
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the epithelialization of the skin, increase enzyme effects, and have photoprotective effects (Kerscher 

and Buntrock, 2016b).  

The main drawback of most compounds with proven antioxidant activity is that they do not show 

suitable properties to achieve adequate concentrations in the skin layers where they should exert their 

action. Thus, rationale design of skin delivery systems based on lipid nanocarriers could promote the 

delivery of these compounds more efficiently and could represent an undeniable benefit for many 

anti-aging skin care products (Montenegro, 2014). 

2.2.2.4. Moisturizers 

Moisturizing creams aims at maintaining skin integrity and the well-being by providing a healthy 

appearance of the individual. The products can be regarded as cosmetics, but may also be regulated 

as medicinal products if they are marketed against dry skin diseases, such as atopic dermatitis and 

ichthyosis (Lodén, 2005). Moisturizers smooth a rough skin surface and protect it from dryness, 

containing emollients, occlusive agents and moisture-retaining substances (Kerscher and Buntrock, 

2016). Thus, they are classified according to mechanism of action of their compounds as occlusive, 

emollients, and humectants (Figure 2.10) (de Nóvoa et al., 2015).  

Figure 2.10 – Classes of moisturizers according to their mechanism of action and some examples 

of each type used in dermal formulations. Adapted from (de Nóvoa et al., 2015). 
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Most frequently, commercially available products use compounds of each of these classes in their 

formulations. Moisturizers not only serve as lipid-replenishing and rehydrating skin care of dry skin, 

but also help maintain the health of aging skin (Lodén, 2005). 

2.2.2.5. Polypeptides 

At the molecular and functional level, polypeptides are capable of increasing collagen 

regeneration and preventing their degradation. Polypeptides with improved anti-aging activity are 

divided into signalers, neurotransmitter inhibitors, and enzyme carriers and inhibitors and are classified 

according to their main functional effects (Table 2.8) (de Nóvoa et al., 2015). 

Table 2.8 – Examples of polypeptides used in dermal formulations. Adapted from (de Nóvoa et al., 2015) 

There is evidence that amino acids and peptides may enhance the texture and consistency of 

skin surface with impressive anti-aging results without undesirable effects (de Nóvoa et al., 2015). 

Currently, it became possible to produce peptide sequences that imitate body’s own molecules, such 

as collagen or elastin and thus influencing metabolic processes such as collagen synthesis (Kerscher 

and Buntrock, 2016). 

2.2.2.6. Topical volumizers and fillers 

There are some compounds that may act as fillers on rhytids, increasing the skin volume. These 

substances, in addition to settling on the skin surface, interact, penetrate, and modify the treated skin 

(de Nóvoa et al., 2015, Kerscher and Buntrock, 2016). Some examples of topical volumizers are 

listed in Table 2.9.  



Chapter II – State of the Art 

44 

Table 2.9 – Examples of topical volumizers and fillers used in dermal formulations. 

Adapted from (de Nóvoa et al., 2015) 

Topical volumizers and fillers 

Hyaluronic acid 

Coenzyme Q10 (Ubiquinone) 

Asiaticoside 

Dimethylaminoethanol 

Anthraquinone 

Growth factors 

Hibiscus and chestnut extracts 

Commiphora mukul extract 

Tetrahydroxypropyl ethylenediamine 

2.2.3. Production methods of lipid nanoparticles 

The production method of lipid nanoparticles is a very important variable to be considered as it 

greatly influences the performance and characteristics of lipid nanoparticles (Shah et al., 2015). A 

number of production techniques have been introduced and developed for the production of lipid 

nanoparticles since the origin of these nanocarriers. One major constraints associated with the 

selection of the production method is the energy consumption. The production methods of SLNs and 

NLCs were categorized into two groups: (i) high energy methods for the dispersion of the lipid phase, 

as high pressure homogenization, high sheer homogenization and ultrasonication and (ii) methods 

that involve the precipitation of nanoparticles from homogeneous systems, as microemulsions, 

solvent-based techniques, membrane contactors and coacervation. Besides its energy consumption, 

the selection of the production method relies in the physicochemical properties and stability of the 

active compound to be incorporated, in the desired nanoparticle characteristics of the colloidal system 

and on the availability of the production equipment, its ease of applicability and feasibility and high 

yield potential (Ganesan and Narayanasamy, 2017, Shah et al., 2015). 

A brief outline and description of the currently existent production methods of lipid nanoparticles, 

is given in Table 2.10, pointing some of their major advantages and disadvantages and the most 

common used techniques will be further discussed.  
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Table 2.10 – Mechanism, advantages and disadvantages of methods used in the preparation of lipid nanoparticles. Adapted from (Shah et al., 2015) 

Production method Mechanism of particles preparation  Advantages Disadvantages 

High pressure homogenization 

(HPH) 

High mechanical shear due to strong 

turbulent eddies 

Lowering of pressure across the valves of 

homogenizers 

Strong cavitation forces 

Hot homogenization 

 Well established technology

 Effective dispersion of particles

 Reproducible 

 High lipid content 

 Simple to scale-up 

Cold homogenization 

 Effective dispersion of particles

 Suitable for thermo-sensitive drugs

 No complex lipid modifications 

 Increased drug-loading due to rapid cooling

 Suitable for hydrophilic drugs; reduced lipid melting

reduces drug loss

 Simple to scale-up 

Hot homogenization 

 Extremely high energy inputs (heat and shear forces)

 High polydispersity

 Temperature-induced degradation of drugs 

 Complex crystallization; leads to several lipid

modifications and occurrence of super-cooled melts

 Inappropriate for hydrophilic drugs; readily distribute 

in the aqueous phase

 Reduction in homogenization efficiency at elevated

Temperatures

Cold homogenization 

 Extremely high energy inputs

 Large particles with high polydispersity

 Drug expulsion on storage

Ultrasonication and/or high 

shear homogenization 

Shear between adjacent particles 

Formation, growth and implosive collapse of 

bubbles due to cavitation forces 

 Use of organic solvents can be avoided

 Use of large amounts of surfactants can be avoided

 Simple technique with lower production cost

 Higher energy inputs 

 Unsuitable for higher lipid contents 

 High polydispersity

 Physical instability due to high shearing 

 Metal contamination due to ultrasonication 

Microemulsion technique Lipid crystallization due to rapid solidification of 

microemulsion 

 Sophisticated equipment not required

 Low energy inputs 

 Higher temperature gradients; faster lipid

crystallization, avoids particle aggregation

 Simple to scale-up 

 Low lipid content

(Continued next page) 
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Table 2.10 (Continued) 

Production method Mechanism of particles preparation  Advantages Disadvantages 

Membrane contactor 

method 

Lipid/oil phase infuses through membrane pores 

into the tangentially flowing aqueous phase to 

form droplets 

Oil droplets crystallize to form lipid nanoparticles 

 Controlled particle size with selection of membrane 

with correct pore size 

 Simple to scale-up 

 Clogging of membrane pores;

 frequent replacement or cleaning 

 procedures 

Supercritical fluid extraction 

of emulsions 

Parallel processes of supercritical fluid extraction 

(diffusion) of organic solvent from emulsions and 

lipid dissolution 

Expansion of organic phase; leads to lipid 

crystallization 

 Rapid and efficient solvent removal

 Monodispersity 

 Removal of low molecular weight impurities is easy 

 with supercritical fluids

 Supercritical fluid carbon dioxide causes

plasticization of lipid structures; thermodynamically 

stable lipid nanoparticle dispersions

 Supercritical fluid lower melting point of lipids;

suitable for thermo-sensitive drugs

 Use of organic solvents

 Sophisticated equipment

 required 

Solvent evaporation Lipid crystallization due to solvent evaporation in 

an anti-solvent 

 Sophisticated equipment not required 

 Highly suitable for thermo-sensitive drugs

 Small particle diameters

 Simple to scale-up 

 Toxicological issues due to use of organic solvents 

 Particle aggregation in absence of rapid solvent

evaporation

 Low lipid content

Solvent diffusion Lipid crystallization due to diffusion of solvent 

from internal organic phase to external aqueous 

phase 

 Sophisticated equipment not required

 Pharmaceutically accepted organic solvents used;

solvent recycling feasible

 Small particle diameters and low polydispersity 

 Simple to scale-up 

 Although rare, risk of toxicological risks due to 

incomplete evaporation of organic solvents

 Low lipid content

Solvent injection 

(or displacement) 

Lipid crystallization due to rapid diffusion of 

solvent from internal organic phase to external 

aqueous phase 

 Sophisticated equipment not required

 Pharmaceutically accepted organic solvents used;

 solvent recycling feasible

 Highly efficient and versatile technique

 Higher performance 

 Simple to scale up 

 Solvent removal difficult; use of freeze-drying or 

evaporation under- reduced-pressure 

 Low lipid content

(Continued next page) 
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Table 2.10 (Continued) 

Production method Mechanism of particles preparation  Advantages Disadvantages 

Double emulsion Lipid crystallization due to solidification 

of emulsion 

 Sophisticated equipment not required

 Low energy inputs 

 Low lipid content

Coacervation technique Decrease in pH of micellar solution of an alkaline 

salts of fatty acids by acidification (coacervating 

solution) in presence of a polymeric stabilizer 

causes proton exchange an lipid precipitation 

(coacervation) 

 Suitable for lipophilic drugs (by solubilising in the

micellar solution after coacervation) 

 Suitable for hydrophobic ion pairs of hydrophilic

drugs

 Solvent-free technique 

 Use of sophisticated technique not required

 Monodispersity 

 Simple to scale-up 

 Suitable for lipids that an form alkaline salts

 Not suitable for pH-sensitive drugs 

Phase inversion temperature 

technique 

Spontaneous inversion of o/w emulsion to w/o 

emulsion due to thermal treatment (subsequent 

heatingcooling cycles) 

Lipid crystallization as a result of emulsion 

breakage due to irreversible shock induced by 

rapid cooling 

 Solvent-free technique 

 Use of large amounts of surfactants can be avoided 

 Combines structural advantages of polymeric

nanocapsules and liposomes; imparts stability to the 

system 

 Suitable for thermo-sensitive drugs

 Shorter heating periods avoids drug degradation

 Particle aggregation

 Excipients influence the phase inversion behavior 

 Emulsion instability 

Microwave-assisted 

microemulsion 

technique 

Direct coupling of microwaves with 

molecules 

Lipid crystallization due to rapid 

solidification of microemulsion 

 Controlled microwave heating 

 Rapid and efficient heating 

 Low energy inputs 

 Shorter duration of preparation

 Higher temperature gradients; faster lipid

crystallization

 Scalability issues 
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2.2.3.1. High pressure homogenization 

Being the most reliable and influential production method at industrial scale, high pressure 

homogenization (HPH) was the first choice for the preparation of lipid nanoparticle dispersions 

(Zielińska and Nowak, 2016). HPH satisfies key industrial requirements, as regulatory aspects and the 

large-scale production is of relatively low cost (Yadav et al., 2013). HPH can be performed at high 

temperatures (hot homogenization) or below room temperature (cold homogenization) (Figure 2.11). 

In both cases, this method involves a preparatory step in which the active compound is incorporated 

into the bulk lipid by dissolving or dispersing it in the lipid melt (Zielińska and Nowak, 2016). 

Figure 2.11 – Schematic illustration of the steps involved in the hot homogenization technique. (A) Hot homogenization; 

(B) Cold homogenization. Adapted from (Shah et al., 2015).

2.2.3.1.1. Hot homogenization 

The high-pressure hot homogenization (Figure 2.11, A) is performed at temperatures above the 

melting point of the used lipids of the pre-emulsion. In a first step, the solid lipids are melted and the 

active substance is solubilized in the melted lipids, then this mixture is dispersed in a hot aqueous 
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surfactant solution, maintained at the same temperature, under high speed stirring and after an 

ultrasonication step the pre-emulsion is formed. After these steps, the pre-emulsion is pushed through 

a micron size gap of the homogenizer, and then by the high rotational speed of the rotor the liquid 

accelerates to high speed, and the resulting shear stress and cavitation lead to an optimum dispersion 

of the suspension. Finally, the hot colloidal dispersion is cooled to room temperature in order to 

recrystallize the emulsion droplets and generate the lipid nanoparticles (Ganesan and Narayanasamy, 

2017, Mishra et al., 2010, Shah et al., 2015, Zielińska and Nowak, 2016).  

2.2.3.1.2. Cold homogenization 

The high-pressure cold homogenization (Figure 2.11, B) was mainly developed to overcome 

some drawbacks of the hot homogenization technique (Jaiswal et al., 2016), as the temperature-

induced drug degradation, the distribution of the active compound into the aqueous phase during 

homogenization and the undefined crystallization of the lipid nanoparticles (Mehnert and Mäder, 2001). 

Similar to the hot homogenization method, the first step involves the incorporation and dissolution of 

the active compound in the melted solid lipids and then the resultant hot mixture is rapidly cooled with 

dry ice or liquid nitrogen. This favours a homogenous distribution of the active compounds in the lipids 

blend. The solid is then milled into a fine microparticles powder which is subsequently dispersed in a 

cold aqueous surfactant solution. Then, the resultant dispersion is subjected to high pressure 

homogenization to produce de lipid nanoparticles (Ganesan and Narayanasamy, 2017, Shah et al., 

2015, Zielińska and Nowak, 2016). 

2.2.3.2. Ultrasonication and/ or high shear homogenization 

Ultrasonication and/ or high shear homogenization (Figure 2.12) and are mechanical dispersing 

techniques trough which lipid nanoparticles can be obtained. This method primarily involves the 

heating of both aqueous and lipid phases to approximately 5–10 °C above the solid lipids melting point. 

The lipid phase is dispersed in the aqueous phase containing a surfactant and both phases are mixed 

under high speed stirring to form a pre-emulsion. The resultant dispersion is then subjected to 

ultrasounds thus reducing the droplets size of the emulsion. Finally, the warm emulsion is cooled to 

room temperature, which should be below the crystallization temperature of the lipid, and the lipid 

nanoparticles are formed (Ganesan and Narayanasamy, 2017, Shah et al., 2015).  

Ultrasonication is a very effective method for the size reduction of both liquid and solid particles 

and allows an improvement in the uniformity and stability of the emulsion. Also, the exact control over 

the operational parameters permits controllable and repeatable results, which is essential for the 

quality of the nanoparticles obtained (Pardeike et al., 2009, Zielińska and Nowak, 2016). 
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Figure 2.12 – Schematic illustration of the steps involved in the ultrasonication and/ or high shear 

homogenization. Adapted from (Shah et al., 2015). 

2.2.3.3. Microemulsion method 

The microemulsion method (Figure 2.13) is an extremely effective technique for the preparation 

of lipid nanoparticles. A microemulsion consists in optically transparent lipid mixtures and 

thermodynamically stable systems composed by water and oil and stabilized by a surfactant or if 

required a co-surfactant.  

They are prepared by separately heating the lipid phase containing the active substance and the 

aqueous phase with the surfactant, to a temperature above the melting point of the solid lipid. Both 

phases are then mixed under continuous stirring to yield a hot microemulsion, which is then dispersed 

in cold water (typically 2–4 °C), under mechanical stirring, to yield the lipid nanoparticles. The right 

proportions of excipients are essential in this method, being recurrent the use of phase diagrams to 

analyze the areas of microemulsion formation (Priano et al., 2007, Shah et al., 2015, Zielińska and 

Nowak, 2016).  
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Figure 2.13 – Schematic illustration of the steps involved in the microemulsion method. 

Adapted from (Shah et al., 2015). 

2.2.3.4. Membrane contactor method 

The membrane contactor method (Figure 2.14), is considered the most advanced for the 

production of lipid nanoparticles at industrial scale. In the first step, the lipid melt is pressed through 

the pores of a membrane contactor at a temperature above the melting point of the solid lipid to 

produce lipid droplets. These are then separated from the membrane pores by the water phase which 

flows in a tangential direction with respect to the membrane surface. The aqueous flow carries the 

droplets formed at the pore outlets as a result of gradual cooling of the mixture, at first to a temperature 

below the lipid melting point and then to room temperature (Charcosset and Fessi, 2005, Shah et al., 

2015, Zielińska and Nowak, 2016). 

Figure 2.14 – Schematic illustration of the steps involved in the membrane contactor method. 

Adapted from (Shah et al., 2015). 
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2.2.3.5. Supercritical fluid extraction of emulsions 

Another alternative method of preparation of lipid nanoparticles is supercritical fluid extraction 

(SFE) of emulsions (Figure 2.15). SFE technology is based on the precipitation of a compound using 

a compressed anti-solvent such as supercritical carbon dioxide. The lipids and the active compound 

are solubilized in an organic solvent such as chloroform with the addition of a suitable surfactant. The 

organic solution is then dispersed into an aqueous solution and this mixture is passed through a high 

pressure homogenizer to form an o/w emulsion which is posteriorly introduced from one end of the 

extraction column and at the same time the supercritical fluid is introduced counter-currently. The lipid 

nanoparticles are formed by a continuous extraction of solvent from the O/W emulsion. It is important 

that the obtained particles are a dry powder instead of a suspension (Chattopadhyay et al., 2007, 

Santo et al., 2013b, Shah et al., 2015, Zielińska and Nowak, 2016). 

Figure 2.15 – Schematic illustration of the steps involved in the supercritical fluid extraction of 

emulsions. Adapted from (Shah et al., 2015). 

2.2.3.6. Solvent evaporation method 

The process of emulsification and evaporation of the solvent (Figure 2.16) is another well-

established method for obtaining lipid nanoparticles. Initially, the lipid phase with the active compound 

is dissolved in an organic solvent such as cyclohexane, chloroform or ethyl acetate (Cortesi et al., 

2002). This organic phase is then emulsified in an aqueous solution containing a surfactant to form an 

organic solvent-in-water emulsion. As a result of this process, a lipid nanoparticulate suspension is 

formed in the aqueous phase (Ganesan and Narayanasamy, 2017, Shah et al., 2015).  
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Figure 2.16 – Schematic illustration of the steps involved in the solvent evaporation 

method. Adapted from (Shah et al., 2015). 

 

2.2.4. Analytical characterization of lipid nanoparticles 

It is necessary an adequate and proper characterization of lipid nanoparticle formulations for 

product design and development with desired properties suitable for their intended application, and 

also for quality control related to large-scale industrial production. It is required a detailed 

characterization plan to investigate the structure and behavior of these complex colloidal carriers. 

However, its complex structure, dynamic nature and colloidal size makes their physicochemical 

characterization a real challenge. The most important parameters to be evaluated are: (i) particle size, 

(ii) physical stability, given by the zeta potential (iii) degree of crystallinity and polymorphism and (iv) 

morphological and ultrastructural aspects (Guimarães and Ré, 2011).  

2.2.4.1. Particle size  

The particle size is a key parameter that influences the material properties of the lipid 

nanoparticles and determines its function and efficiency in the biological environment. Formulation and 

process parameters affects the size and crystallization of lipid particles (Shah et al., 2015). It is thus 

essential to perform its evaluation for determining the necessary optimum conditions to obtain a 

product with desired properties and also for evaluating its expected stability kinetics during storage or 

identifying any possible aggregation tendency (Guimarães and Ré, 2011). Particle sizing can be used 

as an indicator of formulation instability as the occurrence of an increase on particle size before 

macroscopic changes observed is an evidence for an unstable systems (Heurtault et al., 2003). 
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Photon correlation spectroscopy (PCS), also referred to as dynamic light scattering (DLS), 

because of the ability to measure fluctuations in the intensity of scattered light caused by molecular 

motion, is the most widely used method to determine the particle size of lipid nanoparticles in a 

dispersion (Obeidat et al., 2010, Shah et al., 2015).This technique is rapid, non-invasive and non-

destructive and requires a very small amount of sample without extensive preparation. DLS is effective 

for detect particles over the size range of approximately 3–3,000 nm (Zielińska and Nowak, 2016). 

DLS measurement is based on the analysis of the random thermal, or Brownian motion, of the 

particles suspended in the dispersion medium when they are exposed to laser radiation. The particles 

scatter the laser radiation and the particle movement is related to the particle size, as larger particles 

move slower, and smaller particles move faster (Guimarães and Ré, 2011). Thus, DLS measures the 

statistical intensity fluctuations in scattered light from multiple collisions of particles as a function of 

time. The scattering intensity-time curve is analysed by an autocorrelation function that is used to 

derive parameters that relate to particle size its distribution (Shah et al., 2015). The “method of 

cumulants” can be used to derive the particle size, determined as z-average diameter and 

polydispersity index (PdI), indicative of the width of the particle size distribution, from the 

autocorrelation function (Zielińska and Nowak, 2016). 

Lipid nanoparticles are well-characterized in terms of particle size using effective diameter and PI 

values in very fast measurements (results are generated in 1–2 min). High PdI values exclude accurate 

interpretations of the results based on the method of cumulants while low PdI values indicates the 

existence of a more monodisperse the suspension (Gaumet et al., 2008, Zielińska and Nowak, 2016). 

Most researchers recognize PI values below 0.3 as optimum and values below 0.5 are considered as 

acceptable (Kaur et al., 2008). 

DLS is commonly referred as a simple, robust and reliable technique for characterizing particles 

size with a narrow and monomodal size distribution pattern in nanometer range. It is although less 

useful for dispersions with broad or multimodal size distributions as the presence of large particles or 

aggregates may have a significant impact on particle size measurements (Guimarães and Ré, 2011, 

Shah et al., 2015). 

2.2.4.2. Zeta potential 

Each particle surface is surrounded by an electrical double layer formed by ions in the interfacial 

area and ions that have the opposite charge to the particles at the surface which distribution is 

influenced by their electrical charge (Zielińska and Nowak, 2016). There is thus, a hypothetical 

boundary within which the particle and surrounding ions form a stable entity layer. This is called the 

surface of hydrodynamic shear which potential is the zeta potential. Zeta potential defines the potential 

difference between the dispersion medium and the stationary layer of fluid attached to the dispersed 

particle and is the concept used to describe the electro-kinetic potential in colloidal dispersions (Shah 

et al., 2015). 
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The measurement of zeta potential values indicates the degree of electrostatic repulsion between 

adjacent, similarly charged particles in a dispersion which allow predictions about the storage stability 

of colloidal dispersion (Guimarães and Ré, 2011, Zielińska and Nowak, 2016). For instance, particles 

that are small enough and demonstrate a high zeta potential will confer stability, meaning that the 

solution or dispersion will resist aggregation. While with low zeta potential values, attractive forces may 

exceed this repulsion and the dispersion may break and aggregate. It is generally established that 

particles of absolute zeta potential value higher than |30| mV are considered stable (Estanqueiro et 

al., 2014, Gaumet et al., 2008, Guimarães and Ré, 2011, Shah et al., 2015, Zielińska and Nowak, 

2016).  

2.2.4.3. Crystallinity and Polymorphism 

In most of the production methods used to prepare lipid nanoparticles there is a heating step of 

the lipids phase above its melting point which solidifies after being dispersed in the aqueous phase 

and cooled to room temperature. However, in a colloidal dispersed state many lipid materials may 

crystallize at temperatures much lower than their melting points or even not crystallize (Shah et al., 

2015). The incorporation of active substances or the inclusion of a liquid lipid, in the case of NLCs, 

greatly influences the crystallization tendency of lipid nanoparticles, leading to a suppression of 

crystallization temperature, and to a decrease in the melting point which is usually lower than the 

crystallization temperature (Ali et al., 2010, Müller et al., 2008).  

Considering these arguments, it seems essential to assess the information regarding the 

crystalline structure of lipid nanoparticles for the evaluation of its lipid matrix order/disorder degree 

after the solidification/recrystallization step upon cooling and to investigate the possible occurrence of 

polymorphic phenomena. The analysis of these parameters may be performed by differential scanning 

calorimetry (DSC) (Guimarães and Ré, 2011). 

DSC is a thermo-analytical technique that has been commonly used to evaluate used to 

investigate the energetic states of materials. DSC explores the fact that different materials have 

different melting temperatures and enthalpies. The basic principle underlying this technique consists 

in monitoring the heat flow to and from the sample, during a controlled temperature scan, and 

compared to an inert reference (Shah et al., 2015). The result of a DSC experiment is a curve which 

displays the heat flow per gram of sample as a function of time or temperature and can be further used 

to determine crystallization and polymorphic transitions from transition temperatures (melting point) 

and the correspondent enthalpy by directly integrating the peak corresponding to a given transition. 

DSC is mainly used to confirm the solid nature of lipid nanoparticles through the detection of a melting 

transition during heating (Estanqueiro et al., 2014, Guimarães and Ré, 2011, Shah et al., 2015, 

Zielińska and Nowak, 2016). 
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2.2.4.4. Particle Morphology and Ultrastructure 

The morphology of a particle is mainly referred to its exterior surface and may be characterized 

by shape and surface structure while the ultrastructure generally relates to the internal structure of the 

particle and is related to the formulation itself, indicating the presence and orientation of the various 

components of the formulation (Shah et al., 2015). 

Both parameters, including particle size, shape, structure and presence of other colloidal 

structures within the dispersion, are usually evaluated by Transmission electron microscopy (TEM) 

(Friedrich et al., 2010). TEM micrographs are of low resolution which interferes with results 

interpretation and are just a two dimensional projection of a three dimensional anisometric particle that 

stays attach to the copper grid, in which the sample is prepared, in a preferred orientation (Harris, 

2007, Zielińska and Nowak, 2016). 

Scanning electron microscopy (SEM) is the next more widely used technique for characterizing 

the morphology, size and distribution of particles. Prior to the analysis is necessary to perform the 

sample preparation in which the particles are dried by freeze drying, and their surface is coated by 

sputtering with a conducting material such as gold. The main limitation of SEM is the application of 

vacuum during the analysis and the sample preparation which may affect the particles integrity, leading 

to uncertain experimental observations (Guimarães and Ré, 2011, Shah et al., 2015). 

Another commonly used technique for the evaluation of lipid nanoparticles morphology is Atomic 

force microscopy (AFM) (Estella-Hermoso de Mendoza et al., 2008, Shah et al., 2015, Sitterberg et 

al., 2010). This technique allows imaging under hydrated conditions, providing a high-resolution image 

of the particle surface, being thus established as an important characterization tool for particulate or 

biological samples. AFM is based on acting forces between a particle surface and a tip of a cantilever. 

This technique does not require a sophisticated sample preparation which represents a major 

advantage. However, probe-sample interactions can result in image distortion. The particle size 

parameters obtained by AFM are often close to one obtained by DLS, which validates the results given 

by both techniques (Guimarães and Ré, 2011, Shah et al., 2015, Zielińska and Nowak, 2016). 
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2.3. Efficacy of lipid nanoparticles for topical administration 

At present, NLCs have been gaining distinction through their multiple advantages for the 

management of skin diseases and have been pointed as a promising cutting-edge technology enable 

to target the therapeutic payload to deep skin layers.  

Skin may represent a readily accessible surface area for potential drug absorption, but still skin-

targeted drug delivery remains challenging. After a rational approach for designing and optimizing skin 

formulations destined for either topical administration, it seems strictly necessary the use of well-

defined skin models to identify and evaluate the intrinsic properties of this formulation.  

The main approach used in preclinical development of new dermal formulations destined for topical 

administration currently relies on the use of suitable ex vivo animal/human models. However, due to 

recent regulatory changes regarding the use and handling of animals and human skin testing in the 

field of cosmetics stimulated the search for suitable artificial in vitro skin models as an important tool 

in the permeation, penetration and skin irritancy studies. 

2.3.1. Skin morphology and barrier function 

The skin is the largest organ of the human body and in an adult represents a surface area of 

about 2 m2, which corresponds to 15% of the total body weight (Alexander et al., 2012, Sala et al., 

2018). The skin has an integrated complex structure, and it serves as a very effective barrier to the 

entry of exogenous substances (Abla et al., 2016, Jain et al., 2014). The full thickness of human skin 

is composed of three types of three layers: the epidermis, dermis, and hypodermis (Figure 2.17). 

The most inner layer is the hypodermis which is rich in triglycerides and acts as an insulator. 

Sweat and pilosebaceous glands arise from the hypodermis and open at the surface of the epidermis 

(Abla et al., 2016). Hair follicles in humans are low in number compared to furry animals (Jacobi et al., 

2005, Korting and Schafer-Korting, 2010).  

The vascularised dermis lies below the epidermis is 1–3 µm thick and is rich in fibres (collagen, 

elastin), embedded in a ground substance surrounding fibroblasts which are the most numerous cell 

in the dermis. It is mostly made up of connective tissue and is more hydrophilic in nature and provides 

nutrients and oxygen to the skin (El Maghraby et al., 2008, Sala et al., 2018).  

The epidermis is the outermost layer of the skin which is composed of five different layers 

detectable by cellular differentiation: the stratum lucidum, stratum granulosum, stratum spinosum, 

stratum germinativum (which together form the viable epidermis), and the non-viable but chemically 

active stratum corneum (SC) which is the outermost layer exposed to the environment consisting in 

about 15 layers of flat apoptotic keratinocytes, the so-called corneocytes (Abla et al., 2016, Flaten et 
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al., 2015, Korting and Schafer-Korting, 2010, Sala et al., 2018). The thickness of the horny layer 

amounts to about 10–15 µm, the thickness of the viable epidermis to 50–100 µm (Korting and 

Schafer-Korting, 2010, Sala et al., 2018).  Keratinocytes migrate toward the skin surface and undergo 

maturation to differentiate in corneocytes. These are flat dead cells containing high amounts of keratin 

filaments and water. The common concept used to illustrate the SC is the “bricks and mortar” model, 

where the bricks are the corneocytes embedded in a mortar which is the surrounded by a hydrophobic 

matrix composed of keratin, ceramides, cholesterol, cholesterol esters, and fatty acids (Abla et al., 

2016, Riviere and Papich, 2001, Sala et al., 2018). Considering the great complexity of the SC, it is 

easy to conceive that this layer represent the main barrier for the passage of active compounds through 

skin. The deeper layers of the dermis are not significantly influencing the possible percutaneous 

absorption. However, a very lipophilic active compound which can overcome the SC barrier will face 

serious obstacles to absorption through the subsequent aqueous interface (Flaten et al., 2015). 

Figure 2.17 – Morphology of human skin. From (https://www.123rf.com). 

The strong skin barrier slows the drug absorption rates, limits the drug uptake and contributes to 

lack of the dosing precision (Lam and Gambari, 2014). The final absorption potential of an active can 

be increased or limited by the choice of a suitable carrier/vehicle for transdermal or dermal delivery, 

respectively. The interactions between the carrier/vehicle and the active substance are of a great 

interest in formulation development (Flaten et al., 2015). Therefore, the characteristics of an active 

such as its partitioning into skin and exposure at the skin surface are identified as major properties 

contributing to absorption. The carrier can directly affect the mentioned characteristics and improve 

their limitations (Chittenden et al., 2014, Flaten et al., 2015). 

https://www.123rf.com/
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2.3.2. In vitro reconstructed human epidermis models

The progress in tissue engineering resulted in the development of several culture-based human 

epidermis models and in their commercial availability (Van Gele et al., 2011). There are several 

commercially available types of reconstructed human epidermis (RHE) models which are usually 

classified as epidermal, with SC and viable epidermis (e.g. EpiSkin®, SkinEthic®, EpiDerm®) or full 

thickness skin model with SC, viable epidermis and dermal equivalent (GraftSkin®, EpiDermFT®, 

Pheninon®) (Auxenfans et al., 2009, Flaten et al., 2015, Kuchler et al., 2013, Van Gele et al., 2011). 

Nevertheless, in-house generated skin equivalents also undergo substantial progress (Bellas et al., 

2012, Kuchler et al., 2013). These models are composed of human cells consisting on keratinocytes 

and/or fibroblasts grown in tissue cultures and matrix equivalents normally present in the skin (Godin 

and Touitou, 2007). The use of RHE models has become a widely accepted approach for the 

pharmacology and toxicology evaluation of both finished dermal products and formulations with active 

ingredients (Flaten et al., 2015).  

The in vitro RHE models mimic the physiology of human skin and are globally used in both 

industrial and academic research laboratories, and regulatory bodies endorse their use as valid 

alternatives to animal testing requirements (Spielmann et al., 2007). The Organization for Economic 

Cooperation and Development (OECD) approved the use of RHE models for skin corrosion (Bellas et 

al., 2012), acute skin irritation (OECD, 2015) and phototoxicity testing (Kuchler et al., 2013). 

Besides their proven efficacy and advantages compared to the use of human cadaver and/or animal 

skin in terms of reproducibility, availability in large numbers, metabolism, and typical ‘‘tissue response,’’ 

RHE models are not exact copies of human skin in vivo (De Wever et al., 2015). The reconstructed 

epidermis equivalents are significantly more permeable, but are more consistent in the permeability 

than the human skin, which is highly variable (Netzlaff et al., 2006). For example, the permeation of 

highly hydrophobic compounds was found to be even 800-folds higher than in the split-thickness 

human skin (Flaten et al., 2015). Thus, their major limitation is still the relatively weak barrier function, 

which limits their applicability for dermal absorption studies (De Wever et al., 2015, Netzlaff et al., 

2005) For this reason, RHE models are not yet approved by OECD for drug absorption testing, 

although the guidance document no. 428 (OECD, 2004) declares that these models are a suitable 

option given the comparability of their percutaneous drug absorption data and ex vivo skin (Flaten et 

al., 2015). Labouta et al. (2013) (Labouta et al., 2013) have reported that in vitro skin equivalents could 

serve as a fast screening in testing the behaviour of nanoparticles and extrapolation of their penetration 

behaviour into human skin. 

Currently, there are more research efforts in the field of reconstructed skin disease models. 

Despite some skin diseases as atopic dermatitis and psoriasis being major public health problems, 

almost nothing is known about skin absorption in diseased skin. However, most likely skin diseases 
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alter the dermal drug absorption, especially diseases that are associated with damages of the 

outermost barrier by scratching, wounding or inflammation, or those linked to a disturbed keratinocyte 

differentiation (Gattu and Maibach, 2011, Kuchler et al., 2013). 

2.3.3. Skin absorption pathways 

There are many factors which affect the absorption through the skin as differences between 

species, skin age and environment, skin temperature, state of the skin (normal, abraded, or diseased), 

area of application, contact time, degree of hydration of the skin, pre-treatment of the skin, and physical 

characteristics of the penetrant. The mechanism of skin absorption is diffusion which is concentration 

dependent (Alexander et al., 2012, Bhoyar et al., 2012). The dermal delivery can be classified into 

topical and transdermal; a topically active compound is meant to act locally, whereas transdermal route 

aims at systemic delivery. The advantages offered by skin delivery include by passing hepatic 

metabolism, avoiding side effects associated with oral delivery of drugs which act on skin, easy 

removal of medication in case of overdose, sustained release of drug, and patient compliance (Abla 

et al., 2016, Banga, 2011). 

