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Abstract 

The blood-brain barrier is a structure that protects the brain against infiltration of 

undesired chemical compounds. Consequently, for many diseases the delivery of drugs 

across the blood-brain barrier is poor, thus therapeutic drug levels are not reached in the 

brain. Looking at high mortality of malignant gliomas and the lack of efficient treatment, 

this field is a primary area for new intravenous formulations with blood-brain barrier 

crossing ability. The focus of this thesis was to use nanotechnology in cancer therapy, 

based on the use of solid lipid nanoparticles (SLN) to assess the suitability of these 

carriers for anticancer delivery to the brain via intravenous administration.  

Bearing in mind the design of SLN for drug brain delivery, understanding the effect of lipid 

and surfactant composition on SLN physicochemical properties plays a key role. Thus, the 

first part of this work consisted in the selection of lipids (cetyl palmitate, Dynasan 114, 

Dyansan 116, Precirol ATO5 and Witepsol E85) and surfactants (polysorbate 20, 40, 60 

and 80 and poloxamer 188 and 407) suitable for intravenous administration and a 

formulation screening study based on 22 factorial designs with centre point. Responses 

measured within the design space were the mean size and polydispersity index, content 

of microparticles, macroscopic appearance, pH and zeta potential on the day of 

production, and one and two years after production. Physical state and polymorphism 

were also assessed. Multivariate evaluation and modelling were performed to assess both 

qualitative and quantitative influence of the investigated factors (lipid and surfactant types 

and concentrations) in the SLN. According to the literature, the most promising SLN for 

brain drug delivery by means of intravenous injection have a mean size below 200 nm, 

homogenous size distribution (polydispersity index <0.25), slightly negative zeta potential, 

absence of microparticles larger than 5 µm and high storage stability. Among the most 

suitable excipients for producing SLN with appropriated characteristics, the polysorbates 

and the cetyl palmitate were selected. The models calculated allowed the prediction of the 

mean size of SLN that could be achieved with a certain lipid/surfactant combination and 

concentration. These results can be useful for future design of stable SLN formulations. 

In the second part of this work, with the purpose of anticancer drugs brain delivery, novel 

formulations of SLN loaded with camptothecin, a potent anticancer candidate, were 

designed. Incorporation of camptothecin within the hydrophobic and acidic SLN matrix 

was chosen to stabilise the lactone ring, essential for camptothecin antitumour activity, 

and to target camptothecin to the brain avoiding premature loss of drug. A multivariate 

approach was also used to assess the influence of the qualitative and quantitative 

composition on the physicochemical properties of camptothecin-loaded SLN compared to 

unloaded SLN. Particles with a mean particle size below 200 nm, a homogenous size 

distribution, high encapsulation efficiency (> 90%) and high stability were achieved in the 
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most suitable formulations. In vitro release studies in plasma, revealed a prolonged 

release profile of camptothecin from SLN. A higher affinity of the SLN to the porcine brain 

capillary endothelial cells (BCEC) and gliomas was shown in comparison to macrophages. 

Cytotoxicity studies revealed that camptothecin-loaded SLN induced glioma cell death 

with the lowest maximal inhibitory concentration (IC50). To assess the SLN coated with 

polysorbate 60 and 80 mechanism of cellular internalisation, flow cell cytometry studies 

were performed in four human glioma cell lines (A172, U251, U373 and U87) and one 

human macrophage cell line (THP1). The mechanism of internalisation was found to be 

mainly through a clathrin-dependent endocytic pathway. Flow cell cytometry studies 

revealed also that SLN have the ability to be internalised by gliomas in a higher amount 

than by macrophages. In agreement, the cytotoxicity of SLN was higher for gliomas than 

for macrophages. 

Small and wide angle X-ray scattering (SAXS/WAXS) analyses were performed to 

evaluate the interactions between the SLN and the DMPC lipid bilayer model. These 

studies suggested favourable interactions of SLN and the lipid bilayers of cells. 

A high-performance liquid chromatography (HPLC) assay for the quantification of 

camptothecin in several rat organs (brain, heart, kidneys, liver, lung, spleen) and serum 

after the intravenous administration of camptothecin-loaded SLN was developed and 

validated. The method was shown to be specific, accurate and precise at the intra-day 

and inter-day levels in all matrices. Stability studies showed that camptothecin was stable 

in all matrices after 24 h of incubation at room temperature (RT) or in the autosampler, or 

after three freeze/thaw cycles. Recoveries were higher than 86.4%. The detection limit 

(DL) was ≤0.2 ng/mL and the quantification limit (QL) was ≤0.5 ng/mL. 

Finally, in vivo fluorescence and biodistribution studies of injected rhodamine 123-loaded 

SLN and camptothecin-loaded SLN were performed in rats and revealed higher brain 

accumulation when the molecules were incorporated into SLN. Indeed, the incorporation 

of camptothecin into SLN coated with polysorbate 80 increased more than 8 times the 

concentration of camptothecin in brain in comparison with camptothecin in suspension. In 

contrast, camptothecin accumulation decreased in liver and lungs in comparison with 

camptothecin in suspension. In this work it was demonstrated not only the brain targeting 

ability of SLN coated with polysorbate 60 and 80, but also the superiority of the antitumour 

activity of camptothecin-loaded SLN compared with camptothecin in solution/suspension 

or in physical mixture with SLN. These studies indicate that the camptothecin-loaded SLN 

are a promising drug brain delivery system worth to be exploited as a novel formulation for 

brain tumour therapy. 

Keywords: Solid lipid nanoparticles; Brain drug delivery; Camptothecin; Malignant 

glioma; Biodistribution. 



vii 

Resumo 

A barreira hematoencefálica é uma estrutura que protege o sistema nervoso central de 

moléculas indesejáveis presentes no sangue. A maioria dos fármacos não consegue 

atravessar essa barreira em concentrações terapêuticas, não sendo portanto eficazes no 

tratamento da generalidade das doenças cerebrais. Observando a elevada mortalidade 

associada aos gliomas malignos e a falta de tratamento eficiente, o desenvolvimento de 

novas formas farmacêuticas, com capacidade de atravessar a barreira hematoencefálica 

e simultaneamente aumentar a esperança média de vida desses doentes, é uma área de 

elevado interesse. O presente trabalho teve como objetivo o emprego de nanopartículas 

de matriz lipídica sólida (SLN) na vetorização para o cérebro de anticancerígenos, após a 

sua administração intravenosa, para o tratamento de tumores cerebrais. 

A primeira parte deste trabalho consistiu no estudo do efeito da composição qualitativa e 

quantitativa de diferentes lípidos e tensioativos nas propriedades físico-químicas, 

determinantes para vetorização cerebral, das nanopartículas de lípidos sólidos (SLN). 

Após a seleção de lípidos (Dynasan 114, Dynasan 116, palmitato de cetilo, Precirol ATO5 

e Witepsol E85) e tensioativos (polissorbato 20, 40, 60 e 80 e poloxâmero 188 e 407), 

compatíveis com a via intravenosa, esses excipientes foram combinados para produzir 

SLN tendo por base o desenho experimental fatorial do tipo 22 com ponto central. As 

respostas medidas foram o diâmetro médio e índice de polidispersão, número e tamanho 

de micropartículas, aspeto macroscópico, pH e potencial zeta no dia da produção, e ao 

fim de um e dois anos após a produção. O estado físico e polimorfismo das SLN foram 

também avaliados por calorimetria diferencial de varrimento. Os estudos estatísticos 

multivariados iniciaram-se com uma Análise dos Componentes Principais seguida por 

uma Regressão por Mínimos Quadrados Parciais. Estes estudos permitiram avaliar a 

influência qualitativa e quantitativa dos fatores investigados (tipos e concentrações de 

lípidos e tensioativos) nas propriedades físico-químicas das SLN. De acordo com a 

literatura as SLN mais promissoras para a vetorização de fármacos para o cérebro devem 

possuir um diâmetro médio inferior a 200 nm, reduzido índice de polidispersão (<0.25), 

um potencial zeta ligeiramente negativo, ausência de micropartículas com dimensões 

superiores a 5 µm e elevada estabilidade. Entre os excipientes estudados, os mais 

adequados para a produção de SLN com as características pretendidas foram os 

polissorbatos e a cera palmitato de cetilo. Os modelos de previsão calculados podem ser 

utilizados no desenvolvimento futuro de SLN. 

Com o objetivo de veicular anticancerígenos para o cérebro, foram desenvolvidas novas 

formulações de SLN com o fármaco camptotecina encapsulado. Novamente, neste 

estudo foi efetuada uma abordagem estatística multivariada para comparar a influência 

da composição qualitativa e quantitativa sobre as propriedades físico-químicas das 
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nanopartículas com e sem fármaco. Foram produzidas nanopartículas com um diâmetro 

médio inferior a 200 nm, uma distribuição de tamanho homogênea, com elevada 

eficiência de encapsulação (> 90%) e estáveis. Estudos de libertação in vitro, em plasma 

humano, revelaram um perfil de libertação prolongado da camptotecina incorporada nas 

SLN. Estudos in vitro em culturas celulares indicaram que as SLN apresentaram maior 

afinidade para as células endoteliais de capilares cerebrais e para gliomas do que para 

macrófagos. Estudos de citotoxicidade demonstraram que a toxicidade da camptotecina 

está aumentada quando este fármaco se encontra incorporado nas SLN. Para determinar 

o mecanismo de internalização celular das SLN, marcadas com rodamina 123 e 

revestidas por polissorbato 60 e 80, foram efetuados estudos in vitro, em quatro linhas 

celulares de glioma humano (A172, U251, U373 e U87) e uma linha celular de 

macrófagos humanos (THP1). Utilizando a técnica de citometria de fluxo determinou-se 

que as SLN foram internalizadas principalmente por endocitose mediada por clatrina e 

que estas foram mais internalizadas pelos gliomas do que pelos macrófagos.  

Estudos de dispersão de raios-X de pequenos ângulos (SAXS) e grandes ângulos 

(WAXS) foram efetuados para avaliar as interações entre as SLN e o modelo de 

bicamada lipídica, constituído por DMPC. Estes estudos indicam que possa ocorrer, in 

vivo, uma interação favorável entre as SLN e as membranas celulares. 

Neste trabalho foi desenvolvido e validado um método de cromatografia líquida de alta 

eficiência (HPLC) para quantificar, por fluorescência, a concentração de camptotecina em 

vários órgãos de rato (cérebro, coração, rins, fígado, pulmão, baço) e soro após a 

administração intravenosa de camptotecina incorporada nas SLN. O método mostrou-se 

específico, exato e preciso em todas as matrizes. Estudos de estabilidade mostraram que 

o fármaco é estável em todas as matrizes após 24 h à temperatura ambiente e após três 

ciclos de congelamento/descongelamento. A recuperação foi superior a 86,4%. O limite 

de deteção foi ≤ 0.2 ng/mL e o limite de quantificação foi ≤ 0.5 ng/mL.  

Estudos in vivo de fluorescência e de biodistribuição em ratos confirmaram o aumento de 

rodamina 123 e camptotecina no cérebro quando veiculada nas SLN. Esses estudos 

confirmaram a aptidão das SLN em melhorarem a acumulação, retenção e distribuição do 

anticancerígeno camptotecina no cérebro dos animais. De facto, a concentração de 

camptotecina no cérebro foi cerca de 8 vezes superior quando este fármaco estava 

incorporado nas SLN revestidas com polissorbato 80. Em contraste, a acumulação de 

camptotecina diminuiu no fígado e pulmões. Os estudos efetuados nesta tese indicam as 

SLN como vetores coloidais promissores na veiculação de anticancerígenos para o 

cérebro e que devem ser explorados na terapia de tumores cerebrais.  

Palavras-chave: Nanopartículas de lípidos sólidos; Vetorização de fármacos para o 

cérebro; Camptotecina; Gliomas malignos, Biodistribuição. 
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1.1. Aims of the thesis  

During the last decades, dosage form design in general has been gaining increasing 

importance and with the advent of nanotechnology new pharmaceutical dosage forms and 

drug delivery systems based on nanoparticles are under development to deliver different 

drugs to the intended site of action.  

The present thesis is focussing on the potential use of solid lipid nanoparticles (SLN) as a 

strategy to overcome the blood-brain barrier upon intravenous injection, more specifically 

enable the delivery of anticancer drugs to the brain parenchyma intending the 

improvement of malignant gliomas treatment. 

In the present thesis, several lipids and surfactants compatible with intravenous 

administration were selected and the influence of these excipients on the physicochemical 

properties of SLN was studied, since such properties are important for brain drug delivery. 

The drug camptothecin was selected as a model drug for the study of brain delivery 

abilities of SLN. It was aimed to overcome the poor solubility and stability of camptothecin 

in aqueous solution, which so far has hindered a therapeutic application of this potent 

anticancer drug, by incorporating camptothecin into SLN. 

In vitro and in vivo studies in rats were performed to assess the suitability of the 

developed camptothecin-loaded for brain delivery. 

 

Specific aims: 

I. To study the qualitative and quantitative influence of lipids and surfactants on SLN 

physicochemical properties by both univariate and multivariate analysis and to 

identify formulation design parameters within the HPH technology to be applied 

during future formulation development studies. 

II. To investigate the influence of the qualitative and quantitative composition on 

physicochemical properties of camptothecin-loaded SLN compared to unloaded 

SLN, and to study the camptothecin-incorporation capacity of SLN of different lipid 

composition and its in vitro release from SLN. 

III. To study the cytotoxicity of camptothecin-loaded SLN in brain capillary endothelial 

cells (BCEC), in four human glioma cell lines (A172, U251, U373 and U87) and in 

one human macrophage cell line (THP1). 

IV. To assess the cellular mechanism and pathway of SLN internalisation to evaluate 

if these systems have the ability to be internalised by four human glioma cell lines 

(A172, U251, U373 and U87) and by one human macrophage cell line (THP1) and 

to understand the mechanisms behind this internalisation. 
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V. To investigate the interactions of camptothecin and camptothecin-loaded SLN with 

lipid membranes by synchrotron small and wide angle X-ray scattering 

(SAXS/WAXS) analysis. 

VI. To develop and validate a simple, sensitive and specific high-performance liquid 

chromatography (HPLC) assay for the quantification of camptothecin incorporated 

into SLN in several rat organs (brain, heart, kidneys, liver, lung, spleen) and 

serum. 

VII. To perform in vivo fluorescent and biodistribution studies to assess the suitability 

of SLN as drug delivery system for brain targeting. 

 

1.2. Organisation of the thesis  

The thesis is organised in 11 chapters.  

Chapter 1 includes the aims and organisation of the thesis and also includes a brief 

description of the subsequent chapters. 

Chapter 2 comprises a general introduction to contextualise the state of art of key topics 

within the thesis, such as the blood-brain barrier as a key role for drug brain delivery, lipid 

nanoparticles for parenteral drug delivery, lipid nanoparticles for targeting to the central 

nervous system for cancer treatment, malignant gliomas and the anticancer camptothecin. 

Chapter 3 contains a theoretical review of the methodologies of SLN production and 

characterisation used in the present thesis. 

Chapter 4 to 9 contain the main studies performed, incl. materials, methods, results and 

discussion which are presented as manuscripts or published articles. Supplementary 

figures or tables of published or submitted papers were embedded in the manuscript as 

supplementary to the original manuscript. The number of figures of each chapter starts by 

the Arabic number of the chapter followed by the original number in the manuscript. 

Chapter 10 includes conclusions from the present studies and future research 

perspectives. 

Chapter 11 comprises appendix 1 that include one article that was published during the 

PhD but are out of the scope of the thesis. It was included only as appendix and no further 

discussion will be carried out. 

The thesis was written in British English. Despite that some of the chapters are in 

American English since the original articles were published on that style. 
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2.1. Blood-brain barrier as a key role for drug brain delivery  

2.1.1. Blood-brain barrier structure 

The blood–brain barrier is a metabolic and cellular structure that acts as a central nervous 

system (CNS) firewall by limiting the passage of toxins, bacteria, viruses and various 

chemical substances from the systemic circulation to the neural tissue, but at the same 

time allowing the passage of substances essential to CNS metabolic function [1, 2]. 

Paul Ehrlich in 1885 [3] and later his student Edwin Goldman [4, 5] were the first to notice 

about the restricted water-soluble dyes exchange, existing between the blood and the 

brain. In 1900 Lewandowsky was the first to use the term blood-brain barrier while 

studying the limited permeation of potassium ferrocyanate into the brain [6]. The anatomy 

of the blood-brain barrier was elucidated in the 1960s by electron microscopic studies with 

brain slices [7, 8]. Since blood-brain barrier discovery until today several studies have 

been performed to characterise the structure and properties of such barrier (e.g. [9-12]). 

The blood-brain barrier is formed by brain capillary endothelial cells (BCEC) lining and 

tightly sealing the cerebral capillaries, together with perivascular elements such as 

astrocytes, neurons, pericytes and microglia cells (Figure 2.1). This set forms the so-

called neurovascular unit [1, 2, 13]. 

 

       Blood                       Tight junction 

 

 

 

 

 

 

 

 

 

Figure 2.1. Schematic representation of the blood-brain barrier. Adapted from van Rooy et al. [13].  

 

Despite not participate in the physiological activity of the blood-brain barrier, perivascular 

elements release various soluble factors which help in the differentiation and maintenance 

of blood-brain barrier properties [1, 14, 15]. 

The BCEC exhibit important morphological characteristics, closely related to their 

physiological activity, such as the presence of tight junctions, the absence of 

fenestrations, and a low pinocytic activity [16].  

Neurons, astrocytes, pericytes and microglia cells 

Brain capillary 
endothelial cell 

 Brain 
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Besides of being a physical barrier the blood-brain barrier is also a metabolic barrier due 

to the presence of metabolising enzymes (e.g. peptidases, cytochrome P450 enzymes, 

and monoamine oxidases) and a transport barrier due to the presence of specific 

transporters and transcytosis mechanisms that mediate uptake and efflux of different 

molecules [1, 13, 15, 17]. 

In fact, the brain access and clearance of chemical substances, such as drugs, is highly 

controlled and limited by the tight junctions formed between the endothelial cells, 

perivascular cells, enzymes, receptors, transporters, and efflux pumps [15, 18]. 

Consequently, due to the presence of this restrictive barrier, the delivery of drugs across 

the blood-brain barrier is usually poor and the treatment is therefore inefficient. 

Several CNS pathologies are involved in blood-brain barrier dysfunction, such as the brain 

tumours which could be related with blood-brain barrier breakdown [19], down regulation 

of tight junction proteins [20, 21] and redistribution of aquaporins (water channel, e.g., 

AQP4) on the cells surface [22]. 

 

2.1.2. Transport across the blood-brain barrier 

The blood-brain barrier restricts the transport of endogenous and exogenous compounds 

by controlling their selective and specific uptake, metabolism and efflux. Several routes for 

the transport of molecules across the blood-brain barrier have been identified [1] and are 

depicted in Figure 2.2.. 

The mechanism of transcellular diffusion of molecules through the blood-brain barrier is 

dependent on their structural and physicochemical properties, such as molecular size, 

charge, lipophilicity and hydrogen bonding potential [23, 24]. Apart from certain 

compounds that are essential for brain homeostasis, such as amino acids, glucose, 

neuropeptides, and proteins which are transported into the brain via specific endogenous 

blood-brain transporters, only small lipophilic molecules with molecular weights below 400 

Dalton (Da) are able to cross this complex barrier by transcellular diffusion. Even such 

molecules should not bind to plasma proteins in a high level or form a substrate for a 

transport system at the blood-brain barrier [1, 25]. If the molecular weight of a drug 

molecule is higher than 400 Da or the drug forms more than eight hydrogen bonds, the 

probability of crossing the blood-brain barrier via transcellular diffusion in 

pharmacologically significant amounts is very low [23]. 

The tight junctions between the BCEC are extensive, uninterrupted and responsible for a 

very high electrical resistance (over 1500 Ω cm−2 [26]) across the brain capillary 

endothelium which significantly restricts the paracellular transport of hydrophilic molecules 

[27]. 
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Figure 2.2. Transport pathways across the blood-brain barrier. Adapted from van Rooy et al. [13]. 

 

To allow access for various molecules, that are essential for brain maintenance and 

functioning, specific endogenous blood-brain barrier transporters (carriers or receptors) 

exist in the luminal and basolateral membranes of the endothelium [1].  

Carriers are membrane-restricted systems commonly involved in the transport of small 

molecules with a specific size and a molecular weight smaller than 600 Da. Carrier- 

mediated transcytosis is used in the transport of nutrients to the brain and only drugs with 

specific characteristics that closely mimic the endogenous carrier substrates will be 

internalised [28]. 

Endocytosis at the blood-brain barrier is mediated through receptor binding or adsorption. 

Receptor-mediated endocytosis starts with the binding of a receptor-specific ligand, 

followed by substance/particle internalisation and transportation to the lysosome, or 

transcytosed through the cytoplasm to be exocytosed at the opposite pole of the cell [1]. 

Important receptor-mediated transporter systems at the blood-brain barrier transport 

molecules such as, insulin, transferrin, lactoferrin, leptin, immunoglobulin, epidermal 

growth factor, low density lipoproteins (LDL) particles and nanoparticles [1, 13]. 

Adsorptive-mediated endocytosis starts with the interaction of cationic substances with the 

negative charges present on the cellular membrane followed by endocytosis [28]. 

Nonetheless, vesicular transport is extremely down regulated in the blood-brain barrier to 

protect the brain against the exposure to cationic substances. 

Blood       
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Receptor and adsorptive-mediated endocytosis are the only mechanisms of internalisation 

available for the transport of large molecules and nanoparticles into the brain [13, 29]. 

Nonetheless, the passage of larger molecules through the blood-brain barrier is difficult 

even when endocytosis is feasible since in comparison to the peripheral endothelium, the 

cerebral endothelium has a considerable lower endocytotic and transcytotic activity. 

However, the transport mechanisms present in the blood-brain barrier might be up- or 

down-regulated in pathological situations [1, 26]. 

Even after successful endothelial cell absorption, active efflux mechanisms such as ATP-

binding cassette transporter (ABC transporter) may eventually drive these molecules back 

into the blood circulation [1, 26, 30]. These efflux mechanisms are vital in removing 

harmful compounds from the brain and were found to have an important role in regulating 

the levels of drugs in the brain parenchyma. 

Numerous ABC transporters, specifically P-glycoprotein, multidrug resistance-associated 

proteins isoforms, and breast cancer resistance proteins have been identified at the blood-

brain barrier and were recognised to be involved in the cellular expulsion of several drug 

molecules. Until know, numerous substrates for efflux transporters have been identified 

such as, CNS drugs. P-glycoprotein substrates are usually organic cations, weak organic 

bases with hydrophobic regions and some polypeptides [26]. Multidrug resistance-

associated proteins substrates include organic anions with hydrophobic regions and some 

weak organic acids [26]. Breast cancer resistance protein substrates include organic 

cations and weak organic bases with hydrophobic regions and some anionic drugs [26]. 

Generally, numerous drugs, such as anticancer drugs, are large, lipophilic molecules with 

relatively high molecular weight, being consequently possible candidates to be ABC 

transporter substrates. Particularly the P-glycoprotein expressed in the luminal membrane 

of the blood-brain barrier endothelium restricts the brain access to a large variety of drugs 

[26, 31]. 

 

2.2. State of the art in brain drug delivery 

Though the neuroprotective function is vital, the blood-brain barrier also represents an 

invincible obstacle for a multiplicity of therapeutically important drugs used in several CNS 

diseases, such as Alzheimer’s disease, Parkinson’s disease, neuro-AIDS, stroke, 

dementia, and brain tumours [16, 18]. Currently, it is predictable that virtually all of the 

large-molecule drugs (e.g. peptides, proteins, nucleic acids and monoclonal antibodies), 

and over 98% of small-molecule drugs, are not able to cross the blood-brain barrier in a 

pharmacologically sufficient amount [23]. Consequently, due to this barrier, many 

potentially active (in vitro) drugs for the treatment of CNS diseases cannot reach the brain 
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parenchyma in therapeutic concentrations. In fact, for most CNS drugs in the market, less 

than 0.2% of the peripheral dose reaches the brain [32]. Despite this limitation, there are 

various CNS drugs on the market which are being administered in excessive doses with 

associated severe side effects in peripheral organs in order to reach the brain in 

therapeutic concentrations [33]. 

During the last three decades, extensive efforts have been made to develop new 

strategies to circumvent the blood-brain barrier. Some of the current strategies for drug 

delivery to the CNS have been reviewed in [34-36]. 

Generally, the approaches used for enhancement of the drug concentrations in the brain 

can be classified as invasive or non-invasive. CNS drugs can be administered orally or 

systemically, if they have the capacity to circumvent the blood-brain barrier, or 

alternatively have to be introduced directly in the CNS by invasive methods. 

Invasive approaches comprise (i) the direct intracerebral or intraventricular infusion of the 

drug [37]; (ii) the momentary permeability increase of the blood-brain barrier [38]; (iii) the 

convection-enhanced delivery [39]; (iv) the intracerebral implantation of formulations, such 

as the Gliadel® Wafer (carmustine implant) indicated in combination with radiation and 

surgery in the treatment of high-grade malignant glioma [40, 41]. Unfortunately, invasive 

techniques are related with a high risk of complications (such as intracranial infections or 

brain edema), are relatively costly, can require anaesthesia and hospitalisation, and 

request long reconvalescence period [29, 36, 42-44]. 

Non-invasive approaches for brain delivery comprise: (i) chemical modification of drug 

molecules (i.e. synthesis of prodrugs) [45] or biochemical approach (i.e. conjugation with 

specific antibodies) [46]; (ii) the employment of the olfactory route [47]; (iii) the inhibition of 

the efflux transporters [48]; (iv) the delivery via endogenous transporters [49-52]. 

Nevertheless, these non-invasive techniques also seem to have some disadvantages 

such as the loss of the drug activity after modification, lower effective drug delivery, or 

intolerable secondary side effects related to P- glycoprotein inhibition [29]. A successful 

example of prodrug is L-Dopa. Dopa itself cannot cross the blood-brain barrier, but the 

prodrug, however, is transferred within the brain via the amino-acid transporter system 

[53]. Neverthless, this approach is not widely used, since it is limited to small class of 

structurally similar molecules. 

Despite the worldwide effort of medicinal chemistry to develop small molecules with brain 

permeation ability, by increasing the lipid solubility of promising CNS drug leads, there is 

not a single Food and Drug Administration-approved polar drug that was made brain-

penetrating by chemical modification [23]. The use of ligands is also not widely used 
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because there are only a limited number of receptors on the surface of a cell, thus limiting 

the uptake of the drug-ligand conjugates. 

Despite many years of research there was only a limited success with the molecular 

approaches as clearly demonstrated by the few examples being efficient in vivo. Drugs 

such as L-Dopa date back many years, at present no real breakthrough can be seen, 

promising a major step forward with the molecular approach. 

A promising novel approach to deliver drugs to the targets within the CNS is the 

employment of colloidal carriers. The achievements and drawbacks of brain delivery using 

nanoparticles have been discussed in several reviews over the last years [29, 34, 54-61]. 

As mentioned before the blood-brain barrier consists of a very tight endothelial barrier 

even prohibiting penetration of molecules larger than 400 Da. Therefore, it appeared even 

less likely that particles should be able to cross the blood-brain barrier and deliver drugs 

to the brain. Nanoparticles are certainly different from CNS drugs in size, composition and 

uptake mechanisms. Nanoparticles are, obviously much larger than the small drug 

molecules and are only able to enter the brain capillary endothelial cells via receptor or 

adsorptive-mediated endocytosis. Afterwards transcytosis of the nanoparticle to the basal 

side of the brain endothelial cells is required to reach the brain parenchyma [18, 29, 62]. 

The distinct advantage of particulate carriers is that they can carry a relatively high drug 

load, which depends on their structure. Using this approach, the uptake of a single particle 

into the endothelial cells would transport many drug molecules, since particles are more 

effective in transport than ligand-drug conjugates (one or few molecules transported). 

An additional benefit of the nanoparticles is that no chemical modifications of the drug 

molecule are required for the brain delivery, since nanoparticles can mask the inadequate 

properties of the drug for brain delivery, by incorporating the molecules in their matrix [29]. 

The success of the colloidal carriers relies on the fact that endogenous biological transport 

processes are generally on the scale of nanometres, and by using them, we have the 

opportunity of the exclusive access of nanoparticles to previously inaccessible disease 

sites. Furthermore, the immune system is less effective in removing particles smaller than 

several hundred nanometres, allowing a long circulation before clearance [18]. Colloidal 

carriers, as an outcome of their small size (in the same size range of several protein–lipid 

clusters usually transported by cells) and their large surface area (which functions as a 

scaffold for plasma proteins and in this way turns nanoparticles in biological entities) are a 

great promise for CNS therapeutics [18]. 

Several colloidal carriers have been used with the purpose of brain drug delivery including 

liposomes [63], poly(lactic-co-glycolic acid) (PLGA) nanoparticles [64, 65], poly(butyl 

cyanoacrylate) (PBCA) nanoparticles [33, 66], chitosan nanoparticles [67], albumin 
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nanoparticles [62, 68], silica nanoparticles [69], solid lipid nanoparticles [70-72], 

nanostructured lipid carriers [73], lipid-drug conjugates nanoparticles [74], nanogels [75] 

and dendrimers [76]. 

In the last few years, progress has been made to understand the mechanism behind the 

brain targeting and subsequent internalisation of nanoparticles by brain capillary 

endothelial cells. It has been described in literature [29, 74, 77] that the most likely 

mechanism of transport of drugs-loaded nanoparticles across the blood-brain barrier is 

receptor-mediated endocytosis. Interaction of nanoparticles with the receptors presented 

in the BCEC can occur by modifying the nanoparticles surface with ligands (e.g. peptides, 

proteins, antibodies) [62-65] or by coating the nanoparticles with appropriated surfactants 

that promote the preferentially adsorption of certain plasma proteins that will interact with 

those receptors increasing the nanoparticles internalisation by those cells [66, 70, 78, 79]. 

Kreuter and co-workers identified that apolipoproteins (e.g. ApoE, ApoB) adsorb 

specifically and preferentially on the surface of polysorbate 80-coated nanoparticles and 

those nanoparticles were able to deliver the drug dalargin to the brain [61, 80]. The 

authors proposed that nanoparticles coated with such ligands mimic the natural lipoprotein 

particles, and therefore can be endocytosed via a lipoprotein receptor-mediated 

mechanism transporting the loaded drug preferentially into the brain.  

The natural LDL binds to the LDL receptor in clathrin coated pits present in the BCEC and 

is internalised via endocytosis, moving into the endosome where a drop in pH causes the 

receptor to dissociate from the LDL. The receptor is then recycled back to the surface of 

the cell while the LDL is moved into the lysosome where the particle is degraded [81].  

In addition, some surfactants, such as, polysorbate 80, are recognised as moderated 

inhibitors of P-glycoprotein [82-84]. 

The proposed mechanism has been confirmed through the observation that ApoE coated 

albumin nanoparticles reached different brain regions (i.e., brain stem, cerebellum, cortex, 

hippocampus, olfactory bulb and the striatum) 15 and 30 min after intravenous injection 

[62]. Identical promising results were achieved using lipid nanoparticles stabilised with 

appropriated surfactants [71, 85-87]. Furthermore, the uptake of the nanoparticles can be 

mediated by other receptors that are also expressed in the blood-brain barrier, such as, 

the transferrin receptor [65, 88]. Accordingly, in an in vitro blood-brain barrier model 

consisting of a co-culture of brain endothelial cells and astrocytes, PLGA nanoparticles 

coated with transferrin were found to be internalised into the BCEC preferentially via the 

caveolae pathway [89]. 

In fact, the ability of colloidal carriers to deliver drugs beyond the blood-brain barrier and 

to produce a pharmacologic effect on the CNS has been shown in a number of studies 
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[85, 90-94]. Paclitaxel has been successfully incorporated in nanoparticles coated with 

polysorbate, which significantly improved the drug brain uptake and increased its toxicity 

toward P-glycoprotein expressing tumour cells. The authors hypothesised that the 

nanoparticles mask paclitaxel physicochemical characteristics and thus reduce its binding 

to P-glycoprotein, which therefore would lead to superior brain and tumour cell uptake of 

the otherwise very low permeable drug [85]. In other study, doxorubicin-loaded poly(n-

butylcyano-acrylate) nanoparticles coated with polysorbate 80 showed a significant 

antitumoural activity in a rat glioma model, suggesting that such systems were able to 

release their content beyond the blood–brain barrier [90, 91]. However, it was not clear if 

the nanoparticles themselves were able to cross the blood–brain barrier. 

The delivery of drugs, which usually are not able to cross the blood-brain barrier, into the 

brain, when incorporated into nanoparticles was confirmed by biodistribution studies and 

pharmacological experiments in rodents [92-94]. Additionally, the presence of 

nanoparticles in the brain parenchyma was visualised by fluorescence microscopy and by 

electron microscopy [33]. Moreover, the intravenously injected nanoparticles loaded with 

doxorubicin were successfully used for the treatment of glioblastoma-bearing rats [95]. 

Consequently, all these data and the possibility of using nanoparticles for delivery of drugs 

across the blood-brain barrier, suggest that this technology represents an enormous 

promise for non-invasive therapy of the CNS diseases.  

There are strong expectations that the understanding and control of how the nanoparticle 

surface is affected [96, 97] and read by cells, will allow major developments in medicine.  

One of the therapeutic areas with lack of brain efficient treatment are brain tumours [98]. 

Therefore, this can be considered an area requiring innovative solutions for improved drug 

delivery. The treatment of such diseases is usually performed by oral or by intravenous 

administration. Both routes are very limited because of major toxicity and low brain drug 

concentration because they cannot sufficiently pass the blood-brain barrier. Additionally, 

various anticancer drugs are large hydrophobic molecules, being substrates of the ABC 

transporters expressed in the BCEC. There are only a few anticancer drugs that have 

been shown to cross the blood-brain barrier, such as, irinotecan, melphalan, and 

temozolomide. These molecules are smaller than 80 nm and are believed to cross the 

blood-brain barrier due to the leaky vessels associated with the primary sites of malignant 

gliomas [58]. The alternative is the use of brain implants which are invasive and could 

lead to several side effects [42, 43]. Despite controlled release of drugs from such 

implants, the therapeutic effect proved to be very limited as well. This limited efficiency is 

the reason why there are only a few implant formulations on the pharmaceutical market. 

Due to the occurrence of brain damages by this invasive character, prolongation of the 



Introduction 

 

15 

 

lifetime of patients is short. High mortality of high grade brain tumours and lack of efficient 

treatment, make this field a primary area for new intravenous formulations with blood-

brain barrier crossing ability. One of the most promising strategies to deliver drugs to the 

CNS is the incorporation of these drugs within nanoparticles. 

 

2.3. Lipid nanoparticles for parenteral drug delivery 

Since the 1960s that parenteral submicron fat emulsions (Intralipid) have been 

successfully and safely used [99]. After Intralipid use for parenteral nutrition, it appeared 

an excellent idea to incorporate lipophilic drugs into the emulsion oil drops. In fact, such 

products were developed and commercialised, such as Diazemuls (Diazepam), Diprivan 

(Propofol), Stesolid (Diazepam) and Vitalipid (Vitamins A, D2, E, K1) [100]. These 

submicron emulsions have the disadvantage of fast drug release and lack of protection of 

the incorporated drug against degradation. To overcome the major limitations of fat 

emulsions, a novel generation of colloidal carriers (liposomes and polymeric 

nanoparticles) were developed. These carriers offer several advantages in comparison to 

fat emulsions, namely, they can incorporate hydrophobic and hydrophilic drugs, control 

release and increase the therapeutic efficacy with associated less toxic side effects. 

Liposomes reached the market with several formulations. Some of those formulations 

used for cancer therapy are DaunoXome® (Daunorubicin, Gilead Sciences), DepoCyt® 

(Cytarabine, Sigma-Tau Pharmaceutical), Doxil/Caelyx® (Doxorubicin, Schering-Plough), 

MEPACT® (Mifamurtide, Takeda) and Myocet® (Doxorubicin, Cephalon). Additionally, 

other liposomal formulations are in clinical studies [101]. Even though the liposomes 

success as a colloidal carrier, they present several drawbacks that are major barriers in 

their successful commercialisation. These include the limited physical stability, complexity 

associated with the manufacture of the liposomes, difficulties in scale-up and sterilisation, 

presence of solvent residues left over from production and very high cost of the liposomal 

formulation [102-105]. 

Polymeric nanoparticles products are almost inexistent even 40 years after their discovery 

due to several disadvantages namely, the high expenses of biodegradable polymers, 

problems in scale-up, presence of solvent residues remaining after production, and 

development of potentially toxic/allergic metabolites resulting from the degradation of the 

polymers upon administration [103]. An exception is the diagnostic agent Abdoscan 

produced by the company Nycomed. 

In 1990s, lipid nanoparticles have been proposed by Müller and Lucks (high pressure 

homogenisation [106]) and Gasco (microemulsion technique [107]) as an alternative 

colloidal drug delivery system to emulsions, liposomes and polymeric nanoparticles.  
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After 20 years of lipid nanoparticles invention, the current state of development is 

reviewed by Müller et al. in [108]. Figure 2.3 revealed that the total number of publications 

(articles and patents) related to lipid nanoparticles increased substantially after 2002 

indicating the increased interest from the scientific community in such promising colloidal 

carriers. 

 

 

Figure 2.3. Number of articles (◊), patents (■) and total number of publications (▲) related to lipid 

nanoparticles from 1990 to 2011. Data obtained in Scopus searching the words: solid lipid 

nanoparticles (SLN), nanostructured lipid carriers (NLC), lipid nanospheres and drug-lipid 

conjugates (LDC) nanoparticles. 

 

2.3.1. Solid lipid nanoparticles 

Solid lipid nanoparticles (SLN) are a relatively new class of drug carriers that have gained 

substantial interest since SLN combine advantages of traditional colloidal drug carrier 

systems such as emulsions, liposomes and polymeric nanoparticles (e.g., physical 

stability, protection of labile drugs from degradation, controlled release, fast and effective 

production process [109]), but at the same time avoid or minimise the disadvantages 

associated with them. 

Additional advantages of SLN are their particulate nature, ability to incorporate both 

hydrophilic and hydrophobic drugs, the avoidance of organic solvents in the production 

procedures and the possibility to produce highly concentrated lipid suspensions, lower 

cytotoxicity and scale-up feasibility [102, 109-111]. In fact, the main advantage offered by 

lipid carriers in drug delivery is the use of physiological lipids or lipid molecules with a 

history of safe use in human medicine (generally recognised as safe (GRAS) 
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compounds), decreasing thereafter the risk of acute and chronic toxicity [102, 109, 110]. 

SLN do not carry the relatively high costs usually associated to large scale production, 

and have less storage and drug leakage problems compared to systems, such as 

emulsions and liposomes. The significant toxicity associated with a number of 

biodegradable polymeric materials is also not observed in SLN [112, 113]. 

SLN are defined in the scientific literature as submicron sized carriers (100-400 nm) 

composed of physiological, biodegradable and biocompatible lipids that remain in a solid 

state at room and body temperatures [109, 110]. They are composed of solid lipids 

stabilised with an emulsifying layer in an aqueous dispersion, i.e., they resemble the 

nanoemulsions by replacing the inner liquid lipid with a solid lipid. The use of solid lipids 

instead of oils is an outstanding idea to achieve controlled drug release, because drug 

mobility in a solid lipid should be considerably lower compared to an oily phase. The solid 

core contains drug dissolved or dispersed in the high melting fat solid matrix. The 

hydrophobic chains of surfactants are embedded in the fat matrix.  

SLN can be prepared using a wide variety of lipids including fatty acids (e.g. stearic acid, 

palmitic acid), mono-, di-, or triglycerides (e.g., tristearin, tripalmitin, trimyristin, trilaurin), 

glyceride mixtures (e.g., glyceryl behenate) or waxes (e.g., cetyl palmitate), and stabilised 

with selected biocompatible surfactants (non-ionic or ionic) [104]. SLN are compatible with 

many surfactants (e.g. poloxamer 188, polysorbate 80, lecithin, sodium glycocholate), 

which are approved by drug regulatory agencies [104].  

After production the macroscopic aspect of the SLN aqueous dispersion is similar to milk 

with white colour and low viscosity (Figure 2.4). 

Drug release from SLN can take place by diffusion or by degradation of the lipid matrix 

which happens mostly by enzymes, like lipases, and only to a very little degree by 

hydrolytic processes [114]. 
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Figure 2.4. Macroscopic aspect of solid lipid nanoparticles (SLN) aqueous dispersions (left), 

schematic representation of SLN aqueous dispersion (middle) and schematic representation of 

SLN stabilised with surfactant (right). 

 

Disadvantages of SLN include low drug loading capacities (the drug loading capacity of 

conventional SLN is limited because of the formation of a perfect lipid crystal matrix), the 

presence of alternative colloidal structures (micelles, liposomes, mixed micelles, drug 

nanocrystals) in the aqueous dispersion, the complexity of the physical state of the lipid 

(transformation between different modifications, possibility of supercooled melts) which 

cause stability problems during storage or administration (e.g., gelation, particle size 

increase, drug expulsion) and the relatively high water content of the dispersions (70–

99.9%) [104, 109]. 

The factors affecting loading capacity of drug in the SLN lipid matrix are the (i) solubility of 

drug in the lipid melt; (ii) miscibility of drug melt and lipid melt; (iii) chemical and physical 

structure of solid lipid matrix (e.g. crystalline structure); (iv) polymorphic sate of solid 

material [102]. 

The incorporation of drugs in SLN can be described by three different models: (i) the 

homogenous matrix model (in which drug is either molecularly dispersed or present as 

amorphous clusters in the lipid matrix), (ii) the drug-enriched shell model (outer lipid shell 

containing drug with lipid core) and (iii) the drug-enriched core model (drug core 

surrounded by lipid layer or reservoir type system) [102, 115]. The three different models 

are depicted in Figure 2.5. 

  
Solid 

lipid 

matrix 

Surfactant 

 

 

 
 

            Water        

  

  

     

Macroscopic aspect 

of SLN aqueous 

dispersion 

SLN aqueous 

dispersion 
SLN  



Introduction 

 

19 

 

The morphological differences between those models depend on the properties of the 

drug, on the matrix composition (in terms of lipids and surfactants), as well as on the 

method selected for their production. In many cases, a mixture of the three types of 

systems is obtained and, depending on the partition coefficient of the drug between the 

lipid and the aqueous phases, the drug molecules can also be adsorbed onto the surface 

of the systems being therefore not physicochemically protected by the matrix. 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Models of drug incorporation in solid lipid nanoparticles. Adapted from Müller et al. 

[102]. 

 

The homogenous matrix model is assumed for entrapped drugs that can show prolonged 

release from SLN. The drug-enriched shell model is obtained when phase separation 

occurs during the cooling process from the liquid oil droplet to the formation of SLN. The 

lipid precipitates first, forming an almost drug-free lipid core. At the same time, the 

concentration of drug in the remaining liquid lipid increases continuously. Finally, the 

compound-enriched shell crystallises. The drug-enriched core model is formed when the 

opposite mechanism as described for the former model occurs. In this case, the drug 

precipitates first and the lipid shell formed around this core will have distinctly less drug. 

This leads to a membrane-controlled release governed by Fick’s law of diffusion. This 

model is formed when the drug concentration is close to its saturation solubility in the 

melted lipid [102, 115]. 

Lipid nanoparticles have been tested for several administration routes, such as oral and 

peroral [116] pulmonary [117], ocular [118], topical, dermal and transdermal administration 

[119] as well as for gene therapy [120], as adjuvants for vaccines [121], and for parenteral 

delivery [109, 110]. 

The main features of SLN considering parenteral administration are the excellent physical 

stability, controlled drug release (fast or sustained) depending on the incorporation model, 

protection of incorporated labile drugs from degradation, notable tolerability and site-

Homogenous matrix  Drug-enriched shell  Drug-enriched core 
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specific targeting abilities [109, 110]. Improvement of tissue selectivity can be achieved by 

engineering the surface of lipid carriers with surfactants or coupling targeting ligands [70, 

122]. 

 

2.3.2. Nanostructured lipid nanoparticles 

Nanostructured lipid carries (NLC), the second generation of the lipid nanoparticles, were 

developed to overcome limitations of conventional SLN, such as unexpected dynamics of 

polymorphic transitions and inherently low drug loading, due to the crystalline structure of 

the solid lipid [109, 115]. 

The main difference between SLN and NLC is that the concept of the latter is to 

nanostructure the lipid matrix, to increase the drug loading and to prevent drug expulsion. 

NLC can be produced by mixing spatially different lipids or liquid lipids (oils) with solid 

lipids. Using spatially different lipids leads to larger distances between the fatty acid 

chains of the glycerides and general imperfections in the crystal and thus to more space 

for the accommodation of the drugs. If a proper amount of oil is mixed with the solid lipid, 

a phase separation and the formation of oily nanocompartments within the solid lipid 

matrix can occur. 

There are three types of NLC: (i) the imperfect type, (ii) the multiple type, and (iii) the 

amorphous type. The imperfect type is achieved by mixing solid lipids with small amounts 

of liquid lipids. If higher amounts of oil are mixed with the solid lipid, a different type of 

nanostructure is present. Here, the solubility of the oil molecules in the solid lipid is 

exceeded; this leads to phase separation and the formation of oily nanocompartments 

within the solid lipid matrix [123, 124]. Many drugs show a higher solubility in oils than in 

solid lipids so that they can be dissolved in the oil and still be protected from degradation 

by the surrounding solid lipids. This type of NLC is called the multiple type, and can be 

regarded as an analogue to w/o/w emulsions since it is an oil-in-solid lipid-in-water 

dispersion. 

Since drug expulsion is caused by continuing crystallisation or transformation of the solid 

lipid, this can be minimised by the formation of a third type, the amorphous type. Here, the 

particles are solid but crystallisation upon cooling is avoided by mixing special lipids (e.g., 

hydroxyoctacosanylhydroxy-stearate and isopropylmyristate) [115, 123, 124]. 

In fact, the different NLC lead to the possibility of incorporating a high amount of drug 

inside these systems, and moreover, control of drug release can still be observed 

because NLC matrix is still solid. 
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2.3.3. Lipid-drug conjugates 

Lipid-drug conjugates (LDC) have emerged as an approach to improve delivery of 

hydrophilic drugs. LDC can be described as a special form of nanoparticles consisting 

100% of conjugates between lipid and the drug, or a mixture of LDC with suitable lipids. 

LDC are obtained by converting a hydrophilic drug to a lipophilic one, or a prodrug, mainly 

via esterification or amidation [125]. LDC technology has been applied to improve delivery 

of the hydrophilic anti-trypanosomial drug diminazenediaceturate for the treatment of 

chronic phase of human African trypanosomiasis where the targeting of the drug to brain 

is essential. Olbrich et al. [74, 126, 127]. reported that diminazenediaceturate-loaded LDC 

could successfully be targeted to the brain due to selective adsorption of apolipoproteins 

(ApoE, ApoA–I and ApoA–IV) onto the surface of these lipid carriers  

These mediating agents are the key factors for the delivery and direct targeting of drugs to 

the brain. Furthermore, in vivo studies showed localisation of LDC in the endothelial cells 

of the blood vessels in the brain, as observed by confocal laser scanning microscopy [74]. 

The authors also observed that the in vivo performance and cytotoxicity potential of LDC 

was strongly governed by the type of lipid used for the conjugation and drug to lipid ratio.  

Nevertheless, the fact that LDC can themselves be treated as a new drug entity might be 

a limiting factor in their rapid commercialisation. LDC as delivery systems have proven to 

be highly efficient in therapy.  

 

2.3.4. Lipid nanoparticles for targeting the central nervous system for cancer 

treatment 

The mechanism of the transport enhancement into the brain mediated by the 

nanoparticles is not fully elucidated, but a number of hypothesis can be found in literature 

[80]  that could explain the drug delivery by nanoparticles across the blood-brain barrier: 

(i) increase of the retention and adsorption of the nanoparticles in the brain blood 

capillaries leading to higher drug concentration gradient that would enhance the transport 

through the BCEC and consequently the delivery to the brain; (ii) solubilisation of the 

endothelial cell membrane lipids, induced by the surfactant present on the surface of the 

lipid nanoparticles, could lead to membrane fluidisation and thus to an enhanced drug 

permeability through the blood-brain barrier; (iii) the lipid nanoparticles could promote an 

opening of the tight junctions between the BCEC. The drug in the free form or 

incorporated in the lipid nanoparticles could then permeate through the tight junctions; (iv) 

the lipid nanoparticles can be endocytosed by the BCEC followed by the release of the 

drugs inside the cells and delivery to the brain; (v) the lipid nanoparticles can be 

endocytosed by the BCEC followed by the transcytosis through the cells; (vi) surfactants 
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(e.g. polysorbate 80) used for coating the lipid nanoparticles could inhibit the efflux system 

(e.g. P-glycoprotein). The described mechanisms could occur simultaneously. 

Nanoparticles have become increasingly attractive in systemic cancer therapy, due to 

their capacity to: (i) prolong drug circulation half-life, (ii) reduce nonspecific uptake, (iii) 

accumulate in higher amounts in the tumours due to a phenomenon called enhanced 

permeation and retention (EPR) effect, or by (iv) enhanced tumour accumulation due to 

active targeting [65, 128-130]. Accordingly, numerous therapeutics based on 

nanoparticles, such as Doxil and Abraxane are used as the frontline therapies in clinics. 

In the last years, reviews covering brain targeting by means of lipid nanoparticles have 

been published [54, 55, 60, 131]. Several drugs for therapeutic use in cancer [68, 71, 73, 

86, 94, 132-139], HIV [72], Alzheimer’s disease [87], Parkinson [140], cerebral ischemia 

[141], cerebral malaria [88] and psychosis [142], have been incorporated in lipid 

nanoparticles with the aim of brain targeting. 

In Table 2.1 several anticancer drugs are reported that have been incorporated within 

SLN for brain tumour targeting. Such anticancer drugs are camptothecin [71], carmustine 

[132], cholesterylbutyrate [133], 3′,5′-dioctanoyl-5-fluoro-2′-deoxyuridine (DO-FUdR) [134], 

doxorubicin [135], edelfosine [136], etoposide [94], idarubicin [137], methotrexate [68], 2-

methoxyestradiol [143], paclitaxel [86], temozolomide [138] and vascular endothelial 

growth factor (VEGF) antisence oligonucleoside [139].  

Nanoparticles and SLN especially those with a size in the range of 120–200 nm are not 

rapidly uptaken by the cells of the reticuloendothelial system and therefore avoid liver and 

spleen filtration [144]. Therefore SLN of size below 200 nm have an increased blood 

circulation and then an increase in the time for which the SLN/drug remains in contact with 

the blood-brain barrier and for the SLN/drug to be uptaken by the brain [55, 144]. Table 

2.1 gives the details of particle size obtained with various combinations of lipids and 

surfactants. 

The internalisation of nanoparticles in different cells depends on their physicochemical 

properties, such as size and surface charge. The size of particles can influence the type of 

cells that uptake the nanoparticles, and can also affect the endocytotic uptake 

mechanism. Mostly clathrin-mediated endocytosis was proposed to be the main pathway 

for the uptake of particles with a size below 200 nm while the uptake of larger particles up 

to a size of 500 nm seems to occur preferentially by caveolae-mediated endocytosis [145]. 

The majority of the successfully developed nanoparticles had a size ranging from 150 to 

300 nm [29]. 
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Table 2.1. Anticancer drugs incorporated into solid lipid nanoparticles for brain tumour 

targeting 

Anticancer drug Lipid 
Surface 
modification/ 
coating 

Size [nm] 
Surface 
charge [mV] 

Ref. 

Camptothecin Stearic acid Poloxamer 188 197 -45 [71] 

Carmustine Cacao butter, 
Stearic acid 

HTMAB, SDS, 
grafted with anti-
EGFR 

~180 to 
550 

~-2 to -10 [132] 

Cholesterylbutyrate Cholesterylbut
yrate 

Epikuron 200, 
Sodium 
taurocholate 

70 to 200 -29 [133] 

DO-FUdR Glycerol 
tristearate 

Poloxamer 188 76 n.a. [134] 

Doxorubicin Cacao butter, 
Stearic acid 

HTMAB, SDS, 
grafted with anti-
EGFR 

200 to 
250 

n.a. [135] 

Edelfosine Compritol, 
Precirol 

Polysorbate 80 111 
105 

-21 
-22 

[136] 

Etoposide Tripalmitin Without coating 391 -47 [94] 

Ferrociphenol Labrafac® 
CC 

Solutol® HS15 ~50 -6 to -24 [146] 

Idarubicin Stearic acid Epikuron 200, 
Taurocholate 
sodium 

80 -40 [137] 

Methotrexate Triestearin, 
Stearic acid 

Conjugated with 
cationic BSA 

95 10 [68] 

2-Methoxyestradiol Compritol 
888ATO, 
Monostearin 

Poloxamer 188 120 -40 [143] 

Paclitaxel Stearylamine Poloxamer 188 96 39 [86] 

Temozolomide Stearic acid Poloxamer 188 66 -37 [138] 

VEGF antisence 
oligonucleoside 

- Without coating 169 n.a. [139] 

Anti-EGFR: anti-epithelial growth factor receptor; BSA: bovine serum albumin; DO-FUdR: 3′,5′-

dioctanoyl-5-fluoro-2′-deoxyuridine; HTMAB: Hexadecyltrimethylammonium; SDS: sodium 

dodecylsulfate; VEGF: vascular endothelial growth factor. 

 

Furthermore, the surface properties of the nanoparticles were found to be the key factor 

for successful brain delivery. 

Surface charge and hydrophobicity also influence the nanoparticles uptake and/or the rate 

of transyctosis due to their relevant influence on the adsorption of blood proteins into the 

surface of the nanoparticle [147]. 

Nanoparticles with neutral or slightly negative surface charge have been identified with 

increased ability in brain drug delivery, in comparison with positively charged 

nanoparticles [148]. Furthermore, other advantage of using negatively charged 

nanoparticles is that they are expected to be less toxic and more stable compared to 

positively charged nanoparticles [148, 149]. In agreement with that, the majority of the 
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anticancer-loaded lipid nanoparticles had negative zeta potential values developed (Table 

2.1).  

 

2.3.5. In vivo fate of lipid nanoparticles: protein adsorption patterns 

In 1997, Kreuter et al. [78] discovered that polysorbate 80 loaded PBCA nanoparticles 

were able to deliver dalargin to the brain. Dalargin is an anti-pain hexapeptide which is 

only active when delivered directly to the brain. Therefore, intravenous injection of 

dalargin solution does not lead to any effect. However, a pronounced pain-reducing effect 

was observed after injection of the PBCA nanoparticles coated with some surfactants 

having dalargin adsorbed onto their surface. The efficiency of particulate delivery with 

PBCA nanoparticles could be shown for a number of other drugs, such as doxorubicine 

[33], temozolomide [66] and zidovudine [150]. 

