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SÃO PEDRO, André Luiz Santos. Supercritical fluid technology for development of solid lipid 

particles entrapping curcumin. 2015. Doctoral Thesis - Escola Politécnica, Universidade Federal da 

Bahia, Salvador, 2015. 

Abstract 
 

Curcuma longa appears as one of the main sources of a phenolic compound with a multitarget 

bioactivity profile named as curcumin. As main drawbacks, the photosensitivity and high 

lipophilicity have limited the use of curcumin on pharmaceutical field. The encapsulation 

technology has been investigated as the approach of choice to overcome these limitations. Solid 

lipid nanoparticles (SLN®) and microparticles (SLM) have been pictured as a very interesting 

platforms on development of formulations for biomedical applications. Since traditional 

SLN®/SLM production methods possess a series of limitations, the processing by supercritical 

carbon dioxide (scCO2) has been widely investigated, since scCO2 is namely recognized by its 

special physicochemical features, at relatively mild operation conditions without any incremental 

toxicological risk to pharmaceutical manufacture chain. Concerning to this, the aim of this work 

was to investigate the use of scCO2-based technology for the production of curcumin-loaded 

SLN®/SLM formulations. SLM were obtained by PGSS, where [tristearin+soy phosphatidylcholine 

(PC)+dimethylsulfoxide (DMSO)+curcumin] mixtures were processed. Samples with 

(tristearin+PC)/(DMSO+curcumin) w/w ratios ranging from 65.6:1 to 3:1 were prepared either in 

the presence or absence of helium and then processed by PGSS. The SLM size ranged from 7.8 to 

70.0 µm, and the drug loading yield was found to be between 30 and 87 drug/lipid w/w%. The 

particles obtained from lipid mixtures with low DMSO feed were homogeneous in size. The 

formulation prepared with the highest DMSO feed yielded a bimodal particle size distribution with 

significant aggregation. Interestingly, the use of helium in the preparation of the lipid mixture was 

found to improve drug loading and particle dimensional features. However, by far, the most 

interesting result was the obtainment of a homogenous population of SLN® within the 0.5% 

curcumin samples. With an average size of 118.5 nm, no indication of chemical incompatibility 

among curcumin and SLN® excipients was found on infrared studies and in vitro tests 

demonstrated that the carrier components reduced significantly the cytotoxicity of curcumin. In 

addition, the preparation process was not found to degrade curcumin, indicating that PGSS can be 

properly set-up for the preparation of curcumin lipid particles.  
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SÃO PEDRO, André Luiz Santos. Supercritical fluid technology for development of solid lipid 

particles entrapping curcumin. 2015. Tesi di Dottorato - Escola Politécnica, Universidade Federal 

da Bahia, Salvador, 2015. 

Riassunto 
 

La Curcuma longa sorge come una delle principali fonti di un composto fenolico con un profilo 

bioattività multitarget conosciuto come curcumina. Come inconvenienti principali, la fotosensibilità 

e l'alta lipofilità limitanno l'uso della curcumina nel campo farmaceutico. La tecnologia di 

incapsulamento è stata studiata come metodo di scelta per superare queste limitazioni. Le 

nanoparticelle lipidiche solide (NLS) e microparticelle lipidiche solide (MLS) sono state descritte 

come piattaforme molto interessante per lo sviluppo di formulazioni per applicazioni biomediche. 

Poiché tradizionali metodi di produzione NLS/MLS possiedono una serie di limitazioni, il 

trattamento da biossido di carbonio supercritico (scCO2) è stato ampiamente studiato, poiché scCO2 

è cioè riconosciuto dalle sue caratteristiche fisico-chimiche speciali, in condizioni operative 

relativamente blande senza alcun rischio tossicologico incrementale farmaceutica a catena. 

Riguardo a questo lo scopo di questa tesi è stato quello di esaminare l'uso della tecnologia a base di 

scCO2 per la produzione di formulazione di NLS/MLS caricate con curcumina. MLS sono stati 

ottenuti da PGSS, dalle miscele composti di tristearina, fosfatidilcolina di soia (PC), 

dimetilsolfossido (DMSO) e curcumina. I campioni con i rapporti p/p (tristearin + PC) / (DMSO + 

curcumina) che vanno da 65,6: 1 a 3: 1 sono stati preparati sia in presenza o assenza di elio e poi 

elaborati da PGSS. Il diametro medio delle MLS ha ocillato fra 7,8 e 70,0 µm e la resa di farmaco 

carico è stato compreso fra 30 e 87 farmaco / lipidi p/p%. Le particelle ottenute delle miscele 

lipidiche con basso contenuto di DMSO hanno presentato dimensioni omogenei. Le formulazione 

preparate con il massimo contenuto di DMSO hanno prodotto particelle con dimensioni di 

distribuzione bimodale con l'aggregazione significativa. È interessante notare che l'uso di elio nella 

preparazione della miscela lipidica ha migliorato la resa di farmaco carico e le caratteristiche 

dimensionali delle particelle. Tuttavia, di gran lunga, il risultato più interessante è l'ottenimento di 

una popolazione omogenea di NLS nei campioni curcumina 0,5%. Con una dimensione media di 

118,5 nm, non è stata trovata nessun indicazione di incompatibilità chimica tra curcumina e gli 

eccipienti su studi a raggi infrarossi e i test in vitro hanno dimostrato che i componenti dell NLS 

hanno ridotto in modo significativo la citotossicità della curcumina. Inoltre, il processo di 

preparazione non è stato trovato per degradare curcumina, indicando che PGSS può essere 

opportunamente applicata per la preparazione di particelle lipidiche di curcumina. 
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SÃO PEDRO, André Luiz Santos. Supercritical fluid technology for development of solid lipid 

particles entrapping curcumin. 2015. Tese de Doutorado - Escola Politécnica, Universidade Federal 

da Bahia, Salvador, 2015. 

Resumo 
 

A Curcuma longa é tida como uma das principais fontes do composto fenólico com um perfil de 

bioatividade multialvo conhecido como curcumina. Como desvantagens principais, a 

fotossensibilidade e elevada lipofilia têm limitado a utilização de curcumina na área farmacêutica. 

A tecnologia de encapsulamento tem sido investigada como a abordagem de escolha para superar 

essas limitações. Nanopartículas lipídicas sólidas (NLS) e micropartículas lipídicas sólidas (MLS) 

têm sido apresentadas como plataformas interessantes para o desenvolvimento de formulações para 

aplicações biomédicas. Uma vez que os métodos tradicionais de produção das NLS/MLS possuem 

uma série de limitações, o processamento por dióxido de carbono supercrítico (scCO2) tem sido 

amplamente investigado, uma vez que scCO2 é nomeadamente reconhecido pelas suas 

características físico-químicas especiais, sob condições de operação relativamente moderadas, sem 

qualquer risco toxicológico incremental para cadeia produtiva farmacêutica. Dessa maneira, o 

objetivo deste trabalho foi investigar o uso da tecnologia baseada em scCO2 para a produção de PLS 

contendo curcumina. MLS foram obtidos pela técnica conhecida pelo termo em inglês "Particles 

Generated from Saturated Solutions" (PGSS), a partir de misturas compostas de triestearina, 

fosfatidilcolina de soja (PC), dimetilsulfóxido (DMSO) e curcumina. As amostras com razão m/m 

de (triestearina + PC) / (DMSO + curcumina) variando entre 65,6: 1 e 3: 1 foram preparadas na 

presença ou ausência de hélio e processadas por PGSS. MLS foram obtidas com diâmetro médio na 

faixa de 7,8 a 70,0 µm e uma faixa de rendimento de carga de 30 a 87 (droga / lipídio) m/m% de 

curcumina nas partículas. As partículas obtidas de misturas com menor teor de DMSO apresentaram 

tamanho homogêneo. Aquelas obtidas de misturas com maior teor de DMSO apresentaram uma 

distribuição de tamanho bimodal, com agregação significativa. Curiosamente, o uso do hélio levou 

ao aumento da carga de fármaco e redução do tamanho de partícula. No entanto, o resultado mais 

interessante foi a obtenção de uma população homogênea de NLS entre as amostras de MLS de 

curcumina a 0,5%. Com um tamanho médio de 118,5 nm, nos estudos de infravermelho, não foram 

encontrados sinais de incompatibilidade química entre os componentes das NLS e ensaios in vitro 

demonstraram que os excipientes reduziram significativamente a citotoxicidade de curcumina. 

Além disso, o processo de preparação não degradou a curcumina, indicando que PGSS pode ser 

adequadamente empregado para a preparação de partículas lipídicas incorporando a curcumina. 
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1 
 

Despite of all efforts on seeking alternatives to the current use of standard drugs by clinics, 

research of new options is still urgent. A large number of clinical complications derive from drug 

adverse effects. Also, low efficacy profile of the available drug therapy appears as one of the main 

causes of patient non-adherence and worsening of pathological conditions. The impacts on public 

health sector as well as the contribution to labor impairment reinforce the constant search for 

therapeutic options. In this context, the kingdom Plantae can offer a plethora of new therapeutic 

leads for drug development processes. Since ancient times, plants in natura and special preparations 

have been used as strong agents for curative purposes. Several of the commercial available 

medicines widely known were prospected from plant material.  

Among the large range of available options, curcurmin has been emerged as a really 

interesting molecule. Well known by its presence on spices derived from Curcuma longa, curcumin 

provides a significant antiinflammatory activity. Extensive studies have proved the action of 

curcumin through varied inflammatory paths and it is directly connected to a vast number of 

therapeutic applications. However, curcumin is highly hydrophobic, which confers a very low 

bioavailability and also instability in physiological conditions, as well as upon exposure to light.  

In this context, one interesting alternative for these physicochemical challenges is the 

association of curcumin to innovative drug delivery systems. The solid lipid nanoparticles (SLN®) 

and microparticles (SLM) represent good options for this purpose.  These particles are composed by 

lipids which are solids at room temperature. The term lipid includes triglycerides, partial glycerides, 

fatty acids, steroids and waxes. The drug incorporated into SLN®/SLM has its water solubility 

improved by action of lipid matrix compounds, leading to an improvement of bioavailability, and is 

commonly released on a prolonged profile, which can lead to the maintanance of a constant drug 

concentration on the organism post administration. It can imply on reduction of side effects and 

reduces the frequency of doses of pharmaceuticals.  

In comparison with other types of encapsulation systems, SLN®/SLM offer some important 

advantages. Two of the most studied encapsulation systems for medical application are the 

polymeric and the liposomal ones. While the monomeric residues from polymeric particles can be 

toxic to human body metabolism, the lipids used on SLN®/SLM preparation are preferred due to 

the physiological nature of their lipid constituents, which prevents acute and chronic toxicity. In 

addition, the solid state of SLN® favors less complicated methods of sterilization than those 

observed for liposomal formulations, as well as, higher particle physical stability. 

Currently a wide range of techniques for production of SLN®/SLM are available. Solvent 

emulsification/evaporation, high pressure homogenization, hot and cold homogenization have been 

the most cited. The choice of these processes depends on their feasibility for scaling up to industry 
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production and on the overall costs of operation. However, they are multi-step, generally involve 

high temperature and shear rates and several cycles at high pressure. These extreme process 

conditions lead to wider particle size distribution and degradation of the drug. Further, the high 

kinetic energy content of the obtained particles promotes their coalescence and the presence of 

organic solvent residues compromises their safety for human use. 

In this context, the supercritical fluid technology appears as a great opportunity to overcome 

these method limitations. Specifically, supercritical carbon dioxide (scCO2) offers a wide range of 

possible applications on pharmaceutical field. CO2 reaches its critical point at 31.1 °C and 70.8 bar, 

which allows processing of bioactive compounds under mild operation conditions avoiding thermal 

degradation. Other significant advantages of supercritical fluid processing include the possibility of 

recycling of CO2, the production of organic solvent-free particles, achievement of particulate 

systems with a narrower particle size distribution, in a single-step operation. 

Besides these features, supercritical fluid techniques also have shown extreme versatility by 

the use multipurpose plants and operation conditions. Among the available techniques for 

SLN®/SM production by supercritical fluid processing, particles from gas saturated solutions 

(PGSS) has been shown as the most interesting. In addition to all advantages of supercritical fluid 

technology, PGSS can produce powder formulations directly, requires the use of small volume 

pressurized equipment, demands relatively low amounts of CO2, and easily performs the recovery 

of the product and the gas. This process already runs in plants with capacity of some hundred 

kilograms per hour. Considering the endorsement granted by all afore mentioned information, this 

work intended to develop curcumin-solid lipid particle-based formulations by supercritical fluid 

technology.  

This thesis is organized in chapters. The first one is composed by this Introduction. In order 

to provide a big picture background, this thesis is composed of an extensive State of Art (chapter II), 

which covers the available information concerning the importance of drug prospection from plants, 

curcumin and its medical applications, encapsulation technology and supercritical fluid technology 

linked to the production of particulate systems. Then, the Aims (chapter III) of this work are cleared 

up, followed by the Material and Methods (chapter IV) applied to fulfill the designed purposes.  

Results and Discussion (chapter V) are organized in three sections: the first one presents the 

preliminary results, the second presents the papers published with the results for SLM, while the 

third one comprises the complementary results for SLN®. Finally, Conclusions (chapter VI) sum up 

evaluation of the whole work and relate to the Future Perspectives (chapter VII). The Reference 

(chapter VIII) list shows all references in alphabetic order. The Attachment I provides the 

publication list of works linked to this thesis. 
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1 Adverse Drug Reactions  
 The use of drugs as therapeutic tools on clinical practice is idiosyncratically associated to 

risks. Since every pharmacological effect is defined by affecting a physiological process, the 

repercussion of this phenomenon can be turned into a noxious outcome. In this context, the concept 

of adverse drug reaction (ADR) have been turned widely known on medical field. The Table 1 

presents variations on the gold standard concepts of ADR adopted by different associations. These 

concepts have been commonly stated as the basis for clinical bodies, including hospitals and 

regulatory agencies approach on ADR management and care.   