The most external layer of skin, SC is generally considered to be the main barrier to absorption 

of externally applied substances and as the primary protection of the body from external contaminants, 

limiting the potential therapeutic effectiveness of topically applied compounds. It is well acknowledged 

that a molecule will permeate across the SC via one of the three established pathways into/through 

the skin (Figure 2.18), i.e., transcellular (intracellular), intercellular and the appendageal (follicular) 

(Abla et al., 2016, Lane, 2013, Sala et al., 2018).  

Figure 2.18 – Schematic representation of different skin absorption pathways. From (Alexander et al., 2012) 
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The passage of active compounds through keratinocytes is called the transcellular route, whereas 

passage via the lipid matrix is called the intercellular route. The appendageal route is across hair 

follicles, sweat glands, and sebaceous glands (Abla et al., 2016, Banga, 2011). These pathways are 

not mutually exclusive, with most compounds possibly permeating the skin by a combination of 

pathways and the relative contribution of each being related to the physicochemical properties of the 

permeating molecule (Benson, 2012).  

The permeation process involves a series of processes starting with release of the permeant from 

the formulation, followed by diffusion into and through the SC, then partitioning to the more aqueous 

epidermal environment and diffusion to deeper tissues or uptake into the cutaneous circulation. These 

processes are highly dependent on the solubility and diffusivity of the permeant within each 

environment. The diffusion coefficient of an active substance is dependent on the permeant properties 

including the molecular size, solubility and melting point, ionization and potential for binding within the 

environment, and also factors related to the environment such as its viscosity and tortuosity or 

diffusional path length (Abla et al., 2016, Benson, 2012). 

The transcellular route has been considered as a polar route through the SC. This is mainly due 

to the intracellular keratin matrix of corneocytes, that is relatively hydrated and thus polar in nature, 

which conditions the permeation requiring a repeated partitioning between this polar environment and 

the lipophilic domains surrounding the corneocytes (Benson, 2012). Nevertheless, it is commonly 

admitted that the transport through the SC is predominantly by the intercellular route. Within the 

intercellular lipid domains, transport can take place via both lipid (diffusion via the lipid core) and polar 

(diffusion via the polar head groups) pathways. The diffusional rate - limiting region of very polar 

permeants is the polar pathway of the SC, which is fairly independent of their partition coefficient, while 

less polar permeants probably diffuse via the lipid pathway, and their permeation increases with 

increase in lipophilicity (Benson, 2012). The appendageal route is considered to be more appropriate 

for molecules with a high molecular weight which diffuse slowly through the skin and also for 

nanoparticles (Lademann et al., 2015).  Hair follicles represent around 0.1% of the skin surface which 

makes them a potential pathway for drug permeation. Indeed, the SC layer in the deeper parts of hair 

follicles is thinner than other regions in the epidermis. Moreover, the profound invagination facilitates 

access to the capillary network, making hair follicles the pathway of choice for transdermal delivery 

(Knorr et al., 2009).  

The lipids used in the formulation of lipid-based colloidal carriers have structural similarities with 

those composing the epidermis and in particular the SC. Zhai and Zhai, 2014 (Zhai and Zhai, 2014) 

proposed different mechanisms of interaction between lipid-based colloidal carriers and corneocytes 

to promote skin absorption (Figure 2.19).  
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Figure 2.19 – Interaction mechanisms of lipid-based carriers with corneocytes. Lipid-

based carriers could attach themselves onto the skin surface, promote adhesiveness 

and increase skin hydration, gradually lead to loose structure, polarity alteration, 

fluidization and even lipid exchange within the intercellular lipid domain. From (Zhai and 

Zhai, 2014). 

After adhesion to the skin surface, lipid-based carriers may disrupt into the SC through different 

mechanisms such as lipid exchanges or looseness of the structure, polarity alteration or SC fluidization 

following an increased hydration (Sala et al., 2018, Zhai and Zhai, 2014). 

2.3.4. Properties of lipid nanoparticles and their effects on skin 

Lipid nanoparticles, both SLNs and NLCs are relatively easy-to-make, providing an increased 

absorption of active substances on skin and are highly effective carriers based on physical and 

chemical principles. Their effects on skin relies on these principles: (1) Physical adhesion to the skin, 

due to their small size and consequently increased surface area and interaction; (2) Physical film 

formation creating occlusion (3) Physical occlusion promoting the absorption of active substances and 

(4) Chemical interaction between the lipids from the particles with the skin lipids (Abla et al., 2016).

2.3.4.1. Mechanisms of skin absorption from lipid nanoparticles 

The topical administration of lipid nanoparticles (SLNs and NLCs) on the skin results in a 

monolayer film due to their adhesiveness property. This film formation is even more pronounced when 

62 
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the amount of nanoparticles in the formulation is higher and is able to sufficiently cover the skin surface. 

NLCs were therefore also called the “invisible dermal patch” (Müller et al., 2016, Müller et al., 2013). 

This film is hydrophobic and its resistance and effects are dependent on the size of the particles that 

constitutes it. Moreover, due to its hydrophobicity, it has an occlusive effect.  In addition, the lipids of 

the particles may also interact with the skin lipids, thus affecting the distribution of the active compound 

between the lipid structures of the skin and affecting its absorption depth. However, this is little 

understood by now and the ideal lipid matrix composition to reach this interaction with the skin lipids 

has to be found empirically (Müller et al., 2016, Souto and Muller, 2008). Figure 2.20 shows a 

proposed mechanism for this interaction between lipids. It demonstrates that the lipid nanoparticles 

primarily remain on skin without interaction with the skin lipids if their lipids matrix are not miscible with 

SC lipids, or if the particle matrix possesses a very high melting point. The particles might only be 

slightly flattened by the application pressure. On the other hand, the interaction between lipids in case 

of good miscibility and especially when the onset of the melting peak of the particles’ lipids is below 

the skin temperature may occur. This leads to partial softening of the particle matrix promoting inter-

diffusion of lipids between particles and SC lipids, potentially integrating the lipid nanoparticle in the 

lipid film on the SC (Müller et al., 2016). 

Zhai and Zhai, 2014 (Zhai and Zhai, 2014) demonstrated that NLCs could disrupt the intercellular 

packing that embeds the keratinocytes and corneocytes especially by acting on its lipids composition. 

The tight anomalies junctions in SC would lead to the barrier function defectiveness and would promote 

the skin permeation of drugs (Sala et al., 2018).  

Figure 2.20 – Proposed mechanism for the interaction of lipid nanoparticles with lipids of the 

SC lipid film. Upper right: No interaction for particles with no lipid miscibility/high melting 

temperature; Lower right: Interdiffusion of lipids in case of miscibility, particle integration into 

skin lipid film by fusion, and “interdiffusion”. Modified from (Müller et al., 2016).  
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For SLNs, Jensen et al. 2011 (Jensen et al., 2011) proposed a skin absorption mechanism in 

which they remain on the skin surface and in the SC forming a drug reservoir in the upper layers of 

the skin from where they release the encapsulated active molecules with a degree depending on the 

lipophilicity of the active ingredient to reach the target cells in the lower epidermis and dermis. In this 

mechanism, the SLNs would release the active substance in a biphasic way, with an initial burst 

release from the surface of the particles and the aqueous phase followed by a reservoir effect from 

the surface skin and SC (Jensen et al., 2011, Sala et al., 2018). The interaction of the SLNs with the 

skin lipids and sebum is observed to be influenced by the drug lipophilicity and the drug partitioning in 

the lipid particle, the nature of the lipid matrix and the type of interacting skin lipid. Both SLNs and 

NLCs systems could take the appendageal pathway because their high lipophilicity promotes follicular 

deposition (Sala et al., 2018). 

2.3.4.2. Occlusion 

The SC is compactly embedded in a continuous lipid layer known as the “brick mortar” model 

which represent a barrier for water-soluble and lipid-soluble materials (Müller et al., 2016, Schäfer-

Korting et al., 2007). The lipid nanoparticles adhere to the skin leading to a film formation and 

subsequently to an occlusion effect (Figure 2.21) with an increased hydration effect (Guimarães and 

Ré, 2011, Müller et al., 2007, Souto and Muller, 2008).  

Figure 2.21 – Properties of lipid nanoparticles on the skin. Upper: Situation on damaged skin with reduced protection, 

increased moisture loss and distorted cell function.  Lower: Action of SLNs/NLCs with less water loss, increased skin 

adhesiveness and hydration, increased retention time and increased bioactivity. Modified from (Muller et al., 2011).  
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This hydration effect contributes to a healthy appearance of the skin, and also directly influences 

the percutaneous absorption of active substances. For topical administrations it is important that the 

active is not systemically absorbed, but instead is crucial that a certain absorption occurs in the skin 

in order to the desired effect take place (Cevc and Vierl, 2010, Guimarães and Ré, 2011). 

The occlusion resultant from a mono-layered hydrophobic film formation, reduces water 

evaporation from the skin and increases the hydration of the SC which normally has only 10–15 % 

water content. Consequently, the corneocytes become less compact and the inter-corneocyte gaps 

become wider. These changes increase the permeability of the SC and can promote drug penetration 

(Müller et al., 2016, Schäfer-Korting et al., 2007). It was reported that approximately 4% of lipid 

nanoparticles with a diameter of about 200 nm should theoretically form a monolayer film when c. 4 

mg of formulation is applied per cm2 (Souto and Muller, 2008, Wissing et al., 2001). This occlusion 

factor is directly dependent on several factors: (i) lipid content, (ii) degree of crystallinity of the re-

crystallized lipid and also (iii) particle size (Guimarães and Ré, 2011). By manipulating the particle size 

of lipid nanoparticles, different effects can be obtained (Souto and Muller, 2008). The occlusion can 

be increased by decreasing the particle size (at a given lipid concentration) or alternatively at a given 

particle size by increasing the number of particles (concentration of lipid) and therefore, a “controlled 

occlusion effect” can be achieved (Figure 2.22) (Escobar-Chávez et al., 2012, Müller et al., 2007).  

Figure 2.22 – The controlled occlusion effect of lipid nanoparticles in function of the particle size. 

Left: At a given identical lipid content, reducing the particle size leads to an increase in particles 

number which results in a denser film. Right: At a given particle size, increasing the lipid 

concentration leads to an increase in particle number and density of the film which also result in a 

higher occlusion effect. Adapted from (Escobar-Chávez et al., 2012, Müller et al., 2007) 

It was reported that the particle size has to be less than 260 nm (Mardhiah Adib et al., 2016) to 

accomplish a higher occlusion and a greater interaction with the skin surface.  Moreover, it was also 

reported that an increase in liquid content may reduce the occlusive effect, being this higher for lipid 
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nanoparticles possessing highest crystallinity which indicates that SLNs had a higher occlusive effect 

than NLCs (Müller et al., 2016, Souto et al., 2004, Teeranachaideekul et al., 2008a). Lombardi Borgia 

et al. 2005 (Lombardi Borgia et al., 2005) reported that after SLNs application on the skin, its water 

content evaporates which results in a recrystallization phenomenon inducing the partial release of the 

active and its skin penetration (Sala et al., 2018). 

The occlusion effect induced by typical ointment formulations does not ensure rapid hydration. It 

is then desirable to use a preparation capable of supplying water which lipid nanoparticle suspensions 

are suitable to offer. Moreover, due to their hydration properties, it can be assumed that lipid 

nanoparticles may enhance skin elasticity (Wissing and Müller, 2003), and that these particles can be 

further used to formulate anti-ageing products (Souto and Muller, 2008). 

2.3.4.3. Enhanced stabilization of actives and skin bioavailability 

The solid matrix of both SLNs and NLCs represent one of their most important features as it 

enables the advantage of stabilize active ingredients that are chemically labile against degradation by 

light, oxidation and hydrolysis (Guimarães and Ré, 2011, Souto and Muller, 2008). The selection of an 

appropriate lipid is a major factor to be considered as the active compound must be totally solubilized/ 

retained within the lipid matrix during the storage time (Müller et al., 2007, Souto and Muller, 2008).  

The effect of chemical stability of actives after their incorporation into lipid nanocarriers was 

already proven for, e.g. coenzyme Q10 (Teeranachaideekul et al., 2007a, Wissing et al., 2004), 

ascorbyl palmitate (Teeranachaideekul et al., 2007a, Üner et al., 2005) and retinoids (Guimarães and 

Ré, 2011, Jee et al., 2006, Liu et al., 2007b, Pople and Singh, 2006, Souto and Muller, 2008). 

The lipids composition of lipid nanoparticles will also determine their skin bioavailability and 

targeting in two possible ways: (1) the differences in lipid composition might lead to different 

interactions with the lipids of the SC and consequently to a different localization of the active 

compound; (2) the lipid composition will determine the localization of the active compound inside the 

particle, modulating its bioavailability and release (Müller et al., 2007, Sivaramakrishnan et al., 2004). 

2.3.4.4. Lightening effects in creams 

The appearance of a cosmetic or pharmaceutical product is an important factor for it to be sold 

as for instance, not only the packaging should be attractive but also the appearance of the product 

itself (Müller et al., 2016). White products are preferred by the consumers and the whitening effects of 

lipid dispersions are one of the most elegant properties of such formulations (Souto and Muller, 2008). 

Compounds like coenzyme Q10 are coloured (yellow) leading to a yellowish appearance of the cream. 

This coloration can be weakened by addition of a white lipid nanoparticles dispersion (Muller R. H., 

2005).  
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Other examples are those actives that can turn into coloured intermediate products during the 

shelf life (vitamins) (Radomska et al., 1999). In case such coloration occurs, even if it is weak, it will 

be associated by the consumer to a spoiled product—despite the percentage of such degradation 

products might be not relevant and not impair the product quality (Muller R. H., 2005). Thus, the 

incorporation of those actives into SLNs or NLCs leads to a whitening effect which is considered more 

appealing to the customer from the marketing point of view (Souto and Muller, 2008). 

2.3.4.5. Modulation of actives release and supersaturation effects 

Before the incorporated active ingredient on SLNs and NLCs may exercise their function into the 

skin, it is prime necessary its release (Castro et al., 2007, Souto and Muller, 2008). The release profile 

of lipid nanoparticles is a multifactorial event, where many factors interplay (Muller R. H., 2005). Thus, 

it is dependent the method of preparation, the composition of the formulation (i.e. composition and 

concentration of surfactant), the solubilizing properties of the surfactant for the incorporated active, 

and in addition to the solubility (and concentration) of the active in the lipid matrix (oil/ water partition 

coefficient) (Muller R. H., 2005, Souto and Muller, 2008). These factors influence the inner structure 

of the lipid nanoparticles and therefore the rate of release of incorporated ingredient (Bunjes et al., 

2007, Pople and Singh, 2006, Souto et al., 2004). Depending on the matrix structure, the release 

profiles can vary from very fast release, medium release or extremely prolonged release (Müller et al., 

2002b, Souto and Muller, 2008). Moreover, the release of actives can also be promoted by enzymatic 

lipid degradation due to the microbial flora existing on skin or electrolyte changes in the SC (Schäfer-

Korting et al., 2007). The electrolytes might cause changes in the lipid structure of the particles, 

promoting transform to more ordered polymorphic form and drug expulsion (Muller R. H., 2005, Müller 

et al., 2016). 

A majority of active dermal substances are not intended for deeper skin penetration and 

absorption and having only a local effect and superficial action, it is thus undesired to have an 

absorption into the blood (Souto and Muller, 2008). Moreover, it seems perfectly clear that a release 

profile over weeks is not interesting for in vivo topical delivery. Although, lipid nanoparticle dispersions 

show the ability to control the rate of actives penetration into the skin and to modulate the drug release, 

i.e., to adapt it accordingly the therapeutic needs (Muller R. H., 2005). Modulation of drug release into

certain layers of the skin and, therefore, drug absorption across skin membranes can also be achieved 

as a consequence of the creation of a supersaturated system (De Vringer, 1997). These systems can 

be created by incorporation of lipid nanoparticles into topical formulations (creams, ointments, 

emulsions, and gels). The increase in saturation solubility will lead to an increased diffusion pressure

of drug into the skin (Muller R. H., 2005, Souto and Muller, 2008). During storage, the active remains 

entrapped into the lipid matrix of the lipid nanoparticles since it preserves its polymorphic form. After 

the application of a supersaturated cream into the skin and due to an increase in temperature and 

water evaporation, the lipid matrix of the lipid nanoparticles transforms from a more unstable 
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polymorph to a more ordered polymorph leading to drug expulsion. Consequently, the active is 

expelled from the lipid matrix into the emulsion already saturated with the same active, and thus 

creating a supersaturation effect. This phenomenon increases the thermoactivity and leads to active 

absorption into the skin (Muller R. H., 2005, Souto and Muller, 2008). 
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3. Miniemulsions for the formulation of lipid nanoparticles loaded with β-carotene

and retinyl palmitate

This work aims to assist the selection of proper lipid nanocarriers for the delivery of bioactive 

compounds in cosmetic, pharmaceutical or food products. Two types of lipid nanocarriers, namely 

SLNs and NLCs were produced by the miniemulsions methodology and characterized regarding their 

particle size and physical stability. SLN and NLC dispersions produced by ultrasounds presented 

particle sizes in the nanometre range (≈105 to ≈146nm and ≈131 to ≈227nm, respectively) and an 

appropriate physical stability (ZP≥ -25mV). The ratio of total lipids: surfactant influenced significantly 

the physicochemical properties of both lipid nanocarriers. BC-SLN and RP-NLC showed good 

entrapment efficiencies of ≈95% and ≈94%, respectively and demonstrated their potential to enhance 

the bioaccessibility of the incorporated bioactive substances. 

3.1. Introduction 

Advances in nanotechnology have introduced numerous applications in the pharmaceutical, 

cosmetic and food industries, by transforming the administration of bioactive compounds (Hejri et al., 

2013, Montenegro et al., 2016). The development of nanoencapsulated compounds was intended to 

create new delivery systems to improve drug therapeutic effectiveness and to overcome biological 

barriers, as mainly the skin (Gutiérrez et al., 2013, Oliveira et al., 2014). Colloidal systems have been 

widely explored to improve skin permeation and in particular, those consisting in biocompatible and 

biodegradable components such as lipids (Montenegro et al., 2016). As a consequence, different types 

of lipid based delivery systems were developed such as liposomes, nanoemulsions, nanocapsules, 

SLNs and NLCs among others (Morales et al., 2015).  

At the beginning of 90´s, SLNs were introduced as new colloidal delivery systems by replacing 

the liquid lipid of O/W emulsions by a solid lipid (Hejri et al., 2013, Lucks and Muller, 1993). In general, 

SLN consist in crystalized nanoemulsions composed of a solid lipid core (0.1–30%, w/w) dispersed in 

an aqueous medium and stabilized by surfactants and co-surfactants (optional), presenting normally 

mean particle sizes from 40 to 1000nm (Lucks and Muller, 1993, Mehnert and Mäder, 2001, Morales 

et al., 2015, Shah et al., 2015). These nanocarriers have attracted much attention since they overcome 

several disadvantages, as the use of organic solvents, low encapsulation capacity and large scale 

production problems of other traditional delivery systems such as polymeric nanoparticles, liposomes 

and emulsions (Hejri et al., 2013, Mehnert and Mäder, 2001, Muller et al., 2000). Evolved from SLNs, 

NLCs are the so-called second generation of these lipid based colloidal carriers. NLCs are composed 

of biocompatible blends of solid and liquid lipids that remain in the solid state and are solid at body 
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temperature (Lacatusu et al., 2012, Morales et al., 2015). The result of such binary lipid mixture is a 

strong crystal order disturbance on the nanoparticles lattice, giving rise to great imperfections in the 

solid matrix which increases its potential to accommodate active compounds, improve the drug loading 

capacity and prevent leakage, modulating the release profile (Liu and Wu, 2010, Shah et al., 2015). 

NLCs present some advantages by comparison with SLNs as the possibility to incorporate more active 

compounds by solubilizing them in the liquid lipid and to improve the chemical and physical stability of 

the bioactive compound by preventing its microphase separation from the solid lipid matrix (Lacatusu 

et al., 2012, Zhuang et al., 2010).  

SLNs and NLCs have been widely investigated as delivery systems for different routes of 

administration such as oral, parenteral and topical, due to their great versatility and significant 

advantages (Doktorovova et al., 2014b, Montenegro, 2014). These lipid nanocarriers demonstrates 

some advantages such as the use of biocompatible lipids in their composition avoiding the use organic 

solvents and the availability of established processes for their scale-up. Moreover, they present an 

increased surface area, and provide to the bioactive compound a controlled release, higher solubility, 

stability and protection from degradation (Vinardell and Mitjans, 2015). Additionally, SLNs and NLCs 

have been tested to improve the safety and effectiveness of antioxidants which are commonly used 

in cosmetic products (Montenegro, 2014). Such bioactive compounds are chemically unstable 

and sensitive to pH, temperature light and oxidation (Casanova and Santos, 2016). BC and RP 

are examples of antioxidants that are widely used in anti-aging cosmetic products (Montenegro, 

2014, Salavkar et al., 2011, Vinardell and Mitjans, 2015). BC is the most representative of all 

carotenoids, being the main source of vitamin A in the human body. This powerful antioxidant, 

also known as provitamin A, can scavenge reactive oxygen radicals showing great benefits on skin, 

also presenting colorant properties and have been involved in the prevention of some human 

diseases as cataracts, heart disease and cancer (Che Man and Tan, 2012, Lacatusu et al., 2012). 

However, BC is a highly hydrophobic compound which limits its dispersion and is very sensitive to 

heat, light and oxygen (Hejri et al., 2013, Lacatusu et al., 2012). Therefore, there are several reports 

on the incorporation of BC in lipid nanoparticles for its delivery in food (Gomes et al., 2013, Hejri et 

al., 2013, Lacatusu et al., 2012, Oliveira et al., 2016) or cosmetic products (Gasperlin and Gosenca, 

2011, Trombino et al., 2009). Likewise, RP is an ester of retinol and the most stable form of this 

vitamin found in epidermis taking part in cellular differentiation and carcinogenesis, it have been 

widely used in pharmaceutical and cosmetic formulations (Oliveira et al., 2014, Sorg et al., 2005). 

To overcome its chemical instability and the incidence of unpleasant side effects as skin 

irritation, the incorporation of RP into lipid nanoparticles was also widely reported (Clares et al., 

2014, Lee et al., 2015, Oliveira et al., 2014).  

Both types of lipid nanoparticles, SLNs and NLCs can be produced by several methods reported 

in literature, including high-pressure homogenization (Shi et al., 2012), microemulsification (Fadda et 

al., 2013), emulsification-solvent evaporation (Kushwaha et al., 2013), emulsification-solvent diffusion 

(Noriega-Pelaez et al., 2011), solvent injection (Schubert and Müller-Goymann, 2003), phase 
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inversion (Montenegro et al., 2011), multiple emulsification (Li et al., 2010), ultrasonic dispersion

(Siddiqui et al., 2014) and membrane contactors (Charcosset et al., 2005, Gutiérrez et al., 2013, 

Morales et al., 2015). 

In this work, the miniemulsion methodology (Landfester, 2003) was selected as production 

method, which is based on high shear mixing by ultrasounds. A miniemulsion is a heterophase 

system consisting of stable nanodroplets, narrowly size distributed of 50 to 500 nm, dispersed in a 

continuous phase which is formed by shearing the system with ultrasounds (Landfester, 2001, 

Landfester, 2003, Landfester, 2006). Due to the relatively low cost of the required apparatus and its 

non-demanding and fast procedure, ultrasonic dispersion offers an appropriate alternative for 

laboratory scale production of lipid nanoparticles (Schwarz et al., 2012).  

Up to date, the search for a closer to ideal nanocarrier for the controlled delivery of lipophilic 

bioactive compounds, is still on scope of many researchers (Akhoond Zardini et al., 2018, 

Daneshmand et al., 2018, Tian et al., 2018). The properties and structure of lipid nanocarriers are 

mostly affected by the composition and characteristics of their components, namely the lipids 

composition which will determine the entrapment efficiency for the selected bioactive compound and 

the type and amount of emulsifying agent which affects the particle size and surface charge 

(Gutiérrez et al., 2013).  In this context, this work aims to deliver new formulations for SLNs and 

NLCs, using the miniemulsion methodology and assess the incorporation of two important antioxidant 

compounds used in cosmetic products, as BC and RP, providing their enhanced efficacy and safety. 

Moreover, critical production parameters of lipid nanoparticles, as the emulsification process, the 

ratio of total lipids: surfactant, the type of surfactant and the concentration of encapsulated 

antioxidant were evaluated in terms of their effect on particle size, surface charge and morphology. 

3.2. Material and Methods 

3.2.1. Materials 

Solid lipid: lauric acid, C12:0 (≥98%) was purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Liquid lipid: Sunflower oil, food grade product (Fula, Portugal). Surfactants: two nonionic surfactant 

were used, Lutensol AT 50, a poly(ethylene oxide)-hexadecyl ether with an EO block length of about 

50 units, was a donation from BASF (HLB = 18) and Tween 80, (polyoxyethylene sorbitan 

monooleate, HLB = 15.0) was obtained from PanReacAppliChem (Darmstadt, Germany). n-

Hexadecane (99%) was purchased from Sigma-Aldrich (St. Louis, MO, USA), and it was used in the 

formulations with Lutensol AT 50, as a hydrophobic agent for osmotic stabilization of the lipid 

nanoparticles. The aqueous phase of miniemulsions was prepared with Milli-Q water. Bioactive 

substances:  β-Carotene (BC) (≥97.0%) was obtained from Sigma-Aldrich (St. Louis, MO, USA) and 

Retinyl pamitate (RP) was a cosmetic grade product purchased from MakingCosmetics® 

(Snoqualmie, Washington, USA); Acetonitrile RS, diclorometane RS and methanol RS were 
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purchased from CARLO ERBA Reagents S.A.S. (Z.I. de Valdonne, France) for special use in

analytic techniques, HPLC/1NMR. All other reagents were of analytical grade. 

3.2.2. Production of lipid nanoparticles 

Both types of lipid nanoparticles, SLNs and NLCs, were produced by the miniemulsions 

methodology (Landfester, 2003). The aqueous and lipid phases of these systems were separately 

prepared before mixing. Lauric acid (C12:0) was selected as solid lipid in all formulations but two 

different types of surfactants were used for each lipid nanocarrier. The components of produced SLN 

and NLCs formulations and their percentage composition are listed in Table 3.1.   

Table 3.1 - Percentage composition of each component in the formulations of SLN and NLCs. 

Formulations 

Total 

Lipids, 

wt% 

Solid 

lipid, 

wt% 

Liquid 

lipid, 

wt% 

Surfactant, wt% 
Co-surfactant, 

wt% 

Bioactive 

substance, 

wt% 

SLN 1 2.9 2.9 - Lutensol AT 50, 7.5 Hexadecane, 3.2 - 

SLN 2 4.3 4.3 - Lutensol AT 50, 7.5 Hexadecane, 3.2 - 

SLN 3 5.6 5.6 - Lutensol AT 50, 7.5 Hexadecane, 3.2 - 

SLN 4 6.9 6.9 - Lutensol AT 50, 7.5 Hexadecane, 3.2 - 

SLN 5 8.2 8.2 - Lutensol AT 50, 7.5 Hexadecane, 3.2 - 

SLN 6 10 10 - Lutensol AT 50, 7.5 Hexadecane, 3.2 - 

BC-SLN 6.9 6.9 - Lutensol AT 50, 7.5 Hexadecane, 3.2 0.3 

NLC 1 3 1.8 1.2 Tween 80, 2.5 - - 

NLC 2 3.5 2.1 1.4 Tween 80, 2.5 - - 

NLC 3 4 2.4 1.6 Tween 80, 2.5 - - 

NLC 4 4.5 2.7 1.8 Tween 80, 2.5 - - 

NLC 5 5 3 2 Tween 80, 2.5 - - 

NLC 6 6 3.6 2.4 Tween 80, 2.5 - - 

NLC 7 8 4.8 3.2 Tween 80, 2.5 - - 

NLC 8 10 6 4 Tween 80, 2.5 - - 

RP-NLC 1 4.5 2.7 1.8 Tween 80, 2.5 - 0.05 

RP-NLC 2 4.5 2.7 1.8 Tween 80, 2.5 - 0.1 

RP-NLC 3 4.5 2.7 1.8 Tween 80, 2.5 - 0.25 

RP-NLC 4 4.5 2.7 1.8 Tween 80, 2.5 - 0.5 

RP-NLC 5 4.5 2.7 1.8 Tween 80, 2.5 - 1 

RP-NLC 6 4.5 2.7 1.8 Tween 80, 2.5 - 2 

In SLN formulations, the aqueous phase consisted in Lutensol AT 50 and n-Hexadecane as co-

surfactant dissolved in Milli-Q water and the lipid phase consisted in lauric acid as solid lipid or a 

mixture of this saturated fatty acid with BC. SLNs were synthesized by testing two emulsification 
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methods, as simple magnetic stirring and ultrasounds dispersion. The temperature for melting and 

blending the lipid phase was 70°C.  

In NLC formulations, the aqueous phase consisted in Tween 80 without the addition of a co-

surfactant dissolved in Milli-Q water and the lipid phase consisted in a blend of lauric acid as solid lipid 

with sunflower oil as liquid lipid and additionally, RP. NLCs were synthesized using an ultrasounds 

probe and the temperature for melting and mixing the lipids blend was also 70ºC. 

In both cases of SLN and NLC production, the lipid phase was added to the aqueous phase after 

being heated to form a uniform and clear oil phase and the two phases were mixed with magnetic 

stirring at 300rpm during 45 min at the same temperature of melting. The pre-miniemulsions were then 

fully homogenized with a probe-type sonicator (Sonopuls - Ultrasonic homogenizer, Bandelin, 

Germany) for 10 min (Amplitude: 48º; probe on: 10s, probe off: 5s). The resultant nanoparticles 

dispersions were subsequently cooled to room temperature and stored. 

3.2.3. Characterization of SLN and NLCs prepared by miniemulsion methodology 

3.2.3.1. Particle size, PdI and surface charge analysis 

The hydrodynamic mean particle size (Z-Average) and particle size distribution expressed as the PdI 

were determined by DLS, using a Malvern Zetasizer Nano ZS (Malvern Instruments, UK). Particle size 

measurements were made by transferring 1 mL of sample without dilution in disposable cells at 25°C, 

by non-invasive back scatter with dynamic light scattering detected at an angle of 173°. PdI is 

calculated from a cumulants analysis of the DLS-measured intensity autocorrelation function (Luykx 

et al., 2008). The processing was run by the software of the equipment and the particle size data were 

evaluated using intensity distribution. Each measurement was performed in triplicate and the data was 

given as average of three individual measurements. The reported values are the mean ± standard 

deviation (SD) of at least three different batches of each formulation. The ZP reflects the electric charge 

on the particle surface and indicates the physical stability of colloidal systems. ZP was determined 

(Malvern Zetasizer Nano ZS) by measuring the electrophoretic mobility of the nanoparticles in an 

electric field, using the Helmholtz–Smoluchowsky equation. Before measurements the samples were 

diluted with Milli-Q water (1:10, v/v) and placed at a folded capillary cell (DTS1060) where an 

alternating voltage of ±150mV was applied. Likewise, all measurements were performed at 25ºC, in 

triplicate and the mean ± SD value was reported. 
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3.2.3.2. Determination of entrapment efficiency (EE) 

The EE, % of both SLN and NLCs loaded with BC and with RP, respectively was calculated by 

measuring the concentration of bioactive compound in the dispersion medium of the lipid nanoparticles 

using Equation 3.1: 

𝐸𝐸, % =
𝑊𝑡𝑜𝑡𝑎𝑙 − 𝑊𝑓𝑟𝑒𝑒

𝑊𝑡𝑜𝑡𝑎𝑙

× 100 

where Wtotal  is the total amount of bioactive substance added in the whole system,  Wfree  is the amount 

of free bioactive substance determined in the dispersion medium, i.e., non-encapsulated in SLN or 

NLCs and assayed after extraction. The reported results are the mean ± SD of at least three different 

batches of each NLC formulation. 

Two different procedures were used to determine the encapsulated content of each bioactive 

substance.  

3.2.3.3. Determination of BC in SLN dispersions 

The concentration of free BC in the dispersion medium of SLN formulations was measured by a 

colorimetric analysis in a UV–VIS spectrophotometer. 

SLNs were diluted and washed in Milli-Q water, then the dispersion was vortexed and centrifuged at 

12000 rpm for 30 min at 4ºC using centrifuge (Centrifuge 5810 R, Eppendorf). The supernatant was 

collected and the pellet was re-suspended in fresh Milli-Q water. This procedure was repeated three 

times. After the washing process, the amount of BC dissolved in the supernatant was quantified by 

measuring the absorbance at 548 nm (selected wavelength to avoid interference of other 

formulation compounds present in solution), in 1cm quartz cells, using a double beam UV–

VIS spectrophotometer (Model U-2000, Hitachi). The calibration curve of BC was obtained 

with concentrations varying from 10 to 50 µg/mL of the bioactive substance dissolved in Milli-Q water.  

3.2.3.4. Determination of RP in NLC dispersions 

The concentration of free RP in the dispersion medium of NLC formulations was measured 

using a reverse-phase high-performance liquid chromatography (RP-HPLC) method. The non-

encapsulated active substance was separated by an extraction procedure adapted from Yakushina 

and Taranova (1995) (Yakushina and Taranova, 1995) as it follows, 2.0 mL of each NLC dispersions 

were transferred into a centrifuge tube and 2.0 ml of n-hexane (1:1, v/v) were added for the 

separation of RP. Then, the tube was sealed and the mixture was uniformly mixed with gentle 

magnetic stirring for 15 min 150 rpm. The mixture was then centrifuged at 3000 rpm for 10 min and 

the supernatant consisting on n-hexane extract was collected and evaporated under nitrogen to 

remove the solvent. The residue of RP was dissolved on the mobile phase for analysis. The HPLC 

analytic system was composed by a Lachrom, Merk-Hitachi L-7400 apparatus equipped with a 

(3.1) 
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quaternary pump, an auto-sampler unit and UV detector and by a Purospher® RP-18 endcapped 

column (Merk Millipore, EUA). The operating conditions were set based on the methodology 

described by Yakushina and Taranova, (1995) (Yakushina and Taranova, 1995), as it follows. An 

isocratic elution was performed using a mixture of acetonitrile, methanol and dichloromethane 

(60:20:20) as mobile phase, at a constant flow rate of 1.0 mL/min. The UV detector was set at 325 

nm for the detection of RP. The method was linear in concentrations varying from 0.2 to 100 μg/mL. 

All standards and samples were filtered using a PTFE membrane 0.22μm (Merk Millipore, EUA) prior 

to injection and an injection volume of 10 μL was used in both methods.  