After such discovery the next step was to elucidate the mechanism of this delivery 

process. According to the concept of “differential protein adsorption” [151] the organ 

distribution of intravenously injected particulate carriers depends on their protein 

adsorption pattern acquired after injection in the blood. The theory that the blood proteins 

are the key factor determining the in vivo fate is generally accepted, and depends on the 

physicochemical properties of the particulate carriers, such as surface hydrophobicity, 

charge, nature and structure of functional groups. Since the physicochemical properties of 

carriers determine the blood protein adsorption pattern, they will be responsible by which 

organ/cells the particles are localised. Thus, physicochemical characterisation of such 

carriers is of major importance in the development of an optimised formulation. 

Generally, unmodified nanoparticles quickly adsorb plasma components – mostly 

opsonins – after intravenous administration and, consequently, are quickly cleared from 

the blood circulation by the macrophages of the reticuloendothelial system which are 

mainly located in the liver (Kupffer cells) and spleen. In vivo studies in rats revealed that 

the clearance of unmodified nanoparticles after intravenous administration can happen 

within few minutes [152]. Conversely, modifying nanoparticle surface with appropriated 

surfactants [153], or attachment of polyethylene glycol (PEG) chains [154], their blood 

circulation can be extensively prolonged and the body distribution modified significantly, 

which in some cases might improve the brain delivery. Indeed, based on the concept of 

“differential protein adsorption” the nanoparticles developed by Kreuter where analysed 

and apolipoprotein E (ApoE) was identified as the compound adsorbing specifically and 

preferentially only on the particles which could deliver dalargin to the brain. 

The ApoE is involved in the transport of lipids into the brain by the LDL receptors, which is 

vital for maintaining cholesterol homeostasis [155]. The ApoE binds to various receptors 
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on the blood-brain barrier (i.e. LDL receptors, low density lipoprotein receptor-related 

protein 1 (LRP-1), very low density lipoprotein receptor (VLDL receptor), apolipoprotein E 

receptor-2 (Apo ER-2) and megalin/gp330) and also to receptors in other regions of the 

CNS. Therefore, there are substantial evidences that nanoparticle passage through the 

blood-brain barrier is mediated by apolipoproteins adsorbed or covalently bound to the 

nanoparticle surface. The mechanism behind the nanoparticle uptake into the BCEC 

seems to be receptor-mediated employing the LDL receptor (ApoE) [156] or the 

scavenger receptor class B type I (ApoA-I) [157]. In agreement, in several studies [62, 

156, 158], ApoE seems to mediate the interaction of the nanoparticles with certain LDL 

receptors at the blood-brain barrier followed by the endocytosis of the nanoparticles. 

The ApoE concept could also be transferred to non-polymeric carriers, such as lipid 

nanoparticles covered with appropriated surfactants. This has been proven by two-

dimensional polyacrylamide gel electrophoresis (2-D PAGE) analysis [159-161]. 

The important role of ApoE has been confirmed in additional in vivo experiments, where 

dalargin [80] and loperamide [80, 156] were successfully delivered to the brain. 

Several in vitro studies in BCEC and in the murine brain endothelioma cell line bEnd3 

confirm the involvement of the LDL receptor mediated pathway in the uptake of 

nanoparticles with ApoE adsorbed in the surface [158, 162]. To further elucidate the role 

of the apolipoproteins, Kim et al. [162] investigated the proteins adsorbed pattern of 

PEGylated and non-PEGylated poly(hexadecylcyanoacrylate) (PHDCA) nanoparticles 

using two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) and capillary 

electrophoresis. The authors identified that only nanoparticles that adsorbed ApoE or 

ApoB-100 onto their surface were able to penetrate effectively into BCEC, suggesting the 

involvement of a low density lipoprotein receptor in this process. 

As expected, covalently attached ApoE nanoparticles revealed specific cellular binding for 

murine brain endothelioma cells bEnd3 and by transmission electron microscopy 

appeared to be within intracellular structures surrounded by a membrane, possibly 

lysosomes [62]. 

In another study oximes (i.e. acetylcholinesterase reactivators) were delivered across the 

monolayer of the bEnd3 cells using ApoE-modified human serum albumin (HSA) 

nanoparticles reactivating the inhibited acetylcholinesterase [163]. The transendothelial 

electrical resistance of the monolayer of the freshly isolated primary porcine BCEC was 

still high after incubation with the nanoparticles indicating that the tight junctions persisted 

closed and nanoparticles passed through the endothelial cell barrier via the transcellular 

pathway.  
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Zensi et al. [62, 164] visualised, by transmission electron microscopy (TEM), human 

serum albumin nanoparticles tailored with ApoE or ApoA-I in the brain after injection in 

rats or mices. These studies indicate that such nanoparticles were uptaken into the 

cerebral endothelium by an endocytic mechanism followed by transcytosis into the brain. 

In conclusion, several studies with nanoparticles tailored or preincubated with certain 

apolipoproteins (e.g. ApoE, ApoB, Apo AI) revealed a higher drug brain delivery. These 

results corroborated in terms of the vital role of some apolipoproteins in the nanoparticle 

interaction with the BCEC and reinforce the involvement of the LDL receptors in brain 

translocation of the nanoparticles. The ability of drug-loaded nanoparticles to pass through 

the blood-brain barrier in a therapeutic concentration is not only due to adsorption of 

ApoE. It is possibly the ‘team-work’ of apolipoproteins like A-I and A-IV that avoid the 

nanoparticles from hepatic uptake prior to their contact with the ApoE receptors at the 

BBB [74]. 

The LDL receptor has been shown to be upregulated in glioblastoma tumour cells in vitro 

[165, 166] and consequently is a potential molecular target for the delivery of anticancer 

drugs incorporated in nanoparticles coated with appropriated surfactants or tailored with 

ApoE.  

 

2.3.6. The role of surfactants in targeting the central nervous system 

Surfactants are important excipients frequently used in pharmaceutical formulations, 

including nanoparticulate systems. Currently, there are a high number of commercially 

available surfactants with different molecular weights and different 

hydrophilic/hydrophobic properties. Different surfactants have different properties and the 

same surfactant may have a wide range of applications depending on the concentration 

that is used. In the field of nanotechnology, surfactants can act especially as stabilisers 

and/or coating agents. 

Regardless the great number of available surfactants, only the most accepted (due to their 

safety) molecules were investigated as nanoparticles coating agents for brain delivery 

(e.g. polysorbates 20, 40, 60, 80 (Tween®), poloxamers 184, 188, 338, 407 (Pluronic®), 

poloxamine 908 (Tetronic® 908), and polyoxyethylene lauryl ether (Brij® 35) [71, 78, 153, 

167-169]). 

Polysorbates or polyoxyethylene sorbitan fatty acid esters are a class of partial fatty acid 

esters of sorbitol and its anhydrides copolymerised with approximately 20, 5, or 4 moles of 

ethylene oxide (hydrophilic) for each mole of sorbitol and its anhydrides [170] 

Polysorbates are non-ionic surfactants widely used as stabilising or coating agents of 
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nanoparticles [33, 66, 78, 92, 95]. They may also be used as solubilising agents for a 

variety of drugs. They were found to be moderately inhibitors of P-glycoprotein [171]. 

Poloxamers are copolymers of polyoxyethylene (hydrophilic) and polyoxypropylene 

(hydrophobic) molecules that can be present in different proportions originating different 

poloxamers. Poloxamers are also used either as stabilising or coating agents of 

nanoparticles and as solubilising agent for several drugs [71, 160, 170]. Additionally, they 

were found also to be moderate inhibitors of P-glycoprotein [171]. 

It is commonly accepted that the nanoparticle-based drug delivery through the blood-brain 

barrier after intravenous administration can be enhanced by coating them with appropriate 

surfactants. In fact, since Kreuter and co-workers discovered the suitability of surfactants 

for enhancing brain delivery, several studies have been carried out using different 

surfactant coated colloidal carriers [71, 78, 86, 134, 138, 167]. 

Nanoparticles coated with appropriated surfactants show, generally, decreased hepatic 

uptake, increased blood levels, and some revealed increased drug brain levels [74, 172]. 

Nonetheless, coating the nanoparticles with surfactants does not necessarily lead to an 

enhanced transport of nanoparticles into the brain [78]. In fact, only some surfactants (e.g. 

polysorbate 20, 40, 60, 80 [78], poloxamer 188 [71] and 407 [167]) revealed such ability. 

Among the surfactants investigated as nanoparticle coatings, the most promising is the 

polysorbate 80 which proved to be effective as a brain delivery enhancer in different types 

of colloidal carriers, such as PBCA nanoparticles [33], PLGA nanoparticles [173], HSA 

nanoparticles [156], SLN [70] and LDC nanoparticles [127]. In fact, a high number of 

drugs have been delivered into the brain by the polysorbate 80-coated nanoparticles, such 

as edelfosine [136], temozolidine [174], gemcitabine [175], tacrine [176], doxorubicin [33] 

and methotrexate [177]. 

SLN stabilised with different surfactants were selected to study the influence of the 

surfactants on the proteins adsorption pattern onto the SLN surface [70]. Generally, 

surfactants with higher hydrophilic-lipophilic balance (HLB) were related with lower 

adsorption of ApoE. As an example, for the polysorbates 20, 40, 60 and 80, polysorbate 

60 (HLB=14.9), the most lipophilic, adsorbed the highest amount of ApoE. Whereas 

polysorbate 20 (HLB=16.7), the most hydrophilic, was responsible for the lowest 

adsorption of ApoE. These results revealed that the amount of adsorbed ApoE decreased 

with increasing surfactant HLB value. A possible reason for this correlation may be the 

affinity of apolipoproteins to hydrophobic surfaces. Consequently, it is expected that ApoE 

adsorbs preferentially onto the lipid components of the surfactants and/or lipid matrix of 

the SLN (lipophilic regions), instead of adsorbing onto the polyethylene oxide chains of the 

surfactants (hydrophilic regions) [70]. 
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Weisgraber et al. [178] revealed that ApoC-I and ApoC-II have an inhibitory effect in the 

binding of ApoE-containing lipoproteins to the LDL receptor. Therefore, a high ratio Apo 

E/Apo C-II of proteins adsorbed onto the nanoparticles surface is advantageous for brain 

targeting. The highest ratio was detected in polysorbate 80-coated nanoparticles [70]. 

Reimold et al. [33] investigated the distribution of fluorescent PBCA nanoparticles coated 

with polysorbate 80 after carotid and intravenous injections in rats. The fluorescent 

particles were visualised in the BCEC and in the perivascular brain tissue clearly 

indicating their capacity to pass through the blood-brain barrier. 

Malignant gliomas, are the most dangerous and aggressive CNS disease, less than 40% 

of the patients with IV grade tumours survived more than one year [179]. Due to the 

inability of many anticancer drugs to overcome the blood-brain barrier, chemotherapy only 

plays a role of adjuvant in the treatment of gliomas. Consequently, the use of nanoparticle 

for the systemic chemotherapy of gliomas seems to be an outstanding solution.  

The efficacy of brain delivery by surfactant-coated nanoparticles was demonstrated by the 

out effectiveness of the doxorubicin-loaded nanoparticles against intracranial glioblastoma 

in rats [61, 90, 91, 157]. The effectiveness could be associated to an increase in the 

BCEC internalisation of the drug-loaded nanoparticles and/or due to and increased blood-

brain barrier permeability (EPR effect) activated by the glioma [180]. 

The increase of cytotoxicity against brain tumour cell lines (e.g. C6, 9L, F-98 and SK-N-

SH glioma cell lines) and/or reduction of brain tumours size in animal models were 

confirmed in various surfactants (e.g. polysorbate [136] and poloxamer [143]) coated lipid 

nanoparticles incorporating anticancer drugs revealing the ability of these carries for 

glioma treatment [181]. 

Doxorubicin-loaded PBCA nanoparticles revealed higher cytotoxicity when coated with 

polysorbate 80 than when coated with poloxamer 188 or poloxamine 908 [182]. 

In another study, poloxamer 188 and polysorbate 80 revealed a considerable and similar 

antitumour effect of doxorubicin-loaded PBCA nanoparticles against 101/8 glioblastoma 

[91]. This is possibly due to the fact that both surfactants originate similar plasma protein 

adsorption pattern on the nanoparticles surface [157]. The authors suggested that the 

brain uptake of the particles was facilitated by ApoA-I, which mediated the interaction of 

the particles with the scavenger receptor B class I (SR-BI) present on the BCEC [183]. In 

agreement with that the adsorption of ApoA-I on the surface of nanoparticles similarly 

increased the nanoparticles uptake by astrocytes in an in vitro model of the blood-brain 

barrier [184]. 

Anti-tumour studies against an intracranial 101/8 glioblastoma in rats were performed with 

doxorubicin-loaded PLGA nanoparticles [79], produced with two stabilisers, poly(vinyl 
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alcohol) (PVA) or HSA and coated with polysorbate 80 or poloxamer 188. The most 

promising result was obtained using the PVA-based nanoparticles coated with poloxamer 

188. Such results revealed that, not only the surface coating material, but all excipients of 

the nanoparticles (e.g. core polymer, stabiliser) can affect the capability of nanoparticles 

to transport drugs beyond the blood-brain barrier. 

For the reasons pointed out above, it is reasonable to conclude about the great potential 

of polysorbates (especially polysorbate 80) and some poloxamers as SLN stabilising 

agents in brain delivery, due to the fact that required plasma protein pattern onto the SLN 

can be achieved which improves the uptake by the BCEC and glioma cell lines. 

 

2.3.7. Lipid nanoparticles toxicological concerns 

The brain is the tissue with the second highest concentration of lipids, exceeded just by 

the adipose tissue. The decomposition of triglycerides into free fatty acids and glycerol is 

a strictly controlled enzymatic process. In the CNS lipids exhibit crucial roles in nervous 

system structure and function. Furthermore, brain lipids, especially fatty acids and their 

metabolites, are essential mediators in numerous signalling processes [185]. 

SLN formulations for parenteral use are not available yet on the market. Nonetheless, 

since the 1960s lipid emulsions made by fatty acids are commonly used in parenteral 

nutrition [99, 100]. Therefore, the use of glycerides for SLN production would be expected 

to not result in significant toxic effects resultants from their degradation products [102]. 

Additionally, brain lipid implants confirmed the high biocompatibility of the lipids in the 

brain parenchyma [186, 187]. Furthermore, the evaluation of several nanoparticles with 

different surface properties revealed that neutral nanoparticles, and low concentrations of 

anionic nanoparticles, have no effect on the blood-brain barrier integrity, while high 

concentrations of anionic nanoparticles and cationic nanoparticles were found to be toxic 

to the blood-brain barrier [148].  

For the reasons pointed out above one can anticipate that neutral and slight anionic lipid-

based colloidal carriers are well tolerated in the brain. Nevertheless, in parallel with 

developing lipid nanoparticles for CNS therapy, it is essential to confirm their safety and 

long-term consequences after reaching the brain.  

Numerous studies have explored the influence of the lipid matrix, surfactants and particle 

size on the SLN degradation rate [188-190]. Lipid nanoparticles are generally made of 

physiological and GRAS excipients and therefore, metabolic pathways exist decreasing 

the risk of acute and chronic toxicity. Their degradation is relatively fast in non-toxic 

compounds that are easily eliminated through physiologic metabolic pathways. The lipid 

matrix degradation occurs mostly by lipases whereas only a minor part is degraded by 
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non-enzymatic hydrolytic processes [114]. The alcohol dehydrogenase is an endogenous 

enzyme also responsible for SLN degradation [191]. 

Lipid carriers prepared with several lipids and emulsifying agents did not exhibit 

substantial cytotoxic effects in vitro. In fact, it has been shown that even concentrations 

higher than 10% of lipid phase led to a viability of 80% with human granulocytes in culture 

[192]. For comparison, polylactic acid (PLA) nanoparticles showed complete cell death at 

0.5%. The low toxicity of lipid nanoparticles has already been shown in human 

promyelotic cells (HL60) [112]. It can be assumed that the cytotoxicity of the SLN can be 

mainly attributed to components of the aqueous phase, especially to non-ionic emulsifiers 

and preservatives that have eventually been used [193]. 

Consequently, the toxicity of the surfactants in SLN dispersions has to be considered. The 

effect of surfactants (such as cholic acid sodium salt, lecithin, polysorbate 80 and 

poloxamer 407) on the degradation rate of SLN has also been assessed [190]. 

Considering a future application of these systems for parenteral drug delivery, no 

problems should be observed if the appropriate surfactants are used.  

The hemo- and cytocompatibility of colloidal carriers has raised a novel issue so-called 

“nanotoxicology”, which needs to be taken into account when developing nanoparticles for 

drug delivery. From the past studies, polymeric nanoparticles have exhibited cytotoxic 

effects in peritoneal resident and thioglycolate-elicited macrophages. Thus, a possible up-

regulation of proinflammatory cytokines must also be addressed in the development of 

lipid nanoparticles. In case of SLN, one can expect the cytotoxicity to be minimal/absent, 

mostly due to their better physiological acceptability when compared to polymeric 

nanoparticles. Nevertheless, not all SLN can be considered innocuous.  

The literature reveals that cytocompatibility of SLN is dependent of the lipid matrix and 

surfactant used in their production [194, 195]. Koziara et al. [196] showed that 

conventional and stealth lipid nanoparticles based on cetyl alcohol, polysorbate 80 and 

emulsifying wax are totally safe at clinically relevant concentrations. In another study it 

has been shown that SLN consisting of glycerol behenate as lipid, and polysorbate 80 and 

poloxamer 188 as surfactants, showed no binding to erythrocytes (SLN binding 10.0%) 

[109]. In contrast, when Span 85 was used, blood cell affinity of labelled SLN was 

increased leading to significant aggregation of red blood cells (75.3%) [109]. Furthermore, 

from the cytotoxicity point of view, it has been shown that trimyristin SLN when produced 

with pharmaceutically accepted surfactants for intravenous injection, such as poloxamer 

188, Lipoid S75, sodium cholate and polysorbate 80 could be well tolerated by RAW 

264.7 macrophages [197]. Besides, other studies on SLN have shown that they are not 

likely to induce any allergic reactions, hypersensitivity or cytokine production [109]. 
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Liu et al. [117] studied the cytotoxic effects on the A549 cells of insulin loaded and non-

loaded SLN composed of stearic acid, palmitic acid and soybean phosphatidylcholine as 

lipid matrix, stabilised by a mixture of sodium cholate and poloxamer 188 as surfactants. 

This A549 cell line has widely been applied in various studies to mimic the structural and 

biochemical characteristics of human pulmonary type II cells. The results obtained 

showed no cytotoxic effects of SLN. 

Good tolerability firstly depends on the used surfactant and secondly on the lipid. To 

formulate parenteral lipid-based carriers, surfactants of GRAS status must be employed, 

e.g., lecithin, polysorbate 80, poloxamer 188, Span 85, or sodium glycocholate. When 

performing bolus injections into mice, good tolerability was found for most of these 

surfactants coating SLN [109]. As described, for cetyl palmitate-based SLN with different 

surfactants no acute toxicity and no increase in liver and spleen weight was observed. 

After autopsy and histopathology no significant evidence was documented that SLN were 

acute toxic to tested animals [109]. 

When particle dispersions are intended for intravenous administration production of 

monodispersed formulations and absence of microparticles larger than 5 µm must be 

guaranteed. Injections of highly polydispersed particle dispersions can cause embolism, 

due to the risk of particle aggregation during injection. Moreover, colloidal carriers can be 

coated with surfactants to target the incorporated drugs to specific cells, tumours and/or 

organs. This strategy can be successfully applied to concentrate drugs in such target 

tissues minimising systemic side effects and therefore toxicity. The absence of pyrogens 

must be checked for parenteral administration. Problems may arise, because colloidal 

carriers may interfere with the pyrogens causing gelation of the suspension, which could 

result in embolism.  

Furthermore, we should be aware that pharmaceutical products involving nanotechnology 

have already been approved for clinical use, and numerous nanocarriers are in preclinical 

development.  

 

2.4. Malignant gliomas 

Gliomas are the most frequent tumours accounting for 49% of all primary brain tumours 

and numerous types of gliomas are histopathologically identified. It is termed glioma 

because it arises from glial cells, such as, astrocytes, ependymal cells and 

oligodendrocytes. Gliomas can be classified based on cell type, grade and location. 

According to cell type, gliomas can be classified as astrocytomas, ependymomas, 

oligodendrogliomas or mixed gliomas if the tumour cells share histological features with 

astrocytes, ependymal cells, oligodendrocytes or different types of glial cells, respectively. 
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[198]. World Health Organisation (WHO) classified gliomas according to a “malignance 

scale” from grade I (less malignant) to grade IV (most malignant) [98]. The WHO grade 

scheme and features of common astrocytic tumours is depicted in Table 2.2. 

Glioblastoma (WHO grade IV) is the most malignant and frequent brain tumour accounting 

for around 12 to 15% of all brain tumours and 60 to 75% of astrocytic tumours [199, 200]. 

The WHO grading scheme of common astrocytic tumours is depicted in Table 2.2. The 

incidence of glioblastoma is in the range of 3-4 new cases per 100 000 population per 

year in Europe and North America [98, 199]. Glioblastoma may appear in any age, but 

predominantly affects adults, with a peak of prevalence between 45 and 75 years of age 

[98]. Males are affected slightly more frequently than females with ratio male:female of 

1.26 in USA and 1.28 in Switzerland [201]. 

Glioblastoma is a malignant neoplasm with major astrocytic differentiation which 

preferentially locates in the cerebral hemispheres. The histological characteristics of this 

tumour include nuclear atypia, cellular pleomorphism, mitotic activity, vascular thrombosis, 

microvascular proliferation and necrosis [98]. Necrosis is a characteristic of glioblastoma, 

and its occurrence is one of the strongest indicators of its aggressive clinical behaviour 

[98]. In addition, glioblastomas are among the most vascularised tumours in humans. 

Glioblastoma can be termed as primary or secondary glioblastoma. Most glioblastomas 

(>90%) are primary and manifest rapidly de novo with a short clinical history (frequently 

<3 months), without detectable precursor lesions. Secondary glioblastomas grow 

progressively from diffuse astrocytoma (WHO grade II) or anaplastic astrocytoma (WHO 

grade III). Median survival time of patients with secondary glioblastoma is considerably 

longer (more than three months) than patients with primary glioblastoma, nonetheless, 

this is probably related to the younger age of secondary glioblastoma patients [199, 200]. 

The term glioblastoma was used to designate grade IV astrocytic tumours until 2007. After 

that, the WHO Classification of Tumours of the Central Nervous System [98] introduced in 

addition the designation ‘‘glioblastoma with oligodendroglioma component’’. This tumour 

represents a high-grade astrocytic tumour with foci that look like oligodendrogliomas. In 

fact, those mixed gliomas with necrosis which were before identified as anaplastic 

oligoastrocytoma are now identified as glioblastoma with oligodendroglioma component. 

This tumour accounts for around one in each ten new glioblastoma diagnosis [202]. 
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Table 2.2. WHO grading scheme and features of common astrocytic tumours [98] 

Tumour designation 
WHO 
grade 

Tumour Characteristics 
Tumour 
behaviour 

Prognosis 

Subependymal giant 
cell astrocytoma 
 
 
Pilocytic 
astrocytoma 

I 

Benign, slowly growing tumour 
composed of large ganglioid 
astrocytes. 
 
Relatively circumscribed, slowly 
growing, often cystic 
astrocytoma. 

Borderline 
or uncertain 
behaviour 

Decades 

Pilomyxoid 
astrocytoma 
 
 
 
Diffuse astrocytoma 
 
 
 
 
Pleomorphic 
Xanthoastrocytoma 

II 

Prominent mucoid matrix and 
angiocentric arrangement of 
monomorphous, bipolar tumour 
cells. 
 
A diffusely infiltrating 
astrocytoma characterised by a 
high degree of cellular 
differentiation and slow growth. 
 
Astrocytic neoplasm with a 
relatively favourable prognosis. 

Malignant 
tumours 

> 5 years 

Anaplastic 
astrocytoma 

III 

A diffusely infiltrating malignant 
astrocytoma characterised by 
nuclear atypia, increased 
cellularity and significant 
proliferative activity. 

Malignant 
tumours 

2 years 

Glioblastoma 

IV 

Predominant astrocytic 
differentiation characterised by 
nuclear atypia, cellular 
pleomorphism, mitotic activity, 
vascular thrombosis, 
microvascular proliferation and 
necrosis. 

Malignant 
tumours 

< 1 year 

 

Since anaplastic oligoastrocytoma with necrosis are now identified as glioblastoma with 

oligodendroglioma component, it has been predicted that the number of glioblastomas 

would increase after 2007. Furthermore, since these tumour associated with a better 

prognosis than standard glioblastoma [98, 203] are now integrated in the group of 

glioblastomas enhancements in the median survival time of patients with glioblastomas 

over the next few years should be achieved not only due to progresses in diagnosis and 

treatment, but as well due to a semantic factor [202]. 

Glioblastoma is extremely resistant to therapy, with an overall survival of patients 

extremely poor, even after aggressive multimodality therapy composed by surgical 

resection, radiation therapy, and chemotherapy [98]. The treatment of glioblastomas was 

considerably changed in the last decade. Temozolomide, an oral alkylating agent, is 

nowadays the recommended anticancer agent as adjuvant in the multimodality therapy of 

malignant glioma [204]. 
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Recently, Lawrence et al. [179] published a study based on data extracted from the 

Survival, Epidemiology and End Results Database for patients diagnosed with 

glioblastoma from 2001 to 2007. The authors conclude that between those years there 

was an improvement in the overall survival of patients with the median survival time 

increased from 7 to 9 months for the whole population. Furthermore, the 1-year survival 

also increased from 29% to 39%. These improvements were limited to patients younger 

than 70 years old and was more noticeable among patients living in high-income districts.  

Factors associated with an unfavourable clinical prognosis are old age (50 years or older), 

lower Karnofsky performance score (<80), initial and on study histological data of 

glioblastoma multiforme, corticosteroid use, short time between original diagnosis to 

recurrence, and tumour outside frontal lobe [204, 205]. 

Clinical trials generally show superior results, with median survival times around 12 

months, related with their preference in recruit younger patients and patients with greater 

preoperative Karnofsky performance scores, which are strong indicators of a more 

favourable clinical prognosis [98]. 

In fact, in the last 30–40 years, hundreds of clinical trials revealed only minor therapeutic 

success, though some long-term survivors have been observed in patients treated 

aggressively with combinatory therapy. In the last years, a novel standard therapy system, 

including maximum surgical tumour resection followed by radiotherapy and chemotherapy 

with temozolomide improved the median survival time from 12.1 to 14.6 months [206]. 

Pharmaceutical therapies display an increasingly important role in the treatment of 

primary brain tumours. There are several anticancer agents used or under investigation 

against glioblastomas, namely temozolomide, nitrosourea, procarbazine, nimustine, 

carmustine, lomustine and fotemustine (alkylating agents), irinotecan (topoisomerase I 

inhibitor), teniposide and etoposide (topoisomerase II inhibitor), platinium compounds 

(rarely used in gliomas), methotrexate (antimetabolite and antifolate agent), vincristine 

(blocks tubulin polymerisation), bevacizumab (monoclonal antibody against VEGF) and 

carmustine wafers (Gliadel) [207, 208]. 

Several clinical trials are being performed to improve glioblastoma therapy [209-213]. A 

phase III randomised trial identified that simultaneous radiation and temozolomide 

treatments, followed by six months of monotherapy with temozolomide were superior then 

only radiation therapy in terms of mean survival time in newly diagnosed glioblastomas 

[206]. Bevacizumab is also under investigation as adjuvant in the multimodality therapy. 

Preliminar trials with cedirinib (pan-VEGF receptor tyrosine kinase inhibitor) appear also a 

promising strategy. Biomarkers, such as, methylated-DNA-protein-cysteine 
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methyltransferase (MGMT) promotor hypermethylation and 1p/19q co-deletion, open the 

possibility of tailoring therapy based on molecular genetic factors strategies [204]. 

However, most cytostatics are useless for the treatment of brain tumours as long as the 

blood–brain barrier remains intact. Primary reasons are the inability of such drugs to be 

uptaken by the BCEC and also the recognition of these drugs by efflux proteins located in 

the luminal membrane of brain capillaries, such as P-glycoprotein, multidrug resistance-

associated proteins or breast cancer resistance protein [1, 48]. 

Glioblastoma chemotherapeutic resistance is mainly due to: i) invasive characteristics of 

glioblastoma cells promoting malignant cells to rapidly spread even to the brain stem and 

spinal cord, and to be located behind an entirely intact blood-brain barrier; ii) reduced 

anticancer drugs delivery due to partial blood-brain barrier maintenance and increased 

tumour interstitial pressure; iii) genome instability created by point mutations; iv) 

maintenance of abundant deoxyribonucleic acid (DNA) repair machinery that decreases 

the efficacy of radiotherapy and chemotherapy; v) the existence of neural stem cell-like 

cells can contribute to resistance mechanisms different from those of the non-stem-like 

tumour cells and in that way promote cellular heterogeneity [98]. 

In glioma tumours, some of the blood-brain barrier properties could be maintained and 

others could be drastically altered which could change the anticancer drug permeation 

ability through such barrier. The tight junctions at the blood-brain barrier in gliomas are 

generally compromised leading to a disrupted and “leaky” blood-brain barrier. The 

penetration of anticancer drugs might increase in regions of the tumour where the blood-

brain barrier is disrupted. Despite other regions, mainly at the outer rim of the tumour, can 

have a normal blood-brain barrier that still remains a challenge to effective delivery of 

anticancer drugs [214]. In addition, when the glioma recurs, it would possible recur in 

adjacent regions of the brain with an intact blood-brain barrier [215].  

Furthermore, regional differences in tumour blood flow could limit the drug delivery of 

anticancer drugs that are usually highly permeable to the blood-brain barrier, such 

phenomenon is called as blood flow-limited transport. The elevated brain pressure could 

also reduce drug penetration. The co-administration of angiogenesis inhibitors (e.g. 

sunitinib) can “normalise” the tumour vasculature which can be associated with improved 

blood-brain barrier penetration [216]. 

The expression of ABC transporters might as well be up or down regulated in regions of 

the blood-brain barrier connected with brain tumour [217, 218]. However, it does not 

appear to be a reliable pattern for ABC transporter expression and function in the 

vasculature of brain tumours which compromises treatments consisting of inhibiting drug 

efflux pumps at the blood-brain barrier in brain tumours. 
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For all the difficulties in the glioblastoma treatment previously referred, there is an urgent 

need to develop treatments in which cytotoxic drugs have their full potential antitumour 

activity and reveal limited side effects, and in that way, reasonably increase the median 

survival times in glioblastoma patients.  

An outstanding idea appears to be the use of drug delivery systems, such as lipid 

nanoparticles, to selectively deliver the anticancer agents to tumour tissue in therapeutic 

concentrations during the appropriate duration of treatment with the purpose to enhance 

their antitumour effect and at the same time reduce the toxic side effects associated with 

the anticancer drug. The targeting drug delivery systems to gliomas could be reached by 

an active targeting (ligands) and passive targeting (EPR effect).  

Clinical trials are already being performed with colloidal carriers as drug delivery systems 

for increase glioblastoma therapy [219-221]. 

It is expected that with all the knowledge about glioblastomas mechanisms of resistance 

and susceptibility to therapy, much more progress will be made in the treatment of 

glioblastomas than in the past 50 years [98] and nanotechnology could have a pivotal role 

on the improvement of anticancer drugs brain delivery. 

 

2.5. Camptothecin 

Camptothecin is a cytostatic alkaloid originally isolated from the tree Camptotheca 

Acuminata [222]. Camptothecin and its analogues are considered to be among the most 

promising anticancer drugs of the twenty-first century and extensive literature about 

camptothecin features could be found in [223-228]. 

Camptothecin is a well-established topoisomerase I inhibitor against a broad spectrum of 

cancers [229, 230]. Clinical trials of camptothecin and its analogues have revealed 

effectiveness against several cancer cells such as small and non-small cell lung cancer, 

ovarian cancer, cervical cancer, pancreatic cancer, myelomonocytic leukemia, metastatic 

colorectal cancer, metastatic breast cancer [223, 227].  

However, unpredictable toxicity related to camptothecin stopped the clinical trials [231-

236]. 

Furthermore, pre-clinical and clinical studies have shown the effectiveness of 

camptothecin in malignant gliomas therapy [237-240]. 
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2.5.1. DNA topoisomerase I poison 

Camptothecin has been identified as a DNA topoisomerase I poison which the mechanism 

of action consists in the stabilisation of the topoisomerase I-DNA complex [183, 241-243]. 

DNA exists in the cell as a double helix and experiences conformational and topological 

alterations during various cellular processes such as replication and transcription. Due to 

DNA structure during replication as the replication fork proceeds, positive supercoils 

accumulate in the unreplicated portion of topologically restrained DNA [244]. In order to 

solve these topological problems caused by the double helix, topoisomerases bind to DNA 

and temporarily cleave one (topoisomerase I) or both (topoisomerase II) strands of DNA 

which enables strand rotation and relief of the torsional stress. The process is controlled 

so that minimum time is spent in this fragile state before the breaks are resealed again by 

an ATP-driven process. In the lack of topoisomerases, replication fork movement would 

be blocked by the accumulation of torsional strain in the DNA template [244]. 

The primary mechanism of cell death by camptothecin is S-phase-specific through 

potentially lethal collisions between advancing replication forks and topoisomerase I 

cleavable complexes. Consequently, camptothecin is particularly toxic to cells in the S-

phase of the cell cycle. 

In fact, binding of the topoisomerase inhibitor camptothecin stabilises the cleavage 

complex topoisomerase I-DNA. The formation of the complex camptothecin-

topoisomerase I-DNA induces reversible and nonlethal single strand breaks [245, 246]. 

Nonetheless, during cell division the complex containing camptothecin-topoisomerase I-

DNA can collide with replication forks and single-strand breaks are transformed in 

irreversible double-strand breaks, which arrests the process of cell division and results in 

cell apoptosis [241]. Apoptotic cell death is afterwards mediated by caspase activation. 

Inhibition of caspase activation leads to transient G1 arrested followed by cell necrosis 

[223]. 

Remarkably, camptothecin toxicity is more noticed in dividing cells than in non-dividing 

cells due to the presence of the replication forks in the first ones which leads to the 

formation of the irreversible DNA damage (Figure 2.6). As such, camptothecin will be 

more harmful for example for glioblastoma cells (rapid cell proliferation) than for normal 

brain cells. 

Additionally, camptothecin is selective for tumour cells since many tumours overexpress 

this enzyme to enhance cellular proliferation and the degree of toxicity is proportional to 

the amount of enzyme present [183]. 
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Figure 2.6. Cellular effects of topoisomerase I inhibitors in dividing and non-dividing cells. Adapted 

from Frese et al. [247]. 

 

 

2.5.2. Camptothecin physicochemical characteristics and their relevant in vivo 

antitumour activity 

 

(S)-(+)-Camptothecin description [248, 249]1: Camptothecin is a small molecule with a 

molecular weight of 348.4 g/mol (C20H16N2O4), with the following solubility characteristics: 

soluble in DMSO (10 mg/mL), in 1N NaOH (50 mg/mL) and chloroform/methanol (4:1) (4 

mg/mL) (supplier information), and practically insoluble in water (2.5 µg/mL [250]) and in 

PBS 7.4 (6.5 µg/mL, calculated) and slightly soluble in PBS 10.5 (1.2 mg/mL, calculated). 

Camptothecin is a pale yellow powder with a purity of ~95%.  

Camptothecin has a pentacyclic structure containing a hydrolysable ring E (Figure 2.7) 

[251]. 

                                                           
1
 Supplier information (Sigma-Aldrich) if no other reference is introduced. 
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Figure 2.7. Camptothecin pentacyclic structure. 

 

Camptothecin clogP is 0.9 where clogP was the calculated partition coefficient in n-

octanol/water and was a measure of hydrophobicity for the whole molecule [252]. 

Camptothecin half-life in blood is around 22 min [253]. Camptothecin brain diffusion is 

0.282 mm2/h, whereas brain elimination rate is 1.28 h-1 [254]. Camptothecin is mainly 

eliminated by biliary and urinary excretion [255, 256]. 

Camptothecin was characterised by Manikumar et al. [257] for its ability to inhibit 

topoisomerase I (EC50 of 0.35 µM ), stabilise topoisomerase I–DNA cleavable complexes 

(kapp of 0.149 min-1 and half-life 4.7 min), and inhibit growth of HeLa (cervical, IC50 of 117 

nM) and PC-3 (prostate, IC50 of 141 nM) tumour cells.  

Studies of predicted charge distribution for camptothecin at pH 7.4 [258, 259] revealed 

that the lactone form is 100% with neutral charge, and carboxylate form is 99% with 

negative charge (-1). Furthermore, the pKa of the lactone form is 10.18 (20-OH) and 2.90 

(1-N).  

 

Table 2.3. CNS drug physicochemical features for brain penetration according to [260, 261] 

and camptothecin physicochemical features 

Parameter CNS drug Camptothecin 

Molecular weight  <450 348.4 

Log P  <3 0.9 [252] 

H-bond donors <4 1 

H-bond acceptors  ≤5 6 

LogP – (N+O)  >0 -5.1 

 

CNS drug molecules should fulfil certain parameters [260, 261] which establishes 

favourable conditions for molecular permeation through the blood-brain barrier, drug 

molecules should have clogP <3; molecular weight < 450; number of hydrogen bond 

donors (expressed as the sum of OHs and NHs); < 4 number of hydrogen bond acceptors 
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(expressed as the sum of Ns and Os) ≤5; and log P- (N + O) should be positive  (Table 

2.3). Molecules violating more than one of these rules may have problems with blood-

brain barrier permeation. According to these rules camptothecin seems not to have ability 

to permeate blood-brain barrier. 

Despite the potent anticancer activity and cancer cells selectivity described above 

camptothecin use in vivo is very limited due to its poor pharmaceutical profile, with very 

low aqueous solubility, low stability of the lactone form at physiological pH, and harsh 

systemic toxicities such as myelosuppression, hemorrhagic cystitis, diarrhea and vomiting 

[232-234].  

Camptothecin experiences a pH-dependent reversible interconversion between the 

lactone and carboxylate forms with the lactone prevalence at acidic pH and carboxylate 

prevalence at neutral and alkaline pH (Figure 2.8). 

 

 

 

Figure 2.8. Camptothecin pentacyclic structure with a dynamic pH dependent equilibrium between 

the lactone (closed E ring) and carboxylate (open ring) form of the drug. 

 

Consequently, under physiological conditions the camptothecin lactone ring readily opens 

to the carboxylate form of the drug which shows a poorer diffusibility through the lipid 

bilayer, has lower affinity for the target topoisomerase I, being therefore much less active 

(10-fold less pharmacologically active), is eliminated faster by urinary excretion and 

induces severe urinary toxicity [230, 262]. 

Furthermore, camptothecin carboxylate form binds preferentially to HSA (150-fold 

stronger affinity to HSA), which further results in the more rapid opening of lactone ring 

and greatly decreases antitumour efficacy [253, 263]. HSA is the most abundant plasma 

protein (5 g/100 mL) which has a high affinity for an extensive variety of drugs [263]. Mi et 

al. [253] observed that in human plasma camptothecin lactone form rapidly opens to the 

carboxylate form (t1/2 = 11 min; % lactone at equilibrium, 0.2%). Nevertheless, when 

present in the whole blood, camptothecin show enhanced stability (t1/2 = 22 min; % 

lactone at equilibrium, 5.3%) due to the drug association with the lipid bilayers of red 

blood cells. 
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In fact, the extracellular stability of the lactone form of camptothecin is crucial for its 

anticancer activity and the equilibrium between the active lactone and the inactive 

carboxylate form is closely related with both the affinity of the carboxylate for HSA and the 

local pH in vivo [264]. 

Additionally, the antitumour efficacy of camptothecins are closely related with the ability of 

the drug to reach the nuclear target topoisomerase I. The amount of camptothecin 

available to poisoning the target is dependent of the intracellular accumulation, retention 

and sub-cellular localisation [263]. Studies revealed that the hydrophilic camptothecin 

analogue topotecan localises in mitochondria and endoplasmic reticulum, whereas the 

lipophilic analogue gimatecan, such as camptothecin, exhibits lysosomal localisation. Due 

to the acid environment of lysosome it could stabilise camptothecin lactone form and work 

as an intracellular reservoir of the drug [263]. The mechanisms involved in camptothecin 

biodistribution are depicted in Figure 2.9.  

It is commonly accepted that only the lactone form of camptothecin is active. Nonetheless, 

when the camptothecin lactone goes into the Top1-DNA active site, E-ring opening occurs 

[265] and besides the carboxylate form can bind within the same intercalation pocket 

[266]. Although lactone form is not fundamental for inhibitory activity at target level, it is a 

critical determinant of antitumour potency in terms of cellular pharmacokinetics once this 

form favours drug uptake [263]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Schematic representation of the mechanisms involved in camptothecin (CPT) 

distribution. Adapted from Beretta et al. [263]. 
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2.5.3. Camptothecin analogues 

In the first clinical trials in the 1970s, camptothecin was delivered as the sodium salt of the 

(inactive) carboxylate-form to overcome the solubility problems, though the poor efficacy 

and harsh side effects lead to the search of new alternatives [232-236]. Bearing that in 

mind, various derivatives have been developed since then. Even though several of small 

and large molecules have been and are presently in clinical trials, only two camptothecin 

analogues, irinotecan (Camptosar) and topotecan (Hycampitin), are approved for clinical 

use. Irinotecan is used for metastatic colorectal cancer. Topotecan is used for cervical 

cancer, ovarian cancer and small-cell lung cancer. 

Some of the analogues that are under investigation for clinical use are depicted in Table 

2.4. Irinotecan [213] and Topotecan [267] are under investigation (phase I/II clinical trial) 

in patients with malignant gliomas. 

 

Table 2.4. Examples of camptothecin and its analogues in the market or clinical 

development 

Camptothecins Route of 
adm. 

Indications Clinical 
situation 

Ref. 

9-amino 
camptothecin 

i.v. Glioblastoma  Phase II 
(failed) 

[268] 

Belotecan i.v. Various cancers Phase II [269, 
270] 

Camptothecin i.v. Various cancers Failed 
clinical 
trials 

[232-
236] 

Diflomotecan i.v. Prostate and lung cancer Phase I/II [271] 

Exatecan  i.v. Various cancers Phase II/III [272, 
273] 

Gimatecan oral Various cancers Phase I/II [274, 
275] 

Irinotecan 
(SN-38, active phenol 
metabolite) 

i.v. Metastatic colorectal cancer 
 
Glioblastoma 

Market 
 
Phase II 

 
 
[213] 

Karenitecin i.v. Various cancers Phase I/II 
 

[276, 
277] 

Rubitecan oral Various cancers Phase I/II [278, 
279] 

Topotecan i.v. Ovarian, cervical and small cell 
lung cancer 
 
Glioblastoma 

Market 
 
 
Phase II 

 
 
 
 [[267] 

 

 

2.5.4. Camptothecin formulations 

In order to overcome camptothecin´s major drawbacks, camptothecin analogues have 

been synthesised. However, some of these analogues are time-consuming in chemical 

synthesis and revealed to have unsatisfactory anti-tumour activity [225]. 
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In fact, advanced carrier formulation approaches represent excellent alternative strategies 

to overcome the physiochemical drawbacks associated with camptothecin administration. 

Injectable formulations are difficult to achieve with the camptothecin lactone form due to 

its low water solubility. Research on potential drug carriers for parenteral administration of 

camptothecin has been stimulated, as camptothecin is practically insoluble in most 

physiologically acceptable solvents, including polysorbate-80, cremophor and ethanol. In 

fact, camptothecin is nearly insoluble in all organic solvents, except dimethyl sulfoxide 

(DMSO) in which has a moderate solubility. Unfortunately, most of the available vehicles 

tend to precipitate and crystallise camptothecin which is prohibited regarding parenteral 

administration. 

The incorporation of camptothecin in nanocarriers can stabilise the active lactone form, 

prolong its circulation half-life and overcome multi-drug resistance [226]. Additionally, 

nanoparticle excipients may inhibit efflux mechanisms such as P-glycoprotein [171, 240]. 

Furthermore, nanocarriers have demonstrated to preferentially accumulate in tumour 

tissues increasing the therapeutic effectiveness and decrease the toxic side effects. This 

process is known as the EPR effect and occurs due to the presence of leaky vasculature 

in tumours. A review of the theory of the EPR effect can be found in [280]. 

Formulation approaches described earlier include incorporation of camptothecin in 

microspheres [281, 282], polymeric nanoparticles (chitosan [283], PLGA [240], PLA [130] 

and poly ɛ-caprolactone (PCL) [240]), silica nanoparticles [284], liposomes [285, 286], 

micelles [287-289], superparamagnetic nanoparticles [290] and SLN [71, 291-293]. These 

nanocarriers can differ in matrix composition, drug loading capability, drug release profile, 

drug stability and drug target ability. 

It has been reported [294] that the active camptothecin lactone form is favoured by acidic 

pH and stabilised by hydrophobic environments (e.g. phospholipid bilayers), present in 

cell membranes and erythrocytes . 

Due to the camptothecin drawbacks and its stabilisation in hydrophobic and/or acidic 

environments [295], the development of drug delivery system based on lipids could lead to 

outstanding advantages in its clinical use. A schematic representation of the camptothecin 

incorporated into SLN is depicted in Figure 2.10. 

Yang et al. [71, 292, 293] have already shown that SLN greatly increased the stability of 

camptothecin towards hydrolysis and retention time of the active lactone. The group 

considered SLN as a promising carrier for controlled release and targeted delivery of 

camptothecin and other anticancer drugs. Additionally, the poor in vivo stability of the drug 

turns SLN an attractive system for camptothecin delivery, because lipophilic nanoparticles 
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are expected to stabilise camptothecin so that it is present in the active hydrophobic form 

and reach the target cells in therapeutically appropriate concentrations [71, 293]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. Schematic representation of camptothecin-loaded solid lipid nanoparticles coated with 

surfactant. Adapted from Kuo et al. [135]. 

 

Malignant gliomas are extremely unresponsive to chemotherapy due to the presence of 

intact blood-brain barrier and the development of remarkable drug resistance mechanisms 

[208]. Consequently, the efficacy of camptothecin in malignant gliomas is seriously limited 

by these mechanisms. 

Some of the developed camptothecin nanocarriers formulations that are under clinical 

evaluation are depicted in Table 2.5 

 

Table 2.5. Examples of camptothecin-loaded colloidal carriers in clinical development 

Camptothecin analogue 
       Colloidal carrier 

Route of adm. Clinical situation Reference 

Belotecan 
       CKD-602 liposomes 

i.v. Phase I [296] 

Camptothecin 
       CRLX101 nanoparticles 

i.v. Phase II [297] 

Lurtotecan  
       OSI-211 liposomes 

i.v. Phase II [298] 

9-nitrocamptothecin 
       liposomes 

nasal Phase II [299] 

Irinotecan 
       CPX-1 liposomes 

i.v. Phase II [300] 

SN-38 
       NK012 micelles 

i.v. Phase II [301] 
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2.5.5. Considerations on therapeutically relevant camptothecin concentrations  

Bearing in mind that camptothecin is not used in clinical treatments, therapeutic doses are 

not easy to predict. To make a rough estimation of a realistic therapeutic concentration of 

this drug, the applied doses for topotecan (Hycamptin®, GlaxoSmithKline) was 

considered. The standard doses used in therapeutic with topotecan are 0.75 (cervical 

cancer) to 1.5 (ovarian cancer and small cell lung cancer) mg/m2 body surface as 

intravenous infusion. Additionally, in vivo experiences in animal models that were carried 

out with camptothecin and topotecan revealed that higher dose was usually administered 

to the animals in the case of topotecan [227]  

As camptothecin demonstrated higher cytotoxicity than topotecan in vitro in the HT-29 

human colon carcinoma cell line [302], but is more unstable toward lactone-ring hydrolysis 

in blood [303] we supposed that camptothecin-loaded solid lipid nanoparticles should be 

given in doses of the same magnitude as topotecan. Consequently, 1 mg of 

camptothecin/mL of SLN appeared a reasonable concentration limit for our formulation. If 

applying doses between 1 and 10 mg/m2 in treatment of an adult of 70 kg (1.61 m2), we 

then would have to administer dosage volumes between 2 and 16 mL, which could be 

easily applied. 

Additionally, it has been identified that a prolonged administration schedule, with 

frequently administration of low doses of camptothecin is favourable [228]. The low 

stability of the camptothecin active lactone form and the reversibility of the drug target 

complex have been described as probable reasons for the benefits observed by frequent 

administration of camptothecins [303]. 
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3. Methods for lipid nanoparticles production and characterisation 

This chapter reports a brief description of the different methods of production and 

characterisation of solid lipid nanoparticles (SLN) applied during the course of this work. 

 

3.1. Solid lipid nanoparticles production 

The literature describes numerous methodologies for SLN production, such as the high 

pressure homogenisation (HPH) [1], via microemulsion [2] or phase inversion [3], solvent 

emulsification-evaporation [4] or diffusion [5], w/o/w double emulsion [6] and high shear 

homogenisation and/or ultrasonication techniques [7]. Since the nanoparticles described 

in this work were produced by two methods, namely, by the hot HPH, or by high shear 

homogenisation and ultrasonication techniques, these were described in more detail. 

Figure 3.1 describes the formation of SLN by both HPH and high shear homogenisation 

followed by ultrasonication techniques. 

 

 

 

 

  

 

 

Figure 3.1. Schematic diagram of the formation of solid lipid nanoparticles. A) Formation of an 

emulsion after homogenisation of the molten lipid, drug and surfactant mixture added with water 

heated at the same temperature in an ultra-turrax. B) The droplets are broken down into droplets of 

nanometre size by high pressure homogenisation or ultrasonication techniques. C) Formation of 

the solid lipid nanoparticles through the solidification of the nanodroplets below the lipid 

crystallisation temperature. Adapted from Wang et al. [8]. 

 

In both methods the lipid is first melted and then emulsified with an aqueous phase at the 

same temperature. The drug is dispersed or dissolved in the lipid melt. In fact, in both 

methods, the homogenisation is carried out (avoiding the use of organic solvents) at 
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temperatures above the melting point of the lipid and can, consequently, be regarded as 

the homogenisation of an emulsion. The surfactant may be added to the lipid phase or to 

the aqueous phase. In this thesis, the surfactant was added always to the lipid phase to 

promote the solubility of the drug in the lipid phase. 

 

3.1.1. Hot high pressure homogenisation 

The HPH has emerged as a reliable and powerful technique for the preparation of SLN 

and can be performed at elevated temperature (hot HPH) or at or below room temperature 

(cold HPH) [1, 9]. 

The production of nanoparticles by means of HPH is easy, fast, suitable for large scale 

production and it is of relatively low cost. Indeed, HPH has been used since the 1950ies in 

the production of emulsions for parenteral nutrition and SLN can be produced by HPH 

similarly to parenteral o/w emulsions [10]. This technique is well established in large scale 

and already available in pharmaceutical industry and may be used for producing SLN by 

the hot HPH technique [11]. 

Briefly, for the hot HPH, the lipid, drug and surfactant are heated at approximately 5–10 

ºC above the lipid melting point. This mixture is then combined with an aqueous solution 

heated at the same temperature. A hot pre-emulsion (oil droplets stabilised by a surfactant 

film) is formed by high shear homogenisation. This hot pre-emulsion is converted into a 

nanoemulsion by HPH. Typically processing is carried out in a temperature controlled 

piston-gap homogeniser (e.g. MicronLab 40), generally applying between 3 to 5 cycles at 

50 to 150 megapascal (MPa) [10]. The particle size is decreased mainly by turbulence. 

The o/w nanoemulsion is cooled down leading to recrystallisation of the lipid and 

formation of SLN [10, 11]. The quality of the pre-emulsion influences in a high degree the 

quality of the final SLN dispersion and it is desired to obtain oil droplets in the size range 

of a few micrometres [10]. 

The hot HPH technique is appropriate for processing lipid concentrations of up to 40% 

and usually produces SLN with a very narrow particle size distributions (polydispersity  

index < 0.2) [9]. 

Generally, higher temperatures lead to lower particle sizes due to the reduced viscosity of 

the inner phase. Nevertheless, high temperatures may possibly increase the degradation 

of drugs and excipients. However, the hot HPH technique can still be used if drugs show 

some temperature sensitivity since the exposure to high temperatures is reasonably short 

[10, 11]. 

Usually, hot HPH produce small SLN (as small as 100 nm) with homogenous size 

distribution. Generally, increasing the number of cycles or pressure decreases the size of 
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the nanoparticles. However, increasing the homogenisation pressure or the number of 

cycles above a certain number results in an increase of the particle size due to particle 

coalescence, which occurs as a result of the high kinetic energy of the particles [10]. 

In some situations, precautions should be taken to assure recrystallisation of the lipid. For 

glycerides composed of short chain fatty acids (e.g. Dynasan 114) and glycerides with a 

low melting point it may be required to cool the nanoemulsions to lower temperatures to 

induce recrystallisation. Indeed, due to the colloidal size and the presence of surfactants, 

lipid crystallisation may be greatly retarded and the sample might remain as a 

supercooled melt for several months [1]. 

The theoretical background of the HPH can be defined as schematically illustrated in 

Figure 3.2 The hot pre-emulsion enters the valve seat from the pump cylinder at high 

pressure and low velocity. The piston provides a constant rate of flow and, consequently, 

will generate the required driving force while pressures drops and flow speed increases in 

the narrow gap between the valve and seat. The rapid increase in velocity with a 

corresponding decrease in pressure induces turbulent flow (shear stress) as well as gas 

bubbles to implode (cavitation). Lastly, the emulsion impinges on the impact ring and is 

discharged as homogenised product [12, 13]. 

Several theories of homogenisation have been proposed and it appears that turbulence is 

the primary mechanism of drop division. The intense energy release during 

homogenisation causes turbulence and localised pressure differences, which will dive the 

oil drops [12, 13]. Although cavitation occurs in the homogeniser valve the effect of 

cavitation on the drop division in the homogeniser is still dubious and there is no clear 

consensus [14-16]. 

The influence of several process parameters on the particle size distribution, such as 

homogeniser type, homogenisation cycles, applied pressure and temperature has been 

studied widely, e.g. [17-19]. 

Surfactants are used to reduce the interfacial tension of the oil and water phases, and 

avoid agglomeration and coalescence of the dispersed oil droplets after their production. 