 

Table 1. Concepts of Adverse Drug Reaction  

Association Concept References 

Food and Drug 
Administration (FDA) 

Adverse event means any untoward medical occurrence associated with the 
use of a drug in humans. An adverse event or suspected adverse reaction is 
considered "serious" if, in the view of either the investigator or sponsor, it 
results in any of the following outcomes: Death, a life-threatening adverse 
event, in patient hospitalization or prolongation of existing hospitalization, a 
persistent or significant incapacity or substantial disruption of the ability to 
conduct normal life functions, or a congenital anomaly/birth defect. 
Important medical events that may not result in death, be life-threatening, or 
require hospitalization may be considered serious when, based upon 
appropriate medical judgment, they may jeopardize the patient or subject and 
may require medical or surgical intervention to prevent one of the outcomes 
listed in this definition. 

(FDA, 2015) 

World Health 
Organization (WHO) 

A response to a medicine which is noxious and unintended, and which 
occurs at doses normally used in man. (WHO, 2002) 

American Society of 
Health-System 
Pharmacists (ASHP) 

Any unexpected, unintended, undesired, or excessive response to a drug that: 
 Requires discontinuing the drug (therapeutic or diagnostic); 
 Requires changing the drug therapy; 
 Requires modifying the dose (except for minor dosage adjustments); 
 Necessitates admission to a hospital; 
 Prolongs stay in a health care facility; 
 Necessitates supportive treatment; 
 Significantly complicates diagnosis; 
 Negatively affects prognosis; 
 Results in temporary or permanent harm, disability, or death. 

(ASHP, 1995) 

 

 Briefly, any noxious and unintended effect derived from drug treatment is considered as an 

ADR. An ADR or a combination of multiple ADRs can lead to treatment failure, as well as, to the 

development of new medical problems which can be as harmful or even worse than the previous 

condition (Pérez Menéndez-Conde et al., 2011). A 3-month observational study on New Somerset 

Hospital in Cape Town, South Africa, revealed that 6.3% of patients were admitted as a result of an 

ADR (Mehta et al., 2008). An 1-year investigation of patients admitted to the Geriatric Unit of the 

Casa Sollievo della Sofferenza Hospital, San Giovanni Rotondo in Italy, revealed that around 6% 

were ADR-related (Franceschi et al., 2008). A cross-sectional study performed by 4 months on 
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Bellvitge University Hospital, Spain, showed that 4.2% of hospital admissions were caused by 

ADRs (Pedrós et al., 2014). In a tertiary care teaching hospital from North India, a rate of 3.5% was 

found for severe ADRs (Tandon et al., 2014).  

 Some other works have collected data of adverse drug events (ADE) which are composed of 

both ADRs and consequences from medication errors. An ADE prevalence of 4.2% was found 

among the patients after a 5-day cross-sectional study in Ibn Sina general teaching hospital in 

Rabat, Morocco (Benkirane et al., 2009). A 4-month prospective observational cohort study 

conducted in the pediatric, neonatal intensive care unit, and postnatal wards of a university hospital 

in Dunedin, New Zealand found an alarming rate of 12.9% of ADE among patient admissions 

(Kunac et al., 2009). Stausberg (2014) has found an overall prevalence rate of ADE among 

hospitalizations of 3.22% for England, 4.78% for Germany and 5.64% for USA. In this context, the 

incidence of ADR has been stated as a major public health care problem direct linked to an impact 

on the overall costs and decrease of patient productivity that cannot be ignored (Alomar, 2014). 

 In addition to this scenario, the mortality rates associated to ADRs is a significant issue. The 

Institute of Medicine from USA estimates around 7,000 deaths related to ADRs annually (Alomar, 

2014). A study performed on North India relates around 3,000 deaths related to ADR per year 

(Tandon et al., 2014). The rates of hospital admissions and mortality caused by ADRs in different 

countries confirm the relevance of reinforcement of pharmacovigilance routines, continuous 

education of clinicians, pharmacists, nurses and all clinical supportive staff, as well as, the research 

for safer therapeutic alternatives (Ivanov et al., 2015; Marquez et al., 2015). 
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2 Phytomedicine  
 One of the earliest findings on use of medicinal plants date from 60,000 years ago with the 

discovery of pollen and flower fragments of different medicinal plants in a grave of a Neanderthal 

man. Other investigations have found pieces of birch fungus, presumably used as a laxative and 

antibiotic with 5,300-year-old ‘iceman’ discovered in 1991 in the Italian Alps (Hart, 2005). Since 

then, the application of plant material with prophylactic and therapeutic purposes have been largely 

reported.  

 Over the Earth's surface 250,000 to 350,000 plant species have been accounted. From this 

amount, around 35,000 species have been reported to be therapeutically (Khan and Rauf, 2014). 

Etnopharmacologic studies have described a wide range of medicinal plants and their preparations  

selected as a pivotal part of folk ancient knowledge transferred from generation to generation. A 

great part of these medicinal expertise is deeply linked to religious practices. The phytomedicine, 

commonly cited as "traditional medicine" due to its ancestry, is often characterized by use of 

recommend complex herbal mixtures and multi-compound extracts (Leonti and Casu, 2013; Papp et 

al., 2014). Currently the WHO estimates that around 80% of world's population chooses herbal 

products as therapeutic leads or as adjuvant of purified molecules-based drugs (Kutama et al., 

2015). 

 

2.1 Drug prospection  

 Considering all knowledge on traditional medicine supported by centuries of practice, it has 

been used as a guide for prospection of new drugs. On 19th century the characterization of pure 

molecules in medicinal and toxic plants took place on the pharmaceutical scenario. On the first 

decades of the same period, some of the compounds in current use on medical practice were first 

isolated from their original plant matrices, such as morphine from Papaver somniferum L., quinine 

from Cinchona spp., cafeine from Coffea arabica L., and atropine from Atropa belladonna L. 

(Heinrich, 2013). 

 One of the most traditional approaches on drug discovery researches is known as Phenotypic 

Drug Discovery. On this approach, synthetic or isolated compounds are tested in different cell types 

in order to evaluate changes on phenotypic features, such as cellular viability or protein expression 

modulation. In order to reduce the  number of experiments, a new approach, the Target Drug 

Discovery has been implemented. On this one, a certain biological target is selected and a screening 

of compounds is performed and the modulation of this target is evaluated. However, some recent 

data have demonstrated that most of first-in-class drugs with innovative mechanisms of action have 
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come from phenotypic screening (Kotz, 2012; Moffat et al., 2014) . So, currently, the selection of a 

route on drug prospection can be a not so clear task for the research centers.  

 Despite all the effort on the research of alternative therapeutic drugs, most of them are 

classified as me-too drugs, i.e. molecules structurally very similar to already known drugs or 

possess a very similar mechanism of action and efficacy comparable to commercially available 

medicines. Due to this failure the interest on natural product research has been increased (Lahlou, 

2013). In this context herbs, botanicals, herbal medicines and phytopharmaceuticals have returned 

as a trend for pharmaceutical research. 

 

2.3 Synergy and biocompatibilty of phytomolecules 

 Characteristics from phytoproducts draw up some advantages when compared to synthetic 

drugs. The plant-derived crude materials commonly known as herbal products as well as the 

pharmacologically standardized plant-based products (phytopharmaceuticals) present a complex 

mixture of components. Several studies have demonstrated in different plant preparations a synergic 

activity among their biological active constituents. Also, the association to structural primary 

metabolites, such as glycosides, proteins or lipids, can enhance the pharmacologic effect of active 

molecules (Ulrich-Merzenich et al., 2010; Lewandowska et al., 2014; Wang et al., 2014). 

Furthermore, taking into account the biological synthesis route of active phytomolecules they 

commonly present a significant biocompatibility which improves their safety profile contributing to 

a relatively fewer occurrence of adverse reactions.   
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3 Curcumin 
3.1 Obtainment and chemistry 

First isolated by Vogel and Pelletier (1815), curcumin, also designated by the official 

chemical name [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiena-3,5-dione)], is an orange-

yellow coloured polyphenol prospected from roots and stalk of the herb Curcuma longa L. 

(Simanjuntak et al., 2010). The chemical structure depicted on Figure 1 was firstly elucidated by 

Kostanecki and colleagues (1910). Curcumin is found as a crystalline powder, with melting point of 

183°C, molecular formula of C21H20O6 and molecular weight of 368.37 g/mol. The core structure of 

curcumin consists of a feruloylmethane skeleton composed of phenolic rings connected by 

unsaturated carbonyl groups that form a diketone. Further, it is common the occurrence of 

tautomeric transition from the ketone form to a enolic form which is more energetically stable due 

to formation of hydrogen bond (Lin and Lin, 2008; Akram et al., 2010).  

Curcuma longa L. is a typical rhizomatous herbaceous plant perennial plant of the ginger 

family, Zingiberaceae. Turmeric is derived from tropical South Asia and demands temperatures 

between 20º C and 30º C, and a considerable amount of annual rainfall to thrive. Once harvested, 

the turmeric root is boiled, dried, and ground to obtain the powder used as spice in curries, as well 

as a folk medicine for wide range of applications (Li, S. et al., 2011; Revathy et al., 2011). 
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Figure 1. Curcuminoid structures 

The main polyphenolic secondary metabolites extracted from turmeric rizhomes are usually 

named as curcuminoids. The literature has described three major curcuminoids comprising about 

75-80% curcumin, 15-20% demethoxycurcumin, 3-5% bis-demethoxycurcumin. More recently the 

cyclocurcumin has been described as a fourth major turmeric constituent (Lin and Lin, 2008; Shieh 
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et al., 2013). This curcuminoid complex is popularly referred as Indian saffron, yellow ginger, 

yellow root, kacha haldi, ukon, or natural yellow 3. In comparison to the others curcuminoids, 

curcumin presents the most prominent biological activities. However, taking into account that 

isolation of pure compounds from turmeric is considered a difficult and high cost procedure, 

curcumin is usually marketed associated to other curcuminoids as minor impurities (Revathy et al., 

2011). 

 

3.2 Pharmaceutical considerations 

3.2.1 Multi-target bioactivity 

Curcumin has been widely recognized by its antiinflammatory properties. It has been largely 

proved the action of curcumin on acute inflammation by blockage of  the inflammatory cascade 

pathways derived from arachidonic acid metabolism. Both lipoxygenase and cyclooxygenase 

enzymes are inhibited by curcumin which prevents the production of molecules responsible for the 

cardinal symptoms of inflammation, in a similar way to traditional nonsteroidal antiinflammatory 

drugs (Basnet and Skalko-Basnet, 2011). Further, curcumin has been also found as an effective 

alternative for chronic inflammation conditions. Some studies have attributed this outcome to the 

action of curcumin at gene expression level. It has been found curcumin to down-regulate the 

expression of pro-inflammatory genes, such as those that codify the inducible nitric oxide synthase 

(iNOS) enzyme  (Kaewsamut et al., 2007; Telles et al., 2014), tumor necrosis factor alpha (TNF-α), 

interleukins 1β and 6 (Aggarwal et al., 2013; Das and Vinayak, 2014). This is a consequence of the 

suppression performed by curcumin of a transcription factor essential for expression of 

proinflammatory genes, the nuclear factor kappa-B (NF-κB) (Cho et al., 2007; Jurenka, 2009; 

Zhang et al., 2010).  

Along with the antiinflamatory profile, the antioxidant activity is the most attributed to 

curcumin and its analogues, where different mechanisms have been cited (Guo et al., 2011). 

Curcumin has been described to be capable of inducing the biosynthesis of endogenous antioxidant 

enzymes which are physiologically in charge of protecting macromolecules from free radicals. This 

induction is promoted by an up-regulation of gene expression of synthases that produce these 

endogenous antioxidants, which includes glutathione-S-transferase, glutathione peroxidase and 

superoxide dismutase (Biswas et al., 2005; Jagetia and Rajanikant, 2015). On the other hand, some 

authors have pointed out the direct radical scavenging ability of curcumin as its main antioxidant 

mechanism. The hydrogen atom transfer (HAT), one of the most accepted mechanisms for that, 

attributes an electron donation from curcumin molecule to the free radical through a hydrogen atom 

abstraction as an explanation for radical elimination. This abstraction can occur from the central 
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active CH2 group in the heptadienone link of curcumin keto form or from phenolic hydroxyl group 

on the enol form (Aggarwal et al., 2007; Galano et al., 2009; Guo et al., 2011). 

Beyond its two main properties - antiinflammatory and antioxidant - curcumin has further 

acquired a large range of potential biomedical applications. Taking into account that curcumin 

interacts to a wide spectrum of cell types and chemical signals in the organism, it has shown a really 

varied bioactivity profile which makes it a multi-functional or pluri-pharmaceutical substance as 

can be noted on Figure 2. Sometimes, curcumin has been referred as the "spice of life" (Gargeyi et 

al., 2011). 

 

 
 

Figure 2. Bioactivity profile of curcumin 
 

Works have highlighted a pronounced anticancer activity associated to multi-varied cancer-

linked targets combining specific apoptotic activity by down-regulation of highly varied enzymatic 

pathways to inhibition of tumor-demanded angiogenesis and other mechanisms (Hasima and 

Aggarwal, 2012). Beyond its intrinsic antimicrobial activity, curcumin is also found to modulate  

drug-resistance against pathologic bacteria (Mun et al., 2013). Further, a combination of 

antiinflammatory and antioxidant activities is directly associated with gastroprotective properties 

(Irving et al., 2011). Antiapoptotic features associated with the inhibition of neurotoxic 

inflammatory mediators confers to curcumin also neuroprotective properties (Wu et al., 2013). The 

blockage of nociceptive receptors, neuro-recovery and once more the inhibition of inflammatory 

mediators is also connected to the antinociceptive profile of curcumin (Tajik et al., 2007; Zhao et 

al., 2012).  