3.2.3.5. Morphologic and structural analysis 

The morphology and matrix structure of BC-SLN and RP-NLC were observed by transmission 

electron microscopy (TEM). Imaging was performed on TEM (Hitachi H-8100 II, Tokyo, Japan) with 

thermionic emission (LaB6) and 200kV acceleration voltage, resolution of 2.7 Å point to point, 

equipped with an energy dispersive spectroscopy (EDS) light elements detector. The sample was 

prepared by placing a drop of the dispersion into a copper grid with 200-mesh coated with carbon 

membranes and dried at air for 5 min. The grids were then observed with a CCD MegaView II bottom-

mounted camera 

3.3. Results 

3.3.1. Production of lipid nanoparticles by the miniemulsion methodology 

3.3.1.1. Influence of emulsification process and solid lipid: surfactant ratio on SLN particle 

size and physical stability 

SLNs formulations were prepared through the miniemulsions methodology by testing the effect of 

two production parameters as the emulsification process and the ratio of solid lipid, wt%: surfactant, 

wt% (SL: S) on particle size and surface charge of the lipid nanocarriers. The surfactant concentration 

(7.5%) was kept constant and the solid lipid concentration varied between 2.9 and 10%, thus the SL: 

S ratio ranged between 0.4 and 1.3. The composition of SLNs formulations (SLN 1 to SLN 6) that were 

characterized in terms of these parameters is showed in Table 3.1. All formulations were prepared 

using lauric acid as a solid lipid, Lutensol AT 50 as a surfactant and hexadecane which is a polymeric 

co-surfactant used to inhibit coalescence and diffusional instability caused by a phenomenon known 

as Ostwald ripening (Wang and Schork, 1994). The average particle sizes and respective PdI of SLNs 

prepared using magnetic stirring and ultrasounds are presented in Figure 3.1.  
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Figure 3.1 - Effect of solid lipid: surfactant ratio on particle size and polydispersity index (PdI) of 

SLN formulations prepared using magnetic stirring and ultrasounds. 

There is a significant difference in Z-Average and in PdI resulting from the type of emulsification 

method used to produce SLNs. Smaller particle sizes were obtained for SLN prepared using 

ultrasounds, ranging between 105 ± 1 nm and 146 ± 2 nm, while with magnetic stirring the obtained 

particles sizes ranged between 224 ± 28 nm and 601 ± 10 nm. Moreover, resultant PdI values of 

nanoparticles produced with ultrasounds were all close to 0.18 which indicates a very narrow size 

distribution and the presence of monodisperse particles (Lacatusu et al., 2012). On contrary, SLNs 

prepared with magnetic stirring demonstrated a more relative size distribution with PdI values ranging 

from 0.46 to 0.87. Additionally, in these conditions, this parameter seems to be considerably affected 

by the variation of the SL: S ratio. In Figure 3.1 it is possible to observe that SLN dispersions produced 

with a SL: S ratio of 0.9 and magnetic stirring presented the highest PdI value of 0.87, which 

indicates a very broad distribution of particle sizes (Shaw, 2013), and that with a lower SL: S ratio of 

0.7 it was obtained the lowest PdI value of 0.46 indicating a more uniform size distribution. The effect 

of the SL: S ratio on particle size is also more evident in SLN formulations prepared with magnetic 

stirring. Thus, there is a high discrepancy between the highest particle size (601 ± 10 nm), which was 

obtained with a SL: S ratio of 0.4 and the lowest particle size (224 ± 28 nm) that was observed with a 

SL: S ratio of 0.7.   

Another important parameter to be considered is ZP which allows to predict the physical stability 

of SLN dispersions (Figure 3.2). The ZP values obtained for nanoparticles dispersions prepared with 

magnetic stirring were slightly more negative, ranging between -27.5 ± 0.2 mV and 32.4 ± 0.3 mV, 

than those obtained for SLNs formulations prepared with ultrasounds (-28.8 ± 0.7 to -29.4 ±

0.7mV). Moreover, the variation of the SL: S ratio seems to have no influence on the physical stability 
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of SLNs dispersions (Figure 3.2), since the ZP values were all within a short range of values between 

-25 mV and -32 mV.

Figure 3.2 - Influence of solid lipid: surfactant ratio on zeta potential of SLN 

formulations prepared using magnetic stirring and ultrasounds. 

The macroscopic observation of SLNs dispersions prepared using the two selected mixer types 

during the emulsification process was also performed (Figure 3.3). It was possible to observe that the 

type of emulsification method used during the SLN production have a significant influence on the 

macroscopic appearance and on the consistency of the dispersions. The nanoparticles dispersions 

obtained from magnetic stirring (A) presented a milky aspect while those obtained using ultrasounds 

(B) showed a transparent bluish brightness appearance which is in accordance with their smaller

particle size. 

Figure 3.3 - Macroscopic appearance of SLN dispersions (SLN 

3) obtained using magnetic stirring (A) and ultrasounds (B)

during the production process. 
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3.3.1.2. Influence of total lipids: surfactant ratio on NLCs size and physical stability 

Similarly to SLN, NLC dispersions were produced through the miniemulsion methodology by using 

ultrasounds, which was pointed in the previous section as the type of emulsification process that 

provided better results regarding to particle size and PdI. Likewise, the effect of total lipids, wt%: 

surfactant, wt% (TL: S) ratio was assessed for NLCs dispersions. The obtained results for SLNs 

dispersions showed that there was no correlation between the particle size and surface charge of the 

lipid nanoparticles and the variation of the SL: S ratio in a lower range of values (0.4 to 1.3). Thus, the 

effect of the TL: S ratio on NLCs particle size and surface charge was evaluated by varying this 

parameter in a higher interval of values ranging from 1.2 to 4. Table 3.1 shows the composition of 

NLCs formulations (NLC 1 to NLC 8) that were characterized in terms of their physicochemical 

properties. The surfactant concentration (2.5%) was kept constant and the total lipids concentration 

varied between 3 and 10%. All formulations were prepared using lauric acid as solid lipid, sunflower 

oil as liquid lipid and Tween 80 as surfactant. In general, the Z-Average of developed NLCs was found 

to be lower than 227 ± 14 nm. NLCs formulated with a TL: S ratio of 1.8 presented the lowest particle 

size (131 ± 18 nm). Figure 3.4 shows that the particle size of these nanoparticles indicated no 

significant difference between the values of the TL: S ratio of 1.2 and 2 (131 ± 18 nm and 144 ± 16 

nm). Although, it was observed that the particle size of NLCs dispersions increased 37.1%, between 

the values of the TL: S ratio of 2 and 4.  

Figure 3.4 - Effect of total lipids: surfactant ratio on particle size, polydispersity index (PdI) and 

zeta potential of NLC formulations. 
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PdI values showed no significant variation (ranging between 0.20 and 0.25) by increasing the TL: 

S ratio and ranged between 0.20 and 0.25 (Figure 3.4), indicating that the all NLC dispersions 

presented a homogeneous size distribution. 

The analysis of obtained ZP values demonstrated that an increase of the TL: S ratio have no 

influence on the surface charge of the nanoparticles and consequently on their physical stability 

(Figure 3.4). Although, more negative ZP values were observed between the values of the TL: S ratio 

of 2 and 1.4, ranging from -21 ± 0.7 to -26 ± 0.7 mV, respectively.  

3.3.1. Incorporation of β-carotene in SLNs and retinyl palmitate on NLCs

3.3.1.1. Size distribution and physical stability of BC-SLNs and RP-NLCs

From the study on the influence of the SL: S ratio on SLNs main physicochemical properties, the 

more adequate formulation conditions to incorporate BC in these lipid nanoparticles were established. 

Table 3.2 summarises the results of parameters that characterize the lipid nanoparticles in terms of 

their physicochemical properties and lists the composition of their lipid phase without the 

incorporation of BC (SLN 4) and with BC (BC-SLNs). It was found that the formulation BC-SLNs, 

presented a good Z-Average of 281 ± 19 nm and that comparatively the formulation SLN 4, showed 

an increase of 30.2% on particle size (196 ± 2 nm). PdI values of both SLNs dispersions with and 

without BC were similar and demonstrated that the lipid nanoparticles were uniformly size 

distributed. Similarly, ZP values presented no significant variation for particles with and without the 

incorporation of BC (Table 3.2). 

Table 3.2 - Lipid phase composition and physicochemical characterization of SLN formulations without and with 

the incorporation of β-carotene. 

Formulation 
Lauric acid, 

wt% 

β-carotene, 

wt% 

Z-Average

(d.nm)

PdI ZP (mV) EE, % 

SLN 4 6.9 - 196 ± 2 0.30 - 31 ± 0.2 - 

SLN 7 6.9 0.3 281 ± 19 0.34 - 29 ± 5 95 ± 5 

The size distribution and physical stability of RP-NLCs particles were investigated by varying the 

TL: S ratio. From the above optimization study, the concentration of total lipids that was used in NLCs 

formulations with RP was established and kept constant. The composition of these formulations (RP-

NLC 1 to RP-NLC 6) is presented in Table 3.1. The concentration of RP was analysed in order to 

determine the effect of this parameter on RP-NLCs size and surface charge. Figure 3.5 shows the Z-

Average with respective PdI values and the ZP of increasing concentrations of RP incorporated in 

NLCs.  
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Figure 3.5 - Influence of retinyl palmitate concentration on particle size, polydispersity index and 

zeta potential of NLC formulations. 

In general, all RP-NLCs dispersions presented higher particle sizes than those obtained with 

NLCs dispersions without RP (131 ± 18 nm) and the same concentration of total lipids, ranging from 

145 ± 3 nm and 189 ± 12 nm for RP concentrations of 2 and 0.05%, respectively. It was also observed 

a slight decrease on particle size with the increase on RP concentration (Figure 3.5). It was detected 

a slight decrease in PdI values until being reached the RP concentration of 0.25% (PdI of 0.12) 

indicating the occurrence of monodisperse particles. Then the PdI values considerably increased, 

ranging between 0.30 and 0.25, with RP concentrations from 0.5 to 2%, indicating a uniform size 

distribution.  

ZP values were slightly more negative with RP concentrations from 0.25 to 2%, ranging between 

-19 ± 1.6 mV to -25 ± 0.9 mV (Figure 3.5). Moreover, in general ZP results of RP-NLC were also more 

negative when compared with NLC dispersions without RP and the same concentration of total lipids 

(-17 ± 1.6 mV). 

3.3.1.2. Morphology of BC-SLNs and RP-NLCs 

TEM analysis was performed to observe the morphology and internal structure of both types of 

lipid nanoparticles, BC-SLNs and RP-NLCs. Representative TEM images with different amplification 

factors of dried suspensions of BC-SLNs and RP-NLC 1 (Table 3.1) are shown in Figure 3.6. Both 

type of lipid nanoparticles present a well-defined spherical shape with diameter sizes ≤ 200nm. 

However, it is possible to observe some differences on the lipid matrix of each nanocarrier. In the case 

of BC-SLN, the lipid core of the nanoparticles is characterized by an ordered crystalline dark structure 

which are aligned in a relatively disperse way. On the other hand, the lipid matrix of RP-NLCs 
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presented a less ordered structure characterized by an irregular crystal lattice with many imperfections. 

These nanoparticles appear to be moderately dispersed, thus showing some aggregates.  

Figure 3.6 - Transmission electron microscopy images of BC-SLNs (A) and RP-NLC 1 (B). 

3.3.1.3. Determination of entrapment efficiency of BC-SLNs and RP-NLCs 

The EE, % of BC and RP was determined to analyse the solubilisation capacity of these two 

cosmetic antioxidants in each type of lipid nanoparticles, SLNs and NLCs respectively. The developed 

BC-SLN (Table 2), showed a high ability to incorporate BC by presenting a high EE, % value of 95 ± 

5%.  

Also a high encapsulation capacity for RP-NLCs formulations was obtained (Figure 3.7). In this 

case, the solubilisation capacity of increasing concentrations of RP was analysed by the determination 

of the EE, % of each correspondent RP-NLCs dispersion. As showed in Figure 3.7 it was observed 

an increase in the EE, % values with the increase on the concentration of RP that was incorporated 

on NLCs. The highest EE, % value was 94 ± 0.9% and it was obtained with 2% of RP, while the lowest 

value was 64 ± 1.5% and it was obtained with 0.05% of RP.  

Figure 3.7 - Entrapment efficiency (EE, %) of increasing concentrations of retinyl palmitate on NLCs.
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3.4. Discussion 

Currently, the development of advanced eco-friendly cosmetic products is based on 

nanotechnology (Lacatusu et al., 2014). There is an urgent need to deliver new effective nanocarriers 

of bioactive compounds using biocompatible and renewable materials, thus improving their potential 

pharmaco-cosmetic performance (Cortesi et al., 2017). The main objective of this work was to deliver 

two different types of lipid nanocarriers, namely SLNs and NLCs, produced using renewable 

ingredients with inherent bioactive properties to enhance the safety and stability of the incorporated 

compounds.  

The effect of the emulsification process and the influence of the SL: S ratio on particle size and 

physical stability of developed SLNs were analysed (Figure 3.1). It was verified that the 

physicochemical characteristics of SLNs are significantly influenced by these two parameters. Smaller 

particles were obtained for this type of lipid nanoparticles using ultrasounds during the emulsification 

process. Moreover, the PdI values indicated very homogenous dispersions with monodisperse 

particles when using this method for the preparation of the miniemulsion systems. This can be related 

to the fact that the emulsification process is not spontaneous, thus it requires an input of energy which 

is usually provided by mechanical shear generated by several types of mixers and this determines that 

the final droplet size of the emulsion is not only dependent on the chemistry but also on the amount of 

applied energy (Sciences, 2009). Ultrasonic devices are effectively used to produce emulsions with 

nanosized droplets, however they are not practical do scale-up (Sciences, 2009). Having this in mind, 

is important to test and compare alternative emulsification methods for the same nanoparticles 

formulation that will allow its posterior scale-up. Although, the miniemulsion methodology based on 

ultrasonic dispersion offers an appropriate alternative to run rapid proof of concept studies at the 

laboratory scale due to its simple and fast procedure and to the relative low cost of the equipment 

(Lason et al., 2013, Schwarz et al., 2012). Analysing the results from the study on the influence of the 

SL: S ratio on particle size and respective PdI values, it was observed that these two properties of 

nanoparticles varied significantly and that SLNs dispersions produced using magnetic stirring 

presented higher particle sizes with a more relative size distribution. The ZP values of developed SLNs, 

indicated that the physical stability of the nanoparticles prepared with magnetic stirring were slightly 

more negative than those obtained with ultrasounds dispersion. This may be due to fact that when 

using a more gentle type of mixing during the emulsification process, with a lower input if energy, the 

droplet size is more affected by the formulation chemistry and composition (Sciences, 2009). Thus, 

the increase of the SL: S ratio produced a more evident effect on particle size and PdI of SLNs 

produced using magnetic stirring, resulting in general to a decrease of their Z-Average. The decrease 

in the nanoparticles size with the increase of the SL: S ratio may be attributed to the existence of an 

optimum level of surfactant concentration that can be reached and that results in a reduction of the 

surface tension between the lipid and aqueous phases, thus enhancing the separation of particles with 
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lower sizes (Mandpe and Pokharkar, 2015, Thakkar et al., 2014). Lutensol AT 50 was used as 

surfactant in the formulation of these lipid nanoparticles which in combination with n-hexadecane that 

was used as co-surfactant can increase the dispersion entropy and reduce the interfacial tension, thus 

providing a steric hindrance, avoiding emulsion droplets from coming close to each other and thus 

preventing flocculation and coalescence (Clares et al., 2014, Lerch et al., 2013). Despite its 

recognized low toxicity (Landfester and Musyanovych, 2010, Lerch et al., 2013), there is no report of 

using Lutensol AT 50 in lipid nanoparticles formulations. The variation of the SL: S ratio demonstrated 

to have no apparent influence on the physical stability of SLN dispersions, since the obtained ZP 

values were all within a small interval between -25 and -32mV (Figure 3.2). Typically, higher ZP values 

(>|30|) are considered to stabilize nanoparticles dispersions due to an adequate electrostatic 

repulsion between particles with the same electrical charge (Aditya et al., 2014, Clares et al., 

2014). Even though the developed SLN suspensions have sufficiently negative ZP values that 

guarantee their physical stability without forming aggregates.  

The effect of the TL: S ratio on particle size and physical stability of NLCs dispersions was also 

analysed (Figure 3.4). The observed results show that all NLCs formulations presented good particle 

sizes in the nanometre range and that PdI values showed no significant variation, indicating that the 

developed NLC dispersions presented a homogeneous size distribution. Moreover, it was 

demonstrated that the increase of the TL: S ratio have no influence in the surface charge of these lipid 

nanoparticles. The obtained ZP values were all above -26 ± 0.7 mV, indicating a relative physical 

stability to the particles. Although, it was noticed a slight increase on particle size with the increase of 

the TL: S ratio from 2 to 4. This can be explained by the formation of a more viscous dispersed phase 

when the total lipids concentration increases, thus promoting the increase in surface tension and 

consequently the formation of larger particles (Niculae et al., 2014, Sanad et al., 2010).  

The incorporation of BC on SLNs and RP on NLCs was investigated and the developed lipid 

nanocarriers were analysed in terms of their main physicochemical characteristics. Both types of 

nanocarriers revealed good particles sizes in the nanometre range and in both cases was observed 

an increase on particle size with the encapsulation of the bioactive compounds, which was of 30.2% 

for BC-SLN. The ZP value of the BC-SLNs system indicated that there was no significant change in 

the surface charge of these lipid nanoparticles with the incorporation of BC and that this system is 

physically stable (Table 3.2).  

In the case of RP-NLCs, all dispersions demonstrated a slight increase in particle size in 

comparison with the NLC formulations without RP. Additionally, it was observed a decrease in the Z-

Average with the increase in RP concentration (Figure 3.5).  The ZP values of RP-NLCs systems were 

slightly more negatives for increasing concentrations of RP, indicating a higher physical stability with 

the incorporation of this bioactive compound. There are possible explanations for the occurrence of 

variations on the physicochemical properties of the lipid nanocarriers after the incorporation of both 

bioactive substances. The differences in size and ZP could be due to the interaction between the 

surfactant and the bioactive substances during the formation of the loaded nanodroplets or the 
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occurrence of competitive adsorption on the lipid interface (Lacatusu et al., 2012). Moreover, the 

incorporation of RP in increasing concentrations results in a decrease on the viscosity of the dispersed 

phase, thus decreasing the surface tension and consequently providing the formation of smaller 

particles, which reflects a good compatibility among the solid and liquid lipids and the incorporated 

drug (Badea et al., 2015, Niculae et al., 2014).  

TEM analysis of both BC-SLNs and RP-NLCs systems was performed to observe their 

morphology and internal structure (Figure 3.6). TEM micrographs showed that the particles presented 

a well-defined spherical shape in the nanometre range and revealed a good dispersion, which is in 

agreement with the results obtained by DLS. Although, there was some evident differences on the lipid 

matrix of each lipid nanocarrier. BC-SLNs presented an ordered crystalline dark structure in its lipids 

core, while RP-NLCs showed a less ordered structure characterized by an irregular crystal lattice with 

many imperfections (Figure 3.6). This is mainly attributed to the type of lipid constituents of each lipid 

nanocarrier which after crystallization will determine their polymorphic transitions (Lacatusu et al., 

2012). The use of different lipids in NLCs composition results in the formation of a more disordered 

lattice with more space for guest molecules (Aditya et al., 2014, Niculae et al., 2014). The beneficial 

physicochemical properties of these type of lipid nanoparticles relies on their solid state. For instance, 

their encapsulation efficiency and drug release are intrinsically related with the transition of the 

nanoparticles lipids core from a less ordered to a more ordered solid state (Lacatusu et al., 2012, 

Triplett and Rathman, 2009).  

The solubility capacity of BC and RP on SLNs and NLCs was determined by the analysis of their 

entrapment efficiencies. Both developed lipid nanocarriers shown high EE, % regardless the 

differences in their lipids composition (Table 3.2, Figure 3.7). The incorporation of BC in SLN present 

some advantages as enhanced solubility in aqueous products, increased bioavailability and protection 

against oxidation (Gomes et al., 2013). Thus, giving the high EE, % result for BC-SLN it seems 

important to perform the evaluation of BC protection by its incorporation on SLN during a relative long 

period of time and testing some storage conditions. Regarding the results for RP-NLC, it was observed 

that the EE, % was influenced by the amount of RP encapsulated into the lipid nanocarriers and that 

it was obtained a better entrapment efficiency with the increase of this bioactive substance 

concentration (Figure 3.7). As mentioned before, the presence of higher amounts of liquid lipids in the 

nanocarrier structure prevents the formation of perfect crystals, thus enhancing the encapsulation of 

the bioactive substances and preventing its expulsion during storage (Chen et al., 2010, Oliveira et 

al., 2016). 

3.5. Conclusions 

Two types of lipid nanoparticles, namely SLNs and NLCs were successfully produced by the 

miniemulsion methodology. The emulsification process demonstrated to have a significant impact on 
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the physicochemical properties of these nanocarriers. It was verified that SLNs developed using an 

ultrasounds probe showed more suitable physicochemical properties in relation to magnetic stirring. 

Thus, SLN dispersions with an appropriate size in the nanometer range (105 ± 1 to 146 ± 2 nm) and 

good physical stability (≈ -29 mV) were obtained by ultrasounds. The analysis of the influence of the 

SL: S ratio showed a higher impact on physicochemical properties of SLNs prepared using magnetic 

stirring, especially on their particle size and PdI. In general, all NLCs formulations prepared by 

ultrasounds dispersion and different values of the TL:S ratio showed good particle sizes, below 227 ± 

14 nm with an homogeneous size distribution (PdI values ranged between 0.20 and 0.25) and an 

appropriate physical stability (-21 ± 0.7 to -26 ± 0.7 mV). It was observed that higher values of the TL: 

S ratio demonstrated to have an impact in the physicochemical properties of NLCs with an increase in 

their particle size and respective PdI values.  

BC and RP were used as antioxidant models to evaluate the potential of SLNs and NLCs, 

respectively as efficient nanocarriers of bioactive compounds by enhancing their bioavailability and 

safety. The developed BC-SLNs dispersions showed a well-defined spherical shape with an ordered 

crystalline dark structure that allowed a high encapsulation efficiency for BC of ≈ 95%. The morphology 

results were in agreement with those obtained with DLS analysis which showed a good particle size 

of 281 ± 19 nm with a uniform size distribution without the occurrence of aggregates.  

All formulations of RP-NLCs presented appropriate particle sizes in the nanometer range (145 ± 

3 nm to 189 ± 12 nm) with the occurrence of monodispersed particles (PdI values of ≈ 0.12) and with 

a more relative physical stability, showing ZP of ≈ -25 mV. The morphology analysis of these lipid 

nanocarriers showed a less ordered structure presenting many imperfections in its lipid matrix which 

allowed a high encapsulation efficacy for RP of ≈ 94%.  

This work represents the first stage of the characterization process that is necessary to properly 

assist the selection of suitable lipid nanocarriers with specific desirable properties to be used in the 

delivery of bioactive compounds by enhancing their safety and efficacy. Although, further studies are 

needed to investigate the efficiency and safety of these lipid nanocarriers regarding their storage 

stability, the crystallinity of their lipid matrix, their release profile and antioxidant activity. 
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4.   Design of multifunctional nanostructured lipid carriers enriched with α-tocopherol 
      using vegetable oils

Vegetable oils are commonly used as components in many cosmetic products intended for daily care 

due to their high beneficial and multifunctional effect on skin. The general objective of this study was 

to develop new nanostructured lipid carrier (NLC) formulations containing vegetable oils and enrich 

them with α-tocopherol (TOC) in order to explore their potential as effective and safe advanced 

biocosmetic prototypes. The influence of lipids composition and physical state on the production and 

physicochemical properties of vegetable oil NLCs and enriched nanoparticles with TOC (TOC-NLCs), 

as a model bioactive antioxidant compound, was studied. Sunflower, sweet almond, olive and coconut 

oils were successfully used in the development of free and loaded NLCs. The formulations of free lipid 

nanoparticles with each vegetable oil presented an appropriate nanoscale size from approximately 

120 to 350 nm and good physical stability with zeta potential values ranging between −45.6 to −65.9 

mV. Likewise, the TOC-NLCs demonstrated suitable particle sizes from approximately 240 to 315 nm 

and zeta potential values raging between –45.6 to –55.1 mV, being then verified that these parameters 

were affected by differences on the lipids core composition. TOC-NLCs presented a high entrapment 

efficiency with values above 79.4% and also assured a controlled release of TOC, independently of 

the percentage of incorporated active compound. Differential scanning calorimetry results showed that 

the incorporation of TOC and the increase of its concentration on NLCs lipids matrix caused a decrease 

on the onset and melting temperatures, indicating a reduced crystallinity of the obtained vegetable oil 

TOC-NLCs. These lipid nanoparticles and free NLCs presented good antioxidant activity with 

scavenging activity values above 56.7%, which was improved by the encapsulation of TOC 

(scavenging activity values above 64.3%) and demonstrated the ability to be incorporated in long-term 

stable cosmetic products based on stability studies performed during 8 months. 

4.1. Introduction 

There is a growing demand for innovative natural products to address consumers’ needs of 

healthy appearance and well-being. Cosmetic manufacturers are focusing their efforts in the 

development of eco-friendly cosmetics based on vegetable oils as raw materials, since they are 

abundant renewable resources most commonly extracted from various parts of plants (Badea et al., 

2015, Balboa et al., 2014). Vegetable oils are a combination of triglycerides of higher saturated and 

unsaturated fatty acids. Due to their beneficial influence on skin these type of oils are becoming most 

commonly used as components of cosmetic products (Zielińska and Nowak, 2014). Antioxidant 

properties have been attributed to vegetable oils which can provide skin protection against reactive 

oxygen species (ROS) (Dhavamani et al., 2014, Tehranifar et al., 2011) synergistically improving the 
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photoprotective properties of sunscreens (Dario et al., 2018). Moreover, oils can prevent water loss 

through the skin and also present anti-carcinogenic and anti-inflammatory biological actions (Cicerale 

et al., 2012a).  

Topical supplementation with antioxidants is considered as one of the most promising strategies 

to prevent or treat skin aging. Most skin care formulations claiming anti-aging effects are based on 

exogenous antioxidants such as vitamins, polyphenols, and flavonoids that cannot be synthesized by 

our body (Montenegro, 2014). α-Tocopherol (TOC) is one of the most active lipophilic antioxidant in 

biological membranes demonstrating a very important role in protecting skin and other organs. This 

fat-soluble antioxidant can effectively scavenge lipid peroxyl radicals, act as a synergist with other 

antioxidants and presents a moisturizing effect by limiting trans-epidermal water loss (Byun et al., 

2011, Yenilmez and Yazan, 2010). However, TOC is present in limited quantities, humans cannot 

synthesize it and it is readily depleted by UV radiation and other oxidative stresses such as ozone (de 

Carvalho et al., 2013, Nada et al., 2014).  Given its importance, TOC is widely used in the formulation 

of several cosmetic and daily care products and there is a commercially available nanoemulsion, 

TOCOSOLTM, composed of TOC as oil phase, TPGS and Poloxamer 407 as surfactants for paclitaxel 

intra-venous delivery (Feng and Mumper, 2013, Nada et al., 2014, Constantinides et al., 2000). The 

great majority of antioxidants, including TOC, that are presently used in skin care formulations show 

unfavorable physicochemical properties such as excessive lipophilicity or hydrophilicity, chemical 

instability and poor skin penetration that actively limit their effectiveness after topical application 

(Montenegro, 2014). One good strategy to reduce these effects is the design of nanomaterials with 

an intrinsic multifunctional character based on its excipients to encapsulate these antioxidant 

substances. Therefore, different lipid nanocarriers such as liposomes, niosomes, microemulsions and 

nanoparticles have been widely investigated as delivery systems for antioxidants to improve their 

beneficial effects in the treatment of skin aging (Nada et al., 2014). The main advantages of lipid 

nanocarriers over conventional passive delivery are good biocompatibility, increased surface area, 

higher solubility, improved stability, good production scalability, controlled release, avoidance of 

organic solvents in the preparation process and wide potential application spectrum (Vinardell and 

Mitjans, 2015). Solid lipid nanoparticles (SLNs) are often referred in literature as the first generation 

of lipid nanocarriers (Attama et al., 2012, Müller et al., 2002b). In order to overcome some difficulties

with SLNs regarding its inherent low incorporation rate due to the crystalline structure of the solid lipid, 

nanostructured lipid carriers (NLCs) were introduced as the second generation of solid lipid 

nanoparticles (Aditya et al., 2014, Weber et al., 2014). NLCs are submicron particles, usually with 

spherical shape and mean diameters ranging between 50 and 500 nm, composed of a mixture of solid 

and liquid lipids (oils) dispersed in an aqueous medium and stabilized by an outer shell of surfactants 

(Niculae et al., 2014, Puri, 2010). The oil incorporation in the solid matrix allows the formation of an

overall amorphous nanostructure with many imperfections within its matrix, providing NLCs with 

higher drug capacity and a lesser degree of drug expulsion during storage then SLNs (Fang et al., 

2013, Pinto et al., 2014). These lipid nanocarriers are one of the most effective 
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encapsulation technologies developed in the field of nanotechnology with a wide range of applications 

in the cosmetics, food and pharmaceutical industries (Zheng et al., 2013a). Moreover, they are safe 

for human use and biodegradable carriers due to their generally recognized as safe (GRAS) 

ingredients (Müller et al., 2000). The physicochemical properties of NLCs are influenced by a number 

of factors, including the type of used oil and surfactant (Badea et al., 2015). There are several reports 

focusing a certain bioactive-loaded NLC but only few studies addressed the influence of different lipids 

and surfactants on the formulation of NLC and their properties (Badea et al., 2015, Lacatusu et al., 

2014, Niculae et al., 2014).  The novelty of the present work consist on the production of new 

formulations of NLC based on the use of bioactive ingredients such as the selected four vegetable oils, 

and α-tocopherol as model lipophilic drug to be encapsulated.  

The present study aimed to investigate the effects of different vegetable oils and surfactants on 

the design of multifunctional NLCs formulations enriched with TOC as a model antioxidant excipient. 

SF, SA, OV and CO oils were chosen as liquid lipids not only for their physicochemical properties but 

also for their intrinsic multifunctional character as moisturizers, antioxidant agents and anti-

carcinogenic and anti-inflammatory biological actions. Also, vegetable oil NLCs were formulated using 

four non-ionic surfactants (Tween 80, Poloxamer 188, Span 60 and Span 80), to further improve the 

particles size and stability. The miniemulsions methodology (Landfester, 2003), a simple solvent free 

and low energy method, was used for preparing the NLCs. Additionally, vegetable oil NLCs were 

characterized in terms of particle size and zeta potential, crystallinity and melting behavior, and 

morphology. Additionally, entrapment efficiency, loading capacity, release profile, stability studies and 

in vitro antioxidant activity were also evaluated. 

4.2.  Material and Methods 

4.2.1. Materials 

Solid lipids: lauric acid (≥98%); myristic acid (Sigma Grade, ≥99%); palmitic acid (≥99%) and 

stearic acid (≥95%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Liquid oils: Sunflower 

(SF) oil, (Fula, Portugal) and Olive (OV) oil, (Gallo, Portugal) were food grade commercial products; 

Sweed almond (SA) oil, (Well's, Portugal) was a cosmetic grade product and Coconut (CO) oil, with 

analytical grade (Supelco, USA). Surfactants: Tween 80, (polyoxyethylene sorbitan monooleate, HLB 

15.0) was obtained from PanReacAppliChem (Darmstadt, Germany); Poloxamer 188, (Pluronic F-68, 

HLB 29.0) was purchased from AppliChem (Darmstadt, Germany); Span 60 (Sorbitan monostearate, 

HLB 4.7) from Tokio Chemial Industries (Tokyo, Japan); and Span 80 (Sorbitan monooleate, HLB 4.7) 

from Alfa Aesar, ThermoFisher (Karlsruhe, Germany).  The aqueous phase of miniemulsions was 

prepared with Milli-Q water. α-Tocopherol (TOC) was obtained from Glicerinas e Parafinas de Portugal 

(Lisboa, Portugal); Acetonitrile RS,  diclorometane RS and methanol RS were purchased from CARLO 
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ERBA Reagents S.A.S. (Z.I. de Valdonne, France) special for HPLC/NMR 1 and 2,2-diphenyl-1-

picrylhydrazyl (DPPH) was obtained from Sigma-Aldrich (St. Louis, MO, USA). All other reagents were 

of analytical grade. 

4.2.2. Preparation of vegetable oil NLCs 

Four chemically different vegetable oils (SF, OV, SA and CO) that could better incorporate TOC 

in NLCs and present a bioactive behavior suitable for topical use were selected as liquid oils in the 

formulation. Both free and TOC-NLCs were prepared by the miniemulsions methodology (Landfester, 

2003) with an ultrasonication step. Four different surfactants were selected for this study based on its 

chemical structure and on its hydrophilic-lipophilic balance (HLB). The aqueous phase in the 

miniemulsion system consisted in one of each surfactant dissolved in Milli-Q water. The lipid phase 

consisted in a blend of a saturated fatty acid as solid lipid (from lauric acid, C12:0 to stearic acid, 

C18:0) with each selected vegetable oil and additionally TOC. The percentage composition of the 

components in the formulation of NLCs is presented in Table 4.1.  The lipid phase was heated to 10ºC 

above the melting point of the used solid lipid to prevent lipid memory effect (How et al., 2013, Jores 

et al., 2004), until forming a uniform and clear oil phase, and added to the aqueous phase at the same 

temperature using magnetic stirring at 300 rpm during 45 min. The pre-miniemulsion was then fully 

homogenized with a probe-type sonicator (Sonopuls - Ultrasonic homogenizer, Bandelin, Germany) 

for 10 min. The resultant nanoemulsion was subsequently cooled to room temperature and stored. 

Table 4.1 – Percentage composition of each component in the formulations of NLCs. 

TOC, wt% Total Lipids, wt% Tween 80, wt% Milli-Q H2O, wt% 

Free NLCs - 4.0 2.5 93.5 

TOC-NLC 1 2.0 4.0 2.5 91.5 

TOC-NLC 2 3.0 4.0 2.5 90.5 

TOC-NLC 3 4.0 4.0 2.5 89.5 

4.2.3. Physicochemical characterization of the vegetable oil NLCs 

4.2.3.1. Particle size, PdI and surface charge analysis 

The hydrodynamic mean particle size (z-Average) and particle size distribution expressed as the 

polydispersity index (PdI) were determined by dynamic light scattering (DLS), using a Malvern 

Zetasizer Nano ZS (Malvern Instruments, UK). PdI is calculated from a cumulants analysis of the DLS-

measured intensity autocorrelation function (Luykx et al., 2008). All measurements were performed at 
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25°C and using a 173º scattering angle. The processing was run by the software of the equipment and 

the particle size data were evaluated using intensity distribution. 1 mL of sample without dilution was 

transferred to disposable cells and each measurement was performed in triplicate. The data was given 

as average of three individual measurements. The reported values are the mean ± standard deviation 

(SD) of at least three different batches of each NLC formulation. Statistical analysis of variance for 

particle size was performed in Microsoft Excel® 2013 software by Normal Distribution using a 

significance level of α=0.05, the average of particle size (µ) of all measurements from formulations 

with each vegetable oil and its standard deviation (σ). The zeta potential (ZP) reflects the electric 

charge on the particle surface and indicates the physical stability of colloidal systems. ZP was 

measured (Malvern Zetasizer Nano ZS) by measuring the electrophoretic mobility of the nanoparticles 

in an electric field, using the Helmholtz–Smoluchowsky equation. Before measurements the samples 

were diluted with Milli-Q water (1:10, v/v) and placed at a folded capillary cell (DTS1060) where an 

alternating voltage of ±150mV was applied, using a dispersant (water) dielectric constant of 78.5. 