Surfactant must be present in sufficient amounts to prevent coalescence of the dispersed 

phase. 
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Figure 3.2. Schematic illustration of high pressure homogenisation. Adapted from APV [12, 13]. 

 

Additionally, HPH could lead to the disruption of cell wall of bacteria leading to cleaner 

parenteral formulations. Several studies report that bacterial inactivation by HPH can be 

predicted by mathematical models [20]. 

 

3.1.2. High shear homogenisation followed by ultrasonication 

High shear homogenisation and ultrasound are dispersing techniques which are used for 

the production of SLN [7, 21]. For smaller particle size combination of both ultrasonication 

and high shear homogenisation is required. 

Briefly, similarly to the hot HPH, the lipid, drug and surfactant are heated at approximately 

5–10 ºC above the lipid melting point. This mixture is then combined with an aqueous 

solution heated at the same temperature. A hot pre-emulsion is formed by high shear 

homogenisation. This hot pre-emulsion is converted into a nanoemulsion when processed 

in an ultrasonic probe. The particle size is decreased mainly by cavitation. The 

nanoemulsion is cooled down leading to recrystallisation of the lipid and formation of lipid 

nanoparticles. In Figure 3.3 the SLN production is described by both HPH and high shear 

homogenisation followed by ultrasonication techniques. 
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Figure 3.3. Schematic representation of solid lipid nanoparticles (SLN) production by high pressure 

homogenisation and high shear homogenisation followed by ultrasonication. 

 

Both high shear homogenisation and ultrasonication methods are common in laboratories 

and the production of SLN with mean range, e.g. between 100 and 200 nm can easily and 

rapidly be carried out. Disadvantages of this technique are the risk of metal contamination 

due to long ultrasonication times and the presence of microparticles [10, 22]. The 

presence of microparticle could be minimised by optimising the time and velocity of the 

high shear homogenisation, and the time and amplitude of ultrasonication. 

The mechanism of ultrasonication consists of the transmission of longitudinal vibrations by 

the ultrasonic probe into the o/w emulsion as alternating high and low pressure ultrasonic 

waves. The fluctuation in the pressure pull the o/w emulsion molecules apart forming 

millions of micro-bubbles (cavities). These micro-bubbles grow during the low pressure 

phases, and collapse violently during the high pressure phases (Figure 3.4). When the 

micro-bubbles collapse, millions of shock waves, micro streams, eddy and extremes in 

pressures and temperatures are created at the collapse sites. The cumulative energy 
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created during cavitation is tremendously high despite that it lasts only few microseconds 

and the amount of energy released by each individual bubble is minimal. In fact, during 

cavitational collapse, intense heating of the bubbles occurs (5000 ºC, 500 atmospheres, 

few microseconds) [23].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Schematic illustration of ultrasonication. 

 

Ultrasonication is more efficient in emulsions with reduced viscosity, since as the viscosity 

of the emulsions increases, its ability to transmit vibrations decreases. Usually, the 

maximum viscosity permitted is 3000 mPa·s [23]. Consequently, with this technique 

narrow and physically stable distributions can be reached but the lipid concentrations are 

lower than the allowed for the HPH [22]. Nevertheless, ultrasonic probes in comparison to 

high pressure homogenisers, are almost self-cleaning and induce only minor sample 

losses [23].  

 

3.2. Solid lipid nanoparticles characterisation methods 

Characterisation of SLN is a challenge due to the small size of these colloidal carriers and 

complexity of the system. Numerous parameters need to be considered, such as mean 

particle size, zeta potential, drug association efficiency, degree of lipid crystallinity and 

lipid modification. 
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3.2.1. Measurement of particle size and zeta potential  

Particle size might be determined by photon correlation spectroscopy (PCS), optical single 

particle sizing (OSPS), laser diffraction (LD), transmission electron microscopy (TEM), 

scanning electron microscopy (SEM), atomic force microscopy (AFM), scanning tunnelling 

microscopy (STM) and freeze fracture electron microscopy (FFEM). 

 

3.2.1.1. Photon correlation spectroscopy 

PCS (or dynamic light scattering) is a technique employed to measure the size of particles 

typically in the sub-micron region through the analysis of light scattering of a laser beam 

[24].  

The apparatus consists of a laser source, a sample cell, a detector of the scattered light at 

a certain angle (e.g. 90º or 173º) and an attenuator [24]. 

A laser beam illuminates the sample, which consists of a dispersion/suspension of 

particles, contained in the cell. The light scattered from these particles is collected by a 

lens and its fluctuation in intensity is measured by the detector. An attenuator increases 

(e.g. very small particles or samples of low concentration) or reduces (e.g. larger particles 

or samples of high concentration) the intensity of the scattered light to a specific range for 

the detector to measure successfully. 

Fluctuations in light scattered are caused by the random Brownian motion of the particles 

and those fluctuations could be faster in case of small particles or slower occurring over a 

longer time scale in case of larger particles. According to the Stokes-Einstein equation 

(Equation 3.1), the Brownian motion of the particles is inversely related to the diameter of 

the particles. 

  
  

    
 

 

Where d is the hydrodynamic diameter, D is the translational diffusion coefficient, k is the 

Boltzmann´s constant, T is the absolute temperature and η is the viscosity of the 

surrounding medium. 

By measuring the velocity of the particles in the liquid sample (at temperature T and 

sample viscosity η) the mean particle diameter d can be calculated. Accordingly, larger 

particles will have slower Brownian motions. 

A well-known and stable temperature is necessary for PCS accurate analysis since both 

Brownian movement and the viscosity of the liquid is related to its temperature and 

variations in temperature will originate non-random movements that will jeopardize the 

correct interpretation of size.  

(3.1) 
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The PCS device consists of a laser light scattering technique suitable for application to 

particles ranging from 3 nm to 5 µm in the case of the Nicomp 370 DLS (PSS Nicomp) or 

0.6 nm to 8.9 µm in the case of the Zetasizer Nano ZS (Malvern) (manufacturer 

information). 

Particle-sizing techniques have an intrinsic problem in determining the size of non-

spherical particles. Indeed, the shape of the particles in the sample should be considered 

prior to apply PCS since the size measured by this technique is the diameter of a sphere 

that has the same translational diffusion coefficient as the particle. 

Furthermore, heterogeneous and broad size distributions might be difficult to resolve. The 

PCS analysis also estimates the polydispersity index. The polydispersity index describes 

the distribution width of the particle size and is indexed from 0 to 1. A polydispersity index 

of 0 corresponds to a completely homogenous monodisperse sample, whereas a 

polydispersity index of 1 indicates a very broad size distribution. Usually, a sample with a 

polydispersity index <0.25 is considered to be monodisperse [1, 25, 26]. 

 

3.2.1.2. Optical single particle sizing  

OSPS is a technique complementary to PCS since it can detect and measure any content 

of particles in the micrometre range or aggregates of SLN. The measuring ranges are 

rather wide, from 0.5 nm up to 2.5 mm with a particle sensivity of 10 ppt, particles size 

accuracy of 2% and particle count accuracy of 10%. The OSPS technique measures the 

size of individual particles as they are drawn past an optical sensor [27]. 

OSPS equipment combines single particle light extinction measurement with light 

scattering and was considered to be 1500 to 25000 times more sensitive in detecting 

outliers than commonly used laser light scattering and acoustical sizing instruments. 

OSPS equipment can incorporate a series of sensors combined with a series of sample 

delivery systems ranging from a syringe injection sampler to a completely automated 

particle size analyser. 

An advantage of the OSPS technique over other techniques that measure particle size in 

the micrometre range, is that it counts and measures individual particles, being the results 

more accurate. 

The OSPS sensors have the sensitivity to detect single large particle outliers in a 

dispersion of smaller particles several standard deviations away from the mean. OSPS 

equipment counts and sizes particles one at a time, consequently all signal profiles 

generated by the particles are events from a single particle. 

In fact, according to the manufacturer, OSPS offers the highest sensitivity and resolution 

of any automated particle size analyser in the market today. 
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The reduced sample volume required is also an advantage of the OSPS. In fact, for 

analysing a SLN-dispersion less than a small drop is enough. 

 

3.2.1.3. Zeta potential 

Zeta potential is a physical property present in any particle in dispersion and it is an 

indirect measurement of the surface charge [28]. The magnitude of the zeta potential 

gives an indication of the potential long-term stability of the colloidal dispersions and also 

predict interactions between the nanoparticles and the cellular membranes that can occur 

due to electrostatic interactions [28, 29]. 

There are two main mechanisms that can contribute to colloidal dispersions stability, 

namely, steric repulsion and electrostatic or charge stabilisation. Steric stabilisation 

requires the addition of a polymer (e.g. surfactant). In the electrostatic or charge 

stabilisation, particles have sufficiently high repulsion to resist to flocculation or 

coagulation. Nanoparticles in dispersion will tend to suffer repulsion between them if they 

have a large absolute value of zeta potential. Nanoparticles are considered to be stable by 

electrostatic repulsion if they have a zeta potential more positive than + 30 mV or more 

negative than -30 mV [28]. 

The surface charge of a nanoparticle affects the ion distribution around the nanoparticle in 

the aqueous medium [30]. The result is the creation of an electrical double layer 

constituted by the charged surface and by a neutralising excess of counter-ions over co-

ions distributed in a diffuse way in the aqueous medium. The double layer is composed by 

two parts separated by the Stern plane: the inner, that contains adsorbed ions, and the 

diffuse part where ions are less firmly associated and distributed as influenced by 

electrical forces and random thermal motion. In addition to the ions in the Stern layer, a 

certain quantity of solvent bound to the ions and the surface. This solvating layer is held to 

the surface, and the edge of the layer, named the shear plane, represents the boundary of 

relative movment between the solid (and attached material) and the liquid. The potential at 

the shear plane is named zeta potential, ζ, (Figure 3.5) and its magnitude can be 

measured using microelectrophoresis or other electrokinetic technique [28, 30]. 
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Figure 3.5. Shematic representation of zeta potential. Adapted from Malvern [28]. 

 

The zeta potential can be measured by determination of the movement velocity of the 

nanoparticles in an electric field. Indeed, when an electric field is applied charged 

nanoparticles dispersed in an electrolyte move with constant velocity to the electrode of 

opposite charge and their velocity is measured and expressed in unit field strength as 

their mobility [28]. Zeta potential is connected to the electrophoretic mobility by the Henry 

equation (Equation 3.2): 

   
  z   a 

  
 

 

where UE is the electrophoretic mobility, z is the zeta potential,   is the dielectric constant, 

  is the viscosity and   κa  is the Henry’s  unction.  

The zeta potential is most commonly calculated from the electrophoretic mobility using the 

Smoluchowski equation, which is applied in electrophoretic determinations in aqueous 

media with moderate electrolyte concentration. F κa  in this case is 1.5, and this is 

mentioned to as the Smoluchowski approximation. 

The parameters that influence the velocity of the nanoparticles are the zeta potential, the 

strength of electric field, the dielectric constant of the medium and the viscosity of the 

medium. 
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A classical microelectrophoresis system consists of a capillary cell with electrodes at 

either end where the potential is applied. 

Malvern’s Zetasizer Nano ZS uses in zeta potential measurements the technique laser 

Doppler electrophoresis in combination with phase analysis light scattering (M3PALS). 

A zeta potential measurement system consists of a laser, a sample cell, a detector and an 

attenuator. The laser provides a light source (split in an incident and reference beam) to 

illuminate the nanoparticles within the sample. The incident laser beam crosses the centre 

of the sample cell, and the scattered light at an angle of about 13º is detected. An 

attenuator will adjust properly the intensity of the light that reaches the sample and 

consequently the intensity of the scattered light. When an electric field is applied to the 

sample cell, nanoparticles moving over the measurement volume induce fluctuations, in 

the intensity of light detected, with a frequency proportional to the particle velocity. The 

fluctuations frequency is used to calculate the electrophoretic mobility and then the zeta 

potential is calculated. 

 

3.2.2. Lipid crystallinity 

Lipid crystallinity and polymorphic changes during storage are strongly related with drug 

incorporation and release rates [31]. Due to the small size of the SLN and the presence of 

surfactants, lipid crystallisation and modification changes can be highly retarded. 

Consequently, special attention should be paid on the characterisation of such 

parameters. Lipid crystallinity and polymorphic forms are mainly investigated by 

differential scanning calorimetry (DSC) and X-ray scattering techniques. 

 

3.2.2.1. Differential scanning calorimetry 

DSC is a thermal analytical technique commonly used to provide information on physical 

and energetic properties of a compound or formulation. 

DSC gives information about how the material´s heat capacity is changed by temperature 

and is a method  or evaluating the enthalpy variation  ΔH  [32, 33]. 

There are two main types of instruments used for DSC investigations, heat flux DSC 

(single furnace) and heat flow DSC (double furnace). Heat flux DSC measures 

temperature differences and changes between a sample and a reference, i.e. it measures 

heat flux. Heat flux DSC are less sensitive to small transitions and give less accurate 

values of heat capacity and enthalpy [32]. 

Heat flow DSC measures the amount of energy required to keep the sample as the same 

temperature as the reference, i.e., it measures the heat flow resulting from physical or 

chemical changes within a sample as a function of the temperature. 
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The differential scanning calorimeter instrument (heat flow DSC) is constituted by a 

double furnace with sample holders (or cells). During the measurements the sample and 

reference are inside aluminium pans which are located on the sample holder. In this work 

the reference pan was empty and the sample pan contained the SLN dispersion or the 

lipid bulk. The temperature of the cells is heated or cooled with a constant scan rate and 

the temperature within the two cells is maintained the same. When no physical or 

chemical events happen within the sample then there is neither a temperature change nor 

input energy to maintain an isotherm [33]. Though, when phase changes occur in one cell 

and do not occur in the other, the calorimeter requires a different energy to heat or cool 

the reference cell in comparison to the sample cell and the isothermal energy necessary is 

registered as an electrical signal created by thermocouples [33]. 

The cell might be used with numerous inert atmospheres, as well as oxidising and 

reducing atmospheres. Commercial sample pans can be hermetic, open or sealed pans. 

The sample size required for DSC analysis is very low being enough only 2-5 mg of 

sample [33]. 

By convention, endothermic events are represented in heat flow DSC as upwards signals 

and in heat flux as downwards signals. The signal resultant from DSC measurements is 

the heat flow as a function of temperature or time [31]. 

DSC analyses are easy and rapidly performed to see transitions in materials [32]. 

Endothermic processes (heat absorption) are boiling, fusion, sublimation, vaporisation, 

desolvation and solid-solid transitions. Crystallisation is typically an exothermic process 

(heat release).  

DSC analyses are frequently used to characterise the physical state, the degree of 

crystallinity, polymorphism, crystal ordering, eutectic mixtures or glass transition 

processes in SLN dispersions [31, 34-38]. Additionally, DSC experiments are useful to 

understand drug and lipid interactions within SLN. 

The enthalpy variation, ∆H, can be calculated by peak area determined by integration of 

the peak from the DSC thermograms [39]. 

To compare the crystallinity between the developed formulations, the recrystallisation 

index (RI) is a useful and commonly used parameter. RI is defined as the percentage of 

the lipid matrix that has recrystallised during storage time and can be calculated according 

to the following equation (Equation 3.3):  

 

   ( )  
∆H S N

∆H bul  material    oncentration lipid phase
 1   

 

(3.3) 
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where ∆H is the molar melting enthalpy given by J/g and the concentration is given by the 

percentage of lipid phase. 

The DSC thermograms of SLN compared to bulk lipids is generally broadened and shifted 

to lower temperatures. The decrease in the melting point can be explained by the small 

particle sizes of the colloidal dispersion, their high specific surface area and the presence 

of a surfactant. An effect of the particle size in the melting point of nanodispersed 

materials is expected according to Gibbs Thomson equation (Equation 3.4):  

 

ln
 

  

  
      

      

 

 

where T is melting temperature of a particle with radius (r), T0 is the melting temperature 

of the bulk material at the same external temperature,  st is the interfacial tension at the 

solid-liquid interface, Vs is the specific volume of the solid and   fus is the specific heat of 

fusion. 

 

3.2.2.2. X-ray scattering 

By means of X-ray scattering (small-angle X-ray scattering (SAXS) and wide-angle X-ray 

scattering (WAXS)) it is possible to identify crystal structures, crystal modifications, 

molecular packing in the crystal lattice, particle sizes and shapes, as well as a quantitative 

phase analysis and determination of crystallinity indices [31]. 

SLN formulations properties are determined by the various structures created by the 

different components of the dispersions (drug, lipid, surfactants, dispersion medium) and 

the interactions between them. The whole size range of these structures could be 

investigated by means of X-ray [31]. X-ray diffraction has been used for the study of 

molecular structure and polymorphism of solid lipid nanoparticles [21, 38, 40, 41]. 

Main advantages of X-rays consists of their non-destructive sample structure nature, their 

sensitivity to small structure changes, their high penetration capability allowing bulk 

property determination and their diversity of applications [31]. 

The wavelength of the X-rays λ is connected to the angle of incidence θ and to the 

interatomic distance d by Bragg’s equation (Equation 3.5):  

 

2d sinθ = λ 

 

When an X-ray beam is focused on a crystal, the scattered X-rays from the regularly 

located atoms interfere with each other, creating strong diffraction signals in specific 

(3.4) 

(3.5) 
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directions. The directions of the diffracted beams are associated with the dimensions and 

shape of the unit cell of the crystalline lattice and the diffraction intensity depends on the 

disposition of the atoms within the unit cell. Indeed, the position of the diffraction peaks, 

their intensity, and their angular distribution reveal information related to the structures 

within the sample. Crystalline materials show numerous diffractions bands, while 

amorphous compounds present a more or less regular baseline. Thus, this technique 

permits the differentiation of amorphous and crystalline materials. The shape and radial 

distribution of the scattering pattern can be used to deduce the particle size, density, and 

surface area of the sample constituents [42]. 

Each compound scatters the beam in a specific diffraction pattern, generating a fingerprint 

for each atom crystal or molecule.  

The difference between SAXS and WAXS is the range of scattering angles 2θ. Small 

angle instruments cover angles between 0.01º and 3º, whereas wide angle instruments 

cover angles between 5º and 180º [31]. To achieve the highest resolution for both regions, 

high amounts of energy are necessary, consequently most of SAXS and WAXS 

measurements are performed with synchrotron energy. On synchrotrons the electrons are 

accelerated up to several GeV and X-rays are created by deflection of the electrons by a 

magnetic field [31].  

 

3.2.3. Association efficiency of drugs in solid lipid nanoparticles 

According to literature, the association efficiency of a drug in SLN is most frequently 

assessed indirectly, meaning that the aqueous phase is separated from the lipid particles 

and subsequently drug content of the aqueous phase is determined. The amount of drug 

measured in the aqueous phase is considered the amount of drug not incorporated. The 

following equation (Equation 3.6) is used to calculate the association efficiency:  

 

 ssociation    iciency ( ) 
 otal amount o  drug  Free drug in supernatant

 otal amount o  drug
 1   

 

The separation of the SLN from the aqueous phase can be done by e.g. ultrafiltration [7], 

ultracentrifugation [6] and gel separation [43]. 

The techniques selected in this work were the ultrafiltration and the ultracentrifugation, 

and consequently only these methodologies will be further described. 

In the ultrafiltration technique SLN are retained in the ultrafiltration membrane while the 

drug and vehicle cross the membrane during centrifugation. In this technique drug crystals 

present in the vehicle can be retained in the filter and therefore falsely increase the 

(3.6) 
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amount of the calculated association efficiency. In addition, small SLN might be able to 

pass through the filter and falsely decrease the calculated association efficiency. 

Dissolving the drug crystal in the aqueous phase by using an organic solvent or a buffer 

where the drug presents higher solubility can minimise the retention of the crystals in the 

filter. The aqueous phase can also be separated from the SLN by exposing SLN 

dispersions to ultracentrifugation. To avoid the drug crystals to sedimentate and falsely 

increase the amount of the calculated association efficiency, a proper organic solvent 

could be selected where the drug presents higher solubility or dilute the SLN dispersion in 

water/buffer until the drug concentration is below (~10 times) the drug solubility on that 

solvent. 

In both techniques, after separation of the aqueous phase the amount of free drug can be 

measure by, for example, high performance liquid chromatography (HPLC). 

 

3.2.3.1. High performance liquid chromatography 

In chromatographic separations the mobile phase carrying the analyte mixture is forced to 

pass through the chromatographic column porous media. Molecules of different analytes 

interact with the surface of the porous media differently and the analytes with stronger 

interaction (affinity) are more retained and are detected later in time. 

Reversed-phase HPLC is the most popular technique of chromatography mainly due to its 

capacity to differentiate very closely related molecules and the ease of variation of 

retention and selectivity. Indeed, nearly 90% of all low-molecular-weight samples analyses 

are carried out using RP-HPLC.  

RP-HPLC separations are based primarily on dispersive forces (hydrophobic or van der 

Waals interactions). The polarities of mobile (polar) and stationary phases (hydrophobic) 

are reversed and mobile phases employed are mostly water-based solutions which is a 

great advantage. Dispersive forces employed in the RP-HPLC separation technique are 

the weakest intermolecular forces, consequently, the whole background interaction energy 

is very low compared to other separation techniques. This low background energy allows 

to differentiate very small differences in molecular interactions of closely related analytes. 

After separation, the analyte can be detected by UV and fluorescence spectroscopy. 

Fluorescent spectroscopy has a sensitivity several orders of magnitude higher than in UV, 

since in fluorescent spectroscopy, emission registers against zero background light 

energy, whereas in UV spectroscopy the background energy is very high [44]. 
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3.2.4. Solid lipid nanoparticles morphology 

Images of SLN could be achieved through several microscopic techniques, such as the 

scanning electron microscopy (SEM), transmission electron microscopy, atomic force 

microscopy (AFM), CryoSEM and CryoTEM. These techniques are very useful since allow 

the visualisation and measurement of particles much smaller than 1 µm. 

 

3.2.4.1. Scanning electron microscopy 

SEM is a microscopic technique that became very popular in nanotechnology due to its 

ability to obtain three dimensional images of the surfaces of the particles on a nanometre 

to micrometre scale [45]. 

In a SEM microscope, the area to be examined is irradiated with a finely focused electron 

beam. As the electron beam hits the sample, electrons and photons are emitted by the 

elements on the sample surface, and their intensity is used to form the SEM image. 

The signals formed from the interaction of the electron beam with the sample comprise 

secondary electrons, backscattered electrons, characteristic x-rays, and other photons 

and can be used to assess various characteristics of the sample, such as surface 

topography, crystallography and composition. The imaging signals of highest interest are 

the secondary electrons and backscattered electrons since these differ mainly as a result 

of differences in surface topography, whereas characteristic x-rays emitted from samples 

allows elemental analysis and chemical composition of the samples since the released 

energy is characteristic for each atomic transition. 

The major components of a SEM microscope are the, electron column, the control 

console and the detector. The electron column contains an electron gun and two or more 

electron lenses, which affect the routes of electrons traveling down an evacuated tube. 

The control console is composed by a cathode ray tube viewing screen and the knobs and 

computer keyboard that control the electron beam. An electron detector converts the 

radiation of interest into an electrical signal for manipulation and display by signal 

processing electronics. 

In SEM sample preparation, the water present in the SLN is entirely removed. Such drying 

might probably cause nanoparticles shrinkage [46]. 
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Abstract 

Understanding the effect of lipid and surfactant composition on particle size and colloidal 

stability plays a pivotal role in designing lipid nanoparticles (LN) for drug delivery. With 

respect to our long-term goal, LN for brain delivery, formulations containing lipids and 

surfactants suitable for intravenous (i.v.) application were selected for the current 

formulation screening study. LN were prepared by hot high pressure homogenization 

(HPH) and were characterized during 1 year in terms of macroscopic appearance, particle 

size by photon correlation spectroscopy (PCS) and optical single particle sizing (OSPS), 

zeta potential (ZP), as well as physical state and polymorphism by differential scanning 

calorimetry (DSC). The LN dispersions showed a wide variability in macroscopic 

appearance, mean size and colloidal stability. Influence factors were the type and 

concentration of both, the lipid and surfactant component used. The most promising LN 

showed a small mean size (< 200 nm), a low polydispersity index (PI), (< 0.25) absence of 

particles in the several-micron range, and a slightly negative ZP (> −12 mV); DSC 

revealed that some represented supercooled liquids; such LN may be stable at room 

temperature for at least 1 year. The obtained results are regarded helpful for defining the 

design space for LN delivery systems, i.e., identifying possible designs and design 

parameters within the given HPH technology to be applied during future formulation 

development studies. 

 

Keywords: Cutina (CP); Dynasan 114 (D14) and 116 (D16); Precirol ATO5 (POL5); 

Witepsol E85 (WE85); polysorbates; poloxamers; photon correlation spectroscopy (PCS); 

optical single particle sizing (OSPS); differential scanning calorimetry (DSC) 
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4.1. Introduction 

Colloidal stability is a demanding requirement for a nanoparticulate system intended for 

intravenous (i.v.) delivery, because particles may aggregate over time leading to large 

particles, thus creating a potential safety concern [1]. Consequently, determination of 

particle size and particle size stability are regarded essential for the development of a new 

drug carrier system. 

Lipid nanoparticles (LN) are colloidal drug delivery systems with a mean size in the range 

between 50–1000 nm [2], with a matrix composed of lipids, dispersed in an aqueous 

medium and stabilized by surfactants. LN combines the advantages of traditional colloidal 

carriers such as liposomes, polymeric nanoparticles and emulsions, but avoids or 

minimizes the drawbacks associated with these [3]. The use of lipids and/or excipients of 

physiological origin or accepted status is an exceptional advantage since it decreases the 

risk of acute and chronic toxicity [3].  

Good tolerability depends firstly on the added surfactant and secondly on the lipid 

composition. In formulation of parenteral LN, surfactants that are generally recognized as 

safe (GRAS) by US Food and Drug Administration, should be preferred, e.g., polysorbates 

and poloxamers [4, 5]. Moreover, LN are biodegradable and biocompatible, and able to 

incorporate both lipophilic and hydrophilic drugs in considerable amounts within the lipid 

matrix. The particle size of LN represents a key role of their in vitro behavior as well as of 

their distribution in vivo performance and success of site-specific drug delivery [6, 7].  

One outstanding example of LN targeting to specific organs is the brain delivery. The 

uptake of LN by the brain might be explained by adsorption of blood proteins such as 

apolipoproteins on particle surfaces mediating the adherence to endothelial cells of the 

blood–brain barrier (BBB) [8]. Different surfactants have been investigated for use in brain 

delivery. Generally, they should show very low toxicity to be used in i.v. formulations [1, 4, 

5] and also some tendency to enhance the brain delivery of drugs encapsulated in 

nanoparticles [9-11]. Polysorbates and poloxamers may form a surface coating of 

nanoparticles and therefore increase BBB permeability properties of these systems [12]. 

Furthermore, promising surfactants suitable to deliver drugs to the brain may also inhibit 

the efflux function of P-glycoprotein, such as polysorbates and poloxamers [9].  

LN are easily produced in large scale production by high pressure homogenization (HPH) 

which is used, e.g., for parenteral fat emulsions or liposomes [2, 13, 14]. LN size may be 

adjusted by varying process parameters such as homogenization pressure and cycle 

number, but, is expected to depend on formulation parameters such as surfactant and 

lipid concentration. LN colloidal stability is also expected to be related to the composition, 

i.e., choice of components and their chemical structure. As such, lipids and surfactants 
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have to be carefully chosen to develop proper delivery systems preventing particle size 

changes during processing and storage. 

For the present work, triglycerides with increasing length of the chain of the fatty acid 

(Dynasan 114 (D14) and Dynasan 116 (D16)) were chosen. In addition, Precirol ATO5 

(POL5), a lipid composed of mono- (8–17%), di- (≈54%) and triglycerides (≈30%) of 

palmitostearic acid (C16–C18 fatty acid), with the diester fraction being pre-dominant, and 

having a very different hydroxyl number, was also used. Witepsol E85 (WE85) was also 

included as a lipid with a high emulsifying capacity. An overview of the lipids used and 

their relevant properties is given in Table 4.1. 

 

Table 4.1. Main properties of the lipids and wax used in the preparation of the LN 

(manufacturer information) 

Lipids/
wax 

Constitution Melting range (ºC) HLB OH MW 

CP Palmitic acid cetyl ester 43-54 - <20 480 

D14 Trimyristate acylglycerols 55-60 - <10 723 

D16 Tripalmitate acylglycerols 61-68 - <10 807 

POL5 Palmitostearate acylglycerols 52-60 2 90-110 633 

WE85 Hydrogenated Coco-acylglycerols 42-48 - 5-15 720 

CP, cetyl palmitate; D14, Dynasan 114; D16, Dynasan 116; POL5, Precirol ATO5; Witepsol E85. 

 

The main task of the surfactants is to stabilize LN in the colloidal state in order to avoid 

particle size growth during storage. Furthermore, the surfactants may have an influence 

on recrystallization and polymorphic transitions of the LN matrix [15-17]. The type of 

surfactant and its concentration may thus affect physical stability of the lipid matrix. 

For the present study, nonionic and hydrophilic surfactants with HLB values in the range 

14.9 (polysorbates) to more than 24 (poloxamers) were selected. An overview of the 

surfactants used and their relevant properties is given in Table 4.2. With respect to brain 

delivery surfactants were preferred that are acknowledged pharmaceutical excipients, and 

known as sensitizers of drug-resistant cancers to anti-cancer drugs and/or transport-

enhancers of drugs across the BBB [18-20]. 
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Table 4.2. Main properties of the surfactants used in the preparation of the LN (manufacturer 

information) 

P20, polysorbate 20; P40, polysorbate 40; P80, polysorbate 80; PL188, poloxamer 188; PL407, poloxamer 

407. 

 

The main tasks of LN with regard to parenteral administration are good physical stability, 

protection of incorporated drugs from degradation, controlled drug release, good 

tolerability and site-specific targeting. Good colloidal stability of LN may be reached by 

means of: (i) small particle sizes in conjunction with a narrow (monomodal) size 

distribution, and (ii) avoidance of particle aggregation and/or substantial particle growth 

during long-term storage. Shelf life of optimized LN should preferentially last for more than 

1 year [4]. In fact, LN stable for more than 3 years have been reported [21]. 

LN intended for i.v. administration should preferentially have a submicron size and be 

sufficiently stable since any larger particle present in the circulation may result in lung 

embolism [22]. With a size below 1 µm, LN formulations can be used for systemic 

distribution with a minimized risk of blood clotting and aggregation leading to embolism. 

The exact size at which this phenomenon becomes important is extensively discussed 

and the Pharmacopoeia limits on particulate contaminants in parenteral formulations are 

not applicable to particulate formulations. Nevertheless, 5 µm is commonly accepted as 

an upper limit [22, 23]. For LN sizes much smaller than this limit (<400 nm) were 

produced, but there are indications in literature that micron-range contaminants in 

submicron particle dispersions are hardly detected by photon correlation spectroscopy 

(PCS) [24]. To overcome this lack of information in the micron size region optical single 

particle size (OSPS) measurements can be used [25]. 

Surfactant Other name Composition Balance primarily HLB 

P20 Tween®20; Lauric acid, ≥40% Myristic, palmitic and stearic acids 16.7 

P40 Tween®40; 
Palmitic acid, 
~90% 

Stearic acid 15.6 

P60 Tween®60; 
Stearic acid, 
~50% 

Palmitic acid 14.9 

P80 Tween®80 Oleic acid, ~70% Linoleic, palmitic, and stearic acids 15 

PL188 Pluronic®F68 Block copolymer 
of ethylene glycol 
and propylene 
glycol 

- >24 

PL407 Pluronic®F127 - 
18-
23 
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The aim of this work was to gain insight into the effect of both surfactant and lipid on 

colloidal stability of nanoparticles in order to derive hints for future design studies on LN 

produced by HPH, with the final goal to develop stable formulations with a mean size 

below 200 nm and low PI with the lowest possible amount of surfactants.  

Since the LN formulations are intended for brain targeting upon i.v. administration, 

absence of larger particles (micro-size range) and agglomerates should always be 

confirmed. 

 

4.2. Materials and methods 

4.2.1. Materials 

The chosen glycerides: D14 (trimyristin), D16 (tripalmitin), WE85 were gifts from Sasol 

Germany GmbH, (Witten, Germany). Precirol® ATO 5 (POL5) (palmitostearate) was a gift 

from Gattefossé SA, (St Priest, France). The wax cutina (CP) (cetyl palmitate) was 

supplied by Apotekproduksjon AS (Oslo, Norway). The surfactants selected: polysorbate 

20 (P20), 40 (P40), 60 (P60) and 80 (P80) were supplied by Merck (KgaA, Darmstadt, 

Germany). Poloxamer 188 and 407 (PL188 and PL407) was provided by BASF 

(Ludwigshafen, Germany). Organic solvents (acetonitrile, triethylamine and acetic acid) for 

high performance liquid chromatography (HPLC) were purchased from Merck KgaA, 

(Darmstadt, Germany). Purified water was of MilliQ ® -quality. 

 

4.2.2. Formulations 

Formulations containing the lipids CP, D14, D16, POL5 and WE85 and with the 

surfactants P20, P40, P60, P80, PL188 and PL407 were prepared at different 

concentrations ranging between 5–15% of lipid and 0.8–2% surfactant. One lipid and one 

surfactant were combined at the time. 

A unique code is used for designating the quantitative composition of the various 

formulations; it consists of an abbreviation for the lipid type and a subscript for the lipid 

concentration in percent plus an abbreviation for the surfactant with a subscript for the 

surfactant concentration. CP5PL4070.8 for example means CP for cetyl palmitate, subscript 

5 for 5% lipid, PL407 for poloxamer 407, subscript 0.8 for 0.8% surfactant. 

 

4.2.3. Methods 

4.2.3.1. Production of lipid nanoparticles 

For the production of LN, the lipid phase was melted at approximately 5–10 °C above its 

melting point followed by dispersion in an aqueous surfactant solution heated at the same 

temperature. A hot pre-emulsion was formed by high speed stirring during 1 min in an 
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ultra-turrax T25 at 8000 rpm. The produced hot pre-emulsion was then processed three 

cycles at 50 megapascal (MPa) in a temperature controlled MicronLab 40 high pressure 

homogenizer (APV Deutschland GmbH, Unna, Germany). The obtained hot oil-in-water 

nanoemulsion was cooled down to room temperature allowing the inner oil phase to 

solidify and forming LN dispersed in an aqueous phase. 

 

4.2.3.2. Assessment of particle size and size distribution 

The submicron particle size of LN were analyzed by PCS (Nicomp model 370, PSS-

Nicomp Santa Barbara, CA) as described by Frantzen et al. [24]. In all the measurements 

χ2 was smaller than three, indicating a monomodal (Gaussian) distribution; it was made 

sure, that the amount of data collected was higher than 1000 K in the first channel and the 

baseline adjustment was smaller than 0.03%. The refractive index entered was that of 

water (1.333), which also was the solvent used to dilute the samples until a count rate of 

250–350 kilohertz (kHz) had been reached. This dilution is required to eliminate multiple 

scattering. 

In order to complement particle size measurements, additional OSPS was used to detect 

any content of particles in the micrometer range or aggregates of LN. The ranges of 

measurement of the Accusizer 780 (PSS-Nicomp, Santa Barbara, CA) are rather wide, 

from 500 nm up to 400 µm. This equipment combines single particle light extinction 

measurement with light scattering. Samples were step-wise diluted with MilliQ filtered 

water until consecutive dilutions yielded a linear drop in total particle counts. OSPS yields 

a number-weighted distribution, meaning that a diameter of 95% (OSPS 95%) reflects the 

fact that 95% of the count of particles is below the given size. A diameter OSPS 95% of 1 

µm means that 95% of all particles have a diameter below 1 µm. Characterization 

parameters were the diameters OSPS 95% and 99%. 

LN stability was accessed by measuring the mean particle diameter (nano and micro 

range) and PI of LN immediately after production and after storage at room temperature 

for 1 year. 

 

4.2.3.3. Zeta potential 

The electrophoretic mobility (zeta potential (ZP)) was measured by combining laser 

Doppler velocimetry and phase analysis light scattering (PALS) using a Zetasizer Nano 

ZS (Malvern, Worcestershire, UK). The samples were diluted with MilliQ-water having a 

conductivity adjusted to 50 µS/cm by dropwise addition of 0.9% (w/v) NaCl solution. 
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4.2.3.4. Differential scanning calorimetry analysis 

Differential scanning calorimetry (DSC) analysis was carried out using a Perkin-Elmer 

Pyris 1 DSC differential scanning calorimeter (Perkin-Elmer Analytical Instruments, 

Norwalk, CT) and Pyris software for Windows NT. DSC analyses were performed on bulk 

lipids and LN on the day of production and 1 year after the production. In this way, the 

samples were weighed directly in aluminum pans and scanned between 25 °C and 85 °C 

at a heating rate of 5 °C/min under nitrogen gas.  

The degree of crystallinity or recrystallization indices (RI) were determined as follows: 

 

   [%] 
 nthal y L     g 

 nthal y  ul  material    g     oncentration li id  hase[%]
   100 

 

4.3. Results 

LN were first prepared using all combinations of the five lipids and six surfactants at fixed 

concentrations (5% lipid and 2% surfactant). Then, one selected lipid (D14) was combined 

with all surfactants at selected lipid and surfactant concentrations. All LN were formulated 

without preservatives in order to minimize the influence of composition parameters. 

Right after production, the macroscopic appearance of all dispersions was similar to milk, 

of low viscosity and of white color. To assess the physicochemical stability, all LN 

formulations were stored at room temperature under ambient storage conditions. 

Upon screening the lipids and surfactant combinations, only those not developing gels or 

particles in the size range to be seen by a naked eye were selected for further studies. 

Tendency for LN gelation was analyzed upon cooling down to the room temperature, after 

1 week, 1 month and 1 year of storage. 

 

4.3.1. Particle size and size distribution 

All formulations with acceptable macroscopic appearance were analyzed in terms of mean 

size. Formulations with a mean size in the size range between 80 nm (mostly combination 

of low content of lipid (5%) and high content of surfactant (2%)) and 400 nm (mostly 

combination of high content of lipid (15%) and low content of surfactant (0.8%)) were 

obtained. PI-values were typically below 0.25. 

The mean sizes and PIs of LN in the concentration most suitable to produce small 

particles (5% lipid and 2% surfactant) are presented in Figure 4.1. All formulations 

depicted a mean size <185 nm and a PI <0.23. 

The formulations made with CP, D14 and WE85 were effectively stabilized by all the 

surfactants tested. When using POL5 as lipid matrix, the PL188 was not able to produce 

(4.1) 
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stable LN, whereas for D16 similar conclusions were drawn based LN the surfactants P40 

and P60. 

The most favorable combination for 5% lipid/2% surfactant on the day of production were 

found to be D14 in combination with P20, P40, P60 and P80 and WE85 in combination 

with P60 and P80 because they showed the smallest mean particle sizes. 

 

 

Figure 4.1. Photon correlation spectroscopy (PCS)-data: mean diameters (mean ± SD) and PI 

(mean ± SD) on production day of five parallels. Given are the formulations of cetyl palmitate (CP), 

Dynasan 114 (D14), Dynasan 116 (D16), Precirol ATO5 (POL5) and Witepsol E85 (WE85) with 5% 

of lipid and 2% of the surfactants polysorbate 20 (P20), 40 (P40), 60 (P60), 80 (P80), poloxamer 

188 (PL188) and 407 (PL407) (particle size given as volume-weighted mean). 

 

In the second step the influence of lipid and surfactant concentration was investigated. 

One example (D14) is presented in Figure 4.2. All the different surfactants at three 

different concentrations were combined with the selected lipid (D14) at three different 

concentrations. 

Figure 4.2 depicts the mean sizes and PIs of this sample set at the day of production. In 

this figure it can be seen that LN with a mean size between 80 nm (D145P802) and 400 

nm (D1415PL4070.8) and a PI from 0.09 (D1415P602) to 0.20 (D145P202) were produced. 

Irrespective of type of surfactant the combination 5% lipid and 2% surfactant appeared to 

give the smallest mean particle sizes. Among the different surfactants, the surfactants that 

were more efficient in the production of D14-LN with small sizes were the polysorbates. 
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Figure 4.2. Photon correlation spectroscopy (PCS)-data: mean diameter (mean ± SD) and PI 

(mean ± SD) on production day of five parallels. Given are the formulations of Dynasan 114 (D14) 

based lipid nanoparticles (LN) with 5, 10 and 15% of lipid and 0.8, 1.2 and 2% of the surfactants 

polysorbate 20 (P20), 40 (P40), 60 (P60), 80 (P80), poloxamer 188 (PL188) and 407 (PL407) 

(particle size given as volume-weighted mean). 

 

 

All the formulations were checked for changes in macroscopic appearance 1 year after 

production. About 40% of the formulations showed macroscopic phase separation, 

detectable by the naked eye. For the remaining formulations the mean particle sizes and 

PIs were determined. Results for the stable D14-formulations are presented in Figure 4.3. 

They depicted a mean particle size very close to the corresponding values right after 

production (the difference was generally smaller than 10 nm). 
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Figure 4.3. Photon correlation spectroscopy (PCS)-data: mean diameter (mean ± SD) and PI 

(mean ± SD) 1 year after production of five parallels. Given are the formulations of Dynasan 114 

(D14) based lipid nanoparticles (LN) with 5, 10 and 15% of lipid and 0.8, 1.2 and 2% of the 

surfactants polysorbate 20 (P20), 40 (P40), 60 (P60), 80 (P80), poloxamer 188 (PL188) and 407 

(PL407) (particle size given as volume-weighted mean). Absence of results means that phase 

separation occurred. 

 

A typical particle size distribution plot (relative number of particles at a given size in 

comparison to total number of counted particles within the measuring range of the 

instrument) is presented in Figure 4.4. 

 

 

 

Figure 4.4. Typical diameter of relative distribution of lipid nanoparticles (LN) (particle size 

obtained as a measure of number distribution). 
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The quantitative and qualitative compositions of lipids and surfactants responsible for LN 

<200 nm were selected for further studies since they have a mean size more suitable for 

brain delivery. The OSPS instrument used here allows the measurement of particles in the 

size range between 0.5 µm and 400 µm being highly sensitive to detect a few larger 

particles even if numerous smaller particles are present. (Figure 4.5) 

 

 

Figure 4.5. Optical single particle sizing (OSPS) 95% (■) and 99% (■) data of lipid nanoparticles 

(LN) based on cetyl palmitate (CP), Dynasan 114 (D14) and Witepsol E85 (WE85) (5%lipid/0.8% 

surfactant) on day production (particle size obtained as a measure of number distribution). 

 

 o  articles of 5 μm or larger were detected in the L  dis ersions in the OSPS analysis 

(data not shown). The diameter at 95% and 99% of the total particle count are compared 

for three different lipids in combination with the four polysorbates. Depending on the 

surfactant used, CP-LN revealed OSPS 99% sizes between 1.49 µm and 1.88 µm, D14-

LN had OSPS 99% sizes between 1.37 µm and 1.52 µm and WE85-LN showed sizes 

between 0.96 µm and 1.96 µm. Among the various formulations the D14 appeared to 

contain the least amount of larger particles. 

 

4.3.2. Zeta potential 

The ZP of the lipid D14 combined with all surfactants is shown in Table 4.3. Only one lipid 

is reported since the ZP values obtained with the other tested lipids and surfactants were 

very similar. 

All the formulations showed slightly negative ZP values  etween −3.16 (D145PL4072) and 

−11.50 mV (D145P602). 
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Table 4.3. Zeta potential (ZP), size (mean ± SD) and polydispersity index (PI) (mean ± SD) of 

Dynasan 114 (D14) based lipid nanoparticles (LN) with 5% of lipid and 2% of surfactant 

 

4.3.3. Differential scanning calorimetry 

The DSC-results obtained for each type of LN are depicted in Table 4.4. Since the 

thermograms were quite similar only one formulation per lipid is given providing an 

example for each lipid. 

 

Table 4.4. Enthalpy, peak onset and maximum and RI of the lipid bulk and the LN on day 

production and 1 year after 

CP, cetyl palmitate; D14, Dynasan 114; D16, Dynasan 116; POL5, Precirol ATO5; WE85, Witepsol E85. 

 

Formulations 

 

ZP ± SD 
(mV) 

Size ± SD (nm)  

Day 0 

PI ± SD  

Day 0 

Size ± SD (nm) 

1 year 

PI ± SD  

1 year 

D145P202 -8.9 ± 0.6 95.4 ± 42.6 0.20 ± 0.01 96.4 ± 43.7 0.21 ± 0.04 

D145P402 -10.5 ± 1.1 101.4 ± 44.7 0.19 ± 0.01 121.2 ± 40.3 0.19 ± 0.02 

D145P602 -11.5 ± 0.4 93.7 ± 39.3 0.18 ± 0.00 89.9 ± 39.6 0.19 ± 0.00 

D145P802 -8.41 ± 0.3 80.4 ± 35.2 0.19 ± 0.01 81.0 ± 39.6 0.20 ± 0.01 

D145PL1882 -3.97 ± 0.2 122.4 ± 53.1 0.19 ± 0.02 129.3 ± 52.8 0.17 ± 0.01 

D145PL4072 -3.16 ± 0.2 170.2 ± 55.4 0.11 ± 0.00 172.4 ± 55.4 0.10 ± 0.01 

Formulation Enthalpy J/g 

Melting of lipid (ºC) 

RI (%) Size ± SD (nm) Peak onset Peak maximum 

Bulk CP 190.75 51.37 53.52 100 - 

CP10P801.2   d0 159.66 47.59 50.65 83.7 193.1 ± 60.3 

  1 year 164.33 47.81 50.49 86.1 198.2 ± 68.6  

Bulk D14 190.30 57.39 59.29 100 - 

D145P802 d0 2.07 55.44 57.23 1.1 80.4 ± 35.2 

1 year 3.11 55.19 57.10 1.6 81.0 ± 36.0 

Bulk D16 199.21 65.38 67.75 100 - 

D165P802 d0 141.26 59.49 62.22 70.7 100.6 ± 48.1 

1 year 159.42 59.76 62.38 79.8 102.2 ± 47.6 

Bulk POL5 158.48 52.85 59.51 100  

POL55P602 d0 138.12 52.05 57.48 87.2 175.4 ± 72.4 

1 year 137.34 53.21 56.67 86.7 136.2 ± 60.8 

Bulk WE85 156.02 45.33 47.74 100 - 

WE855P600.8 d0 16.90 38.10 42.09 10.8 139.1 ± 60.9 

1 year 120.34 36.44 42.48 77.1 222.1 ± 115.6 
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In general, the onset temperature and the melting peak of the LN were approximately 2–5 

°C lower than those obtained for the bulk materials. Nevertheless, for D14 and D16 the 

recrystallization of the molten lipids was delayed by about 20 °C. The crystallization 

temperatures of LN are distinctly below those of the melting transition for WE85-LN and 

decrease slightly with particle size (smaller than 2 °C) within a certain series of LN 

dispersions (data not shown). 

In this study, the RI of the LN was always below the crystallinity of the bulk material and 

increased with increasing storage time for all formulations (apart from POL55P602). The 

degree of crystallinity of the investigated LN was found between 1% (D145P802) and 87% 

(POL55P602) (Table 4.4). One year after production, the RI slightly increased for CP, D14, 

D16 based LN and increased significantly from 11 to 77% for WE85-LN. This increase 

WE855P600.8 

RI was followed by an increase in the size from 139 nm (production day) to 222 nm (1 

year after production). For POL55P602 a slight decrease of the RI was detected (from 

87.2% to 86.7%) and was followed by a decrease in the size from 175 nm (production 

day) to 132 nm (1 year after production). 

Su ercooled melts were o tained with D14 li id (ΔH ~2   g) whereas liquid crystalline 

particles were obtained with WE85 lipid (ΔH ~17 J/g). With D16, POL5 and CP lipids 

crystalline  articles (ΔH  etween 138 and 160   g) were o tained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. DSC thermograms of lipid nanoparticles (LN) CP10P801.2 (A), D145P802 (B), D165P802 

(C), POL55P602 (D) and WE855P600.8 (E) on day production (black) and 1 year after production 

(grey). 
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DSC thermograms (Figure 4.6) of CP-LN on day production and 1 year after production 

were very similar.  

Although, they revealed that during storage of CP-LN, the shoulder corresponding to the 

α-form became slightly smaller. No peaks were observed on D14-LN DSC thermograms 

on day production and one year after storage. DSC thermograms of D16-LN revealed on 

the day production two peaks one corresponding to the α-form (55 °C) and other to the β-

form (62 °C). One year after D16-LN production the thermograms were very similar. With 

regard to POL5-L  dis ersion during storage, the two  ea s corres onding to the α- (52–

54 ° ) and β-form (57–60 °C) tends to melt in just one peak with an onset and a 

maximum of 53.2 °C and 56.7 °C, respectively. On the production day a very small 

melting peak of the WE85-LN was detected comparing to the bulk, this peak will although 

increase during storage. 

 

4.4. Discussion 

4.4.1. Particle size 

All formulations present in Figure 4.1 show a mean size <185 nm and a PI <0.23, which 

are promising results for i.v. administration according to literature [4, 23, 26]. 

Especially the LN produced with 5% of lipid and 2% of surfactant were found quite stable 

even after 1 year of storage without any indications of phase separation and with mean 

sizes and PI-values almost identical to the ones at the day of production. For this reason, 

this concentration of lipid and surfactant was chosen for further studies. 

It is evident from Figures 4.1–4.3 that for all the different formulations the smallest sizes 

were achieved with 5% of lipid and 2% of surfactant and the highest with 15% of lipid and 

0.8% of surfactant. Generally, by the analysis of the graphs was found that the smallest 

size for the lipids CP, D14, D16 and WE85 was reached when the formulations were 

stabilized with P80. 

The mean diameter of 80–400 nm as measured by PCS is well below the size of the 

smallest blood capillaries in the range of 5–6 µm. This appears to indicate that LN may be 

injected intravenously and used to target drugs to particular organs. The liver and spleen 

are the organs responsible for clearing, from the circulation, all i.v. injected and colloidal 

particulates, such as LN [4]. PCS may, however, be inappropriate to study particles that 

are much larger than the majority of the preparation. Therefore OSPS was used to 

measure selected formulations. 

 n OSPS analysis no  articles larger than 5 μm were detected (data not shown). This is 

very important since the LN are intended for i.v. administration. 
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Both for the micro and nano range size, in the midst of the various formulations the D14 

appeared to contain the smallest mean size and the least amount of larger particles. 

The lipids with the most pronounced tendency to form homogeneous liquid LN dispersions 

at the studied concentrations and under the chosen preparation conditions were CP, D14 

and WE85. Possibly, increasing amounts of partial glycerides like monoglycerides are 

responsible for the physical destabilization. The amount of monoglycerides is 

approximately 8–17% for POL5. The diglycerides amount is around 4% for D14, 3% for 

D16, 10% for WE85 and 54% POL5. The amount of triglycerides is about 95% for D14, 

96% for D16, 89% for WE85 and ≈30% for POL5. 

Furthermore, the different contents of emulsifying monoglycerides and diglycerides (e. g., 

quantified by hydroxyl (OH) number) might lead to different contents of water in the LN 

lipid matrix, which could potentially also destabilize particle. Among the lipids, the OH 

num er varies from 5 to 240 and increases in the follow order: D14 ≈ D16 < W 85 <  P < 

POL5. According to literature, the majority of drugs LN composed of glycerides reveal 

better encapsulation efficiency than waxes. On the other hand the physical stability is 

reported to be better for the waxes rather than glycerides [27]. 

 

4.4.2. Zeta potential 

In terms of electrostatical repulsion, ZP is recommended to range in the magnitude of at 

least ± 30 mV in order to make physically stable aqueous nanoparticle dispersions [28]. 

Nonetheless, ZP is not the only parameter that influences the stability of the LN 

dis ersions.  ven with a ZP lower than 30 or high than −30 mV L  formulations could be 

stable for a long time, if enough and appropriate surfactants are used, providing steric 

stability instead. All the formulations presented in Table 4.3, though the little negative ZP 

revealed, are stable formulations in terms of mean size and PI for at least 1 year. This is 

due to the use of nonionic surfactants. Poloxamers were generally responsible for less 

negative ZP than the polysorbates. In spite of the small ZP values also those formulations 

were stable during storage for at least 1 year. 

In general, carriers with neutral or anionic charge are reported to result in good in vivo 

brain targeting [29, 30]. 

According to the literature the small negative ZP values of the LN produced should be 

good indicatives for targeted brain delivery. 
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4.4.3. Differential scanning calorimetry 

The thermograms of each lipid were quite similar due to the fact that both the melting and 

crystallization properties of the LN were mainly governed by the hard fat component than 

by the surfactant [31, 32]. 

The decrease of the onset temperature and the melting peak of the LN compared to the 

bulk materials (2–5 °C) can be explained by the small particle sizes of the colloidal 

dispersion, their high specific surface area and the presence of a surfactant [33-35]. 

The reduction in crystallinity is due to the partial formation of lower energy lipid forms. In 

addition, surfactants distributed in the melted lipid phase can distort crystallization, 

resulting in a lower melting enthalpy. 

Although crystalline lipids are used for the production of LN dispersions, the lipid particles 

are not necessarily present in the solid state after processing [36]. Consequently, 

reassuring the physical state of the matrix lipid is of utmost relevance for the development 

of nanoparticles based on solid lipids. In most cases, the required state of the particles will 

be solid or partially solid [1]. For certain applications, however, the state of a supercooled 

liquid melt may be expected, for example to achieve particular carrier properties [37], or to 

increase the bioavailability of very lipophilic drugs [38]. LN are characterized by the 

absence (supercooled melts) or presence (in the case of crystalline or liquid crystalline 

particles) of characteristic thermal transitions in the DSC heating curve which allow 

describing their physical state [31]. Supercooled melts were obtained with D14 lipid 

whereas liquid crystalline particles were produced with WE85 lipid. With D16, POL5 and 

CP lipids crystalline particles were obtained. 

The heating curves (data not shown) and the melting enthalpies, of the D14-LN stored at 

room temperature, indicate that the supercooled D14-LN were stable in terms of size 

during at least 1 year for all the surfactants in concentrations of 2% surfactant and 5% 

lipid. 

 

4.5. Conclusions 

In the present study, the type of lipid, the type of surfactant as well as both lipid and 

surfactant concentration were identified to influence initial mean particle size and 

polydispersity as well as colloidal stability of the LN dispersions. Although for each of the 

five lipids studied here at least one combination with a surfactant could be found to 

produce stable formulations fulfilling our aim of a mean particle size <200 nm and a PI 

<0.25 considerable differences were seen between the different lipids. In fact, all 

combinations of CP, D14 and WE85 with any of the six surfactants in this study yielded 

such small and homogeneous particles. For all lipids, the combination of 5% lipid/2% 
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surfactant was the formulation providing LN with the lowest mean particle size. At the 

same time did the 5% lipid/2% surfactant formulations with D14 show the best physical 

stability; no phase separation occurred and the mean particle sizes were found virtually 

unchanged after 1 year of storage. The DSC-results are in agreement with this finding: 

D14-LN, in contrast to all other LN had not recrystallized right after production and did not 

recrystallize during storage, which may be one important factor to explain the small 

particle sizes and storage stability. The only other LN with a low degree of crystallinity 

(WE855P600.8) after production recrystallized within 1 year. This recrystallization was 

accompanied by increases in size. 