(Kumari et al., 2015) 
(Sankar et al., 2013) 
(Seyedzadeh et al., 2014) 

(Basnet and Skalko-Basnet, 
2011) 
(Bandyopadhyay, 2014) 

(De Paz-Campos et al., 2012) 
(Han et al., 2012) 

(De Paz-Campos et al., 2014) 

(Baltazar et al., 2015) 
(Betts and Wareham, 

2014; Pluta et al., 2015) 
(Mun et al., 2014; Pluta et 

al., 2015) 

(Srivastava et al., 2014); (Pluta et al., 2015); (Zhang et al., 2013) 

(Haider et al., 2013); (Díaz-Triste et al., 2014); (Yadav et al., 2013) 
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3.2.2 Pharmacotechnical concerns 

Curcumin presents a very poor solubility in water at acidic and physiological pH, ranging 

about 0.2mg/mL (Sreenivasan et al., 2010). Despite the presence of highly polar enolic and 

phenolic groups on curcumin structure, this curcuminoid possesses a logP value of 2.5 conferred by 

the strongly hydrophobic aliphatic bridge in the core of the molecule that connects the polar 

domains (Balasubramanian, 2006). Curcumin is soluble in DMSO (>11mg/mL), acetone and 

ethanol (1mg/mL). Taking into account that only solubilized drug molecules can be absorbed by the 

cellular membranes to subsequently reach the site of drug action, the poorly water soluble drugs, as 

curcumin, present a low and variable bioavailability leading to low efficacy pharmacological profile 

(Chaudhary et al., 2012).  

 As stated for all class II drugs, i.e. low solubility and high permeability, the research of 

strategies for improving solubility properties and consequently bioavailability parameters is pivotal 

for improving efficacy and safety of the formulation (Kawabata et al., 2011). This statement justify 

the plenty of studies on curcumin with different approaches, such as nanonization (Moorthi and 

Kathiresan, 2013), water soluble analogues synthesis (Anand et al., 2008; Pandey et al., 2011), and 

association with varied pharmaceutical carriers applied as drug delivery systems (Yallapu et al., 

2012). The latter approach represents an advantageous alternative also for protection of the 

curcumin molecule from degradation by oxidation reactions. Curcumin is a known photo sensitive 

molecule. High degradation rates are found for curcumin upon UV-Vis light exposure leading to a 

production of mainly phenolic compounds derived from the breakdown of the carbon chain 

connecting the two aromatic rings of the molecule. This reaction is enhanced under oxygen-rich 

atmosphere (Singh et al., 2010).  

 In regard of the lipophilic nature of curcumin, parenteral routes of administration have been 

avoided and the association with biocompatible solubilizers has been faced as the alternative of 

choice for favoring oral delivery. In this manner, the stability of curcumin through gastrointestinal 

tract is also another concern. The presence of a highly reactive β-diketone moiety in the curcumin 

structure leads to a high instability at pH above 6.5, what makes it highly unstable on intestinal tract 

(Jantarat, 2013). The β-diketone moiety acts a specific substrate of a series of aldo-keto reductases 

and can be decomposed in human body rapidly. In addition, the phenolic hydroxyl groups facilitate 

the glucuronidation process leading to rapid metabolism of curcumin (Jantarat, 2013). Still, the bare 

solubility rate on gastric fluid leads it has been described that most part of orally administered 

curcumin is excreted through the feces (Jäger et al., 2014). These facts correlate with the clinical 

trial data listed on Table 2. Only formulations with solubilization enhancers on the composition, 
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could lead to readable concentrations of curcumin on plasma and even in this condition, short half-

life times (t1/2) were obtained for curcumin.  

 

Table 2. Half-life of curcumin after oral administration in different clinical trials  

Formulation Composition Intake 
scheme 

Total 
Cu dose t1/2 (h) Volunteers Reference 

Curcumin capsules crude curcumin extract single 
intake 500mg N.D. 

healthy male 
volunteers (20-26 
y.o.) 

(Shoba et 
al., 1998) 

Sabinsa C3 
complex® capsules 

187 mg curcumin,  
58mg demethoxycurcumin, 
5 mg bisdemethoxycurcumin, 
microcrystalline cellulose, 
magnesium stearate, silicone 
dioxide 

single 
intake 

7.48g 10.30 
healthy male and 
female volunteers 
(12-60 y.o.) 

(Vareed et 
al., 2008) 8.98g 8.80 

Curcuminoid 
capsules 95% curcuminoid extract 

single 
intake 

650mg N.D. male and female 
volunteers (18-65 
y.o.) with metastatic 
high-grade 
osteogenic sarcoma 

(Gota et al., 
2010) Longvida® 

turmeric root extract, pure 
phosphatidylcholine, vegetable 
stearic acid, ascorbic acid 
palmitate 

650mg 7.46 

Theracurmin® 
capsules 

10% curcumin,  
2% other curcuminoids, 46% 
glycerin, 4% gum ghatti, 38% 
water 

single 
intake 

150mg 9.70 healthy male and 
female volunteers 
(38-51 y.o.) 

(Kanai et al., 
2012) 210mg 13.00 

Cu - curcumin; y.o. - years old; N.D. - no detectable, i.e. the trace values of curcumin found on plasma were under 

detectable ability of applied method, which impeded the t1/2 calculation. 

 

 These data ratify the suitability of association studies of curcumin to drug delivery systems 

as an essential approach for bioavailability and safety enhancement of curcumin-based 

formulations.  Further, the association with varied drug delivery systems commonly lead to a 

prolonged release of drug molecules which favors the prolongation of their plasmatic levels and 

consequently its therapeutic effect, which means a considerable suitability for application on 

chronic treatments.  
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4 Encapsulation Technology 
4.1 Particulate systems 

For several years, the research on development of drug formulations has focused on tailoring of 

delivery systems which are capable of delay and sustain the drug release after administration 

(Maderuelo et al., 2011). These kinds of formulations, commonly known as modified drug delivery 

systems, take several advantages when compared with the conventional pharmaceutical forms. 

Their capability of maintaining constant drug blood levels confers to them improved efficacy, 

reduced toxicity, improved patient compliance and convenience (Kumar, 2000). In addition, 

intending the optimization of the delayed drug release from these formulations, controlled release 

systems have been widely studied. Controlled release may be defined as a method which allows 

controlling time and the site of drug release at a specific rate (Pothakamury and Barbosa-Canovas, 

1995).  

Among the controlled drug release systems, colloidal systems have played a prominent role on 

pharmaceutical research field. Colloidal particles possess average size ranging on nanometric scale, 

also known as nanoparticles (Kamble et al., 2010). Taking in consideration the concept of 

controlled release, the major aims on designing nanoparticles have included the control of particle 

size, morphology and release of bioactive chemicals in order to achieve site-specific action of the 

drug at a therapeutically rate and dose regimen (Mohanraj and Chen, 2006).  

Nanoparticles were first developed around 1970 for carrying of vaccines and anti-cancer drugs 

(Kumar, 2000) and up to date they  are related to both nanospheres and nanocapsules. Nanospheres 

have a matrix type constitution where the entrapped molecule may be distributed on the sphere 

surface or inside de particle. Nanocapsules are vesicular systems in which the drug is retained into a 

core with different composition of the outer membrane (Reis et al., 2006). Besides controlling the 

release of drug molecule, these nanoparticle carriers also protect themselves against possible 

thermal or photo degradation which assures more stability and consequently an extended shelf life 

to the final product. 

Futhermore, considering some disadvantages of nanoparticles when compared to microparticles 

(>1,000nm), microparticulate systems also have being a significant alternative for drug delivery. 

Due to their tight diameter, nanoparticles generally possess a low payload, leading to a necessity of 

using large amounts of the formulation to achieve desirable therapeutic response. In addition, the 

small size confers less physical stability, related to a higher tendency to undergo chemical reactions 

by means of oxidative and hydrolytical pathways, elicited by the higher surface area. This can also 

facilitate their aggregation and also penetration of release media favoring a faster release of the drug 
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molecules. Also, the production of nanoparticles commonly demands high energy methods in order 

to confer to thermodynamic unstable systems a long term kinetic stability  (Kohane, 2007; 

Macdonald, 2015). 

However the main aspect that will rule the choice of the formulation it is its application. 

Microparticles and nanoparticles show different uptake pathways by immunologic system, as well 

as, possess important differences on their pharmacokinetic profiles, due to their different tendencies 

to plasmatic protein-binding, capacities of penetrating membranes and accumulation rates, as well 

as, drug release mechanisms (Chakravarthi et al., 2010; Hardy et al., 2013) 

 

4.2 Solid Lipid Nanoparticles (SLN®) 

The efforts for discovering some alternatives to overcome the limitations of conventional 

particulate systems resulted on the development of the solid lipid nanoparticles, typically named as 

SLN® (Figure 3). First introduced in 1991 (Müller, 1991), SLN® are colloidal particles composed 

by lipids which are solids at room temperature (Siekmann and Westesen, 1992). The term lipid 

includes triglycerides, partial glycerides, fatty acids, steroids and waxes. The drug incorporated into 

SLN® is released on a prolonged profile after administration and as a consequence a constant 

concentration of the drug molecule can be maintained on blood stream. The literature has been 

shown that beyond the composition of lipid matrix, the method of preparation seems to have an 

important role on the definition of the release mechanism of drug molecule (Müller et al., 2000; 

Mehnert and Mader, 2001; Wissing et al., 2004). 

 

 

 

 

 

High encapsulation rates are obviously desirable, since they can reduce the number of 

particles to achieve therapeutic levels. The encapsulation performance is mainly governed by 

chemical nature of the drug molecule, i.e. according to its lipophilicity or hydrophilicity. Therefore, 

to achieve a high entrapping efficiency, it is preferable the selection of a drug molecule with high 

solubility in lipids (Wissing et al., 2004). Considering the high lipophilicity of lipid matrix 

constituents in SLN®, hydrophilic molecules are hardly incorporated into these particles. Most 

A B C D E F 

Figure 3. Possible structures of solid lipid particles according to the distribution of drug molecules (pink dots) in 
the lipid matrix (brown filling). (A-D) capsules; (E-F) spheres. The grouped pink dots symbolize drug molecules 

not soluble in the matrix, but dispersed. The single unit dispersed dots represent drug dispersed on molecular 
form. 
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methods of SLN® preparation involves the melting of constitutive lipids with subsequent 

solidification by cooling and after this step the interaction of hydrophilic compounds with SLN® 

matrix significantly decreases leading to a phase separation that facilitates the burst release of the 

drug (Almeida and Souto, 2007).  

Surfactant molecules also present a key role on SLN® production. Considering that most of 

processes of production of SLN® are composed of a pre-O/W emulsion preparation step, 

surfactants acting as emulsifiers have been applied. Further, in order to enhance the encapsulation 

efficiency of active substances with different chemical nature from the selected solid structural 

lipids, surfactants can be used. Taking into account that not all surfactants are capable to form a 

stable film at the interface between the inner and outer phase of an emulsion, i.e. act as an 

emulsifier, the selection of the suitable surfactant is critical on SLN® preparation (Vaclavik and 

Christian, 2007). The Table 3 sumarizes valuable information for SLN® excipient selection. 

 

Table 3. Common excipients used on SLN® tailoring 

Structural Lipids (melting point ) 

Triglycerides  Fatty acids  Waxes  
Tricaprin  (32.0ºC) Decanoic acid (31.0ºC) Carnauba wax (82-86ºC) 
Trilaurin  (45.5ºC) Myristic acid (54.4ºC) Bee wax (62-64ºC) 
Trimyristin  (57.0ºC) Palmitc acid (62.6ºC) Cetyl palmitate (55.0ºC) 
Tripalmitin  (66.0ºC) Stearic acid (69.6ºC) Cetyl alcohol (49.3ºC) 
Tristearin  (68.0ºC) Behenic acid (80.0ºC) Stearyl alcohol (56-5ºC) 

Glyceride mixtures Pure Glycerides     
Witepsol® (33-44ºC) Glyceryl monostearate (81.5ºC)  
Precirol® ATO5 (53-57ºC) Glyceryl behenate (83.0ºC )  
Gelucire® 50/13 (47-53ºC)     

Surfactants (HLB value) 

Sorbitan fatty acid esters  Ethylene oxide/propylene oxide 
copolymers (Pluronics) 

Polyoxyethylene sorbitan fatty acid 
esters (Tweens) 

Span 20  (8.6) Poloxamer 188  (29.0) Polysorbate 20  (16.7) 
Span 60 (4.7) Poloxamer 407 (21.5) Polysorbate 60  (14.9) 
Span 85 (1.8)   Polysorbate 80  (15.0) 

Phospholipids  Salts    
Soybean Lecithin  (7.0)a Sodium glycocholate (23.1)  
Egg Lecithin  (4.0)a Sodium cholate (25.0)  
  Taurocholic acid sodium salt (22.1)  

Witepsol®: mixtures of glycerides of C10-C18 fatty acids, glycerol and fatty acids C10-C18 / Precirol® ATO5: mixture 
of mono-, di- and triglycerides and contains mainly a diglyceride (51.6 wt%) with one C16 (48.9%) and one C18 
(48.8%) fatty acid saturated chains/ Gelucire®: mixture of mono, di and  trglycerides of saturated fatty acids C8-C18. 
aThese values can variate according to the composition of the natural phospholipid. 

 

In comparison with other types of particles, SLN® possesses some important advantages. 