Likewise, all measurements were performed at 25ºC, in triplicate and the mean ± SD value was 

reported. 

4.2.3.2. Determination of entrapment efficiency (EE) and drug loading capacity (DL) 

The EE and DL of TOC-NLCs was determined by measuring the concentration of free vitamin in 

the dispersion medium of the nanoparticles using a reverse-phase high-performance liquid 

chromatography (RP-HPLC) method. The non-encapsulated TOC was separated by an extraction 

procedure adapted from (Yakushina and Taranova, 1995) as it follows, 2.0 mL of T-loaded NLC 

dispersion was transferred into a centrifuge tube and 2.0 ml of n-hexane (1:1, v/v) was added. Then, 

the tube was sealed and the mixture was uniformly mixed with gentle magnetic stirring for 15 min 150 

rpm. The mixture was then centrifuged at 3000 rpm for 10 min and the supernatant consisting on 

hexane extract was collected and evaporated under nitrogen to remove the solvent. The TOC residue 

was dissolved on the mobile phase that consisted of acetonitrile: methanol: dichloromethane 

(60:20:20) and quantified by HPLC. The analytic system was composed by a Lachrom, Merk-Hitachi 

L-7400 apparatus equipped with a quaternary pump, an auto-sampler unit and a UV detector set for

detection at 290 nm and by a Purospher® RP-18 endcapped column (Merk Millipore, EUA). An 

isocratic elution was performed at a constant flow rate of 1.0 mL/min. For these conditions, TOC was 

eluted at 5.93 min and a run time of 8 min was established for the separation of the compounds. The 

method was linear in concentrations varying from 0.2 to 100 μg/mL. All standards and samples were 

filtered using a PTFE membrane 0.22 μm (Merk Millipore, EUA) prior to injection and an injection 

volume of 10 μL was used. The EE% and DL% were calculated using Equation 3.1 (presented in 

chapter 3, section 3.2.3.2.) and Equation 4.1, respectively: 
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𝐷𝐿, % =
𝑊𝑡𝑜𝑡𝑎𝑙 − 𝑊𝑓𝑟𝑒𝑒

𝑊𝑙𝑖𝑝𝑖𝑑

× 100 

where  Wtotal  is the total amount of α-tocopherol added in the whole system,  Wfree  is the amount of 

free TOC determined in the dispersion medium, i.e., non-encapsulated in NLCs and assayed after 

extraction, and Wlipid is the weight of the lipid phase in the nanoparticles formulation. DLmax was 

determined considering Wfree = 0. 

4.2.3.3. Assessment of the lipid matrix crystallinity 

Differential scanning calorimetry (DSC) analysis was performed to investigate the degree of 

crystallinity of the lipid nanoparticles formulated using the four selected vegetable oils. The 

thermograms were recorded using a DSC 200 F3 Maia (Netzsch, Germany). Approximately 5-6 mg of 

pure excipients or equivalent dried NLCs were weighted into standard aluminum pans and hermetically 

sealed. An empty pan was used as a reference. Each sample was submitted to a heating cycle from 

20 to 110ºC, at the rate of 5ºC/min. A nitrogen purge was used to provide an inert gas atmosphere 

within the DCS cell at a flow rate of 60 mL/min. The melting points (Mp), and enthalpies (∆𝐻) were 

evaluated using the software Proteus Analysis (Netzsch, Germany).The determination of crystallinity 

index (CI,%) was calculated from the enthalpy of fusion using Equation 4.2 (How et al., 2013, Schubert 

and Muller-Goymann, 2005): 

𝐶𝐼, % =
∆𝐻𝑁𝐿𝐶  

∆𝐻𝑠𝑜𝑙𝑖𝑑 𝑙𝑖𝑝𝑖𝑑

 × 100 

where ∆𝐻𝑁𝐿𝐶  and ∆𝐻𝑠𝑜𝑙𝑖𝑑 𝑙𝑖𝑝𝑖𝑑  are the enthalpies of fusion of the nanoparticles and solid lipids used as 

excipients, respectively. 

4.2.3.4. Morphologic and structural analysis 

The morphology and matrix structure of the vegetable oil-NLCs were observed by transmission 

electron microscopy (TEM). Imaging was performed on TEM (Hitachi H-8100 II, Tokyo, Japan) with 

thermionic emission (LaB6) and 200kV acceleration voltage, resolution of 2.7 Å point to point, 

equipped with an energy dispersive spectroscopy (EDS) light elements detector. The sample was 

prepared by placing a drop of the dispersion into a copper grid with 200-mesh coated with carbon 

membranes and dried at air for 5 min. The grids were then observed with a CCD MegaView II bottom-

mounted camera. 

(4.1) 

(4.2) 
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4.2.3.5. Long-term stability 

A stability study was performed to investigate the effect of storage on the average size, PdI and 

physical appearance. Samples of free vegetable oil-NLC dispersions and NLCs loaded with 2 wt% of 

TOC were kept in the dark at room temperature (25ºC) for 4 and 8 months. Stability of the samples 

was estimated in triplicates. 

4.2.3.6. In vitro drug release 

In vitro release studies were performed to investigate the potential of vegetable oil NLCs as delivery 

systems. The lipid nanoparticles formulated using the four vegetable oils were enriched with 2, 3 and 

4 wt% of TOC (Table 4.1). The procedure was accomplished according to Zheng et al. 2013 (Zheng 

et al., 2013b) as it follows. The studies were conducted for 48 h, using a dialysis regenerated cellulose 

membrane (OrDial D14-MWCO 12,000-14,000flat width 25 mm, Orange Scientific, Belgium). Each 

membrane bag containing 5 mL of NLC suspension were immersed on 200 mL of receptor medium 

(composed of water/ethanol 1:1 v/v), maintained at 37 Cº with magnetic stirring at 300 rpm in a closed 

container to prevent evaporation, and to assure that sink conditions were obtained during the 

experiments. The receptor medium was collected in 1mL aliquots at pre-determined time points and 

replaced with the same volume of fresh medium. Samples were stored at 4 Cº until analysis. The 

released TOC was quantified by HPLC using the same conditions described in section 4.2.4.  Also, 

the diffusion profile of a non-encapsulated TOC solution (1mg/mL in water/ethanol 1:1 v/v) was 

observed as a control, using the same dialysis process as for NLC suspensions. 

4.2.3.7. Antioxidant activity assay 

The free radical scavenging (antioxidant) capacity of free TOC, vegetable oils standards and both 

types of formulations of free and TOC-NLCs were measured by 1,1-diphenyl-2-picrylhydrazyl (DPPH) 

assay, a method previously reported by Kumari et al. 2010 and Souza et al. 2014 (Kumari et al., 2010, 

Souza et al., 2014). This method was carried out with slight modifications as it follows, 200 μL of 

sample solution was added to 100 μL of DPPH solution (0.2mM) prepared in absolute ethanol. The 

reaction mixture was incubated in the dark at room temperature for 30 min and the absorbance was 

measured at 517 nm using a microplate UV–Vis spectrophotometer (Spectra max Plus 384, China) 

against the DPPH control solution. The radical scavenging activity was calculated using Equation 4.3: 

𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =  (1 −  
𝐴𝑠𝑎𝑚𝑝𝑙𝑒,   517𝑛𝑚

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙,   517𝑛𝑚

)  × 100 

All determinations were performed in triplicate and the results are given as the mean ± SD. 

(4.3) 
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4.3.  Results and Discussion 

4.3.1. Characterization of particle size and physical stability of NLCs 

4.3.1.1. Influence of vegetable oil type and proportion 

The effects of the vegetable oil composition and proportion in the preparation of NLCs using 

Tween 80 as a surfactant and myristic acid (C14:0) as a solid lipid on the particle size and physical 

stability were evaluated. The percentage of lipid phase (blend of solid lipid and liquid oil) on the 

miniemulsions was kept constant (Figure 4.1), while the solid lipid, wt%: vegetable oil, wt% ratio in 

the lipid phase varied. The mean particle size, the PdI and zeta potential of the lipid nanocarriers 

are illustrated in Figure 4.1.  

The particles size are statistically significant and ranged between 125 ± 7.2 and 220 ± 16.7 nm 

for NLCs prepared with SF (p-values of 0.131 and 0.370, respectively with α=0.05), 113 ± 2.1 and 247 

± 25.7 nm) for NLCs prepared with SA (p-values of 0.204 and 0.061, respectively with α=0.05), 291 ± 

4.6 nm and 318 ± 7.7 nm for NLCs prepared with OV (p-values of 0.379 and 0.241, respectively with 

α=0.05) and 162 ± 4.8 nm and 295 ± 18.8 nm for NLCs prepared with CO (p-values of 0.073 and 

0.078, respectively with α=0.05).  

Figure 4.1 - Influence of oil content and composition on mean particle size and PdI values (A, on the left) and zeta potential 

(B, on the right) of NLC formulations prepared with myristic acid (C14:0) as solid lipid and with Tween 80 as surfactant. 
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The obtained polydispersity indexes (from 0.274 to 0.392 for all formulations) revealed a 

relatively uniform size distribution of the lipid nanoparticles (Figure 4.1, A). According to these 

results the average size of the vegetable oil NLCs decreased in general with the increase in 

the liquid oil percentage for SF (with an exception for the 20:80 ratio, % solid lipid:% SF oil), for 

SA (with an exception for the 60:40 ratio, % solid lipid:% SA oil) and for CO. These results are in 

agreement with those reported by Zheng et al. 2013 (Zheng et al., 2013a), which states that this was 

due to the liquid oil being easily dispersed into the aqueous phase which contributed to smaller 

particles. However, regarding the particles size obtained for the OV oil NLCs it was observed that 

these do not change significantly when varying the solid lipid, wt%: vegetable oil, wt% ratio. This may 

be due to the specific OV oil composition regarding the unsaturated/ saturated fatty acids ratio and 

in particular a higher percentage of palmitic acid (C16:0) when compared with the other used oils 

(Table 4.2). Without considering the formulations prepared with OV oil in which the particles 

size did not change considerably, it was observed that in the other formulations and independently 

of the type of used oil, the lowest average particles size were obtained with 40:60 and 20:80 solid 

lipid, wt%: vegetable oil, wt% ratios. 

Table 4.2 - Fatty acid composition of the vegetable oils used in the preparation of NLCs. Adapted from (Giwa and 

Ogunbona, 2014, YCW, 2014). 

SF oil SA oil OV oil CO oil 

Unsaturated/Saturated ratio 7.3 8.0 4.6 0.1 

Capric acid (C10:0) - - - 6 

Lauric acid (C12:0) - - - 47 

Myristic acid (C14:0) - - - 18 

Palmitic acid (C16:0) 7 9 13 9 

Stearic acid (C18:0) 5 2 3 3 

Oleic acid (C18:1) 19 70 71 6 

Linoleic acid, 6 (C18:2) 68 18 10 2 

α-Linolenic acid, 3 (C18:3) 1 1 1 - 

Note: Percentages may not add to 100% due to rounding and other constituents not listed in this table 

The physical stability of colloidal systems was determined in function of zeta potential, which 

quantifies the charge on particle surface. High values of zeta potential, either positive or negative, 

contribute to stabilize the suspension and minimize aggregation due to the electrostatic repulsion 

between particles with the same electrical charge, especially for charged particles with pronounced 

zeta potential| (>|30|) (Pinto et al., 2014). The obtained zeta potential values did not varied 

considerably in all the formulations with the four different vegetable oils and ranged between – 23.0 

and −32.0 mV, which predicts a relatively short-term stability to the particles. Once again, the results 
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obtained for NLCs prepared with OV presented some discrepancies when compared with others. It 

also showed higher negative zeta potential and consequently higher stability (Figure 4.1, B). 

4.3.1.2. Influence of solid fatty acids chain length 

The effect of the solid fatty acid chain length on particle size and physical stability was evaluated. 

The NLCs were prepared using Tween 80 as a surfactant, saturated solid fatty acids ranging from 

C12:0 to C18:0 as solid lipid and the four vegetable oils in a constant solid lipid, wt%: vegetable oil, 

wt% ratio of 40:60. The particle sizes and PdI of the NLCs are presented in Figure 4.2, A. According 

to these results, when increasing the chain length of the solid fatty acid from C12:0 to C14:0 a slight 

influence on NLCs size was observed. Moreover, an increase in particle size of NLCs formulated with 

solid lipids from C16:0 and C18:0 and each vegetable oil was noted, with an exception for OV oil. The 

obtained results for particle size of NLC are statistically significant for all vegetable oil formulations 

prepared using solid lipids from C12:0 to C16:0, presenting p-values ≥ 0.05.  

The particle size of NLCs prepared with C18:0 almost doubled in comparison with those 

formulated with C12:0 (from 162 ± 26.9 nm to 360 ± 31.7 nm for NLCs prepared with SF oil; from 155 

± 1.5 nm to 339 ± 20.5 nm for NLCs prepared with SA oil; from 155 ± 23.7 nm to 362 ± 31.1 nm for 

NLCs prepared with OV oil and from 167 ± 20.9 nm to 340 ± 23.4 nm for NLCs prepared with CO oil) 

and the results obtained with C18:0 presents p-values ≤ 0.05 (p-values of 0.0067, 0.0241, 0.0079 and 

0.0438 for formulations with SF oil, SA oil, OV oil and CO oil, respectively) which demonstrated that 

are not statistically significant. This fact can be attributed to the formation of a more viscous lipid phase 

which leads to the increase on surface tension and consequently to the formation of larger particles 

Figure 4.2 - Influence of the solid fatty acids chain length on NLCs prepared with Tween 80 as surfactant on mean particle 

size and PdI values (A, on the left) and zeta potential (B, on the right). 
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(Ekambaram et al., 2012, Niculae et al., 2014, Sanad et al., 2010). Although, the results showed a 

decrease on particle size with the increase of the solid fat chain length from C12:0 to C14:0 for NLCs 

formulated with SF and SA oils. This could be due to a higher ratio of unsaturated to saturated lipids 

(Table 4.1) in these oils composition when compared with the other two oils. But then again, it was 

observed an increase on particle size for NLCs prepared with SF and SA oils and solid lipids from 

C16:0 to C18:0. On the other hand, NLCs formulated with OV and CO oils demonstrated a tendency 

to increase the particle size when using solid lipids with fatty acids of longer chain length.  

The polydispersity parameter gives an important information on size homogeneity (Pinto et al., 

2014). The obtained polydispersity indices are close to those obtained in the previous study (0.281 to 

0.392 for all formulations) and once more they reflect a relatively homogeneous size of lipid 

nanoparticles.  

Regarding the physical stability of the obtained lipid nanocarriers, it was found that no significant 

variation on the results with zeta potential values above -32.0 mV when increasing the fatty acid chain 

length of the solid lipid in the NLCs formulations prepared with the different vegetable oils (Figure 4.2, 

B). Lower zeta potential values of -22 mV were observed for the particles prepared with stearic acid 

(C18:0) for each tested vegetable oils.  

4.3.1.3. Effect of the surfactant 

The physicochemical properties of lipid nanoparticles are mainly affected by some factors, 

including the type and concentration of solid and liquid lipids, the viscosity of the lipid phase and the 

type of surfactant (How et al., 2013). The choice of the proper surfactant is a crucial variable since it 

can alter the solubility, diffusion, dissociation rate, and thermodynamic activity of an encapsulated 

active compound (Balakrishnan et al., 2004, How et al., 2013). Three additional non-ionic surfactants, 

one with a more hydrophilic character based on its HLB value, Poloxamer 188, and two with more 

lipophilic characteristics, Span 60 and Span 80, were examined for their effects on particle size and 

surface charge on NLCs. The formulations of NLCs were prepared based on the results discussed on 

the previous sections 1.1 and 1.2, with a constant percentage of each vegetable oil on the lipid phase, 

(40:60, solid lipid, wt%: vegetable oil, wt% ratio) and myristic acid (C14:0) as solid lipid. The results 

were compared with those obtained from the NLCs formulations prepared with the surfactant Tween 

80 which presents an HLB value of 15.0. These results demonstrated that the major increase on 

particle size was observed with Span 60 in comparison with the others surfactants (Figure 4.3, A). 

Likewise, the PdI values obtained with this hydrophobic surfactant were significantly higher for all 

vegetable oil NLCs indicating a more heterogeneous size distribution. These results could be mainly 

attributed to the differences on the chemical structure of the used surfactants and their compatibility 

and conformational rearrange with the lipid matrix (Teeranachaideekul et al., 2007a, Saberi et al., 

2012). In general, the nanoparticles prepared with SF and SA oils presented smaller sizes, specially 

using the surfactants Tween 80 which NLCs presented sizes of 125 ± 7.2 nm and 129 ± 9.8 nm 
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respectively and Span 80 with which were obtained sizes of 140 ± 21.1 nm and 172 ± 26.5 nm 

respectively (Figure 4.3, A). This could be due to the resemblance on the molecular structure of these 

two surfactants (Twee 80 and Span 80) which in both cases present the same lipophilic tail composed 

of a mono unsaturated fatty acid (C17:1) that is then most probably located on the inside of the NLCs 

lipid matrix. However, it was observed a significant difference on particle size in NLC formulations 

using OV oil and the surfactants Tween 80 and Span 80 (302 ± 21.4 nm and 134 ± 17.5 nm, 

respectively). 

 

It was noticed, in section 4.3.1.1., that NLCs formulated with this vegetable oil and Tween 80 

presented a higher particle size compared with the other vegetable oils in study, independently of the 

solid lipid, wt%: vegetable oil, wt% ratio. This may be attributed to the specific composition of OV oil in 

terms of its unsaturated/ saturated fatty acids ratio and in particular, its higher proportion of palmitic 

acid (C16:0) (Table 4.2). Moreover, there is a different geometrical packing of the surfactants Tween 

80 and Span 80 at the oil-water interface in dispersed oil droplets (Bjorkegren et al., 2015), which 

combined with the various long chain fatty acid esters present in OV oil composition may justify the 

difference on particle size of NLCs formulated with this vegetable oils and these two surfactants. It was 

verified that the obtained particle size results for NLC formulations prepared with each selected 

vegetable are all statistically significant with p-values ≥ 0.05 with one exception for the formulation with 

SF oil and the surfactant Span 60 (333 ± 34 nm, p-value = 0.020, α= 0.05). 

Among the selected vegetable oils, the higher negative zeta potential value was achieved with 

OV with each surfactant (Figure 4.3, B). The formulations of NLCs prepared with surfactants 

presenting a lower HLB value (Span 60 and Span 80) obtained the highest zeta potential values 

Figure 4.3 - Influence of used type of surfactant on NLCs formulations with myristic acid (C14) on mean particle size and 

PdI values (A, on the left) and zeta potential (B, on the right). 
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ranging between −45.6 and −65.9 mV and consequently higher physical stability when compared with 

those previously prepared with Tween 80 and Poloxamer 188. 

The morphology of NLCs prepared using SF oil with myristic acid (C14:0) as solid lipid (40:60, 

solid lipid, wt%: vegetable oil, wt% ratio) and three surfactants (Span 80, Tween 80 and Poloxamer 

188) was evaluated by TEM analysis. The micrographs of the dried suspension of vegetable oil-NLCs

were presented in Figure 4.4. These images represent views collected from different regions of the 

dried sample and with different amplification factors. The NLC particles present spherical shape and 

particle sizes in the nanometer range.  

Figure 4.4 - TEM micrographs of NLCs formulated with Span 80 and Tween 80 as surfactants 

and sunflower oil: myristic acid (C14:0) in a 40:60 solid lipid, wt%: vegetable oil, wt% ratio 

presented in views from different positions and amplification factors.  

A.1-2: NLCs formulated with Span 80;

B.1-2: NLCs formulated with Tween 80;

The micrographs from the formulation prepared with Span 80 are displayed in Figure 4.4, A which 

depicts evident differences on the crystallization form of the lipid matrix compared with the particles 

obtained with the other two surfactants with a hydrophilic character. Moreover, it was noticed an 

agglomeration tendency from these particles (Figure 4.4, A 1-2) and for this reason there was a slight 

discrepancy regarding the particle size obtained by DLS which was about 150 nm. However, the values 

of zeta potential from the NLC particles prepared with Span 80 were in the range of – 61.2 ± 0.5 mV 

which indicate an appropriate electrostatic repulsion between the particles and would prevent any 

case of agglomeration (Müller et al., 2000, Teeranachaideekul et al., 2007a).  The preparation of 

NLCs for TEM analyses includes a dehydration step for solvent removal which may cause 

modifications on 
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particle size and explain the occurrence of agglomeration and then, the discrepancy found on particle 

sizes between TEM and DLS (de Carvalho et al., 2013, Liu et al., 2007a, Zheng et al., 2013a).  The 

micrographs from the NLC particles formulated with Tween 80, which present a more hydrophilic 

character, are presented on Figures 4.4, B 1-2. It reveals a well-defined spherical polymorphic crystal 

structure of the lipid matrix. This crystallization form of the nanoparticle matrix offers a proper 

incorporation of active substances encapsulated and exclude its expulsion after a longer period of 

storage (Lacatusu et al., 2014). 

 

4.3.2. Characterization of TOC-NLCs 

4.3.2.1. α-Tocopherol encapsulation efficiency and drug loading capacity 

The vegetable oil NLCs were enriched with TOC to evaluate the incorporation capacity of this 

lipophilic vitamin into the lipid matrix of the nanoparticles. Three concentrations of TOC (Table 4.1) 

were tested to assess the EE and DL in the lipid nanoparticles formulated with each tested vegetable 

oil, myristic acid (C14:0) as solid lipid (40:60, solid lipid, wt%: vegetable oil, wt% ratio) and Span 80 as 

surfactant. The results of the physicochemical characterization of TOC-NLCs prepared with three 

different concentrations of vitamin is presented in Table 3, including the values of EE and DL. The 

particle size increased significantly between the concentrations of 2 and 4 wt% of TOC with each 

vegetable oil, in a range of 27% for TOC-NLCs prepared with SF oil, 37% with SA oil, 14% with OV oil 

and 17% with CO oil. The incorporation of higher amounts of TOC could induce a morphologic 

alteration in the lipid matrix since this vitamin is a viscous oil and according to Hu et al. 2005 (Hu et 

al., 2005), the nanoparticles size is smaller by using less viscous oils in formulation (Badea et al., 

2015, Hu et al., 2005). Moreover, as it may be observed there is a greater influence on particle size 

when TOC is introduced in formulations prepared with less viscous liquid oils as SA and SF oils. 

Likewise, comparing the particle size of TOC-NLCs with free NLCs prepared with each vegetable oil it 

was also noted a slight increase on their size. In the same way, the zeta potential values obtained for 

TOC-NLCs formulated with the selected vegetable oils have slightly changed when increasing TOC 

concentration but still assured a good physical stability with values between -45.7 ± 0.6 mV and -55.1 

± 2.1 mV (Table 4.3).  

The EE and DL of TOC-NLCs were analyzed in order to understand which vegetable oil offers 

the best incorporation of the vitamin into the lipid matrix. All the lipid nanoparticle formulations prepared 

with each oil demonstrated a high ability to incorporate TOC in each three tested concentrations (from 

2 to 4 wt%), showing high EE values above 79.4 ± 3.5 % (Table 4.3). Similarly, it was also obtained 

good DL values for all TOC-NLCs formulations. In more detail, lipid nanoparticles prepared with SA 

and SF oils and 2 wt% of TOC showed the highest DL values, 48.9 ± 0.3 % and 48.4 ± 0.5 % 
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respectively, from the maximum theoretical DL of 50.0 % which could be reached for this vitamin 

concentration.   

Table 4.3 - Encapsulation efficiency (EE), drug loading capacity (DL) of TOC in the lipid matrix of NLCs, average particle 

size and zeta potential values of the optimized formulations (composed by Span 80 as surfactant, myristic acid with 

each vegetable oil enriched with 2, 3 and 4 wt% of TOC). 

TOC, wt% Particle size , nm Zeta potential, mV EE, % DL, % 

SF 2.0 247 ± 2.9 -47,0 ± 2.0 96.9 ± 1.0 48.4 ± 0.5 

3.0 256 ± 2.3 -47,9 ± 1.3 95.8 ± 3.5 71.9 ± 2.5 

4.0 314 ± 4.7 -54,6 ± 0.7 81.1 ± 5.4 80.5 ± 5.4 

SA 2.0 241 ± 3.0 -46.5 ± 0.9 97.9 ± 0.6 48.9 ± 0.3 

3.0 294 ± 2.9 -53.6 ± 2,4 92.9 ± 2.2 69.7 ± 1.2 

4.0 331 ± 7.7 -53.7 ± 0.9 83.5 ± 3.9 83.2 ± 3.9 

OV 2.0 271 ± 3.9 -48.0 ± 0.8 80.9 ± 10.6 40.4 ± 6.0 

3.0 281 ± 5.4 -47.4 ± 0.8 80.1 ± 8.2 60.1 ± 6.5 

4.0 308 ± 4.9 -55.1 ± 2.1 80.7 ± 1.8 80.2 ± 1.8 

CO 2.0 246.2 ± 5.3 -45.7 ± 0.6 89.3 ± 1.3 44.6 ± 0.7 

3.0 282.4 ± 14.6 -48.5 ± 0.6 87.6 ± 10.1 65.7 ± 7.3 

4.0 287.2 ± 4.4 -54.2 ± 1.5 79.4 ± 3.5 78.6 ± 3.4 

The obtained results for DL demonstrate that the lipid matrixes of TOC-NLCs prepared with each 

vegetable oil can effectively load this lipophilic vitamin, and present similar loading capacities for each 

tested TOC concentration. The increase in the concentration of TOC resulted in a decrease of the DL 

capacity considering that the difference between the maximum theoretical values of DL that can be 

reached for each percentage of TOC (50 % for a concentration of 2 wt%, 75 % for 3 wt% and 100 for 

4 wt%) and the effective DL value have also increased (Figure 4.5).  

Furthermore, out of the four lipid matrices in study, the TOC-NLCs formulated with SA and SF 

oils and 2 wt% of TOC presented better EE values (97.9 ± 0.6 % and 96.9 ± 1.0% respectively) than 

the other two lipid nanoparticles formulations prepared with CO and OV oils (89.3 ± 1.3 and 80.9 ± 

10.6 respectively). The amount of TOC encapsulated into each vegetable oil NLCs has influenced the 

EE. In this case, the same tendency demonstrated with the DL capacity was observed and like so a 

better entrapment in the lipid matrix was obtained with lower amounts of incorporated vitamin (Table 

4.3). The drug entrapment in NLCs is mainly affected by the solubilization of the active compounds 

into the solid and liquid lipids and their partitioning between the oil and aqueous phases (Aslam et al., 

2016). Having this in consideration, these values demonstrated an efficient solubility capacity of TOC 

on the lipid core in all formulations prepared with the selected vegetable oils.  
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Figure 4.5 - DL capacity of the lipid matrix of TOC-NLCs prepared with each vegetable oil. 

 

4.3.2.2. In vitro release studies 

An equilibrium dialysis method was used to study the release behaviour of TOC-NLCs prepared 

with each vegetable oil (Table 4.1) and of a pure solution of TOC in water: ethanol (1:1 v/v) that was 

used as reference. The release profiles are displayed in Figure 4.6. The pure TOC solution was quickly 

released during the first 10h and the cumulative released amount was 91.0% after 48h.  

Comparatively, there was no initial burst release for encapsulated TOC as it released slowly from 

the lipid matrices of TOC-NLCs prepared with each vegetable oil and 2 wt% of TOC. These lipid 

nanoparticles demonstrated to have similar release profiles (Figure 4.6, A). There was a slower 

release in the first 10h hours comparing with the control and the highest cumulative released value 

reached at that time was 32.3% and it was obtained with TOC-NLCs prepared using SA oil. However, 

after 48h the highest cumulative released was obtained with OV oil which was 43.7%, and followed by 

TOC-NLCs formulated with SA oil, 39.2%; CO oil, 36.3% and SF oil, 26.6%. When comparing this 

results with those obtained from the lipid nanocarriers loaded with 4 wt% of TOC (Figure 4.6, B) it was 

noted a slower release pattern at the initial stage, except for TOC encapsulated on lipid nanoparticles 

formulated with OV oil which release profile was improved and has reached a cumulative released of 

35.7% after 10h. In fact, the release of TOC from the lipid matrix of the nanoparticles with this 

concentration has only started after 4h in formulations prepared with SA and CO oils.  

TOC-NLCs formulated with SF oil demonstrated an even slower release profile reaching the 

lowest cumulative released of 27.0% after 48h. However, this value was slightly higher when 

comparing to what was reached with nanoparticles prepared with SF oil and a TOC concentration of 

2wt%. The highest nanoparticles size that was obtained for formulations with 4 wt% of TOC (Table 

4.3), could condition the dissolution and liberation of the encapsulated active compound which is 
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located in the matrix core and away from the surface of the nanoparticles. NLCs with smaller particle 

sizes provide enhanced specific surface area, improved wettability and consequently the release of 

encapsulated TOC (Mandpe and Pokharkar, 2015). The cumulative released amounts of TOC 

obtained at 48h for the formulations containing 4 wt% of TOC (51.0% for TOC-NLCs formulated with 

SA oil, 48.6% with CO oil, 39.6% with OV oil and 27.0% with SF oil) were higher than those with 2 

wt%, this can be attributed to a higher availability of TOC provided with a higher internal concentration. 

Nevertheless, the final cumulative released values were much above the obtained with the pure TOC 

solution and this can be explained by a good accommodation and stronger interaction of TOC inside 

the lipid matrix, preventing diffusion and burst release from the TOC-NLCs. Moreover, the slow 

diffusion profiles coupled with the high EE results (Table 4.3) can establish that a higher amount of 

TOC was encapsulated deeply inside of the lipid core.   

These results demonstrate that the increase in TOC concentration significantly influenced the 

release pattern from the lipid nanoparticles. Moreover, further characterization through in vitro assays 

on reconstructed human epidermis should be performed to attend the purpose of topical administration 

of the developed TOC-NLC formulation. 

Figure 4.6 - Release profile of a pure TOC solution compared with different vegetable oil-NLCs dispersions in water: ethanol 

(1:1) as receptor medium.  

A: 2 wt% loaded TOC loaded NLC dispersions;  

B: 4 wt% loaded TOC loaded NLC dispersions. 
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4.3.2.3. Crystallinity studies 

Differential scanning calorimetry (DSC) analysis was performed to evaluate the changes on the 

crystalline state of free NLCs and TOC-NLCs formulated using the selected vegetable oils with 2, 3 

and 4 wt% of the lipophilic vitamin. DSC analysis of NLCs are useful to comprehend the interactions 

between the lipids and the loaded active compound and the mixing behaviour of solid lipids with 

liquid lipids (Nekkanti et al., 2009, Thakkar et al., 2014). DSC parameters such as melting 

temperatures, melting enthalpies and the crystallinity index (CI, %) were determined and studied for 

the bulk solid lipid used in formulations and for the free NLCs and TOC-NLCs (Table 4.4).  

Table 4.4 - DSC parameters. Melting peak (°C), enthalpy (∆H, Jg-1) and crystallinity index (CI, %) of the developed 

vegetable oil-NLC formulations enriched with 2, 3 and 4% of α-tocopherol in composition. 

TOC, wt% Melting point, °C Entalphy,  -J/g CI, % 

SF 0.0 57.7 38.27 23.8 

2.0 41.5 35.9 22.3 

3.0 38.5 20.7 12.9 

4.0 38.3 16.8 10.4 

SA 0.0 58.1 41.06 25.5 

2.0 41.5 24.4 15.2 

3.0 36.5 13.5 8.4 

4.0 35.2 9.6 6.0 

OV 0.0 57.8 38.01 23.6 

2.0 40.6 22.7 14.1 

3.0 36.0 11.6 7.2 

4.0 35.9 11.6 7.2 

CO 0.0 57.3 40.46 25.1 

2.0 41.1 28.9 18.0 

3.0 36.2 16.6 10.3 

4.0 36.7 13.6 8.5 

Myristic acid - 56.8 161.0 100 

The DSC results showed that there are no significant differences in the degree of crystallinity 

obtained with the free lipid nanocarriers prepared with each vegetable oil, which varied between 25.5 

and 23.6% for NLCs prepared with SA and OV oils respectively. These lower percentages of 

crystallinity and the apparent decrease on the energy for lipid modification (enthalpies ranging between 

41.06 and 38.01 J/g for NLCs prepared with SA and CO oils respectively) when compared with the 

bulk crystalline solid lipid may indicate an amorphous phase as physical state of NLCs. Although, the 

obtained melting temperatures of the NLCs (between 58.1 and 57.3 °C for NLCs prepared with SA 
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and CO oils respectively) were in the same range of the pure myristic acid (56.8 °C). These results 

suggest that the chemical composition of the liquid lipid does not interfere in the physical state 

(crystallinity) of the lipid matrix. 

Comparing the DSC results for TOC-NLCs prepared with different vitamin concentrations with 

those obtained for free NLCs it was observed a significant decrease on the melting temperatures along 

with a decrease on the energy of lipid modification (Table 4.4). This behaviour evidenced also a 

decrease on the degree of crystallinity. In order to illustrate this event, the DSC thermograms of the 

free NLCs and TOC-NLCs prepared SF oil were compared, as an example, in Figure 4.7. The 

endothermic peaks of the lipid matrix from the free NLCs to the TOC-NLCs prepared with 4wt% of lipid 

vitamin shifted to lower melting temperatures with the increase in TOC percentages. In fact, there was 

an evident decrease on melting point and onset temperature with an increase of TOC content in the 

lipids blend. This is in agreement with results previously reported by de Carvalho et al. 2013 (de 

Carvalho et al., 2013) which demonstrated that the incorporation of TOC led to a melting point 

depression and suggests that the TOC was completely dispersed in the solid lipid matrix of NLCs 

producing significant modifications on the physical state of the nanocarriers.  

 

Figure 4.7 - DSC thermograms of NLC formulations prepared with SF as liquid lipid and enriched with 2, 3 and 

4 wt% of TOC. 

The width of each melting peak refers to the temperature span, mostly from the onset point to the 

ending point of the melting process which increases with oil percentage in the lipid blends, indicating 

an amorphous phase (Zheng et al., 2013a). Similar thermograms were obtained for the other TOC-

NLCs formulations prepared with each vegetable oil. Another important aspect to be noted is the 

decrease on onset temperature which was higher than 40 ̊ C for free NLC formulations and much 

under this value for TOC-NLCs and this is referred by Gonzalez-Mira et al. 2011 (Gonzalez-Mira et al., 
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2011) to be a prerequisite to develop lipid nanocarriers for topical applications. Having this in 

consideration and in order to revise this parameter is probably necessary to slightly increase the 

percentage of solid lipid in the formulation for higher TOC concentrations. 