Although, in case other amounts of lipid and surfactant are required or other mean sizes 

are suitable, for instance to decrease toxicity or improve drug entrapment, the 

achievements of this work may be a good starting point to select the most promising 

combination of lipid and surfactant and their concentrations. 

The qualitative and quantitative composition of lipids and surfactants producing LN with 

mean size below 200 nm, absence of microparticles and stable for at least 1 year are 

being used for further studies since these LN are a promising drug delivery system for 

brain delivery. Optimized wax and glyceride based LN can be characterized by excellent 

particle size distribution and physical long-term stability. 

The obtained results may be looked at in terms of defining the design space for LN 

delivery systems, i.e., identifying possible designs and design parameters within the given 

HPH technology. They should be applied during future formulation development studies, 

where inter-dependencies between the influence factors identified here may be studied in 

a multi-variate analysis approach. 
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Abstract 

Physicochemical properties of lipid nanoparticles (LN), such as size, size distribution and 

surface charge, have a major influence both, on in vitro stability and delivery of the 

incorporated drug in vivo. With the purpose of understanding how these properties are 

influenced by variations of LN composition (e.g. lipid and surfactant type and 

concentration) 22 factorial designs with centre point were applied for several types of lipids 

and surfactants in the present study. Tested factors and levels were the type and 

concentration of lipid (cetyl palmitate, Dynasan 114 and Witepsol E85) at the 

concentrations of 5%, 10% and 15%, in combination with type and concentration of 

surfactant (polysorbate 20, 40, 60 and 80 and poloxamer 188 and 407) at concentrations 

of 0.8%, 1.2% and 2.0%. Responses measured within the design space were the mean 

size and polydispersity index (photon correlation spectroscopy), content of microparticles 

(optical single particle sizing), macroscopic appearance, pH and zeta potential on the day 

of production, 1 and 2 years after production. Multivariate evaluation and modelling were 

performed starting with a principal component analysis (PCA) and followed by partial least 

square regression analysis (PLS) to assess both qualitative and quantitative influence of 

the investigated factors in the LN. Our study showed that both, lipid and surfactant 

concentration and the type of surfactant are crucial parameters for the particle size of the 

LN prepared by high pressure homogenisation (HPH). For LN stability during 2 years 

both, lipid and surfactant types and concentrations were identified as the most relevant 

parameters. Among the surfactants most suitable for producing LN with small sizes were 

the polysorbates and the lipid yielding best storage stability was cetyl palmitate. 

Furthermore, the models allowed the prediction of the mean size of LN that could be 

achieved with a certain lipid/surfactant combination and concentration. The obtained 
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results are considered useful for future design of stable LN formulations without the need 

of extensive empirical testing of formulation parameters within the given HPH technology. 

 

Keywords: Lipid nanoparticles (LN); Experimental design (DoE); Multivariate analysis; 

Lipids; Surfactants; Photon correlation spectroscopy (PCS). 

 

5.1. Introduction 

Lipid nanoparticles (LN) have been widely investigated as promising drug delivery 

systems because they combine the advantages of liposomes, emulsions and polymeric 

nanoparticles but avoid theirs drawbacks; they are a good alternative to emulsions in 

terms of more easily controlling drug release, and to polymeric nanoparticles in terms of 

lower toxicity [1, 2]. In comparison with PLA or PLGA (Food and Drug Administration 

(FDA) approved polymers), which showed 50% viability at 0.2% of polymeric 

nanoparticles, LN (Compritol, cetyl palmitate) were 20 times less toxic on human 

granulocytes and HL 60 cells [3]. Additionally, tripalmitin and stearic acid based LN (0.1–

0.25%) [4] and Compritol and Dynasan 114 based LN (0.015–1.5%) [5], showed non-toxic 

behaviour towards HL60 and MCF-7 or HL60 cells, respectively. 

LN are colloidal (submicron) particles, with mean sizes between 50 and 1000 nm, made of 

a biocompatible and biodegradable (solid) lipid core and surfactant forming the outer shell. 

Targeting drugs directly to the diseased organ or tissue will improve the drug therapeutic 

effect and reduce the side effects. One of the organs that represent a major challenge in 

drug targeting is the brain due to the presence of a restrictive blood–brain barrier (BBB) 

that prevents the passage of numerous drugs from the blood to the cerebral tissue. 

Among the strategies for drug delivery to the brain [6], colloidal delivery systems, namely 

LN [7, 8], seem to be the most promising because of their capability to deliver drugs 

effectively to the brain without changing the BBB properties. The above mentioned 

characteristics make LN a very promising drug delivery system. 

During manufacturing of LN by high pressure homogenisation (HPH), numerous 

parameters may have an influence on the physicochemical properties of LN. 

Consequently, it is crucial to gain a complete perception of how both, manufacturing 

conditions as well as formulation design influence LN characteristics and especially how 

these characteristics are influenced by possible interactions between variables in the 

manufacturing process. Despite that effects of some variables on the physicochemical 

properties have been studied earlier [9-13], a systematic investigation of the influence of 

formulation variables on the LN properties produced by HPH has not yet been properly 

performed. 
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During the past few years the concept of “Quality by Design” (QbD) has been 

implemented in pharmaceutical development [14]. The focus of this concept is that quality 

should be built into a product with a thorough understanding of the product and process 

by which it is developed and manufactured along with a knowledge of the risks involved in 

manufacturing the product and how best to avoid those risks. The design space defines a 

multidimensional space, including combinations and interaction of formulation variables 

and process parameters, which is established to give product quality assurance [14]. In 

order to establish the design space, thorough screenings are performed utilising design of 

experiments (DoE). Screening by use of DoE is a rational way of evaluating the effect of 

numerous formulation variables and process variables by a limited number of 

experiments. The combination of variables and their interactions that provides an end 

product, which are within the desirable/acceptable quality requirements defined the design 

space. By optimisation of multivariate models (e.g. regression models) it is possible to 

deduce significant main effects, their interactions and linearity. Response surfaces are 

frequently used to visualise how a model describes the design space investigated. 

Principal component analysis (PCA) is a multivariate statistical projection technique that is 

commonly used to look for trends or “latent variables” in data matrices. PCA is a powerful 

tool and may even be used in the case of imbalanced designs or designs where 

combinations are missing for various reasons. 

Nowadays, numerous regression methods for data analysis are being used among them 

one of the most accepted is partial least squares regression (PLS). PLS has turned out to 

be the standard for multivariate analysis, due to the quality of the prediction models, ease 

of implementation, and availability of commercial software [15-17]. PLS regression has 

already been used to study the influence of LN composition, but the systems and 

parameters investigated were different [12, 13]. 

In the present work, as the lipid component, the triglyceride trimyristin (C14, Dynasan 114) 

was selected. Additionally, Witepsol E85 a hard fat-type with a high emulsifying capacity, 

were also used. Furthermore, the cetyl palmitate wax (Cutina), a mixture of C14–C18 

esters of lauric, myristic, palmitic and stearic acids (“Cetyl esters wax”), was also 

introduced in this study as a model wax, because of its faster in vitro degradation and 

lower in vivo toxicity [18, 19] as compared to other waxes. 

Several different types of surfactants (polysorbate 20, 40, 60 and 80 and poloxamer 188 

and 407) were employed. Considering that our final goal is brain delivery, surfactants 

being approved as pharmaceutical excipients, and known as sensitizers of drug-resistant 

cancers to anticancer drugs and/or transport-enhancers of drugs across the BBB were 

selected [20-22]. 
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In a pilot-study [23] we have through a univariate approach, i.e. one by one studied the 

influence of selected formulation components on both, mean LN particle size and 

contamination with micron particles and identified the following key design parameters: 

the type of lipid and surfactant as well as theirs concentrations influence initial mean 

particle size and polydispersity as well as colloidal stability of the LN dispersions. These 

findings were used for defining the working space of the current study. The results should 

to be applied during future formulation development studies, where inter-dependencies 

between the influence factors should be studied in a multi-variate approach. 

The main aim of the current study thus was to systematically evaluate all relevant 

combinations of lipids and surfactants both, qualitatively (composition) and quantitatively 

(concentration) in terms of their influence on the key quality characteristic of LN, namely 

mean particle size, polydispersity and stability using multivariate design to reduce the 

number of experiments and to construct models of prediction. 

 

5.2. Materials and methods 

5.2.1. Materials 

The selected glycerides: Dynasan 114 (D14) (trimyristin), Witepsol E85 (WE85) were 

offered from Sasol Germany GmbH (Witten, Germany). The wax Cutina (CP) (cetyl 

palmitate) was obtained by Apotekproduksjon AS (Oslo, Norway). The surfactants 

selected: polysorbate 20 (P20), 40 (P40), 60 (P60) and 80 (P80) were provided by Merck 

(KgaA, Darmstadt, Germany). Poloxamer 188 and 407 (PL188 and PL407) were supplied 

by BASF (Ludwigshafen, Germany). Purified water was of MilliQ®-quality. 

 

5.2.2. Experimental design 

The basic experimental design consists of a set of 22 factorial designs where three lipids 

(cetyl palmitate, Dynasan 114, Witepsol E85) are investigated in combination with six 

different surfactants (polysorbate 20, 40, 60 and 80, poloxamer 188 and 407). For each 

combination of lipid and surfactant a 22 factorial design (with centre point) testing different 

concentration of the two variables was carried out. The investigated factors and their 

levels are presented in Table 5.1. In total, 90 formulations were studied. 

 

 

 

 

 

 



Multivariate design for optimisation of lipid nanoparticles 

 

113 

 

Table 5.1. Experimental design: investigated factors and levels for 2
2
 factorial designs with 

centre point 

 

Level 

Low Centre High 

Variables    

Lipid conc. [%(w/w)] 5 10 15 

Surfactant conc.[% (w/w)] 0.8 1.2 2 

Category variables 

Type of lipid CP, D14, WE85 

Type of surfactant P20, P40, P60, P80, PL188, PL407 

CP: cetyl palmitate; D14: Dynasan 114; WE85: Witepsol E85; P20, P40 P60 and P80: polysorbate 

20, 40 60 and 80; PL188 and PL407: poloxamer 188 and 407. 

 

5.2.3. Annotation of formulation 

A unique code was selected for identifying the quantitative composition of all formulations; 

it consists of an abbreviation for the lipid type and a subscript for the lipid concentration in 

percent plus an abbreviation for the surfactant with a subscript for the surfactant 

concentration. CP5P802 for example means: CP for cetyl palmitate, subscript 5 for 5% 

lipid, P80 for polysorbate 80, subscript 2 for 2% surfactant. 

 

5.2.4. Methods 

5.2.4.1. Production of lipid nanoparticles 

For LN production, the procedure described in [23] was used. In brief: the lipid phase was 

melted at approximately 5–10 °C above its melting point followed by the addition of an 

aqueous surfactant solution heated to the same temperature. A coarse emulsion was 

formed by treating the blend for 1 min with an ultra-turrax T25 (IKA®-Werke GmbH & Co. 

KG, Staufen, Germany) at 8000 rpm. The produced hot emulsion was then subjected to 

three cycles at 50 MPa in a temperature controlled MicronLab 40 high pressure 

homogeniser (APV Deutschland GmbH, Unna, Germany). After HPH the resulting hot oil-

in-water (o/w) nanoemulsion was cooled down to room temperature allowing the inner oil 

phase to solidify and forming LN dispersed in an aqueous phase. 

The HPH process parameters were selected based on a 22 screening of a selected 

formulation (D1410P801.2) where HPH cycles (three, seven cycles) and pressure (50, 100 

MPa) were investigated. A centre point (five cycles, 50 MPa) and an additional point (five 

cycles, 75 MPa) were included. The mean particle size and the polydispersity of the 

resulting LN were the evaluated responses in the process parameter screening. 
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5.2.4.2. Assessment of particle size and size distribution 

The average hydrodynamic diameter in volume and polydispersity index (PI) of submicron 

LN were analysed by PCS (Nicomp model 370, PSS Nicomp Sta Barbara, CA) as 

described by Frantzen et al. [24]. The PI was used as a measure for the broadness of the 

size distribution. Briefly, the LN samples where diluted with water (refractive index of 

1.333) until a count rate of 250–350 kHz in order to eliminate multiple scattering. In all the 

measurements χ2 was smaller than three, indicating a monomodal (Gaussian) 

distribution; the amount of data collected in the first channel was higher than 1000 K and 

the baseline adjustment was smaller than 0.03%. Supplementary optical single particle 

sizing (OSPS) was used to detect any particles in the micrometer range or aggregates of 

LN as described in Martins et al. [23]. The Accusizer (PSS-Nicomp, Sta Barbara, CA) 

combines single particle light extinction measurement with light scattering measuring 

particles from 500 nm up to 400 μm. Samples were step-wise diluted with particle-free 

(filtered MilliQ) water until consecutive dilutions yielded a proportional drop in total particle 

counts. OSPS yields a number-weighted distribution. The number of particles in the micro 

range was evaluated; number of microparticles >1 μm per mL and number of 

microparticles >5 μm per mL. One has to bear in mind, however, that the vast majority of 

LN is outside the measuring range of OSPS. 

 

5.2.4.3. pH 

pH measurements were performed using a Metrohm 744 pH Meter (Metrohm, Herisau, 

Switzerland). The potentiometer was introduced in the samples vials and the pH was 

assessed at room temperature. pH was measured on the day of production and after 1 

and 2 years of storage. 

 

5.2.4.4. Zeta potential 

The electrophoretic mobility, zeta potential, was measured by combining laser Doppler 

velocimetry and phase analysis light scattering (PALS) using a Zetasizer Nano ZS 

(Malvern, Worcestershire, UK). The samples were diluted with MilliQ-water having a 

conductivity adjusted to 50 μS/cm by dropwise addition of 0.9% (w/v) NaCl solution. 

 

5.2.4.5. Assessment of storage stability 

All LN samples were stored in closed containers at room temperature for a period of at 

least 1 year; most samples have currently also reached 2 years of storage. All samples 

were examined on the day of production, after 1 year of storage and if possible also after 

2 years of storage. In order to parameterise storage stability a coded stability parameter 
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was introduced. All samples that showed macroscopic signs of phase separation, 

creaming, solidification or gelation after storage were denoted 0 as for instable samples. 

All samples that appeared to be stable by visual inspection (i.e. fluid, without phase 

separation, creaming or any sign of solidification or gelation) were subjected to further 

analysis. Most of these samples were measurable (with parameters in the range stated 

above) and thus given the code 1 as for stable samples. In the case of irregularities during 

PCS analysis, such as bimodal distribution or difficulties to fit models to the measured 

samples, the sample was classified as unstable. We may thus under-estimate storage 

stability rather than over-estimate. 

The indicators of storage stability were mean LN particle size, PI, number of 

microparticles larger than 1 μm per mL (OSPS) and pH-values after storage in 

comparison to the day of production. Also the absolute change in pH during storage was 

evaluated. 

 

5.2.4.6. Multivariate analysis 

All multivariate analysis and modelling were performed using The Unscrambler® 9.7 and 

The Unscrambler® X (Camo, Norway). Principal component analysis (PCA) and partial 

least square regression analysis (PLS) were employed to assess qualitative and 

quantitative effects of the investigated factors on parameters related to storage stability. 

Prior to analysis, the variation of each variable was scaled to unit variance (1/SD). The 

models were calculated using systematic cross-validation. The Unscrambler uses Jack-

knifing to estimate the uncertainty of the regression coefficients of PLS [25], which for 

most practical reasons resembles P < 0.05. A more detailed explanation of PCA and PLS 

methods can be found in [26].  

PLS-models were calculated for freshly prepared LN samples with respect to mean 

particle size, PI, number of microparticles larger than 1 μm per mL (OSPS) and pH for the 

full matrix and for each lipid and surfactant separately. In addition, for prediction purposes 

PLS models were calculated for each set of combination lipid/surfactant with respect to 

mean LN size of freshly prepared LN samples. Further, PLS models were calculated for 

the indicators of storage stability after 1 and 2 years. 

 

5.3. Results 

The results from the physicochemical characterisation of all produced LN are depicted in 

Table 5.A.1 (Supplementary data). The main purpose of Table 5.A.1 is to provide the 

reader with all the raw data; the results will be further discussed based on multivariate 

evaluation of the data. Table 5.A.1 as such will not be further discussed. 
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5.3.1. Lipid nanoparticles characteristics at day of production 

5.3.1.1. Influence of HPH parameters 

Firstly, we investigated if HPH parameters (number of HPH cycles and pressure) different 

from the ones used during our pilot-study (three cycles at 50 MPa) would influence mean 

particle sizes of the produced LN. For screening a factorial design 22 with centre point was 

performed with one randomly selected formulation (D1410P801.2). 

The mean particle sizes of all LN samples prepared using the different process 

parameters (three, five and seven HPH cycles combined with a pressure of 50, 75 and 

100 MPa, respectively) were found to be similar, around 190 ± 70 nm (data not shown). 

The investigation revealed no correlations between the tested parameters and mean 

particle diameter. There is no statistical evidence that a high number of cycles and/or high 

pressure produce smaller particles for the tested set-up. Furthermore, the mean size 

homogeneity (PI) was 0.114 ± 0.05 and the LN with lower PI (0.084 ± 0.03) were 

produced when the number of cycles was three. Therefore the previously used number of 

cycles (three cycles) and pressure (50 MPa) were kept for the preparation of particles. 

They represent rather mild conditions and will hopefully not affect the excipients or drug 

stability. These parameters are in the same order of magnitude as used in other studies 

[27]. 

 

5.3.1.2. Influence of formulation parameters on particle size and size homogeneity 

(PI) 

After selecting HPH conditions, a systematic evaluation was performed to assess any 

influence of the formulations variables on the LN. PLS analyses were performed to 

determine the effect of each variable (three lipids and six surfactants, lipid and surfactant 

concentrations) on the characteristics of the LN in terms of mean size, PI and number of 

microparticles larger than 1 μm per mL. Figure 5.1 shows the regression coefficient from 

PLS of mean size (Figure 5.1A), PI (Figure 5.1B) and number of microparticles larger than 

1 μm per mL (Figure 5.1C) of all formulations variables. Large regression coefficients 

indicate strong influences; positive regression coefficients indicate a direct correlation 

between the variable and high mean particle size, high PI or high number of microparticles 

larger than 1 μm per mL, whereas negative coefficients indicate an inverse correlation, i.e. 

low size, low PI and low number of microparticles larger than 1 μm per mL. 

The model of Figure 5.1A (mean size) explains 90% of Y-variance on two components. 

From Figure 5.1A it is clear that the mean size of the particles is mostly determined by the 

lipid concentration (direct correlation), and the surfactant concentration (inverse 

correlation).  
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A) 

 
B) 

 
C) 

 

Figure 5.1. Regression coefficients from PLS of mean size (A), polydispersity index (PI) (B) and 

the number of microparticles larger than 1 μm (C) of lipid nanoparticles (LN) on the production day 

(90 samples). CP: cetyl palmitate; D14: Dynasan 114; WE85: Witepsol E85; P20, P40, P60 and 

P80: polysorbate 20, 40, 60 and 80; PL188 and PL407: poloxamer 188 and 407. 



Chapter V 

 
 

122 

 

This means that a low concentration of lipid and a high concentration of surfactant were 

the factors in favour of LN with the smallest mean particle size. 

When comparing the influence of the type of surfactant, the choice of surfactant in all 

cases (except polysorbate 40) showed significant effect on mean particle size; smaller 

mean particles were found to correlate with polysorbates, while the poloxamers correlated 

with larger particle sizes, General trends are that polysorbates produce LN with lower 

mean size, than the poloxamers. Especially poloxamer 407 produces larger LN. 

In contrast, the choice of lipid was found not to correlate with mean particle size at the day 

of production. No major differences could be identified between the lipids cetyl palmitate, 

Dynasan 114 and Witepsol E85 with respect to mean size in the overall analysis. This 

does not necessarily mean that the choice of lipid is not important, but in the overall 

analysis as presented in Figure 5.1A the effects could even each other out. 

On the production day the size distribution (PI) was assessed to give information about 

the homogeneity of the LN sizes. PI values for LN varied from 0.08 to 0.26. The PLS-

model of PI (Figure 5.1B) only explains 37% of the variation in Y-variance, nevertheless 

certain influence factors can be identified, which appear to be of importance for low PI (i.e. 

narrow size distribution): as for mean size, lipid concentration appears to have a 

(significant) influence (high lipid concentration promoting low PI). The surfactant 

concentration appears to show inverted (but not significant) influence. In terms of type of 

lipid, cetyl palmitate-based LN (mean PI = 0.12 ± 0.02) tended most to low PIs, while 

Witepsol E85-based LN (mean PI = 0.16 ± 0.05) tended most to high PIs. The surfactant 

that showed an influence in terms of more heterogeneous particles was poloxamer 188 

(mean PI = 0.16 ± 0.03). 

OSPS was used for determining the count of microparticles larger than 1 μm per mL and 

measure their sizes in the LN formulations to detect the presence of any microparticles 

larger than 5 μm, since the presence of large microparticles will prohibit the use of these 

formulations for i.v. administration. The model of the number of microparticles larger than 

1 μm per mL (Figure 5.1C) explains 42% of Y-variance on two components. The low 

degree of explained variance is caused by the lack of OSPS data for several of the 

formulations. However, some general trends can be recognised: neither lipid nor 

surfactant concentrations appear to influence the occurrence of microparticles. Cetyl 

palmitate appears to correlate with higher numbers of microparticles (larger than 1 μm per 

mL) and Witepsol E85 with lower numbers of such particles. It should be mentioned, 

however, that no particles bigger than 5 μm were detected in any of the cetyl palmitate-

based formulations but in a few formulations of Witepsol E85. These results means that 

despite the higher counts of microparticles in the cetyl palmitate based LN in comparison 
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with Witepsol based LN, these microparticles have smaller mean sizes than the Witepsol 

E85 based LN. In relation to the surfactants, polysorbates seemed to yield formulations 

with lower amounts of microparticles than the poloxamers, but none of the surfactants 

showed significant regression coefficients at p < 0.05 (Figure 5.1C). 

Taken together, the above results revealed, that a low concentration of lipid and a high 

concentration of surfactant were the factors in favour of LN with small mean particle size, 

yet high PI. The high PI values that we are referring to are indeed still small PI values, 

since the mean PI values were around 0.16 ± 0.05, which is considered still an 

monodisperse system (PI < 0.25). Interestingly the type of lipid did not appear to correlate 

with mean particle size, while cetyl palmitate was found in favour of low PIs, but high 

microparticle-counts and for Witepsol E85 it was the other way round. The polysorbates 

were the surfactants that produced LN with the smallest mean particle size, the lowest PI 

and the lowest number of microparticles larger than 1 μm per mL. 

The bi-plot from a PCA of mean size, PI and number of microparticles larger than 1 μm 

per mL shows the LN formulations in relation to the three parameters (Figure 5.2).  

 

 

 

Figure 5.2. PCA bi-plot of mean particle size, polydispersity index (PI) and number of 

microparticles larger than 1 μm per mL. 
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The LN formulations located furtherest away from each of the response parameters in the 

bi-plot have a small size, a low PI and a low number of microparticles larger than 1 μm per 

mL, respectively. The most suitable LN formulations are those, which are low in all 

responses; some of these are highlighted in the ellipse in the bi-plot. These formulations 

can be identified as: CP5P800.8, CP5P602, CP5P802, CP5PL4072, CP15P602, D1415P602, 

WE855P200.8 and WE855P800.8. 

Since mean size is an important characteristic of LN, and PI and number of microparticles 

larger than 1 μm per mL are within acceptable limits for most combinations in the design, 

the influence parameters on this response was further investigated by breaking down the 

matrix (Figure 5.1A) and model the individual lipids (Table 5.2) and individual surfactants 

(Table 5.3). In the overall analysis significant interaction were identified between some of 

the factors (e.g. [lipid]% × [surf], see Figure 5.1A). This should be interpreted as an 

indication that there are important interactions between the variables, but exactly which 

factors should be further investigated. Table 5.2 and Table 5.3 summarises the 

characteristics of optimised PLS models for each of the lipids and each of the surfactants, 

respectively. The size of the regression coefficient quantifies the influence of the variable 

on the mean particle size. Significant regression coefficients are marked in bold. 

Satisfying models were achieved for all three lipids with R2 of the prediction model 

between 0.8269 (Witepsol E85) and 0.9242 (cetyl palmitate) (Table 5.2); R2 of the 

calibration model are, as always, higher.  

Judging from the value of the coefficients in Table 5.2, the lipid concentration is more 

important for determining size in Witepsol E85 than in Dynasan 114 (higher coefficient), 

whereas for Dynasan 114 the surfactant concentrations is the most important factor. 

Polysorbate 20 and 60 show significant ability to reduce the particle size for all three lipids 

and the poloxamer 407 to increase the size in all lipids. 

Poloxamer 407 has the largest influence on particle size (in terms of larger particles), 

when combined with cetyl palmitate and Dynasan 114, as compared to the other 

surfactants. For Witepsol E85 the poloxamer 188 showed a similar behaviour. Polysorbate 

60 has the largest influence in reducing nanoparticles size, when combined with Witepsol 

E85. For Dynasan 114 the polysorbate 20 showed similar behaviour. In the model for cetyl 

palmitate a significant interaction was also identified (Table 5.2). 
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Table 5.2. PLS models of lipids separately; effect on size of lipid nanoparticles (LN) on the 

production day (bold numbers indicate significant regression coefficients) 

Variables CP D14 WE85 

Lipid concentration [%(w/w)] 0.666 0.553 0.721 

Surfactant type    

P20  -0.073 -0.118 -0.128 

P40  -0.024 -0.031 -0.056 

P60  -0.095 -0.091 -0.144 

P80  -0.086 -0.111 -0.062 

PL188  0.026 0.068 0.276 

PL407  0.253 0.284 0.115 

Surfactant concentration[%(w/w)] -0.600 -0.701 -0.465 

Lipid conc. * surfactant conc. -0.281 -0.028 -0.170 

Nº of PC 2 2 2 

BOW 3.3070 3.1893 2.1476 

RMSEP 18.4145 26.2222 35.1297 

R
2
 (prediction) 0.9242 0.9072 0.8269 

CP: cetyl palmitate; D14: Dynasan 114; WE85: Witepsol E85; P20, P40, P60 and P80: polysorbate 

20, 40, 60 and 80; PL188 and PL407: poloxamer 188 and 407. 

 

Table 5.3 confirms the finding suggested above (Figure 5.1A), i.e. no overall difference 

between the three lipids with respect to the ability to produce particles in the evaluated 

size range (cetyl palmitate-based LN: 131–391 nm; Dynasan 114-based LN: 80–405 nm; 

Witepsol E85: 83–374 nm), in combination with the evaluated surfactants. Significant 

interactions were found between the surfactants concentrations of polysorbate 40 and 60 

and the lipid concentration and between poloxamer 188 concentration and the 

concentration of the lipids Dynasan 114 and Witepsol E85 (Table 5.3). 
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Table 5.3. PLS models of surfactants separately; effect on size of lipid nanoparticles (LN) on 

the production day (bold numbers indicate significant regression coefficients) 

Variables P20 P40 P60 P80 PL188  PL407 

Lipid concentration 
[%(w/w)] 

0.654 0.638 0.683 0.700 0.669 0.735 

Lipid type       
CP 0.099 0.038 0.057 0.036 -0.126 0.027 
D14 -0.014 0.015 0.029 -0.031 -0.068 0.122 
WE85 -0.086 -0.053 -0.085 -0.005 0.194 -0.149 

Surfactant concentration 
[%(w/w)] 

-0.652 -0.671 -0.648 -0.636 -0.555 -0.583 

Lipid conc. * surfactant 
conc. 

- -0.274 -0.246 - - - 

D14 * surfactant conc [%] - - - - -0.196 - 
WE85 * lipid conc. [%] - - - - 0.248 - 
Nº of PC 2 2 2 2 3 2 
BOW 3.4032 2.8425 2.6956 2.6000 3.2565 3.2256 
RMSEP 30.7243 35.3437 29.2097 35.8494 30.7336 29.8355 
R

2
 (prediction) 0.7626 0.8249 0.8608 0.8054 0.8363 0.8709 

CP: cetyl palmitate; D14: Dynasan 114; WE85: Witepsol E85; P20, P40, P60 and P80: polysorbate 

20, 40, 60 and 80; PL188 and PL407: poloxamer 188 and 407. 

 

Since the surfactants may interact slightly differently with each of the lipids, individual 

models were optimised for each lipid and surfactant combination. The separate PLS 

models constructed are suited for predictions within the design space and particles with a 

given mean size can be produced by selecting the appropriate concentrations of lipid and 

surfactant reading from the plots. Figure 5.3 shows surface plots of PLS models of the 

three lipids in combination with polysorbate 20 (A–C), 60 (D–F) and 80 (G–I) and 

poloxamer 407 (J–L). By comparing the surface plots of the different lipids combinations 

giving the same mean LN size can be identified. As an example; particles of mean size 

150 nm stabilised with polysorbate 80 (Figure 5.3G–I) are obtained for cetyl palmitate 

(Figure 5.3G) for combination of 5–9% lipid and 1.4–2%surfactant, whereas the same 

mean size would be obtained for Dynasan 114 (Figure 5.3H) by a different combination of 

lipid and surfactant concentrations (5–13% lipid and 1.3–2% polysorbate 80) or as finally 

for Witepsol E85 (Figure 5.3I) with lipid concentrations (between 5% and 10% and a 

concentration between 1% and 2% of polysorbate 80). Another example; for all the 

lipid/surfactant combinations if the appropriated concentrations of lipid and surfactants are 

selected LN smaller than 200 nm can be produced. For cetyl palmitate stabilised with 

polysorbate 20, 60 and 80 those concentrations can be found in the dark green and blue 

areas. For poloxamers 407 the suitable area will be the blue. 
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Figure 5.3. Surface plot from PLS model of the surfactants polysorbate 20 (P20) (A, B and C), 60 

(P60) (D, E and F), 80 (P80) (G, H and I) and poloxamer 407 (PL407) (J, K and L) with the lipids 

cetyl palmitate (CP) (A, D, G and J), Dynasan 114 (D14) (B, E, H and K) and Witepsol E85 (WE85) 

(C, F, I and L). CP + P20: R
2
cal: 0.98, R

2
pred: 0.54, explained Y-variance 98%, two PC; CP + P60: 

R
2
cal: 0.98, R

2
pred: 0.67, explained Y-variance 98%, two PC; CP + P80: R

2
cal: 0.96, R

2
pred: 0.42, 

explained Y-variance 96%, two PC; CP + PL407: R
2
cal: 0.99, R

2
pred: 0.82, explained Y-variance 

99%, two PC; D14 + P20: R
2
cal: 0.95, R

2
pred: 0.88, explained Y-variance 95%, two PC; D14 + 

P60: R
2
cal: 0.96, R

2
pred: 0.91, explained Y-variance 96%, two PC; D14 + P80: R

2
cal: 0.95, 

R
2
pred: 0.89, explained Y-variance 95%, two PC; D14 + PL407: R

2
cal: 0.99, R

2
pred: 0.96, 
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explained Y-variance 99%, two PC; WE85 + P20: R
2
cal: 0.91, R

2
pred: 0.58, explained Y-variance 

91%, one PC; WE85 + P60: R
2
cal: 0.99, R

2
pred:0.61, explained Y-variance 99%, two PC; WE85 + 

P80: R
2
cal: 0.97, R

2
pred: 0.93, explained Y-variance 97%, two PC; WE85 + PL407: R

2
cal: 0.91, 

R
2
pred: 0.61, explained Y-variance 91%, one PC. 

 

5.3.1.3. Influence of formulation parameters on pH 

Since the pH of a formulation intended for i.v. administration is important and could also 

interfere with the excipients or drug stabilities, the influence of the excipients constitution 

on the LN pH was assessed on the day of production as well as after storage. 

Generally, the lipid and surfactant concentrations tested were not found to correlate with 

the pH at the day of production, but the type of lipid and type of surfactant did (Figure 

5.A.1 Supplementary data). The lipid cetyl palmitate contributed to a lower pH of the LN 

formulations compared to the other lipids. Witepsol E85 contributed to formulations with 

higher pH values (max value measured to 7.4). From the regression coefficients it was 

found that formulations with polysorbate 40 contributed to reduced pH of the freshly 

prepared LN. Slightly acidic pH was measured in combination of these surfactants with all 

lipids; values down to pH 4–5, despite the pH of the surfactants be between 5.0 and 8.0 

for polysorbates (5% w/v aqueous solution) and pH between 5.0 and 7.5 for poloxamers 

(2.5% w/v aqueous solution) (supplier information). 

 

 

Figure 5.A.1. Regression coefficients of the PLS model of pH in lipid nanoparticles (LN) 

formulations measured on production day. 
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5.3.2. Lipid nanoparticles storage stability 

5.3.2.1. Coded storage stability parameter 

A systematic evaluation of the best formulation design in terms of storage stability was 

also performed to screen for any trend. The storage stability was evaluated 1 and 2 years 

after production. Storage stability was evaluated as a coded parameter (stable 1, instable 

0). One year after production 67 samples of the original set of 90 samples were stable. 

Most of the instable samples were found for the lipid Witepsol E85; 12 of the 30 

formulations based on Witepsol E85 were not stable for 1 year. It is worth noticing that 

none of the combinations 15% lipid Witepsol E85 and 0.8% surfactant was stable after 1 

year. When it comes to Dynasan 114, eight of the 30 formulations were not stable for 1 

year; also for this lipid the combination 15% lipid and 0.8% surfactant seems to be the 

most vulnerable. For cetyl palmitate only three samples were not stable for 1 year. 

Figure 5.4 shows the regression coefficients from PLS models of the storage stability 

parameter. A positive regression coefficient indicates stability of formulation, whereas a 

negative coefficient indicates the negative influence of the variable on the stability of the 

formulation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Regression coefficients of PLS models of the coded storage stability parameter after 1 

year. CP: cetyl palmitate; D14: Dynasan 114; WE85: Witepsol E85; P20, P40, P60 and P80: 

polysorbate 20, 40, 60 and 80; PL188 and PL407: poloxamer 188 and 407. 
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The factors influencing the 1 year storage stability (Figure 5.4) are type of lipid, lipid 

concentration and concentration of surfactant. Low lipid concentration and high surfactant 

concentration were the factors providing stability of the particles. Cetyl palmitate is the 

lipid that produced most stable formulations. On the other hand, Witepsol E85 is the lipid 

that produced least stable formulations. The type of surfactant seems to be less important 

for the stability of the formulations during 1 year. The major trends are the same after 2 

years stability (Figure 5.A.2 Supplementary data). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.A.2. Regression coefficients of PLS models of the coded storage stability parameter after 

two years. 

 

5.3.2.2. Influence of formulation parameters on particle size and size homogeneity 

upon storage 

Figure 5.5 shows the regression coefficients of the PLS model of the LN mean particle 

size (A) and PI (B) after 1 year of storage. The results confirm that formulations 

containing, higher amount of lipid, lower amount of surfactant and the lipid Witepsol E85 

contributed to larger mean particle size after 1 year (Figure 5.5A). In relation to the 

surfactants, the polysorbate 80 was the surfactant that showed the highest tendency to 

maintain smaller particles size after 1 year. 

The mean PI of LN samples 1 year after production (Figure 5.5B) was higher than the 

values obtained on the day of production (except for poloxamer 188). The LN produced 

with Witepsol E85 as the lipid that shows a higher polydispersity as compared to cetyl 
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palmitate and Dynasan 114. A high lipid concentration and low surfactant concentration 

were again favouring a low PI, e.g. a more narrow size distribution. 
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Figure 5.5. Regression coefficients from PLS model of lipid nanoparticles (LN) A) mean particle 

size after 1 year storage and B) polydispersity index (PI) after 1 year storage. CP: cetyl palmitate; 

D14: Dynasan 114; WE85: Witepsol E85; P20, P40, P60 and P80: polysorbate 20, 40, 60 and 80; 

PL188 and PL407: poloxamer 188 and 407. 
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5.3.2.3. Influence of formulation parameters on pH changes 

The alterations in pH values after 1 year was assessed to identify which LN constituents 

lead to lower or higher pH changes during storage (Figure 5.A.3A Supplementary data). 
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Figure 5.A.3. Regression coefficients of the PLS model of pH in lipid nanoparticles (LN) 

formulations A) pH change after one year storage and B) pH measured after one year storage.  
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During storage pH was found to drop several pH units, at the most 3–4 pH units during the 

first year of storage. Most formulations showed acidic pH (between 3 and 4) after 1 year of 

storage. A trend of high pH changes occurred in formulations with Dynasan 114 whereas 

cetyl palmitate show low pH changes during storage. Polysorbate 20 were the surfactant 

that showed more neutral pH at preparation, but it seems that this surfactant actually 

experience the largest pH change during storage. A minor drop in pH was seen also in the 

second year (for those samples investigated) (data not shown). One year after production 

the lipid and surfactant concentrations tested were not found to correlate with the pH, but 

the type of lipid and type of surfactant did (Figure 5.A.3B supplementary data). The lipid 

Dynasan 114 contributed to a lower pH of the LN formulations compared to the other 

lipids. Witepsol E85 contributed to formulations with higher pH values. From the 

regression coefficients it was found that formulations with polysorbate 40 and 60 

contributed to reduced pH of LN storage during 1 year. Poloxamers contributed to 

formulations with higher pH values. 

 

5.3.2.4. Correlation between the responses 

The PCA allows interpretation of latent structures in the data matrix, and the projections of 

the PCA of the full set-up of 90 experiments on the first three components are depicting in 

Figure 5.6. The components explain 33%, 23% and 17% of the variation in the data, 

respectively, i.e. 73% of the variation is explained using three PCs. The mean size, pH 

and zeta potential are positively correlated on PC1, and they are inversely correlated to 

the storage stability for 1 year and microparticles >1 μm per mL, i.e. low size, low pH and 

low zeta potential are correlated to high storage stability. 

PI has a very low value on PC1. On PC2 the mean size is positively correlated to the 

number of microparticles larger than 1 μm per mL. The most important phenomena are 

described on the first PC in a PCA, the next most on PC2 etc. The fact that all the 

responses are located in the outer circle in the plot (Figure 5.6A), indicating high degree of 

explanation on the investigated components (here PC1 and PC2). Responses located 

closer to origin, or in the inner circle, are less explained by the components and thus the 

correlation will be weaker. On the third component PI is positively correlated to size and 

inversely correlated to storage stability (Figure 5.6B), i.e. low PI and low size are 

correlated to high storage stability. 
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Figure 5.6. A) PCA correlation loadings PC1 vs PC2 and B) PCA correlation loadings PC1 vs PC3. 

PI: polydispersity index. 

 

5.4. Discussion 

In a previous study [23] we have identified some key influence factors and seen some 

major trends in terms of what influences mean particle size (lipid concentration, surfactant 

concentration and type of surfactant). This has been investigated by looking into potential 

influence factors one by one. In contrast, the current study systematically investigates all 

qualitative and quantitative formulation design aspects. This allows to screen for any trend 

including minor trends we may have detected earlier as well as for interactions between 

factors. 

It is well-known that the particle size and size distribution are the most significant 

parameters for the evaluation of the stability of colloidal systems. The reason for selecting 

LN of less than 200 nm for the purpose of brain delivery, is based on the literature: 

particles smaller than 200 nm have been reported as potentially more long-circulating 
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whereas particles smaller than 20-30 nm are eliminated by renal excretion, and particles 

larger can be rapidly taken up by the MPS cells [28, 29]. Thus, LN in the size range of 

100–200 nm is expected to have increased circulation time, and hence an increase in the 

time for which the LN remains in contact with BBB and can be uptaken by the endothelial 

cells or can release the drug to be taken up by the brain. 

For those reasons, the particle size parameters have been evaluated on the day of 

production of the LN, 1 and 2 years after production. Generally, it was observed that LN 

with mean size bellow 200 nm and with a narrow size distribution were obtained by 

combining appropriate amounts of lipids with surfactants. Furthermore, the smallest 

particles were usually seen with low concentration of lipid (5%) and high concentrations of 

surfactants (2%). The lipid concentration had a positive influence in the mean size of the 

LN, i.e. larger LN at higher concentrations. This was probably due to the fact that higher 

concentrations of lipid increased the viscosity of the inner phase (lipid phase), which 

affected the shearing capacity of homogeniser and stirrer. The surfactant concentration 

revealed a negative influence on the mean size of the LN, i.e. smaller LN at higher 

concentrations. This was mainly due to the fact that higher amounts of surfactants allow 

better stabilisation of the smaller droplets (higher surface area) formed during the 

homogenisation, and thus preventing the coalescence into bigger droplets. Furthermore, 

the presence of surfactants on the LN surface reduces surface tension between the lipid 

and water and facilitates the solid particle formation during the cooling phase of LN 

production. 

Despite the concentration of lipid as large influence on the particle size on the day of 

production the type of lipid seems to be less important. 

When it comes to the surfactants, the polysorbates were generally more suitable in 

stabilising and producing smaller LN in combination with the lipids tested than the 

poloxamers. Taking in consideration the different molecular weights of the surfactants 

(MW of polysorbate 20 ∼ 1128 < polysorbate 40 ∼ 1284 < polysorbate 80 ∼ 1310 < 

polysorbate 60 ∼ 1312 < poloxamer 188 ∼ 8400 < poloxamer 407 ∼ 12600) it is evident 

that for the same amount of surfactant (0.8–2% w/w) in the formulation, the number of 

surfactant molecules will be lower for the poloxamers than for the polysorbates, and this 

amount of the molecules was probably not able to stabilise the LN as well as the 

polysorbates. Furthermore, the higher MW of the poloxamer should be the main reason 

for increase in LN size seen for these surfactants; the presence of the larger molecule of 

poloxamer on the LN surface should contribute to a larger LN size. Also the highest size 

increase was seen for the poloxamer with the highest molecular weight (poloxamer 407), 

which is consistent with the explanation. 
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Accordingly, it can be concluded that polysorbates were more efficient in stabilising LN in 

combination with the lipids tested than poloxamers, which is also in agreement with 

previous studies described in literature [30, 31]. 

PI represents the quality of the dispersion. PI values ⩽0.1 reflect an excellent 

monodispersity and high quality of the LN dispersions, values ⩽0.25 indicate a 

monodisperse size distribution whereas values higher than 0.25 to values close to one 

reflect a higher heterogeneity and reduced quality of the samples. Generally, the LN 

produced had a PI ⩽0.25 indicating homogeneous particle size distribution. The lipid 

Witepsol E85 and the surfactant poloxamer 188 seem to yield more heterogeneous LN. 

These two excipients produced LN less stable and more heterogeneous in terms of size 

probably due to the lower stability of the glycerides and high molecular weight of the 

poloxamer 188 referred previously in this study. On the other hand, cetyl palmitate and 

polysorbate 80 were the excipients that produced LN with more homogenous sizes, which 

also can be explained by the stability of the wax and the low molecular weight of the 

surfactant. 

The number of microparticles larger than 1 μm per mL was higher for cetyl palmitate and 

poloxamers, and lower for Witepsol E85. Generally, there were not detected 

microparticles larger than 5 μm, which make these formulations compatible with i.v. 

administration. Only in few formulations with Witepsol E85 microparticles larger than 5 μm 

were detected which is probably related with the lower stability of the glycerides. Despite 

that Witepsol E85 produces a smaller number of microparticles, these microparticles 

probably are agglomerated in large microparticles, which could be very dangerous if 

injected by i.v. administration. The lower number microparticles (larger than 1 μm per mL) 

observed, could be a result of an agglomeration of smaller nano/microparticles into 

microparticles (>5 μm). 

We have seen above that the three lipids behave similar with respect to size of the LN on 

the day of production. In order to select between the three lipids, the storage stability is 

one factor that will be of high relevance. PLS models revealed that the factors influencing 

storage stability are type of lipid, lipid concentration and concentration of surfactant. Low 

lipid concentration and high surfactant concentration were the factors providing good 

stability of the particles. 

The universal knowledge is that appropriate LN are produced within the design space. LN 

with mean size bellow 200 nm could be reached for all lipids/surfactants combinations. In 

order to obtain LN with a desired mean particle size, the appropriate concentration of 

combination of the particular lipid and surfactant could be optimised using the predictive 

models constructed. 
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Despite the finding that the type of lipid seems to be less important on the particle size on 

the day of production, enormous differences of LN stability could be detected depending 

on the lipid used. Cetyl palmitate did not produce the smallest particles but the particles 

were more stable than the Witepsol E85. This finding is in agreement with literature where 

cetyl palmitate-based LN are reported to be more stable than glycerides-based LN [32]. 

The large size increase during storage as seen for Witepsol E85-based LN, is probably 

related to particle growth or agglomeration during storage and can be seen as a 

confirmation of the lower storage stability described above for Witepsol E85. The same 

trend was found after 2 years of storage, though fewer samples were remaining or data 

were not available at the time of evaluation. In addition to that, Witepsol E85 was the lipid 

with larger microparticles, which confirmed once more the lower stability of this lipid. 

According to the PLS models to produce small and stable LN a combination of low lipid 

and high surfactant concentrations should be used. Furthermore, cetyl palmitate and 

polysorbates should be preferred as lipid and surfactants, respectively. With respect to 

formulation of LN particles with the goal of brain delivery small and homogenous size and 

slight negative or neutral zeta potential are important selection criteria. Since polysorbates 

are among the surfactants, which are known as transport-enhancers of drugs across the 

BBB [33, 34], formulations of cetyl palmitate and polysorbate, e.g. polysorbate 80, are 

considered as highly interesting. 

The pH stability of LN is another key point for the preparation and the application of such 

systems. The pH values measured in this study are compatible with i.v. administration. 

Despite the low pH values of the LN 1 year after the production, the LN were found to be 

stable. This is also in agreement with the literature where the LN are reported to be stable 

in the range of pH 2–8 [35]. The low pH of the system could be taken advantage of for the 

incorporation of drugs that are stable or in the active form in those ranges of pH (e.g. 

camptothecin). Incorporation of drugs with specific pH requirements can otherwise be 

achieved by using a buffer with pH around the stability of the drug. For example, for 

camptothecin, a buffer with a pH around five where almost all the camptothecin is on the 

active lactone form [36] could be applied. The lipid that revealed higher stability also in 

terms of pH change was once again cetyl palmitate; the lipid showed lower change in pH 

during the storage. Also the polysorbates revealed a lower change during the storage 

compared to the poloxamers. Once more the same trend of stability was verified. 

The PCA correlation loadings (Figure 5.6) revealed that low zeta potential is correlated to 

high storage stability. This was probably due to the fact that LN perfectly covered by non-

ionic surfactants tend to be more stable despite the lower zeta potential associated to 

such particles. The stability of these LN were due to a steric stabilisation instead an 
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electrostatic stabilisation. Furthermore, covering the LN surface with non-ionic surfactants 

as known to decrease the mobility of the LN leading to lower zeta potential values [37]. 

Differential scanning calorimetry analyses were performed to confirm the physical state 

and polymorphism of the LN which can also be an indicator of LN stability (data not 

shown). The findings were in agreement with our earlier report [23], where the more stable 

LN formulations were the cetyl palmitate and Dynasan 114 due to the fact that no 

polymorphic changes were detected during storage. Since Dynasan 114 produced 

supercooled melts, the cetyl palmitate seems to be the best lipid to produce stable LN. 

The models developed, will be helpful for new formulations, since PLS models could be 

applied for reducing the number of experiments which might present an economical 

advantage and a time-saver. 

 

5.5. Conclusion 

Employing experimental design and multivariate evaluation has been shown to be helpful 

to identify important factors in the manufacture and optimisation of LN produced by the 

HPH method. In our study, LN with a mean particle size lower than 200 nm with a (close-

to-) monodisperse size distribution and good storage stability were targeted and obtained 

within the design space. 

Acceptable models have been constructed describing the influence of compositional 

variations on the size and stability during storage of LN. A quantitative correlation between 

the lipids and surfactants and theirs concentrations and the mean size and stability of LN 

has been established. The models calculated allow to control and optimise easily those 

LN characteristics within the design space. The mathematical analysis clearly revealed 

that the influence of the composition parameters is central for determining the particle size 

of the LN prepared by the HPH method. Bearing in mind that the LN should have sizes 

smaller than 200 nm and be stable for as long as possible, the results of this work 

revealed that to reach that purpose low concentrations of lipid should be combined with 

high concentrations of surfactants. Furthermore, cetyl palmitate seems the lipid more 

appropriated and the polysorbates the surfactants more appropriated for achieving the 

required LN characteristics. 

The models calculated are suitable for predictions purposes and can be used to optimise 

particle size and size distribution, by defining the appropriate combinations of lipid and 

surfactant and theirs concentrations to reach the target size properties. From the 

established design space, promising formulations to specific targets, e.g. brain delivery, 

can be selected for further studies. 
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Ultimately, the multivariate design methodology has clearly shown its usefulness in this 

optimisation process and may confer a time-saver and an economical advantage for 

further LN development. 
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Abstract 

For the purpose of brain delivery upon intravenous injection, novel formulations of solid 

lipid nanoparticles (SLN), prepared by hot high pressure homogenisation and loaded with 

camptothecin were designed. Incorporation of camptothecin within the hydrophobic and 

acidic SLN matrix was chosen to stabilise the lactone ring, which is essential for 

camptothecin antitumour activity, and to target camptothecin to the brain avoiding 

premature loss of drug. 

A multivariate approach was used to assess the influence of the qualitative and 

quantitative composition on the physicochemical properties of camptothecin-loaded SLN 

compared to unloaded SLN. Particles with a mean particle size of 200 nm, a homogenous 

size distribution and high encapsulation efficiency (> 90%) were achieved in the most 

suitable formulations. In vitro release studies were carried out in plasma, showing a 

prolonged release profile of camptothecin from SLN, and confirming the physical stability 

of the particles under physiological pH. A higher affinity of the SLN to the porcine brain 

capillary endothelial cells (BCEC) was also shown in comparison to macrophages. MTT 

studies revealed a decrease in the 50% cell viability Inhibition concentration (IC50) of 

camptothecin when incorporated into SLN in comparison to free camptothecin in solution 

in BCEC. In vivo studies in rats revealed that fluorescent labelled SLN were detected in 

the brain after i.v. administration. This study indicates that the camptothecin-loaded SLN 

are a promising drug brain delivery system worth to be exploited as a novel formulation for 

brain tumour therapy. 
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6.1. Introduction 

Brain drug delivery development remains challenging due to the tightness of the 

endothelial vasculary lining, called blood–brain barrier (BBB), which represents the major 

obstacle to the delivery of drugs to the brain [1, 2]. It is estimated that over 98% of the 

newly discovered potential drugs to the central nervous system (CNS) do not have the 

ability to cross the BBB to a therapeutically relevant extent, thus failing to achieve 

therapeutic concentration within the brain [2]. Due to the difficulties to treat brain tumours 

by conventional chemotherapy, the development of a suitable non-invasive drug delivery 

system is a requirement and a motivation for improving anticancer drug delivery to the 

brain. The principle of such a drug delivery system focuses on the targeted delivery of 

anticancer drugs to the tumour tissue in an effective concentration, in order to minimise 

the adverse effects of the administered cytotoxic drug and, at the same time, to enhance 

its antitumour effect. 

The natural quinoline alkaloid camptothecin is a prototype topoisomerase I inhibitor, the 

mechanism of which consists of camptothecin binding to the DNA-topoisomerase I 

cleavable complex during replication. The stable DNA-topoisomerase I-camptothecin 

complex formed avoids DNA relegation and consequently, causes DNA damage, which 

leads to cell apoptosis. Camptothecin has been described to show activity against a broad 

spectrum of cancers [3-5] in vitro and in animal models. Pre-clinical and clinical studies 

have shown the effectiveness of camptothecin in malignant glioma therapy [6-11]. 

Though, despite its strong anticancer activity, the in vivo use of camptothecin is highly 

limited due to its poor pharmaceutical profile, with very low aqueous solubility (2.5 µg/mL 

[12]) and low stability of the active lactone form at physiological pH, and due to severe 

toxic effects in humans [13-15]. In addition, its ability to cross the blood-brain barrier is 

very limited due to its interaction with ABC export proteins [16, 17]. 

The camptothecin lactone-/carboxylate-equilibrium is reversible and pH-dependent with 

lactone prevalence at acidic pH and carboxylate prevalence at neutral and alkaline pH. 

Consequently, at physiological conditions the camptothecin lactone ring readily opens to 

the carboxylate form of the drug, which is less cell-membrane permeable, has lower 

affinity for the target topoisomerase I, therefore being much less active (10-fold less 

pharmacologically active) and more toxic [5, 18]. Furthermore, camptothecin carboxylate 

form binds preferentially to human serum albumin (HSA) (150-fold stronger affinity), which 
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further shifts the equilibrium towards inactive carboxylate and thus decreases antitumour 

efficacy [19, 20].  

Camptothecin has been encapsulated in different drug delivery systems, like PLGA 

microspheres [21], polymeric nanoparticles (chitosan [22], PLGA [23] and PCL [23]), 

liposomes [24], and phospholipid micelles [25]. Nevertheless, these systems still suffer 

from a lack of selectivity in targeting tumour tissues and/or do not protect camptothecin 

until it reaches the target tissue with and appropriated sustained release. Since the active 

camptothecin lactone form is favoured by acidic pH and stabilised by hydrophobic 

environments (e.g. phospholipid bilayers), present in cell membranes and erythrocytes 

[26], the development of drug delivery system based on lipids could lead to superior 

advantages in its clinical use [27].  

In the present paper, we tested solid lipid nanoparticles (SLN) as a suitable platform to 

stabilise camptothecin [28-30] for brain delivery. SLN are submicron colloidal drug delivery 

systems with a mean size between 100 and 400 nm [31], with a matrix composed of lipids 

being solid at room and body temperatures, dispersed in an aqueous surfactant solution. 

Several advantages have been pointed out for SLN, in comparison to others colloidal 

carriers [31, 32]. For example, the use of lipid and/or excipients of physiological or 

accepted status, is of added value since it reduces the risk of acute and chronic toxicity 

[31, 32]. Furthermore, SLN are biodegradable and biocompatible, with low toxicity and are 

easy to produce. Yang et al. [28, 29] have shown that SLN greatly increased the stability 

of camptothecin towards hydrolysis and increased the retention time of the active lactone. 