Taking into account its evaluation of potential citotoxicity, SLN® has a broad acceptance owing to 

physiological nature of its lipid constituents, preventing acute and chronic toxicity. This is ratified 

by the fact that SLN® excipients generally possess the GRAS (Generally Recognized as Safe) 
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status conferred by FDA (Mehnert and Mader, 2001; Rahman et al., 2010). Moreover, the solid 

state of SLN®, similar to polymeric particles, favors less complicated performing of sterilization 

and  higher particle stability by avoiding of aggregation, resulting in a larger shelf-life, when 

compared to liposomal or microemulsion formulations.  

These features make SLN® a good option for different pharmaceutical and cosmetic 

applications considering their relatively easy manipulation in various kinds of formulations which 

enables their use in a large range of sites for drug delivery, such as oral cavity and gastrointestinal 

tract (Holpuch et al., 2010; Aji Alex et al., 2011; Gao et al., 2011; Luo et al., 2011), brain (Kaur et 

al., 2008; Wong et al., 2010), ocular tissues (Attama et al., 2008; Del Pozo-Rodriguez et al., 2008; 

Gokce et al., 2008), respiratory tract (Liu et al., 2008; Nassimi et al., 2010), skin (Puglia et al., 

2008; Bhaskar et al., 2009; Kuchler et al., 2009; Lv et al., 2009), as well as systemic through 

parenteral routes including subcutaneous (Lu et al., 2006), intramuscular (Xie et al., 2011) and 

intravenous (Gao et al., 2008; Joshi and Muller, 2009; Del Pozo-Rodriguez et al., 2010; Jain et al., 

2010). 

Additionally to all these characteristics, SLN® still have the inherent advantages of every 

lipid-based formulations linked to the modulation on uptake of drugs by oral as well as by 

parenteral routes (Martins et al., 2007; Joshi and Muller, 2009). In particular, in the oral route the 

lipidic excipients enables avoiding of first-pass effect due to their capacity of enhancing drug 

solubilization in the intestinal milieu, recruit intestinal lymphatic drug transport and alter 

enterocyte-based drug transport and disposition (Porter et al., 2007). Notably, in parenteral 

applications, the highly judicious control of particle size and pyrogen presence are imperative. 

Beyond the intrinsic biologic risks associated to pyrogens, SLN® can interact with them causing 

gelation leading to potential embolism problems. In addition, any particulate formulations with 

large polydispersity index also present a high risk of embolism events (Martins et al., 2007) 

A crucial issue to assure the SLN® stability is monitoring the crystalline behavior of the 

structural lipids of the particle. Polymorphism is commonly found in lipids and depending on the 

crystallization conditions, various crystalline states called subcell structures are generated, among 

which the lateral packing of the hydrocarbon chains is remarkably different. Into the SLN® the 

lipid matrix recrystallizes at least partially in the α-form (unstable polymorphic form) where the 

carbon chains assume a hexagonal disposition, or in the β’-form (metastable polymorphic form) 

with an orthorhombic perpendicular packing. The lipid as a bulk tends to recrystallize preferentially 

in the β’-form, which transforms quickly into the β-form, with a triclinic parallel disposition. 

During storage, the crystalline lipid structures migrate to more stable polymorphic forms, i.e., from 

α-form to β’-form and subsequently to β-form. In this process the hydrocarbon chain packing 
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increase enormously with consequent reduction of imperfections in the lipid lattice. The packing of 

hydrocarbon chains becomes less dense in the order β, β’, and α and is accompanied by melting 

point depression. Generally, the transformation is slower for long-chain than for short-chain 

triacylglycerols (Takechi et al., 2007; Da Silva et al., 2009; Souto and Müller, 2010). 

 

 

 

 

 

 

 

 

 

As depicted in Figure 4, this physical transition of lipids to highly crystalline state into 

SLN® matrix lead to expulsion of hydrophilic and lipophilic drug molecules (Pietkiewicz et al., 

2006). In case of suspensions, the active compound is expelled to the dispersing media while the 

SLN® shrinks in the solid powdered preparations. Both processes prevent the safe and efficient 

action of SLN® formulations. Considering that mixture of lipids containing fatty acids of different 

chain length forms less perfect crystals with many imperfections, its use on SLN® preparation 

offers more space to accommodate guest molecules, preventing expulsion of drugs.  

 

4.2.1 Traditional methods of preparation 

High Pressure and High Shear Homogenization  

The high pressure and high shear homogenization techniques are commonly preceded by 

intermediate homogenization steps to produce a coarse emulsion or solid particle suspension to be 

subsequently comminuted. In the hot homogenization step the process is entirely conducted under 

temperatures above the melting point of the lipid. The drug is dispersed or homogenized on molten 

lipid with subsequent mixture with hot aqueous phase. This system is maintained hot in order to 

enable the reduction of oily droplets by application of a disruption force generated in a high shear 

homogenizer or high pressure homogenizer. The main disadvantage of this method is related to the 

tendency to degradation of the drug molecule, as well as the lipid material, mainly if it possesses 

unsaturations on its carbon structure (Sinha et al., 2010).  

The cold homogenization was created to overcome the temperature-induced limitations of 

hot emulsification. However, the thermal exposure for obtainment of a homogenous primary 

mixture remains an issue. The freezing of oily droplets leads to a decrease on physical strength of 

Figure 4. Expulsion of drug molecule after crystallizing of lipid structures into SLN® 
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the obtained  micrometric solid particles which can be disrupted by homogenizers. However, in this 

method a broader particle size distribution is commonly achieved when compared to the hot 

homogenization (Mehnert and Mader, 2001).  The Figure 5 depicts a scheme with possible ways of 

SLN® production by these methods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 High shear homogenizers have represented some of the equipment of choice for producing 

SLN® suspensions. (Hou et al., 2003; Chen et al., 2010; Hsu et al., 2010). The stator-rotor type is 

the favorite homogenizer for SLN® production, where the melted lipid droplets from the emulsion 

are broken along the rotation axis of the stator mediated by impacts into the annular chamber 

between stator and rotor as depicted in Figure 6 (Jamison, 1990). The SLN® size is highly 

dependent of shear rate. In general the primary emulsion is formulated by hot emulsification 

intending to maintain the melted form of the lipid and allows the comminuting of droplets up to a 

nanometric scale. Although this method is relatively rapid, with easy handling and scale up, it 

presents relevant disadvantages. The high shear homogenization demands the use of high 

Figure 5. Scheme of hot and cold homogenization techniques applied to high pressure 
and high shear homogenization methods, adapted from Mehnert et al. (2001). 
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temperatures that compromises the stability of thermo-labile drugs. Further, it has been detected the 

partial distribution of the drug during the two homogenization steps and the  deep concern is the 

presence of micron-sized particle subpopulations in the obtained SLN® suspension (Mehnert and 

Mader, 2001). 

 

 

With broad application on pharmaceutical field, the high pressure homogenizers offer 

several options on making ready of diverse preparations (Liedtke et al., 2000). The scale up of high 

pressure homogenization techniques is achieved without relevant problems and, in addition, it is 

possible to run preparations at large range of temperatures, which allows processing of termostable 

and termolabile drugs (Saupe and Rades, 2006).  In these advices homogenization is achieved by a 

nozzle head made from ruby, sapphire, or diamond. In the nozzle setup, homogenization pressure is 

determined by the high pressure pump, being controlled by the force exerted over the needle 

blocking the fluid flow (Figure 7). The pressure driving pump (up to 400 MPa) promotes a high 

speed at crossover of the two flows which results in high shear, turbulence, and cavitation over the 

single outbound flow stream leading to reduction of particle size present into primary emulsion or 

suspension (Ut, 2011). 

 
Figure 7. Scheme of comminuting of emulsion droplets by high pressure homogenization apparatus. 

Figure 6. Scheme of  particle comminuting with a rotor-stator set of a high shear homogenizer, adapted from (Doucet 
et al., 2005)  



State of Art  
 

20 
 

Despite all cited advantages, the high temperature achieved into high pressure homogenizer, 

as well as the high pressure and various cycles, lead to formation of particles with high kinetic 

energy content which results in a high coalescence tendency (Mehnert and Mader, 2001; Mäder, 

2006).  
 

Ultrasonication  

This method uses ultrasound to reduce the particle size of oily droplets on a primary 

emulsion usually prepared by high shear equipment. The temperature above the melting point of the 

lipids enables the particle disruption. The process is performed by ultrasound probe or a bath. For 

both advises, the obtained particles carry a high energy content leading to a high aggregation 

tendency. The metal contamination can be a specific disadvantage related to use of a probe 

(Ekambaram et al., 2012).  

 

Microemulsion  

This is an organic solvent-free method based on the dilution of microemulsions. The 

primary microemulsions are prepared by dispersion of molten lipid associated with drug substance. 

This hot microemulsion is diluted into cold aqueous water leading to precipitation of nano lipid 

drops. High-temperature gradients facilitate rapid lipid crystallization and prevent aggregation 

(Ekambaram et al., 2012). Various works have demonstrated the use technique, however thermal 

exposure of drug compound remains as a significant issue (Lu et al., 2008; Ma et al., 2009; 

Kheradmandnia et al., 2010).  

 

Solvent Injection  

This technique is based on precipitation of lipid particles originated from primary solution in 

a pharmaceutical acceptable organic solvent. This factor makes this method more preferred for drug 

formulation. Briefly, the solid lipid is solubilized into a water-miscible solvent, such as acetone, 

ethanol. Then, this solution is pumped through an injection need into an aqueous phase causing the 

immediate lipid precipitation. The pumping flow and inner diameter of injection micro-sized 

needle, as well as solubility of the lipid on primary solvent are the most important factors to 

determinate the SLN® size (Mishra et al., 2010; Parhi and Suresh, 2010).  

 

Solvent Emulsification-Diffusion  

In this method an emulsion is prepared by solubilization of the lipid and active compound 

with subsequent heat in a temperature above the melting point of the lipid. This oil phase is dropped 
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into an aqueous phase containing emulsifiers heated at the same temperature of oil phase (Zhang, X. 

G. et al., 2008; Subedi et al., 2009; Urban-Morlan et al., 2010). After continuous stirring the 

emulsion is refrigerated with consequent formation of SLN®. The literature relates that only 

solvents that show a rapid distribution into aqueous media is capable of forming nanoparticles, e.g., 

acetone (Mehnert and Mader, 2001). It is possible to identify clear limitations, such as the use of 

organic solvents that present recognized toxic potential, large polydispersity index of the obtained 

particles, as well as the use of high temperatures that can also lead to oxidation of lipids (Mäder, 

2006). 

 

Coacervation 

 The method developed by Battaglia and colleagues (2008) is based on slowly interaction 

between a salt of fatty acid and an acid solution (coacervating solution) in the presence of different 

stabilizing agents, usually polymers. This method is performed by modulation of kraft point which 

is coefficient solubility of monomers and micelles. Briefly, the kraft point of fatty acid sodium salts 

is reduced by electrolytic solution with quick cooling of the system leading to precipitation of solid 

particles (Corrias and Lai, 2011).  

 

Microchannel emulsification 

As depicted on Figure 8 the microchannel emulsification technique is capable of producing 

SLN® by promoting the interaction of an organic phase and an aqueous phase through a cross-

junction system in a continuous mode. Briefly, a solution constituted by a solid lipid solubilized 

into a water-miscible solvent is injected into the inner capillary, while an aqueous phase with 

surfactant is injected into the outer capillary at the same time. When these two fluids meet in the 

outer capillary the water acts as an antisolvent, leading to lipid supersaturation and finally 

precipitation of SLN®s (Zhang, S.-H. et al., 2008; Zhang, S. et al., 2008).  

 
Figure 8. Scheme of SLN® formation on microchannel system (Zhang, S.-H. et al., 2008). 

To enhance the mass transfer of solvent from lipid solution stream into the aqueous stream 

Yun and colleagues (2009) added a T-junction to the microchannel system that provides a N2 flow 
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at the downstream of the cross-junction into the main flow streams upward to form gas–liquid slug 

flow. Due to relatively more stable fluid field, efficient mass transfer and uniform concentration 

distribution in these microsystems, the obtained SLN® always have narrow size distribution. 

Problems with obstruction of microchannels during SLN® formation are commonly reported. 

 

Membrane Contactor  

The SLN® production is performed by a membrane contactor module as depicted on Figure 

9. An organic solvent-lipid phase is heated in a pressurized vessel above the lipid melting point 

conveyed through a tube to the module and pressed through the membrane pores, allowing the 

formation of small droplets, which are detached from the membrane pores by tangential water flow. 

SLN® are formed after cooling of the obtained suspension. The water phase is generally applied at 

temperatures below the lipid melting point in order obtain smaller SLN® due to the sudden 

solidification of lipid droplets in contact with cooler aqueous stream. Usually, ceramic membranes 

ranging from 0.1 to 0.45µm pore size (Charcosset et al., 2005; Corrias and Lai, 2011).  

 
Figure 9. Scheme of SLN® formation by membrane contactor apparatus (Charcosset et al., 2005). 

 

4.2.2 Curcumin entrapment studies 

Several works have been developed entrapping isolated curcumin and its analogues, as well 

as curcumin-reach extracts, in SLN® formulations. The Table 4 shows the works available in 

literature. Most of them describe the use of glyceryl monostearate, tristearin and soybean 

phosphatidylcholine as structural lipids associated to tween80 as main emulsifier. Due to its large 

acceptance as pharmaceutical excipient in several formulations by FDA, European Medicines 

Agency (EMA) and other Regulatory Agencies, ethanol is the organic solvent of choice in various 

works with curcumin entrapment into SLN®. All the works listed on Table 4 describe the use of 

traditional methods, among which the microemulsion technique is the most exploited. Furthermore, 

the anticancer activity is the most investigated biomedical application for curcumin-loaded SLN®, 

with a few other pharmaceutical applications and only physicochemical characterizations. Since 
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curcumin has a huge spectrum of bioactivities, there is a clear lack of studies investigating the 

biomedical potential of curcumin entrapped into SLN®. 