4.3.2.4. Effect of storage time on stability 

The average particle size and PdI were selected as reference parameters to evaluate changes in 

the physical stability of the free NLCs and TOC-NLCs prepared with each vegetable oils and 2 wt% of 

TOC. The variation of particle size is a useful indicator of instability as the particle size increases before 

macroscopic changes are detected (Gonzalez-Mira et al., 2011). The effect of storage time was 

evaluated at room temperature over 4 and 8 months after the initial formulation preparation. In general, 

after 4 months the particle sizes of the lipid nanoparticles seemed to slightly increase in comparison 

to their initial values (Figure 4.8). After 8 months of storage, the average size increased specially in 

NLC formulations prepared with CO oil without TOC (29.5 % after 4 months and 45.3 % after 8 

months). In this specific case was also observed an increase on PdI values which indicates a more 

heterogeneous population most likely due to the formation of some aggregates. 

 

 

 

Despite the noticed increase on particle size, the vegetable oil NLC formulated with each oil still 

possessed the characteristic dimensions of lipid nanoparticles, remaining in the submicron range, with 

diameters ranging from 225 ± 3.5 nm (p-value= 0.438, α=0.05) and 365 ± 11.4 nm (p-value= 0.081, 

α=0.05) after 8 months. This could be related to the high negative electrical charge of zeta potential 

Figure 4.8 – Effect of storage on the particle size and PdI of free NLCs and TOC-NLCs prepared with 

each vegetable oil and 2 wt% of TOC during 4 and 8 months.  
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values (above -48mV, Table 4.3) which indicates an appropriate electrostatic repulsion between the 

particles and predicts a good physical stability under time of storage (de Carvalho et al., 2013, Müller 

et al., 2000, Teeranachaideekul et al., 2007a). The more stable nanoparticles were obtained in the 

formulations prepared with SA and OV oils presenting both very small size variations after 8 months 

of storage (Figure 4.8). Moreover, the NLC formulations prepared with each vegetable oil and enriched 

with TOC were found to be in general, more stable than the free NLCs presenting very slight variations 

on particle size after storage. 

4.3.2.5. Evaluation of antioxidant activity of TOC-NLCs 

The antioxidant properties of the pure vegetable oils is related to their protective function in human 

skin against oxidative stress (Badea et al., 2015) and they are known to possess a vast source of 

antioxidants such as tocopherols, tocotrienols, carotenoids and also others more polar phenolic 

compounds (Prevc et al., 2013). The DPPH scavenging capacity assay was used to evaluate the in 

vitro antioxidant activity in a pure TOC solution and in each vegetable oil used in the preparation of 

the lipid nanoparticles, used as reference, and in free NLCs and TOC-NLCs. This test is based on the 

ability of DPPH radical to scavenge oxygenated free radicals (Lacatusu et al., 2014). The results are 

illustrated in Figure 4.9 and showed that the produced free NLCs and TOC-NLCs with all vegetable 

oils presented high antioxidant activities with percentages above 56.7% ± 8.8 and 64.3% ± 8.2 

respectively. These values were obtained with the lipid nanoparticles formulated with CO oil which 

displayed the lowest scavenging capacity.   

Figure 4.9 - Antioxidant activity measured from a pure TOC solution, from each used 

vegetable oil in the preparation of the lipid nanoparticles and from the free NLCs and TOC-

NLCs formulations prepared with 2 wt% of TOC. 
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Comparatively, the pure TOC solution and the vegetable oils used as reference presented higher 

scavenging activities than the lipid nanoparticles (Figure 4.9). Despite that, the formulation of free 

NLCs with each vegetable oil resulted in free nanocarriers that manifest inherent good antioxidant 

activities (70.2% ± 3.2 with SF oil, 68.8% ± 0.4 with SA oil, 65.7% ± 0.5 with OV oil and 56.7% ± 8.8 

with CO oil). Moreover, the enrichment of the lipid nanoparticles with TOC resulted in a slight 

improvement on the scavenging activity compared to those of free NLCs (Figure 4.9). In this case, the 

TOC-NLCs prepared with SF and SA oils presented exhibited higher values of antioxidant activity 

(71.2% ± 4.1 and 70.5% ± 4.0 respectively). This behaviour can be mainly attributed to the reactivity 

of antioxidants in dispersed systems being dependent on the location of both radical and antioxidant. 

For instance, the surfactant layer represents a physical barrier if the solubilization properties of 

antioxidants and radicals differ markedly (Heins et al., 2007) and the location represents a chemical 

environment that can be more or less favourable for the reaction (Oehlke et al., 2017). Based on these 

results, it is important to emphasize that using natural ingredients as vegetable oils in the formulation 

of NLCs provides effective lipid nanocarriers showing a high incorporation of lipid actives and a high 

antioxidant potential. 

 

4.4. Conclusions 

Four vegetable oils, presenting inherent beneficial bioactive properties were selected and 

successfully applied in new formulations of multifunctional free NLCs and TOC-NLCs. From the 

present study, it was demonstrated that the particle size, the size distribution and the surface charge 

of the lipid nanoparticles are significantly influenced by the composition of the lipids core and by the 

type of used surfactant. NLC formulations with different lipid matrices were obtained by the 

miniemulsion methodology, presenting a suitable nanoscale size between approximately 120 to 350 

nm for free NLCs and approximately 240 to 315nm for TOC-NLCs. 

All lipid nanocarriers prepared with the selected vegetable oils and enriched with TOC showed 

high EE values (< 97,9%) and high DL capacities which proved to be dependent on the percentage of 

incorporated active vitamin. Also, the increase in the concentration of TOC resulted in a decrease of 

the DL capacity, considering the difference between the maximum values of DL that can be reached 

for each percentage of TOC. Out of the four lipid matrices and the three TOC concentrations in study, 

the TOC-NLCs prepared using SA and SF oils and 2 wt% of TOC presented the highest EE, 97.9 ± 

0.6 % and 96.9 ± 1.0% respectively and DL capacities, 48.9 ± 0.3 % and 48.4 ± 0.5 %.  

The release profiles of TOC-NLCs containing 2 and 4wt% of TOC was not influenced by the 

composition of lipids on the nanoparticles core from each vegetable oil, but it was noted a slower 

release pattern at the initial stage from TOC-NLCs prepared with the higher concentration of TOC. 

The highest reached cumulative released value after 48h was 51.0% and it was obtained using SA oil 
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in the formulation. This controlled release assures a high integration of the lipophilic TOC into the lipids 

core conferring its amplified protective effect and the minimization of its side-effects.  

DSC analysis revealed that there are no significant differences in the degree of crystallinity obtained 

with the free NLCs prepared with each vegetable oil, thus, meaning that the chemical composition of 

the liquid lipid does not interfere in the physical state of the lipid matrix which pointed as an amorphous 

phase. The incorporation and increase of TOC concentration into the lipids core led to a decrease on 

the obtained onset and melting temperatures producing significant modifications on the physical state 

of the nanocarriers. 

The evaluation of the antioxidant activity shown that all free NLCs prepared with each vegetable 

oil possess a good inherent scavenging activity. The highest values were obtained with the 

formulations using SF and SA, 70.2% ± 3.2 and 68.8% ± 0.4 respectively which were slightly improved 

by the encapsulation of TOC (71.2% ± 4.1 and 70.5% ± 4.0).  

All the NLC formulations demonstrated to be stable for a period of eight months showing small 

variations on particle size. 

In summary, this study strengthen the significant role of lipid nanocarriers in the development of 

efficient biocosmetic prototypes with multifunctional skin beneficial properties derived from the 

vegetable oils and with several advantages as they can be placed in long-term stable cosmetics, 

ensuring an appropriate release of actives and conceding an effective beneficial potential. 

Furthermore, this research delivered an important contribution for the development of advanced 

cosmetic products based on the use of natural ingredients originated from vegetable source 
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5. Optimization of formulation parameters of nanostructured lipid carriers loaded

with retinoids for topical administration

The purpose of this work was to develop and optimize a new bioactive delivery system based on 

lipid nanoparticles for the topical administration of retinyl palmitate (RP), tretinoin (TRT) and adapalene 

(ADP). A 5-factor, 3-level central composite design was applied to optimize selected formulation 

parameters of nanostructured lipid carriers (NLCs) synthesized using sunflower oil by the 

miniemulsions methodology. An optimized NLCs composition of 2.5% of total lipids, 2.0% of myristic 

acid and 0.5% of sunflower oil and 1.5% of surfactant was reached using RP as model retinoid. The 

type of surfactant was adjusted to improve the electrostatic stability of the lipid nanoparticles and the 

resultant optimized NLCs formulation was evaluated to incorporate TRT and ADP. Particle sizes of 

134.5 ± 5.4 nm and zeta potential values of –57.0 ± 2.8 mV were obtained for optimized ADP-NLCs. 

High entrapment efficiency values were obtained as 84.4 ± 3.0%, 84.1 ± 7.8% and 73.7 ± 3.3% for 

RP-NLC, TRT-NLC and ADP-NLC, respectively. The melting temperatures of optimized delivery 

systems were all above 40 ⁰C, proving suitability for their use in topical administration. In vitro drug 

release studies demonstrated a well-controlled release of RP and TRT after 48h, considerably 

reducing their side effects. 

5.1. Introduction 

Recently, intense investigation has been dedicated to the topical administration of retinoids which 

was driven by its high potential in the treatment of many skin disorders (Fu et al., 2007). Retinoids are 

metabolically involved in such events as cellular division, differentiation, and keratinization of skin, 

which promotes numerous and well-established advantages in their topical delivery and consequently, 

in their use on the development of dermatological and cosmetic products (Morales et al., 2015). The 

improvement of wound healing, the increase on skin elasticity and moisture, and the prevention of 

photo-aging and fine wrinkles are some of the advantages attributed to retinoids (Lin et al., 2013, 

Thomas et al., 2013). Moreover, these active compounds present antimicrobial activity against the 

bacteria that typically causes acne (Raza et al., 2013c, Suggs et al., 2014). Chemically, they are 

lipophilic drugs structurally resultant from vitamin A (Figure 5.1) (Clares et al., 2014, Sekula-Gibbs et 

al.). As examples of vitamin A derivatives are retinyl palmitate (RP), tretinoin (TRT) and adapalene 

(ADP).  

RP is the ester of vitamin A, it presents an important role in cellular differentiation and 

carcinogenesis prevention and is vastly used in cosmetics, namely in anti-aging formulations (Fu et 

al., 2007, Teixeira et al., 2010). TRT or all-trans retinoic acid, is a first generation retinoid and is widely 

used in the treatment of acne, photo-aged skin, psoriasis, skin cancer, cutaneous lupus erythematous 
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and other skin disorders (Rahman et al., 2015, Lin et al., 2013). ADP or 6-[3-(1-adamantyl)-4-methoxy-

phenyl] naphthalene-2-carboxylic acid, is a third generation synthetic retinoid exhibiting keratolytic, 

anti-inflammatory, and antiseborrhoic actions (Bhalekar et al., 2015, Guo et al., 2014). However, the 

side effects of these retinoids are not acceptable and its topical administration has low patient 

compliance (Rahman et al., 2015). Once applied on skin, retinoids induce irritation resulting in redness, 

peeling, burning and stinging, aggravates eczema, particularly atopic dermatitis and blistering in 

treated areas (Clares et al., 2014, Lin et al., 2013, Rahman et al., 2015, Tirado-Sanchez et al., 2013, 

Guo et al., 2014). Furthermore, their high chemical instability by oxidation in the presence of air 

oxygen, light and acids, their poor water solubility and percutaneous absorption limits their use in 

topical formulations (Clares et al., 2014, Eskandar et al., 2009, Morales et al., 2015).  

Figure 5.1 - Chemical structure of vitamin A and three examples of its 

derivatives retinoids that are under scope of this work (the structures were 

created using an online version of ChemDraw® JS). 

Formulation design can play an important role in the optimization of novel carrier systems and 

overcome such drawbacks of retinoids in topical administration. Currently, research is still being done 

to develop suitable nanocarriers for the controlled delivery of retinoids, in order to enhance their 

efficiency and to reduce or even eliminate their secondary effects and physicochemical instability 

(Kandekar et al., 2018, Wang et al., 2018).  Encapsulation of retinoids into lipid nanocarriers, as 

liposomes, nanoemulsions, ethosomes, proniosomes and nanoparticulate systems as solid lipid 

nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) has been the aim of several studies in 

the past few decades (Fu et al., 2007, Morales et al., 2015, Raza et al., 2013c) and have demonstrated 

several benefits as enhanced photostability, bioavailability, controlled release, drug targeting and 

reduction of irritant effects (Bhalekar et al., 2015, Clares et al., 2014, Raza et al., 2013a).  
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The achievement of new bioactive lipid nanocarriers with wide spectrum health benefits and 

enhanced delivery properties relies in the use of appropriate renewable vegetable (as e.g. sunflower 

oil), based on their safety and sustainability (Lacatusu et al., 2014). Thus, it is important to apply such 

lipid raw materials sources with inherent bioactive properties on the design of lipid nanocarriers. NLCs 

are composed by a mixture of solid and liquid lipids that form solid nanoparticles at room temperature 

with several imperfections on its lipid matrix. This results in an improved drug loading capacity, and 

controlled drug release as advantages over SLNs (Müller et al., 2002b, Zheng et al., 2013b).

The present study intends to optimize a new formulation of NLCs using sunflower (SF) oil, which 

presents multiple skin bioactive properties, with the perspective of its application on the topical 

administration of RP, TRT and ADP. A central composite design (CCD) statistic approach was used 

in order obtain an optimized NLCs formulation with desirable attributes using RP as model retinoid. 

The optimized formulation was adjusted by changing the type of surfactant in order to improve the 

electrostatic stability of the lipid nanoparticles and was evaluated to incorporate another two retinoids 

as TRT and ADP. The developed RP-NLC, TRT-NLC and ADP-NLC dispersions were characterized 

in terms of particle size, morphology, surface charge, entrapment efficiency and drug loading capacity, 

crystallinity of the lipid matrix and in vitro release profile.  

5.2. Material and Methods 

5.2.1. Materials 

Solid lipids: decanoic acid, C10:0 (≥98%); myristic acid, C14:0 (Sigma Grade, ≥99%) and stearic 

acid, C18:0 (≥95%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Liquid lipid: Sunflower 

oil (SF) was food grade product (Fula, Portugal). Surfactants: Tween 80, (polyoxyethylene sorbitan 

monooleate, HLB 15.0) was obtained from PanReacAppliChem (Darmstadt, Germany) and Span 80 

(Sorbitan monooleate, HLB 4.7) from Alfa Aesar, ThermoFisher (Karlsruhe, Germany).  The aqueous 

phase of miniemulsions was prepared with Milli-Q water. Retinoids: Tretinoin (TRT), retinoic acid 

(≥98%, HPLC powder) and Adapalene (ADP)  Retinyl pamitate (RP) was cosmetic grade product 

purchased from MakingCosmetics® (Snoqualmie, Washington, USA); Acetonitrile RS, diclorometane 

RS and methanol RS were purchased from CARLO ERBA Reagents S.A.S. (Z.I. de Valdonne, France) 

special for HPLC/NMR 1 and 2,2-diphenyl-1-picrylhydrazyl (DPPH) was obtained from Sigma-Aldrich 

(St. Louis, MO, USA). All other reagents were of analytical grade. 

5.2.2. Production of NLCs loaded with retinoids 

All formulations of NLCs loaded with retinoids were prepared by the miniemulsions methodology 

(Landfester, 2003) using ultrasounds to generate an intensive shearing force. NLC formulations of the 
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experimental design were produced by mixing the lipid phase consisting in SF oil as the liquid lipid and 

one of three selected saturated fatty acids (decanoic acid, C10:0, melting point 31.6ºC; myristic acid, 

C14:0, melting point 54.4ºC and stearic acid, C18:0, melting point 69.3ºC) as solid lipids with RP (which 

was used as a model lipophilic drug to be encapsulated) and heated to 10ºC above the solid lipid 

melting point to prevent lipid memory effect (How et al., 2013, Jores et al., 2004) until forming a uniform 

and clear oil phase.  

Thus, the lipid phase of the optimized NLCs was prepared in the same way using SF oil as liquid 

lipid, myristic acid, C14:0 as solid lipid and one of each selected retinoid (RP, TRT and ADP).  

In all experiments, the uniform and clear lipid phase was added to the aqueous phase which consisted 

in one surfactant (Tween 80 was used to prepare the formulations of the factorial design and Span 80 

was used in the optimized formulations) dissolved in Milli-Q water previously heated at the same 

temperature. Both phases were mixed using magnetic stirring at 300 rpm during 45 min and the pre-

miniemulsion was fully homogenized with a probe-type sonicator (Sonopuls - Ultrasonic homogenizer, 

Bandelin, Germany) for 10 min (pulses of 10s on and 5s off, amplitude 48%). The resultant 

miniemulsions were left to be slowly cooled and stored at room temperature. Three replicates of each 

formulation from the 31 experiments generated by the design were prepared. The results were 

expressed as mean ± SD.  

5.2.3. Experimental design optimization 

A response surface methodology using a 5-factor, 3-level CCD was applied to optimize the 

formulation parameters of RP-NLCs, requiring a minimum of experiments (Gonzalez-Mira et al., 2011). 

The major factors affecting the physicochemical properties of the formulation, namely the total lipids 

concentration (𝑋1), the solid lipid concentration (𝑋2), the surfactant concentration (𝑋2), the RP 

concentration (𝑋4) and the number of carbons in the saturated fatty acid chain of the solid lipid (𝑋5) 

were selected and studied at three different levels coded as -1, 0 and 1. Particle size (𝑌1), zeta potential 

(ZP) (𝑌2) and EE, % (𝑌3) were selected as dependent responses variables to be optimized. The 

dependent and independent variables with the actual values of their high, medium and low levels are 

given in Table 5.1. According to the CCD matrix generated by the software STATISTICA 10 (StatSoft, 

Inc., 2010, EUA), a total of 31 experiments, including 16 factorial points, 10 axial points and 5 replicated 

center points for estimation of the pure error sum of squares, were required (Table 5.2). Each 

experiment was performed in triplicate and randomly to minimize the effects of variability from 

systematic errors. The nonlinear quadratic model equation generated by the design is as follows, 

Equation 5.1:  

𝑌𝑛 = 𝛽
0

+  ∑ 𝛽
𝑖
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where 𝑌𝑛 characterizes the measured responses, 𝛽0 is the intercept representing the arithmetic 

average of all 31 runs; 𝛽𝑖 , 𝛽𝑖𝑖 and 𝛽𝑖𝑗 represents the linear, quadratic and interaction coefficients 

estimated from the observed experimental values of each response 𝑌𝑛; 𝑋𝑖 represents the coded levels 

of the independent variables; 𝑋𝑖𝑋𝑗 and 𝑋𝑖
2 the linear and quadratic interaction terms for one variable, 

𝛽𝑖𝑗 (Mandpe and Pokharkar, 2015). 

Table 5.1 - Factors and their coded and actual values on CCD. 

Factors Coded level, actual value 

Independent variables Low (-1) Center (0) High (+1) 

𝑿𝟏 = Total lipids concentration  (% w/v) 2.5 3.5 4.5 

𝑿𝟐 = Solid lipid concentration (% w/v) 40 60 80 

𝑿𝟑 = Surfactant concentration (% w/v) 1.5 2.5 3.5 

𝑿𝟒 = RP concentration (% w/v) 0.5 1.0 1.5 

𝑿𝟓 = Number of carbons in the fatty acid chain length

of the solid lipid 
10 14 18 

Dependent variables Goals 

𝒀𝟏  = Particle size (nm) Minimize 

𝒀𝟐 = Zeta potential (mV) Minimize 

𝒀𝟑 = EE (%) Maximize 

*Mid-range value of PdI. It is the range over which the distribution algorithms best operate over (Shaw, 2013).

5.2.4. Physicochemical characterization of NLCs loaded with retinoids 

5.2.4.1. Particle size, PdI and surface charge analysis 

The hydrodynamic mean particle size (z-Average) and particle size distribution expressed as the 

PdI were determined by dynamic light scattering (DLS), using a Malvern Zetasizer Nano ZS (Malvern 

Instruments, UK). PdI is calculated from a cumulants analysis of the DLS-measured intensity 

autocorrelation function (Luykx et al., 2008). All measurements were performed at 25°C and using a 

170º scattering angle. The processing was run by the software of the equipment and the particle size 

data were evaluated using intensity distribution. Each measurement was performed in triplicate and 

the data was given as average of three individual measurements. The reported values are the mean 

± standard deviation (SD) of at least three different batches of each NLC formulation. The ZP reflects 

the electric charge on the particle surface and indicates the physical stability of colloidal systems. ZP 

was determined by measuring the electrophoretic mobility of the nanoparticles in an electric field, using 

the Helmholtz–Smoluchowsky equation in a Malvern Zetasizer Nano ZS equipment. Before 
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measurements the samples were diluted with Milli-Q water (1:10, v/v) and placed at a folded capillary 

cell (DTS1060) where an alternating voltage of ±150 mV was applied. Likewise, all measurements 

were performed at 25ºC, in triplicate and the mean ± SD value was reported. 

5.2.4.2. Determination of entrapment efficiency (EE) and drug-loading capacity (DL)  

The EE, % and DL, % of NLCs loaded with RP, TRT and ADP were calculated by measuring the 

concentration of each retinoid in the dispersion medium of the nanoparticles using a reverse-phase 

high-performance liquid chromatography (RP-HPLC) method. The non-encapsulated active 

substances were separated by an extraction procedure adapted from (Yakushina and Taranova, 1995) 

as it follows: 2.0 mL of each NLC dispersions was transferred into a 10 mL centrifuge tube and 2.0 ml 

of n-hexane (1:1, v/v) was added for the separation of RP and TRT, or 2.0 ml of chloroform (1:1, v/v) 

for the separation of ADP. Then, the tube was sealed with a rubber lid and the mixture was uniformly 

mixed with gentle magnetic stirring for 15 min 150 rpm. The mixture was then centrifuged at 3000 rpm 

for 10 min and the supernatant consisting on hexane or chloroform extracts were collected and 

evaporated under nitrogen to remove the solvent. The residue of each active substance was dissolved 

on the mobile phase for analysis. The HPLC analytic system was composed by a Lachrom, Merk-

Hitachi L-7400 apparatus equipped with a quaternary pump, an auto-sampler unit and UV detector 

and by a Purospher® RP-18 endcapped column (Merk Millipore, EUA). The operating conditions for 

the RP-HPLC analysis of RP and TRT were set based on the methodology described by Yakushina 

and Taranova, (1995) (Yakushina and Taranova, 1995), as follows. An isocratic elution was performed 

using a mixture of acetonitrile, methanol and dichloromethane (60:20:20) as mobile phase, at a 

constant flow rate of 1.0 mL/min. The UV detector was set at 325 nm for the detection of RP and at 

350 nm for the detection of TRT. The method was linear for RP and TRT standard solutions in 

concentrations varying from 0.2 to 100 μg/mL. For the analysis of ADP, the operating conditions were 

set as described by Chen et al. (2015) (Chen et al., 2015). A mixture of acetonitrile, tetrahydrofuran 

(THF) and water containing 0.1% acetic acid (25:50:25) was used as mobile phase in an isocratic 

elution with a constant flow rate of 0.8 mL/min, with the UV detector set at 270 nm.  The method was 

linear for ADP standard solutions in concentrations ranging from 0.2 to 48 μg/mL.  All standards and 

samples were filtered using a PTFE membrane 0.22μm (Merk Millipore, EUA) prior to injection and an 

injection volume of 10 μL was used in both methods. The EE, % and DL, % were calculated using 

Equation 3.1 (presented in chapter 3, section 3.2.3.2.) and Equation 4.1 (presented in chapter 4, 

section 4.2.3.2.), respectively. The reported results are the mean ± SD of at least three different 

batches of each NLC formulation. 
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5.2.4.3. Morphologic and structural analysis 

The morphology and matrix structure of optimized formulations of NLCs loaded with RP, TRT and 

ADP were observed by transmission electron microscopy (TEM). Imaging was performed on a TEM 

equipment (Hitachi H-8100 II, Tokyo, Japan) with thermionic emission (LaB6) and 200kV acceleration 

voltage, resolution of 2.7 Å point to point, equipped with an energy dispersive spectroscopy (EDS) light 

elements detector. The sample was prepared by placing a drop of the dispersion into a copper grid 

with 200-mesh coated with carbon membranes and dried at air for 5 min. The grids were then observed 

with a high resolution MegaView II (Olympus Soft Imaging Solutions, Japan) and high side-mounted 

TEM CCD bottom-mounted camera system. 

5.2.4.4. Assessment of the lipid matrix crystallinity  

Differential scanning calorimetry (DSC) analysis was performed to investigate the degree of 

crystallinity of the optimized lipid nanoparticles loaded with RP, TRT and ADP. The thermograms were 

recorded using a DSC 200 F3 Maia (Netzsch, Germany). Approximately 5-6 mg of pure excipients and 

drugs or equivalent dried NLCs were weighted into standard aluminum pans and hermetically sealed. 

An empty pan was used as a reference. Each sample was submitted to a heating cycle from 20 to 

110ºC, at the rate of 5ºC/min. A nitrogen purge was used to provide an inert gas atmosphere within 

the DCS cell at a flow rate of 60 ml/min. The melting points (Mp), and enthalpies (∆𝐻) were evaluated 

using the software Proteus Analysis (Netzsch, Germany).The determination of the crystallinity index 

(CI,%) was calculated from the enthalpy of fusion using Equation 4.2 (presented in chapter 4, section 

4.2.3.3.). 

5.2.4.5. In vitro drug release 

In vitro release studies were performed to evaluate the efficacy of optimized NLCs loaded with 

RP, TRT and ADP as delivery systems. The studies were conducted for 48 h, using a dialysis 

regenerated cellulose membrane (OrDial D14-MWCO 12,000-14,000flat width 25 mm, Orange 

Scientific, Belgium). Each membrane bag containing 5 mL of NLC suspension were immersed on 50 

mL of receptor medium which was a mixture of citrate buffer (pH 4.0) and THF (4:1 v/v) containing 2 

wt% SDS (Guo et al., 2014), and was maintained at 37 Cº with magnetic stirring at 300 rpm in a closed 

container to prevent evaporation (Zheng et al., 2013a). The receptor medium was collected in 1mL 

aliquots at pre-determined time points and replaced with the same volume of fresh medium. Samples 

were stored at 4 Cº prior to be analyzed. The released RP, TRT and ADP were quantified by HPLC 

using the conditions described in section 2.4.2. Also, the diffusion profile of control solutions of each 

tested active substance (0.5 mg/mL in receptor fluid) was observed, using the same dialysis process 

as for NLC dispersions. The reported values are the mean ± SD of two different batches of each NLC 

formulations and control solutions. 
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5.3. Results and Discussion 

5.3.1. Design and optimization of RP-NLCs by CCD 

From previous studies (Pinto et al., 2018), the independent variables that most affected the 

preparation and stabilization of NLCs were determined and the three upper, middle and lower 

concentration levels of the formulation components were selected. The critical independent variables 

were the total concentration of lipids (solid and liquid lipids), concentration of solid lipid, surfactant, 

drug loaded, and the number of carbons in the saturated fatty acid chain of the solid lipid.  

The formulation variables were studied as function of particle size, ZP and the percent drug 

entrapment. The 5-factor, 3-level CCD generated 31 different formulations, for which the observed 

responses are summarized in Table 5.2.  

5.3.1.1. Effect of independent variables on particle size 

The value of the dependent variable, particle size (𝑌1) was found to be between 112.3 ± 1.2nm 

and 2107.5 ± 19.0nm (Table 5.2). Quadratic polynomial equations representing the linear and 

quadratic interactions for each response were generated, based on the obtained experimental data, 

and the significance of each regression coefficient was statistically evaluated by analysis of variance 

(ANOVA). The quantitative effects of the independent variables and their linear and quadratic 

interactions on particles size are represented on Equation 5.2:  

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒, 𝒀𝟏 = 278,9 − 70.2𝑋1 + 112.8𝑋2 + 136.0𝑋3 − 81.61𝑋4 + 184.2𝑋5 − 99.3𝑋1𝑋2

− 101.1𝑋1𝑋3 − 127.3𝑋1𝑋4 − 103.4𝑋1𝑋5 + 129.6𝑋2𝑋3 − 98.1𝑋2𝑋4

+ 122.9𝑋2𝑋5 − 116.0𝑋3𝑋4 + 127.4𝑋3𝑋5 − 94.8𝑋4

This equation is an adjusted model for which only the coefficients related to the independent 

variables with significant p-values (p ≤ 0.05) were used. An independent variable showing a lower p-

value has a higher significant effect on the response. For this response (𝑌1) the obtained regression 

equation is statistically significant (R2 = 0.97686) and revealed that all five selected independent 

variables significantly influence the particle size. The first argument of the equation (278.9) refers to 

the mean of particle size that was obtained from the 31 experiments that were produced by the design 

and each respective replicates. The positive values before a factor in the above equation have a 

synergistic effect on the response, which indicates that these factors favors the final response, and on 

contrary, the negative values acts in an antagonistic way which infers an inverse relation of the 

independent variable to the final response (Aslam et al., 2016, Mandpe and Pokharkar, 2015). 

(5.2) 



Chapter V – Optimization of formulation parameters of nanostructured lipid carriers loaded with retinoids for topical administration 

 

125 
 

 

Table 5.2 - CCD generated by STATISTICA 10 software with measured responses for the critical independent variables. 

 
Coded independent 

variables  

Actual independent 

variables  Measured responses 

Formulation X1 X2 X3 X4 X5  Lt Ls S RP Cn  Y1 Y3 Y4 

F1 -1 -1 -1 -1 1  2.5 40 1.5 0.5 18  284.2 ± 2.5 -21.4 ± 0.7 97.4 ± 0.3 

F2 -1 -1 -1 1 -1  2.5 40 1.5 1.5 10  192.6 ± 3.0 -22.2 ± 0.6 92.6 ± 1.2 

F3 -1 -1 1 -1 -1  2.5 40 3.5 0.5 10  204.3 ± 3.6 -16.1 ± 0.5 96.3 ± 0.4 

F4 -1 -1 1 1 1  2.5 40 3.5 1.5 18  334.4 ± 2.9 -15.1 ± 1.1 93.7 ± 1.0 

F5 -1 1 -1 -1 -1  2.5 80 1.5 0.5 10  112.3 ± 1.2 -24.2 ± 1.8 93.1 ± 0.3 

F6 -1 1 -1 1 1  2.5 80 1.5 1.5 18  296.3 ± 2.9 -18.1 ± 0.3 95.7 ± 0.9 

F7 -1 1 1 -1 1  2.5 80 3.5 0.5 18  2107.5 ± 19.0 -15.1 ± 0.7 94.7 ± 0.5 

F8 -1 1 1 1 -1  2.5 80 3.5 1.5 10  158.1 ± 3.8 -18.1 ± 0.4 97.5 ± 0.6 

F9 1 -1 -1 -1 -1  4.5 40 1.5 0.5 10  188.9 ± 5.1 -23.2 ± 1.2 95.7 ± 1.3 

F10 1 -1 -1 1 1  4.5 40 1.5 1.5 18  369.4 ± 5.5 -12.1 ± 1.6 98.1 ± 0.3 

F11 1 -1 1 -1 1  4.5 40 3.5 0.5 18  356.1 ± 2.6 -14.1 ± 0.2 76.7 ± 3.1 

F12 1 -1 1 1 -1  4.5 40 3.5 1.5 10  213.7 ± 2.7 -16.1 ± 0.3 81.9 ± 3.2 

F13 1 1 -1 -1 1  4.5 80 1.5 0.5 18  253.2 ± 3.5 -20.2 ± 0.9 64.5 ± 1.1 

F14 1 1 -1 1 -1  4.5 80 1.5 1.5 10  200.3 ± 3.4 -21.2 ± 0.4 94.2 ± 0.3 

F15 1 1 1 -1 -1  4.5 80 3.5 0.5 10  209.2 ± 1.4 -17.1 ± 0.7 79.5 ± 1.5 

F16 1 1 1 1 1  4.5 80 3.5 1.5 18  534.4 ± 8.7 -14.1 ± 0.6 20.7 ± 3.7 

F17 -1 0 0 0 0  2.5 60 2.5 1,0 14  170.8 ± 5.4 -20.2 ± 0.8 98.5 ± 0.3 

F18 1 0 0 0 0  4.5 60 2.5 1,0 14  272.0 ± 9.4 -16.1 ± 1.3 78.7 ± 0.3 

F19 0 -1 0 0 0  3.5 40 2.5 1,0 14  160.1 ± 1.4 -17.1 ± 0.7 96.6 ± 0.6 

F20 0 1 0 0 0  3.5 80 2.5 1,0 14  463.5 ± 5.0 -18.1 ± 0.7 95.2 ± 1.3 

F21 0 0 -1 0 0  3.5 60 1.5 1,0 14  180.0 ± 6.8 -21.2 ± 0.6 89.0 ± 2.8 

F22 0 0 1 0 0  3.5 60 3.5 1,0 14  408.0 ± 1.7 -15.1 ± 1.1 89.6 ± 2.3 

F23 0 0 0 -1 0  3.5 60 2.5 0.5 14  271.0 ± 3.8 -20.2 ± 0.4 96.0 ± 0.9 

F24 0 0 0 1 0  3.5 60 2.5 1.5 14  217.5 ± 2.3 -18.1 ± 0.5 99.3 ± 0.3 

F25 0 0 0 0 -1  3.5 60 2.5 1,0 10  166.9 ± 9.2 -18.1 ± 0.6 94.4 ± 0.1 

F26 0 0 0 0 1  3.5 60 2.5 1,0 18  427.4 ± 7.6 -11.1 ± 0.5 98.2 ± 0.1 

F27 (C) 0 0 0 0 0  3.5 60 2.5 1,0 14  292.2 ± 6.7 -19.1 ± 0.8 98.5 ± 0.2 

F28 (C) 0 0 0 0 0  3.5 60 2.5 1,0 14  209.1 ± 8.6 -15.1 ± 0.6 88.8 ± 1.2 

F29 (C) 0 0 0 0 0  3.5 60 2.5 1,0 14  266.8 ± 8.0 -16.1 ± 0.3 86.0 ± 1.1 

F30 (C) 0 0 0 0 0  3.5 60 2.5 1,0 14  251.1 ± 8.5 -15.1 ± 0.2 97.8 ± 1.5 

F31 (C) 0 0 0 0 0  3.5 60 2.5 1,0 14  268.1 ± 8.7 -18.1 ± 0.5 91.2 ± 5.6 

 

 

 

 

The statistical significance of the factors and their interactions was also explored using a Pareto 

chart (Figure 5.2), as a complement to this analysis, with which is possible to measure quantitatively 

and qualitatively the contributions of each factor on the studied responses. 