They regarded SLN as a promising carrier for controlled release and targeted delivery of 

camptothecin and other antitumour drugs.  

In addition to the lipid, SLN consist of surfactants modifying the surface of the nano-

particles. There are surfactants available that are suitable for intravenous (i.v.) 

administration and some have also shown tendency to enhance the brain delivery of 

drugs encapsulated from nanoparticles [30, 33-35]. Promising surface-modifiers for the 

brain drug delivery are those that can inhibit the efflux function of P-glycoprotein, e.g. 

polysorbate 80 [36]. 

In a previous study we investigated the influence of lipid and surfactant on the 

physicochemical properties of unloaded SLN [37]. Due to the particular importance of 

particle size in brain drug delivery [38], the combinations of lipid and surfactant, for 

preparation of camptothecin-loaded SLN, was selected based on particle size as well as 

stability of size for at least one year for the unloaded SLN. 

The aim of the current work was to check if the previously identified SLN-design yielding 

stable dispersions of small (< 200 nm), homogenous nanoparticles is applicable to 
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camptothecin-loaded SLN and to identify influence factors for drug loading, camptothecin 

association efficiency, serum stability and drug release behaviour. Finally, drug delivery to 

the brain was estimated by studying uptake of the loaded SLN in brain capillary 

endothelial cells (BCEC) and macrophage cell lines (RAW 264.7) and in vivo behaviour in 

rats. 

 

6.2. Materials and Methods 

6.2.1. Materials 

The selected lipids (cetyl palmitate, Dynasan 114 and Witepsol E85) and surfactants 

(polysorbate 20, 40, 60 and 80) were described previously in Martins et al. [39]. (S)-(+)-

Camptothecin and rhodamine B were obtained from Sigma-Aldrich (Oslo, Norway). 

Rhodamine 123 was obtained from Sigma-Aldrich (Sintra, Portugal). All organic solvents 

were of HPLC grade and supplied by Merck (KgaA, Darmstadt, Germany). Frozen plasma 

from donors was obtained from the University Hospital of Northern Norway (Tromsoe, 

Norway). Purified water was of MilliQ®-quality. 

 

6.2.2. Experimental design 

The current study is based on the recently reported systematic screening of qualitative 

and quantitative aspects of unloaded SLN formulation [37]. Shortly described, a design 

space was defined by a set of 22 factorial designs where 3 lipids (cetyl palmitate, Dynasan 

114, Witepsol E85) were investigated in combination with different surfactants (e.g. 

polysorbate 20, 40, 60 and 80). For each combination of lipid and surfactant a 22 factorial 

design (with centre point) investigating lipid concentration (5 and 15%) and surfactant 

concentration (0.8 and 2.0%) was carried out. Based on the results from the unloaded 

SLN, the most promising formulations with respect to size and stability were reproduced 

incorporating the anticancer drug camptothecin. Totally 27 formulations (most promising 

unloaded SLN) were studied, in the present paper, loaded with the drug (Table 6.1).  

The first part of the current study describes the physicochemical characteristics of the 

camptothecin loaded SLN compared to the corresponding unloaded. The second part is a 

thorough study of the drug release and brain targeting potential of selected formulations 

(5% lipid and 2% surfactant) of the delivery system. 

 

6.2.3. Annotation of formulation  

A unique code was selected for identifying the quantitative composition of the several SLN 

formulations. CPT-CP5P802 for example means CPT stands for camptothecin, CP stands 
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for cetyl palmitate, subscript 5 for 5% lipid, P80 for polysorbate 80, subscript 2 for 2% 

surfactant. All the formulation codes are depicted in Table 6.1. 

 

6.2.4. Methods 

6.2.4.1. Production of solid lipid nanoparticles 

SLN were prepared following a recently published protocol [39]. Briefly, lipid and drug 

were heated at approximately 5-10 ºC above the melting point of the lipid followed by the 

addition of an aqueous surfactant solution at the same temperature. A hot emulsion was 

formed using an ultra-turrax T25 and then subjected to homogenisation in MicronLab 40 

high pressure homogeniser. The resultant hot oil-in-water (o/w) nanoemulsion was cooled 

down to room temperature forming SLN. 

 

6.2.4.2. Assessment of particle size and size distribution 

The average hydrodynamic diameter in volume and polydispersity index (PI) of submicron 

SLN were analysed by PCS as described previously in Martins et al. [39]. Briefly, the SLN 

samples where diluted with water until a count rate of 250 to 350 kHz. Supplementary 

optical single particle sizing (OSPS) was used to detect any particles in the micrometre 

range or aggregates of SLN as described in Martins et al. [39]. Samples were step-wise 

diluted with particle-free (filtered MilliQ) water until consecutive dilutions yielded a 

proportional drop in total particle counts. The number-weighted distribution of particles in 

the micro range was evaluated; number of microparticles >1 µm per mL and presence of 

microparticles >5 µm per mL.  

 

6.2.4.3. pH 

The pH measurements were performed using a Metrohm 744 pH Meter (Metrohm, 

Herisau, Switzerland). The potentiometer was introduced in the samples vials and the pH 

was assessed at room temperature. pH was measured on the day of production and after 

1 year of storage. 

  

6.2.4.4. Assessment of storage stability 

SLN stability during storage was assessed as described in Martins et al. [39]. SLN 

samples were stored in closed containers at room temperature and at 4 ºC and examined 

on the day of production and after 1 year of storage. All samples that showed some 

macroscopic change were denoted 0 as for instable samples. All samples that appeared 

to be stable by visual inspection were subjected to PCS analysis. In the case of 

irregularities during PCS analysis, such as bimodal distribution or difficulties to fit models 
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to the measured samples, the sample was classified as unstable. Other indicator of 

storage stability were mean SLN particle size, PI, number of microparticles larger than 1 

µm per mL (OSPS), pH-values and association efficiency after storage in comparison to 

the day of production.  

 

6.2.4.5. Zeta potential 

The electrophoretic mobility, zeta potential (ZP), was measured by combining laser 

Doppler velocimetry and phase analysis light scattering (PALS) using a Zetasizer Nano 

ZS (Malvern, Worcestershire, UK). The samples were diluted with MilliQ-water having a 

conductivity adjusted to 50 µS/cm by dropwise addition of 0.9% (w/v) NaCl solution. 

 

6.2.4.6. Differential scanning calorimetry analysis 

Differential scanning calorimetry (DSC) analysis was performed as described Martins et 

al. [39]. DSC analyses were performed on bulk lipids and unloaded and camptothecin-

loaded SLN on the day of production and one year after the production.  

 

6.2.4.7. Association efficiency of camptothecin with solid lipid nanoparticles 

Camptothecin association efficiency was determined by HPLC, as described in [40], upon 

separation of camptothecin-loaded SLN from free camptothecin by ultracentrifugation. 

Prior to first ultracentrifugation (100,000 x g, 20 min) SLN dispersions were diluted 10 

times in PBS buffer 50 mM pH10.5. The supernatant collected was further diluted 100 

times in PBS buffer. 

The supernatant resulted from the second ultracentrifugation (100,000 x g, 20 min) was 

analysed and the camptothecin concentration in SLN was detected indirectly by HPLC. 

A mobile phase gradient from 25 to 35% of acetonitrile during 10 min in 1% (v/v) 

triethylamine buffer pH 5.5 (pH adjusted with acetic acid) with a flow rate of 1 mL/min. A 

Waters HPLC system was used, equipped with a 474 Scanning Fluorescence detector, a 

2695 separation module, and a Symmetry® C18-column, 3.9 mm x 150 mm (Waters® 

Milford, Massachusetts). Wavelengths: excitation λ = 360 nm and emission λ = 440 nm. 

Camptothecin lactone and carboxylate forms were quantified from standard curves. 

Standard samples with camptothecin concentrations of 10, 50, 100, 200, 400, 700 and 

1000 ng/mL were made from a 1 mg/mL camptothecin stock solution in dimethylsulfoxide 

(DMSO). Fifty mM of phosphate buffer, pH 10.5 and pH 3.0, were used for the 

carboxylate- and the lactone-standards, respectively. Every standard solution and sample 

were prepared in triplicate and injected (10 µL) in triplicate into the HPLC. The detection 
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limit of camptothecin was 0.5 ng/mL. The retention time of camptothecin lactone and 

carboxylate form was 7.0 and 2.5 min, respectively. 

 

6.2.4.8. Camptothecin in vitro release studies 

6.2.4.8.1. In PBS pH 7.4 

Camptothecin release in PBS pH 7.4 was assayed at prefixed time intervals (0.25, 0.5, 1, 

2, 4, 6, 10, 14, 18, 24 and 72 h). For this purpose, aliquots of 3 different batches of 

camptothecin-loaded SLN, each containing 10 mg of camptothecin-loaded SLN, were 

dispersed in 20 mL of pH 7.4 phosphate buffer (0.01 M) (camptothecin concentration 

equal to 0.5 µg/mL) and kept at 37 ºC ± 1 ºC by a water bath under mechanical stirring. At 

suitable time intervals, samples were centrifuged at 100,000 x g for 30 min at 4 ºC. 

Supernatant was then assayed by HPLC. Each experiment was carried out in triplicate. 

 

6.2.4.8.2. Human Plasma 

Camptothecin release in human plasma was assayed at prefixed time intervals (0.25, 0.5, 

1, 2, 4, 6, 10, 14, 18, 24 and 72 h). For this purpose, aliquots of 3 different batches of 

camptothecin-loaded SLN, each containing 10 mg of camptothecin-loaded SLN, were 

dispersed in 20 mL of human plasma (camptothecin concentration equal to 0.5 µg/mL) 

and kept at 37 ºC ± 1 ºC by a water bath under mechanical stirring. At fixed time intervals, 

each sample was centrifuged at 100,000 x g for 30 min at 4 ºC to remove the 

nanoparticles. Then, 3.2 mL of trifluoroacetic acid (10% v/v) were added to 0.8 mL of 

supernatant to precipitate plasma proteins. The obtained suspension was centrifuged at 

13,000 x g for 5 min at 4 ºC. Then supernatant was assayed by HPLC. Each experiment 

was carried out in triplicate. 

 

6.2.4.9. Isolation of porcine brain capillary endothelial cells and cell culture 

Primary cultures of porcine brain capillary endothelial cells (BCEC) were isolated following 

recently described protocols [41, 42]. Briefly, brains of freshly slaughtered animals were 

cleaned of meninges, choroid plexus and superficial blood vessels. Cortical grey matter 

was removed, minced to 1–2 mm3 cubes and collected in preparation medium (Medium 

199 Earle’s supplemented with 2 mM L-glutamine, penicillin/streptomycin (100 U/mL; 100 

µg/mL), 100 µg/mL gentamicin and 10 mM HEPES, pH 7.4). Dispase II (Becton 

Dickinson, Bedford, MA, USA) was added to a final concentration of 0.5%, and brain 

tissue was digested at 37 °C for 2 h. Then the homogenate was centrifuged (1000 x g, 10 

min, 4 ºC). The supernatant and myelin were discarded, and the capillary pellet was 

resuspended in preparation medium containing 15% dextran (Sigma–Aldrich, Taufkirchen, 
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Germany). Microvessels were separated from remaining brain tissue by centrifugation 

(5800 x g, 10 min, 4 °C) and subsequently digested in 30 mL medium containing 1 mg/mL 

collagenase-dispase (Hoffmann LaRoche, Mannheim, Germany) for 1.5 h at 37 ºC. The 

cell suspension was filtered through a 150 μm Polymon® mesh (NeoLab, Heidelberg, 

Germany) and centrifuged (130 x g, 10 min, 4 °C). The cell pellet was re-suspended in a 

medium containing 10% horse serum. This suspension was added to a discontinuous 

Percoll® (Amersham Pharmacia Biotech, Freiburg, Germany) gradient consisting of 

Percoll® 1.03 g/mL (20 mL) and 1.07 g/mL (15 mL). The loaded Percoll® gradients were 

centrifuged (1250 x g, 10 min, 4 °C, without brake). Endothelial cells were enriched at the 

interface between the 2 Percoll® solutions. Cells were collected, washed in a medium 

containing 10% horse serum, and filtered through a 150 μm Polymon® mesh. The final cell 

suspension was seeded at 250,000 cells/cm2 onto collagen-coated 8-well chamber slides 

or 96-well plates.  

 

6.2.4.10. Cell culture 

6.2.4.10.1. Endothelial porcine brain capillary endothelial cells and cell culture 

Porcine BCEC seeded at a density of 250,000 cells/cm2 on rat tail-collagen (Roche, 

Mannheim, Germany) coated 96-well plates (Corning, Kaiserslautern, Germany) or µ-

Slide 8 well (ibidi GmbH, Martinsried, Germany) and were grown to confluency for 3 to 7 

days in a humidified incubator (Heraeus BBD 6220 incubator) at 37 ºC under 5% CO2 

atmosphere. The medium (Medium 199 Earle’s supplemented with 2 mM glutamine, 

penicillin/streptomycin (100 U/mL; 100 μg/mL) and 10 mM HEPES, pH 7.4, and 10% 

horse serum) was changed every second day.  

 

6.2.4.10.2. Macrophages cell culture 

The RAW 264.7 macrophage cell lines (ATCC) were maintained in complete Dulbecco’s 

Modified Eagle’s Medium (DMEM, Gibco, Invitrogen Corporation) supplemented with 10% 

fetal bovine serum (FBS), 1% glutamine (2mM) and 1% antibiotic-antimycotic (Gibco, 

Invitrogen Corporation: 10,000 units/mL penicillin G sodium, 10,000 mg/mL streptomycin 

sulphate and 25 mg/mL amphotericin B as Fungizone) in a humidified incubator (Heraeus 

Hera Cell incubator) at 37 ºC under 5% CO2 atmosphere. Cells were subcultured every 3-

4 days using a rubber cell scrapper. 

 

6.2.4.11. Cytotoxicity assay 

The viability of BCEC exposed to camptothecin-loaded SLN was assessed by using the 

AlamarBlue™ assay. This assay is based on the ability of mitochondrial dehydrogenase to 
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cleave the tetrazolium rings of an MTT derivative [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl-tetrazolium bromide] and to form formazan crystals which are impermeable 

to cell membranes, therefore resulting in its accumulation within living cells. The level of 

the pink-coloured formazan product formed is directly proportional to the number of 

surviving cells. The pink-coloured formazan product was quantified by fluorescence 

measurement (λ (excitation) = 530 nm, λ (emission) = 590 nm) (AlamarBlue™ Assay, 

Serotec, Düsseldorf, Germany) to detect conversion of the dye by mitochondrial 

dehydrogenases.  

Briefly, cells were incubated up to 24 h in the presence of different formulations of 

camptothecin (camptothecin solution, camptothecin-loaded SLN, physical mixture of 

camptothecin and unloaded SLN and unloaded SLN (control)). The SLN formulations 

were diluted in complete medium to appropriate concentrations. For the camptothecin 

solution, camptothecin was dissolved in DMSO (1 mg/mL) and afterwards diluted in 

complete medium to appropriate concentrations. 

After that, cells were washed twice with Krebs–Ringer buffer (KRB) at room temperature. 

Porcine BCEC were incubated with AlamarBlue™ reagent (1:40 in KRB) at 37 °C under 

5% CO2 atmosphere, and metabolic cell activity was measured for the following 6–8 h. 

Fluorescence was measured using a Fluoroskan Ascent® plate reader (Thermo Electron 

Corporation, Dreieich, Germany) and was expressed as % of control. 

The BCEC viability is presented in a semi-log graph and the 50% cell viability Inhibition 

concentration (IC50) was calculated determining the equation of the curve plotted between 

the two points of viability which include the 50%. Using the equation of the curve when y 

equal to 50% the concentration of the x-axis corresponds to the IC50. All the calculations 

were performed using Microsoft Excel 2010 software. 

 

6.2.4.12. Internalisation of solid lipid nanoparticles by BCEC 

Uptake studies of fluorescent SLN by BCEC were carried out by confocal microscopy. 

Rhodamine 123 was used as fluorescence probe to investigate the cellular uptake of 

rhodamine 123-loaded SLN. The fluorescent compound rhodamine 123 was selected as it 

is a P-glycoprotein substrate with a very low ability to cross brain capillary endothelial 

cells. Not incorporated rhodamine 123 was removed by filtration using centrifugal filter 

devices (Amicon® Ultra, Ultra cell-50k, Millipore, USA). Cells were seeded at 250,000 

cells/cm2 onto collagen-coated µ-Slide 8 well and were grown to confluency for 3 days in a 

humidified incubator. Adherent cells were then treated with 300 μL of 500 μg/mL of 

rhodamine 123-loaded SLN (1.4 µg/mL rhodamine 123) diluted in medium, during an 

incubation period of 2 h. The cells were washed three times with KBR and then fixed in 
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cold methanol (-20 ºC). BCEC internalisation of rhodamine 123-loaded SLN was analysed 

by confocal laser scanning microscopy with a Leica DM IRBE microscope using the Leica 

TCS-SP software. All experimental steps were performed considering light protection with 

aluminium sheet to avoid fluorescent dequenching. 

 

6.2.4.13. Internalisation of camptothecin-loaded solid lipid nanoparticles by 

macrophages 

Camptothecin-loaded SLN internalisation by macrophages was carried out in a six-well 

culture plate. Cell numbers were adjusted in order to get 1x105 cells in each well on sterile 

glass coverslips (22 x 22 mm). Cells were incubated at 37 °C, 5% CO2 until adherence on 

glass cover-slips (overnight) in supplemented DMEM medium. Nanoparticles were diluted 

10× in complete culture medium before incubation with macrophages. Then, adherent 

cells were treated with 1 mL of unloaded and camptothecin-loaded SLN diluted in DMEM 

medium (camptothecin 0.1 µg/mL), during an incubation period of 30 min, 1 h and 2 h.  

The cells were washed three times with PBS pH 7.4, and then stained with 1 mL of Alexa 

Fluor® 594 (cellular membrane stain; excitation/emission maxima ~590/617 nm; 

Molecular Probes, Oregon, USA) solution 1 μg/mL diluted in HBSS for 10 min at 37 ºC. 

After the staining procedure, cells were washed three times with PBS. To control the 

phagocytic capacity of the cells, 1 mL of FluoSpheres® carboxylated nanospheres with a 

mean size of 0.2 µm (Invitrogen, Barcelona, Spain), in a 0.2% solids concentration in 

complete culture medium, was added to each well and incubated at 37 ºC during the 

same incubating period as the SLN formulations. Before exposing the cells to 

nanospheres, to minimise nanospheres adsorption to the proteins of the cellular 

membrane, nanospheres were pretreated with bovine serum albumine (BSA) 1% for 1 h, 

then centrifuged at 13,000 rpm for 10 min and washed with PBS. After exposing the cells 

to the nanospheres, the same washing procedure was performed 

Cellular imaging was captured under a Nikon Eclipse E400 fluorescence microscope 

(400× magnification) equipped with digital camera and processed using Nikon ACT-2U® 

software. All the experimental steps were performed considering light protection with 

aluminium sheet to avoid fluorescent dequenching. 

 

6.2.4.14. Animal studies 

The nanoparticles loaded with rhodamine 123 were administered in an in vivo approach to 

target the brain and to deliver their content beyond the blood–brain barrier.  

Animal studies were performed with male Wistar rats (body weight 230-250 g). Animals 

were maintained under standard diurnal conditions and were allowed access to food 
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(V1534-000 R/M-H, Ssniff, Soest, FRG) and water ad libitum in agreement with animal 

protection standards. Before administration the animals were anesthetised by 

intraperitoneal injection of ketamine and xylazine (100 mg/kg and 10 mg/kg, respectively). 

The nanoparticles were suspended in 0.9% saline to final concentrations of 10 mg/mL and 

0.5 mL of the suspension was administered into the tail vein. After 1 h the animals were 

killed by cervical dislocation and the brains were removed and further studied after 

cryosection. Usually, 3 animals were used for each experimental group. 

Brain tissue was cut on a cryostat CM 3050 S Leica, Bensheim, FRG) and the tissue 

slices were thaw-mounted onto surface treated glass slides (Superfrost plus, Fisher, 

Pittsburgh, PA, USA). Usually, samples were taken from frontal and/or parietal cortex.  

Brain slices were analysed by confocal laser scanning microscopy with a Leica DM IRBE 

microscope using the Leica TCS-SP software.  

 

6.2.4.15. Multivariate analysis 

All multivariate analysis and modelling were performed using The Unscrambler 9.7 and 

The Unscrambler X (Camo, Norway). Principal component analysis (PCA) and partial 

least square regression analysis (PLS) were employed to assess qualitative and 

quantitative effects of the investigated factors on parameters related to storage stability. 

Prior to analysis, the variation of each variable was scaled to unit variance (1/SD). The 

models were calculated using systematic cross-validation. The Unscrambler uses Jack-

knifing to estimate the uncertainty of the regression coefficients of PLS [43], which for 

most practical reasons resembles P < 0.05. A more detailed explanation of PCA and PLS 

methods can be found in [44]. 

 

6.2.4.16. Statistical analysis 

For the in vivo and in vitro data the t-test and the one-way analysis of variance (ANOVA) 

were performed to compare two or multiple groups, respectively. If the group by each time 

interaction was significantly different (P < 0.05), differences between groups were 

compared within a post-hoc test (Tukey HSD). To describe statistical differences with 

controls, the Dunnett test was used. Results are reported as a mean ± SD from a 

minimum of three independent experiments. Differences were considered significant at P 

< 0.05. All statistical analyses were performed with the software PASW Statistic 18 (SPSS 

Inc., Chicago, USA). 
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6.3. Results and Discussion 

6.3.1. Physicochemical characteristics of camptothecin-loaded solid lipid 

nanoparticles in comparison to plain solid lipid nanoparticles 

The primary objective of this work was to produce camptothecin-loaded SLN with mean 

sizes bellow 200 nm since these particles are expected to have increased circulation time 

and be able to be uptaken by the endothelial cells or to release the drug near the 

endothelial cells to be uptaken by the brain. This was achieved by selecting the 

formulations resulting in the appropriate size criteria in terms of mean size, narrow size 

distribution (low PI) and low number of microparticles larger than 1 µm per mL, and 

absence of particles > 5 µm from the design space of the reported screening [37] and 

reproduce these loaded with camptothecin.  

The hot high pressure homogenisation technique used was capable to produce nano-

scale lipid particles with the drug camptothecin incorporated, irrespective the employed 

matrix material (i.e. cetyl palmitate, Dynasan 114, and Witepsol E85). Previous studies 

from our group have shown that the lipid and surfactant concentrations were the most 

important formulation parameters and that generally polysorbates produced smaller 

particles than poloxamers. Formulations representing the three lipids in combination with 

polysorbates were selected. The results from the physicochemical characterisation of all 

produced camptothecin loaded are showed in Table 6.1. 
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6.3.2. Camptothecin-loaded solid lipid nanoparticles compared to unloaded solid 

lipid nanoparticles 

The physicochemical characteristics of the camptothecin-loaded SLN were compared to 

the corresponding formulations of unloaded SLN (Figure 6.1).  

 

 

 

 

 

 

 

 

 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Physicochemical characteristics of unloaded solid lipid nanoparticles (SLN) versus 

camptothecin-loaded SLN. A) mean SLN size (nm), B) polydispersity index (PI), C) number of 

microparticles larger than 1 µm per mL, D) pH and E) zeta-potential. The target line is indicated. 
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The mean sizes of most camptothecin-loaded SLN formulations deviated by not more 

than  15 nm from those of the corresponding unloaded SLN (Figure 6.1A). Most often the 

mean size was slightly higher for the drug-loaded particles, but the trends in terms of 

which formulations resulted in small or large mean sizes, were identical for unloaded and 

loaded SLN. The Dynasan 114-based formulations 16 (CPT-D1415P202) and 17 (CPT-

D1415P402) were the formulations in which the incorporation of camptothecin induced 

higher changes in size, since the camptothecin loaded SLN showed more than 80 nm 

bigger mean sizes than the unloaded formulations. These formulations were already the 

unloaded formulations with higher size, probably they are not too well stabilised by the 

surfactants (polysorbate 20 and 40, respectively) as the other formulations and with the 

addition of the drug the stability decrease which also correlates with the one year results 

where both formulations were not stable. 

Similar findings were also seen for polydispersity index (Figure 6.1B), pH (Figure 6.1D) 

and zeta potential (Figure 6.1E). Some outliers were also found for these parameters. The 

Witepsol E85-based formulations 23 (CPT-WE855P800.8) and 25 (CPT-WE8515P402) 

revealed higher and lower PI, respectively, in comparison with the unloaded formulations. 

The higher values detected could be related to the presence of drugs crystals in the 

aqueous phase which could lead to a less monodisperse population.  

For pH the cetyl palmitate-based formulation 9 (CPT-CP15P402) and 10 (CPT-CP15P602) 

revealed the highest increase in the pH comparing with the unloaded formulations. 

For zeta potential the cetyl palmitate was the lipid with higher differences between the 

loaded and unloaded formulations, despite that the variations were smaller (around 2 mV) 

which could be related to the presence or not of the drug in the surface of the loaded SLN. 

 Although the number of microparticles larger than 1 µm per mL (Figure 6.1C) in general 

also indicated congruence, for Dynasan 114 and Witepsol E85-based, loaded SLN an 

enhanced tendency was seen to form more particles in the micrometre size range than 

the unloaded ones, this could be due to the presence of camptothecin crystals in the 

aqueous phase or to an increased instability of the formulations with the addition of 

camptothecin which could lead to nanoparticles agglomeration. 

A PCA of the physicochemical characteristics of the camptothecin loaded and the 

unloaded SLN was made and the correlation loadings plot is shown in Figure 6.2. The two 

components shown explain 35%, and 22% of the variation in the data, respectively, i.e. 

57% of the variation is explained using 2 PCs. Typically, the loaded and unloaded from 

most features are located close to each other in the plot. This supports that there are only 

minor differences in the physicochemical characteristics of the camptothecin loaded SLN 

compared to the unloaded SLN.  



Brain delivery of camptothecin by means of solid lipid nanoparticles 

 

 
159 

 

 

Figure 6.2. Correlation plot from PCA of unloaded and camptothecin-loaded solid lipid 

nanoparticles. Parameters correlated were mean particle size, polydispersity index (PI), number of 

microparticles larger than 1 µm per mL, pH and zeta potential. Explained variance on first 2 PCs 

57%. 

 

A comparison of physicochemical characteristics of camptothecin-loaded with unloaded 

SLN revealed that the incorporation of camptothecin did not affect the influence of lipid 

and surfactant concentrations on SLN size, size homogeneity but affect slightly the lipid 

influence in the occurrence of microparticles. Even after 1 year of storage the size and 

size homogeneity of most camptothecin loaded SLN-formulations seem remarkably stable 

(Table 6.1). 

When it comes to the association efficiency of camptothecin in SLN (Figure 6.3), cetyl 

palmitate shows a significant positive regression coefficient, whereas Dynasan 114 show 

a negative regression coefficient meaning that cetyl palmitate contributes to higher 

association of camptothecin in the formulation and Dynasan 114 to a lower.  
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Figure 6.3. Regression coefficients from PLS of mean size (A) Polydispersity index (B) and the 

association efficiency (C) of camptothecin-loaded solid lipid nanoparticles stabilised with 

polysorbate 80 on the production day (10 samples). CP: cetyl palmitate; D14: Dynasan 114; WE85: 

Witepsol E85; P80: polysorbate 80. Size: R
2
cal: 0.99, R

2
pred:0.93, explained Y-variance 86%, 2 

PC; PI: R
2
cal: 0.31, R

2
pred:0.21, explained Y-variance 20%, 2 PC; Association efficiency: R

2
cal: 

0.86, R
2
pred:0.74, explained Y-variance 85%, 2 PC. 
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Neither lipid- or surfactant-concentration showed significant regression coefficients, but 

the interaction between the two did, indicating that the effects of the concentration of the 

two factors are different for the different lipids. It is worth noticing that all drug association 

efficiency values are high, ranging from 74-97%. The amount of drug per lipid achieved 

varied from 5 to 19 mg of drug/g of lipid (loading from 0.5 to 2%) and the formulations in 

the extremes were CPT-D1415P802 and CPT-CP5P802, respectively. Similar loadings were 

obtained with the SLN composed of stearic acid and stabilised with poloxamer 188 

developed by Yang and co-workers [30, 45] and the SLN composed with Precirol or 

Compritol and stabilised with poloxamer 188 developed by Huang and co-workers [46]. 

Also after 1 year of storage most association efficiencies determined did not deviate more 

than 5% (max 7.5%) from the original value, with two major exceptions for Dynasan 114. 

The two formulations decreased with 16 and 48% of the original camptothecin associated 

during 1 year of storage. Only 3 of the Dynasan 114 formulations were quantified after 1 

year of storage, and the third formulation showed a decrease of 6.5%. It may seem like 

Dynasan 114 is less able to stabilise camptothecin in SLN compared to the two other 

lipids.  

Bearing in mind that the pH of a formulation for i.v. administration is important and could 

also interfere with the excipients or camptothecin stabilities, the influence of the excipients 

constitution on the camptothecin-loaded SLN pH was measured on the day of production 

as well as one year after storage. 

The lipid cetyl palmitate contributed to a lower pH (mean pH = 5.6) of the SLN 

formulations compared to the other lipids whereas Witepsol E85 contributed to 

formulations with higher pH values (mean pH = 6.2). One year after storage pH drops 

some units increasing the acidity of the SLN environment. Most formulations showed 

acidic pH (between 3-4) after one year of storage. Even though the low pH values of the 

SLN one year after the production, these pH are still compatible with i.v. administration 

and SLN were found to be stable which is in agreement with the literature where the SLN 

are reported to be stable in the range of pH 2-8 [47]. Huang et al. developed SLN 

composed of the lipid Precirol or Compritol and the surfactant poloxamer 188 that had 

even more acidic pH values between 4.3 and 5.1. 

Since the active lactone form of camptothecin is increased in acidic and hydrophobic 

environments, the stability of camptothecin towards hydrolysis should be increased when 

incorporated in SLN, especially in cetyl palmitate-based SLN. Consequently, 

camptothecin lactone form should reach tumour organs or cells in higher amounts.  

Additionally it is expected that the surface charge of the SLN should affect the pH of the 

microenvironment surrounding the nanoparticles in the same way as reported previously 
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for O/W emulsions [48]. On that study the authors proposed that protons are 

electrostatically attracted by the double layer around the negative charged oil droplets and 

consequently the microenvironment is more acidic than the bulk and the aqueous phase 

not pertaining to the microenvironment. 

Camptothecin-loaded SLN might be described as a good carrier for delivery of higher 

amounts of camptothecin in its active form to targeting cells and increase its treatment 

efficacy against tumour cells. 

 

6.3.3. Identification of the most promising formulations 

The most important physicochemical characteristics of a SLN formulation is mean size 

around 200 nm, homogenous size distribution (low PI) and low number of microparticles 

larger than 1 µm per mL, good storage stability (coded 1) and high association efficiency. 

The bi-plot from a PCA of these parameters can be seen in Figure 6.4. The SLN 

formulations located furtherest away from size, PI and number of microparticles larger 

than 1 µm per mL and closest with regard to association efficiency and storage stability, in 

the bi-plot have a small size, a low PI and a low number of microparticles larger than 1 µm 

per mL, high association efficiency and high storage stability, respectively. The most 

suitable SLN formulations are highlighted in the ellipse in the bi-plot. These formulations 

can be identified as: CPT-CP5P200.8, CPT-CP5P800.8, CPT-CP5P602, CPT-CP5P802, CPT-

CP15P602, CPT-CP15P802 and CPT-WE855P600.8. 

These findings confirmed that the more suitable overall formulations are typically 

composed of cetyl palmitate as lipid and polysorbate 20, 60 or 80 as a surfactant. 

Comparing our camptothecin-loaded SLN with previous developed formulations our 

formulations revealed smaller mean sizes than those obtained by Yang et al. (around 200 

nm) [28, 30, 45] and Huang et al. (between around 250 and 310 nm) [46]; less negative 

values than the SLN stabilised with poloxamer 188 [30, 45, 46]. According to literature our 

formulations have smaller sizes and slightly negative zeta potential values which are more 

in favour of brain targeting [49, 50]. 

To the best of our knowledge no analysis of microparticles in camptothecin-loaded SLN 

has been performed earlier. Furthermore, this is the first systematic study including a 

broad range of different camptothecin-loaded formulations and so many physicochemical 

parameters. Additionally, camptothecin encapsulation in SLN has not been performed 

before using the lipids and surfactants studied here. 
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Figure 6.4. PCA bi-plot of mean particle size, polydispersity index (PI), number of microparticles 

larger than 1 µm per mL, storage stability and association efficiency (AE). Explained variance on 

first two PCs 65%. 

 

6.3.4. Differential scanning calorimetry analysis 

Previous DSC studies revealed that both the melting and crystallisation properties were 

mainly governed by the lipid component, the SLN had a lower melting peak than the bulk 

and although crystalline lipids were used supercooled melts (Dynasan 114-based 

nanoparticles), liquid crystalline (Witepsol E85-based nanoparticles) and crystalline 

particles (cetyl palmitate-based nanoparticles) were obtained [39]. 

 For assessing if the camptothecin incorporation interfered with the physical state and 

polymorphism of the SLN DSC analysis were also performed. 

 In general, DSC thermograms revealed a decrease in the onset temperature and in the 

melting peak of the 2nd heating of the bulks in relation to the 1st heating of approximately 

1–9 °C due to the fact that after heating the lipids the stable β form is destructed and the 

crystallisation occurs in less stable polymorphs forms (α or β´) that have lower melting 

points. In addition, the onset temperature and the melting peak of both unloaded and 

camptothecin-loaded SLN were approximately 2–6 °C lower than those obtained for the 
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bulk materials. These are in agreement with literature and can be explained by the 

colloidal size of the SLN and the presence of surfactants [51-53]. 

Observing the thermograms presented in Figure 6.5B-D it was found that camptothecin 

incorporation did not interfere with the physical state and polymorphism of unloaded SLN 

since the thermograms were identical. The thermograms of cetyl palmitate-based SLN 

stabilised with different surfactants (Figure 6.5A) were similar due to the fact that both the 

melting and crystallisation properties of the SLN were mainly governed by the hard fat 

component than by the surfactant [54]. Furthermore, the thermograms of SLN on the day 

of production, one year after storage at 4 ºC and at RT were very similar indicating no 

polymorphic transition during storage. Polymorphic transitions from α or β´ forms to the 

more stable β form are common in triglyceride–based SLN, although these adjustments of 

the lipid matrix are generally associated with drug expulsion. Consequently the absence of 

polymorphic and physical state transitions during storage (cetyl palmitate-based SLN) 

should minimise agglomeration and drug expulsion [55, 56]. This result corroborates with 

the high association efficiency measured on these particles one year after storage.  

The thermograms presented in Figure 6.5C revealed that unloaded and camptothecin 

loaded Dynasan 114-based SLN at room temperature were emulsions (supercooled 

melts) but in opposition formulations that where stored at 4 ºC were crystalline particles.  

The thermograms depicted in Figure 6.5D revealed that after production both 

camptothecin-loaded and unloaded Witepsol E85-based SLN were liquid crystalline 

particles but after storage lipid crystalline particles, which could lead to drug expulsion. 

The supercooled melts and liquid crystalline obtained for Dynasan 114 and Witepsol E85-

based SLN, respectively, indicates that the drug protection and controlled release should 

not be achieved in both these systems in opposition to the crystalline particles obtained 

with the cetyl palmitate-based SLN. 

In conclusion, the most suitable and stable SLN formulations according to DSC data were 

the cetyl palmitate-based SLN. 
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Figure 6.5. DSC thermograms of A) solid lipid nanoparticles (SLN) based on 5% cetyl palmitate 

(CP) stabilised with 2% polysorbate 20 (black), 40 (dark grey), 60 (grey) and 80 (light grey) with 

(__) or without (….) camptothecin (CPT) on day production; B) to D) lipid bulk 1
st
 (black, __) and 

2
nd 

(black, ….) heating, CPT-loaded SLN on day production (light grey, __) and one year after 

production stored at 4 ºC (light grey, ---) or room temperature (light grey, ….) and unloaded SLN on 

day production (dark grey, __) and one year after production stored at room temperature (dark 

grey, ….). 

 

6.3.5. In vitro release  

In this section, we investigated the in vitro release of the camptothecin from SLN. Three 

formulations were compared, each representing one of the lipids (CPT-CP5P802, CPT-

D145P802 and CPT-WE855P600.8). 
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In vitro drug release from a controlled release formulation frequently displays a biphasic 

release pattern and this pattern was observed for all camptothecin–loaded formulations 

developed (Figure 6.6). The first release phase corresponds to a burst release followed by 

a sustained release of camptothecin. 

 

 

Figure 6.6. Camptothecin in vitro release curve in human plasma (__) and PBS 7.4 (---) from cetyl 

palmitate- (CPT-CP5P802, black (◊)), Dynasan114- (CPT-D145P802, dark grey (•)) and Witepsol 

E85-based solid lipid nanoparticles (CPT-WE855P600.8, light grey (■)). A) 72 h of camptothecin in 

vitro release; B) First 8 h of camptothecin in vitro release. The values are given as a mean ± SD 

with n exceeding 3. 

 

The burst release has been frequently reported in SLN formulations because SLN could 

not efficiently avoid drug from the particle surface diffusing into the water phase. A drug-

enriched shell is frequently formed on the SLN surface, due to a large surface area and 
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drug deposition on the particles surface [57]. To reduce the distribution of the lipophilic 

drug into the water phase a lower amount of surfactant is recommended [57]. 

Camptothecin in vitro release was generally higher in human plasma than in PBS. The 

different matrices present similar biphasic shape profiles, but cetyl palmitate-based SLN 

released almost all the drug within 72 h in both mediums and Witepsol E85-based SLN 

released in the same period only 62% (PBS) or 74% (plasma). The release after 24 h is 

very slow and we expect that the drug can slowly be released from the lipid matrix or be 

highly associated with the lipid matrix and be released in the body at the same time that 

the matrix degradation occurs. 

For cetyl palmitate-based SLN 90% of the drug was released within 8 hours. For the same 

time Dynasan-based SLN released around 70% (PBS) and 90% (plasma) and for 

Witepsol-based SLN 51% (PBS) and 67% (plasma). Therefore, faster release was 

achieved with cetyl palmitate-based SLN and slower release with Witepsol E85. Despite 

the fact that only cetyl palmitate-based SLN is in solid state (DSC) we could expect that 

the release of the drug from carrier will be more controlled than for the other two lipids. 

Although cetyl palmitate, according to literature [58], is a wax with a better in vitro 

degradation and an associated faster release. Knowing that brain maximum drug 

concentration is achieved generally in the first 30 min [45] and cetyl palmitate-based SLN 

are able to release 90% of the camptothecin in the first 8 h, the release of the drug from 

cetyl palmitate-based SLN seems to be the most appropriate. 

Generally, it could be recognised that the dissolution of camptothecin from the lipid matrix 

after the initial burst release was gradually moved and camptothecin-loaded SLN were 

responsible for the delayed release of drugs in vitro even in a biological fluid. Therefore, 

these results suggest increased stability of the drug in biological fluids, which is one of the 

most interesting benefits of loading drugs into nanoparticles in addition to avoiding 

premature release of drug before reaching the target cells. 

The 30 minutes percentage release was between 16 and 39%, demonstrating that there 

was a significant burst effect for camptothecin-loaded SLN. Drug release profile can help 

to verify the distribution of the drug within the matrix. The drug-enriched shell model or 

other model, where the drug is not entirely incorporated within the lipid matrix, will have an 

initial burst release. In contrast, the drug-enriched core model will be characterised by an 

initially slow release followed by a slightly faster and steady release. The release profile of 

camptothecin from SLN suggested that camptothecin might be distributed more in the 

shell region or might have some camptothecin adsorbed onto the SLN surface. Despite 

that the addition of the surfactant into the lipid matrix should reduce the surfactant 



Chapter VI 

 

 
168 

 

concentration in the water phase, which should lead to a minimisation of the formation of 

the burst release. 

 

6.3.6. In vitro cell culture studies of camptothecin-loaded solid lipid nanoparticles 

MTT assay was performed to assess the viability of BCEC exposed to camptothecin 

formulations (Figure 6.7). Selected SLN formulations representing the 3 lipids were tested 

(CP5P802, D145P802, WE855P602). The same behaviour was detected in terms of IC50 

(Table 6.2) for the three formulations despite the difference on lipids and surfactants 

constitution. All formulations revealed low cytotoxicity when unloaded and with higher and 

similar cytotoxicity when camptothecin was incorporated. 

 

 

Figure 6.7. In vitro MTT viability of BCEC exposed for 24 h to CPT solution (- . -) CP5P802 (..◊..), 

CPT-CP5P802 (
_
◊
_
), CPT + CP5P802 (--◊--), D145P802 (..•..), CPT-D145P802 (

_
•
_), CPT + D145P802 

(--•--), WE855P602 (..■..), CPT-WE5P602 (_■_) and CPT + WE855P802 (--■--) at the CPT 

concentrations between 0.25 and 10 µM. * P<0.05 (Dunnett-test: < control (CPT in solution)). 

 

IC50 of the camptothecin formulations indicate that the camptothecin-loaded SLN 

consistently showed higher potency as compared to the camptothecin in solution or in 

physical mixture with unloaded SLN. Camptothecin loaded SLN showed an about four-fold 
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enhancement in efficacy as compared to camptothecin in solution, and two-fold as 

compared to camptothecin in physical mixture with unloaded SLN, respectively.  

This enhanced cytotoxicity of the camptothecin-loaded SLN can be explained, at least 

partially, by the fact that camptothecin-loaded SLN can deliver more consistently to the 

BCEC and/or the excipients used in the SLN matrix can inhibit the activity of the cells. 

Despite the toxicity in BCEC is not desired, the higher cytotoxicity is probably related to a 

higher uptake of camptothecin, which is desired for drug efficacy in tumour brains.  

 

Table 6.2. 50% Inhibition concentration (IC50) of unloaded solid lipid nanoparticles (SLN), 

camptothecin in solution, camptothecin in physical mixture with unloaded SLN and 

camptothecin-loaded SLN against porcine BCEC 

Formulations 
IC50 

CPT (µM) Sol. cont. (µg/mL) 

CP5P802 >10ª > 250 

D145P802 >10ª  > 250 

WE855P600.8 >10ª  > 250 

CPT solution 6.94 2.42 

CPT + CP5P802 5.15 128.75 

CPT + D145P802 1.90 47.50 

CPT + WE855P600.8 3.63 90.75 

CPT-CP5P802 1.81 45.25 

CPT-D145P802 1.50 37.50 

CPT-WE855P600.8 1.78 44.50 
a
lipid concentration equivalent to the formulations with camptothecin-loaded SLN but without camptothecin. 

Sol. cont.: solid content (nanoparticles) in µg per mL, corresponds to the amount of constituents that are in 

solid state in µg per mL of medium. CP: cetyl palmitate; D14: Dynasan 114; WE85: Witepsol E85; P60: 

polysorbate 60; P80: polysorbate 80; subscripts numbers: concentrations of lipid or surfactant. 

 

Confocal images of rhodamine B-loaded SLN uptake by BCEC are depicted in Figure 6.8. 

For all the tested formulations (rhodamine B-CP5P802, rhodamine B-D145P802, 

rhodamine B-WE855P600.8) red fluorescence was increased inside the BCEC confirming 

that fluorescent labelled SLN were internalised by the cells. No differences could be 

detected within the different SLN in terms of internalisation. 
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Figure 6.8. Confocal images of rhodamine B-loaded solid lipid nanoparticles internalisation by 

BCEC. BCEC were exposed during two hours to A) rhodamine B-CP5P802 (red); B) rhodamine B-

D145P802 (red); C) rhodamine B-WE855P600.8 (red). 

 

Fluorescent microscopy was assessed to visualise the incorporation of camptothecin-

loaded SLN. Results shown in Figure 6.9 revealed no accumulation of camptothecin-

loaded inside the macrophages whereas the FluoSpheres® carboxylated nanospheres 

were highly internalised by macrophages (Figure 6.9D). It means that despite the 

macrophages are active in terms of endocytosis the SLN did not show tendency to be 

internalised. We hypothesise that serum proteins from the culture medium that adsorbed 

on the surface of the SLN were not inducing endocytosis through macrophages. In future 

there should be performed cell experiments with rat serum to see whether the SLN are 
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internalised. Also there may follow in vivo experiments to elucidate if SLN are enriched in 

liver and spleen. 

 

 

Figure 6.9. Fluorescence images of camptothecin-loaded solid lipid nanoparticles internalisation by 

macrophages. Macrophages were exposed during two hours to A) CPT-CP5P802 (blue); B) CPT-

D145P802 (blue); C) CPT-WE855P600.8 (blue); D) FluoSpheres® carboxylated nanospheres 

(green). Macrophages membrane was stained with Alexa Fluor® 594 (red). 

 

To summarise, these results revealed that all the tested SLN have higher affinity for 

BCEC than for macrophages, but additional methodologies, such as flow cytometry, 

should be employed to quantify the differences and detect the most suitable SLN 

constitution for brain targeting. 
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6.3.7. In vivo camptothecin biodistribution by means of rhodamine 123-loaded solid 

lipid nanoparticles  

Microscopy is considered to be the most generally used method to study the blood-brain 

barrier uptake of nanoparticles in vivo [59]. Particularly, fluorescence microscopy is 

frequently used for its high sensitivity. For fluorescence microscopy it is necessary to load 

or covalently bind a fluorescent dye, such as rhodamine 123, within the nanoparticles. 

Rhodamine 123 is most suitable as it is a good substrate of P-glycoproteins and exhibits a 

very low permeability across the blood-brain barrier, when administered in solution.  

In vivo studies were performed to ultimately assess the efficacy of SLN to deliver the 

model drug rhodamine 123 beyond the blood-brain barrier. For that, the two of the most 

promising camptothecin-loaded SLN (CP5P602 and CP5P802) labelled with rhodamine 123 

were injected into the tail vein of rats, the animals were sacrificed after 120 min and brain 

samples were reserved. The sections were visualised by using Nissl stained. After 

sectioning the brain, fluorescent labelled SLN can be localised using fluorescence 

microscopy.  

When only rhodamine 123 with polysorbate 80 was administered to the animals, no 

fluorescence could be detected in brain at 120 min after administration (Figure 6.10B), 

which is in agreement with the previously reported by Reimold et al. [60]. However, 120 

min after administration of polysorbate 60-coated SLN and polysorbate 80-coated SLN a 

particle-associated fluorescence could be detected in the brain sections (Figure 6.10B and 

C). Some differences between the brain images of animals injected with the SLN 

formulations stabilised with polysorbate 60 or 80 can be detected in Figure 6.10B and C. 

In Figure 6.10C the fluorescent labelled nanoparticles are more localised in the capillary 

endothelial cells (structures inside the white circles) whereas in Figure 6.10B the 

fluorescence is more diffuse. Consequently, it seems that the nanoparticles stabilised with 

P60 were more prone to diffuse through the brain tissue. 

Since rhodamine 123 is not able to cross the BBB in free form, the presence of the 

fluorescent particles in the brain capillary endothelial cells, as well as in the brain tissue 

would have clearly shown their ability to pass across the BBB. With the in vivo studies 

performed it was not possible to find differences between the two tested formulations. 

Further in vivo biodistribution studies could be performed to identify the differences 

between camptothecin accumulation in the brain related with the different lipid and 

surfactant formulations.  

In conclusion, both formulations seem to be appropriate for camptothecin drug brain 

delivery. According to that, polysorbate 60 and 80 were already been described in the 

literature as enhancing brain delivery [34]. 
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Figure 6.10. Cerebral distribution of rhodamine 123-loaded solid lipid nanoparticles (SLN) in rat 

brain after i.v. administration via the tail vein: 0.5 mL nanoparticle suspension (10 mg/mL) in 0.9% 

saline was administered. A) Free rhodamine 123 (control), B) polysorbate 60 stabilised SLN 

(rhodamine 123-CP5P602) C) polysorbate 80 stabilised SLN (rhodamine 123-CP5P602). 2 hours 

after i.v administration of SLN coated with polysorbates have reach the brain and revealed a 

spread distribution across the brain tissue. 
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6.4. Conclusion 

In this study, a novel biocompatible, safe, stable and robust lipid-based drug delivery 

system stabilised with polysorbates was successfully formulated, by hot high pressure 

homogenisation, to enhance the transport of camptothecin through the blood-brain barrier. 

These SLN seem to be capable of targeting drugs to brain tumour tissues and 

consequently higher concentrations of camptothecin on those tissues should be achieved. 

Additionally, camptothecin release in physiological fluids and its distribution within other 

organs or cells should be decreased and therefore decrease camptothecin-related 

toxicities. 

Bearing in mind that the active lactone form of camptothecin is insoluble in water and 

unstable in physiological fluids camptothecin was incorporated in SLN through increase 

drug's stability.  

In vitro cell studies revealed that the internalisation of camptothecin by BCEC was 

increased when incorporated into SLN but no significant increase was detected in 

macrophages. In agreement, in vivo studies revealed that SLN were able to deliver 

rhodamine 123 to the brain. 

From the obtained results it is possible to conclude that cetyl palmitate and polysorbate 60 

or 80 are the most suitable excipients to produce SLN with physicochemical properties 

suitable for brain targeting after intravenous injection. 

Therefore, the SLN developed represent a promising approach to overcome the blood–

brain barrier. Nevertheless, additional experiments in a pharmacological in vivo brain 

tumour model are necessary to elucidate the fate of the SLN excipients after drug release 

as well as efficacy of the system.  
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Abstract 

The aim of this work was to develop a systematic analysis of the cellular internalisation 

mechanism and pathway of solid lipid nanoparticles (SLN) internalisation. To evaluate if 

SLN show cell uptake and to understand the mechanism of internalisation, four human 

glioma cell lines (A172, U251, U373 and U87) and a human macrophage cell line (THP1) 

were used. For this purpose rhodamine 123 (R123) was loaded into SLN coated with 

polysorbate 60 and 80. Fluorescence microscopy and flow cell cytometry techniques were 

assessed to study internalisation of these systems within the cells. MTT studies were 

performed to evaluate the cytotoxicity of the R123-loaded SLN. To assess the SLN 

internalisation mechanism and intracellular pathway, excluded endocytosis mechanisms 

were applied. Our results revealed that R123-loaded SLN with mean size below 200 nm 

and slight negative surface charge (around -20 mV) have the ability to be internalised by 

gliomas in a higher amount than by macrophages. The mechanism of internalisation was 

found to be mainly through a clathrin-dependent endocytic pathway. In addition, the 

cytotoxicity of SLN was higher for gliomas than for macrophages. These results suggest 

that SLN can be a promising alternative in brain tumours treatment. 

 

Keywords: Solid lipid nanoparticles (SLN); Polysorbates; Flow cell cytometry; 

Fluorescence microscopy; Endocytosis; Human glioma cell lines. 
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7.1. Introduction 

Malignant gliomas have a very poor prognosis despite the aggressiveness of the current 

treatment that combines surgery, radiotherapy and chemotherapy [1, 2]. Knowing that the 

main obstacle to develop an effective therapy against gliomas is the difficulty of delivering 

anticancer drugs to the tumour site and cancer cells, several promising drug delivery 

systems involving nanoparticles were developed [3-6]. 

Solid lipid nanoparticles (SLN) [7, 8] have been reported as a promising anticancer drug 

delivery system for brain delivery after i.v. injection, due to their ability to cross the blood-

brain barrier and deliver drugs to the brain, when coated with proper surfactants, such as 

polysorbates [9-12]. Thus, SLN have high potential in central nervous system diseases 

treatment as well as in brain tumours. 

SLN are colloidal particles consisting of a matrix composed of lipids being solid at both 

room and body temperatures, having a mean diameter between 100-400 nm, dispersed in 

an aqueous surfactant solution [7]. SLN combine advantages of other colloidal drug 

delivery systems such as emulsions, liposomes and polymeric nanoparticles, and at the 

same time avoid or minimise some of their drawbacks associated with them. Some of the 

advantages of SLN are the ability to incorporate both hydrophilic and hydrophobic drugs, 

ability to immobilise drug in the solid matrix and sustain the drug release, and the ability to 

prevent the premature degradation of the incorporated drug. Another advantage of the 

use of lipid particles as drug carrier systems is the fact that the matrix is composed of 

physiological components and/or excipients of accepted status (FDA-approved 

constituents), decreasing the risk of acute and chronic toxicity [7, 8]. 

After crossing the blood-brain barrier the next important question is whether the SLN can 

be internalised by the tumour cell and release anticancer drugs inside the tumour cells. 

Nanoparticles located in the external environment of a cell can interact with the plasma 

membrane, which can lead to the uptake of these nanoparticles by the cells through a 

process named “endocytosis” [13]. If the nanoparticles cannot be internalised, the drug 

can still enter cells after being released from the nanoparticles but the drug can also 

disperse to the surrounding normal tissues rather than be delivered mainly to the cancer 

cells. In fact, in vitro and in vivo studies comparing internalising or noninternalising ligands 

reveal that the intracellular concentration of the drug is much higher when it is released 

from nanoparticles into the cytoplasm after internalisation [14-16]. 

The form of endocytosis involved in nanoparticles uptake can be expected to affect the 

nanoparticle's intracellular localisation and trafficking. Understanding endocytic 

mechanisms is than crucial for the development of nanoparticles for clinical therapies. 
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Based on the literature, studies report that charge, shape, material composition, coating, 

and surface chemistry are critical physicochemical parameters that determine cellular 

entry of nanomedicines through endocytic routes [13]. Furthermore, most nanoparticles 

have shown to exploit more than one pathway to gain cellular entry [13]. The endocytosis 

of nanoparticles also depends on the cell type treated [17, 18]. 

Bearing in mind that cell type could be critical in defining the nanoparticles entry and final 

destination in the cells, we selected 4 human glioma cell lines (A172, U251, U373 and 

U87) and one human monocytic cell line (THP1) to study the uptake mechanism of SLN 

by human glioma cells and macrophages. 

Endocytosis is known as a general entry mechanism for various extracellular materials 

and can be divided into two main categories: phagocytosis (uptake of large particles) and 

pinocytosis (uptake of fluids and solutes) [13, 19]. Phagocytosis is followed by specialised 

professional phagocytes, such as macrophages, monocytes, or dendritic cells. The 

phagocytic pathway of cellular entry consists of recognising the particles followed by the 

adhesion of the opsonised particles onto the cell membrane and ingestion of the particle 

by the cells. 

Pinocytosis, in contrast, is present in all types of cells and has multiple forms depending 

on the cell origin and function. Pinocytosis can be classified as clathrin dependent 

endocytosis and clathrin-independent endocytosis, caveolae-mediated endocytosis and 

macropinocytosis [20]. 