 

 The comprehension of the importance involved on development of curcumin-based 

controlled release formulations is already a reality. However, taking into account the limitations of 

traditional methods of production, alternative methods must be exploited intending the achievement 

of more efficient, innovative and safer products.  

 

Table 4. Available works with curcumin-entrapped SLN® 
Method of 
preparation 

SLN® composition Organic solvent Application  Reference 

Solvent injection curcumin (150mg); stearic acid 
(200mg); soy PC (100mg); 
polyoxyethylene(40)stearate 
 

Chloroform Pharmacokinetic 
studies and asthma 
treatment  

(Wang et al., 
2012) 

Hot emulsification / 
high shear 
homogenization 

0.1% curcuminoid extract; 5-
12.5% stearic acid; 4% glyceryl 
monostearate; 5-15% poloxamer 
188; 5-15% dioctyl sodium 
sulfosuccinate 
 

Ethanol Formulation and 
physicochemical 
studies  

(Tiyaboonchai et 
al., 2007) 

 0.1% curcuminoid extract; 5-
12.5% stearic acid; 4% glyceryl 
monostearate; 5-15% poloxamer 
188; 5-15% dioctyl sodium 
sulfosuccinate 
 

Ethanol Anti-aging (cream 
base) 

(Plianbangchang 
et al., 2007) 

 2% curcuminoids; tristearin, 
trimyristin, glyceryl 
monostearate (various ratios); 
1% soy PC; 4% poloxamer 188; 
3% tween 80 
 

- Antimalaria activity  (Nayak et al., 
2010) 

 0.6% curcumin; 5% gelucire 
50/13®; 8% poloxamer 407  
 

- Buccal delivery (Hazzah, Farid, 
Nasra, El-Massik, 
et al., 2015) 

 curcumin (75 or 150mg); 
compritol 888 ATO® (7.5g); 
pluronic F68 (3.75g)  
 

- Oral administration 
studies 

(Righeschi et al., 
2016) 

Hot emulsification / 
high pressure 
homogenization 

0.1% curcuminoids; 10% 
tristearin, trimyristin, or 
medium  chain  triglycerides; 
2.5% poloxamer188; 0.05% 
sodium azide 
 

- Formulation and 
physicochemical 
studies  

(Noack et al., 
2012) 

 curcumin;  HSPC; DSPE; 
cholesterol; triolein (1.5:1:1.2:1 
w/w) 
 

Ethanol Anticancer activity (Mulik et al., 
2010) 

 curcumin (8mg); glyceril 
trimyristate (630mg); propylene 
glycol caprylate (70mg); 
pluronic F-68 (300mg) 

Ethanol Anticancer activity (Sun et al., 2013) 
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 curcumin (600 mg); cholesterol 

(600 mg); tween 80 (0.1 g) 
 

Ethanol/Acetone  Formulation and 
physicochemical 
studies 

(Jourghanian et 
al., 2016) 

Ultrasonication curcuminoids (900mg); stearic 
acid (1.8g); soy PC (3.5g); 
tween 80 
 

Acetone / 
Dichloromethane 

Pharmacokinetic  and 
anticancer studies  

(Li, R. et al., 
2011) 

 curcumin (60mg); solid lipid 
(gelucire 39/01®, gelucire 
50/13®, 
compritol 888 ATO® or 
precirol ATO5®) (various 
ratios);  poloxamer 407 
 

- Antimicrobial 
activity 

(Hazzah, Farid, 
Nasra, Hazzah, et 
al., 2015) 

 curcumin (10mg); N-
hexadecylpalmitate (430mg); 
1.6% tween40 
 

- Oral administration 
studies 

(Kim et al., 2016) 

Microemulsion curcumin;  7.27% glyceryl 
behenate; 0.58% soy PC; 
45.45% tween80 
 

- Pharmacokinetic 
studies  

(Kakkar et al., 
2010) 

 curcumin; 0.58% soy PC 
45.45% tween 80; 7.27% 
glyceryl behenate 
 

- Study on interference 
on brain physiology  

(Kakkar and 
Kaur, 2011) 

 curcumin;  7.27% glyceryl 
behenate; 0.58% soy PC; 
45.45% tween80 
 

- Formulation, 
physicochemical and 
pharmacokinetic 
studies 

(Kakkar et al., 
2011) 

 curcumin;  7.27% glyceryl 
behenate; 0.58% soy PC; 
45.45% tween80 
 

- Anticancer activity (Kakkar et al., 
2012) 

 curcumin;  7.27% glyceryl 
behenate; 0.58% soy PC; 
45.45% tween80 
 

- Assessment of brain 
delivery 

(Kakkar, Vandita 
et al., 2013) 

 curcumin;  7.27% glyceryl 
behenate; 0.58% soy PC; 
45.45% tween80 
 

- Cerebral ischemic 
reperfusion injury 
treatment 

(Kakkar, V. et al., 
2013) 

Coacervation curcumin; myristic acid, palmitc 
acid, stearic acid or behenic 
acid; varied polymeric 
stabilizers; citric acid, lactic 
acid or NaH2PO4 

Ethanol Anticancer activity (Chirio et al., 
2011) 

* DSPE: distearoylphosphatidylethanolamine; HSPC: hydrogenated soya phosphatidylcholine; soy PC: natural soya  
phosphatidylcholine; pluronic F68®: poloxamer 188; compritol ATO 888®: glyceryl behenate; precirol ATO 5®: 
glyceryl distearate; dynasan 114®: trimyristin; gelucire®: mixture of mono, di and  trglycerides of saturated fatty acids 
C8-C18. 

 

4.3 Solid Lipid Microparticles (SLM) 

The solid lipid microparticles, also referred as SLM, could be stated as the micron-sized 

version of SLN®. The advent of nanothecnology knowledge to biomedical field has brought a lot of 

attention to nanoparticles, and in counterpart, microparticulate systems have been loosen the 
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preference upon research matters. Among the main intrinsic drawbacks of microparticles, the 

limited permeation through endothelium of blood vessels has been highlighted, since the normal 

endothelium pore size is around 6 nm and hepatic/splenic sinusoidal endothelium have 50 and 150 

nm respectively. This is not a complete disadvantage, since this endothelium impermeability also 

reduces the side effects risks of microparticles administered intravenously. On the other hand, 

tumor tissue blood vessels present larger endothelium pores, ranging from 200 to 600nm, however 

it still hinders the access of microparticles to malignant cells limiting the efficacy of anticancer 

formulations (Wang et al., 2011).   

Also, it has been stated that formulations composed of particles greater than 5 μm  are often 

related to pulmonary embolism events after intravenous injections, so submicron-sized particles are 

indicated for this route of administration. The same concern is seen on ophthalmic route, since 

microparticles which size ranges around 5 μm can cause a scratchy feeling in the eyes, which 

justifies the recommendation of a optimal particle size less than 1 μm (Jill et al., 2016). 

Furthermore, it has been considered a consensus that significant increases on solubility is tipically 

achieved with particles measuring less than 200nm (Tadros, 2016). However, when oral 

administration is considered, even possessing micron-sized dimensions, the SLM contributes to an 

enhancement of drug water solubility, due to the action of pancreatic lipase and bile emulsifiers 

upon the lipid matrix leading to a emulsified lipid environment with subsequent solubilization of 

the drug (Porter et al., 2007).   

Despite all these limitations, the SLM still present a series of advantages when compared to 

SLN®. Among them, the SLM production methods commonly demand milder operational 

conditions, and in some cases a fewer steps. Further, the larger amount of carrier material per 

particle unit leads to a more extended drug release profile from SLM structures, as well as to a 

higher drug entrapment capability. On the other hand, the lower drug loading capacity of SLN® 

generally demands a concentration step of final product to reach the minimum therapeutic doses. 

Additionally, the micron-sized dimensions show a better fit for nasal, pulmonary and skin delivery 

better than nanoparticles. SLM dimensions also hinder their permeation across biological 

membranes which reduces their potential toxic adverse reactions when compared to nanoparticles, 

also typically a lower amount of surfactants is required for SLM production methods contributing to 

a lower toxicity profile (Scalia et al., 2015)   

 

4.3.1 Traditional methods of preparation  

Most of methods applied for production of SLN® can be applied for production of SLM. 

The result will depend on the operational conditions, the individual characteristics of formulation 
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components, as well as the interaction among them. In this context, this topic will focus the 

methods exclusively or mostly applied for SLM manufacturing. 

 

Spray Drying 

The first patent describing the spray drying process dates from 140 years ago. Commonly 

performed with only one step, the spray drying technique converts a liquid mixture into dried 

powder. Briefly, as depicted on Figure 10 a solution or suspension is pumped into a drying chamber 

through a nozzle where the fluid is simultaneously atomized and quickly heated by a gas flow 

(generally air) at high temperatures leading to rapid solvent evaporation and collection of fine 

powdered material. The SLM can be produced directly by this technique. For SLN®, this technique 

is generally used only as a drying step, which means that it demands the processing of preformed 

SLN® by some of the methods discussed on topic 4.2.1.  (Battaglia et al., 2014; Singh and Van Den 

Mooter, 2016). In order to avoid pumping issues and produce small sized droplets during 

atomization, it is commonly required the use of solutions with low solid concentration, which 

means the use of large amounts of organic solvents. It explains why spray drying processes hardly 

produce samples with residual solvent content under Pharmacopeial limits, demanding additional 

drying steps (Patel et al., 2015).  

   

 
Figure 10. Typical spray drying scheme for production of particulate formulations (Sonarome, 2014). 

 

Spray Congealing 

This method is generally applied for lipids with melting point lower than 90°C. Briefly, the 

lipid or mixture of lipids are melted and the drug is solubilized or dispersed in this molten mass. 

This fluid system is then rapidly channeled to another chamber maintained under room temperature 

or refrigerated by dry ice or liquid nitrogen. During this channeling between the two chambers, the 
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molten mass is forced to pass through a atomization nozzle that generates lipid droplets that rapidly 

solidifies forming the SLM. This method cannot be applied for thermo-labile drugs. Primarily, the 

result depends on the atomization properties of the molten mixture, as well as its thermodynamic 

behavior and ultimately on the atomization device design (Jaspart et al., 2005; Scalia et al., 2015) .  

 

Cryogenic Micronization 

Also named as cold homogenization as highlighted on topic 4.2.1, this method is commonly 

applied as a preliminary step of SLN® production, demanding a further high shear method for 

particle comminuting. Shortly,  a solution formed by the lipid/drug pair dissolved in an organic 

solvent or a melt mixture composed of molten lipid containing the drug dispersed or dissolved is 

stored under -80°C. After this, the frozen mixture is micronized in customized apparatus supplied 

with liquid N2 (Figure 11) during the process to avoid heating and thus, any fusion which would 

lead to large (Del Curto et al., 2003; Battaglia et al., 2014).  

 
Figure 11. Scheme of cryogenic grinding/milling system provided by Air Products and Chemicals, Inc. (Air Products, 

2016) 

 

Electrospray atomization 

The electrospray setup can be summarized by a metallic nozzle supplied with a high voltage 

power fed by a drug-containing lipid solution, working as an electrode. On the opposite site of this 

nozzle, a metal foil collector is placed working as a counter electrode. The compartment where the 

spray tower is formed is kept heated, so the solvent is evaporated and the solid particles are retained 

onto the collecting plate (Figure 12). Properties of the solution, flow rate and voltage applied define 

the mode of atomization, as well as the droplet size and shape (Trotta et al., 2010; Bussano et al., 

2011). 
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Figure 12. Generic scheme of electrospray atomization process (Ijsebaert et al., 2001) 

 

4.3.2 Curcumin entrapment studies 

 Yadav et al. (2009) investigated curcumin-loaded SLM prepared with different lipids, 

including palmitic acid, stearic acid and soya lecithin. Briefly a mixture of curcumin (1% w/w) and 

the lipid (1-10% w/w) heated at 45ºC was added to heated aqueous phase containing poloxamer 188 

(0.5% w/w) for obtainment of microemulsion with subsequent cooling down. It was found that the 

obtained curcumin-loaded SLM proved to be potent angio-inhibitory formulation. More recently, in 

an international conference, Geremias-Andrade et al. (2016) presented the study of the influence of 

curcumin-loaded SLM on xanthan gum gels. SLM were produced with babacu (Orbignyia 

speciosa) oil (2.8 % w/w) and tristearin (1.2 % w/w), with mixtures of tween 60 and span 80 at 

different concentrations (2 and 4% w/w) encapsulating 0.03 % w/w of curcumin. By comparing 

these few data with the whole bunch of works listed on Table 4, it is obvious the preference on 

scientific field for researching of SLN® platform for curcumin encapsulation. It is clear a huge lack 

of studies focusing the association of curcumin to SLM, which makes this theme even more 

attractive. 
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5 Supercritical Fluid Approach  
Supercritical fluid is defined as the state of a substance at which both temperature and 

pressure are above its critical values. Specifically, supercritical carbon dioxide (scCO2) offers a 

wide range of applications in the pharmaceutical field (Sekhon, 2010). The use of CO2 as a solvent 

or raw material has been investigated in academia and/or industry since 1950 and has intensified 

thirty years later with implementation of large-scale plants using online systems (Beckman, 2004). 

The approaches for processing bioactive compounds include mainly the particle size reduction of 

bulk products to nanometer scale (Martín and Cocero, 2008) and association of drug molecules to 

particulate carriers (Cocero et al., 2009; Reverchon et al., 2009).  