Chapter V – Optimization of formulation parameters of nanostructured lipid carriers loaded with retinoids for topical administration 

126 

Figure 5.2 - Pareto chart showing the estimate standardized effect of independent variables 

and their interactions on particle size (Y1). 

 The length of each bar in the chart corresponds to the standardized effect of the independent 

variables and their interactions on the response. The last bars remaining inside the reference line, 

which correspond to p ≤ 0.05, represent the least contributing factors that are not significant to the final 

response. The analysis of particle size demonstrate that the number of carbons on the fatty acid chain 

of the solid lipid (𝑋5) and the surfactant concentration (𝑋3) are the factors that most affects this result 

(Figure 5.2). Also, the particle size appears to be positively influenced by the solid lipid and surfactant 

concentrations as by the type of solid lipid (𝛽2 = +112.8, p = 0.00036; 𝛽3 = +136.0, p = 0.00008 and 𝛽5 

= +184.2, p = 0.000006 respectively), which means that an increase in the surfactant and total lipids 

concentrations leads to an increase on the particle size. There is an optimum level of surfactant 

concentration which results in a reduction of the surface tension between the lipid and aqueous 

phases, leading to particles separation with lower sizes and consequently, to an increase on the 

surface area (Mandpe and Pokharkar, 2015, Thakkar et al., 2014). However, when this optimum level 

of surfactant concentration is overcome there is saturation, which could be attributed to the 

accumulation of excess surfactant molecules on the NLCs surface, preventing the particle size to 

decrease further (Bellissent-Funel, 1999, Dora et al., 2010).  On the contrary, the particle size is 

negatively influenced by the concentrations of total lipids and RP (𝛽1 = -70.2, p = 0.0083 and 𝛽4 = -

81.61, p = 0.0034). 

The mathematical relation between the factors and their interaction on particle size is further 

elucidated by response surface plots (Figure 5.3) which present the effects of factor interactions with 

major influence on particle size. The effect of 𝑋2 (solid lipid concentration) and 𝑋3 (surfactant 
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concentration) and their interaction, 𝑋2𝑋3 when 𝑋1, 𝑋4 and  𝑋5 are kept constant is shown on Figure 

5.3, A.  

 

 

Figure 5.3 - 3D-Response surface plots showing the effects of the independent variables with major influence on particle 

size (Y1) of RP-NLCs.  

A – Solid lipid concentration (X2) and surfactant concentration (X3), 

B – Surfactant concentration (X3) and number of carbons in the fatty acid chain length of the solid lipid (X5), 

C – Total lipids concentration (X1) and RP concentration (X4). 

 

By simultaneously increasing the concentrations of solid lipid and surfactant an increase on 

particle size was observed which is justified by the positive values of 𝛽23 = +129.6, p = 0.0002. 

Increasing the solid lipid content will increase the viscosity on the NLCs matrix and increase the surface 

tension, thus forming larger particles. Besides the steric stabilization resulting from the surfactant is 

less effective (Gonzalez-Mira et al., 2011, Han et al., 2008, Jia et al., 2010). Figures 5.3, B and C 

show the effect of 𝑋3 (surfactant concentration) and 𝑋5 (number of carbons in the fatty acid chain 

length) and their interaction 𝑋3𝑋5, and the effect of 𝑋1 (Total lipids concentration) and 𝑋4 (RP 

concentration) and their interaction 𝑋1𝑋4, respectively. There is a positive effect of  𝑋3𝑋5 on the 

particles size (𝛽35 = +127.4, p = 0.0002) (Figure 5.3, B). This means that increasing the hydrophobicity 
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of the solid lipid and the surfactant concentration leads to an increase on particle size. In this case, the 

effect of higher viscosity in the lipid nanoparticles matrix is also evident as was presented above which 

will potentiate the increase on particle size. On the contrary, the concentrations of total lipids (𝑋1) and 

RP (𝑋4) on the NLCs formulation and their interaction demonstrated to have a negative effect on the 

particle size (𝛽1 = –70.2, p = 0.0083; 𝛽4 = –81.6, p = 0.0034; 𝛽14 = –127.3, p = 0.0002) (Figure 5.3, 

C). The increase of total lipids and RP concentrations lead to smaller particles formation. 

5.3.1.2. Effect of independent variables on zeta potential 

The values of response 𝑌2 (ZP) ranged between –11.1 ± 0.5 mV and –24.3 ±1.8 mV (Table 5.2). 

The lowest value was obtained in formulation F5 with lowest levels (–1) of the independent variables 

except for the solid lipid concentration which was in the highest level (+1) (Table 5.1). Equation 5.3 

represents the linear and quadratic interactions of response 𝑌2.  

𝑍𝑃, 𝒀𝟐 = −17.5 + 2.2𝑋3 + 1.9𝑋5 − 1.0𝑋3𝑋4 + 2.8𝑋5
2

The regression coefficient from the equation (R2 = 0.90836) indicated a good fit and the average 

ZP value obtained from the 31 experiments was –17.5. The significant terms of this model were 𝑋3 

and 𝑋5 and both present a positive relation with the response (𝛽3 = +2.2, p = 0.00014 and 𝛽5 = +1.9, 

p = 0.00042, respectively). This can be illustrated in the Pareto chart obtained for ZP (Figure 5.4, A). 

The surfactant concentration (𝑋3) and number of carbons of fatty acids (𝑋5) were again, as for particle 

size, the independent variables that demonstrated to have most influence on ZP. As the surfactant 

concentration increases, the ZP also increase for less negative values once this factor has a positive 

effect on the response. The number of carbons in the fatty acid chain length of the solid lipid 

demonstrate a positive effect on ZP, meaning that when increasing the hydrophobicity of the solid lipid 

molecules, the ZP increases for less negative values. Both effects could be attributed to the 

accumulation of surfactant molecules on the NLCs surface probably due to hydrophobic interactions 

in which nonpolar groups of the molecules of surfactant and solid lipid could interact with each other 

(Bellissent-Funel, 1999, Thakkar et al., 2014). Despite RP concentration (𝑋4) present no significant 

effect on ZP, its interaction with the surfactant concentration (𝑋3𝑋4) demonstrated a negative effect on 

this response (Figure 5.4, B). 

(5.3) 
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ZP is an important variable that permits to predict the physical stability of dispersions. 

Theoretically, higher values of ZP (≥|30|) tend to stabilize the NLCs dispersion and aggregation 

phenomena are less probable to occur due to electrostatic repulsions between particles with the 

same electrical charge (Gonzalez-Mira et al., 2010, Pinto et al., 2014). In this study, all 

formulations presented ZP values above –24.3 mV which indicates that this parameter needs 

to be further improved, for instance, by changing the type of used surfactant. 

5.3.1.3. Effect of independent variables on entrapment efficiency 

For response, 𝑌3 (%EE) the obtained values in the 31 generated experiments ranged between 

20.7 ± 3.7% and 99.3 ± 0.3% (Table 5.2). Linear and quadratic interactions of 𝑌3 (%EE) are 

represented by Equation 5.4, which demonstrates that the influence of selected independent variables 

is statistically relevant with a regression coefficient of R2 = 0.94494 indicating a good fit and the mean 

value equal to 94.2%.   

%𝐸𝐸, 𝒀𝟑 = 94.2 − 9.4𝑋1 − 5.2𝑋2 − 5.0𝑋3 − 4.8𝑋5 − 5.9𝑋1𝑋2 − 6.0𝑋1𝑋3 − 5.8𝑋1𝑋5

− 5.5𝑋2𝑋5 − 5.2𝑋3𝑋4 (5.4) 

Figure 5.4 - On the left: (A) Pareto chart showing the estimate standardized effect of independent variables and their 

interactions on zeta potential (Y2). On the right: (B) 3D-Response surface plot showing the effects of surfactant concentration 

(X3) and RP concentration (X4) on zeta potential (Y2) of RP-NLCs. 
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The regression equation of response, 𝑌3 shows a negative relation with four independent variables 

(𝑋1, 𝑋2 𝑋3 and 𝑋5), that are significant for the response. In this case, the total lipids concentration (𝑋1), 

and the solid lipid concentration (𝑋2), were the factors that most influenced the response (𝛽1 = –9.4, p 

= 0.00007 and 𝛽2 = –5.2, p = 0.0046, respectively). This can also be evaluated by the analysis of 

Pareto chart (Figure 5.5) corresponding to 𝑌3. Moreover, it was demonstrated that 𝑋1𝑋3,  𝑋1𝑋2 and 

 𝑋1𝑋5 are the interactions that present an evident effect on the response (𝛽13 = –6.0, p = 0.0027, 𝛽12 = 

–5.9, p = 0.0031 and, 𝛽15 = –5.8, p = 0.0034, respectively), in the negative sense and that still, the

concentration of total lipids (𝑋1) is the key factor on %EE results. 

Figure 5.5 - Pareto chart showing the estimate standardized effect of independent variables 

and their interactions on entrapment efficiency (Y3). 

The mathematical relation between these three factors is illustrated by the correspondent 

response surface plots as shown in Figure 5.6 – A, B and C, respectively. Increasing simultaneously 

the concentrations of total lipids and surfactant have a negative impact on %EE, meaning that 

consequently there is a decrease on %EE values (Figure 5.6, A). Although, there are good results 

(above 78.7 ± 0.3 %) in the medium level (0) for surfactant concentration (2.5%). This can be attributed, 

as mentioned above in the case of particle size, to an optimum ratio of lipids and surfactant required 

to stabilize the lipid nanoparticles. Moreover, increasing the surfactant concentration will consequently 

increase the aqueous phase viscosity and thereby decreasing the diffusion speed of the lipophilic 

active compounds entrapped in the lipid matrix (Liu et al., 2007a, Mandpe and Pokharkar, 2015).  
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Figure 5.6 - 3D-Response surface plots showing the effects of the independent variables with major influence on 

encapsulation efficiency (Y3) of RP-NLCs.  

A – Total lipids concentration (X1) and surfactant concentration (X3), 

B – Total lipids concentration (X1) and number of carbons in the fatty acid chain length of the solid lipid (X5), 

C – Total lipids concentration (X1) and solid lipid concentration (X2). 

The increase of the total lipids concentration (𝑋1) simultaneously with the increase of the number 

of carbons on the fatty acid chain length of the solid lipid (𝑋5) and with the increase on the solid lipid 

concentration (𝑋2) also demonstrated to have a negative effect on the EE, % (Figure 5.6, B and C). 

Meaning that the formulations with higher levels (+1) (Table 5.2) of these factors revealed lower EE, 

% values. This can be related with two important aspects. The first aspect concerns the number of 

imperfections that can be formed in the lipid matrix. Decreasing the solid lipid concentration results in 

great imperfections on the crystal lattice of the lipid matrix, leaving enough space to accommodate a 

larger amount of drug resulting in an increase of %EE (Jenning and Gohla, 2001, Morales et al., 2015). 

The second aspect is associated with the solubility of the drug on the lipid matrix. Increasing the lipids 

concentration leads to the availability of a greater volume for solubilize the encapsulated drug (Reddy 
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et al., 2006) and increasing the amount of liquid lipids also improve the solubility of the drug and 

consequently the %EE (Mandpe and Pokharkar, 2015). 

5.3.1.4. Optimized RP-NLCs formulation 

An optimized RP-NLC formulation was obtained based on the results of CCD. Selected criteria 

were to minimize the particle size, adjust the surface electric charge of the particles to more negative 

values and maximize the entrapment efficiency. These criteria were applied to determine the profiles 

for predicted values and desirability using the response desirability profile tool of software STATISTICA 

10® (Figure 5.7).  

Figure 5.7 - Profiles of predicted values of independent variables for correspondent desirability of responses 

(particle size (Y1), ZP (Y2) and EE, % (Y1)). 

The optimum values of the independent variables in study were predicted according to the 

established desirability selected to each response (𝑌1, 𝑌2 and 𝑌3). Maximum, minimum and medium 

values of each dependent variable in study were determined (Table 5.1) and desirability levels were 

attributed to each one ranging from 0.0 for undesirable results to 1.0 for very desirable results (Figure 

5.7). Table 5.3 summarizes the composition of the optimized RP-NLC formulation with the values 

reached for each independent variable in study. 



Chapter V – Optimization of formulation parameters of nanostructured lipid carriers loaded with retinoids for topical administration 

133 

Table 5.3 - Composition of the optimized RP-NLC formulation. 

Composition (%) 

Formulation Total lipids 
Lauric acid 

(C12:0) 
Sunflower oil Tween 80 RP Water 

Optimized RP-NLC 2.5 2.0 0.5 1.5 1.5 94.5 

5.3.2. Characterization of optimized NLCs formulation loaded with retinoids 

The CCD approach was applied in determining an optimized formulation of NLCs loaded with RP 

which served as a model retinoid. Although, two adjustments in the optimized NLCs composition were 

performed. According to response desirability profile (Figure 5.7) the optimum number of carbons in 

the fatty acid chain of the solid lipid is 12, which corresponds to lauric acid (C12:0). However, DSC 

analysis of RP-NLC formulations with this solid lipid revealed a melting point below the body 

temperature (37°C), which is not suitable for topical administrations (Morales et al., 2015). The melting 

point of lipid nanoparticles increases with the length of the fatty acid chain, and decreases with the 

degree of unsaturation (Souto and Muller, 2010). For this reason, myristic acid (C14:0) was chosen as 

solid lipid. 

According to the experimental design results, the surface electrical charge of the particles (ZP) 

ranged between –11.1 ± 0.5 mV and –24.3 ± 1.8 mV which predicts a relatively low stability of the 

RP-NLC dispersions (Pinto et al., 2014). Thus, a different type of non-ionic surfactant, namely Span 

80, was used instead of Tween 80 in order to potentiate more negative values of ZP by 

stabilizing effectively the lipid matrix by steric hinderance due to its more lipophilic character 

(HLB = 4.3) (Teeranachaideekul et al., 2007a).  

Therefore, the formulation composition with Span 80 (1.5 wt%), total lipids (2.5 wt%) with myristic 

acid (2.0 wt%) and sunflower oil (0.5 wt%), was selected as the optimized NLC formulation to be further 

characterized. 

In order to evaluate the potential of the optimized formulation to incorporate other retinoids, TRT and 

ADP were incorporated separately in a lower concentration (0.1 wt%), as RP and the resultant lipid 

nanoparticles (RP-NLC, TRT-NLC and ADP-NLC) were characterized. The incorporation of 0.1 wt% 

of TRT and ADP was tested based on the reported concentration of commercially available topical 

gels and creams containing these retinoids used in the treatment of moderate acne (Guo et al., 2014, 

PDR, 2000). 
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5.3.2.1. Particle size analysis and physical stability 

The average particle size of the optimized RP-NLC, ADP-NLC and TRT-NLC dispersions were 

162.0 ± 1.0 nm, 148.7 ± 6.6 nm, and 134.5 ± 5.4 nm respectively (Figure 5.8) with correspondent PdI 

values of 0.187 ± 0.016, 0.207 ± 0.006 and 0.244 ± 0.019, indicating a uniform particle size distribution. 

The polydispersity parameter measures the homogeneity of particles and as PdI values were below 

0.250 they reflect relatively homogeneous particles, with low tendency of aggregation (Aslam et al., 

2016, Mitri et al., 2011).  

 

 

Figure 5.8 - Zeta potential values, Z-average particle sizes and polydispersity index 

(PdI) of the optimized NLC loaded with RP, TRT and ADP. 

The three NLC formulations showed an appropriate particle size in the nanometer range below 

200 nm. According to Kohli and Alpar, 2004 (Kohli and Alpar, 2004) this is an appropriate size for 

NLCs aiming topical administration, since they demonstrated that particles with sizes between 50 and 

500nm and negatively charged were able to permeate the skin. ADP-NLCs showed the lowest particle 

size (134.5 ± 5.4 nm) from the optimized dispersions formulated with the three tested topical active 

compounds. Comparing the three NLC dispersions formulated with RP, TRT and ADP it was observed 

that there is slight differences in particle size (RP-NLC>TRT-NLC>ADP-NLC). This may be attributed 

to the chemical structure of each retinoid (Figure 5.1) which might determine a specific conformational 

rearrangement in lipid matrix for each encapsulated compound. The formulation of RP-NLCs 

presented the highest particle size (162.0 ± 1.0 nm) most probably due to the hydrophobic tail of 

palmitic acid (C16:0) that defines the RP chemical structure. 

ZP values of NLCs formulated with each retinoid ranged between –48.0 ± 1.4 mV and –57.9 ± 

3.5 mV (Figure 5.8).The less negative value corresponds to RP-NLCs and the more negative value 

corresponds to TRT-NLCs. This indicates a very good colloidal stability for the three systems, as ZP 
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values ≥ |30|  assures particle stability and avoid the formation of aggregates by electrostatic 

stabilization (Pinto et al., 2014). This results show that an alteration in the type of surfactant, in this 

case, replacing Tween 80 which is a more hydrophilic surfactant (HLB = 15.0) by Span 80 which has 

a more lipophilic character (HLB = 4.3) led to significant improvements on the electrostatic and steric 

stabilization of the lipid nanoparticles.  

5.3.2.2. Morphology studies 

The morphology of the optimized NLC nanoparticles loaded with RP, ADP and TRT was 

evaluated by TEM analysis. Micrographs presenting views collected from different regions of dried 

suspensions of RP-NLCs, ADP-NLCs and TRT-NLCs, with different amplification factors are shown in 

Figure 5.9. All formulations display discrete particles with a well-defined spherical or near-spherical 

morphology and the preservation of a solid particulate structure in the lipid matrix.  

Analyzing in detail the morphology of the lipid matrix of each nanocarrier in study it is possible to 

observe some imperfections in the crystal lattice of the lipid matrix produced by the blend of liquid 

lipids with solid lipids, resulting in a considerable disturbance in the crystal order (Morales et al., 2015). 

These imperfections leads to an enhancement of the drug loading capacity by increasing the space to 

accommodate drug molecules and helps to improve its leaking which offers some flexibility in the 

modulation of drug release (Morales et al., 2015). Moreover, these images show that there are some 

differences in the structure of each lipid matrix indicating that this may be a consequence as mentioned 

above of a specific conformational rearrangement induced by the chemical structure of each 

incorporated retinoid. Another important aspect to notice is that the particle size are correspondent to 

those obtained by DLS analysis which validates both results. 

Figure 5.9 – TEM micrographs of optimized NLCs formulated with Span 80 as surfactant, SF oil and myristic acid 

(C14:0) as liquid and solid lipids and loaded with each retinoid in study, presented in views from different positions 

and amplification factors.  A1-2: Optimized NLCs loaded with RP; B1-2: Optimized NLCs loaded with TRT; 

C1-2: Optimized NLCs loaded with ADP. 
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5.3.2.3. Crystallinity studies 

DSC analysis was used to evaluate the interactions between lipids and incorporated drug, and 

the mixing behavior of solid and liquid lipids of the optimized NLC formulations with RP, TRT and ADP. 

The incorporation of a liquid lipid and drug to the solid lipid leads to modifications in the physical state 

or crystallinity of the solid lipid, in this case, myristic acid (C14:0). These lipid modifications in the 

nanocarriers matrix corresponds to determined gains or losses of energy that are measured by DSC 

as function of temperature (Aslam et al., 2016, Thakkar et al., 2014). DSC thermograms and 

determined parameters of optimized formulations of RP-NLC, TRT-NLC and ADP-NLC are presented 

in Figure 5.10 and Table 5.4.  

Endothermic peaks at 41.8 ⁰C, 42.0 ⁰C and 45.5 ⁰C were obtained, corresponding to the melting 

temperatures of TRT-NLC, RP-NLC and ADP-NLC, respectively. The concentration of added liquid 

lipid was equal in all formulations which indicates that the observed melting point depression in 

comparison with the pure solid lipid (56.8 ⁰C) was due to the incorporation of each lipophilic active 

compound, namely RP, TRT and ADP. However, the obtained blends are solid at body temperature 

and the melting temperature was higher than 40 ⁰C which is a prerequisite to develop NLC formulations 

for topical administration (Gonzalez-Mira et al., 2011). A decrease on the onset, endset and melting 

temperatures is associated to an increase on the crystal order disturbance, correspondent to the 

development of more imperfections in the lipid matrix (de Carvalho et al., 2013). 

Figure 5.10 – DSC thermograms of optimized NLC formulations prepared with SF as liquid lipid 

and loaded with RP, TRT and ADP. 

In this case, the endothermic peak from TRT-NLC formulation presented the highest decrease 

meaning that occurred an increase on the crystal order disturbance (Figure 5.10). However, when 
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comparing the obtained melting enthalpies and CI, % (Table 5.4), RP-NLC presented the lowest 

values for both parameters (∆H = –18.04 J/g, CI = 11.2 %) which possibly indicates the fusion of RP 

with the crystalline lipid matrix, converting it into an amorphous form. RP displays the lowest melting 

point (Mp (RP) = 28 ⁰C) when compared with the other two retinoids in study (Mp (TRT) = 181.7 ⁰C 

and Mp (ADP) = 324.8 ⁰C) which justifies these results and indicates the solubilization, or molecular 

conversion, of these active substances into a less ordered crystalline structure of the lipid matrix during 

the NLC production process.  

 

Table 5.4 - DSC parameters. Melting point (°C), enthalpy (∆H, Jg-1) and crystallinity index (CI, 

%) of the optimized NLC formulations loaded with RP, TRT and ADP. 

  Melting point, °C Entalphy,  -J/g CI, % 

RP-NLC 42.0 18.04 11.20 

TRT-NLC 41.8 21.45 13.32 

ADP-NLC 45.5 32.96 20.47 

Myristic acid 56.8 161.0 100.0 

 

5.3.2.4. Evaluation of entrapment efficiency and drug loading capacity  

To evaluate the solubilization capacity of the three selected retinoids into the solid and liquid lipids 

of optimized NLCs prepared with SF oil, the EE, % and the DL, % were determined (Figure 5.11). The 

highest value of EE, % was obtained with RP (84.4 ± 3.0%). Also, high values of EE, % were obtained 

for TRT and ADP, corresponding to 84.1 ± 7.8% and 73.7 ± 3.3% respectively (Figure 5.11).  

Although, it was noticed that using an optimized total lipids concentration, the capacity of the lipid 

matrix to accommodate each retinoid is different, based on their lipophilicity (Lacatusu et al., 2014), 

which explains the small differences in the obtained values of EE,% for RP and TRT. Moreover, these 

results are in agreement with those obtained with the crystallinity study, which indicated that the lipid 

matrices of RP-NLC and TRT-NLC presented more imperfections in the lipid core due to their low 

values of enthalpy and CI, %, thus providing a higher EE, %. 
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Figure 5.11 – Encapsulation efficiency of RP, TRT and ADP into the optimized NLCs and 

their correspondent drug loading capacity of the lipid matrix. 

 

The DL, % of the optimized RP-NLC, TRT-NLC and ADP-NLC formulations were 66.2 ± 0.9%, 

3.7 ± 1.4% and 3.4 ± 0.4% respectively (Figure 5.11). Although, the DL values that can be directly 

compared are those of TRT-NLCs and ADP-NLCs. For these formulations it was used the same 

bioactive substance concentration (0.1%) in the same total lipids concentration, corresponding to a 

theoretical maximum value of 5% DL capacity that could be reached. On the other hand, RP-NLC 

formulation contained a superior drug concentration (1.5%) for the same total lipid concentration used 

in the other two formulations (TRT-NLC and ADP-NLC), corresponding to a theoretical maximum value 

of 75% DL capacity that could be reached. Analyzing the differences between the DL, % and the 

correspondent theoretical maximum values, it was demonstrated the efficient capacity of the lipid 

matrices of the optimized formulation to load each type of these three retinoids, since the obtained 

values are very close of each maximum DL capacity.  

5.3.2.5. In vitro release studies 

Optimized NLC formulations with 1.5% RP, 0.1 % TRT and 0.1% ADP were subjected to in vitro 

release experiments through an equilibrium dialysis method. The release profiles of each retinoid 

encapsulated in the optimized NLC formulations were assessed against a control, with the same 

concentration of drug, correspondent to solutions of each pure retinoid as reference. The release 

profiles of all 6 batches are shown in Figure 5.12.  
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Figure 5.12 – Release profiles of RP, TRT and ADP from the optimized lipid nanocarriers 

and their correspondent control solutions. 

 

The three retinoids in study, encapsulated in the lipid nanoparticles demonstrated a very slow 

release pattern in the first hours (up to 5h) of the experiment followed by well-controlled release until 

48h. At the initial stage, ADP showed no release after 4h, but after 10h ADP released more quickly 

than the other two retinoids having reached a final cumulative release of 21.5 ± 1.3% at 48h. RP and 

TRT showed similar release patterns with a very well-controlled release along the 48h of the 

experiment reaching a cumulative release of 12.2 ± 2.7% and 9.1 ± 2.5%, respectively. These results 

may be related with the encapsulation efficiency study, meaning that the highest cumulative release 

of ADP is associated with its lowest encapsulation value. Moreover, the slow diffusion rates of RP and 

TRT from the lipid nanocarriers and their EE, % results demonstrate that these two retinoids were 

practically completely encapsulated inside the lipids core, presenting a better accommodation and 

preventing the diffusion from the nanocarriers (Lacatusu et al., 2014).  

As estimated, the diffusion of the three control solutions of retinoids was much faster and above 

60% after 48h (Figure 12). In this case was observed a more rapidly initial release until 10h with 

cumulative releases of 52.9 ± 1.2%, 59.1 ± 1.9% and 56.7 ± 3.1% for RP, TRT and ADP, respectively. 

The highest release value was also reached by the ADP control solution (80.7 ± 4.5%) which is about 

two times superior to the one for ADP encapsulated in the NLC particles. Similar results were obtained 

with the control solutions of RP and TRT which reached final cumulative release values of 73.1 ± 8.3% 

and 64.1 ± 3.8%, respectively.  

This in vitro release study demonstrated that the optimized NLCs present an appropriate lipid 

matrix structure capable to incorporate RP, TRT and ADP and to assure their slow release, thus 

minimizing their side effects and conferring chemical stability.  
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5.4.  Conclusions 

A new NLC formulation containing sunflower oil and produced by the miniemulsions methodology 

for the topical administration of retinoids was successfully developed and optimized through the use 

of a CCD approach. 

The polynomial equations and Pareto charts obtained from the CCD reasonably predicted the 

effects of the factors, or independent variables, and of their interactions that most affected each 

response, or dependent variables, in study. Therefore, it was found that the particle size and the 

surface charge of the lipid nanoparticles were mainly affected by the number of carbons on the fatty 

acid chain of the solid lipid and by the surfactant concentration. Also, the total lipids concentration 

mainly affected the encapsulation efficiency of RP, which was primarily used as a model drug for 

encapsulating on NLCs. 

The optimal reached composition of 2.5% of total lipids, comprising 2.0% of myristic acid and 

0.5% of sunflower oil and 1.5% of surfactant was effectively formulated and characterized with 1.5% 

of RP and 0.1% of TRT and ADP. The optimized RP-NLC, TRT-NLC and ADP-NLC formulations 

showed good particle sizes in the nanometer range below 134.5 ± 5.4 nm and high physical stability 

with zeta potential values above –57.9 ± 3.5mV which were improved by using Span 80 as surfactant. 

DSC thermograms showed that the melting temperatures of the three optimized NLC formulations 

loaded with retinoids were above 40 ⁰C which is a prerequisite for nanocarriers used in topical delivery. 

Moreover, the low enthalpy and crystallinity index values indicated the existence of imperfections in 

the lipid matrix of the nanoparticles which enables a higher encapsulation efficiency for drugs. Thus, 

as predicted the optimized lipid nanoparticles showed a high encapsulation efficiency for RP (84.4 ± 

3.0%), TRT (84.1 ± 7.8%) and ADP (73.7 ± 3.3%).  

The in vitro release profiles of these selected retinoids indicated a very well-controlled release for 

the three delivery systems, which contributes to reducing their secondary effects and physicochemical 

instability. Moreover, it was observed that ADP was released faster after 48h (21.5 ± 1.3%) and that 

RP and TRT displayed a slower release profile, reaching a cumulative released of 12.2 ± 2.7% and 

9.1 ± 2.5 %, respectively after 48h. These results can be sustained by those presented in the 

encapsulation efficiency study which determines that highest obtained cumulative release of ADP from 

the lipid nanoparticles is associated with its lower obtained encapsulation efficiency.  

This study provided a new optimized NLC formulation that was effectively applied for the 

encapsulation of RP, TRT and ADP and which was designated for further characterization through in 

vitro assays on reconstructed human epidermis, to serve the purpose of their topical administration. 
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6. In vitro administration of nanostructured lipid carriers on a reconstructed

human epidermis model

This study aimed to evaluate the efficacy for the topical administration of nanostructured lipid 

carriers (NLCs). NLCs were produced by the miniemulsions methodology using sunflower oil and 

myristic acid through an in vitro reconstructed human epidermis (RHE) model. Retinyl palmitate (RP) 

and α-Tocopherol (TOC), two very important antioxidant active substances commonly used in dermal 

formulations were selected as model drugs and were encapsulated into the lipid nanoparticles. The 

fluorescent dye DiO was incorporated along with TOC in the NLCs formulation to enable a qualitative 

characterization of the in vitro absorption studies. Physicochemical characteristics as particle size, 

zeta potential, entrapment efficiency, drug loading capacity and crystallinity of the lipid matrix of empty 

NLCs, RP-NLCs and TOC-DiO-NLCs were characterized. Additionally, it was also important to define 

their surface morphology, by atomic force microscopy and their internal structure, by transmission 

electron microscopy. Appropriate lipid nanoparticles for topical administration were obtained with sizes 

of ≈ 200 nm, good electrostatic stability (between -48 and -80mV) and melting temperatures above 

40°C.  In vitro absorption studies using the RHE model for RP-NLCs and TOC-DiO-NLCs were 

performed into customized Franz diffusion cells and quantitatively characterized by HPLC analysis 

and qualitatively characterized by fluorescence microscopy and confocal laser scanning microscopy 

(CLSM). RP and TOC permeation profiles showed a controlled release with cumulative amounts of 

270.5 ± 102.7 μg and 103.7 ± 50.6 μg, respectively after 24h. The CLSM analysis confirmed the results 

obtained by fluorescence microscopy, suggesting that TOC-DiO-NLCs remained primarily in the 

stratum corneum (SC) layers and enabled the permeation of the active compound across the cultured 

skin membrane. In vitro skin irritation testing on the RHE was also performed and demonstrated that 

the produced NLCs formulations were non-irritants. Thus, the produced NLCs proven to be a feasible 

strategy to enhance the topical administration of lipophilic actives. 

6.1. Introduction 

Skin is the most extensive organ of human body and a major barrier, protecting it from oxidative 

stress and photo-aging originated by exogenous sources as UV radiation, air pollutants, toxins and 

other precursor agents of reactive oxygen species and free radicals (Abla and Banga, 2013). Natural 

antioxidants, as vitamins, present effective anti-ageing, anti-inflammatory, anti-carcinogenic, and anti-

microbial properties and therefore, the topical supplementation of skin with these substances helps to 
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maintain its protective effect and fight the oxidative stress (Costa and Santos, 2017). Vitamins are 

frequently used in cosmetic formulations based on the concept that these bioactive compounds can 

efficiently permeate across epidermis into derma and subcutaneous tissues (Gabbanini et al., 2010). 

Still, there are few reports assessing the skin absorption of vitamins from cosmetic formulations 

(Gabbanini et al., 2010) but it is well established that these active substances have low skin 

bioavailability due to their reduced solubility, ineffective skin permeability and chemical instability 

during storage (Gasperlin and Gosenca, 2011). α-Tocopherol (TOC) and retinyl palmitate (RP) are 

examples of vitamins with strong antioxidant properties that have been widely used in cosmetic 

products (Abla and Banga, 2014, Oliveira et al., 2014, Sorg et al., 2005).  

TOC or vitamin E, is considered the most active, lipophilic, membrane-bound antioxidant in 

human skin where it acts in the slowdown of the collagen breakdown process (Abla and Banga, 2014, 

Mahamongkol et al., 2005). In addition, the topical delivery of TOC promotes skin protection against 

UV-induced lipid peroxidation, carcinogenic and mutagenic activity and chemical agents (Gasperlin 

and Gosenca, 2011, Thiele and Ekanayake-Mudiyanselage, 2007).  

RP belongs to the group of retinoids, is an ester of retinol (vitamin A) combined with palmitic acid 

(C16:0) and is the predominant form of vitamin A on epidermis. RP is enzymatically converted to retinol 

once it is absorbed by the skin and then to retinoic acid which is the biologically active retinoid 

(Oliveira et al., 2014). The topical application of RP is less irritating for the skin in comparison with the 

pure retinoic acid as consequence of the lengthier process that must take place for it to be converted 

into retinoic acid, but is equally effective (Fu et al., 2007). Although TOC and RP are being 

extensively used in cosmetic industry, there is limited information about their qualitative and 

quantitative absorption and distribution within the different skin stratums (Abla and Banga, 2013, Abla 

and Banga, 2014, Melot et al., 2009). Moreover, some antioxidants as the case of TOC and RP 

present poor water solubility, light sensitivity and mostly the second skin irritability (Abla and Banga, 

2013, Abla and Banga, 2014). In order to overcome these drawbacks, TOC and RP can be 

incorporated into lipid nanocarriers, protecting them from degradation, decreasing their side 

effects and guaranteeing their controlled targeted release (Montenegro, 2014). There are several 

types of lipid nanocarriers that have been used to incorporate antioxidants as solid lipid 

nanoparticles (SLNs), nanostructured lipid carriers (NLCs), nanoemulsions and nanocapsules, 

among others for improving skin therapy (Morales et al., 2015, Santos et al., 2008).  

Lipid nanoparticles are composed of solid lipids (SLN) dispersed in an aqueous medium and 

stabilized by surfactants forming O/W colloidal nanoemulsions or by a blend of solid and liquid lipids, 

in the case of NLCs (Costa and Santos, 2017). SLNs are the first generation of lipid nanoparticles 

presenting although, inferior drug loading capacity and stability in comparison with NLCs (Müller et al., 

2007). These later nanoparticle carriers are the second generation of lipid nanoparticles which due to 

the combination of an oil with the solid lipid creates imperfections in the crystal lattice of their lipid 

matrix forming more space to accommodate active substances (Morales et al., 2015). NLCs may 

enhance the penetration of active substances on skin due to their adhesiveness to the surface and 
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binding tightly to the skin they produce an occlusive effect that improves skin hydration and the 

diffusion of the formulation (Abla and Banga, 2014, Chen-yu et al., 2012).  