Internalisation through clathrin-dependent endocytosis happens when the clathrin coat on 

the plasma membrane develops invaginations in the membrane leading to the budding of 

clathrin-coated vesicles [13]. Nanoparticles localised on the cell membrane could be 

trapped within the vesicles and brought within the cells. Receptor-mediated endocytosis 

through clathrin-coated pits is the most common pathway of endocytosis. Alternatively, 

clathrin-independent endocytosis can happen through the caveolae or lipid-raft pathway. 

Caveolae are flask-shaped membrane invaginations on cell surfaces that have high 

amounts of cholesterol and sphingomyelin. Caveolae are abundant in muscle, endothelial 

cells, fibroblasts and adipocytes and absent in neurons and leukocytes  [13, 20]. In the 

macropinocytosis, the macropinosomes are larger (0.5–10 μm) and distinct from other 

vesicles formed during pinocytosis. This pathway is possible for virtually any cell with only 

few exceptions, such as macrophages and brain microvessel endothelial cells. At first 

glance, it can internalise large particles with submicron and greater sizes in cells, which 

lack phagocytosis [13]. 

To clarify the endocytosis mechanism of nanoparticles internalisation, specific endocytosis 

mechanisms can be excluded by using pharmacologic inhibitors [21, 22].  Endocytosis is 
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known as a general entry mechanism for various extracellular materials and it is an 

energy dependent uptake. Consequentially it is inhibited when incubations are carried out 

at low temperature (e.g. 4 ºC instead of 37 ºC) [21, 22]. Furthermore, to assess the role of 

clathrin in the internalisation of SLN, incubations under hypertonic environments (e.g. 

sucrose 0.45 M) that are recognised to disrupt the formation of clathrin-coated vesicles on 

the cell membrane could be carried out [13, 21]. To evaluate SLN cellular uptake through 

the caveolae or lipid-rafts pathway, cells could be pretreated with the drug filipin, which is 

known to disrupt the cholesterol distribution within the cell membrane [13, 21]. To assess 

if the cellular entry occur by macropinocytosis (gliomas) or phagocytosis (macrophages) 

the cells could be pretreated with cytochalasin B, a potent inhibitor of 

macropinocytosis/phagocytosis, which depolymerises the actin filaments avoiding the 

formation of the structures essential to enclose particulates [23]. 

The cells with excluded endocytosis mechanisms were studied along with the 5 cell lines 

by flow cell cytometry allowing determining the uptake pathway of the SLN. Furthermore, 

fluorescence microscopy was performed to visualise SLN uptake and distribution within 

the cells. 

The aim of this work was to develop a systematic analysis of the cellular internalisation 

mechanism and pathway for SLN to understand the mechanisms behind this 

internalisation. 

 

7.2. Materials and Methods 

7.2.1. Materials 

The wax cetyl palmitate was a gift from Gattefossé SA (France). The surfactants 

polysorbate 60 and 80 were provided by Merck (KgaA, Germany). Rhodamine 123 

(R123), thiazolyl blue tetrazolium bromide (MTT assay), propidium iodide, phorbol 12-

myristate 13-acetate (PMA), collagen from rat tail, filipin III from Streptomyces filipinensis 

(filipin) and cytochalasin B were obtained from Sigma-Aldrich (Portugal). 4',6-diamidino-2-

phenylindole, dihydrochloride (DAPI) and Alexa Fluor® 594 conjugated of wheat germ 

agglutinin (Alexa) were obtained from Molecular probes (USA). D(+)-Sucrose was 

purchased from Romil Pure Chemistry (UK). Dulbecco’s Modified Eagle’s Medium 

(DMEM), fetal bovine serum (FBS), glutamine, penicillin-streptomycin, Fungizone, RPMI 

Medium 1640 and Hanks’ Balanced Salt solution (HBSS) were provided by Gibco 

(Invitrogen Corporation, Spain). Dimethylsulfoxide (DMSO) was obtained from Merck 

(KgaA, Germany). Purified water was of MilliQ®-quality.  
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7.2.2. Annotation for formulation 

Unique codes were selected for identifying the produced formulations; it consists of 

abbreviations for the fluorescent probe rhodamine 123 (R123) the lipid cetyl palmitate 

(CP) and for the surfactant polysorbate 60 (P60) and polysorbate 80 (P80). CP60 and 

CP80 stand for unloaded cetyl palmitate-based SLN stabilised with polysorbate 60 or 

polysorbate 80, respectively. R123-CP60 and R123-CP80 stand for rhodamine 123 

incorporated into cetyl palmitate-based SLN stabilised with polysorbate 60 or polysorbate 

80, respectively.  

 

7.2.3. Methods 

7.2.3.1. Production of solid lipid nanoparticles 

Formulations containing the lipid cetyl palmitate and the surfactants polysorbate 60 or 80, 

were prepared at concentrations of 5% (w/w) of lipid and 2% (w/w) of surfactant. One lipid 

and one surfactant were combined at the time. SLN were prepared by the high shear 

homogenisation and ultrasonication techniques. Briefly, the lipid and surfactant mixture 

was melted at approximately 5 to 10 ºC above the melting point of the lipid. Water was 

heated at approximately the same temperature and transferred to the surfactant lipid 

mixture. A pre-emulsion consisting of lipid and of surfactant in water was prepared with an 

ultra-turrax T25 (IKA-Labortechnik, Germany) at 8000 rpm during 30 seconds, and an 

ultrasonication probe at 70% amplitude for 2.5 min (VibraCell model VCX 130 equipped 

with a 6 mm probe, Sonics & Materials, Inc., Newtown, CT, USA). R123-loaded SLN were 

prepared by adding the fluorescent dye (0.04% w/w) to the molten lipid prior to particle 

preparation. SLN were washed with water (~1:2 v/v) using centrifugal filter units (Amicon 

Ultra, ultracel 50K, (Milipore, Carrigtwohill, Co. Cork, Ireland) until no R123 was detected 

in the supernatant. R123 detection was performed using the UV spectrophotometer 

(Jasko V-650 Spectrophotometer, Japan). Generally, after washing the SLN 3 to 4 times 

no R123 was detected in the supernatant. 

 

7.2.3.2. Assessment of particle size and size distribution 

Particle size and distribution (polydispersity index) was determined by dynamic light 

scattering (DLS), using a Zetasizer Nano ZS laser scattering device (Malvern Instruments 

Ltd., Malvern, UK). The samples were diluted with water with a conductivity adjusted to 50 

μS/cm and analysed. The available software (Zetasizer Nano Series V6.20) was used to 

correlate the intensity of scattered light (at a backscattering angle of 173°) with the 

hydrodynamic radius of the spherical particle. Several dilutions of the sample were tested 

at 25 °C to obtain dispersed and isolated nanoparticles in the solvent. The particle size 
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determination allows monitoring the nanoparticles preparation method and verifying its 

time dependent stability regarding the tendency for aggregation and sedimentation. For 

each sample, the mean diameter ± standard deviation of at least three determinations was 

calculated applying multimodal analysis. SLN stability was assessed by measuring the 

mean particle diameter and polydispersity index of SLN immediately after production and 

after storage at 4 ºC, room temperature and 40 ºC during two months. SLN stability in 

culture medium was also assessed by measuring the mean particle diameter and 

polydispersity index of SLN diluted in complete culture medium during 3 and 15 days. 

 

7.2.3.3. Zeta potential 

The electrophoretic mobility (zeta potential) of the nanoparticles and ultimately their 

surface charge was measured by combining laser Doppler velocimetry and phase 

analysis light scattering (PALS) using a Zetasizer Nano ZS (Malvern, Worcestershire, 

UK). The samples, diluted with water with a conductivity adjusted to 50 μS/cm by 

dropwise addition of 0.9% (w/v) NaCl solution, were placed in polystyrene cuvettes with 

platinum electrodes and then applied an electric field across the dispersion of the 

nanoparticles. Surface charged particles within the dispersion migrated toward the 

electrode of opposite charge and the velocity of particles migration was converted in zeta 

potential values by using the Smoluchowski’s equation. The zeta potential results reported 

are the mean ± standard deviation of at least three determinations. 

  

7.2.3.4. Differential scanning calorimetry analysis 

The study of the physical state and polymorphism of the SLN was performed by 

differential scanning calorimetry (DSC) using a DSC 200 F3 Maia (Netzsh – Gerätebau 

GmbH) and Proteus Analysis software. The samples were weighted (5-10 mg) directly in 

aluminium pans and scanned between 25 °C and 85 °C at a heating and cooling rate of 5 

°C/min under nitrogen gas. DSC analyses were performed on bulk lipids and SLN on the 

day of production. The degree of crystallinity or recrystallisation index (RI) was determined 

by the following equation (7.1): 

 

   [ ] 
Enthalpy S     /g 

Enthalpy bulk material   /g     oncentration lipid phase[ ]
   100 

 

7.2.3.5. Cell culture 

The human glioma A172, U251, U373 and U87 cell lines (ATCC) were maintained in 

complete Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco,  nvitrogen  orporation) 

(7.1) 
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supplemented with 10% fetal bovine serum (FBS), 1% glutamine (2 mM) and 1% 

antibiotic-antimycotic (Gibco, Invitrogen Corporation: 10,000 units/mL penicillin G sodium, 

10,000 mg/mL streptomycin sulphate and 25 mg/mL amphotericin B as Fungizone) in a 

humidified incubator (Heraeus Hera Cell incubator) at 37 ºC under 5% CO2 atmosphere. 

Cells were subcultured every 3-5 days using trypsin.  

The human monocytic THP1 cell line (Health Protection Agency, UK) was cultured in 

suspension in RPMI-1640 complete growth medium supplemented with 10% FBS, 1% 

glutamine (2 mM) and 1% antibiotic-antimycotic (Gibco, Invitrogen Corporation): 

10,000units/mL penicillinG sodium and 10,000mg/mL streptomycin sulphate, in a 

humidified incubator (Heraeus Hera Cell incubator) at 37 ºC under 5% CO2 atmosphere. 

These cells were differentiated into macrophage phenotype by resuspension in THP1 

medium, supplemented with 100 ng/mL PMA seeded at a density of 1×106 cells per well 

or cover-slip, previously treated during at least 4 h with an aqueous solution of collagen I 

(24 µg/mL), for 18 hours. After that period, cells were washed with HBSS and let 24 h at 

37 ºC in RPMI 1640 medium before experiments. THP1 differentiated macrophages 

adhered to the surface of the cover-slips and wells. 

 

7.2.3.6. Fluorescence microscopy 

Uptake studies of fluorescent SLN by cells were carried out by fluorescence microscopy. 

R123 was used as a fluorescent probe to investigate the cellular uptake of R123-loaded 

SLN. Un-encapsulated R123 was removed by filtration using centrifugal filter devices 

(Amicon® Ultra, Ultra cell-50k, Millipore, USA). The experience was conducted in a six-

well culture plate. Cell numbers were adjusted in order to get 1x105 cells in each well on 

sterile glass coverslips (22 x 22 mm) previously treated with collagen I. Cells were 

incubated at 37 °C, 5% CO2 until adherent on glass cover-slips (overnight) in 

supplemented DMEM medium. Then, adherent cells were treated with 1 m  of 500 μg/m  

of R123-loaded SLN (1.4 µg/mL R123) diluted in DMEM medium, during an incubation 

period of 2 h. The cells were washed three times with HBSS, and then stained with 1 mL 

of Alexa Fluor®594 (cellular membrane stain; excitation/emission maxima ~590/617 nm) 

solution 1μg/m  diluted in HBSS for 10 min at 37 ºC, and with 1 mL of DAPI (nuclear 

stain; excitation/emission maxima ~358/461 nm) solution 300 nM during the same time. 

After each staining procedure, cells were washed three times with HBSS. Finally, cells 

were fixed in cold methanol (-20 ºC) and after that imaged with a fluorescence 

microscope. Cellular imaging was captured under a Nikon Eclipse E400 fluorescence 

microscope (400× magnification) equipped with digital camera and processed using Nikon 
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ACT-2U® software. Selected wavelengths were 365-375 nm (DAPI, blue), 450-490 nm 

(R123, green) and 510-560 nm (Alexa Fluor® 594, red). 

All the experimental steps were performed considering light protection with aluminium 

sheet to avoid fluorescent dequenching. 

 

7.2.3.7. MTT assay 

Cell viability following exposure to and uptake of SLN was measured by using the MTT 

assay [24] with some adjustments. 200 μ  of cell suspension with 1 x105 cells per mL 

were seeded into wells of 96-well tissue culture test plates (Orange Scientific products). 

The samples of S   (concentrations from 50 μg/m  to 5000 μg/m  of solid amount) were 

added and incubated for 24 hours at 37 °C in 5% CO2. The medium with the SLN was 

removed and MTT solution (5 mg/mL MTT in supplemented DMEM medium) was added 

to the cultures (final concentration of 0.5 mg/mL) and incubated for 4 hours at 37 ºC. The 

medium with MTT solution was discarded and formazan crystals were solubilised using 

150 μ  DMSO. Subsequently, an incubation of 15 minutes under light protection and at 

room temperature was performed. Absorbance which is directly proportional to cellular 

metabolism was measured at 550 nm and 690 nm (background subtraction) in a Power 

Wavex microplate spectrophotometer (Bio-Tek instruments). Cell viability was expressed 

in percentage compared to untreated cells.  

 

7.2.3.8. Flow cell cytometry 

SLN uptake by the cell lines were further investigated using flow cell cytometry (Becton 

Dickinson FACSCalibur, Sunnyvale, CA, USA). For that 1 mL of cell suspension with 

1x106 cells per mL were seeding 24 hours before the experiments into wells of 24-well 

tissue culture test plates (Orange Scientific products). For A172, U87 and THP1 cell lines 

the wells were previously treated with collagen I (rat tail) to increase the adhesion of these 

cells to the wells. The samples of R123-loaded SLN at 50 µg/mL of solid content (0.14 

µg/mL R123) were added and incubated for 2 hours at 37 °C in 5% CO2. After incubation, 

the cells were washed three times with HBSS. Adherent cells were detached from the 

surface by treatment with trypsin and resuspended in ice-cold HBSS. Propidium iodide 

was added to the cells at a final concentration of 0.2% and immediately analysed with a 

FACS Calibur using a 488 nm laser for excitation of R123 and a band centred at 530 nm 

for detection of fluorescence. Flow cytometry data were processed to remove the events 

associated to free nanoparticles according to their light scattering properties. From the 

filtered data, the arithmetic mean of the fluorescence intensity of cells exposed to the 

various formulations was determined, and the data was analysed using FlowJo software. 
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Cells that were stained with propidium iodide (corresponding to naturally occurring dead 

cells) were excluded from the data analysis. 

Table 7.1 depicts endocytosis inhibitors selected for this work, their pathway and 

mechanism of endocytosis inhibition. 

 

Table 7.1. Uptake pathways and inhibition conditions 

Pathway Inhibitor Mechanism References 

Endocytosis  4 ºC Blocks energy dependent process [21, 22] 

Clathrin-mediated 

endocytosis 
Sucrose (0.45 M) 

Inhibits clathrin -mediated 

endocytosis 
[13, 21] 

Caveolae-mediated 

endocytosis 

Filipin 

(5 µg/mL) 

Inhibits caveolae-mediated 

endocytosis 
[13, 21] 

Phagocytosis CytB 

(5 µg/mL) 

Depolymerises the actin filaments 

avoiding the formation of the 

structures essential to enclose 

particulates 

[23] 

Macropinocytosis CytB 

(5 µg/mL) 

[23] 

 

Analysis of endocytosis mechanism was similar to that previously described, however, for 

this case the cells were exposed to several endocytosis inhibitors (4 ºC, sucrose 0.45 M, 

filipin and cytochalasin B) 30 min before the exposition of the cells to the R123-loaded 

SLN and during all the exposition. For assessing if the endocytosis is the main entry of the 

SLN into the cell, endocytosis was inhibited by incubating the cells at 4 ºC instead the 

regular 37 ºC condition. Clathrin dependent endocytosis was inhibited exposing the cells 

to 0.45 M sucrose 30 min before and during exposure to the R123-loaded SLN at 37 ºC. 

For caveolae-mediated endocytosis inhibition cells were pretreated in medium 

supplemented with filipin (5 µg/mL) for 30 min followed by exposure to the R123-loaded 

SLN at 37 ºC.  

For macropinocytosis/phagocytosis inhibition cells were pretreated in medium 

supplemented with cytochalasin B (5 µg/mL) for 30 min followed by exposure to the R123-

loaded SLN at 37 ºC.  

 

7.2.3.9. Statistical analysis 

For the SLN physicochemical characterisation results are shown as the mean ± standard 

deviation (SD) of at least 3 different batches of the same formulation. The t-test and the 

one-way analysis of variance (ANOVA) were performed to compare two or multiple 

groups, respectively. If the group by each time interaction was significantly different (P < 

0.05), differences between groups were compared within a post-hoc test (Tukey HSD). To 
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describe statistical differences with controls, the Dunnett test was used. Results are 

reported as a mean ± SD from a minimum of three independent experiments performed in 

cells pertaining to different passages. Differences were considered significant at P < 0.05. 

All statistical analyses were performed with the software PASW Statistic 18 (SPSS Inc., 

Chicago, USA). 

 

7.3. Results 

7.3.1. Physicochemical characterisation of solid lipid nanoparticles 

Unloaded SLN were produced and characterised in terms of mean diameter, 

polydispersity index and zeta potential during two months to assess the stability of these 

systems during storage. SLN with a mean diameter between ~130 and 165 nm, low 

polydispersity index <0.3 and with slight zeta potential values between -18 and -23 mV 

have been produced and were stable in terms of mean diameter for at least two months at 

the three temperatures tested (4 ºC, 22 ºC and 40 ºC). SLN stabilised with polysorbate 60 

showed a slight smaller mean diameter and a higher stability than SLN stabilised with 

polysorbate 80 (Figure 7.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1. Physicochemical characteristics of cetyl palmitate-based solid lipid nanoparticles (SLN) 

stabilised with polysorbate 60 (CP60) and 80 (CP80). Mean diameter, polydispersity index (PI)(up) 

and zeta potential (down) of the SLN CP60 (left) and CP80 (right) stored at 4 ºC (■), 22 ºC (■) and 

40 ºC (■), determined on the day of production and after 8, 30 and 60 days of storage. 
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R123 was then incorporated into SLN stabilised by polysorbate 60 (R123-CP60) or 80 

(R123-CP80) as a model drug and a fluorescent dye. Analysis of the R123-loaded SLN 

reveal just a slight increase in the mean diameter of the SLN indicating no influence of the 

R123 incorporation in the physicochemical characteristics of these systems (Table 7.2). 

For analysing the stability of the SLN during the in vitro experiments in cells, the four 

formulations (CP60, R123-CP60, CP80 and R123-CP80) were incubated in the culture 

medium during two weeks. The obtained results revealed only a small increase in the 

mean diameter of the SLN in the culture medium indicating no formation of agglomerates 

or aggregates that could interfere with the in vitro experiments.  

 

Table 7.2. Physicochemical characteristics of solid lipid nanoparticles (SLN). Mean size, 

polydispersity index (PI) and zeta potential (ZP) of SLN on day production and dispersed in 

culture medium 

Sample Mean size ± SD (nm) PI ± SD ZP ± SD (mV) 

CP60 134.70 ± 7.55 0.195 ± 0.02 -17.96 ± 1.3 

CP60 in DMEM 3 days 147.92 ± 6.77 0.193 ± 0.01 
 

CP60 in DMEM 15 days 158.25 ± 7.71 0.250 ± 0.02 
 

R123-CP60 157.20 ± 7.56 0.212 ± 0.01 -22.75 ± 1.5 

R123-CP60 in DMEM 3 days 162.67 ± 6.72 0.250 ± 0.02 
 

CP80 148.70 ± 7.92 0.208 ± 0.04 -18.77 ± 2.4 

CP80 in DMEM 3 days 165.09 ± 6.83 0.205 ± 0.02 
 

CP80 in DMEM 15 days  174.01 ± 8.54 0.201 ± 0.01 
 

R123-CP80 165.32 ± 8.26  0.265 ± 0.01 -20.55 ± 1.5 

R123-CP80 in DMEM 3 days  174.15 ± 6.99 0.284 ± 0.01 
 

 

Thermal behaviour of cetyl palmitate bulk and cetyl palmitate-based SLN was assessed 

by DSC. The DSC results obtained are depicted in Figure 7.2 and Table 7.3.  

When bulk was heated from 25 ºC to 85 ºC, a number of thermal transitions were 

observed (Figure 7.2A). Two endothermic peaks were observed at around 47 ºC (small 

shoulder) and 57 º  corresponding to the melting of α and β polymorphic forms of crystal 

lipids, respectively. The same number of thermal transitions was detected with the 

samples of formulations stored at 4 ºC, 22 ºC and 40 ºC. However, the onset temperature 

and the melting peak of the SLN were approximately 4-7 °C lower than those obtained for 

the bulk materials (Figure 7.2 and Table 7.3).  
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Table 7.3. DSC parameters of solid lipid nanoparticles (SLN). Onset and melting 

temperatures, melting enthalpies and recrystallisation index (RI) of cetyl palmitate-based 

SLN stabilised with polysorbate 60 (CP60) and 80 (CP80) stored at 4 ºC, 22 ºC and 40 ºC 

Sample 
Storage Temp 
(ºC) 

Onset (ºC) 
Enthalpy ΔH 
(J/g) 

Melting point 
(ºC) 

RI (%) 

CP80 

4 48.9 7.97 50.5 60 

22 49.2 9.23 51.0 69 

40 48.9 7.05 50.6 53 

CP60 

4 46.4 9.66 49.8 73 

22 48.3 9.22 50.2 69 

40 48.9 7.97 50.5 60 

CP Bulk 22 53.2 266.50 57.0 100 

 

The DSC scans of all the cetyl palmitate-based SLN show that independently of the 

surfactant used as stabiliser (polysorbate 60 or 80) the α and β modifications are 

observed at the same temperature, however the evidence and area of the peaks are 

different. 

DSC is also useful to evaluate the degree of crystallinity of lipid materials. The degree of 

crystallinity of pure lipids and SLN was estimated by comparison of the melting enthalpy of 

the bulk material with the melting enthalpy of the dispersion. The values were extracted by 

DSC scans using appropriated software. DSC analysis revealed that the SLN are in the 

desired solid state and that the degree of crystallinity of the investigated SLN was found to 

be between 53 and 73% (Table 7.3).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2. DSC thermograms of bulk cetyl palmitate (CP), solid lipid nanoparticles (SLN) 

stabilised with polysorbate 60 (CP60) and 80 (CP80). A): DSC thermograms of the bulk CP ( - . -) 

and the SLN CP80 (black) and CP60 (grey) stored at 4 ºC (. .), 22 ºC (- -), and 40 ºC (_). B): DSC 

thermograms of CP80 (black) and CP60 (grey) stored at 4 ºC (. .), 22 ºC (- -), and 40 ºC (_). 
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7.3.2. In vitro studies in cells 

R123-loaded SLN emit detectable fluorescence that can be analysed by both 

fluorescence microscopy and flow cytometry. SLN were stable in terms of mean diameter 

in culture medium for at least two weeks. The experiments described herein characterise 

the uptake of R123-loaded SLN by A172, U251, U373, U87 and THP1 human cells.  

 

7.3.2.1. Relative uptake of solid lipid nanoparticles in human cell lines 

In order to confirm the uptake of SLN by the cells in study, cells were incubated during 2 h 

with R123-loaded SLN (R123-CP60 and R123-CP80) and were analysed by fluorescence 

microscopy (Figure 7.3).  

Since R123 was not covalently bound to the SLN, we cannot exclude the possibility that 

R123 might be released from the SLN during cell uptake. To eliminate any interference, 

cells were incubated with free R123, unloaded SLN and R123-loaded SLN, separately 

under same experimental conditions. After 2 h of incubation, cells were processed and 

viewed under fluorescence microscope. Cells cultured with only free R123 and unloaded 

SLN showed negligible fluorescence outside and inside the cells, while an intense green 

fluorescence was seen inside the cells cultured with R123-loaded SLN. The unloaded 

SLN and the free R123 were used as a negative control to confirm that the lipid matrix 

does not show native fluorescence that potentially could interfere with R123 and that if the 

free R123 is released from the nanoparticles during the experiment it will not interfere with 

the experiment. 

R123-loaded SLN have green fluorescence, while the cell membranes appear in red, 

since it was stained with Alexa Fluor® 594 and the nucleus appear in blue, since it was 

stained with DAPI. After 2 h of incubation a strong green fluorescence was observed 

inside all the cells (Figure 7.3), corresponding to a large number of R123-loaded SLN that 

were internalised. 
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Figure 7.3. Rhodamine 123 (R123)-loaded solid lipid nanoparticles (SLN) cell uptake. 

Fluorescence microscope images of R123-loaded SLN uptake (2 h) by THP1, A172, U251, U373 

and U87 cell lines. Nucleus are stained with DAPI (blue) and cell membrane with Alexa (red). 

R123-loaded SLN shown green fluorescence. Representative images are shown. (Magnification 

400x). 
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7.3.2.2. Effect of solid lipid nanoparticles on cell viability and cytotoxicity 

To address cell viability and cytotoxicity the MTT assay was performed. The cells 

incubated with freshly prepared nanoparticles during 24 h.  

The viability of the cells after 2 h of exposition to R123-SLN and to the excluded 

endocytosis conditions (4 ºC, sucrose 0.45 M, filipin and cytochalasin B) were verified by a 

parallel study using propidium iodide incorporation evaluated by flow-cytometry and 

revealed no toxicity (viability higher than 90%) for all cell lines (data not shown). 

Subsequently, at the experimental internalisation conditions, the formulations revealed no 

significant toxicity for all cell lines. 

Uptake of nanoparticles (24 h incubation) did not disturb A172 and THP1 normal cell 

propagation and showed more than 90% cell viability, when cells were incubated with 50 

μg/m  of solid amount of R123-loaded SLN, relative to control cells (medium) (Figure 7.4). 

For U251, U373 and U87 viability was significantly reduced when cells were incubated 

with 50 μg/m  and at 500 μg/m  of solid amount of R123-loaded SLN, viability was 

reduced to 45-66% (Figure 7.4). These results suggest that SLN was internalised more by 

glioma cell lines and show more cytotoxicity against these cells (except A172) than to 

macrophages 

 

Figure 7.4. Cell viability of the cells exposed at rhodamine 123 (R123)-loaded solid lipid 

nanoparticles (SLN) stabilised with polysorbate 60 (R123-CP60) and 80 (R123-CP80). Viability of 

different cells (THP1, A127, U251, U373 and U87) exposed for 24 h at R123-CP60 and R123-

CP80 at the concentrations of 50 and 500 µg/mL of solid content. 
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Analysing Figure 7.5, it is evident that SLN at higher concentrations are more cytotoxic 

against glioma cells than to macrophages. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5. Cell viability of different cells after incubation with rhodamine 123-loaded cetyl 

palmitate-based solid lipid nanoparticles (SLN) stabilised with polysorbate 60 (R123-CP60) and 80 

(R123-CP80). Cell viability of THP1, A172, U251, U373 and U87 incubated for 24 h with R123-

CP60 (♦), R123-CP80 (■) and water (▲). 
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7.3.2.3. Uptake mechanism of solid lipid nanoparticles  

A systematic analysis of the cellular internalisation mechanism and pathway was followed 

of R123-loaded SLN. Since cells do not exhibit significant fluorescence on their own as 

confirmed by flow cytometry (Figure 7.6 and 7.7), it is assumed that the fluorescence 

levels measured in cells are due to R123-SLN uptake. 

Figure 7.6 presents histograms of flow cytometry assays in cells after 2 h incubation with, 

SLN stabilised with polysorbate 60 ( 12 - P60,      ), or stabilised with polysorbate 80 

(R123-CP80, ---). No significant differences could be detected between the two 

formulations in terms of FL1 values, indicating similar amount of fluorescent cells counted 

and therefore similar internalisations.  

 

Figure 7.6. Uptake of rhodamine 123 (R123)-loaded solid lipid nanoparticles (SLN) stabilised with 

polysorbate 60 (R123-CP60) and 80 (R123-CP80). Flow cytometry histograms data for THP1 (A), 

A172 (B), U251 (C), U373 (D) and U87 (E) in medium (control (black)) and that were incubated 

with R123-CP60 (---) or R123-CP80 (     ).  

 

Figure 7.7 shows the mean fluorescence of the cells after 2 h of incubation with R123-

loaded SLN and reveal that for all the cells there is always significant internalisation of the 

R123-loaded SLN. Furthermore, the internalisation is significant higher in the gliomas 
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A172 and U87 than in the macrophages (THP1), being the mean fluorescence higher 

more than twice. These results indicate that SLN are easily and rapidly internalised in 

glioma than in macrophages cell lines.  

Again, no significant differences could be observed between the two SLN formulations in 

terms of mean fluorescence values indicating similar internalisations of both formulations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.7. Uptake mean of rhodamine 123 (R123)-loaded solid lipid nanoparticles (SLN) stabilised 

with polysorbate 60 (R123-CP60) and 80 (R123-CP80). Flow cytometry data for THP1, A172, 

U251, U373 and U87 in medium (control (■)) and that were incubated with R123-CP60 (■) or 

R123-CP80 (■). Control (cells) was always significant different than cells incubated with R123-

loaded SLN. 

 

Generally, there are two modes of entries, either R123-loaded SLN transverse the cell 

membrane via endocytosis or energy independent non-endocytotic mechanism. However, 

the endocytosis could be sub-categorised in phagocytosis and pinocytosis (clathrin-

mediated endocytosis, caveolae-mediated endocytosis, clathrin- and caveolae-

independent endocytosis, and macropinocytosis) pathways (Figure 7.8). 
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Figure 7.8. Cellular internalisation of nanoparticles and associated intracellular trafficking. A) 

Phagocytosis, leading to phagosomes (A1) and phago-lysosomes (L). B) Macropinocytosis, 

engulfing nanoparticles, forming macropinosomes (B1) which can be exocytosed or fused with 

lysosomes (L). C) Clathrin-mediated endocytosis, leading to primary endosomes (C1) and late 

endosomes (C2) with multivesicular bodies (C3). D) Clathrin- and caveolae-independent 

endocytotic pathways. E) Caveolae-mediated endocytosis, leading to caveosomes (E1) which fuse 

with the endoplasmic reticulum (E2) or translocate through the cell (E3). F) Particle diffusion or 

transport through the apical plasma membrane, leading to particles situated in the cytosol. The 

figure and descriptions are adapted from [25, 26]. 

 

To clarify the mechanism of internalisation behind the R123-loaded SLN internalisation a 

series of investigations on uptake mechanism and cellular internalisation were carried out 

for R123-loaded SLN with the cells exposed to specific endocytic inhibitors (Table 7.1). To 

better compare the obtained data, the SLN uptake values were expressed as relative 

fluorescence, which is the total fluorescence in the cells after incubation in presence of 

inhibitors with the R123-loaded SLN samples calculated as relative percentage of the 

positive control (fluorescence of the cells incubated under normal conditions (2 h at 37 ºC) 

assumed 100%.  

Endocytosis is an energy dependent mechanism. The process is hindered at a low 

temperature (at 4 °C instead of 37 °C). Cellular incubations with R123-loaded SLN were 
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carried out at 4 ºC in parallel with the regular (37 ºC) incubation conditions, thereby 

hampering the endocytosis process. In fact, the level of fluorescent intensity inside each 

cultured cell was reduced drastically (statistically significant) relative to cells cultured in 

regular standard conditions (Figure 7.9). This reduction therefore indicates endocytosis as 

the internalisation mechanism for the uptake of R123-loaded SLN at 37 ºC.  

 

     

Figure 7.9. Effect of temperature on rhodamine 123 (R123)-loaded solid lipid nanoparticles (SLN) 

internalisation. Cells were treated with 50 µg/mL of R123-loaded SLN stabilised with polysorbate 

60 (R123-CP60, ■) and 80 (R123-CP80, ■) at 4 °C. Subsequent analysis by flow cytometry 

showed a significant decrease in fluorescence for all cells treated at 4 °C compared with 37 °C 

(100% uptake). 

 

To evaluate the contribution of each of the three main energy-dependent pathways of 

non-phagocytic endocytosis on the internalisation of R123-loaded SLN, each mechanism 

was inhibited in turn. 

To assess the role of clathrin in the internalisation of R123-loaded SLN, we carried out 

incubations under conditions that are known to disrupt the formation of clathrin-coated 

vesicles on the cell membrane. This treatment consisted of pretreating the cells with 0.45 

M of sucrose (hypertonic treatment) medium prior to exposure to the R123-loaded SLN. 

These pretreatments drastically reduced the level of cellular uptake of R123-loaded SLN 

as deduced from the cell cytometry data (Figure 7.10A), therefore suggesting the clathrin 

pathway for endocytotic cellular uptake of R123-loaded SLN. 
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Figure 7.10. Endocytosis mechanism on rhodamine 123 (R123)-loaded solid lipid nanoparticles 

(SLN) internalisation. Effect of clathrin-(A) and caveolae-(B) mediated endocytosis inhibition on 

R123-loaded SLN internalisation. Cells were pretreated with sucrose 0.45 M (A) or filipin (5 µg/mL) 

(B) during 30 min and then treated with 50 µg/mL of R123-loaded SLN stabilised with polysorbate 

60 (R123-CP60, ■) and 80 (R123-CP80, ■). Subsequent analysis by flow cytometry showed a 

significant decrease in fluorescence for all cells treated with sucrose 0.45 M (A) but not for cells 

treated with filipin (5 µg/mL) (B) compared with 37 °C (100% uptake). 

 

To further elucidate R123-loaded SLN cellular uptake, we investigated the possibility of 

cellular entry by R123-loaded SLN via caveolae or lipid rafts pathway. As caveolae 

dependent cell entry relies on the presence of cholesterol domains, we pretreated cells 

with the drug filipin which disrupts the cholesterol distribution within the cell membrane. 

Figure 7.10B shows the flow cytometry data obtained after incubations in R123-loaded 

SLN for cells with and without filipin pretreatment, respectively. In stark contrast to the 

clathrin-blocking experiments, we observed that pretreatment of cells with filipin had no 

blocking effect on the cellular uptake of R123-loaded SLN, which suggests little or no 

involvement of the caveolae-dependent cell-entry pathway for R123-loaded SLN.  In 

addition, for the THP1 and A172 cell lines the uptake of R123-loaded SLN was increased 

when exposed to filipin. Similar results were obtained by Tahara et al. [27] when in A549 

cells were pretreated with filipin. 

Taken together, our experimental data suggest that cellular internalisation of R123-loaded 

SLN is through the clathrin-dependent endocytosis pathway. 

To assess the involvement of macropinocytosis/phagocytosis in R123-loaded SLN uptake, 

cells were preincubated with cytochalasin B, which is known to depolymerise the actin 

filaments which are necessary to the formation of the structures essential to enclose 

particulates. Figure 7.11 reveals that a significant reduction of the internalisation of the 

R123-CP80 occurred in the A172 and U87 cell lines. However, this inhibition was much 
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smaller than that resulting from the exposition to the hypertonic environment. These 

results indicate that for some cells more than one mechanism could be involved in the 

SLN internalisation. The main uptake pathway seems to be the clathrin mediated 

endocytosis, but for some cells (A172 and U87) macropinocytosis seems also to be 

involved in this process, but in a smaller extension. 

 

 

Figure 7.11. Effect of macropinocytosis/phagocytosis inhibition on rhodamine 123 (R123)-loaded 

solid lipid nanoparticles (SLN) internalisation. Cells were pretreated with cytochalasin B (5 µg/mL) 

during 30 min and then treated with 50 µg/mL of R123-loaded SLN stabilised with polysorbate 60 

(R123-CP60, ■) and 80 (R123-CP80, ■). Subsequent analysis by flow cytometry showed a 

significant decrease in fluorescence only for A172 and U87 incubated with R123-CP80 (■) treated 

with cytochalasin B compared with 37 °C without inhibition (100% uptake).  

 

7.4. Discussion 

The key parameters of nanoparticles for efficient delivery are shape, size, surface charge 

and flexibility to enter and exit cell barrier. It has long been believed that the size of 

nanoparticles may play a paramount role in their inclusion within different endocytic 

vesicles that greatly vary in sizes. Furthermore, particles smaller than 200 nm has been 

reported as potentially more long-circulating whereas particles smaller than 30 nm are 

eliminated by renal excretion, and larger can be rapidly taken up by the MPS cells [28, 

29]. 

The mean diameter of the SLN produced (~135 to 165 nm) seems to be suitable for 

reaching cancer cells and to be taken up by these cells. Despite that a small size (<200 
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nm) may be beneficial for a rapid entry into cells, there is no size cut off limit up to at least 

5 μm to gain cellular entry of some materials through pinocytosis. The largest particles 

may be more likely to enter cells through macropinocytosis. The size of the particles may 

play a minor role in defining the entry pathway, than the chemical composition of the 

nanoparticles [13, 30]. 

Furthermore, tumour vasculature is immature, allowing nanoparticles leaking from the 

blood to accumulate in the interstitial space in tumour tissues, a phenomenon known as 

‘‘enhanced permeability and retention (EP ) effect’’ [31]. Experiments with animal models 

suggest that small (<200 nm), neutral or slightly negatively charged particles can move 

through tumour tissue [32]. 

With respect to the charge surface, unloaded and R123-loaded SLN had slightly negative 

charge. The incorporation of the positively charged R123 did not increase but slight 

decreased the zeta potential of the SLN, which is an indication that R123 is not on the 

surface of the SLN but mainly incorporated in the SLN lipid matrix. These negative zeta 

potential values are good indications also for brain tumour targeting [33]. Another 

advantage of using slightly negatively charged SLN is that particles are expected to be 

less toxic and more stable than positively charged nanoparticles [34]. Furthermore, 

Lockman et al. [33] revealed that neutral nanoparticles (−14.1 mV) and low concentrated 

anionic nanoparticles (−59.5 mV) did not affect the blood-brain barrier integrity, while 

cationic nanoparticles disrupted the blood-brain barrier. Additionally, brain uptake rates of 

anionic nanoparticles were found to be higher than neutral or cationic formulations when 

used at the same concentrations. The authors postulated that neutral and low 

concentrated anionic nanoparticles can be safely used as colloidal drug delivery systems 

for brain targeting. In the present paper, we report the production of unloaded and R123-

loaded SLN stabilised with polysorbate 60 or 80 with only slight negative charges, 

between -13 and -23 mV. Based on these facts, we suggest that the developed 

formulations with a slightly negative charge may not exert surface associated cytotoxicity 

and may increase the drug delivery of loaded drugs to the brain. 

There are several studies in which nanoparticles have been used to deliver drugs to the 

brain [3, 4, 6], but most of them have problems associated with toxicity, an invasive 

administration route or low ability to reach the target drugs. SLN could be a safe and easy 

drug delivery system to overtake common problems of brain delivery, due to the low acute 

and chronic toxicity associated to the lipid matrix, in addition to their ability to target drugs 

to the brain. Produced SLN are promising drug delivery systems that have potential for 

effective delivery of anticancer drugs to the brain to treat brain tumours, such as gliomas.  
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DSC studies were performed to investigate the physical state, the presence of 

polymorphic forms and the degree of crystallinity of the SLN.  

The thermograms of both formulations were quite alike due to the fact that both the 

melting and crystallisation properties of the SLN were mainly governed by the hard fat 

component than by the surfactant [35, 36]. 

According to the literature, the bulk cetyl palmitate exists in two different polymorphic or 

crystalline forms: α form (meta-stable) and β form (stable form) [37]. The decrease of the 

onset temperature and the melting peak of the SLN comparing to the bulk materials (4-7 

ºC) can be explained by the presence of a surfactant, the small diameters of the colloidal 

dispersion and their high surface area [38, 39]. The reduction in crystallinity is due to the 

partial formation of lower energy lipid forms (lower ordered lattice arrangement). In 

addition, surfactants distributed in the melted lipid phase can distort crystallisation, 

resulting in a lower melting enthalpy. 

Although crystalline lipids are used for the production of SLN dispersions, the lipid 

particles are not necessarily present in the solid state after processing [40]. Consequently, 

reassuring the physical state of the matrix lipid is of utmost relevance for the development 

of nanoparticles based on solid lipids. Cetyl palmitate-based SLN are characterised by the 

presence of characteristic thermal transitions in the DSC heating curve which allow 

describing their solid physical state. 

However, for both formulations, the melting temperature was much higher than 40 ºC 

which is sufficient to consider that the lipids are in the solid state at both room and body 

temperature. 

In vitro cytotoxicity studies (MTT) revealed that the cells exposed to the high SLN 

concentrations tested (50 µg/mL to 0.5 mg/mL) during the 24 h were not affected in the 

same way. In fact, SLN were more toxic to the glioma cells than to macrophages. These 

results revealed a higher biocompatibility of the SLN with the normal human macrophages 

cells than with human cancer cells (gliomas). This selective toxicity for cancer cells could 

be used combined with other anticancer drugs in the treatment of neoplastic diseases, 

such as brain tumours. Literature indicates however that at lower concentration, SLN are 

generally well tolerated for several cell lines [41-43].  

Complementary to the MTT cytotoxicity studies, the in vitro studies of flow cytometry 

revealed that the SLN and the excluded endocytosis conditions used were not toxic 

(viability higher than 90%) for all the cells during the time (2 h) of the internalisation in vitro 

experiments, which are required for a better analysis of the endocytosis pathway (data not 

shown). 



Solid lipid nanoparticles as intracellular drug transporters 

 

 
205 

 

In this work we studied the amount of internalisation of SLN stabilised with two different 

surfactants (polysorbate 60 and 80) and the different pathways that may be responsible 

for SLN uptake. 

Fluorescence microscopy and flow cytometry analysis showed a remarkable intracellular 

localisation of both formulations in all the 4 glioma cell lines and slightly less in the 

macrophages after 2 h of exposition to both R123-loaded SLN formulations (Figures 7.3 

and 7.6). 

Internalisation of SLN stabilised with polysorbate 60 or 80 were similar suggesting similar 

uptake of the SLN by all the cells. Furthermore, the internalisation of both formulations 

was higher (at least two times higher) for all the glioma cell lines than for macrophages. 

However, these differences were significant only for A172 and U87 cell lines. For the 

U251 and U373 there are no significant differences possibly due to the fact that these 

experiments are associated intrinsically with high SD which decreases the significant 

differences between groups. 

For any drug delivery system, understanding the initial mode of internalisation is the first 

step in achieving optimised drug delivery. For the 5 cell lines R123-CP60 and R123-CP80 

endocytosis was strongly inhibited in all cells by lowered temperatures. This is consistent 

with previous studies from literature [21, 22] indicating that cargo uptake is usually energy-

dependent. Subcellular internalisation of R123-loaded SLN predominantly takes place by 

energy dependent endocytosis. 

Internalisation of nanoparticles can occur by macropinocytosis, phagocytosis, clathrin-

mediated endocytosis, caveolae-mediated endocytosis, or clathrin- and caveolae-

independent pathways [13, 19, 20].  

Sucrose, a specific inhibitor of clathrin-dependent endocytosis, significantly affect SLN 

uptake. In contrast, filipin, a specific inhibitor of caveolae-dependent endocytosis, did not 

significantly reduce SLN uptake. Actually, for THP1 and A172 the internalisation was 

significantly increased. This fact could be explained due to an interference of filipin with 

the cholesterol present in the membranes and the presence of the polysorbates in the 

S   surface that may in addition increase cell membrane fluidity, leading to endocytosis 

activation [13, 21, 27]. 

 Clathrin-mediated endocytosis was significantly inhibited in all cell lines. These data 

suggest that for all cell lines the main mechanism of SLN internalisation is the 

endocytosis, and more specifically, endocytosis mediated by clathrin.  

Macropinocytosis pathway involves internalisation of relatively large particles (1–5 μm 

diameter), much larger than the SLN produced, with sizes lower than 200 nm. 

Phagocytosis is usually associated with specialised cells [44], however some epithelial 
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cells are also capable of it [45]. Nevertheless, we found that the 

phagocytosis/macropinocytosis of the 4 human glioma cell lines in vitro was negligible or 

reduced (A172 and U87). For the A172 and U87 cells appears that the endocytosis could 

occur by more than one pathway (clathrin-mediated endocytosis and macropinocytosis).   

These findings suggest that SLN are mainly internalised by the clathrin-mediated 

endocytosis pathway. 

 

7.5. Conclusion 

In conclusion, we have shown that SLN stabilised with two different surfactants 

(polysorbate 60 and 80) were capable of the transportation of the model drug (R123) into 

living cells and that the cellular-uptake mechanism is energy-dependent endocytosis.  The 

internalisation was higher in glioma than in the macrophage cell lines which could be 

favourable in case of brain tumours. 

The detailed endocytosis pathway for the developed SLN was mostly through clathrin-

coated pits rather than caveolae or lipid rafts or phagocytosis. Knowledge of the 

mechanism of entry is essential and will assist future developments of lipid nanoparticles 

for drug delivery applications. 

We first showed that intracellular transportation of R123 by SLN is indeed general, thus 

further confirming the transporter ability of these materials. We then evidenced that 

clathrin-dependent endocytosis is the pathway for the uptake of various SLN with R123. 

To conclude, we propose that SLN stabilised with polysorbate 60 and 80 are internalised 

by glioma cell lines by an energy dependent mechanism mediated mainly through a 

clathrin-dependent endocytic pathway. These findings further support the potential use of 

SLN to deliver drugs to the brain to treat brain tumours. 
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Abstract 

A simple, sensitive and specific high-performance liquid chromatography (HPLC) assay 

for the quantification of camptothecin (CPT), a potent anticancer candidate, incorporated 

into solid lipid nanoparticles (SLN) in several rat organs (brain, heart, kidneys, liver, lung, 

spleen) and serum was developed and validated. The sample pre-treatment involved 

organs homogenisation followed by CPT extraction. The samples were injected onto an 

analytical reversed-phase (RP) Mediterranea™ Sea18 column maintained at 30 °C. The 

chromatographic separation was achieved by gradient elution consisting of triethylamine 

buffer pH 5.5 and acetonitrile at a flow rate of 1.2 mL/min in 16 min of run time and 

retention time of 9.8 min (lactone). Fluorescence detection was used at the excitation and 

emission of 360 and 440 nm, respectively. The calibration curves in the different organs, 

serum and in PB3 were linear (R2 > 0.9999) over CPT concentrations ranging from 1 to 

200 ng/mL or 0.5 to 200 ng/mL (n = 6), respectively. The method was shown to be 

specific, accurate (between 94.4 ± 4.5% and 108.9 ± 0.6%) and precise at the intra-day 

and inter-day levels as reflected by the coefficient of variation (CV < 6.3%) at three 

different concentrations (10, 50 and 100 ng/mL) in all matrices. Stability studies showed 

that CPT was stable in all matrices after 24 h of incubation at room temperature (RT), 

after 24 h in the autosampler or after three freeze/thaw cycles. The mean recoveries of 

CPT in suspension, loaded into SLN and in a physical mixture with SLN at three 

concentrations of 10, 50 and 200 ng/mL were higher than 86.4%. The detection limit (DL) 

was ≤0.2 ng/mL and the quantification limit (QL) was ≤0.5 ng/mL. The method developed 

is reliable, precise and accurate and can be used in the determination of CPT amount in 
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rat organ samples after i.v. administration of CPT in suspension, in physical mixture with 

SLN and incorporated in SLN. 

 

Keywords: Solid lipid nanoparticles (SLN); Camptothecin (CPT); Anticancer; RP-HPLC; 

Fluorescence detector; In vivo. 

 

8.1. Introduction 

The natural alkaloid camptothecin (CPT) is a well-established topoisomerase I inhibitor 

against a broad spectrum of cancers [1, 2]. Additionally, pre-clinical and clinical studies 

have shown the efficiency of CPT in malignant gliomas therapy [3-8]. Although, despite 

the strong anticancer activity, its in vivo use is highly limited due to poor aqueous solubility 

and instability of the lactone ring, conditioning its bioavailability, and rising toxic effects to 

normal tissues. The intact lactone ring of CPT is a crucial structure for their anticancer 

activity [9, 10]. Unfortunately under physiological pH conditions (pH 7.4) the unstable CPT 

lactone ring readily opens to the carboxylate form, which is less cell-membrane 

permeable, possesses lower affinity for the target topoisomerase I, being therefore much 

less pharmacologically active (10-fold less) and simultaneously more toxic [2, 9]. The CPT 

lactone-carboxylate equilibrium is reversible and pH-dependent (Figure 8.1) with the 

lactone prevalence at acidic pH. At neutral and alkaline pH the carboxylate form is 

dominant. 

 

 

 

 

Figure 8.1. CPT pentacyclic structure with a dynamic pH dependent equilibrium between the 

lactone (closed ring, left) and carboxylate (open ring, right) form of the drug. 

 

To circumvent problems of rapid lactone hydrolysis and poor aqueous solubility, CPT is 

proposed to be incorporated into nanoparticles. One of the most promising 

nanoparticulate systems are solid lipid nanoparticles (SLN), submicron colloidal drug 

delivery systems with a mean size range usually between 100 and 400 nm [11], with a 

matrix composed of lipids being solid at room and body temperatures, dispersed in an 
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aqueous surfactant solution, which combines the advantages of traditional colloidal 

carriers such as liposomes, polymeric nanoparticles and emulsions, but avoid or minimize 

the physical instability drawbacks associated with them [11, 12]. The use of lipid and/or 

excipients of physiological or accepted status is an exceptional advantage once it 

decreases the risk of acute and chronic toxicity. Moreover, SLN are biodegradable and 

biocompatible, with low toxicity and easy to produce. These carriers have the suitability to 

incorporate both lipophilic and hydrophilic drugs within the lipid matrix in considerable 

amounts [11, 12]. 

Moreover, the encapsulation of CPT into SLN appears to be advantageous for the stability 

of CPT. Yang et al. [13] showed that SLN greatly increased the stability of CPT towards 

hydrolysis and adequate retention of the active lactone, being SLN considered as a 

promising carrier for controlled release and targeted delivery of CPT. Since injectable 

formulations are difficult to achieve with the CPT lactone form due to its low water 

solubility, the poor in vivo stability of the drug turns SLN an attractive system for CPT 

delivery, because lipophilic nanoparticles are expected to chemically stabilise and 

solubilise CPT so that it is present in the active hydrophobic form and in therapeutically 

appropriate concentrations [13-15]. 

In order to produce the preclinical pharmacokinetic data of CPT-loaded SLN, it is required 

to develop an analytical method for CPT in biological matrices that could allow the 

accurate and precise determination of the drug at therapeutic concentrations, for a wide 

range and number of biological samples. Some methods, based on HPLC with fluorescent 

detection, have already been described for the detection and quantification of CPT [16-20] 

and CPT analogues [21-27] in biological matrices, but those methods demonstrated 

relatively high limits of quantification, which may limit their application. Despite that, to the 

best of our knowledge, no study reported was so complete and analyse as many different 

biological matrices as are analysed in the present paper. Therefore, the main objective of 

the present work was to develop and validate a simple and sensitive HPLC method with a 

sufficiently low quantification limit to support pharmacokinetic and bioequivalence studies 

of CPT-loaded SLN. 

The method described in this paper is a simple, accurate HPLC method to quantify CPT in 

several organs with fluorescence detection, fully validated according to ICH guidelines 

[28]. Furthermore, it gives information about the stability of CPT both in the matrices and 

during sample processing (24 h at room temperature (RT), 24 h in the autosampler of the 

HPLC device, and three freeze–thaw cycles), which is a noticeable advantage for 

assessing a large number of samples for pharmacokinetic and bioequivalence studies in 

vivo. 
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8.2. Experimental 

8.2.1. Chemical and reagents 

The wax cetyl palmitate (CP) was a gift from Gattefossé SA, (France). The surfactant 

polysorbate 80 (P80) was provided by Merck KgaA (Germany). (S)-(+)-Camptothecin 

(CPT) (with a purity of ∼95%) was provided by Sigma–Aldrich (Portugal). All organic 

solvents were of HPLC grade. Acetic acid was obtained from Pronalab (José M. Vaz 

Pereira Lda, Portugal). Acetonitrile was procured from Panreac Químicas S.A.U. (Spain). 

Dimethylsulfoxide (DMSO) and di-sodium hydrogen phosphate anhydrous were obtained 

from Merck KgaA (Germany). Ortho-phosphoric acid 85% (w/w) was provided by Panreac 

Químicas S.A.U. (Spain). Triethylamine (TEA) was obtained from VWR International 

S.A.S. (France). Purified water was of MilliQ®-quality prepared in our laboratory. 

 

8.2.2. Solid lipid nanoparticles production 

Formulations containing the lipid CP and the surfactant P80 were prepared at 

concentrations of 5% (w/w) of lipid and 2% (w/w) of surfactant by the high shear 

homogenisation and ultrasonication (US) techniques. Briefly, the lipid and surfactant 

mixture was melted at approximately 5–10 °C above the melting point of the lipid (CP 

melting point around 57 °C). MilliQ water was heated to approximately the same 

temperature and transferred to the surfactant lipid mixture. A pre-emulsion consisting of 

lipid and surfactant in water was prepared with an ultra-turrax T25 (IKA-Labortechnik, 

Germany) at 8000 rpm during 30 s, and an US probe at 70% amplitude for 2.5 min 

(VibraCell model VCX 130 equipped with a 6 mm probe, Sonics & Materials, Inc., 

Newtown, CT, USA). CPT-loaded SLN was prepared by adding the drug (0.1% w/w) to 

the molten lipid prior to particle preparation. 

 

8.2.3. Physicochemical characterisation of solid lipid nanoparticles 

Particle size and distribution (polydispersity index, PI) was determined by dynamic light 

scattering (DLS), using a Zetasizer Nano ZS laser scattering device (Malvern Instruments 

Ltd., Malvern, UK). The samples were diluted with water with a conductivity adjusted to 50 

μS/cm, by dropwise addition of 0.9% (w/v) NaCl solution, and analysed. The Zetasizer 

Nano Series V6.20 software was used to correlate the intensity of scattered light (at a 

backscattering angle of 173°) with the hydrodynamic radius of the spherical particle. 

Several dilutions of the sample were tested at 25 °C to obtain dispersed and isolated 

nanoparticles in the solvent. For each sample, the mean of at least three determinations 

(± standard deviation) was calculated applying multimodal analysis. 
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(8.1) 

The electrophoretic mobility (zeta potential (ZP)) of the nanoparticles and ultimately their 

surface charge was measured by combining laser Doppler velocimetry and phase 

analysis light scattering (PALS) using a Zetasizer Nano ZS (Malvern, Worcestershire, 

UK). The samples, diluted in water with conductivity adjusted to 50 μS/cm by dropwise 

addition of 0.9% (w/v) NaCl solution, were placed in polystyrene cuvettes with platinum 

electrodes and then an electric field was applied across the dispersion of the 

nanoparticles. Surface charged particles within the dispersion migrated towards the 

electrode of opposite charge and the velocity of particles migration was converted in ZP 

values by using the Smoluchowski's equation. The ZP results reported are the mean of at 

least three determinations (± standard deviation). 