 
Figure 13. P-T phase diagram of pure CO2 

For wide range of supercritical carbon dioxide applications, several techniques are available 

due to the high versatility of scCO2, which may be explained by the sui generis behavior common 

to supercritical fluids. At the supercritical state, CO2 is neither a gas nor a liquid but has 

intermediate properties of both. It presents viscosity and diffusivity values typical of a gas and 

density values of a liquid. These characteristics provide to scCO2 appreciable solvent power and 

facilitate mass transfer processes. Indeed, scCO2 is dense but highly compressible, allowing easy 

modulation of its solvent power by few adjustments of temperature and pressure (Barry et al., 2006; 

Moribe et al., 2008; Pasquali; et al., 2008). Thus, the fine modulation of scCO2 physical chemical 

properties allows its use as a solvent, anti-solvent or solute according to specific operation 

conditions and physic-chemical features of the bulk material, which generates a relevant variety of 

processes (Yeo and Kiran, 2005; Bahrami and Ranjbarian, 2007; Badens, 2010). 
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CO2 reaches its critical point at 31.1 °C (304.15 K) and 73.8 bar (7.38 MPa) (Figure 13), 

which allows  processing of bioactive compounds under mild operation conditions avoiding their 

degradation (Barry et al., 2006). scCO2 is a good solvent for several non polar, and some polar, low 

molecular weight compounds and some few polymers, such as amorphous fluoropolymers and 

silicones (Davies et al., 2008). Also, scCO2 presents a non negligible solubility on some polymers 

and lipids, typical drug carriers. The solubilization of scCO2 promotes the decrease on viscosity of 

the molten drug carrier making possible their pumping through the plant (Nalawade et al., 2006). 

Other significant advantages of scCO2 processing include the non-flammability, its relative low 

cost, the possibility of its total recycling, the production of organic solvent-free particles, the 

achievement of particulate systems with a narrow distribution of particle size and single-step 

operation. Furthermore, all process runs into a closed system facilitating the establishment of 

ascetical production of sterile formulations (Beckman, 2004). 

 

5.1 Solid Lipid Particles (SLN® and SLM) Production by scCO2 Processing 

5.1.1 Supercritical Fluid-Based Coating Technique 

Benoit et al. (2000) developed a relatively rapid, simply and totally solvent-free technique 

for coating drug particles with solid lipid compounds. The same group demonstrated the 

performance of its proposed method by encapsulation of bovine serum albumin (BSA) crystals with 

trimyristin and Gelucire® 50-02, a commercial mixture of glycerides and fatty acid esters (Ribeiro 

Dos Santos et al., 2002). The scheme of the apparatus used is depicted in Figure 14. The 

mechanism of coated particle formation is composed by the total solubilization of the solid lipid 

into scCO2 in a thermostatized high pressure mixing chamber loaded with BSA crystals. After 1h of 

mixing the chamber was depressurized and scCO2 turned to the gaseous state with consequent 

precipitation of the lipid on the crystals surfaces. This work was described with more details in 

other three articles (Ribeiro Dos Santos, Richard, et al., 2003; Ribeiro Dos Santos, Thies, et al., 

2003; Thies et al., 2003).  

 
Figure 14. Schematic representation of the coating process developed by Ribeiro dos Santos et al. (2002). (A) Filling 
step: BSA crystals (white) and lipid material (black); (B) Solubilization of lipid in scCO2 with dispersion of insoluble 

BSA crystals; (C) Decompression phase with lipid deposition on BSA; (D) Coated particles are obtained. 
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Since Gelucire is a mixture, it does not crystallize, allowing a uniform coating of BSA, 

while trimirystin crystallizes and forms a needle-like structure around BSA crystals leading to a 

burst release from the particles. However, this method is restricted to lipids with considerable high 

solubility into scCO2 and the particle size is dependent on the size of the original BSA crystals. 

Thus, to obtain solid lipid particles with a narrow particle size distribution, the bulk drug has to be 

processed by an additional technique, which rises the total cost of the process. 

 

5.1.2 Supercritical Fluid Extraction of Emulsions (SFEE) 

 The SFEE technique developed by Chattopadhyay and co-workers (2006) was conceived by 

coupling of a conventional method for oil in water (o/w) emulsion with a subsequent scCO2 

extraction process. The emulsion is typically prepared by dissolution of a solid lipid and a drug into 

an organic solvent, which is dispersed into the aqueous phase by an homogenizer equipment, using 

a certain surfactant for stabilization. Further, the emulsion is pumped through an atomization nozzle 

and submitted to an extraction of the organic solvent by scCO2 in countercurrent flow. As a 

consequence, solidification of lipid droplets occurred and SLN® precipitated from the aqueous 

suspension (Mantripragada, 2003; Chattopadhyay, Pratibhash et al., 2006). 

Compared to traditional methods, this technique brings the advantage of enhancing the 

removal of the internal organic phase without affecting the emulsion stability, with shorter 

processing time, and innocuous residual solvent concentration in the final product. Furthermore, 

due to the diffusivity of scCO2, mass transfer for solvent removal is more efficient in comparison to 

conventional methods, which leads to a more  efficient particle size distribution, avoiding 

aggregation (Chattopadhyay et al., 2005; Shekunov et al., 2006; Obeidat, 2009). Figure 15 

illustrates the extraction plant used by Chattopadhyay et al. (2007) for production of SLN® 

constituted by tripalmitin, tristearin or Gelucire 50-13. 

.  

 
Figure 15. Extraction system used in SFEE process developed by Chattopadhyay et al. (2007) 
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 After preparation of an o/w emulsion with oil phase composed by the drug and lipid 

dissolved into chloroform, the solvent was extracted with a scCO2 counter-current at a flow rate of 

40g.min-1. SLN® with a mean diameter of 30 nm were obtained, but with a bimodal population 

composed by a primary peak ranging from 20 to 60 nm and a secondary one (<10%) of about 200 

nm. A residual chloroform concentration of less than 20 ppm was detected, which is in accordance 

with the International Conference on Harmonization (ICH) guidelines that established the limit for 

this solvent is 60ppm (Grodowska and Parczewski, 2010). 

 Earlier, by using the SFEE apparatus shown in Figure 15, Shekunov et al. (2006) performed 

micronization studies of cholesterol acetate and griseofulvin and evaluated some important factors 

for definition of particle size that can be taken in consideration for SLN® production. It was 

observed that the droplet size, drug concentration and solvent content are the major factors with 

significant influence on particle size. Naturally, as lower is the size of o/w emulsion droplets, 

smaller are the particles obtained. Thus, the stabilization of the emulsion by using a surfactant is 

highly important owing to its capability to assure the maintenance of small droplets and avoid 

aggregation events (Chung et al., 2001). On the other hand, the partial interaction of the drug 

molecule with the aqueous media may promote the interaction among droplets that aggregate and 

form larger particles. In addition, considering that supersaturation in emulsion droplets is important 

for formation of small particles, increasing the solvent content promotes an increase on the growth 

rate. These conclusions also agree with studies conducted with PLGA nanoparticles 

(Chattopadhyay, P. et al., 2006). 

Despite the benefits of this technique, it is important to emphasize its remarkable 

disadvantages, such as the demand of multiple steps and the use of organic solvents. Moreover, the 

first step of SFEE keeps all the disadvantages associated to conventional methods of SLN® 

production. 

 

5.1.3 Supercritical Co-Injection Process 

 Developed by Calderone and coworkers (2006), the co-injection process was presented as a 

new way for obtaining  of solid lipid microparticles. As described in Figure 16, first a solid lipid is 

melted under its normal melting point due to the plasticizing effect exerted by solubilization of a 

pressurized gas. Second, the expansion of the gas-saturated melted lipid phase causes its 

pulverization, which occurs in a custom-designed co-injection device, where particles of uncoated 

drug are conveyed by a Venturi system at the same time. The co-injection provides the coating of 

the drug particles (Calderone et al., 2008). 
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This method presents the advantage of maintaining the active principle ingredient in a 

different reservoir of that used for coating the material, in a way that the drug component may be 

exposed to room temperature avoiding its degradation. By using of Precirol® ATO5 for coating 

pseudoephedrine chlorhydrate (PE) and bovine serum albumin (BSA) the method was tested by 

Calderone et al. (2008). It was shown an effective coating of the particles, with significant delay of 

the drug release in aqueous media. Meanwhile, the observed drug release cannot be classified as 

prolonged due to the relatively short time for release of 100% of entrapped PE (50min) and BSA 

(30min). SLM ranging from 16.4 to 65.4 µm were obtained. In pre-tests carried out with glass beads 

for validation of this method, it was found that for beads smaller than 20 µm aggregation events 

were very common.  

 

5.1.4 Particles from Gas Saturated Solutions (PGSS) 

Among the available techniques for SLN® and SLM production by supercritical fluid 

processing, particles from gas saturated solutions (PGSS) has been shown as the most interesting. 

PGSS is a process where a solid is melted in a high pressurized vessel. Figure 17 shows a generic 

scheme of a PGSS plant used for drug-loaded polymer and lipid particles. Briefly, a gas-saturated 

polymeric or lipidic solution is expanded through a nozzle and the rapid cooling of the gas leads to 

quasi-instantaneous solidification of the fresh droplets formed in the upcoming spray from the 

nozzle, which constitutes the SLN® (Weidner et al., 1995). This rapid cooling of the gas during the 

Figure 16. A: Schematic representation of the supercritical co-injection process (1) CO2 cylinder (2) cooler (3) pump (4) 

heater (5) saturation vessel (6) high pressure vessel (7) valve (8) pneumatic conveying (9) co-injection advice (10) gas/solid 

separation filter; B: co-injection device (Calderone et al., 2008). 
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expansion process is due to the Joule-Thomson effect. In few words, since an expansion of a gas 

from high to low pressure trough a throttle valve is an isenthalpic process, it leads to a significant 

temperature drop. 

 
Figure 17. Example of PGSS plant for particle formation of drug-loaded particles (Bahrami and Ranjbarian, 2007). 

The pressure change occurs so fastly that no significant heat transfer occurs, so the Joule-

Thomson coefficient (µ) is enough suitable to describe the relation between pressure and 

temperature variations. Since µ relates pressure and temperature variations according to the 

Equation 1, a significant drop of pressure leads to a significant decrease of temperature. That is 

exactly what occurs on PGSS. The expansion of CO2 from the supercritical state to the atmospheric 

pressure leads to a huge temperature drop that rapidly solidifies the atomized molten lipid droplets 

formed by the nozzle. 

𝜇 = �
𝜕𝑇
𝜕𝑝
�
ℎ
 

(1) 

In addition to all advantages of supercritical fluid technology, PGSS can produce directly 

powdered formulations, requires the use of small volume pressurized equipment, demands 

relatively low amounts of CO2, and easily performs the recovery of the product and the gas. This 

process already runs in plants with capacity of some hundred kilograms per hour (Knez and 

Weidner, 2001). Other great advantage of PGSS technique resides on the plasticizing effect of 

scCO2 when diffused into polymer or lipid matrix, which allows their melting under mild 

temperatures, becoming feasible for thermolabile drug processing (Alessi et al., 2003; Pasquali et 

al., 2008). The high diffusivity of scCO2 allows its penetration in the lipid matrix, reducing the 
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intermolecular interactions, increasing the chain separation and enhancing the mobility of lipid 

segments, acting as a molecular lubricant (Samyuktha et al., 2014). Further, the saturation of bulk 

lipid with scCO2 favors the formation of CO2-lipid complexes through van der Waals interactions 

(Ekambaram and Abdul Hasan Sathali, 2011). 

The group of Weiner et al. (2001) was the first one to demonstrate this plasticizing effect 

with a lipid as can be noted in Figure 18, where the melting point of a monoglyceride was 

monitored under increase of pressure in a CO2 environment. However, it is also noted that over 200 

bar, the melting point increases. González-Arias et al. (2015) defend that in the pressure range 

where a melting point decrease is noted, there is a predominant effect of the solubility of the gas in 

the solid lipid. Above this range, the hydrostatic pressure takes place and makes the melting 

temperature rising. In the same Figure it is depicted a very similar behavior for tripalmitin (Li et al., 

2006), Precirol® ATO5 (Sampaio De Sousa et al., 2006; Calderone et al., 2007), Compritol® 888 

ATO (Sampaio De Sousa et al., 2006) and Gelucire® 43-01 (Sampaio De Sousa et al., 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The pressure-temperature (P-T) phase diagram for the binary mixture solid-supercritical 

fluid can show varied behavior. Figure 19 depicts the typical P-T phase diagram for scCO2-solid 

lipid mixture (Schmidts et al., 2012). These plots are commonly seen for mixtures whose 

Figure 18. Variation of lipid melting point under CO2 at different pressures. A: monoglyceride (Knez and Weidner, 
2001); B: tripalmitin (Li et al., 2006); C: Gelucire® 43-01 (●), Precirol® ATO5 (○) and Compritol® 888 ATO (▼) 

(Sampaio De Sousa et al., 2006). 
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components are not chemically similar and differ considerably in size and shape. In other words, 

this diagram would be the most suitable to describe the phase behavior of a system designed for 

production of SLN®/SLM by PGSS.  

 

 

 

 

 

 

 

 

 

 

 

 

In this kind of system, there is no common range of temperature, in which both compounds 

are in the liquid state. Also, the critical mixture curve represented by the dotted liquid-gas (LG) 

equilibrium line and the solid-liquid-gas (SLG) equilibrium curve are not continuous. The lower 

temperature branch of the SLG curve describes the solubilization of lipid molecules into CO2 dense 

gas phase until the intersection with the critical mixture curve at the lower critical end point 

(LCEP), where the lipid solubility increases rapid but still slight. Simply, the LCEP is the lowest 

temperature and pressure in which gas and liquid phases become a single phase in the presence of a 

solid phase, while the upper critical end point (UCEP) represents the highest conditions where this 

equilibrium phenomenon occurs. At the higher temperature branch of the SLG curve, the solubility 

of dense or supercritical CO2 into lipid matrix is incremented which leads to a modulation of the S-

L transition, i.e. melting point, of the lipid (Griffin, 1949; Liu, 2008; González-Arias et al., 2015) 

This SLG curve branch has been experimentally demonstrated as depicted on Figure 18.  