The development, manufacturing and quality control of cosmetics and dermatological products 

requires toxicological testing and hazard analysis to protect human health and the environment (Costa 

and Santos, 2017, Schafer-Korting et al., 2006). Animal welfare is of ethical concern of EU regulations 

thus, there is an urgent requirement to create and validate new alternatives to animal experiments 

(Gabbanini et al., 2010, Mittal et al., 2008, Schafer-Korting et al., 2006). Human skin models have 

become generally accepted for hazard analysis of derma-cosmetic products (De Wever et al., 2015). 

The Organization for Economic Cooperation and Development (OECD) approved test guidelines to 

study the skin absorption and irritation in vitro using reconstructed human epidermis (RHE) models 

(OECD, 2004, OECD, 2015). RHE is fairly similar to native human epidermis both in terms of 

morphology and lipid composition consisting on human keratinocytes and/or fibroblasts (De Wever et 

al., 2015, Lombardi Borgia et al., 2008). Despite being indicated as less selective than native 

epidermis, RHE can be used as a valid alternative for in vitro testing of topical formulations (Gabbanini 

et al., 2009, Gabbanini et al., 2010).  

Until date, there are still few reports describing the in vitro absorption and irritation of active 

substances incorporated in lipid nanoparticles on RHE models (Schlupp et al., 2011, Santos Maia et 

al., 2002) and even on native human epidermis (Abla and Banga, 2014, Oh et al., 2006). Moreover, 

the mechanism of the improved transport mediated by these nanocarriers is not yet fully disclosed 

(Schlupp et al., 2011).  

The design of dermal delivery systems requires the knowledge of principles to promote the 

incorporation of active substances into the carrier and also to mediate its consequent permeation 

through the skin (Lombardi Borgia et al., 2005). Therefore, it is essential and necessary to quantify 

the amount of incorporated active compound inside the lipid matrix and its localization at the target 

site. Marker agents (dyes or spin probes) can be incorporated along with active compounds into the 

lipid matrix of nanoparticles or be attached to their surface (Schlupp et al., 2011, Stecova et al., 2007). 

This allows to identify the location of the delivery system in a defined skin strata and to qualitatively 

characterize the permeation profile using fluorescence microscopy and image analysis (Lieb et al., 

1992). Additionally, confocal laser scanning microscopy allows the determination of the permeation 

profile of the nanoparticles or active compound to which is added the fluorescent probe across the skin 

layers (Schlupp et al., 2011).  

The present work proposes the characterization of NLCs formulations without and with the 

incorporation of two antioxidant vitamins as TOC and RP regarding their particle size and distribution, 

surface charge and electrostatic stability, lipid matrix crystallinity, and entrapment efficiency and drug 

loading capacity. Moreover, it aims to study the permeation and distribution of the formulated lipid 

nanoparticles across the RHE model strata, following the OECD Test Guideline 428. This procedure 

involved the incorporation of one fluorescent probe, DiO into NLCs containing TOC (TOC-DiO-NLCs) 

which method has not been yet reported in literature. Also, the skin irritability was also tested on RHE 
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models according the OECD Test Guideline 439, to validate the safety of all NLC formulations for 

topical administration. 

6.2. Materials and Methods 

6.2.1. Materials 

Solid lipid: myristic acid, C14:0 (Sigma Grade, ≥99%) was purchased from Sigma-Aldrich (St. 

Louis, MO, USA). Liquid lipid: Sunflower oil (SF) was food grade product (Fula, Portugal). 

Surfactant: Span 80 (Sorbitan monooleate, HLB 4.7) from Alfa Aesar (Haverhill, Massachusetts, 

EUA).  The aqueous phase of miniemulsions was prepared with Milli-Q water. Active compounds: α-

Tocopherol (TOC) was obtained from Glicerinas e Parafinas de Portugal (Lisboa, Portugal) and Retinyl 

pamitate (RP) was cosmetic grade product purchased from MakingCosmetics® (Snoqualmie, 

Washington, USA); Acetonitrile RS, diclorometane RS and methanol RS were purchased from CARLO 

ERBA Reagents S.A.S. (Z.I. de Valdonne, France) special for HPLC/1NMR. The fluorophores 

DiOC18(3) (3,3'-Dioctadecyloxacarbocyanine Perchlorate (DiO) and eBioscience™ DRAQ5™, 

Phosphate-Buffered Saline (PBS) pH 7.4, 1X and MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide) were purchased from TermoFisher Scientific (Waltham, Massachusetts, 

EUA); Formalin solution, neutral buffered, 10%, sacarose (Sigma Grade, ≥99.8%), the fluorophore  

4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI) and 2-Propanol BioReagent, for molecular 

biology, ≥99.5% were purchased from  Sigma-Aldrich (St. Louis, MO, USA); All other reagents were 

of analytical grade. 

6.2.2. Production of NLCs 

The miniemulsions methodology (Landfester, 2003) which is based on ultrasounds dispersion 

was used in the preparation of NLCs formulations. The lipid phase consisted in SF oil as the liquid 

lipid, and myristic acid (C14:0, melting point 54.4ºC) as solid lipid. Both lipids were mixed without or 

with each active compound (RP and TOC) and were heated to 10ºC above the solid lipid melting point 

to prevent lipid memory effect (How et al., 2013, Jores et al., 2004) until forming a uniform and clear 

oil phase. In formulations with TOC, the lipophilic tracer DiO was directly incorporated without any 

previous dilution in the lipid phase. The aqueous phase consisted in Span 80 as the surfactant, 

dissolved in Milli-Q water which was heated at the same temperature of the lipid phase. This phase 

was added to the aqueous phase and in a first step, both phases were mixed by magnetic stirring at 

300 rpm during 45 min. The resultant pre-miniemulsion was then fully homogenized with a probe-type 

sonicator (Sonopuls - Ultrasonic homogenizer, Bandelin, Germany) during 10 min. The final 
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nanoemulsion was subsequently cooled to room temperature and stored. Table 6.1 provides the 

detailed composition of each NLCs formulations which were prepared in duplicate.  

Table 6.1 – Composition of NLCs formulations. 

Formulations 

Total Lipids, 

wt% 

Myristic 

acid, wt% 

Sunflower 

oil, wt% 

Span 80, 

wt% 

Bioactive 

substance, wt% 

DiO, 

wt% 

Empty NLC 2.5 2.0 0.5 1.5 - - 

RP-NLC 2.5 2.0 0.5 1.5 1.5 - 

TOC-DiO-NLC 2.5 2.0 0.5 1.5 1.5 0.05 

6.2.3. Characterization of NLCs 

6.2.3.1. Analysis of particle size, PdI and surface charge of NLCs 

The particle size (z-Average) and its distribution expressed as the polydispersity index (PdI) were 

measured by dynamic light scattering (DLS), using a Malvern Zetasizer Nano ZS (Malvern 

Instruments, UK). All measurements were performed at 25°C and using a 170º scattering angle. The 

processing was run by the software of the equipment and the particle size data was evaluated using 

intensity distribution. Each sample without dilution was measured in triplicate and the data was given 

as average of three individual records. The reported values are the mean ± standard deviation (SD) of 

at least three different batches of each NLC formulation. Using the same equipment, ZP was 

determined by measuring the electrophoretic mobility of the nanoparticles in an electric field, using the 

Helmholtz–Smoluchowsky equation. Before measurements the samples were diluted with Milli-Q 

water (1:10, v/v). All measurements were performed at 25ºC, in triplicate and the mean ± SD value 

was reported. 

6.2.3.2. Evaluation of the lipid matrix crystalline state 

Differential scanning calorimetry (DSC) analysis was performed to analyse the crystalline state of 

NLCs without and with the incorporation of RP and TOC-DiO. The thermograms were recorded using 

a DSC 200 F3 Maia (Netzsch, Germany). A nitrogen purge was used to provide an inert gas 

atmosphere within the DCS cell at a flow rate of 60 ml/min. Approximately 5-6 mg of pure dried NLCs 

were weighted into standard aluminum pans and hermetically sealed. An empty pan was used as a 

reference. Each sample was submitted to a heating cycle from 20 to 110ºC, at the rate of 5ºC/min. 

The melting points (Mp, °C), and enthalpies (∆𝐻, 𝐽𝑔−1) were evaluated using the software Proteus 

Analysis (Netzsch, Germany). The determination of the crystallinity index (CI, %) was calculated from 



Chapter VI – In vitro administration of nanostructured lipid carriers on reconstructed human epidermis model 

148 

the enthalpy of fusion using Equation 4.2 (presented in chapter 4, section 4.2.3.3.). The solid lipid 

used in this study was myristic acid (∆𝐻 = 161 Jg-1, Mp = 56.8 °C). 

6.2.3.3. Determination of entrapment efficiency (EE) and drug-loading capacity (DL) 

The EE, % and DL, % were calculated by measuring the concentration of each bioactive 

compound in the dispersion medium of the nanoparticles using a reverse-phase high-performance 

liquid chromatography (RP-HPLC) method. The non-encapsulated bioactive substances were 

separated by an extraction procedure adapted from (Yakushina and Taranova, 1995) as it follows, 2.0 

mL of NLCs dispersions were transferred into a centrifuge tube with 2.0 ml of n-hexane (1:1, v/v). 

Then, the tube was sealed and the mixture was uniformly mixed with gentle magnetic stirring for 15 

min at 150 rpm. The mixture was then centrifuged at 3000 rpm for 10 min and the supernatant 

consisting on hexane extract was collected and evaporated under nitrogen to remove the organic 

solvent. The residue of each active substance was dissolved on the mobile phase for analysis. The 

HPLC analytic system was composed by a Lachrom, Merk-Hitachi L-7400 apparatus equipped with a 

quaternary pump, an auto-sampler unit and UV detector and by a Purospher® RP-18 endcapped 

column (Merk Millipore, EUA). The operating conditions for the RP-HPLC analysis were set based on 

the methodology described by Yakushina and Taranova, (1995) (Yakushina and Taranova, 1995), as 

follows. An isocratic elution was performed using a mixture of acetonitrile, methanol and 

dichloromethane (60:20:20) as mobile phase, at a constant flow rate of 1.0 mL/min. The UV detector 

was set at 325 nm for the detection of RP and at 290 nm for the detection of TOC. The method was 

linear for RP and TOC standard solutions in concentrations varying from 0.2 to 100 μg/mL. All 

standards and samples were filtered using a PTFE membrane 0.22μm (Merk Millipore, EUA) prior to 

injection and an injection volume of 10 μL was used in both methods. The EE, % and DL, % were 

calculated using Equation 3.1 (presented in chapter 3, section 3.2.3.2.) and Equation 4.1 (presented 

in chapter 4, section 4.2.3.2.), respectively.The reported results are the mean ± SD of at least three 

different batches of each NLC formulation. 

6.2.3.4. Morphologic and structural analysis 

The NLCs topography was analysed by atomic force microscopy (AFM) and the internal matrix 

structure of the lipid nanoparticles was observed by transmission electron microscopy (TEM).  

TEM Imaging was performed on a TEM equipment Hitachi H-8100 II (Tokyo, Japan) with 

thermionic emission (LaB6) and 200kV acceleration voltage, resolution of 2.7 Å point to point, 

equipped with an energy dispersive spectroscopy (EDS) light elements detector. The sample was 

prepared by placing a drop of the dispersion into a copper grid with 200-mesh coated with carbon 

membranes and dried at air for 5 min. The grids were then observed with a CCD MegaView II bottom-

mounted camera. 
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AFM procedure for NLCs surface analysis was performed according to (Paradiso et al., 2014). 

An AFM microscope NanoSurf Easyscan 2 (tip-scanning type) was used to get topographic images at 

a lower scale. A drop of NLCs dispersion previously diluted (1:10) was placed on a glass slide and left 

to dry. The scan was done at room temperature in AFM contact mode on areas of 20 × 20 μm2, at a 

scan rate of 1 Hz. Imaging data were analysed with the using the WSxM 5.0 develop 6.4 software.  

6.2.3.5. In vitro skin absorption studies 

6.2.3.5.1. Reconstruction of human epidermis on polycarbonate filters  

The reconstruction of stratified human epidermis on polycarbonate filters (inserts) was performed 

following the procedure described by De Vuyst et al. 2013 (De Vuyst et al., 2014) with a few 

adaptations (Appendix A) which briefly is as follows. Human epidermal keratinocytes were purchased 

from Life Technologies (Thermo Fisher Scientific, Massachusetts, EUA) instead of being obtained by 

biopsy. Once received, keratinocytes were placed at -80°C for two days and after they were moved 

into liquid nitrogen in order to reduce viability losses. The procedure of thawing the keratinocytes for 

culture growth in serum-free conditions was followed as recommended by Life Technologies for these 

type of cells. All further steps of the procedure, including the preparation of culture medium and 

trypsinization were proceeded according to De Vuyst et al. 2013 (De Vuyst et al., 2014). 

6.2.3.5.2.     Permeation study using Franz diffusion cells 

In vitro release studies of TOC-DiO-NLC dispersions were performed using engineered static 

Franz diffusion cells designed in the Biomolecular Diagnostic research group at Instituto de Tecnologia 

Química e Biológica da Universidade Nova de Lisboa (ITQB NOVA, Oeiras, Portugal) with an effective 

diffusional area of 1.45 cm2 and a chamber capacity of 13.9 mL to properly accommodate the inserts 

used to support the RHE (Figure 6.1, A).  

The study was conducted according to the conditions established in the OECD Guideline 428 

(2004) (OECD, 2004). The inserts supporting the formed RHE were mounted on the receptor 

compartment of Franz diffusion cells which were filled with the receptor medium and were left to 

hydrate during 1h in a thermostatic water bath at 37°C ± 0.5°C with constant stirring at 250 rpm. The 

receptor fluid consisted in a solution of ethanol: water (1:1 v/v) used to test lipophilic substances and 

ensuring that sink conditions are maintained. After the hydration period, the filters position was verified 

to avoid bubbles formation and 500 μL of the nanoparticles dispersion were applied to the donor 

compartment, sealing all orifices with parafilm to prevent evaporation. Aliquots of 1 mL were withdrawn 

at established time intervals (up to 24 h) and replaced with the same volume of fresh receptor medium. 

The experiment was performed using five Franz diffusion cells running in parallel with the same 

conditions, having into account the variability of the cultured tissues and the results were expressed 

as mean ± SD (Figure 6.1, B and C). 
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Figure 6.1 – Franz diffusion cell apparatus. (A) Customized Franz cell and polycarbonate filter (insert); (B) 

Thermostatized water bath; (C) Five Franz cells running in parallel with the same conditions. 

All samples were collected for vials and kept at -20°C until analyzed by HPLC as described in 

section 2.3.2. The cumulative amount (𝑄𝑡) of TOC permeated through RHE supported by a 

polycarbonate filter was calculated by the Equation 6.1:  

𝑄𝑡 =  (𝐶𝑛 × 𝑉𝑠 + ∑ 𝐶𝑖 × 𝑉𝑟

𝑛−1

𝑖−1
) /𝑆 

where 𝐶𝑛 is the bioactive substance concentration (μg/mL) in the receptor medium at each sampling 

time “n”, 𝐶𝑖 is the bioactive substance concentration (μg/mL) at time “i”, 𝑉𝑟 (mL) is the volume of the 

receiver solution, 𝑉𝑠 (mL) is the volume of the sample and 𝑆 characterizes the sectional area of tissue 

(cm2). The cumulative amount (µg/cm2) of TOC was plotted as a function of time which enabled to 

determine the permeation rate at steady state (𝐽, µg/cm2h) from the slope of the linear regression. The 

lag time (h) was determined by extrapolating the linear portion of the curve to the X-axis (when y=0). 

The permeability coefficient (𝑃, x10 – 4 cm/h) was calculated by the Equation 6.2:

𝑃 = 𝐽/𝐶0

where 𝐽 is the steady state flux (µg/cm2 h) and 𝐶0 is the initial drug concentration in donor side (μg mL-

1) (Ren et al., 2014).

(6.1) 

(6.2) 
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6.2.3.5.3. Histological analysis and fluorescence microscopy 

For the histological analysis after the permeation studies, the inserts were removed from the 

Franz diffusion cells and their surface supporting the RHE was carefully washed with PBS, pH 7.4 (1X) 

with 1 mL to remove remained TOC-DiO-NLCs. After this step, the inserts were fixed in 10% acetic 

formalin for a minimum of 24h at room temperature. Right before being cryopreserved, the RHE on 

polycarbonate filters was detached from the inserts using a small scalpel and then they were immersed 

in sucrose 30% to cryoprotect the tissues. The cryofixation of the tissues was followed by cryostat 

sectioning, cutting 25 μm thick sections before preparing 6 μm for histological analysis. Some tissue 

sections were conventionally stained with hematoxylin-crythrosine to allow a regular morphological 

analysis of RHE while others were hydrated and stained with DAPI for fluorescent staining DNA of 

cells nuclei. The tissues were then examined by light microscopy and analytical fluorescence light 

microscopy using an inverted  microscope Nikon Eclipse 2000-S (Tokyo, Japan) equipped with a 60x 

scanning objective (Plan Fluor, Nikon, Tokyo, Japan) and a 10x eyepiece. Images were recorded by 

a camera (Evolution MP colour Media Cybernetics, Rockville, USA) coupled to the microscope and 

using the software Image-Pro Plus 7 (Media Cybernetics, Rockville, USA). For fluorescence imaging 

the filters Nikon B-2E/C and Nikon UV-2E/C were used to detect DAPI and DiO fluorescent stains, 

respectively. ImageJ public-domain software was used to analyze and process the images.  

6.2.3.5.4. Confocal laser scanning microscopy (CLSM) 

For CLSM, the inserts were previously prepared as described for the histological analysis. After, 

the RHE on polycarbonate filters was detached from the inserts using a small scalpel and stained with 

DRAQ5, diluted 1:1000 in PBS to visualize cell´s nuclei. The tissue was then embedded in PBS and 

mounted with epidermis side faced down on glass coverslips. This sample was then microscopically 

examined without any additional tissue processing on a Leica SP5 confocal system mounted on a  

Leica DM6000 inverted laser scanning microscope (Wetzlar, Germany)  equipped with an Argon-ion 

laser (458,476,488,514nm lines) + 561nm and 633nm lasers and with 3x spectral PMT detectors.  

Confocal Z-series stacks were acquired using a 20x 0.7NA objective and spectral detection adjusted 

for the emission of DiO and DRAQ5 fluorescent probes with 488nm and 568nm laser lines. 3D 

reconstructions and XZ stacks were obtained using Leica's LAS-AF software. 

6.2.3.6. In vitro skin irritation test  

RP-NLCs, TOC-DiO-NLCs formulations and the respective loaded active substances were tested 

for skin irritation. The procedure of the in vitro skin irritation test was followed as described by 

Kandárová et al. 2009 (Kandárová et al., 2009) and according to the conditions established on OECD 

Test Guideline 439 (OECD, 2015). This test is based on the production of reversible damage to the 

skin following the application of a test substance (OECD, 2015). Some adaptations to the procedure 

https://www.google.pt/search?q=Wetzlar+Alemanha&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDQvSclVgjAts4yrtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFAJewRmNEAAAA&sa=X&ved=0ahUKEwjckpiX3d_ZAhWI0xQKHcraDRsQmxMIuQIoATAV
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were introduced as the use of the RHE model that was cultured in our lab (Appendix A) which was 

applied for discrimination between irritants of United Nations Globally Harmonized System (UN GHS) 

category 2 or 1 and non-irritants (Kandárová et al., 2009, Nations, 2007). This test occurred during a 

period of 3 days, consisting of a 60 minute exposure on day 1 and 42 hour post-incubation time and 

MTT viability assay on day 3 with medium exchange on day 2. A single testing run was composed by 

three replicate RHE tissues for each test substance (empty NLC, TOC, RP, TOC-NLCs and RP-NLCs), 

as well as for the positive control (SDS, 5% w/v aqueous solution) and for the negative control (PBS 

solution). The substance exposure lasted for 60 min of which 35 min the tissues were kept in an 

incubator at 37°C. The tissue surfaces were then extensively washed to remove the test substances 

and after being blotted was added fresh medium. After 24h this medium was exchanged and the 

tissues were incubated for an additional period of 18h. At the end of the 42 hour post-incubation time, 

the cell viability in RHE model was measured by an enzymatic conversion of the vital dye MTT. The 

tissues were transferred into a MTT solution and incubated for 3h and the resultant purple-blue 

formazan salt was extracted using isopropanol during 2 hours. The optical absorption of the extracted 

formazan was determined using a microplate reader spectrophotometer (SpectraMax 340, Molecular 

Devices, San Jose, USA). A test substance is classified as an irritant if the tissue viability is reduced 

50% relatively to the treated tissues as negative control. 

 

 

6.3.  Results and Discussion 

6.3.1. Physicochemical characterization of produced NLCs 

6.3.1.1. Particle size and physical stability 

NLCs formulations were characterized regarding their particle size, the respective polydispersity 

index (PdI) values and surface charge, prior the evaluation of their performance on a RHE model. 

Table 6.2 summarizes the obtained values for empty NLCs, RP-NLCs and NLCs loaded with TOC and 

with the fluorophore DiO (TOC-DiO-NLCs, with its composition on Table 6.1). As expected based on 

previous results (Chapters 4 and 5), the encapsulation of RP and TOC-DiO promoted a slight increase 

on particle size (appx 7% for RP-NLC and appx 15% for TOC-DiO-NLCs) in comparison with the 

formulation of empty NLCs which presented the lowest value (173 ± 3.6 nm). This demonstrate the 

dependence of the particle size on the concentration of the loaded active (Kuchler et al., 2009). The 

conformational rearrangement between the lipid matrix and the encapsulated compounds may be 

dependent of the molecular architecture of the active substance, which may justify the differences in 

particle sizes with the same lipids formulation and different active compounds or without any 

incorporation.  
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It should also be noted that the PdI values for the studied formulations were all lower than 0.3, 

which is considered an optimal value for the dispersion and homogeneity of these nanoparticles (Iqbal 

et al., 2012). Empty NLCs were highly homogeneously distributed with a very low PdI value of 0.181 

± 0.013 and also NLCs loading each RP and TOC-DiO revealed a uniform size distribution, presenting 

very close PdI values (Table 6.2).  

The particle size is a very important parameter that influences the effects of NLCs on skin, as for 

instance their occlusion effect and permeation (Sala et al., 2018). As referenced by Mardhiah Adib et 

al., 2016 (Mardhiah Adib et al., 2016) the particle size should be less than 260 nm for achieving skin 

absorption due to a higher occlusion and interaction with the skin surface. Moreover, by manipulating 

the particle size of lipid nanoparticles, different occlusion effects can be obtained (Souto and Müller, 

2007). 

The surface charge of the prepared lipid nanoparticle formulations was expressed by the obtained 

ZP values which were all below –30 mV (Table 6.2), assuring an electrostatic stability for the prepared 

NLCs formulations (Vitorino et al., 2014). It was observed an accentuated difference between the ZP 

values of TOC-DiO-NLCs formulation in comparison with the two others. This may be attributed with 

the location of the encapsulated active that could be entrapped on the inside of the lipid matrix or could 

be located on the surface of the nanoparticle, interacting with the surfactant layer. In this case, the ZP 

values obtained for empty NLCs (–50.2 ± 1.1 mV) are close to those obtained for RP-NLCs (–47.8 ± 

1.1 mV), which may indicate that RP, being and lipophilic compound could be interacting with the lipids 

matrix inside the nanoparticles core, while the TOC-DiO, could be located more to the surface of the 

nanoparticles. On the other hand, the fluorescence of DiO probe may be interfering on this result since 

the ZP values obtained for TOC-NLCs without this fluorophore were -52.0 ± 0.9 mV, which is a more 

close value to those obtained for empty NLCs and RP-NLCs. The surface charge characterized by ZP 

values is another important parameter to be considered regarding the performance of NLCs on skin. 

Despite the information about the electrostatic stability of the nanoparticles, the ZP values also 

determine the absorption conditions on skin as the diffusion coefficient or the type of skin permeation 

pathway (Benson, 2012).   

6.3.1.2. Crystallinity of lipid matrix and loading efficiency 

The crystallinity state and the loading efficiency of the produced NLCs formulations were 

evaluated as these factors are described to mutually interplay on the release modulation of active 

compounds (Müller et al., 2016). DSC analysis was performed to evaluate the crystallinity state of 

empty NLCs, RP-NLCs and TOC-DiO-NLCs (Table 6.2). The resultant enthalpies and crystallinity 

indexes of RP-NLCs (-18.61 J/g, 11.6 %) and TOC-DiO-NLCs (-17.65 J/g, 11.0 %) were considerably 

lower in comparison with empty NLCs (-33.02 J/g, 20.5 %). This indicates that the incorporation of RP 

and TOC resulted in a disturbance of the lipid crystal lattice also verified by a slight decrease on the 

respective melting temperatures (Table 6.2). Depending on the solubility of the encapsulated active 
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compound, crystallization of the melt can result in a monolithic solid solution or a solid dispersion 

containing the active compound in a homogenous distribution or forming clusters (Schäfer-Korting et 

al., 2007). In this case, the obtained low crystalline indexes indicated that most probably the 

nanoparticles solidified after cooling but did not recrystallized, remaining in an amorphous state. 

 

Table 6.2 – Physicochemical properties, DSC parameters and loading efficiency of produced formulations with 

empty NLCs, RP-NLCs and TOC-DiO-NLCs. 

 Empty NLCs RP-NLCs TOC-DiO-NLCs 

Particle size (nm) 173 ± 3.6 186 ± 5.4 200 ± 8.6 

Polydispersity index 0.181 ± 0.013 0.297 ± 0.038 0.239 ± 0.028 

Zeta potential (mV) -50.2 ± 1.1 -47.8 ± 1.1 -80.7 ± 2.3 

Onset temperature, °C 51.0 39.8 39.3 

Melting point, °C 54.1 44.6 43.9 

Endset temperature, °C 56.4 47.0 45.6 

Enthalpy,  -J/g 33.02 18.61 17.65 

Crystallinity index, % 20.5 11.6 11.0 

Entrapment efficiency, % - 85.5 ± 3.8 80.8 ± 11.4 

Drug loading capacity, % - 69.6 ± 1.2 66.8 ± 9.4 

 

 

The entrapment efficiency and loading capacity results are in agreement with the previous 

findings (Chapters 4 and 5), as the lipid matrix composition of produced NLCs demonstrated a high 

ability to incorporate RP and TOC with EE,% values of 85.5 ± 3.8% and 80.8 ± 11.4%, respectively 

and high DL, % of 69.6 ± 1.2% and 66.8 ± 9.4% from a theoretical maximum value of 75%. Different 

types of mixed lipids form less densely packed lattices favouring the incorporation of active 

compounds. Moreover, the number of defects increases in lipid mixtures of which are either solid or 

fluid at room temperature (Schäfer-Korting et al., 2007), which is the case for RP-NLCs and TOC-DiO-

NLCs. In fact, the loading efficiency increases with reduced or lacking crystallinity (Jores et al., 2005).  

The melting temperatures of the produced NLCs are higher than 40 ⁰C (Table 6.2) which confirms 

that the nanoparticles are solid at body temperature, being fulfilled the prerequisite for their topical 

administration (Gonzalez-Mira et al., 2011). 
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6.3.2. Analysis of surface morphology and internal structure 

Primarily to in vitro absorption skin studies, TEM analysis was performed to analyze the 

morphology and internal structure of RP-NLCs and TOC-DiO-NLCs and AFM was complementary 

used to evaluate their shape and morphological surface. The diameter of the nanoparticles observed 

in the TEM (Figure 6.2, A) corroborates the DLS measurements (RP-NLCs presented an average 

particle size of 186 ± 5.4 nm and TOC-DiO-NLCs of 200 ± 8.6 nm). Also, TEM images showed particles 

with a compact internal structure which illustrates the results obtained from the DSC analysis.  

On the other hand, the AFM images (Figure 6.2, B) obtained in contact mode showed flattened 

nanoparticles with a slight higher particle size of approximately 250 nm for RP-NLCs and 350 nm for 

TOC-DiO-NLCs and only 3–5 nm in height. This may be due to the occurrence of particle adhesion to 

the glass slide surface which supports the nanoparticles during the vacuum drying process for sample 

preparation (Hu et al., 2005), inducing a slight expansion over their diameter and consequently the 

deformation of their spherical shape into more flattened particles. This results are very close to those 

reported by Hu et al. 2005 (Hu et al., 2005), that used this technique in tapping mode to characterize 

NLCs prepared with stearic acid and oleic acid by the high pressure homogenization methodology. 

The three-dimensional AFM analysis showed some discrepancies regarding the surface morphology 

and texture of each NLCs formulations (Figure 6.2, B), indicating that the TOC-DiO-NLCs formulation 

is more dense presenting lower flattened particles. 

Figure 6.2 – (A) TEM images of both prepared formulations containing RP-NLCs and TOC-DiO-NLCs (B) AFM images of RP-NLCs and 

TOC-DiO-NLCs in contact mode: 2D captured cross-sections (left); three-dimensional (3D) image from the captured cross-sections 

(middle); respective cross-section height profiles (right). 
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6.3.3. In vitro skin absorption studies 

6.3.3.1. In vitro permeation profiles on a RHE model 

The permeation profiles of RP-NLCs and TOC-DiO-NLCs were studied to evaluate the release 

profile and skin absorption of these two antioxidant actives, using a RHE model which may replicate 

the topical absorption by native human epidermis. This study was performed in sink conditions, using 

a concentration of 1.5 % of each active substance in the same NLCs composition (Table 6.1). The 

release profiles of RP and TOC were drawn to compare the absorption of each RP-NLCs and TOC-

DiO-NLCs formulation (Figure 6.3). Additionally, the permeation parameters, including the permeation 

rate at steady state (J, μg/cm2 h) and the skin permeability coefficient (P, x 104 cm h), were determined 

and are listed in Table 6.3. 

Figure 6.3 – In vitro permeation profiles of RP and TOC cumulative amounts released from NLCs 

through a RHE model. Plots were obtained from two experiments with each tested active compound 

running in the same experimental conditions with five replicates. 

As shown in Figure 6.3, irrespectively of their lipophilicity, RP and TOC permeated through the 

RHE model presenting a controlled release over a period of 24h, although, RP was released much 

more rapidly than TOC. NLCs may enhance the permeation of these two actives in two ways, firstly 

the active substance is carried through SC and there it accumulates; and secondly, a concentration 

gradient favors the permeation to occur improving a rapid diffusion and inducing a higher flux (Ren et 

al., 2014). The diffusion process is dependent of the physicochemical properties and solubility of the 

analyses in the aqueous receptor fluid. As RP and TOC are two very apolar compounds (log Pow (TOC) 

= 12.2 and log Pow (RP) = 15.51, as respective partition coefficients), they present a very unfavorable 

partition (donor/ receptor) which is not balanced by the larger concentration gradient (Gabbanini et al., 
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2010). Also, it was expected that TOC being less apolar then RP would present a higher solubility in 

the aqueous receptor and consequently a higher diffusion and skin permeability coefficient. However, 

RP presented a much higher permeation rate and permeability coefficient than TOC (Table 6.3). This 

may be justified by the enzymatic conversion of RP to retinol after being absorbed by the skin 

(Oliveira et al., 2014), losing its fatty acid chain that may be more deeply incorporated into the lipid 

matrix of the nanoparticles and delivering the less apolar retinol (log Pow (Retinol) = 7.6). Generally, 

retinoids remain mainly on the surface of epidermis as they present low permeation into skin, mainly 

due to the SC being an effective barrier or because the molecules are broken before percutaneous 

absorption (Clares et al., 2014, Teixeira et al., 2010). Although, it is hypothesized that after the 

release of retinol from the NLCs in the SC, the aliphatic chain of retinol will insert itself within the 

aliphatic chains of the SC lipids and fluidized them which will allow a faster diffusion through it (Abla 

and Banga, 2013, Melot et al., 2009). 

Table 6.3 – Cumulative percentage amount, lag-time and permeability parameters 

(permeation rate at steady state, J and skin permeability coefficient, P) for RP and TOC 

released from NLCs through an in vitro RHE model. 

RP-NLCs TOC-NLCs 

Cumulative % amount* (%/cm2) 

Total mass* (μg) 

Lag-time (h) 

P (x10 – 4, cm/h) 

J (µg/cm2h) 

R2 

0.11 ± 0.04 

270.5 ± 102.7 

1.2 ± 0.3 

19.9 ± 5.6 

29.9 ± 8.4 

0.9933 

0.04 ± 0.02 

103.7 ± 50.6 

3.9 ± 0.2 

5.1 ± 2.8 

7.6 ± 4.1 

0.9922 

* values obtained after 24h of the absorption study.

The lag-time for RP-NLCs was about 1h, reaching a cumulative released amount of 270.5 ± 

102.7 μg after 24h, while the continuous permeation of TOC only started after about 4h until reach a 

cumulative released amount of 103.7 ± 50.6 μg after 24h (Table 6.3). Clares et al. 2014 (Clares et 

al., 2014), performed an ex vivo permeation study for RP loaded in SLNs through native human 

epidermis and also obtained a continuous permeation of RP, approximately 1h since the beginning of 

the experiment but however, a much lower cumulative amount of 3.64 ± 0.28 μg after 38h was 

obtained. Abla and Banga 2014 (Abla and Banga, 2014), reported that TOC loaded in NLCs did not 

permeated through native human skin over a period of 24h. These are contrary results to those 

obtained in the present study which can demonstrate that the used RHE may not be a reliable model 

for dermal penetration studies. In vitro RHE models have proven to be useful in toxicity, 

pharmacology and efficacy studies, clearly offering advantages compared to the use of human 

cadaver/ or animal skin in terms of reproducibility, availability in large numbers, metabolism, and 

typical ‘‘tissue response’’, 
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although these models are not exact copies of human skin in vivo and in fact their biggest limitation is 

still their relatively weak barrier function (De Wever et al., 2015). Thus, in order to validate this results 

it would be advantageous to perform an ex vivo permeation study using native human skin, since it 

was not found in literature another study describing the in vitro permeation of NLCs through a RHE 

model. 

To estimate the influence of the formulated nanocarriers on the bioavailability of the active 

compounds, the obtained results were compared with those reported by Gabbanini et al. 2010 

(Gabbanini et al., 2010), which performed an in vitro analysis of retinol acetate and TOC from 

different types of cosmetic formulations (O/W and W/O emulsions) through a RHE model. The 

reported results shown that formulations having water in the external phase (O/W emulsions or 

lotions), released the vitamins significantly more rapidly than W/O emulsions, although the 

actual contribution of the formulation depended on the physicochemical properties of the 

analyte. Retinol acetate in O/W emulsions showed a permeation rate of 0.063 ± 0.019 mg/cm2 h 

and a permeation coefficient of 0.36 ± 0.11 x 105 cm/h which were much lower values compared with 

those obtained in this study for RP (Table 6.3) with a much higher lag-time of 6.15 ± 1.38 h in 

comparison with 1.2 ± 0.3 h obtained in this study. In the case of TOC in O/W emulsions, the 

reported lag-time was > 21h and the permeation parameters were both approximately 0. This 

results indicates that the formulated NLCs were effective carriers for both RP and TOC 

demonstrating a controlled release over a period of 24h and enhancing the permeation of these two 

antioxidants though the skin. 