CPT association efficiency (AE) was determined by HPLC upon separation of CPT-loaded 

SLN from free CPT by centrifugation (Centrifuge 5804 with rotor A-4-44, Eppendorf, 

Spain) using centrifugal filter units (Amicon Ultra, ultracel 50 K, Milipore, Carrigtwohill, Co. 

Cork, Ireland). Prior to centrifugation (1500 × g, 20 min), SLN were diluted 200 times in 

MilliQ water. Following centrifugation, the supernatant was collected, further diluted 10 

times in PB3 and analysed by HPLC as described below. CPT concentration in SLN was 

detected indirectly by HPLC according to Eq. (8.1): 

 

     
Total amount of CPT    ree CPT in supernatant

Total amount of CPT
 100 

 

8.2.4. Analytical procedure 

8.2.4.1. Instruments and analysis conditions 

A Shimadzu UFLC Prominence System (USA) equipped with two Pumps LC-20AD, an 

autosampler SIL-20AC, a column oven CTO-20AC, a degasser DGU-20A5, a System 

Controller CBM-20A and a LC Solution, Version 1.24 SP1 (Shimadzu) was used in all 

chromatographic analysis. The Shimadzu RF-10Axl fluorescence detector (FD) coupled to 

the LC System was used for peak area detection. The chromatographic analysis was 

performed at 30 °C on an analytical reversed-phase (RP) Mediterranea™ Sea18 column 

(150 mm   4.0 mm, 5 μm, Teknokroma, Spain) protected with a precolumn Ultraguard™ 

(Guard column Sea18, 10 mm × 3.2 mm, Teknokroma, Spain). 

The optimised method used a binary gradient mobile phase with 1% (v/v) triethylamine 

buffer at pH 5.5 (pH adjusted with acetic acid) as mobile phase A and acetonitrile as 

mobile phase B.   flow rate of 1.2 mL/min was used with a 10 μL injection volume. The 

program started with a gradient of 75%A and 25%B and after 1 min the gradient changed 

continuously until the minute seven were it reaches the gradient of 40%A and 60%B 
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which was maintained until minute nine. Afterwards, the gradient was changed again to 

75%A and 25%B and remained constant until minute sixteen. 

The eluted peaks were monitored at excitation and emission wavelengths of 360 and 440 

nm, respectively. 

 

8.2.4.2. Preparation of stock and standard solutions 

Stock solutions of CPT were prepared daily in DMSO at concentration of 1 mg/mL and 

further diluted in 9 mM phosphate buffer, pH 10.5 (PB10.5) and pH3 (PB3) to a 

concentration of 10 μg/mL. Standard solutions were prepared by dilution in PB3 (lactone 

CPT-standards) or PB10.5 (carboxylate CPT-standard) to a final CPT concentration 

between 0.5 and 200 ng/mL. 

The QC samples at three different levels (low, middle and high) were prepared as a single 

batch at each concentration (10, 50 and 100 ng/mL) in PB3. 

 

8.2.4.3. Preparation of biological matrices sample 

Firstly, a mixture of PB 3 and 0.15 M phosphoric acid (1:1, v/v) was added to each organ 

at the same amount (1:1, w/w), and homogenised using an ultra-turrax. Secondly, 200 μL 

of phosphoric acid (0.15 M) and 800 μL of acetonitrile were added to 0.2 g of the 

homogenate. This mixture was vigorously vortexed for 1 min, followed by centrifugation at 

3000 rpm for 15 min to isolate the supernatant. The filtered supernatant (150 μL) was 

mixed with 150 μL of PB3 standard solution to a final CPT concentration between 1 and 

200 ng/mL. The resultant sample (300 μL) was analysed for CPT content by HPLC. 

The QC samples at three different levels (low, middle and high) were prepared as a single 

batch at each concentration (10, 50 and 100 ng/mL) by adding 150 μL of the appropriate 

standard solution in PB3 in 150 μL of the appropriated biological matrix. 

 

8.2.5. Method validation 

The chromatographic method was validated for specificity, linearity, accuracy, precision, 

range and robustness according to ICH guideline [28]. 

 

8.2.5.1. Selectivity 

Selectivity of the method was determined by analysing six different samples of blank PB, 

serum, brain, blood, heart, kidneys, liver, lungs or spleen obtained from healthy rats. 
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(8.2) 

 

(8.3) 

 

8.2.5.2. Linearity and range 

To evaluate linearity, calibration curves were prepared and analysed in triplicate on three 

consecutive days. Linearity was determined by calculation of a regression linear line from 

the peak area vs concentration plot for eight standard solutions in PB3 (0.5, 1, 2.5, 10, 25, 

50, 100 and 200 ng/mL) or six standard solutions spiked in biological matrices (1, 2.5, 10, 

50, 100 and 200 ng/mL) using linear least squares methodology, and by analysis of the 

respective response factors (i.e., peak area divided by concentration of each standard 

sample). 

 

8.2.5.3. Accuracy and precision 

The accuracy and precision were also determined by replicate analyses (n = 6) of QC 

samples at three concentration levels (10, 50 and 100 ng/mL) followed by their 

comparison with the calibration curves prepared on the same day and on different days to 

assess intra-day and inter-day variation, respectively. The accuracy was expressed by 

(mean observed concentration)/(spiked concentration) × 100 (%) and the precision by the 

coefficient of variation (CV = (standard deviation/mean) × 100%). The concentration of 

each sample was determined using the calibration curve and analysed on the same day. 

 

8.2.5.4. Detection limit and quantification limit 

Detection limit (DL) and quantification limit (QL), for each matrix, were calculated 

according to Eqs. (8.2) and (8.3), respectively: 

 

 L 
3.3  

S
 

QL 
10  

S
 

 

where     the standard deviation of the response, S   the slope of the calibration curve. 

 

8.2.5.5. Robustness 

8.2.5.5.1. Stability 

The short-term stability was assessed by maintaining the QC samples at RT for 24 h. 

Freeze–thaw stability of the samples was obtained over three freeze–thaw cycles, by 

thawing at RT for 2 h and refreezing for 24 h. Autosampler stability of CPT was tested by 

analysis of QC samples, which were stored in the autosampler tray of the HPLC 

instrument for 24 h. For each concentration and each storage condition, six replicates 
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were analysed in one analytical batch. The concentration of CPT after each storage 

period was compared to the initial concentration determined for the samples that were 

freshly prepared and processed immediately. 

 

8.2.5.5.2. Extraction recovery 

The absolute extraction recoveries of CPT from biological matrices at three QC levels 

were determined by assaying the samples as described in Section 2.4.3 and comparing 

the peak areas of the CPT with those obtained from direct injection of the analyte spiked 

in the same amount in the supernatant of the processed blank matrices. 

 

8.2.6. Application of the method to pharmacokinetic studies 

Healthy male Wistar rats (250–300 g) used for pharmacokinetic studies were obtained 

from Charles River (Spain). Animal handling and procedures used were according to 

standard operating procedure approved in the ETS 123-European Convention for the 

Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes, 

and approved by Direcção Geral de Veterinária (DGV, Portugal). The different 

formulations (CPT in suspension, CPT-loaded SLN and physical mixture of CPT and 

unloaded SLN) were administered intravenous via the lateral tail vein (0.5 mg/kg). The 

animals were sacrificed 1 h after CPT injection with lethal dose of anaesthesia. The total 

blood was removed by exsanguination and the organs were collected and preserved in ice 

during all the procedure. 

The concentration of CPT in the biological matrices (serum, brain, heart, kidneys, liver, 

lungs and spleen) was determined by processing the samples as described and further 

analysing the CPT content by the developed and validated HPLC method. Groups of 6 

healthy male Wistar rats were chosen for the pharmacokinetic study for each formulation. 

Three formulations (CPT in suspension, CPT-loaded SLN and physical mixture of CPT 

and unloaded SLN) were prepared immediately before the experiment and injected in the 

lateral tail vein at a final concentration of 0.5 mg/kg of rat (∼125–150 μL). CPT-loaded 

SLN were prepared as described above, the physical mixture of CPT and empty SLN 

were prepared by adding the CPT to unloaded SLN (1 mg/g) followed by 20 min of 

sonication in a sonicating water bath (Bandelin SONOREX RK100H, Bandelin Electronic 

GmbH & Co. KG, Germany). CPT suspension was prepared according a procedure 

developed by Fox et al. [29] to assure the redispersibility and distribution of CPT. Previous 

to the CPT suspension, 3.6 g of P80, 32.4 g of purified water and 4 g of NaCl solution 

(0.9%, w/v) were mixed and CPT was suspended in the previous solution (1 mg/g) and 

sonicated for 20 min in a sonicating water bath. 
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8.2.7. Statistical analysis 

For the SLN physicochemical characterisation results are shown as the mean ± standard 

deviation (SD) of at least 3 different batches of the same formulation. The t-test and the 

one-way analysis of variance (ANOVA) were performed to compare two or multiple 

groups, respectively. If the group by each time interaction was significantly different (P < 

0.05), differences between groups were compared within a post hoc test (Tukey HSD). To 

describe statistical differences between results obtained with CPT in suspension (control) 

and CPT incorporated into SLN or in physical mixture with SLN the Dunnett test was 

used. All statistical analyses were performed with the software PASW Statistic 18 (SPSS 

Inc., Chicago, USA). 

 

8.3. Results and discussion 

8.3.1. Physicochemical characterisation of solid lipid nanoparticles 

Unloaded SLN and CPT-loaded SLN were produced and characterised in terms of mean 

diameter, PI and ZP on the day of production. Unloaded and CPT-loaded SLN had similar 

mean sizes of 148.70 ± 7.92 nm and 159.71 ± 3.0 nm, respectively, and PI values of 

0.208 ± 0.040 and 0.156 ± 0.013, respectively. The ZP values, slightly negative for all the 

formulations, were −18.77 ± 2.4 mV (unloaded) and −24.02 ± 2.86 mV (CPT-loaded SLN). 

CPT was incorporated with a higher AE of 96.5%. 

According to the literature [30], the mean diameter of SLN seems to be suitable for 

reaching cancer cells, to be taken up and to release drug inside cells. In relation to the 

charge surface, unloaded and CPT-loaded SLN had slightly negative charge, and these 

values of ZP are good indications also for brain tumour targeting [30, 31]. Another 

advantage of using negatively charged SLN is that they are expected to be less toxic and 

more stable compared to positively charged nanoparticles [32]. Based on these facts, we 

propose that the currently developed formulations with a slightly negative charge may not 

exert surface associated cytotoxicity and increase the drug delivery of incorporated drugs 

to the brain. 

 

8.3.2. Chromatography 

The validation of the analytical HPLC method was carried out calculating selectivity, 

linearity, intra-day and inter-day precision and accuracy, extraction recovery and stability. 

These are mandatory parameters proposed by the Authorities and desired by 

Pharmaceutical Industry in order to obtain better and more safety medicines. 
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Selectivity is the capability of an analytical method to distinguish and quantify the analyte 

in the presence of other inherent components in the samples [33]. For selectivity, 

analyses of blank samples (6 replicates) of all the matrices were performed. 

Figure 8.2 represents chromatograms of blank matrices samples and CPT in PB3 (10 

ng/mL). It was established that the detection of the analyte was not interfered, in 

chromatographic separation, by endogenous compounds present in the serum or organs 

samples since no peaks at the CPT retention time were detected (Figure 8.2), being any 

potential interfering compound washed from the column together with the solvent. 

 

 

 

Figure 8.2. Chromatograms of blank brain (A), heart (B), kidneys (C), liver (D), lungs (E), spleen 

(F), serum (G) and CPT in PB3 (10 ng/mL) (H). 

 

To evaluate linearity, calibration curves were constructed by plotting the peak area of 

each analyte against the concentration of the analyte. Data were fitted to least squares 

linear regression. In a binary gradient mobile phase with 1% TEA in water and acetonitrile, 

the assay demonstrated good linearity in the tested range for CPT, in all the matrices (R2 

> 0.999). Under the present chromatographic conditions, the run time for each sample 

was 16 min. The retention times were 3.0 and 9.8 min for CPT, carboxylate and lactone 

form, respectively, as demonstrated by the analyses of CPT solutions at different pH (data 

not shown). No CPT carboxylate peaks were detected in the organs due to the low pH 

(pH∼3) of the samples after pre-treatment that transforms any CPT carboxylate form in 

the lactone form (acid-lactone inter-conversion) (Figure 8.3). Thus, in this work, no 

calibration curve was presented for the carboxylate CPT form. 
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Figure 8.3. Chromatogram of CPT in PB3 (10 (A), 50 (B) and 100 (C) ng/mL). 

 

Regression analysis of calibration curves for PB3, serum, brain, heart, kidneys, liver, lung, 

and spleen, over the specified concentration rate, are depicted in Table 8.1. Calibration 

curve (n = 6) for CPT in PB3 was linear and reproducible over the concentrations 

examined (0.5–200 ng/mL). Regression coefficient (R2) was greater than 0.999. The 

suitable range for CPT analyses from 0.5 to 200 ng/mL was also demonstrated by the 

response factors versus concentration (Figure 8.4), since the linear curve slope of 

approximately zero (slope = 0.1132) indicate that a linear response is obtained over the 

specified concentration range. The calculated DL of CPT was 0.2 ng/mL and the QL was 

0.5 ng/mL. The QL value found revealed a precision expressed by % CV equal to 7.3% 

and accuracy of 99.9%. According to FDA guidelines the QL found had an acceptable 

precision (i.e., CV < 20%) and accuracy (i.e., accuracy 100 ± 20%) [33]. 

 

Table 8.1. Regression analysis of calibration curves, detection limit (DL) and quantification 

limit (QL) for CPT in PB3, serum, brain, heart, kidneys, liver, lungs, spleen, over the 

specified concentration rate 

Matrix Range 
(ng/mL) 

Slope Intercept Correlation 
coefficient (r) 

DL 

(ng/mL) 

QL 

(ng/mL) 

PB3 0.5 – 200 44469 1008 0.9999 0.17 0.50 

Serum 1– 200 46767 -44574 0.9999 0.12 0.37 

Brain 1-200 44276 -25805 0.9999 0.06 0.17 

Heart 1-200 47652 75468 0.9999 0.18 0.54 

Kidneys 1-200 48389  -47525 0.9999 0.04 0.12 

Liver 1-200 51417  -87933 0.9999 0.03 0.10 

Lungs 1-200 51319 -41806 0.9999 0.05 0.17 

Spleen 1-200 44333 -57379 0.9999 0.11 0.32 
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Figure 8.4. Linearity studies for the proposed HPLC method. Response factors versus CPT 

standard solutions concentration. 

 

Calibration curves for CPT in biological matrices (serum, brain, heart, kidneys, liver, lung, 

and spleen) were also linear for the range tested (1–200 ng/mL) with a regression 

coefficient (R2) higher than 0.999 (Table 8.1). The DL and QL limits of the biological 

matrices were ≤0.18 and ≤0.54, respectively (Table 8.1). Despite the low calculated QL for 

some biological matrices, these values will probably be associated with a low precision 

and accuracy. For the purpose of this work we only considerate as measurable CPT 

concentrations values, in biological matrices, higher than 1 ng/mL, since they have 

acceptable precision (CV between 4.7% and 7.5%) and accuracy (accuracy between 

95.3% and 104.3%) values. 

Accuracy and precision (inter- and intra-day) were also estimated. The accuracy of an 

analytical method depicts the closeness of the mean results achieved by the method to 

the nominal concentration of the analyte [33]. The precision of an analytical method 

represents the closeness of individual measures of an analyte when the procedure is used 

repetitively to multiple aliquots of a single homogenous volume of matrix [33]. 

The intra-day precision and accuracy were calculated by analysing the QC of all matrices 

at concentrations of 10, 50 and 100 ng/mL. The intra-day precision was ≤2.7% and 

accuracy ranged between 94.4 and 102.2% (Table 8.2). 
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Table 8.2. Accuracy and precision for the analysis of CPT in PB3, serum, brain, heart, 

kidneys, liver, lungs, spleen (n = 6) 

a
 Selected concentrations represent the low and high quality control concentrations. Intra-day and inter-day 

accuracy and precision was determined with replicates (n = 6) for each concentration. CV (coefficient of 

variation) = (SD/mean) × 100. 

 

The inter-day precision and accuracy were calculated by analysing the QC of all matrices 

at concentrations of 10, 50 and 100 ng/mL. The intra-day precision was ≤ 6.3 and 

accuracy ranged between 99.4 and 108.9% (Table 8.2). 

Both intra- and inter-day precision and accuracy found have an acceptable precision and 

accuracy, since according to FDA guidelines the precision and accuracy found for each 

concentration level should not exceed 15% of the CV and accuracy range should be 

between 85 and 115% [33]. 

In order to evaluate the robustness of the developed method, it was performed stability 

and recovery assays. The stability of CPT at laboratory temperature was assessed 

analysing fresh samples and analysing the same samples after 24 h at RT. CPT shown 

stability in all matrices after this period as can be seen from Table 8.3. 

The autosampler stability was assessed analysing fresh samples and analysing the same 

samples 24 h after the first injection. CPT was stable in the autosampler for at least 24 h 

(Table 8.3.) 

The freeze–thaw stability of CPT was over three freeze–thaw cycles, as can be seen in 

Table 8.3, and all the matrices show stability after this period. 

 

Matrix 

Nominal 
concentration

a
 

(ng/mL) 

Intra-day  Inter-day 

Measured concentration  Measured concentration 

Mean 
(ng/mL) 

Accuracy 
(%) 

CV 
(%) 

 Mean 
(ng/mL) 

Accuracy 
(%) 

CV 
(%) 

PB3 
10 10.1 100.9 1.4  10.1 100.7 1.3 
50 51.2 102.5 0.1  51.0 102.1 0.1 
100 101.7 101.7 0.6  101.3 101.3 0.6 

Serum 
10 9.4 94.4 4.8  10.7 107.4 1.0 
100 101.6 101.6 2.0  107.1 107.1 1.1 

Brain 
10 10.7 106.6 1.9  10.1 100.7 1.8 
100 99.2 99.2 1.4  99.4 99.4 1.4 

Heart 
10 9.8 98.2 1.2  10.2 102.5 1.1 
100 100.8 100.8 0.8  100.4 100.4 1.7 

Kidneys 
10 10.0 100.0 1.5  10.0 99.8 0.5 
100 100.4 100.4 2.2  100.3 100.3 1.5 

Liver 
10 10.3 102.5 2.2  10.2 102.0 4.2 
100 102.2 102.2 4.1  101.8 101.8 6.3 

Lungs 
10 9.7 97.3 2.4  10.8 107.9 2.6 
100 100.8 100.8 1.8  100.9 100.9 5.4 

Spleen 
10 9.7 96.7 1.2  10.8 108.9 1.0 
100 101.1 101.1 2.7  100.1 100.1 4.3 
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Table 8.3. Stability of CPT at different experimental conditions in PB3, serum, brain, heart, 

kidneys, liver, lungs and spleen (n = 6) 

Experimental condition 
 

24 h at RT 
 24 h in the 

autosampler 
 3 freeze-thaw 

cycles 

Matrix 
Nominal 
concentration

a
 

(ng/mL) 

       

 Mean 
(ng/mL) 

CV 
(%) 

 Mean 
(ng/mL) 

CV 
(%) 

 Mean 
(ng/mL) 

CV 
(%) 

PB3 
10  11.1 2.7  9.5 2.3  11.4 4.4 
100  104.6 8.7  98.7 0.2  101.3 1.1 

Serum 
10  10.3 2.4  9.1 1.5  10.9 0.1 
100  103.6 3.6  96.4 0.8  105.6 0.5 

Brain 
10  10.2 0.5  10.5 1.8  10.3 1.6 
100  103.3 4.3  96.4 0.2  101.5 1.5 

Heart 
10  11.1 2.8  9.3 1.6  10.5 1.2 
100  105.0 2.8  96.7 0.3  97.9 0.7 

Kidneys 
10  11.3 2.1  9.2 1.7  10.0 5.2 
100  102.5 3.2  93.8 2.8  97.9 1.3 

Liver 
10  9.9 0.6  9.3 0.7  11.2 9.3 
100  90.1 1.0  89.4 0.6  93.3 5.6 

Lungs 
10  10.9 0.6  9.4 0.7  9.7 1.6 
100  100.4 4.0  96.4 0.2  91.2 0.5 

Spleen 
10  10.9 2.3  10.3 1.5  10.1 0.8 
100  97.6 0.1  105.1 1.1  99.4 0.1 

a
 Selected concentrations represent the low and high quality control concentrations. Stability of CPT at 

different experimental conditions was determined with replicates (n = 6) for each concentration.  

CV (coefficient of variation)   (S /mean)   100. 

 

The recoveries of CPT from biological matrices were estimated comparing the peak areas 

obtained with those obtained from the injections of biological samples spiked with known 

concentrations of the analyte. For CPT recoveries values ranged from 86.4 and 99.9% 

and CV values between 0.3 and 9.5% were obtained (Table 8.4). These values are in 

good agreement with a high degree of extraction of drugs from organs, which could be a 

limiting step for the correct pharmacokinetics profile. And for this validation, the use of an 

internal standard was considered since the linearity of the calibration curves in all the 

matrices was highly acceptable (R2 > 0.999) and the intra-day and inter-day precision and 

recoveries of the assay in measuring control samples without internal standards was 

adequate. This is also in agreement with similar HPLC methods [24]. 

 

 

 

 

 

 

 

Measured concentration 
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Table 8.4. Extraction efficiency of CPT from rat organs at different concentration levels (n = 

6) 

 CPT solution  CPT-loaded SLN  SLN + CPT 

T.C. E.E. (%) CV (%)  E.E. (%) CV (%)  E.E. (%) CV (%) 

Serum 10 97.9  2.3  86.8 4.9  91.6 9.5 
50 97.3 3.7  86.7 0.3  86.7 0.3 
100 94.2 1.1  90.3 1.8  99.1 0.8 

Brain 10 94.8  4.2  94.5 1.3  96.0 6.1 
50 98.3  4.5  93.2 0.5  99.9 7.6 
100 94.7 3.3  96.3 0.2  90.9 3.2 

Heart 10 94.2  3.9  97.1 2.6  98.0 1.4 
50 95.2 0.5  98.6 0.2  90.3 5.7 
100 96.7 4.9  86.4 0.5  93.9 1.1 

Liver 10 87.0  1.6  93.6 0.8  89.5 2.9 
50 95.3 3.1  96.5 3.0  94.8 3.9 
100 95.2  5.6  92.5 2.2  95.4 4.0 

Lungs 10 88.7 1.8  89.7 0.9  96.1 0.2 
50 89.1 1.9  92.2 2.0  99.7 1.8 
100 95.4 1.1  96.5 1.9  95.3 0.6 

Kidneys 10 95.6 1.4  87.2 1.3  95.5 1.1 
50 98.3 1.1  90.2 1.6  96.3 4.6 
100 93.8  4.4  97.7 1.4  96.7 2.5 

Spleen 10 97.7  4.9  90.8 2.7  91.6 2.4 
50 97.1 1.0  97.0 2.1  94.8 4.1 
100 96.6 1.7  91.3 0.3  91.4 0.4 

 

The comparison between the developed method and similar methods for CPT 

quantification in biological matrices is depicted in Table 8.5. The proposed method is 

suitable for measuring CPT in 7 different biological matrices, when generally the other 

methods are suitable only for quantify CPT in one or two biological matrices. Additionally, 

the present method revealed generally lower DL and QL values, higher recoveries and 

appropriate stability of the samples, which are, undoubtedly, clear advantages for perform 

pharmacokinetic studies. 
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Table 8.5. Parameters comparison between the proposed method and other methods for the 

detection of camptothecin 

 

 

8.3.3. Application of the method to pharmacokinetic studies 

The proposed method was used to assess the rat body distribution of CPT after i.v. 

administration. Results from pharmacokinetic studies are depicted in Table 8.6. A 

complete pharmacokinetic study of the CPT using different formulations of CPT-loaded 

SLN during 24 h was also performed after the method validation, giving a more precise 

outlook of the potentiality of SLN carriers of drugs for brain target (unpublished data). CPT 

distribution 1 h after CPT administration revealed that the concentration in some organs 

clearly increased when CPT was incorporated into SLN, mainly in the brain, where the 

CPT accumulation was greatly increased. CPT accumulation was increased in brain (6.3 

times, P < 0.05), kidneys (2.5 times, P < 0.05), liver (1.4 times), lungs (2.4 times, P < 

0.05), spleen (2.0 times, P < 0.05) and serum (2.8, P < 0.05). This increase is probably 

due to a higher delivery of the drug (e.g. brain) and/or to a lower elimination rate from the 

rat body. In agreement with the increment of CPT levels it was also verified that the total 

CPT concentration measured in all the organs were 2.9, 5.9 and 5.3 μg/g for CPT in 

suspension, CPT-loaded SLN and physical mixture of CPT in SLN, respectively. On the 

other hand, CPT concentration decreased in the heart (0.7 times, P < 0.05) in comparison 

with CPT in suspension, which may be a consequence of the low affinity of the SLN 

containing CPT to the heart and to the deposition of SLN containing the drug in other 

Biological 
Matrices 

Time of 
run (min) 

Equilibrium 
time (min) 

DL 
(ng/mL) 

QL 
(ng/mL) 

Stability 
Recovery 
(%) 

Ref. 

Serum 
Brain 
Heart 
Kidneys 
Liver 
Lungs 
Spleen 

16 - 

0.12 
0.06 
0.18 
0.04 
0.03 
0.05 
0.11 

0.37 
0.17 
0.54 
0.12 
0.10 
0.17 
0.32 

 
24 h 
autosampler 
24 h RT 
3freeze/thaw 
cycles 

>86 
>90 
>90 
>87 
>88 
>87 
>90 

 This 
work 

Plasma 
Urine 

>12 n.a. 0.5 
1 
10 

n.a. 
>62 
>55 

[20] 

Plasma 18 3-5 n.a. 5 

Month storage -
80 ºC 
4 h RT 
3freeze/thaw 
cycles 

>76 
 

[16] 

Plasma 7.5 n.a. n.a. 5.74 nM 

24 h at -70 ºC, 4 
ºC or 37 ºC 
1 month stored 
at -70 ºC 

>80 [17] 

Plasma >16 n.a 0.2 n.a 
1 month at -30 
ºC 

>78 [18] 
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organs, thus less CPT in heart. The lower affinity of SLN to the heart may also be 

beneficial to reduce cardiotoxicity of some drugs, such as doxorubicin [34, 35]. 

 

Table 8.6. Concentration of CPT (ng/g organ) in rat 1 h after i.v. administration of CPT 

suspension, CPT-loaded SLN and physical mixture of CPT and unloaded SLN (n = 6) 

Organ CPT suspension  CPT-loaded SLN  CPT + SLN 

Mean SD  Mean SD  Mean SD 

Serum 32.4 7.7  89.5* 18.8  54.4 10.7 

Brain 38.8 7.5  242.6* 69  61.3 8.8 

Heart 75.2 6.5  50.9 11.9  102.6* 7.2 

Kidneys 44.8 9.9  114.0 23.3  170.6* 39.4 

Liver 873.8 265.7  1229.2 309.7  1774.5* 444.5 

Lungs 1378.8 463.7  3248.0* 817.9  1575.9 485.8 

Spleen 468.2 126.1  949.4 226.1  1529.9* 309.6 

* Significantly different (P < 0.05) from the results obtained with CPT in suspension formulation. 

 

Furthermore, CPT accumulation was higher, when incorporated in SLN than when in 

physical mixture with SLN, in brain (4.0 times, P < 0.05), in the lungs (2.1 times, P < 0.05) 

and in the serum (1.6 times, P < 0.05). This increase demonstrate the ability of SLN to 

modulate and target the rational pharmacokinetics of CPT. On the other hand, CPT 

concentration decreased in the heart (0.5 times, P < 0.05), in the kidneys (0.7 times, P < 

0.05), in the liver (0.7 times, P < 0.05), in the spleen (0.6, P < 0.05) in comparison with 

CPT in physical mixture with SLN which may be a consequence of the targeting of SLN 

containing the drug incorporated to the brain and lungs with the decreasing accumulation 

in other organs. 

CPT-loaded SLN seems to be more suitable to target CPT to brain and lungs than CPT in 

suspension or CPT in physical mixture with SLN. SLN containing the drug revealed a 

higher systemic concentration after 1 h than the other two formulations, meaning that the 

drug is able to circulate at higher concentration and during longer time through the body. It 

is well know that the tumour vasculature is immature, allowing nanoparticles leaking from 

the blood to accumulate in the interstitial space in tumour tissues due to the “enhanced 

permeability and retention ( PR) effect” [36]. Consequently, the increase of circulation of 

CPT incorporated into SLN is an enormous advantage since increased systemic exposure 

results generally in increased tumour exposure to the drug, and can result in high 

accumulation in the tumour. 
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8.4. Conclusion 

A simple, sensitive, accurate and precise HPLC method was developed and fully validated 

according to the ICH guidelines for analytical procedures validation. This method was 

convenient for the quantification of CPT in rat organ samples and was successfully 

applied to the determination of biodistribution of CPT in rat. This method, based in a 

chromatographic separation and fluorescent detection, could be very useful for clinical 

pharmacokinetic studies in other animals and humans. 
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Abstract 

This study intended to investigate the ability of solid lipid nanoparticles (SLN) to cross the 

blood–brain barrier and to deliver the encapsulated cytotoxic drug camptothecin into the 

central nervous system (CNS). For that purpose camptothecin-loaded SLN with mean size 

below 200 nm, low polydispersity index (< 0.25), negative surface charge (~-20 mV) and 

high camptothecin association efficiency (>94%) were produced. Synchrotron small and 

wide angle X-ray scattering (SAXS/WAXS) analysis indicate that SLN maintain their 

physical stability in contact with DMPC membrane whereas SLN change the lamellar 

structure of DMPC into a cubic phase which is associated with efficient release of the 

incorporated drugs. Cytotoxicity studies against glioma and macrophage human cell lines 

revealed that camptothecin-loaded SLN induced cell death with the lowest maximal 

inhibitory concentration (IC50) values, revealing higher antitumour activity of camptothecin-

loaded SLN against gliomas. Furthermore, in vivo biodistribution studies of intravenous 

camptothecin-loaded SLN performed in rats proved the positive role of SLN on the brain 

targeting since significant higher brain accumulation of camptothecin were observed, 

compared to non-encapsulated drug. Pharmacokinetic studies further demonstrated lower 

deposition of camptothecin in peripheral organs, when encapsulated into SLN, with 

consequent decrease of potential side toxicological effects. These results confirmed the 

potential of camptothecin-loaded SLN for antitumour brain treatments. 

 

Keywords: Anticancer drug; Biodistribution; Brain targeting; Camptothecin; Polysorbates; 

Solid lipid nanoparticles (SLN). 
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9.1. Introduction 

Glioblastoma (WHO grade IV) is the most common and malignant primary brain tumour 

with an overall survival of patients extremely poor [1]. Glioblastoma is highly resistant to 

treatment, despite the aggressive multimodality therapy applied, composed by surgery 

(total surgical resection or partial resection), radiotherapy and chemotherapy. Despite the 

hundreds of clinical trials that have been performed in the last 40 years, only modest 

therapeutic success has been achieved [1, 2]. In specially, glioblastoma has developed 

chemotherapeutic resistance mainly due to: i) extremely poor drug delivery because of 

partial preservation of the blood-brain barrier and increased tumour interstitial pressure; ii) 

the invasive nature of the glioblastoma cells, leading to the presence of malignant cells 

behind a completely integral blood-brain barrier; iii) genome instability created by point 

mutations; iv) the presence of resistance mechanisms distinct from the majority of the 

tumour cells; and vi) the presence of high amounts of DNA repair machinery that prevents 

effectiveness of chemotherapy and radiotherapy [1] . 

The blood-brain barrier is a tight endothelial barrier which acts as a natural firewall on the 

protection of the central nervous system (CNS) against toxins, bacteria, viruses and 

chemical compounds. Consequently, more than 98% of potentially active drugs for the 

treatment of brain diseases failed in vivo because they are not able to passively cross the 

blood-brain barrier in therapeutic concentrations [3]. Brain tumours are one of the most 

difficult diseases to treat due to absence of symptoms in the earlier stages and related 

late diagnosis and due to the presence of integral blood-brain barrier which blocks the 

entry of the majority of the antitumour drugs. Actually, most of the cytotoxic drugs are 

ineffective for the treatment of primary brain tumours or cerebral metastases as long as 

the blood-brain barrier remains integral [4]. 

Nowadays, several strategies have been proposed to increase the efficacy of drugs 

targeted to the brain and, consequently, improve brain diseases treatment [4-8]. One of 

the most promising strategies is the use of biodegradable nanoparticles, such as solid 

lipid nanoparticles (SLN) [9-12] as drug carriers, due to their potential to encapsulate 

drugs and inapt ability to be targeted to the brain, in addition to their ability to escape 

and/or inhibit P-glycoprotein in the blood-brain barrier. Moreover, when combined with 

other excipients involved on their production, like polysorbate 80, SLN may have an 

increment of the efficiency on their brain targeting. Polysorbate 80 coated 

polybutylcyanoacrylate (PBCA) nanoparticles were discovered in 1997 to be able to 

deliver dalargin to the brain with superior rate compared to dalargin solution [13]. The 

efficiency of polysorbate 80-coated nanoparticles was shown afterwards for other drugs, 
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such as temozolidine [14], gemcitabine [15], tacrine [16], doxorubicin [4] and methotrexate 

[17]. 

According to the concept of “differential protein adsorption” [18], the organ/cell fate of 

intravenous injected particulate carriers depends on their blood protein adsorption pattern 

acquired after injection in the blood. Based on this knowledge, different nanoparticulate 

systems have been analysed and apolipoprotein E (Apo E), a lipoprotein fragment of low-

density lipoprotein (LDL), was identified as compound adsorbing specifically and 

preferentially only on the particles which could deliver the drugs to the brain [19-22]. 

These particles composed by the nanoparticle matrix, the drug incorporated and 

apolipoproteins adsorbed onto the nanoparticle surface would mimic natural lipoproteins 

which could interact with the LDL receptor family located in the brain capillary endothelial 

cells followed by endocytic uptake [19, 20]. Therefore, the coating of nanoparticles with 

polysorbates could allow the targeting of drugs to the brain and, in addition, inhibit the P-

glycoprotein minimising the drug efflux [23, 24]. In agreement with that, polysorbate 80-

coated nanoparticles have been shown to exhibited significant antitumoural activity in 

glioma animals model suggesting that these carriers were able to deliver their drug 

content further than the blood–brain barrier [14, 15]. 

Camptothecin is a natural cytotoxic alkaloid isolated from Camptotheca acuminata 

extracts [25]. Camptothecin and its derivatives were shown to be highly efficient agents 

against a broad spectrum of cancers by targeting and inhibiting the nuclear enzyme DNA 

topoisomerase I [26, 27] and induce cell S-phase arrest with subsequent apoptosis [28]. 

Furthermore, pre-clinical and clinical studies have shown the effectiveness of 

camptothecin in malignant gliomas therapy [7, 8, 29, 30]. Nevertheless, camptothecin is 

not used in clinical anticancer protocols due to the instability of the camptothecin lactone 

ring (essential to the antitumour activity) in physiological conditions, the limited aqueous 

solubility and the several toxic side effects [27, 31, 32]. Consequently, the development of 

an effective drug delivery system able to target camptothecin to the brain in its active form 

and to overcome camptothecin pharmacokinetics limitations is very important to enhance 

the antitumour brain efficacy of this drug and its valuable for clinical application. 

Camptothecin has been incorporated into various nanoparticulate delivery systems, such 

as silica nanoparticles [5], polymeric nanoparticles [7], micelles [33], superparamagnetic 

nanoparticles [34] and solid lipid nanoparticles (SLN) [35-38] to solve or minimise 

camptothecin drawbacks. SLN consist of a matrix composed of lipids being solid at both 

room and body temperatures, having a mean particle size between 100 nm and 400 nm 

dispersed either in water or in an aqueous surfactant solution [39]. Despite the 

advantages associated to those drug delivery systems, SLN has the outstanding 
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advantage of being less toxic, since lipid matrix is composed of physiological components 

and/or excipients of accepted status, decreasing the risk of acute and chronic toxicity. 

The aim of this work was to investigate the application of potential SLN to cross the 

blood–brain barrier and to deliver the cytotoxic drug camptothecin into the brain after 

intravenous injection. With such purpose it was studied the in vitro camptothecin 

cytotoxicity over different human glioma cell lines (A172, U251, U373, U87) and one 

human macrophage cell line (THP1) and the camptothecin in vivo distribution profile in rat. 

All the experiments were performed using cetyl palmitate-based SLN coated with 

polysorbate 60 or 80 which according to literature are promising excipients for brain 

delivery [20, 40]. 

 

9.2. Materials and Methods 

9.2.1. Materials 

The wax cetyl palmitate was a gift from Gattefossé SA (France). The surfactants 

polysorbate 60 and 80 were provided by Merck KgaA (Germany). (S)-(+)-Camptothecin, 

thiazolyl blue tetrazolium bromide (MTT assay), phorbol 12-myristate 13-acetate (PMA) 

and collagen from rat tail were obtained from Sigma-Aldrich (Portugal). Dulbecco’s 

Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), glutamine, penicillin-

streptomycin, Fungizone, RPMI Medium 1640 and Hanks’ Balanced Salt solution (HBSS) 

were provided by Gibco (Invitrogen Corporation, Spain). All organic solvents were of 

HPLC grade. Acetic acid was obtained by Pronalab (José M. Vaz Pereira Lda., Portugal). 

Acetonitrile was provided by Panreac Químicas S.A.U. (Spain). Dimethylsulfoxide 

(DMSO) and di-sodium hydrogen phosphate anhydrous were obtained from Merck KgaA 

(Germany). Ortho-phosphoric acid 85% (w/w) was provided by Panreac Químicas S.A.U. 

(Spain). Triethylamine (TEA) was obtained by VWR International S.A.S. (France). Purified 

water was of MilliQ®-quality prepared in our laboratory. 

 

9.2.2. Annotation for formulation 

Unique codes were selected for identifying the produced formulations; it consists of 

abbreviations for the drug camptothecin (CPT), the lipid cetyl palmitate (CP) and for the 

surfactant polysorbate 60 (P60) and polysorbate 80 (P80). 

CP60 and CP80 stand for unloaded cetyl palmitate-based SLN stabilised with polysorbate 

60 or polysorbate 80, respectively. CPT+CP60 and CPT+CP80 stand for physical mixture 

of camptothecin and unloaded cetyl palmitate-based SLN stabilised with polysorbate 60 or 

polysorbate 80, respectively. CPTCP60 and CPTCP80 stand for camptothecin 
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incorporated into cetyl palmitate-based SLN stabilised with polysorbate 60 or polysorbate 

80, respectively. CPT susp. is camptothecin in suspension. 

 

9.2.3. Methods 

9.2.3.1. Production of solid lipid nanoparticles and camptothecin formulations 

SLN were prepared according an optimised protocol previous described [41]. Briefly, 

formulations containing the lipid cetyl palmitate and the surfactants polysorbate 60 or 80 

were prepared at concentrations of 5% (w/w) of lipid and 2% (w/w) of surfactant. One lipid 

and one surfactant were combined for each formulation. SLN were prepared by the high 

shear homogenisation and ultrasonication techniques. The lipid and surfactant mixture 

was melted at approximately 5 to 10 ºC above the melting point of the lipid. Water was 

heated to approximately the same temperature and transferred to the surfactant lipid 

mixture. A pre-emulsion consisting of lipid and surfactant in water was prepared with an 

ultra-turrax T25 (IKA-Labortechnik, Germany) at 8000 rpm during 30 seconds, and an 

ultrasonication probe at 70% amplitude for 2.5 min (VibraCell model VCX 130 equipped 

with a 6 mm probe, Sonics & Materials, Inc., USA). Camptothecin-loaded SLN had been 

prepared by adding the camptothecin (0.1% w/w) to the molten lipid prior to particle 

preparation. 

A physical mixture of camptothecin and empty SLN were prepared by adding the 

camptothecin to unloaded SLN (1 mg/g) followed by 20 min of sonication in a sonicating 

water bath (Bandelin SONOREX RK100H, Bandelin Electronic GmbH & Co. KG, 

Germany).  

Camptothecin suspension was prepared according a procedure developed by Fox et al. 

[42] to assure the redispersibility and distribution of camptothecin. Previous to the 

camptothecin suspension preparation, 3.6 g of polysorbate 80, 32.4 g of purified water 

and 4 g of NaCl solution (0.9% w/v) were mixed and camptothecin was suspended in the 

former solution (1 mg/g) and sonicated for 20 min in a sonicating water bath. 

 

9.2.3.2. Assessment of particle size and size distribution 

Particle size and distribution (polydispersity index) were determined by dynamic light 

scattering (DLS), using a Zetasizer Nano ZS laser scattering device (Malvern Instruments 

Ltd., Malvern, UK). The samples were diluted in water with a conductivity adjusted to 50 

μS/cm and analysed. The available software was used to correlate the intensity of 

scattered light (at a backscattering angle of 173°) with the hydrodynamic radius of the 

spherical particle. Several dilutions of the sample were tested at 25 °C to obtain dispersed 

and isolated nanoparticles in the solvent. The particle size determination allows 
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monitoring the nanoparticles preparation method and verifying its time dependent stability 

regarding the tendency for aggregation and sedimentation. For each sample, the mean 

diameter ± standard deviation (SD) of at least three determinations was calculated. SLN 

stability was assessed by measuring the mean particle diameter and polydispersity index 

of SLN immediately after production and one year after storage at 4 ºC. 

 

9.2.3.3. Zeta potential 

The electrophoretic mobility (zeta potential) of the nanoparticles and ultimately their 

surface charge was measured by combining laser Doppler velocimetry and phase 

analysis light scattering (PALS) using a Zetasizer Nano ZS (Malvern, UK). The samples, 

diluted in water with a conductivity adjusted to 50 μS/cm by dropwise addition of 0.9% 

(w/v) NaCl solution, were placed in polystyrene cuvettes with platinum electrodes and 

then it was applied an electric field across the dispersion of the nanoparticles. Surface 

charged particles within the dispersion migrated toward the electrode of opposite charge 

and the velocity of particles migration was converted in zeta potential values by using the 

Smoluchowski’s equation. The zeta potential results reported are the mean of at least 

three determinations. Zeta potential was measured on the day of production and after one 

year of storage at 4 ºC. 

 

9.2.3.4. pH 

pH was monitoring in order to assess the feasibility of SLN colloidal dispersions for 

intravenous administration and to evaluate the suitability of these system to stabilise the 

lactone form of the camptothecin which is favoured by an acidic pH. The pH 

measurements were performed using a pH meter 827 pH lab (Metrohm, Portugal). The 

potentiometer was introduced in the samples vials of camptothecin-loaded and unloaded 

SLN and the pH was assessed at room temperature. pH was measured on the day of 

production and after one year of storage at 4 ºC. 

 

9.2.3.5. Camptothecin association efficiency 

Camptothecin association efficiency was determined by HPLC, as previously described 

[41]. A Shimadzu UFLC Prominence System (USA) equipped with two Pumps LC-20AD, 

an autosampler SIL-20AC, a column oven CTO-20AC, a degasser DGU-20A5, a System 

Controller CBM-20A and a LC Solution, Version 1.24 SP1 (Shimadzu) was used in all 

chromatographic analysis. The Shimadzu RF-10AXL fluorescence detector (FD) coupled 

to the LC System was used for peak area detection. The chromatographic analysis was 

performed at 30 ºC on an analytical reversed phase (RP) MediterraneaTM Sea18 column 
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(150 mm x 4.0 mm, 5 µm, Teknokroma, Spain) protected with a precolumn Ultraguard™ 

(Guard column Sea18, 10 mm x 3.2 mm, Teknokroma, Spain). The optimised method 

used a binary gradient mobile phase with 1% (v/v) triethylamine buffer pH 5.5 (pH 

adjusted with acetic acid) as mobile phase A and acetonitrile as mobile phase B. A flow 

rate of 1.2 mL/min was used with a 10 µL injection volume. The eluted peaks were 

monitored at excitation and emission wavelengths of 360 and 440 nm, respectively. 

Camptothecin association efficiency was assessed upon separation of camptothecin-

loaded SLN from free camptothecin by centrifugation (Centrifuge 5804 with rotor A-4-44, 

Eppendorf, Spain) using centrifugal filter units (Amicon Ultra, ultracel 50K, Milipore, 

Ireland). Previous to centrifugation (1500 × g, 20 min), SLN were diluted 200 times in 

MilliQ water. Following centrifugation, the supernatant was collected, further diluted 10 

times in 9 mM phosphate buffer pH3 (PB3) and analysed by HPLC. Camptothecin 

concentration in SLN was detected indirectly by HPLC according to the follow equation: 

 

Association efficiency ( )  
Total camptothecin amount   Free camptothecin is supernatant

Total camptothecin amount
  00 

 

9.2.3.6. Assessment of storage stability 

All SLN samples were stored in closed containers at 4 ºC for a period of at least one year. 

All samples were examined on the day of production and after one year of storage. The 

indicators of storage stability were mean SLN size, polydispersity index, zeta potential and 

pH values after storage in comparison to the day of production. 

 

9.2.3.7. Scanning electron microscopy 

The morphology of SLN was analysed by scanning electron microscopy (SEM) using the 

JEOL JSM 35C/Noran Voyager system operating at 15 keV. The samples were mounted 

on metal stubs 24 hours (h) for drying before analysis. Later, samples were gold-

palladium coated under vacuum and then examined. 

 

9.2.3.8. Small and wide angle X-ray scattering (SAXS/WAXS) 

X-ray measurements were performed as previously described by Nunes et al. [43]. 

Samples of camptothecin loaded (2% of molar fraction of the drug), unloaded SLN and the 

bulk of the lipid cetyl palmitate in physical mixture with polysorbate 60 or 80 were 

prepared. Dispersions of camptothecin loaded and unloaded SLN with DMPC were also 

prepared in a chloroform/methanol mixture (3:1 v/v). Lipid films were produced by 

evaporation to dryness of a lipid solution in chloroform/methanol (3:1) under a stream of 

(9.1) 

)) 
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N2, and left overnight under reduced pressure to remove organic solvents residues. The 

lipid films were hydrated with bi-deionized water (10% (w/v)), heated above the DMPC 

phase transition in a water bath at 40 ºC, mixed by vortexing for 5 min and centrifuged at 

2000 x g during 30 seconds. This process was repeated three times. The samples were 

aged overnight at 4 ºC and shaken by vortex at room temperature for 5 min. The 

solutions/dispersions were transferred into glass capillaries with 1.5 mm in diameter, 

which are transparent for X-rays (Hilgenberg, Malsfeld, Germany). The capillaries were 

flame-sealed and stored at 4 ºC until the measurements.  

SAXS and WAXS experiments were performed at the beamline A2 at Doris III of 

HASYLAB (DESY, Hamburg, Germany) using a monochromatic radiation with a 

wavelength of 0.15 nm. The SAXS detector was calibrated with rat-tail tendon (RTT) and 

the WAXS detector by polyethyleneterephthalat (PET). All diffraction patterns are shown 

as normalised scattering intensity in arbitrary units versus the reciprocal spacing s (s = (2 

sin θ)/λ, where θ is the diffraction angle and λ is the X-ray wavelength). The diffraction 

peaks acquired were fitted with Lorentzians (using Origin 8.6), and the locations of 

maximum intensities and the full widths of the peaks at one-half of their intensity (fwhm) 

were determined and used to calculate the correlation length between the lipid bilayers (ξ 

  2π/fwhm). Through the peak maximum locations of the wide- and small-angle diffraction 

patterns, the repeat distances, d (d = 1/s) were calculated. 

 

9.2.3.9. Cell culture 

The human glioma A172, U251, U373 and U87 cell lines (American Type Culture 

Collection, ATCC) were maintained in complete Dulbecco’s Modified Eagle’s Medium 

(DMEM, Gibco, Invitrogen Corporation) supplemented with 10% fetal bovine serum (FBS), 

1% glutamine (2 mM) and 1% antibiotic-antimycotic (Gibco, Invitrogen Corporation: 

10,000 units/mL penicillin G sodium, 10,000 mg/mL streptomycin sulphate and 25 mg/mL 

amphotericin B as Fungizone) in a humidified incubator (Heraeus Hera Cell incubator, 

Germany) at 37 ºC under 5% CO2 atmosphere. Cells were subcultured every 3-5 days 

using trypsin.  

The human monocytic THP1 cell line (Health Protection Agency, UK) was cultured in 

suspension in RPMI-1640 complete growth medium supplemented with 10% FBS, 1% 

glutamine (2 mM) and 1% antibiotic-antimycotic (Gibco, Invitrogen Corporation): 10,000 

units/mL penicillinG sodium and 10,000 mg/mL streptomycin sulphate, in a humidified 

incubator (Heraeus Hera Cell incubator, Germany) at 37 ºC under 5% CO2 atmosphere. 

These cells were differentiated into macrophage phenotype by resuspension in THP1 

medium, supplemented with 100 ng/mL PMA seeded at a density of 2×104 cells per well, 
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previously treated during at least 4 h with an aqueous solution of collagen I (24 µg/mL), for 

18 h. After that period cells were washed with HBSS and let 24 h at 37 ºC in RPMI 1640 

medium before experiments. Like glioma cells, THP1 differentiated macrophages adhered 

to the surface of the wells. 

 

9.2.3.10. Cytotoxicity assay 

The cytotoxicity of camptothecin-loaded SLN against the malignant glioma and 

macrophage human cell lines was measured by using the classical MTT assay [44] with 

some adjustments. 200 μL of cell suspension with   x 05 cells per mL were seeded into 

wells of 96-well tissue culture test plates (Orange Scientific products, Belgium) and 

allowed to adhere and grow for 24 h. Then, cells were incubated for 24 h at 37 °C in 5% 

CO2 in the presence of different formulations of camptothecin (camptothecin solution, 

camptothecin-loaded SLN, physical mixture of camptothecin and unloaded SLN) and 

unloaded SLN. The SLN formulations were diluted in complete medium to appropriate 

concentrations until a final camptothecin concentration between 0.2 and 200 µM (0.07 to 

70 μg camptothecin/mL). The concentrations of solid content were in the range of 5 μg/mL 

to 5000 μg/mL. For the camptothecin solution, camptothecin was dissolved in DMSO (1 

mg/mL) and afterwards diluted in complete medium to appropriate concentrations. After 

24 h the medium with the formulations was discarded and MTT solution (5 mg/mL MTT in 

supplemented DMEM medium) was added to each well (final concentration of 0.5 mg/mL) 

and incubated for 4 h at 37 ºC. Afterwards, the culture medium was removed and the 

solubilisation of formazan crystals was performed by adding  50 μL DMSO. 

Subsequently, an incubation of 15 minutes under light protection and at room temperature 

was performed and absorption was measured at 550 nm and 690 nm (background 

subtraction) in a Power Wavex microplate spectrophotometer (BioTek Instruments Inc., 

USA). Cell viability was expressed in percentage compared to untreated cells. The cell 

viability was presented in a semi-log graph and the 50% cell viability inhibition 

concentration (IC50) was calculated determining the equation of the curve plotted between 

the two points of viability which include the 50%. Using the equation of the curve when y 

equal to 50% the concentration of the x-axis corresponds to the IC50. All the calculations 

were performed using Microsoft Excel 2010 software. 

 

9.2.3.11. Biodistribution in animals 

Healthy male wistar rats (250-300 g) used for pharmacokinetic studies were obtained from 

Charles River (Spain). Animal handling and procedures used were according to standard 

operating procedure approved in the ETS 123 - European Convention for the Protection of 
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Vertebrate Animals used for Experimental and Other Scientific Purposes, and approved 

by Direcção Geral de Veterinária (DGV, Portugal). Groups of 6 healthy male Wistar rats 

were chosen for the pharmacokinetic study for each formulation.  

The different formulations (CP60, CP80, CPT susp., CPT+CP60, CPT+CP80, CPTCP60 

and CPTCP80) were prepared, as described in section 2.3.1, immediately before the 

experiment and were administered intravenous via the lateral tail vein at a final 

concentration of 0.5 mg/kg of rat (~125-150 µL). The animals were sacrificed 1 h, 2 h, 4 h, 

8 h and 24 h after camptothecin injection with lethal dose of anaesthesia. The total blood 

was removed by exsanguination and the organs were collected and preserved in ice 

during all the procedure. 

The concentration of camptothecin in the biological matrices (serum, brain, heart, kidneys, 

liver, lungs and spleen) was determined by processing the biological samples and further 

analysing the camptothecin content by the developed and validated HPLC method 

described before [41]. For the preparation of the biological samples, a mixture of 9 mM 

phosphate buffer pH3 (PB3) and 0.15 M phosphoric acid (1:1, v/v) was added to each 

organ at the same amount (1:1, w/w), and homogenised using an ultra-turrax. Secondly, 

200 µL of phosphoric acid (0.15 M) and 800 µL of acetonitrile were added to 0.2 g of the 

homogenate. This mixture was vigorously vortexed for 1 min, following centrifugation at 

3000 rpm for 15 min to isolate the supernatant. The filtered supernatant (150 µL) was 

mixed with 150 µL of PB3 and the resultant sample (300 µL) was analysed for 

camptothecin content by HPLC. 

 

9.2.3.12. Data analysis 

Pharmacokinetic parameters of camptothecin (CPT) formulations were calculated after 

intravenous administration of 0.5 mg camptothecin/kg regarding area under the curve 

(AUC), area under the first moment curve (AUMC), mean residence time (MRT) and F 

value.  

AUC was calculated using the linear trapezoidal rule, AUCM was determined by the 

trapezoidal rule for infinite time, MRT was calculated by dividing the AUCM by the AUC 

and the value of F was calculated according to the following equation: 

 

 

 

𝐹 =
𝐴𝑈𝐶𝐶𝑃𝑇𝑆𝐿𝑁 × 𝑑𝑜𝑠𝑒𝐶𝑃𝑇 𝑠𝑢𝑠𝑝
𝐴𝑈𝐶𝐶𝑃𝑇 𝑠𝑢𝑠𝑝 × 𝑑𝑜𝑠𝑒𝐶𝑃𝑇𝑆𝐿𝑁

 (9.2) 

)) 
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For the SLN physicochemical characterisation results are shown as the mean ± SD of at 

least three different batches of the same formulation. For the cells experiments results are 

reported as a mean ± SD from a minimum of three independent experiments (n=6 in each 

experiment) performed in cells pertaining to different passages. For the in vivo studies 

experiments results are reported as a mean ± SD from a minimum of six independent 

experiments. The t-test and the one-way analysis of variance (ANOVA) were performed to 

compare two or multiple groups, respectively. If the group by each time interaction was 

significantly different (P < 0.05), differences between groups were compared within a post-

hoc test (Tukey HSD). To describe statistical differences with controls, the Dunnett test 

was used. Differences were considered significant at P < 0.05. All statistical analyses 

were performed with the software PASW Statistic 18 (SPSS Inc., Chicago, USA). 