All these thermodynamic equilibrium phenomena is occurs during the saturation step of 

PGSS procedure, where the lipid matrix is mixed with CO2 under high pressure conditions. After, 

under room conditions of temperature and pressure, the rapid expansion step leads to the quasi-

instantaneous flash composed of a solid phase represented by the particles and a gas phase 

represented by the CO2. The Figure 20 correlates regions of the typical P-T phase diagram for CO2 

and solid lipid system with corresponding steps on PGSS procedure. 

 

Figure 19. Typical P-T phase diagram for CO2-solid lipid system. Abbreviations: LG, liquid-gas; SL, solid-
liquid; SLG, solid-liquid-gas; TP, triple point; CP1 and CP2, critical points of pure compounds (1 and 2); 1, 2, 

vapor pressure curves of pure compounds. 1 is stated for CO2 and 2 for solid lipid (Liu, 2008). 
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Figure 20. Typical P-T phase diagram for CO2-solid lipid system with a proposed localization of PGSS steps. 

 

However, the mechanisms of particle formation are not completely understood. Several 

studies have been conducted for modeling of particle formation in PGSS and it was found that 

expansion process is composed by atomization and nucleation/crystallization phenomena (Li et al., 

2005; Strumendo et al., 2007). Briefly, the atomization can be defined as the disruption of a liquid 

jet in fine particles during expansion (Reitz and Bracco, 1982). Further, the nucleation describes the 

formation of CO2 bubbles inside the fresh droplets of the mixture constituted of the molten lipid and 

drug due to the transition of the supercritical fluid to the gaseous state on the expansion chamber 

and the crystallization evolves the solidification of the particle surface and subsequently the inner 

lipid matrix under abrupt decrease of temperature due to Joule-Thompson effect (Kappler et al., 

2003). 

Studies have indicated that nozzle diameter, pre-expansion pressure and temperature, and 

flow rate of carbon dioxide represent the most important factors for defining size, shape and 

physical state of the particles (Brion et al., 2009). It has been found that as higher the saturation 

pressure as higher carbon dioxide diffusion is achieved into polymer or lipid matrix, while there is a 

inverse relationship between scCO2 solubilization and saturation temperature (Mandzuka and Knez, 

2008). The high content of scCO2 favored by high saturation pressure leads the nucleation process 

to occur faster than crystallization of surface during the expansion step resulting in the formation of 

small particles. However, as higher scCO2 content more abrupt is the disruption of the lipid matrix 

with potential formation of particles of highly varied shape. This is not a desirable effect 

considering that particles of varied shape commonly present a burst release of the active compound 

(Kappler et al., 2003). 



State of Art  
 

38 
 

 For the temperature the opposite effect on particle size is observed, i.e., the particle size 

increases with increasing temperature above the melting point of the carrier material. This can be 

explained by the decrease of scCO2 solubility upon increasing temperature. Thus, with lower fluid 

content into the particles, the crystallization of the particle surface occurs faster than CO2 bubbles 

formation which leads to retention of the gas and less disruption events resulting in larger particles. 

This phenomenon is readily observed when the selected saturation temperature is already below the 

lipid or polymer melting point (Nalawade et al., 2007). Figure 21 presents a scheme with different 

particles obtained with different operation conditions in a work performed by Kappler and 

coworkers (2003). 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 Despite the wide range of available lipids and drug molecules, the operational conditions are 

unique depending upon the specific system. Rodrigues et al. (2004) produced microcomposite lipid 

particles composed by hydrogenated palm oil entrapping theophylline by PGSS. Solid lipid 

particles of about 3µm were obtained for a mixing step at 333 K and a pressure range of 12-18 

MPa, and a nozzle diameter of 25 µm.  It was also observed that an increase in the pre-expansion 

pressure leads to the formation of more spherical and larger particles. On the other hand, burst 

release of theophylline from the particles was detected. In a similar PGSS apparatus and for the 

same pre-expansion operational conditions Wang et al. (2008) achieved trimyristin and tripalmitin 

particles loaded with ibuprofen of about 2 µm diameter. However, a 100 µm diameter nozzle was 

used, indicating that the type of lipid and saturation time also have a significant role on the particle 

size  distribution. Equipped with an 80 µm diameter nozzle and under the same pre-expansion 

Figure 21. Schematic representation of different results obtained under different operational 
conditions in a PGSS method for production of PEG-600 particles (Kappler et al., 2003). 
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conditions, these authors showed less attractive results from lipid particles synthesized with beewax 

and menthol. A multimodal population of particles ranging from 45 to 180 µm was obtained (Zhu et 

al., 2010).   

By application of similar conditions, Sampaio de Sousa and coworkers (2007) achieved 

glyceryl monosteareate microparticles loadedwith caffeine of  about 5 µm diameter.  However, due 

to the  hydrophilicity of caffeine, it was necessary to use water as co-solvent. Further studies under 

13 MPa and 345 K with the addition of Cutina® HR and titanium dioxide (an anticaking additive) 

in the formulation showed that the low affinity of the hydrophilic compounds like caffeine and 

glutathione resulted in a low payload and a burst release. Otherwise, a lipophilic compound, 

ketoprofen, presented a high entrapment rate and sustained release (t2h = 20 %) (García-González et 

al., 2010). The same group, trying to improve the physicochemical features of solid lipid particles, 

associated solid lipids to polymers to produce hybrid particles by PGSS. The first work associated a 

hydrophilic polymer PEG4000 (HLB=18) to a hard fat Gelucire® 43/01 (HLB=1) by mixing, both 

molten, in the high pressure chamber of PGSS apparatus. Since these components have no chemical 

affinity their mixing leads to the formation t of an emulsion, where CO2 was dissolved. 

Temperature and pressure  employed had no clear influence on particle shape, while more sphere-

like particles were obtained when nozzle diameter was reduced from 600 to 300 µm. Among the 

different ratios of Gelucire/PEG4000, some of them presented a core-shell structure where the outer 

layer was proved to be formed by PEG4000 (Rodriguez-Rojo et al., 2010). Later, in order to 

improve the stability of the particles and guarantee the formation of a core-shell structure, the 

emulsion was prepared with an emulsifier Imwitor® 600 (HLB = 4). As the best result spherical 

multicore hybrid particles were obtained from the expansion of a CO2 saturated O/W 

macroemulsion at 12 MPa and 323 K, with a PEG:Gelucire mass ratio of 3:1. They presented 227 

µm (d0.5) with a structure composed by PEG outer layer with multiple Gelucire cores (Gonçalves et 

al., 2015).  

Intending the successful achievement of solid lipid particles in nanometric scale, Bertucco et 

al. (2007) developed a modified PGSS method in which the particle formation is assisted by an 

auxiliary gas (synthetic air, nitrogen or the combination of both). This modification enabled the 

formation of submicron-sized lipid particles. Based on this method, with pre-expansion conditions 

set at 150 bar and 40 ºC and a 100 µm nozzle diameter, SLN® loaded with insulin or human growth 

hormone (HGH) were produced with a lipid matrix composed of phosphatidylcholine and tristearin. 

Spherical shape particles were obtained with a mean diameter of 197 nm and a mean loading 

efficiency of 57 % and 48 % for insulin and HGH, respectively (Salmaso, Bersani, et al., 2009).  

Taking into account that insulin is a hydrophilic protein, other work using DMSO as co-solvent 
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promoted an increase in the loading efficiency to 80 %, with values of residual solvent below 20 

ppm (Salmaso, Elvassore, et al., 2009). By using the same saturation conditions, SLN® based on 

tristearin and magnetite nanoparticles (Fe3O4) of about 200 nm were also produced and the loading 

capacity was slightly increased with addition of phosphatidylcholine (Vezzù et al., 2010). 

The good results obtained by Bertucco and coworkers  in entrapping hydrophilic compounds 

in SLN®,  keeping a sustained release, reveals the need of selecting the correct emulsifier and/or 

co-solvent. Otherwise, a low encapsulation rate is achieved and also a segregation of the drug from 

the lipid matrix may occur during particle formation in the expansion unit. This condition favors the 

deposition of the drug on the particle surface generating a burst release (García-González et al., 

2010) .  

More recently other group used a PGSS apparatus for production of solid lipid 

microparticles constituted of fully hydrogenated canola oil (FHCO) entrapping spearmint essential 

oil (Ciftci and Temelli, 2016). After evaluating different nozzle diameters (0.1, 0.3 and 14.3 mm) 

and pressures (122, 211 and 300 bar), the best results were obtained for a 0.1 mm nozzle diameter at 

122 bar, providing particles with 1.27 µm diameter and 96 % of encapsulation efficiency. Taking 

into account that essential oils are composed of volatile components, part of the spearmint essential 

oil solubilized in the supercritical phase was carried away during the expansion step leading to a 

decrease on EE%.  

Thus, facing the limitations of SFEE and supercritical coating techniques, PGSS has been 

extensively investigated. Furthermore, the successfully generation of submicrometric particles by  

Bertucco and coworkers show that plant adaptations have a central role in PGSS optimization. Due 

to the particular features of each system, there is no standard fixed condition for production of 

SLN®. Therefore, an adequate knowledge about physicochemical characteristics of the lipid carrier 

and the drug molecule is pivotal for the correct choice of optimum operational conditions. The 

versatility of scCO2-based systems provides various alternative solutions. As a consequence, 

complementary studies have to be conducted to optimize the production of submicron sized solid 

lipid particles, with high loading efficiency, low polydispersity and controlled drug release. 

This vast summary serves as a guide to choose suitable operational conditions, mainly 

structural set plant arrangements, for particle production by PGSS. Also, based on these data, it can 

be suggested that the utilization of scCO2 technology in the production of SLN® and SLM 

entrapping pharmaceuticals and biopharmaceuticals is a promising field under intense investigation. 

The encapsulation of curcumin in SLN®  and SLM produced by scCO2 is an interesting and 

innovative process and there is no patent registered so far. 



 

41 
 

III 

 

 

 

 

 

 

 

  

Aim of work . 

 

 

 

 

 

 

 

 



Aim of work  
 

42 
 

1 General Aim 
The general aim of this work is the investigation of curcumin entrapment into SLN® and 

SLM by PGSS process. 

 

2 Specific Aims 
• Investigation of operational conditions of particle production by PGSS; 

• Study of the particle engineering related to supercritical fluid technology processes; 

• Comprehension of physicochemical interactions among lipid carriers, curcumin and CO2; 

• Improvement of PGSS particle production by optimization of curcumin entrapment rate; 

• Physicochemical and citotoxicity profile characterization of curcumin-loaded SLN® and 

SLM. 
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1 Material 
Tristearin with purity higher than 99%, dimethysulfoxide, dichloromethane and citric acid 

were purchased from Sigma-Aldrich (St. Louis, MO). Epikuron 200 was a kind gift from Cargill 

Inc. (Minneapolis, MN). The 98% pure curcumin, HPLC grade methanol, ethanol and acetonitrile 

were acquired from Merck (Darmstadt, Germany). CO2, synthetic air and N2 were purchased from 

Rivoira (Padova, Italy). 

 

2 Methods 
 

2.1 Solid Lipid Particle Production 

The production of solid lipid particles was performed as described on the article published 

on The Journal of Supercritical Fluids which the full text can be found on the Chapter V of this 

thesis. For more details, go the Attachment I of this thesis.  

 

2.2 Solid Lipid Particle Characterization 

2.2.1 DSC measurements 

Differential Scanning Calorimetry was performed using a TA Instruments calorimeter 

(model Q10P). This instrument is equipped with a high pressure cell that enables measurements to 

be performed in the presence of CO2 up to a maximum operating pressure of 7 MPa. An amount of 

1-5 mg of mixture (or pure lipid) was weighted into an aluminum pan and placed in the calorimeter. 

Lipid mixtures with different ratios of tristearin and phosphatidylcholine comprising 0, 25, 31, 40, 

57, 67 and 100% were analyzed. For experiments involving CO2, the cell was pressurized to the 

desired operating pressure prior to heating of the sample. A continuous flow of CO2 was maintained 

through the cell during the heating cycle. The sample was heated from 40 to 300 °C at a rate of 

10°C/min. DSC measurements for a given sample were performed at least three times. 

 

2.2.2 Percentage of encapsulated curcumin 

The entrapment efficiency (EE%) of curcumin into the lipid particles was determined by a 

RP-HPLC method using a Phenomenex Luna C18 column isocratically eluted at 1 mL/min with 0.5 

% citric acid (pH 3.0)/ acetonitrile 48:52 ratio. The UV detector was set at 429 nm. 5 mg of 

particles were disrupted in 1 mL of methanol by vortexing for 1 min and centrifuged at 14,462 xg 

for 15 min. The clear supernatant was diluted in mobile phase and analyzed by HPLC. All the 

samples were analyzed in triplicate. 
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2.2.3 Size measurements and morphology 

Particle size measurements were carried out by static light scattering analysis using a 

mastersizer 2000 equipment (Malvern, UK). Around 10 milligrams of solid material were dispersed 

under vortexing in 15 mL deionised water, sonicated for 30 min, and analyzed. The samples were 

then centrifuged upon 2.500 rpm for 3 min in order to investigate the presence of nanoparticles. The 

obtained supernatants were analyzed by the dynamic light scattering method in a zetasizer nano ZS 

apparatus (Malvern, UK) after the same sample treatment.  