6.3.3.2. Histology and fluorescence microscopy analysis 

The cultured skin membranes were histologically examined to evaluate the effect of TOC-DiO-

NLCs 24h upon their administration. The tissues exposed to this fluorescent-labeled lipid 

nanocarriers displayed barrier properties and other morphological features similar to the RHE model 

that was not subjected to the absorption assay, presenting a general epidermal architecture 

resembling native epidermis (Figure 6.4, A and B). After the absorption study the tissues presented 

a uniformly layered SC with larger Interlamellar gaps between SC and the topmost layer of the 

epidermis (Figure 6.4, B). This effect might probably be attributed to the hydration and occlusion 

capacity of NLCs. These findings are in agreement with the results obtained by Clares et al, 2014 

(Clares et al., 2014), who also noted the same features on native human skin revealing a significant 

increase in skin hydration provided by the administration of lipid nanoparticles. The occlusion 

capacity is very a desirable property for topical formulations, since the hydration content is one of 

the most important factors that help in maintaining optimum skin conditions (Souto and Muller, 

2008). This effect occurs after the dermal application of lipid nanoparticles that adhere to the skin 

forming a thin film layer which prevents water loss and dehydration. This effect is size dependent and 

thus, smaller the size of the particles is, the higher is the occlusion factor (Muller et al., 2011). 
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Fluorescence microscopy was used to visualize the location of TOC-DiO-NLCs and to 

qualitatively characterize the permeability profile of TOC. At the end of the in vitro absorption study, 

the permeation profile of TOC-DiO-NLCs was analyzed by fluorescence microscopy (Figure 6.4, C). 

The green fluorescent fluorophore DiO was incorporated into the lipid matrix in order to localize of the 

lipid nanoparticles and the blue fluorophore DAPI was used to characterize the cells nuclei. The DiO, 

a lipophilic tracer belonging to the carbocyanine family has been used as a marker of PLGA (poly 

(lactide-co-glycolide)) nanoparticles (Gaumet et al., 2009, Shah et al., 2012), of lipid nanocapsules 

and Acinetobacter baumannii bacterial membrane (Montagu et al., 2016). The visualization of obtained 

Figure 6.4 – Photomicrographs of skin cross-sections after the in vitro skin absorption study with TOC-DiO-NLCs.  

(A) Histological characterization of the used RHE model on a polycarbonate filter. Skin cross-section (6 μm) of RHE 

cryopreserved in 30% sucrose and stained with hematoxylin-crythrosine; (B) Histological characterization of the used 

RHE model after the in vitro skin absorption study in Franz diffusion cells; (C) Fluorescence microscopy image 

characterizing the in vitro skin absorption study of TOC-DiO-NLCs. The fluorescence image of one cryopreserved 

RHE cross-section was obtained using the software Image J by merging two fluorescence channels from the same 

micrograph. The blue colour corresponds to the fluorescent probe DAPI (Ex/Em of 358/ 461nm) that stains the cells 

nuclei and the green colour corresponds to DiO fluorescence (Ex/Em of 484/ 501nm) of labelled TOC-DiO-NLCs. 
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fluorescence microscopy images qualitatively indicates the most pronounced trends of fluorescent 

staining located at the various skin strata.  It was observed that the TOC-DiO-NLCs are primarily 

located at the upper layer in SC where the green colour is more intense. At the bottom, where the 

polycarbonate filter is located, is also observed green fluorescence which may possibly be justified by 

the passage of TOC-DiO through this membrane. As demonstrated, intact lipid particles do not 

penetrate into SC, although the permeation and absorption of their components (lipids and 

surfactant) through the skin is to be expected (Lombardi Borgia et al., 2005). 

6.3.3.3. Qualitative skin permeation profile by CLSM 

The localization of TOC-DiO-NLCs was also visualized by CSLM after the in vitro absorption 

study. The major advantage of CLSM is that the tissue to be analyzed is optically sectioned without 

tissue fixation and/or sectioning, thus enabling the visualization of the depth-dependent distribution of 

fluorescent probes to be visualized (Alvarez-Roman et al., 2004, Teixeira et al., 2010). This technique 

can provide information on the penetration pathway or permeation route of substances or particles 

across the skin (Contri et al., 2011).  

Before the analysis, skin cross-sections were hydrated and stained with the fluorescent probe 

DRAQ5 that was used to label the cell nuclei, in red and contrast with the fluorescence-loaded 

nanoparticles represented in green.  Figure 6.5 shows a cross-section of skin layers from xz – image 

stacks (A) and the resultant 3D reconstructions of confocal z-stacks from the same skin section. The 

TOC-DiO-NLCs green color fluorescence indicates a uniform permeation into skin, being more 

accentuated in the SC and decreasing through the deeper layers of the epidermis model (Figure 6.5, 

A). It was thus confirmed what was observed by fluorescence microscopy analysis, that the lipid 

nanoparticles stayed mostly in the first skin layer, the SC. This uniform permeation may indicate that 

the penetration pathway of TOC-DiO-NLCs is intercellular through thin pores of the skin (Teixeira et 

al., 2010). Also, it was observed that the nanoparticles distribution along the skin surface was not 

homogeneous. At some specific spots it was detected targeted aggregates of TOC-DiO-NLCs 

characterized by an increase in green fluorescence forming large dots (Figure 6.5, B). This findings 

may confirm the accumulation of nanoparticles at thin pores of the skin, then following the intercellular 

permeation pathway.  

Published data indicated that ibuprofen-loaded microemulsions accumulated primarily in SC and 

then permeated the skin through viable native human dermis and preferentially through the follicular 

route (Ren et al., 2014). In a different way, nanospheres of poly(l-lactide-co-glycolide) covalent-

bounded with fluorescein and Texas Red as drug model did not permeated the skin, the fluorescein 

remained on the skin surface, while Texas Red was released and accumulated in the SC (Stracke et 

al., 2006). These conclusions demonstrate nanocarrier type is crucial for skin permeation of active 

compounds, being dependent upon the formulation nature and properties. Thus, it can be stated that 
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there is no rule to predict the permeation of nanoparticles, since it relies on unique characteristic of 

each system, such as surface properties, rigidity and particle sizes.  

The results obtained in this study confirmed the permeation of NLCs through the SC, carrying the 

active compound (TOC) and enabling its permeation across the cultured skin membrane. This 

occurrence may be related with the affinity and interaction of the lipids matrix of the nanoparticles for 

the lipids of the SC, as well with their physicochemical characteristics. 

 

 

Figure 6.5 - Confocal images of skin cross-sections after the in vitro absorption study with TOC-DiO-NLCs. (A) Cross-

sectional (xz-stacks mode) image of skin layers; (B) 3D reconstruction from confocal z-series stacks of skin layers. 

The red colour corresponds to the fluorescent probe DRAQ5 (Ex/Em of 647/ 681nm) that stains the cells nuclei and 

the green colour corresponds to DiO fluorescence (Ex/Em of 484/ 501nm) of labelled TOC-DiO-NLCs.  

 

6.3.4. In vitro skin irritation test 

An in vitro skin irritation testing was performed using the RHE model for evaluating the produced 

NLCs formulations and the two active substances that were encapsulated in each formulation (RP and 

TOC). This procedure was based on the OEDC Test Guideline 439 (OECD, 2015), following the 
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established conditions for the EpiDerm skin irritation test (Kandárová et al., 2009). The cell viability 

was measured by an enzymatic conversion of the vital dye MTT and the results are shown in Figure 

6.6. The positive control (PC) consisted in an aqueous solution of SDS, 5% w/v and for the negative 

control (NC), defining 100% of cell viability was used a PBS solution. 

The formulations of empty NLCs, TOC-DiO-NLCs and RP-NLCs presented tissue viabilities above 

50% (Figure 6.6) and were thus classified as non-irritant. After exposure to TOC, the obtained cell 

viability was also a high value (96.5 ± 0.2%), suggesting that this active substance is non-irritant to the 

skin. However, it was observed a reduction in tissue viability below 50%, referenced to the NC after 

exposure to RP (38.5 ± 0.3%) which proved that this active substance is classified as a skin irritant of 

Category 1 or 2 according to UN GHS. Since this in vitro skin irritation testing method cannot resolve 

the classification between UN GHS Categories 1 and 2, further information on skin corrosion was 

required to decide on its final classification (OECD, 2015). On the contrary, after exposure to RP-NLCs 

the obtained cell viability value was the highest (102.5 ± 1.3%, referenced to the NC) being thus, this 

formulation classified as non-irritant and was demonstrated that the encapsulation of RP in NLCs 

covered its associated cytotoxicity. 

 

 

Figure 6.6 - Persistence of cell viability in RHE model. The cell viability was determined by measuring 

the reduction of a tetrazolium dye MTT solution by a spectrophotometer after an incubation period of 

60 min with each substance (TOC and RP) or formulation (TOC-DiO-NLCs and RP-NLCs) to be tested. 

PC – Positive control (aqueous solution of SDS, 5% w/v); NC – PBS pH7.4 (1X). 
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6.3. Conclusions 

NLCs formulations produced by the miniemulsions methodology, using sunflower oil and myristic 

acid as the constituent lipids of the nanoparticles matrix, and RP and TOC as lipophilic drug models, 

were effectively characterized and evaluated regarding their performance on an in vitro RHE model. 

The incorporation of a fluorescence dye along with TOC was reported for the first time in NLCs 

formulations and enabled a qualitative analysis of the location and permeation profile for the produced 

lipid nanoparticles after the in vitro absorption studies using the RHE model by fluorescence 

microscopy and CLSM.  

Empty NLCs, RP-NLCs and TOC-DiO-NLCs demonstrated very good physicochemical properties 

for their application in dermal formulations, presenting particle sizes of approximately 200 nm, good 

electrostatic and melting temperatures above 40°C. The tested NLCs formulation showed a high 

entrapment efficiency and a high drug loading capacity for RP and TOC, which corroborated the 

obtained low crystallinity indices of these nanoparticles that indicated a disturbance in the lipid crystal 

lattice also verified by a slight decrease on their respective melting temperatures. 

The permeability profiles of RP and TOC obtained in the in vitro absorption studies, indicated a 

controlled release presenting cumulative amounts of 270.5 ± 102.7 μg and 103.7 ± 50.6 μg, 

respectively after 24h. These values are much higher comparatively to other results reported in 

literature that were performed through native human skin, which may be related to the relatively weak 

barrier function of the in vitro RHE model used in this study. In order to validate this results it would be 

advantageous to perform an ex vivo absorption study using native human skin, since it was not found 

in literature another study describing the in vitro permeation of NLCs through a RHE model. The 

histology examination of the cultured skin membranes, 24h upon the administration of TOC-DiO-NLCs, 

revealed that the tissues presented a uniformly layered SC with larger interlamellar gaps between SC 

and the topmost layer of the epidermis, which might probably be attributed to the hydration and 

occlusion capacity of NLCs. The analysis by fluorescence microscopy and CLSM indicated a uniform 

permeation of TOC-DiO-NLCs into skin and that these lipid nanoparticles remained primarily located 

at the SC allowing the carrying and permeation of TOC across the tissue. It was also observed a 

heterogeneous distribution of the nanoparticles along the skin surface, which may indicate the 

accumulation of nanoparticles at thin pores of the skin, then following the intercellular permeation 

pathway. 

Very high cell viabilities above 50% were obtained in the in vitro skin irritation testing, for all the 

produced NLCs formulations, classifying them as non-irritants. Moreover, it was demonstrated that the 

incorporation of RP that was classified as an irritant to the skin on NLCs successfully covered its 

associated cytotoxicity.  
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It was overall concluded that the produced NLCs are a feasible delivery system for the topical 

administration of lipophilic active compounds and that may be suitable to be incorporated into dermal 

formulations. 
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7. Conclusions 

7.1. Main Achievements 

The production conditions of SLNs and NLCs, with appropriate properties for topical 

administration were established and optimized based on the miniemulsions methodology. It was 

demonstrated that the emulsification process have a significant influence on the physicochemical 

properties of these nanocarriers. SLNs produced using an ultrasounds probe presented more suitable 

characteristics, regarding their particle size and electrostatic stability, in comparison to magnetic 

stirring. The conditions set for the production of SLNs were successfully used for the production of 

NLCs presenting also appropriate properties for topical administration.   

The optimization of NLCs composition was performed using four different vegetable oils as liquid 

lipids presenting inherent beneficial bioactive properties, thus conferring a multifunctional character to 

the nanoparticles. Moreover, the effect of an increase in the solid lipid fatty acid chain length was 

evaluated in the physicochemical properties of NLCs and also, the influence of four non-ionic 

surfactants with different HLB values was assessed. From this study, it was verified that the particle 

size, the size distribution and the electrostatic stability of the lipid nanoparticles are significantly 

influenced by the composition of the lipids core and by the type of used surfactant. Formulations of 

empty NLCs with different lipid matrices were obtained with an appropriate nanoscale size for topical 

administration and electrostatic stability. The lipid nanoparticles formulated with surfactants of 

hydrophilic character presented a polymorphic crystal structure of the lipid matrix, resembling NLCs of 

type I, which enables a proper incorporation of active substances encapsulated and exclude its 

expulsion after a longer period of storage.  

Vegetable oil NLCs enriched with TOC which was used as a lipophilic drug model were 

successfully obtained presenting suitable physicochemical characteristics for topical administration, 

high EE values and high DL capacities. TOC-NLCs prepared with each vegetable oil demonstrated a 

well-controlled release profile in comparison with the standard TOC solution, thus indicating a high 

integration of TOC into the lipids core conferring to it an amplified protective effect and the minimization 

of its side-effects. Moreover, empty NLCs and TOC-NLCs prepared with each vegetable oil presented 

a good antioxidant capacity and remained stable for a period of 8 months.  

Central composite design proved to be a powerful tool for studying the effects of NLCs formulation 

parameters and properties aiming to maximize their efficacy for topical administration. It was reached 

an optimal NLCs composition using RP, as a retinoid model to be encapsulated, which was then 

effectively used to incorporate TRT and ADP. Optimized RP-NLCs, TRT-NLCs and ADP-NLCs were 

obtained with appropriate particle sizes in the nanometre range, good electrostatic stability, high 

encapsulation efficiencies and very well-controlled release profiles for RP, TRT and ADP, reducing 

their secondary effects and physicochemical instability.  
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The optimized NLCs formulations prepared using sunflower oil and myristic acid as liquid and 

solid lipids, respectively and RP and TOC as lipophilic model drugs were tested in vitro using a 3D 

RHE model to assess their skin absorption and release profiles and their skin irritancy. The fluorescent 

dye DiO was effectively incorporated along with TOC, thus enabling a qualitative characterization of 

TOC-DiO-NLCs on in vitro absorption studies by fluorescence microscopy and CLSM. These studies 

revealed that TOC-DiO-NLCs permeated uniformly into skin and that these lipid nanoparticles 

remained primarily located at the SC allowing the carrying and permeation of TOC across the tissue. 

Moreover, it was shown a heterogeneous distribution of the lipid nanoparticles along the skin surface 

accumulating at thin pores of the skin, thus indicating that their permeation followed the intercellular 

pathway. The in vitro skin irritation testing of empty NLCs, RP-NLCs and TOC-DiO-NLCs formulations 

classified them and their ingredients as non-irritants. Also, it was proved that the incorporation of RP, 

which was labeled as an irritant substance to the skin in NLCs, successfully covered its associated 

cytotoxicity. 

The designed NLCs formulations demonstrated to be a viable delivery system for the topical 

administration of lipophilic active compounds and may be considered as a promising proof-of-concept 

in the development of efficient biocosmetic prototypes with multifunctional skin beneficial properties 

derived from their natural ingredients.  

 

 

7.2. Future perspectives 

The outlined future work includes: 

(1) Investigate the potential of the NLCs formulation prepared by the miniemulsions methodology, 

using sunflower oil and myristic acid as liquid and solid lipids to incorporate hydrophilic active 

compounds by functionalizing their hydrophilic outer layer. The strategy is to test different 

mixtures of surfactants with high and low HLB values in order to simultaneously obtain a 

higher stabilization of the lipid core and of the outermost layer. Having reached a suitable 

composition in terms of surfactants mixtures and proportions, which would confer to the lipid 

nanoparticles appropriate physicochemical properties for topical administration, it would be 

advantageous to assess their functionalization with hydrophilic actives with dermal relevance 

as topical vitamins and enzymes. This study may additionally be coupled to the investigation 

of the encapsulation of lipophilic active compounds in the lipid matrix of the nanoparticles 

coupled with the functionalization of their hydrophilic outer layer, aiming to reach a higher 

dermal therapeutic level.  
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(2) Deliver a final formulation of NLCs testing the incorporation of the previously optimized lipid 

nanoparticles on commercial gelling agents, to improve its rheological behaviour and to 

ensure enhanced stability in effective topical applications. Although topical formulations can 

be produced consisting exclusively of lipid nanoparticles, their desired physicochemical 

properties can be adjusted by incorporating them in gels or creams. This study would address 

the use of different gelling agents, such as cellulose derivatives and to adjust the lipid 

nanoparticle content in view of achieving a sustainable cost effective formulation.  

 

(3) A further interesting point to be outlined is to establish appropriate conditions for the scale up 

of the lipid nanoparticles production process. The miniemulsions methodology is a simple and 

effective method, allowing a fast screening of different formulations compositions at lab scale 

and is very useful to define a proof-of-concept. However, this methodology based in the use 

of ultrasounds cannot be used at industrial scale. Thus, it is important at this stage to evaluate 

the production of the optimized NLCs formulation through the miniemulsions methodology by 

another production methodology that would allow its scale up, as for instance high pressure 

homogenization. 

 

(4) In view of an improvement in the stability of the physicochemical properties of the lipid 

nanoparticles during storage, it is crucial to develop a pre-treatment procedure for their 

lyophilisation. This pre-treatment may consist in concentrating the lipid nanoparticles or 

adjusting their composition by adding a cryoprotectant agent as for instance, glucose, fructose 

or sorbitol that have been used to decrease aggregations. Moreover, after the establishment 

of the pre-treatment procedure and set the conditions for the lyophilisation of the lipid 

nanoparticles it is necessary to evaluate its effect on their physicochemical properties in 

different storage conditions and periods.  

 

(5) Concerning the in vitro absorption studies for the characterization of the lipid nanoparticles 

permeation and release profiles. It was found that the 3D in vitro RHE model that was used 

in this work demonstrated a relatively weak barrier function, which is assumed in literature to 

be an intrinsic characteristic of these in vitro cultured skin membranes. Thus, in order to 

validate the obtained results it would be advantageous to compare the absorption efficacy of 

the formulated lipid nanoparticles for topical administration through ex vivo native human or 

animal skin with the used RHE model.  
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APPENDIX A – Procedure for reconstruction of human epidermis on polycarbonate filters 

followed for the assays developed in Chapter 6 

Keratinocytes were purchased from Life Technologies (Human Epidermal Keratinocytes, neonatal). 

This procedure was developed according to (De Vuyst et al., 2014) with a few adaptations as follows: 

1. Thawing the keratinocytes, culture setting and culture growth

1.1. Preparation of supplemented medium KBM®-2 for culture setting 

- A glass of water was heated to 37°C overnight, the day before the experience;

- In the day after, the SingleQuots® KGM-2® was thawed in the water bath at 37°C;

- The following list of material was taken into the laminar flow chamber:

a. KBM®-2 Medium

b. Antibiotics Pen/Strep stock

c. SingleQuots® KGM-2®

d. Schott flask x1

e. Blue and yellow micropipette tips

f. Sterile 25mL pipette x1

g. Parafilm (x8, for both media flasks, antibiotics and SingleQuots® KGM-2®)

- KBM®-2 medium (100mL) was gently swirled and transferred to a Schott flask;

- Each supplement was added to the KBM®-2 medium to reach the final concentrations of 10ng/mL

hEGF, 5μg/mL Insulin, 50μg/mL BPE, 5x10-7M Hydrocortisone, 5μg/mL Transferrin, 50U/mL Penicillin 

G and 50μg/mL Streptomycin; 

- The supplemented medium was stored at 4°C, which demonstrated to be stable at this temperature

for one month. 

1.2. Preparation of supplemented medium EpiLife® for culture growth 

- A glass of water was heated to 37°C overnight, the day before the experience;

- In the day after, the Human Keratinocyte Growth Supplement (HKGS) was thawed in the water bath

at 37°C; 

- The following list of material was taken into the laminar flow chamber:

a. EpiLife® Medium

b. 0.06M Calcium Chloride

c. Antibiotics Pen/Strep stock

d. HKGS

e. Blue and yellow micropipette tips
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f. Schott flask x1

g. Sterile 5mL pipettes x3

h. Parafilm (x2, for the medium and antibiotics)

- EpiLife® medium (500mL) was gently swirled and transferred to a Schott flask;

- Each supplement was added to the EpiLife® medium to reach the final concentrations of 0.2% Bovine

Pituitary Extract (BPE), 0.2ng/mL Human recombinant epidermal growth factor (hEGF), 0.18μg/mL 

Hydrocortisone, 5μg/mL Insulin and 5 μg/mL Transferrin, 2,5 mL Antibiotics – Penicillin G and 

Streptomycin stock, 5mL HKGS and 0,5 mL of 0.06M Calcium Chloride; 

- The supplemented medium was stored at 4°C, which demonstrated to be stable at this temperature

for one month. 

1.3. Thawing the vial of cells and setting the keratinocytes culture 

- A glass of water was heated to 37°C overnight, the day before the experience;

- The following list of material was taken into the laminar flow chamber:

a. KBM®-2 supplemented medium previously prepared

b. 20µL of trypan blue in small eppendorf

c. 50mL falcon and rack

d. Sterile 2mL, 5mL, 10mL pipettes x1

e. Blue and yellow micropipette tips

f. T75-Flasks

- A vial (1mL) containing keratinocytes was removed from liquid nitrogen storage and its lower half

was immediately submerged into the 37°C water bath for 1-2mins until the cells were thawed; 

- KBM®-2 supplemented medium (4 mL) for culture setting was transferred to a 50mL falcon;

- The cell suspension (20µL) was transferred to a 2mL pipette and mixed with 20µL of trypan blue to

perform the cell counting in a hemacytometer (the procedure will be described in the following section) 

to determine the number of viable cells per mL; 

- After the cell counting, an appropriate volume of KBM®-2 supplemented medium was added to dilute

the remaining cells in the vial to a concentration of 1.25 x 104 viable cells/mL and then the volume of 

culture medium and cells were distributed into T75-flasks and were left in an humidified cell culture 

incubator at 37°C, 5% CO2/95% air; 

- The culture medium was changed after 24-36 hours from KBM®-2 supplemented culture setting

medium to EpiLife® culture growth medium (Figure 1); 

- The EpiLife® culture growth medium was changed every two days until the cells reach a confluency

of around 50% (Figure 2) and then was changed every day until the cells reach confluency of around 

70-80% (Figure 3);

- The cells were then trypsinized (the procedure will be described in a posterior section) and posteriorly

settled in new cultures, repeating twice the steps of section 1.3; 
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- The cells from the 3rd passage are ready to perform the reconstruction of epidermis on polycarbonate

filters. 

Figure 1 – Keratinocytes culture settle after day 1 with medium exchange. (A) Magnification of 

40x; (B) Magnification of 600x. 

Figure 2 – Keratinocytes culture displaying a confluency of around 50%. (A) Magnification of 40x; 

(B) Magnification of 600x.

Figure 3 – Keratinocytes culture displaying a confluency of around 70-80%. (A) Magnification of 

40x; (B) Magnification of 600x. 
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2. Counting cells in a Hemacytometer or Neubauer Chamber

The trypan blue exclusion assay allows for a direct identification and enumeration of live 

(unstained) and dead (blue) cells in a given population. It is based on the action of trypan blue azo dye 

which is impermeable to viable cell membranes and therefore can only enter on cells with 

compromised membranes (Figure 4). Upon entry into non-viable cells, trypan blue binds to 

intracellular proteins thereby rendering the cells a bluish colour.  

Figure 4 – Viable (bright white colored) and non-viable (blue colored) 

keratinocytes at the hemacytometer chamber after the mixture with the trypan 

blue dye. 

- The hemacytometer was carefully cleaned with 70% EtOH and a coverslip was placed above one of

the chambers; 

- The cells mixed with the trypan blue solution (10 µL) were carefully placed (attention to not overfill)

into one chamber compartment of the hemacytometer with a micropipete under the coverslip (Figure 

5); 

Figure 5 – Placing the sample into the hemacytometer chamber (LaboratoryInfo.com, 2016). 
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- The hemacytometer´s chamber was observed under the microscope to count the cells. The counting

started in the the first counting grid square, following the rule (Bastidas, 2016): Cells touching the upper 

and left limits are counted, unlike cells touching the lower and right limits which are not included in the 

counting (Figure 6). Then, the process was repeated at other three grid squares and the results from 

the four readings were writhed for the further calculations; 

- After the counting, the coverslip was discarded and the hemacytometer was cleaned with 70% EtOH.

Figure 6 – Representation of a hemacytometer, with 2 chambers and gridded squares in each one 

with a detail of one grid square in one of the chambers where the rule of counting cells is exemplified. 

Adapted from (http://www.lo-laboroptik.com/, 2018). 

- Calculations:

i. Dilution factor (𝐷𝑓)

𝐷𝑓 =
𝑉𝑓

𝑉𝑖

=
40𝜇𝐿

20𝜇𝐿
= 2 

𝑉𝑖 – Initial volume of cells 

𝑉𝑓 – Volume of cells and trypan blue 

ii. Average number of viable cells in each square (𝐶𝑣)
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𝐶𝑣(𝑐𝑒𝑙𝑙𝑠/𝑚𝐿) =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 # 𝑠𝑞𝑢𝑎𝑟𝑒𝑠

# 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠

iii. Count cell density/concentration (𝐶𝐷)

𝐶𝐷 = 𝐶𝑣 × 𝐷𝑓 × 104

iv. Count total cells in your sample (𝐶𝑇)

𝐶𝑇 = 𝐶𝐷 × 𝑉 

𝑉 – Volume in which the cells are suspended 

v. Viability (%)

𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
𝐿𝑖𝑣𝑒 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡

𝐿𝑖𝑣𝑒 + 𝐷𝑒𝑎𝑑 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡
× 100 

3. Trypsinization of keratinocytes

3.1. Preparation of Solution A (250 mL) for washing the cells 

- HEPES buffer was dissolved in approximately 200mL of Milli-Q water and the pH was adjusted at

7.4 with 10 M NaOH; 

- All other components were added to this solution as follows and the pH was measured again before

adjusting the final volume; 

a. 10.0 mM Glucose,

b. 3.0 mM KCl,

c. 130.0 mM NaCl,

d. 1.0 mM Na2HPO4∙7H2O (or anhydrous),

e. 0.0033 mM Phenol Red

f. 30.0 mM HEPES

- The solution A was sterilized with a 0.22μm cellulose filter under the laminar flow chamber and stored

refrigerated at 4°C. 

3.2. Preparation of trypsin solution (100 mL) to dissociate the keratinocytes from the T-flasks and 

blocking solution (40 mL) to stop the action of trypsin 
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- The trypsin solution was prepared by transferring 200 mL of solution A to a glass to which was added

20 mg of EDTA (to reach the concentration of 0,01% EDTA), the pH was measured and set at 7.4 with 

NaOH;  

- Then, 25mg of trypsin were added to 100mL of the solution A with 0,01% EDTA to obtain a 0.025%

trypsin solution; 

- This solution was sterilized with a 0.22μm cellulose filter and was left on ice.

- The blocking solution was prepared by transferring 40 mL of solution A to a glass and adding 800 μL

of dialysed fetal calf serum (solution A containing 2% dialysed fetal calf serum). 

- This solution was left on ice.

3.3. Trypsinization of 2nd and 3rd passage keratinocytes 

Attention! – During trypsinization can occur some damage to cultured keratinocytes which may result 

from: (1) excessive exposure time to the trypsin/EDTA solution; (2) High room temperatures during 

trypsinization and (3) excessive mechanical agitation. 

- Before starting the following material was prepared and taken into the laminar flow chamber:

a. Trypsin and blocking solutions on ice;

b. Sterile 5mL pipettes x1;

c. Sterile 25mL pipettes x4;

d. 50mL centrifugation tube x3 and rack;

- The exhausted culture medium was removed from the T-flask and 3mL of trypsin solution were gently

added to the cells. The T-flask was then carefully agitated to guarantee that the trypsin solution was 

uniformly spread; 

- The trypsinization process was analyzed under the microscope to verify the occurrence of cells

detachment from the T-flasks; 

- Under the microscope, the keratinocytes culture was incubated at room temperature until the cells

become completely round, generally after 8-10 mins (Figure 7, A). After approximately 8 minutes 

some dry blows are given very gently to the lateral part of the T-flask to guarantee that the cells detach 

from it and that are loose on movement (Figure 7, B); 

- Immediately after the ice-cold blocking solution (12 mL) was added to stop the trypsin effect.

- The keratinocytes suspension was then transferred to 10 mL tubes and was centrifuged at 1270 rpm

and 4°C for 7 mins; 

- The supernatant was aseptically discarded with a special attention to not aspirate also the cell pellet;

- The cell suspension was kept on ice until one of the following possible procedures were followed: (1)

culture setting for a next passage, (2) reconstruction of epidermis with 3rd passage keratinocytes or (3) 

cryopreservation.  
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Figure 7 – Keratinocytes during the trypsinization process. (A) Keratinocytes displaying a round morphology being 

detached from the T-flask after 8 min with trypsin; (B) Keratinocytes completely detached from the T-flask and on 

movement after a gently blows on the lateral part of the flask.  

4. Reconstruction of human epidermis on polycarbonate filters using 3rd passage

keratinocytes

4.1. Preparation of solutions and culture mediums: 

- Supplemented EpiLife® medium for culture growth (section 1.2)

- Sterilized solution of 0,5M CaCl2:

a. 0,14701g of CaCl2∙2H2O was dissolved in 2mL of Milli-Q water;

b. This solution was filtered, covered with aluminium foil to avoid exposure to light and was kept

on ice (this solution can be stored at -20°C).

- Reconstitution of Keratinocyte 100µg/mL Growth Factor:

a. 1X Phospate Buffered Saline (PBS) solution (pH 7.4)

b. One pellet of KGF (10µg) was dissolved in 100µL of sterile PBS under the laminar flow hood

(if KGF is in liquid phase (10µL), it is diluted in 90µL of sterile PBS);

c. The solution was kept on ice.

- Solution of 25mg/mL vitamin C:

a. 25mg of L-ascorbic acid was dissolved in 1mL of Milli-Q water;

b. This solution was filtered, covered with aluminium foil to avoid exposure to light and was kept

on ice (this solution can only be used at the day of preparation).

- Preparation of 50mL of medium for culture growth containing 1.5mM Ca2+ (work under the hood):

a. EpiLife medium for culture growth (50 mL) was transferred to one falcon and was

supplemented with 144µL of 0,5M CaCl2 solution;
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b. The bottle of supplemented medium was sealed with parafilm and swirled to ensure a

homogeneous solution;

c. The medium was kept on ice.

- Preparation of medium for epidermis reconstruction at an air-liquid interface (100mL)

(EpiLife® medium for culture growth with 1.5mM Ca2+, 50µg/mL vitamin C and 10ng/mL KGF) EpiLife® 

for culture growth (100 mL) was transferred to one Schott flask and was supplemented with: 

a. 288µL of 0,5M CaCl2 solution;

b. 10µL of 100µg/mL KGF solution;

c. 200µL of 25mg/mL vitamin C solution;

d. The bottle of supplemented medium was sealed with parafilm and swirled to ensure a

homogeneous solution;

e. The medium was kept on ice.

- Preparation of freezing solution (the final concentration of freezing conditions are: 80% medium, 10%

DMSO, 10% dialysed fetal calf serum); 

4.2. Reconstruction of epidermis: 

- The following list of material was taken into the laminar flow chamber:

a. Supplemented EpiLife medium for culture growth;

b. Solutions of Ca2+, KGF and vitamin C;

c. Dialysed fetal calf serum;

d. Centrifugation tube with 3rd passage keratinocytes (section 3.3)

e. 6-well culture microplate;

f. Polycarbonate culture inserts with 12mm diameter and 0.4μm diameter pore size x6;

g. 50mL falcon x2 and rack;

h. Schott flask x1;

i. Sterile 1mL, 2mL and 10mL pipettes;

j. Sterile tweezers x1;

k. Parafilm;

- The keratinocytes pellet (section 3.3) was re-suspended on 2-3mL of ice-cold medium for culture

growth supplemented with 1.5mM calcium; 

- After cells counting, the suspension was diluted with medium for culture growth containing 1.5mM

calcium to a minimal cell density of 3 x 105 cells/mL; 

- 6 polycarbonate culture inserts were placed into a 6-well culture microplate before adding the culture

medium (This will avoid the formation of air bubbles between the filters and the bottom of the 

microplate); 

- 2.5mL of EpiLife® medium for culture growth containing 1.5mM calcium and vitamin C was

transferred into the each well of the microplate; 
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- 500µL of keratinocyte suspension was transferred to the upper chamber of each insert

- The cells were incubated at 37°C in a humidified atmosphere containing 5% CO2;

- After 24h, the culture was exposed to the air-liquid interface by carefully removing the culture medium

in the upper compartment of the insert; 

- The medium in the microplate compartment was replaced with 1.5 mL of EpiLife® medium for culture

growth containing 1.5mM calcium and vitamin C; 

- This culture medium was replaced every 48h and after 11 days of culture at the air–liquid interface,

the RHE was morphologically fully differentiated (Figure 8). 

Figure 8 – Reconstructed human epidermis (RHE) at day 11. The cultured RHE was fixed in 10 % 

formalin and embedded in paraffin, then histological sections perpendicular to the surface of RHE were 

prepared and stained with hematoxylin-erythrosine to allow the morphological analysis.  

5. Cryopreservation of keratinocytes

- The following list of material was taken into the laminar flow chamber:

a. EpiLife medium for culture growth;

b. DMSO;

c. Dialysed fetal calf serum;

d. Centrifugation tubes with cell pellet (section )

e. Cryopreservation tubes;

f. Sterile 2mL pipettes x2;

g. Sterile 5mL pipettes x2;

h. Sterile 10mL pipettes x2;
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1. Parafilm

- The pellet of keratinocytes from trypsinization (section 3.3) was re-suspend in 2mL of ice-cold

EpiLife® medium for culture growth and was kept on ice; 

- After counting the cells, were diluted with ice-cold EpiLife medium to achieve a concentration of 2 x

106 cells/mL and the same volume of freezing solution was added same volume (e.g. 1mL of EpiLife® 

+ 1 mL of freezing solution);

- One aliquot (1 mL) of cells in freezing solution was transferred into each ice-cold cryopreservation

tubes, which were then placed into a polystyrene isolating box and stored at -80°C for 24h and after 

into liquid nitrogen. 
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