 

9.3. Results and Discussion 

9.3.1. Physicochemical characterisation of solid lipid nanoparticles 

Unloaded SLN and camptothecin-loaded SLN were produced and characterised in terms 

of mean diameter, polydispersity index and zeta potential on the day of production and 

one year after storage. The physicochemical results are depicted in Table 9.1. 

 

Table 9.1. Physicochemical characteristics of SLN. Mean size, polydispersity index (PI), zeta 

potential (ZP), association efficiency (AE) and pH of SLN on day of production and one year 

after production (storage at 4 ºC) 

Formulation 

Day of production 1 year after production at 4 ºC 

Mean 

size ± SD 

(nm) 

PI ± SD 
ZP ± SD 

(mV) 
AE (%) pH 

Mean size 

± SD (nm) 
PI ± SD 

ZP ± SD 

(mV) 
AE (%) pH 

CP60 134.7±7.5 0.20±0.02 -18.0±1.3  5.8±0.1 140.5±7.6 0.15±0.02 -16.2±2.4  
5.0±0.1 

 

CPTCP60 131.2±7.3 0.13±0.01 -21.4±2.4 94.3±1.5 5.3±0.1 154.8±8.2 0.13±0.01 -19.8±1.6 91.3±2.1 4.6±0.1 

CP80 148.7±7.9 0.21±0.04 -18.8±2.4  5.5±0.1 152.7±7.5 0.16±0.04 -19.3±1.6  5.2±0.1 

CPTCP80 159.7±8.0 0.16±0.01 -24.0±2.9 96.5±1.9 5.1±0.2 158.7±6.8 0.15±0.01 -21.8±2.0 92.9±3.0 4.8±0.1 

 

On the day of preparation, unloaded and camptothecin-loaded SLN presented similar 

mean particle size around 130 and 160 nm, and polydispersity index values below 0.13 

and 0.16, respectively. In agreement with literature, the mean size of SLN seems to be 

appropriated for getting to cancer cells, to be uptaken and to release drug inside cells [45]. 

Empty SLN presented similar dimensions indicating that the incorporation of camptothecin 

did not significantly change such physicochemical SLN properties. 

The surface charge of all SLN formulations were slightly negative and the zeta potential 

values were lower for camptothecin-loaded SLN than to the unloaded SLN which could 
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lead to a better prognosis in stability of the camptothecin-loaded SLN [46]. Nanoparticles 

with neutral or slight negative surface charge have been identified with increased ability 

for brain drug delivery in comparison with positive charged nanoparticles [47], in 

agreement with the surface charge values obtained for camptothecin-loaded SLN. 

Furthermore, other advantage of using negatively charged SLN is that they are expected 

to be less toxic and more stable compared to positively charged nanoparticles [48]. Based 

on these facts, we propose that the developed formulations with a slightly negative charge 

may not exert surface associated cytotoxicity and may increase the drug delivery of 

loaded drugs to the brain. 

Camptothecin was highly incorporated into SLN, with association efficiency higher than 

94%, which is an advantage taking in consideration that camptothecin is an expensive 

drug and higher association efficiency minimise losses during production and reduces 

costs of production. Furthermore, the high association efficiency originates the 

administration of lower amount of formulation, and, consequently, reduces the amount of 

excipients administrated which could result also in decreased toxicity. According to the 

association efficiency results obtained in this work and reported in literature [36, 37] the 

lipid matrixes seem to be adequate to incorporate the very low aqueous soluble 

camptothecin. 

Bearing in mind that the pH of a formulation for intravenous administration is important 

and could also interfere with SLN or camptothecin stabilities, pH was assessed after SLN 

production. SLN presented slightly acidic pH ranging between 5.1 (CPTCP80) and 5.8 

(CP60). These pH values and the hydrophobic SLN environment constitute outstanding 

advantages for increasing the stability of the active lactone form of the camptothecin 

incorporated into the SLN, since this drug is more than 95% in the lactone form below pH 

5.5 [49]. 

The stability of the SLN was assessed by analysing all the above referred parameters one 

year after storage. One year after production the formulations increased in size only a few 

nanometres, the polydispersity index values (<0.2) revealed that formulations were still 

monodisperse, and the zeta potential values increased just a few mV. In addition, the 

camptothecin association efficiency was only slightly lower than the obtained on the day of 

production, predicting a good stability of the lipid matrix in shelf life, being avoided the 

release of the drug. A minor decrease of pH was also detected one year after storage. 

Despite the acidic pH values of the SLN one year after the production, the SLN were 

found to be stable. This is also in agreement with the literature where the SLN are 

reported to be stable in the range of pH 2-8 [50]. Furthermore, the pH values measured in 

this study are compatible with intravenous administration and the SLN acid pH is an 
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advantage for the incorporation of camptothecin since it is in the active form in those 

ranges of pH. 

Combining all the stability parameters, the currently developed formulations may be 

considered stable in terms of size and charge within a year of storage, and an 

appropriated acidic pH may not exert surface associated cytotoxicity, increase 

camptothecin lactone form stability and increase the drug delivery of incorporated drugs to 

the brain. 

To complete the information about particle size and morphology, SEM analysis were 

performed in order to evaluate the feature of SLN (Figure 9.1). The morphological 

appearance of SLN stabilised with both surfactants has identical shape, therefore only 

one representative image is showed for unloaded and camptothecin-loaded SLN. The 

morphological aspect of SLN revealed by SEM showed SLN with a spherical/ellipsoidal 

shape and a smooth surface, as expected from previous reports [51, 52]. 

 

 

Figure 9.1. Representative SEM micrographs of unloaded (left) and camptothecin-loaded (right) 

cetyl palmitate-based SLN. 

 

The SLN images obtained are in agreement with a matrix structure previously defined for 

these systems, showing dense matrix composition, smooth surface and individualised 

particles with clear topography without clusters, mechanically resistant to collapse. The 

presence of the surfactant, covering the particles surface, is clear, revealing the 

importance of this excipient in the SLN physicochemical properties and stability. 

Furthermore, it is clear that SLN particle size measured by SEM is in the range size of the 

results obtained from DLS analysis. 
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9.3.2. Interactions of solid lipid nanoparticles with lipid membranes: SAXS and 

WAXS results 

SAXS and WAXS diffraction spectra obtained for the two SLN produced as well as for the 

used bulk materials at the temperature of 37 C are presented in Figure 9.2. 

 

 

Figure 9.2. X-ray diffraction patterns (SAXS and WAXS) at 37 ºC for: A) physical mixture of 

excipient (CP+P60); B) SLN (CP60); C) physical mixture of excipient (CP+P80) and D) SLN 

(CP80). 

 

From the SAXS profiles and the values of the repeat distance (d) and correlation length 

() presented in Table 9.2, it is visible that the position of the (001)-reflection is shifted to 

higher s values when the SLN are formed from the bulk material. This shift is 

accompanied with an increasing width of the peak that is translated in higher values of 

correlation length. Once the SLN are formed by particle aggregation, these two events are 

a signal of the increased size of the SLN particles [53].  Moreover the same behaviour is 

observed when comparing the SLN (CP60) and the SLN (CP80). Once the SLN are 

known for being platelet-like shaped, the enhanced correlation length and higher s value 

for the SLN (CP80) means that these particles are ticker than the SLN (CP60) which is in 

good correlation with the size measurements (see section 3.1). 
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Table 9.2. Long and short range distances determined from SAXS and WAXS patterns and 

correlation length (ξ) at 37 C for the different formulations 

 

SAXS WAXS 

Formulations 
d                    

(Å) 

ξ                           

(Å) 

d1                           

(Å) 

ξ1                           

(Å) 

d2                            

(Å) 

ξ2                                

(Å) 

CP + P60 39.8 ± 0.5 189 ± 10 4.13 ± 0.05 52 ± 10 3.66 ± 0.05 140 ± 10 

SLN (CP60) 39.5 ± 0.5 335 ± 10 4.13 ± 0.05 388 ± 10 3.66 ± 0.05 351 ± 10 

CP + P80 39.8 ± 0.5 283 ± 10 4.12 ± 0.05 524 ± 10 3.66 ± 0.05 258 ± 10 

SLN (CP80) 39.1 ± 0.5 414 ± 10 4.13 ± 0.05 324 ± 10 3.66 ± 0.05 459 ± 10 

SLN (CPTCP80) 39.1 ± 0.5 349 ± 10 4.13 ± 0.05 250 ± 10 3.66 ± 0.05 488 ± 10 

 

All the WAXS patterns show a very similar profile consistent with an orthorhombic subcell 

packing. These patterns are typical for the orthorhombic β' form of triglycerides [54, 55]. 

The presence of this metastable polymorphic matrix is responsible for a higher loading 

capacity in comparison to the more stable one (β-modification) [56, 57]. 

Once the transport of drugs or drug delivery systems across the cell membrane is a 

complex biological process, model lipid membranes, which mimic many aspects of cell-

membrane lipids, are very useful to understand the transport, biodistribution, 

accumulation, and hence the efficiency of drugs and drug delivery systems. In these 

regard, the interaction of camptothecin and the loaded and unloaded camptothecin SLN 

with DMPC bilayers was assessed. Changes in the characteristic X-Ray diffraction 

patterns of the two main lipid phases of DMPC: Lβ' (gel) and Lα (liquid-crystalline or fluid) 

are presented in Figure 9.3 as a control sample as well as the interaction with 

camptothecin in the same molar percentage as used for the incorporation with the SLN. 

The WAXS profiles at the Lα are not presented once it’s a highly disordered phase, 

presenting very broad peaks with limited information. 
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Figure 9.3. X-ray diffraction patterns (SAXS and WAXS) for: A) DMPC at 18 ºC (Lβ' phase); B) 

DMPC mixture with camptothecin 18 ºC (Lβ' phase); C) DMPC at 40 ºC (Lα phase) and D) DMPC 

mixture with camptothecin 40 ºC (Lα phase). 

 

At the Lβ' phase and from the SAXS data it is possible to observe that for all the SLN 

formulations the distance d3 is the same as for the unloaded SLN (see Table 9.2). This 

demonstrates that the SLN maintain their physical stability. Nevertheless the diffraction 

space ratio (between d1, d2 and d4) determined are very similar to  :√2: √3: √4, the values 

for a cubic phase, suggesting that the SLN change the lamellar structure of DMPC into a 

cubic phase. In fact, other drug delivery systems have been reported of inducing this kind 

of lipid phase transition [58]. Moreover, this kind of lipid phase has been investigated even 

to produce new drug delivery systems once it promotes an efficient release of the 

incorporated drugs [59]. Relatively to the effect of the camptothecin and once it shifts the 

distances of the mixture of DMPC and unloaded SLN it can be said that it also interacts 

with the DMPC membrane, meaning that it has been released.  

For pure DMPC, the SAXS data demonstrate the existence of lamellar structures both at 

the Lβ' and Lα phases, with d values of 66.1 Å and 62.2 Å respectively which are in good 

agreement with the literature [60, 61]. At larger diffraction angles (WAXS), there is a 

prominent 4.13 Å reflection, typical of gel state hexagonally packed acyl chains. 
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The correlation length is reduced by the addition of camptothecin at both phases, 

highlighting the interaction of this drug with the membrane. Nevertheless this effect is 

more notorious at the Lα phase, where the addition of camptothecin led to raise of the d 

value to 67.8 Å. The increase of the long spacing can be the result of a change in the 

hydration behaviour of DMPC due to the interaction of camptothecin with DMPC in the 

disordered liquid-crystalline phase. 

In Figure 9.4 the SAXS and WAXS diffraction profiles for the mixtures between DMPC and 

the different SLN formulations unloaded and loaded with camptothecin are presented. In 

Table 9.2, the values of the repeat distance (d) and correlation length () are presented for 

the long range distances. 

 

Figure 9.4. X-ray diffraction patterns (SAXS and WAXS) at 18 ºC (Lβ' phase) for: A) DMPC mixture 

with SLN (CP60); B) DMPC mixture with SLN (CPTCP60); C) DMPC mixture with SLN (CP80); D) 

DMPC mixture with SLN (CPTCP80) and at 40 ºC (Lα phase) for: E) DMPC mixture with SLN 

(CP60); F) DMPC mixture with SLN (CPTCP60); G) DMPC mixture with SLN (CP80); H) DMPC 

mixture with SLN (CPTCP80). 

 

SAXS diffraction patterns were used to determine the influence of the SLN on the liquid-

crystalline structure and lattice parameters of DMPC (Table 9.3).  
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Table 9.3. Long range distances determined from SAXS patterns and correlation length (ξ) at 

the Lα and Lβ' for the different formulations mixture with DMPC 

 

 

The WAXS results (Figure 9.3) show that for all the formulations the (4.13 ± 0.05) Å 

reflection, typical of gel state hexagonally packed acyl chains (as in pure DMPC) is 

maintained. Furthermore, typical WAXS distances for the SLN metastable polymorphic 

matrix are found, meaning that the formulations do not undergo to a more stable 

conformation when in contact with the DMPC membrane, having therefore a better 

release of the camptothecin. 

At the Lα phase, the same trend of the interaction at the Lβ' is maintained with the 

difference that the peaks from the SAXS profiles lose much more correlation length, which 

is result of the enhanced disorder and permeability of the DMPC membrane. Moreover, 

the WAXS profiles show the SLN metastable polymorphic matrix, with a shift relatively the 

results at the Lβ', due to enhanced repeat distances which is a consequence of the higher 

mobility due to upper temperature. 

According to the literature, lipid bilayer models have been shown to provide qualitatively 

accurate predictions for in vitro cell studies in respects to membrane drug permeability 

and nanoparticles internalisation [62, 63]. The positive interactions between the SLN and 

the DMPC lipid bilayer model give good indicators about the favourable interactions of 

SLN and lipid bilayers of cells, such as the brain capillary endothelial cells (BCEC) and 

gliomas.  

SAXS

46.4 ± 0.5 199 ± 10

46.5 ± 0.5 162 ± 10

60.6 ± 0.5 26 ± 10

56.8 ± 0.5 79 ± 10

37.8 ± 0.5 92 ± 10

35.8 ± 0.5 32 ± 10

39.3 ± 0.5 177 ± 10

38.9 ± 0.5 119 ± 10

- -

37.9 ± 0.5 416 ± 10

- -

18 °C               

(Lβ' 

phase)

40 °C               

(Lα 

phase)

- -

- -

38.2 ± 0.5 271 ± 10

38.5 ± 0.5 66 ± 10

- -

d 4                            

(Å)

ξ 4                                

(Å)

DMPC + SLN 

(CP80)

DMPC + SLN 

(CPT-CP80)

34.8 ± 0.5 249 ± 10

- -

33.9 ± 0.5 527 ± 10

40.3 ± 0.5 529 ± 10 - -

48.9 ± 0.5 101 ± 10 38.6 ± 0.5 135 ± 10

- - 31.1 ± 0.5 728 ± 10

98 ± 10

47.5 ± 0.5 72 ± 10 40.1 ± 0.5 205 ± 10

51.4 ± 0.5 21 ± 10 39.2 ± 0.5 182 ± 10

d 2                            

(Å)

ξ 2                                

(Å)

d 3                            

(Å)

ξ 3                                

(Å)

- - 32.3 ± 0.5 249 ± 10

-

DMPC + SLN 

(CPT-CP60)
58.3 ± 0.5 21 ± 10 40.0 ± 0.5 309 ± 10

DMPC + SLN 

(CP60)
- -

DMPC + CPT 67.8 ± 0.5 790 ± 10 - -

DMPC 62.2 ± 0.5 1061 ± 10 - -

DMPC + SLN 

(CPT-CP80)
75.4 ± 0.5 52 ± 10

49.5 ± 0.5 70 ± 10
DMPC + SLN 

(CP80)
70.2 ± 0.5 152 ± 10 38.9 ± 0.5 249 ± 10

DMPC + SLN 

(CPT-CP60)
68.9 ± 0.5 168 ± 10

DMPC + SLN 

(CP60)
69.2 ± 0.5 38 ± 10

DMPC + CPT 66.2 ± 0.5 554 ± 10 - 33.2 ± 0.5

DMPC 66.1 ± 0.5 1006 ± 10

Formulations
d 1                           

(Å)

ξ 1                           

(Å)

DMPC 

DMPC + CPT 

DMPC + CP60 

DMPC + CPTCP60 

DMPC + CP80 

DMPC + CPTCP80 

DMPC 

DMPC + CPT 

DMPC + CP60 

DMPC + CPTCP60 

DMPC + CP80 

DMPC + CPTCP80 
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9.3.3. Cytotoxicity of camptothecin-loaded solid lipid nanoparticles 

To confirm the superior cytotoxicity of camptothecin encapsulated into SLN, the cell 

viability of the human glioma (A172, U251, U373 and U87) and macrophage (THP1) cell 

lines exposed to camptothecin formulations was evaluated by the MTT assay [44]. The 

interaction of camptothecin with macrophages was studied in order to assess the possible 

internalisation of camptothecin-loaded SLN by the macrophages cells. Circulating 

monocytes/macrophages have an recognised ability to cross the intact and compromised 

blood-brain barrier and experience differentiation into brain-resident macrophages and 

microglia [64]. Consequently, if camptothecin-loaded are internalised after intravenous 

injection by macrophages, these cells loaded with anticancer agents could be used as 

vectors to target tumours and surrounding tumour infiltrated tissue [65]. Nevertheless, 

SLN uptake by macrophages can lead to a premature removal from the circulation and 

accumulation of the drug in the non-desired mononuclear phagocytic system (MPS) 

tissues [66], being fundamental a positive balance towards the macrophage brain 

migration. 

The cytotoxicity of the different formulations of camptothecin is depicted in Figure 9.5. For 

all formulations, glioma and macrophages cells viability was founded to be inversely 

dependent on the concentration and results confirm that the delivery of camptothecin-

loaded SLN into different cell lines resulted in decreased cell viability compared to free 

camptothecin solution. Cytotoxicity of camptothecin was increased when incorporated into 

SLN, giving rise to the fact that SLN are internalised by the cells in a higher extend than 

the free drug in solution and SLN probably provide fast release of the drug once 

internalised into the cells. Previous studies from our group revealed that SLN stabilised 

with polysorbate 60 and 80 are internalised by glioma and macrophage cell lines by an 

energy dependent mechanism mediated mainly through a clathrin-dependent endocytic 

pathway [67]. 

When analysing in more detail both cell lines, camptothecin-loaded SLN displayed 

significantly higher cytotoxicity against glioma cells than those of the camptothecin in 

solution or in physical mixture with SLN at the same concentration (P < 0.05). Cellular 

uptake of camptothecin should significantly be increased when camptothecin is 

incorporated into SLN, as a result of the uptake of the nanoparticles by an endocytic 

pathway. Furthermore, it is recognised that the biological activity of the lactone form of 

camptothecin, both in vitro and in vivo, is significantly superior than the carboxylate form 

of the drug. In fact, under physiological conditions the camptothecin lactone ring readily 

opens to the carboxylate form of the drug which shows a poorer diffusibility through the 

cells lipid bilayer, has lower affinity for the target topoisomerase I, being therefore much 
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less active (10-fold less pharmacologically active) and is eliminated faster by urinary 

excretion [27, 32]. The stability of camptothecin towards hydrolysis should be increased 

by the acidic and hydrophobic environment of SLN, consequently, lactone form drug 

levels should be maintained at higher levels in tumour cells increasing the cytotoxicity of 

camptothecin against gliomas. 

For human macrophage cell line (THP1) all camptothecin formulations revealed identical 

cytotoxicity in the lower concentrations tested, although, camptothecin-loaded SLN 

showed significantly higher cytotoxicity than the other camptothecin formulations in some 

of the tested concentrations. These results revealed that probably all the camptothecin 

formulations have similar internalisations into macrophages which could lead to 

camptothecin-loaded macrophages that could further cross the blood-brain barrier and 

deliver the drug into gliomas or camptothecin accumulation in MPS tissues. 

Generally, SLN showed lower toxicity (~90%) in the lower amounts tested and increased 

also with the increase of the SLN concentration. These results possibly point out that the 

lipid/surfactant matrix can favourably inhibit the activity of the cells, however, this 

possibility needs to be supplemented with additional experiments. In fact, it could be 

observed in Figure 9.5 that unloaded SLN have higher cytotoxicity to glioma than to 

macrophages cell. These results revealed a higher biocompatibility of the SLN with the 

normal human macrophages cells than with human cancer cells (gliomas). This selective 

toxicity for cancer cells could be used combined with anticancer drugs, such as 

camptothecin, in the treatment of brain tumours. 
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Figure 9.5. Viability measured in the cell lines: A172 (A), U251 (B), U373 (C), U87 (D) and THP1 

(E) after 24 h of exposure to CP60 (
_ 

.
  _

), CP80 (
_ 
. ■

 _
), CPTCP60 (

_____
), CPTCP80 (

__
■

__
), 

CPT+CP60 (-  -), CPT+CP80 (- ■ -) and CPT in solution (
..
▲

..
). *means that formulation induces 

significantly higher cytotoxicity (P <0.05) than camptothecin in solution in some concentrations. 

**means that formulation induces significantly higher cytotoxicity (P <0.05) than camptothecin in 

solution in all concentrations range (n=3). 
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Table 9.4. 50% Inhibition concentration (IC50) of unloaded SLN (CP60 and CP80), 

camptothecin in suspension (CPT susp.), camptothecin in physical mixture with unloaded 

SLN (CP60+CPT and CP80+CPT ) and camptothecin-loaded SLN (CP60CPT and CP80CPT) 

against four human glioma cell lines (A172, U251, U373, U87) and one macrophage (THP1) 

cell line 

Formulations 

A172 U251 U373 U87 THP1 

IC50 IC50 IC50 IC50 IC50 

CPT 

(µM) 

Sol. C. 

(µg/mL) 

CPT 

(µM) 

Sol. C. 

(µg/mL) 

CPT 

(µM) 

Sol. C. 

(µg/mL) 

CPT 

(µM) 

Sol. C. 

(µg/mL) 

CPT 

(µM) 

Sol. C. 

(µg/mL) 

CP60 34.51ª 862.75 83.43ª 2085.75 28.63ª 715.75 >200ª >5000 >200ª >5000 

CP80 82.38ª 2059.50 46.81ª 1170.25 85.40ª 2135.00 >200ª >5000 >200ª >5000 

CPT susp 18.51 462.75 19.75 493.75 179.29 4482.25 >200 >5000 19.10 477.50 

CPT+CP60 0.83 20.75 0.77 19.25 1.26 31.50 17.69 442.25 6.55 163.75 

CPT+CP80 14.41 360.25 1.11 27.75 0.53 13.25 27.73 693.25 14.76 369.00 

CPTCP60 < 0.2 < 5 < 0.2 < 5 < 0.2 < 5 0.21 5.25 2.87 71.75 

CPTCP80 < 0.2 < 5 < 0.2 < 5 < 0.2 < 5 1.55 38.75 8.61 215.25 

alipid concentration equivalent to the formulations with camptothecin-loaded SLN but 

without camptothecin. Sol. Cont.: solid content (nanoparticles) in µg per mL, corresponds 

to the amount of constituents that are in solid state in µg per mL of medium. 

 

As depicted in Table 9.4, the IC50 value of camptothecin against glioma cell lines 

decreased several times after incorporation into nanoparticles (A172: IC50 at least 93 

times lower; U251: IC50 at least 99 times lower; U373; IC50 at least 896 times lower; U87: 

IC50 at least 129 times lower). Such outcome clearly reveal that the glioma cell lines are 

much more sensitive to camptothecin-loaded SLN stabilised with polysorbate 60 or 80 

than to the camptothecin in suspension or in physical mixture with SLN. Similar 

tendencies were detected for THP1 macrophages. However, the decrease of the 

camptothecin IC50 when camptothecin was incorporated into SLN was much lower in this 

case (THP1: IC50 2 times (CPTCP80) or 7 times (CPTCP60) lower) probably due to an 

already high internalisation of the camptothecin in suspension by those cells.  

The obtained results are in agreement with literature where nanoparticles were described 

as drug delivery systems that might significantly improve the permeability of drugs into 

cells due to their small size and the affinity of their excipients to cells [68]. Additionally, our 

previous studies revealed that rhodamine 123-loaded SLN were internalised in higher 

amounts by glioma cell lines (at least two times higher) than by macrophages [67]. These 

results are in agreement with the MTT cytotoxicity assay where the camptothecin-loaded 

SLN formulations revealed higher cytotoxicity (<IC50) to the gliomas than to macrophages. 

Subsequently, CPTCP60 or CPTCP80 could improve the cellular absorption and the drug 
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uptake efficacy in human glioma cells. The cell viability results also suggested that SLN 

loaded with camptothecin exhibited greater activity against the glioma cell, which could 

lead to increased antitumour efficiency with lower dose. For macrophages the results 

suggested that camptothecin exhibited similar cytotoxicity in all formulations. 

Generally, formulations prepared with polysorbate 60 revealed higher toxicity than those 

stabilised with polysorbate 80 (8 formulations versus 2 formulations). Polysorbate 60 

might promote higher internalisation and higher inhibition of the camptothecin efflux, as 

well as higher toxicity in comparison to the polysorbate 80 [69]. However, our previous 

studies revealed that internalisation of SLN stabilised with polysorbate 60 or 80 by glioma 

and macrophage cell lines were similar suggesting similar uptake of the SLN by those 

cells [67].  

In addition, polysorbate 60 has been related with higher P-glycoprotein inhibition of the 

SLN compared to polysorbate 80 [70]. Even so, polysorbate 80 has been the most used 

surfactant in several studies for deliver drugs incorporated in nanoparticles. Mendonza et 

al. [71] reported that the high accumulation of the drug edelfosine, incorporated in SLN, in 

brain was due to a inhibition of P-glycoprotein by polysorbate 80. Furthermore, in vitro 

studies against C6 cell line showed that the edelfosine-loaded SLN were able to revert the 

resistance of the cell to the drug, due to the inhibition of the P-glycoprotein.  

 

9.3.4. Camptothecin-loaded solid lipid nanoparticles biodistribution 

In general, camptothecin-loaded SLN were well tolerated during all in vivo experiments 

and adverse symptoms such as diarrhea, cachexia, haematuria or rectal bleeding or 

abnormal behaviour were not observed. The morphological characteristics of all organs 

were evaluated and founded to be normal in all cases, with absence of organs injure in all 

the animals. These facts indicate that SLN demonstrate safeness as drug carrier, able to 

reduce systemic toxicity of camptothecin without changing its pharmacological properties. 

Representative images of the organs analysed are depicted in Figure 9.A.1 

(Supplementary data).  
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Figure 9.A.1. Representative images of organs (brain, heart, kidneys, liver, lungs and spleen) 

extracted from tested animals. 

 

As mentioned before, camptothecin biodistribution in tissues was detected using the 

validated HPLC analytical method [41]. Different time points for animal sacrifice were 

selected to measure camptothecin uptake, namely 1 h, 2 h, 4 h, 8 h and 24 h after 

administration. It has frequently been reported that concentration of nanoparticles in the 

brain is extremely decreased or undetectable after 24 h of administration [36, 37, 72]. 

Biodistribution profiles of camptothecin formulations and its concentration in serum, brain, 

heart, kidneys, liver, lungs and spleen are depicted in Table 9.5 and Figure 9.6. A 

complete biodistribution study of different formulations of camptothecin during 24 h was 

performed giving an outlook of the potentiality of SLN carriers of drugs for brain target. 
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Table 9.5. Camptothecin (CPT) concentration in serum, brain, heart, kidneys, liver, lungs 

and spleen after intravenous administration of CPT formulations  

Camptothecin in suspension, CPT susp.; camptothecin in physical mixture with SLN stabilised with 

polysorbate 60, CPT+C60, or polysorbate 80, CPT+CP80; camptothecin incorporated in SLN 

stabilised with polysorbate 60, CPTC60, or polysorbate 80, CPTCP80 (n=6). 

 

Results revealed remarkable differences between camptothecin-loaded SLN (CPTCP60 

and CPTCP80) and the camptothecin suspension injection (P < 0.05). As previously 

reported nanoparticles could significantly change the body distribution of the incorporated 

drugs [5, 10, 36, 37].  

Camptothecin distribution after administration revealed that the concentration in some 

organs clearly increased when camptothecin was incorporated into SLN, such in serum 

and brain. As expected, empty SLN did not originate any CPT in the blood (data not 

shown). 

 

 

 

 

Formulation Hour 

[CPT] ng/g 

Serum 

[CPT] ng/g  

Brain 

[CPT] ng/g 

Heart 

[CPT] ng/g 

Kidneys 

[CPT] ng/g  

Liver 

[CPT] ng/g  

Lungs 

[CPT] ng/g 

Spleen 

    Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

CPT susp. 

1 32.40 7.70 38.80 7.50 75.20 6.50 44.80 9.90 873.80 265.70 1378.80 463.70 468.20 126.10 

2 26.32 5.32 12.37 4.90 34.25 5.54 90.69 15.70 1208.84 212.06 3146.95 460.47 842.24 128.89 

4 20.67 6.30 9.12 2.06 11.92 2.15 31.18 12.79 464.44 113.19 2022.71 540.95 356.35 100.37 

8 17.71 6.82 5.85 2.36 21.49 3.20 55.19 17.64 499.23 98.32 2258.46 525.51 371.92 74.53 

24 12.24 6.12 n.d. n.d. n.d.  n.d. 8.05 2.09 81.77 20.52 24.88 5.27 29.07 5.71 

CPT+C60 

1 28.61 9.42 14.00 3.54 102.64 14.46 170.55 39.43 1755.52 432.50 1575.89 485.82 1510.00 307.21 

2 23.18 8.18 13.05 5.26 132.79 23.25 273.15 51.01 1447.10 305.47 1109.78 210.58 1210.97 252.84 

4 10.07 3.17 8.99 2.40 52.09 11.00 151.39 32.22 1374.98 302.23 1155.77 410.69 987.35 333.39 

8 6.03 2.12 5.23 2.62 23.96 7.08 89.01 22.47 704.88 235.31 201.53 73.26 944.56 268.17 

24 6.31 2.52 4.92 2.24 37.72 8.31 11.27 4.70 73.28 23.21 31.19 6.08 69.66 12.94 

CPTCP60 

1 106.42 37.62 129.75 27.89 41.35 12.16 105.11 33.48 378.43 104.96 1676.90 629.55 208.78 76.24 

2 89.46 23.18 60.49 19.70 38.08 10.94 100.34 15.81 914.25 216.16 903.70 175.84 318.59 83.57 

4 33.75 9.62 27.75 3.26 15.53 4.38 41.77 9.03 428.68 111.28 1473.56 349.54 382.41 109.24 

8 14.98 4.04 24.75 3.06 9.57 3.42 50.66 8.73 95.13 29.62 457.68 95.65 156.91 39.23 

24 6.97 2.60 15.21 7.60 6.01 2.26 11.10 3.29 61.81 10.13 37.11 10.04 54.12 15.61 

CPT+CP80 

1 54.40 21.40 61.30 8.80 102.60 7.20 170.60 39.40 1774.50 444.50 1575.90 485.80 1529.90 309.60 

2 39.41 9.42 20.70 4.12 26.44 8.24 102.76 13.48 625.71 134.86 1749.12 1034.26 302.46 101.91 

4 4.96 2.24 10.56 2.24 4.50 2.24 34.34 4.59 52.04 23.37 843.05 303.30 45.70 12.61 

8 13.76 3.81 9.83 2.00 24.99 4.33 10.54 4.03 6.47 2.52 6.66 2.12 22.30 4.50 

24 9.48 2.59 6.90 2.76 7.80 2.99 4.59 1.54 7.29 2.23 9.36 2.95 14.69 2.68 

CPTCP80 

1 89.50 18.50 242.60 69.00 50.90 11.90 114.00 23.30 1229.20 309.70 3248.00 817.90 949.40 226.10 

2 18.93 4.19 118.77 29.69 11.88 4.55 138.24 25.56 1347.65 152.56 1202.55 527.47 1139.69 219.89 

4 23.30 3.97 49.47 6.18 26.75 7.26 57.85 16.06 590.17 190.54 2489.72 327.36 680.88 170.76 

8 22.85 4.25 38.59 9.14 23.43 5.97 22.62 6.87 297.63 131.31 1464.53 470.76 299.42 70.76 

24 6.04 2.19 29.66 3.30 9.02 2.64 9.94 2.33 76.24 20.84 76.24 20.84 96.42 37.11 
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Figure 9.6. Camptothecin (CPT) concentration in serum, brain, heart, kidneys, liver, lungs and 

spleen after intravenous administration of CPTCP60 (
_____

), CPTCP80 (
__

■
__

), CPT+CP60 (-  -), 

CPT+CP80 (- ■ -) and CPT susp. (
..
▲

 ..
) (n=6).  

 

At 1 h post injection of camptothecin-loaded SLN, several fold higher increasing levels in 

the brain concentration of camptothecin were observed in comparison with other organs, 

and at 1–24 h the same tendency was maintained. At 1 h, 2 h, 4 h, 8 h and 24 h post 
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administration of camptothecin-loaded SLN coated with polysorbate 80, the drug contents 

in the brain were 0.25%, 0.12%, 0.05%, 0.04% and 0.03% of the injection dose, 

respectively. Usually, low concentrations of drugs in the brain are adequate to result in a 

therapeutic effect [72]. For the majority of the CNS drugs available on the market, less 

than 0.2% of the peripheral dose is uptaken into brain [73]. Moreover, the percentage of 

the dose injected by means of nanoparticles that is afterwards measured in the brain is 

extremely variable [72].  

Additionally, camptothecin could be detected till 24 h in brain after the intravenous 

administration of camptothecin-loaded SLN. On the other hand, when formulated freely in 

suspension, camptothecin was detected in the brain only till 8 h after intravenous injection. 

For other organs also camptothecin could, generally be detected until 24 h but at 

concentrations much lower than the concentrations detected in the first hours after the 

administration. 

Overall pharmacokinetic results are depicted in Table 9.6. A complete pharmacokinetic 

study of the camptothecin using different formulations of camptothecin during 24 h was 

performed, giving a more detailed outlook of the potentiality of SLN carriers of drugs for 

brain target.  

A prolonged residence in various organs was achieved with camptothecin loaded-SLN. 

The MRT of camptothecin loaded-SLN increased in some organs compared with the 

same dose of camptothecin free in suspension (Table 9.6). In fact, the MRT of 

camptothecin in brain double when camptothecin was incorporated into SLN. The CPT-

loaded SLN internalised inside various tissues can release their content prolonging the 

residence time of the drug. 

The higher maximum camptothecin concentration in brain was achieved with CPTCP80 

formulation (243 ng/g brain). The maximum concentration (Cmax) of camptothecin in the 

organs was generally reached one hour (Tmax) after the intravenous injection of the 

formulations (Table 9.6). This phenomenon is probably related to the rapidly degradation 

of the nanoparticles, followed by elimination of the incorporated drug by metabolism, 

degradation or efflux, and permeation through the brain endothelial capillaries or other 

capillaries [74].  
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Table 9.6. Pharmacokinetic parameters of camptothecin (CPT) formulations after 

intravenous administration of 0.5 mg CPT/kg 

Organ 
AUC 

(ng.h.g
-1

) 
AUMC 

(ng.h
2
.g

-1
) 

MRT 
(h) 

Cmax 

(ng.g
-1

) 
Tmax  

(h) 
F 

Serum 
      

CPT susp 409 4127 10.1 32.4 1 
 

CPT+CP60 204 1913 9.4 28.6 1 0.50 
CPTCP60 547 3316 6.1 106.4 1 1.34 
CPT+CP80 342 3153 9.2 54.4 1 0.84 
CPTCP80 465 3413 7.3 89.5 1 1.14 

Brain 
      

CPT susp 143 654 4.6 38.8 1 
 

CPT+CP60 152 1524 10.0 14.0 1 1.06 
CPTCP60 673 5545 8.2 129.8 1 4.70 
CPT+CP80 278 2361 8.5 61.3 1 1.94 
CPTCP80 1192 9974 8.4 242.6 1 8.32 

Heart 
      

CPT susp 377 2041 5.4 75.2 1 
 

CPT+CP60 999 10284 10.3 132.8 2 2.65 
CPTCP60 289 2262 7.8 41.4 1 0.77 
CPT+CP80 468 3733 8.0 102.6 1 1.24 
CPTCP80 455 4013 8.8 50.9 1 1.21 

Kidneys 
      

CPT susp 891 6650 7.5 90.7 2 
 

CPT+CP60 2015 12091 6.0 273.2 2 2.26 
CPTCP60 976 7091 7.3 105.1 1 1.10 
CPT+CP80 570 2615 4.6 170.6 1 0.64 
CPTCP80 801 4940 6.2 138.2 2 0.90 

Liver 
      

CPT susp 9727 65711 6.8 1208.8 1 
 

CPT+CP60 15686 93056 5.9 1755.5 1 1.61 
CPTCP60 4482 27742 6.2 914.2 2 0.46 
CPT+CP80 2992 6193 2.1 1774.5 1 0.31 
CPTCP80 8607 50803 5.9 1347.6 2 0.88 

Lungs 
      

CPT susp 34951 220547 6.3 3147.0 2 
 

CPT+CP60 8973 40886 4.6 1575.9 1 0.26 
CPTCP60 12327 65809 5.3 1676.9 1 0.35 
CPT+CP80 6870 19270 2.8 1749.1 2 0.20 
CPTCP80 27776 168533 6.1 3248.0 1 0.79 

Spleen 
      

CPT susp 6752 42606 6.3 842.2 2 
 

CPT+CP60 16291 105931 6.5 1510.0 1 2.41 
CPTCP60 3836 28698 7.5 382.4 4 0.57 
CPT+CP80 2461 7591 3.1 1529.9 1 0.36 
CPTCP80 8467 55006 6.5 1139.7 2 1.25 

Camptothecin in suspension, CPT susp.; camptothecin in physical mixture with SLN stabilised 

with polysorbate 60, CPT+C60, or polysorbate 80, CPT+CP80; camptothecin incorporated in SLN 

stabilised with polysorbate 60, CPTC60, or polysorbate 80, CPTCP80; area under curve (AUC); 

area under the first moment curve, AUMC; Mean residence time, MRT; Cmax and Tmax are the 

maximum concentration and the time to reach maximum concentration, respectively. 
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Lipid nanoparticles degradation is, in general, relatively fast, resulting in non-toxic 

compounds easily eliminated through physiologic metabolic pathways [75]. The lipid 

matrix degradation occurs mostly by lipases whereas only a minor part is degraded by 

non-enzymatic hydrolytic processes [12]. Lipases are present for example in BCEC and in 

the tissue brain [76, 77] and probably should be able to promote the degradation of the 

lipid matrix in such tissue. Additionally, according to literature camptothecin has a rapidly 

brain elimination (1.28 h-1) relative to the rate of brain diffusion (0.282 mm2/h) [78].  

Remarkably the higher increase in camptothecin concentration occurred in the brain, as 

confirmed by the F value (Table 9.6 and Figure 9.7). Camptothecin accumulation 

increased in brain (F between 4.7 and 8.3) and serum (F between 1.1 and 1.3) when 

incorporated into SLN compared to free camptothecin. This increase demonstrates the 

ability of SLN to modulate appropriately camptothecin pharmacokinetics and is probably 

due to a higher targeting of the drug to the brain and to a lower elimination rate from the 

rat body. The higher concentration and F achieved in brain might be the result of transport 

of intact camptothecin-loaded SLN through the blood–brain barrier by endocytosis and 

simple diffusion of camptothecin released from camptothecin-loaded SLN. In comparison 

with camptothecin in suspension, the higher blood concentration of camptothecin after 

intravenous administration of CPT-loaded SLN could also be related to the small size of 

nanoparticles or association with the lipid bilayers of red blood cells [79]. 

For heart, kidneys and spleen, camptothecin concentrations were similar for the drug 

incorporated into SLN and in suspension. On the other hand, camptothecin accumulation 

decreased in liver (F=0.46 to 0.88) and lungs (F=0.35 to 0.79) in comparison with 

camptothecin in suspension, which may be a consequence of the lower affinity of the SLN 

containing camptothecin to the liver and lungs [80], a lower SLN removal to the MPS 

tissues, or to the deposition of SLN containing the drug in other organs. The lower affinity 

of SLN to liver and lungs may also be beneficial to reduce some drugs associated 

hepatotoxicity (e.g. tamoxifen [81]) or lungs toxicity. 

In addition, camptothecin-loaded SLN formulations exhibited higher level of camptothecin 

in brain (4.3 times), in the lungs (2.5 times) and in the serum (1.9 times) than that of 

camptothecin in physical mixture formulation. On the other hand, camptothecin 

concentration decreased in the heart (0.6 times), in the kidneys (0.7 times), in the liver 

(0.7 times), and in the spleen (0.7 times) in comparison with camptothecin in physical 

mixture with SLN which may be a consequence of the targeting of SLN containing the 

drug incorporated to the brain with the decreasing accumulation in other organs.  
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Figure 9.7. The F values of CPT+CP60 (□), CPTCP60 (■), CPT+CP80 (■) and CPTCP80 (■) after 

intravenous administration of 0.5 mg CPT/kg. 

 

Camptothecin-loaded SLN seems to be more suitable to target camptothecin to brain than 

the suspension of camptothecin or the physical mixture of camptothecin with SLN. SLN 

enclosing the drug showed a higher camptothecin systemic concentration than the other 

camptothecin formulations, meaning that the drug is able to circulate at higher 

concentration and during longer time in the body. It is known that SLN circulating in the 

blood will interact with the LDL receptors present in the brain capillary endothelial cells if 

appropriated surfactants, such as polysorbates, are coating their surfaces [13, 19, 20]. 

Therefore, the increase of circulation of camptothecin incorporated into SLN is a huge 

advantage since increased systemic exposure will result in increased LDL receptors 

exposure to the SLN with the incorporated drug inside, and can result in high 

accumulation in the brain. 

Results from Figure 9.7 confirmed that higher camptothecin accumulation was achieved in 

the brain when incorporated into SLN (F= 4.7, CPTCP60; F= 8.3, CPTCP80). In previous 

results F values between 2 [36] and 10 [37] have been obtained.  

However, the amount of camptothecin in liver, lungs and spleen tissues were much higher 

than those in other tissues (P < 0.05) indicating that camptothecin-loaded SLN mainly 

accumulated in RES organs. This is in agreement with literature [5, 82] where drug 

accumulation in liver, lungs and spleen where attributed to cells of the reticuloendothelial 

system (RES) existing in these tissues. Such cells are responsible for arresting blood 

circulating nanoparticles leading to a fast plasma clearance.  
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The high lungs drug levels (Table 9.5 and 9.6) rapidly observed after intravenous injection 

of camptothecin in suspension indicated that camptothecin precipitates in blood leading to 

the embolisation of lung capillaries, which might be related with the lower F value for 

lungs. However, the lungs AUC of camptothecin-loaded SLN was the highest among the 

tested organs. 

Concerning to renal filtration, 8 h after administration, it was observed low retention of 

camptothecin-loaded SLN in kidneys. Camptothecin elimination is mainly due to biliary 

and renal excretion [83, 84]. Camptothecin is excreted via urine in the open ring 

carboxylate form and the high pH of urine might facilitate the excretion of camptothecin.  

Particles sizing in the range below 200 nm has been reported as potentially more long-

circulating whereas particles smaller than 20-30 nm are eliminated by renal excretion, and 

larger can be rapidly taken up by the MPS cells [80, 85]. Generally, nanoparticles with 

mean size between 5-250 nm are considered to be promising drug delivery systems since 

they have the potential to improve therapy due of their capability to overcome biological 

barriers and release the drug incorporated in therapeutic concentrations [82]. Although, 

the majority of the successfully developed nanoparticles for brain delivery had a size 

ranging from 150 to 300 nm [6]. In the present study, the accumulation of SLN in the brain 

is believed to compete against the uptake and the clearance performed by the 

monophagocytic cells and the reported camptothecin accumulation in kidneys is mainly 

due to the rapid glomerular filtration of the naked molecule released from the SLN. 

Consequently, it could be inferred that the appropriated diameter (< 200 nm) and colloid 

nature of SLN played a rather important role in increasing the targeting efficiency. The 

obtained results also revealed that, despite camptothecin-loaded SLN tended to 

accumulate in organs of the RES, also increase camptothecin concentration in the 

cerebral tissue in comparison with the administration of the free drug. In fact, the higher 

MRT and F values in the brain for camptothecin–loaded SLN indicates that those 

formulations could much improve camptothecin treatment efficacy against gliomas 

compared with the camptothecin free in suspension. 

In comparison with camptothecin in suspension, camptothecin-loaded SLN showed a 

good targeting to the brain after intravenous administration. In fact, camptothecin-loaded 

SLN can efficiently target the brain by crossing the blood–brain barrier. Based on the body 

distribution pattern and pharmacokinetics, SLN may be advantageous for targeting 

anticancer drugs to brain for glioma treatment. 
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9.4. Conclusion 

SLN with size smaller than 200 nm, homogenous size distribution, slight negative zeta 

potential and high camptothecin association efficiency have been successfully produced 

by the high shear homogenisation and ultrasonication techniques. 

SAXS and WAXS analysis revealed that cetyl palmitate-based SLN have an orthorhombic 

subcell packing that is preserved in contact with the DMPC membrane. In opposition, SLN 

change the lamellar structure of DMPC membrane into a cubic phase. These results are 

good indicators of an efficient interaction of SLN with the cells lipid bilayers and efficient 

release of the incorporated drug. 

In vitro studies in cell lines confirm the suitability of such SLN properties in increasing the 

antitumoural effect of camptothecin loaded into SLN against gliomas. In vivo studies in 

rats revealed also the brain targeting ability of SLN coated with polysorbate 60 and 80. 

In this work it was demonstrated not only the enhanced accumulation, distribution, and 

retention of camptothecin-loaded SLN in the animal brain but also the superiority of the 

antitumour activity of camptothecin-loaded SLN compared with camptothecin in 

solution/suspension or in physical mixture with SLN. In addition, due to physicochemical 

characteristics, SLN could stabilise the incorporated camptothecin and protect it from fast 

in vivo elimination. Furthermore, SLN changed the biodistribution of camptothecin 

prolonging the retention time in brain, exhibiting a brain targeting effect, and increasing 

the potential antitumour effect against glioma. 

The results indicate that SLN represent a robust drug brain-specific delivery system to 

overcome the blood–brain barrier and represent a promising drug delivery system for 

gliomas therapy. Ultimately, the current work may provide a successful concept for clinical 

application in the treatment of gliomas in the future since the camptothecin-loaded SLN 

should be able to increase in vivo tolerability and therapeutic efficacy. 
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10. Conclusions and Future Perspectives 

10.1. Conclusions 

The main goal of initiating this project was to explore the suitability of solid lipid 

nanoparticles (SLN) for the treatment of malignant gliomas. It was hypothesised that by 

using SLN formulations the amount of drug that reach brain parenchyma will be increased 

without disruption of the blood-brain barrier. 

Firstly, the influence of the type of lipid and surfactant was study in a univariate approach, 

as well as both lipid- and surfactant-concentration with regard mean particle size, 

homogenous size distribution and stability of the SLN dispersions. From this study it was 

found that for each of the five lipids tested at least one combination with a surfactant could 

be found to produce stable formulations fulfilling the aim of a mean particle size <200 nm 

and a polydispersity index (PI) <0.25. All combinations of cetyl palmitate, Dynasan 114 

and Witepsol E85 with any of the six surfactants in this study produced such small and 

homogeneous particles. For all lipids, the most appropriated combination was 5% lipid/2% 

surfactant since it was the formulation providing SLN with the lowest mean particle size 

and best stability. 

Experimental design and multivariate evaluation was employed to identify important 

factors in the production and optimisation of SLN by the high pressure homogenisation 

(HPH) method. In this study, SLN with a mean particle size lower than 200 nm and 

relatively monodisperse size distribution as well as good storage stability were targeted 

and obtained within the design space. To reach that purpose, low concentrations of lipid 

should be combined with high concentrations of surfactants. Additionally, cetyl palmitate 

appears as the most appropriate lipid and the polysorbates the most appropriated 

surfactants for achieving the required SLN characteristics.  

The PLS models calculated are appropriate for predictions purposes and can be used to 

optimise SLN size and size distribution, by defining the proper combinations of lipid and 

surfactant and their concentrations to reach the target size properties. 

Multivariate design methodology has shown its utility in this optimisation process and can 

confer economic advantages and a time-saver for further SLN development. 

After SLN development and optimisation, camptothecin was incorporated into SLN. 

Camptothecin-loaded SLN with the appropriate characteristics (small size, homogenous 

size distribution, high association efficiency, good storage stability) were produced. SLN 

due to their physicochemical properties are promising to protect and stabilise the 

incorporated camptothecin and protect it from fast elimination in vivo.  
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In vitro cell studies in confocal and fluorescence microscopy revealed that the 

internalisation of camptothecin by brain capillary endothelial cells (BCEC) was increased 

when incorporated into SLN, but no increase was detected in macrophages. 

Bearing in mind that the knowledge of the mechanism of entry is essential and will assist 

future developments of lipid nanoparticles for drug delivery applications in vitro studies in 

flow cell cytometry were performed. Such studies revealed that fluorescently labelled SLN 

stabilised with two different polysorbates (60 or 80) were able to transport the model drug 

(rhodamine 123) into gliomas and that the cellular-uptake mechanism was energy 

dependent and mediated mainly through a clathrin-dependent endocytic pathway rather 

than caveolae or lipid rafts or phagocytosis. 

In vitro studies in gliomas revealed the superiority of the antitumour activity of 

camptothecin-loaded SLN compared with camptothecin in solution or in physical mixture 

with SLN. 

SAXS and WAXS experiments showed that the polymorphic form of cetyl palmitate-based 

SLN is conserved in contact with the lipid bilayer. In opposition, SLN change the lamellar 

structure of DMPC lipid bilayer model into a cubic phase. These results are good 

indicators of favourable interactions of SLN and lipid bilayers of cells, such as the brain 

capillary endothelial cells (BCEC) and gliomas, and efficient release of the incorporated 

drug. 

In vivo studies revealed that fluorescent labelled SLN were capable of targeting drugs to 

brain tissues and consequently higher concentrations of camptothecin on those tissues 

should be achieved. Additionally, camptothecin release in physiological fluids and its 

distribution within other organs or cells should be reduced and consequently decrease 

camptothecin-related toxicities. 

With the purpose of study the biodistribution of camptothecin-loaded SLN a simple HPLC 

method was developed and validated according to the ICH guidelines for analytical 

procedures validation. This method was convenient for the quantification of camptothecin 

in rat organ samples (brain, heart, kidneys, liver, lungs, spleen and blood) and was 

successfully applied to the determination of biodistribution of camptothecin in rat. 

Furthermore, this method, based on chromatographic separation and fluorescence 

detection, could be very useful for clinical pharmacokinetic studies in other animals and 

humans.  

Finally, in vivo biodistribution studies were performed in rats and it was clearly 

demonstrated the enhanced accumulation, distribution, and retention of camptothecin-

loaded SLN in the brain parenchyma. In fact, the incorporation of camptothecin into SLN 

coated with polysorbate 80 increased more than 8 times the concentration of 
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camptothecin in brain in comparison with camptothecin in suspension. Additionally, the 

drug contents in the brain of the injection dose were higher for camptothecin loaded SLN 

than for the majority of the CNS drugs available on the market. On the other hand, 

camptothecin accumulation decreased in liver and lungs in comparison with camptothecin 

in suspension. 

The results of this thesis indicate that SLN based on cetyl palmitate and stabilised with 

polysorbate 60 and 80 represent a robust drug brain-specific delivery system to overcome 

the blood–brain barrier and represent a promising drug delivery system for gliomas 

therapy.  

Furthermore, this work may provide a successful concept for clinical application in the 

treatment of gliomas in the future since the camptothecin-loaded SLN should be able to 

increase in vivo therapeutic efficacy and tolerability. 

Nevertheless, supplementary experiments in an in vivo brain tumour model are necessary 

to elucidate the antitumour efficacy of the SLN system. 

 

10.2. Future Perspectives 

In the follow up of the work described in this thesis it would be very interesting to coat the 

SLN surface with endogenous ligands, develop a reliable in vitro blood-brain barrier model 

and test the ability of SLN coated with surfactants and/or ligands to cross the in vitro 

blood-brain barrier. Finally, assess the body and brain distribution of SLN in both healthy 

rats and glioma model rats and evaluate the tumour size and survival time of the glioma 

model rats would also be of major interest. 

In order to optimise the biodistribution, SLN could be decorated with site-specific 

biomolecules recognising target tissues. Endogenous ligands such as transferin, folic acid 

and apolipoprotein E (ApoE) represent a promising site-specific ligand for brain targeting. 

The main advantage of these endogenous ligands is their high affinity for both brain and 

tumour cells. Moreover, they are biocompatible and non-immunogenic. 

Consequently, it would be advantageous if SLN coated with surfactants and endogenous 

ligands (transferrin, folates and ApoE) with brain delivery ability and/or ABC-transporters 

inhibition ability would be developed and optimised. 

Thus, the development of an in vitro cell system that mimics the blood-brain barrier is an 

important first step in the evaluation of new drugs and drug delivery systems to cross the 

blood-brain barrier. Until now, none of the described in vitro methods reached the level of 

tightness of transendothelial electrical resistance (TEER) and permeability that is reported 

for the blood-brain barrier in vivo, >1500 Ohm×cm2 and 1×10−7 cm/s, respectively. 
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Bearing this in mind, the development of co-cultured dynamic in vitro blood-brain barrier 

(DIV-BBB) models with human immortalised cells (brain capillary endothelial cells, 

astrocytes, pericytes and neurons) which closely mimic the natural blood-brain barrier 

would allow to evaluate the ability of SLN to delivery drugs beyond this barrier and would 

be possible to correlate well with in vivo studies. 

Body and brain distribution of fluorescent labelled SLN and CPT-loaded SLN could be 

determined for example in Fisher rat and in syngeneic Fischer/F98 glioma model. Tumour 

size and survival time should be performed in syngeneic Fischer/F98 glioma model. 

It is expectable that using appropriate ligands to couple to the SLN surface, studying the 

ability of these drug delivery systems in an appropriated co-cultured DIV-BBB model and 

in suitable animal models, a much more completed study in the SLN brain delivery skills 

would be obtained. 
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