The morphology of micronized particles was assessed by scanning electron microscopy 

(SEM) directly on the dry particle samples mounted on metal stubs and after 20 nm-thick gold-

coating treatment. The micrographs were obtained by a JSM-6390LV digital scanning electron 

microscope (JEOL, Peabody, USA) using an acceleration voltage of 10 kV at different 

magnifications. For those samples with readable sign on nanosizer, negative stain micrographs were 

prepared on copper grids covered with a formvar film. The vesicle dispersion was pipetted into the 

grids and stained with 2 % phosphotungstic acid and were then viewed and photographed with a 

JEOL 1230 transmission electron microscope (JEOL, Peabody, USA) at an accelerating voltage of 

60 kV. 

 

2.2.4 IR Spectroscopy 

Infrared spectra from free curcumin, empty solid lipid particles, as well as those curcumin-loaded 

particles were recorded by a FTIR spectrometer (Shimadzu, Quioto, Japan). The samples were 

analyzed after mixing with dried KBr powder and compressing to a disc by a beam splitter. All data 

were collected over the spectral range 4000 to 400 cm-1, with a nominal resolution of 4 cm-1. 

 

2.2.5 Cell Viability Test 

Due to limitations presented by specific characteristics of samples, only those with 0.5 % 

curcumin composition were submitted to the cytotoxicity test. More details concerning this topic is 

explained on the third section of chapter V of this thesis. The cytotoxicity of curcumin-loaded lipid 

particles against C2C12 myoblasts, obtained from skeletal muscle of mice, was measured by MTT 

assay. The cells were seeded in a 96-well plate in a density of  2x103 cells/well and incubated for 24 

h. The medium was then replaced with increasing concentrations of curcumin, drug-loaded lipid 

particles and drug-free lipid particles. Incubation was continued for 72 h. All media were then 

removed and 100 µL of MTT solution at 0.5 mg/mL in PBS were added to the wells. The cells were 

incubated for 3 h. MTT was removed and 100 µL was added to dissolve the formazan crystals. The 

optical density at 570 nm was determined using a microplate reader.  Untreated cells were taken as 
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control with 100 % viability and cells without MTT were used as blank to calibrate the 

spectrophotometer to zero absorbance. Triton X-100 at 1% (v/v) was used as positive control of 

cytotoxicity. All experiments were performed in triplicate. Statistical analysis was performed by 

one-way ANOVA followed by Newman Keuls multiple comparison test. 

 

 

 

 

 

 

 



 

47 
 

V 

 

 

 

 

 

 

 

 

Results and Discussion. 

 

 

 

 

 

 

 

 



Results and Discussion  
 

48 
 

 

 

 

 

 

 

 

Thermal investigations on 

Curcumin/Lipids/DMSO/CO2 mixtures  

 

 

 

 

 

 

 

 

 

 



Results and Discussion  
 

49 
 

1 DSC Measurements 
1.1 System 1 lipid + CO2 and 2 lipids + CO2 

Experimental data from thermal behavior of the mixture tristearin-epikuron200 in different 

compositions at different pressures was assessed. These data are important for predicting the 

behavior of the chosen excipients in the mix chamber of the PGSS plant and consequently assist the 

selection of the best lipid mixture composition for the solid lipid particle production. The melting 

point values of the mixtures were collected as summarized in Table 5.  

 

Table 5. Melting temperature of lipid mixtures at different compositions and pressures. 

Values showed as average ± standard deviation; *Values attributed to homogenous mixture with no distinguishable 
melting of pure solid phases. 

  

At 1 bar a decrease of tristearin melting point was observed with an increase of the 

phosphatidylcholine content. Generally, the natural-derived phosphatidylcholines present 

unsaturated bonds on their carbon chains, as those found for 1,2-dilinoleoylsn-glycero-3-

phosphocholine (DLPC), the main component of Epikuron200 depicted in Figure 22. The double 

bonds confer to these compounds a natural fluid state, i.e. the transition from a rigid to a fluid state, 

known as glass-transition, occurs under 0 °C.  The glass-transition temperature of DLPC is -53 °C 

(Capitani et al., 1996). So, the fluid DLPC can act as a dispersant of crystalline tristearin as well as 

the other lipid compounds of epikuron200, and as a consequence its  melting demands less energy. 

Furthermore, as depicted in Figure 23, two peaks for tristearin were identified at the highest 

concentrations of phosphatidylcholine. Taking into account the crystalline nature of triglycerides, it 

was hypothesized that these peaks refer to intermediate crystalline forms of tristearin. The mixture 

preparation requires the melting of both compounds, so it was thought that at large amounts of 

Pressure Components 
Tristearin content 

0.0 0.25 0.31 0.40 0.57 0.67 1.00 

1 bar Tristearin form 1 - 63.88 
±0.01°C 

63.28 
±0.10°C - - - - 

 Tristearin form 2 - 71.57 
±0.43°C 

71.33 
±0.21°C 

72.48 
±0.21°C 

72.40 
±0.46°C* 

71.88 
±0.24°C* 

72.93 
±0.09°C* 

 Epikuron 200 231.87 
±0.14°C 

136.36 
±0.37°C 

119.99 
±4.55°C 

114.08 
±4.12°C - - - 

20 bar Tristearin form 1 - 61.65 
±0.59°C - - - - - 

 Tristearin form 2 - 70.07 
±0.29°C 

69.58 
±0.12°C* 

70.90 
±0.51°C* 

71.71 
±1.45°C* 

70.36 
±0.34°C* 

69.83 
±0.21°C* 

 Epikuron 200 233.79 
±0.83°C 

118.15 
±5.79°C - - - - - 

40 bar Tristearin form 1 - - - - - - - 

 Tristearin form 2 - 67.30 ± 
0.32°C* 66.57°C* 68.54 

±1.39°C* 69.00°C* 69.55°C* 68.42 
±0.21°C* 

 Epikuron 200 234.11°C - - - - - - 
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phosphatidylcholine there is a prevention of homogeneous formation of a highly symmetrical 

crystal lattice during the solidification step, which leads to maintenance of intermediate crystalline 

forms. Only detailed X-Ray Diffraction (XRD) analysis could confirm both identity and crystalline 

nature of these intermediate forms.  
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Figure 22. Lipid structures. a) Tristearin; b) 1,2-dilinoleoylsn-glycero-3-phosphocholine 

Figure 23 also shows how remarkable is the effect of pressurized CO2 on the thermal 

behavior of the mixture. An increase of pressure leads to the diffusion of CO2 molecules into the 

solid lipid structure. The presence of CO2 molecules in the interstice of the solid facilitates the 

displacement of lipid molecules during melting event reducing the melting temperature, as well as 

the melting enthalpy. This explains the concept of plasticizing effect of CO2, which favors the 

decrease of melting point of lipids. The fluidizing power of CO2 also contributes to the 

disappearance of intermediary crystalline polymorphs during melting process leading to the 

achievement of a homogenous mixture with only one fusion peak. 

Taking into account the complex composition of natural lecithin, or even the structural 

complexity of pure phospholipids, several secondary melting transitions can occur below the 

normal temperature of fusion. Because of this, a relatively high heat rate was chosen (10 °C/min) 

for the DSC runs in order to avoid the intermediate transitions and detect a distinguishable peak of 

the main melting event.  These secondary events are linked to movements of carbon chains and 

displacement of polar heads not only of DLPC but also of the other components of Epikuron200 as 

listed on Table 6. 

 
Table 6. Carbon chain pattern for free fatty acids and phospholipids in Epikuron 200 

 

 
Adapted from Bergenståhl  (1983). 

C8 C16 C16:1 C18 C18:1 C18:2 C18:3 

0.8% 12.2%  0.4%  2.7% 10.7% 67.2% 6.0% 

b) a) 
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Figure 23. DSC thermograms of lipid mixtures at different pressures. 

form 1 
tristearin DLPC form 2 

tristearin 
1 bar 

20 bar 

40 bar 

Mixture 

25% Tristearin 
31% Tristearin 
40% Tristearin 
57% Tristearin 
67% Tristearin 
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At high pressures, the DSC equipment shows interference noise on the measurements that 

can affect the detection of low enthalpy events. Considering that no reproducible peak within the 

replicates of each condition was found, into the noise zone, only one peak of the mixture was 

registered for all compositions at 40 bar. 

 

1.2 System 2 lipids + curcumin + DMSO + CO2 

The behaviour of the lipid mixture with curcumin at different compositions for different 

pressure conditions was also evaluated. As summarized on Table 7 and Figure 24, a clear influence 

of the curcumin content was observed. The larger curcumin amount, the larger the decrease on the 

melting point. This can be explained by the DMSO content in the mixture, used for an homogenous 

dispersing of curcumin into lipid mixture. Taking into account that all the components of the 

mixture can be solubilized by DMSO, it can act as a solvent and facilitate the fluidization of the 

lipid matrix in a synergic way with the plasticizing phenomenon produced by CO2 molecules. 

 

Table 7. Melting point of mixtures of tristearin/epikuron200/DMSO/curcumin  
Composition Pressure 

Tri PC DMSO Cu 1bar 20bar 40bar 
49.5  24.7  17.5  8.3 69.30 ±0.26°C 68.01 ±0.57°C 65.58 ±0.07°C 
54.2  31.7  9.6   4.5 70.54 ±0.17°C 69.51 ±0.54°C 67.51 ±0.20°C 
57.6  36.5 4.0 1.9 70.13 ±0.15°C 69.86 ±0.36°C 68.12 ±0.07°C 

Values showed as average ± standard deviation. 

 

 

Figure 24. Decrease on melting point of the lipid mixture at different compositions and different pressures. 
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The detection of only one peak of fusion on DSC thermograms indicates the achievement of 

a homogenous mixture in which the components are molecularly dispersed. The 

tristearin/Epikuron200/CO2 mixtures showed to be dependent on the lipids ratio. However, the use 

of curcumin and DMSO in the mixtures facilitated homogenization of the components in all 

compositions tested. This is very important for the PGSS process. Considering that the first step of 

the PGSS technique is the melting of the lipid mixture followed by rapid solidification during 

expansion, processing of homogenous mixtures leads to homogenous solid products, i.e. the state 

transitions during PGSS processing would not affect the homogeneity of the final powder product. 

A heterogeneous mixture could favors different fusion/solidification rates leading to powder lumps 

formation or clogging problems in tubing and valves. 
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1 Size measurement  

 All SLM samples, after dispersion in distilled water, were submitted to centrifugation at 

2500 rpm for 3 min and the supernatants were analyzed by a nanosizer equipment. The intent was to 

investigate the presence of nanosized populations in the samples not captured by mastersizer 

analyses. In the supernatants obtained from samples composed of 10.0, 5.0, 2.0 and 1.0% curcumin-

loaded SLM, the minimum obscuration required for nanosizer measurements was not achieved. 

Even after concentration of the sample dispersions, or either test different centrifugation velocities, 

the measurements could not be performed. Only 0.5 % curcumin samples could be read by 

nanosizer. A monomodal population of nanoparticles with a homogenous size distribution was 

found among microparticles as can be proved by a small polydispersion index (PdI) value depicted 

on Table 8 and also by the typical particle size distribution of the samples showed in Figure 25. 

This is a very interesting result because the PGSS usually produces microparticles instead of 

nanoparticles due to the typical high ratio of aggregation during the expansion step. Even in this 

plant, with an auxiliary N2 stream to the atomization, it was already proved the increment in 

aggregation phenomenon caused by the presence of DMSO in the formulation. Despite of this, the 

current data show the formation of small and homogeneous SLN®. The same tendency was 

observed for the SLM of the same sample obtained in this work, reinforcing the hypothesis that the 

applied concentration of DMSO was low enough to not cause an increase in particle aggregation. 

 
Table 8. Size measurement parameters 0.5% curcumin SLN®* 

Size PdI Zeta potential 
118.50 ± 54.34nm 0.62 ± 0.25 -8.97 ± 0.95 

*triplicate. 

 
Figure 25. Typical particle size distribution. 

2 Morphology 

 Since the nanoparticle population was collected by dispersion in aqueous media and 

considering that usual drying methods could affect significantly the morphology of SLN®, the 
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Transmission Electronic Microscopy (TEM) was selected to analyze the samples. The result is 

showed in Figure 26.  

     
Figure 26. Micrographs of 0.5% curcumin-loaded SLN® obtained by TEM. Scale bar: 500nm 

 This result is quite surprising because the usual shape of solid lipid particles produced by 

PGSS is nothing similar to the spherical one (Sampaio De Sousa et al., 2007; Vezzù et al., 2009; 

Zhu et al., 2010). However, it was already showed that several PGSS operation parameters affect 

significantly the particle morphology, it means, not only the intrinsic characteristics of the 

encapsulant material used (Kappler et al., 2003; Pollak et al., 2011). Perhaps, the amount of DMSO 

in the formulation, which is naturally liquid for both conditions of melting and expansion in the 

PGSS method, at low concentrations, may act as a glue reinforcing the structural strength of the 

nanoparticles. Also, since nanoparticles possess a small amount of material associated to a large 

surface area, they solidify quicker and more homogenously than the microparticles, which favors 

the maintenance of the original structure just after the droplet formation in the nozzle. 

 

3 Infrared Spectra 

 The data depicted in Figure 27 were obtained in order to establish a comparison of infrared 

spectra of free curcumin, empty particles and the 0.5% curcumin-loaded particles. Therefore, the 

interaction among the curcumin and all the other excipients can be evaluated. The empty particles 

were prepared by the mixture of only tristearin and Epikuron 200. Table 9 summarizes the main IR 

bands on the obtained IR spectra and the identification of vibration events was made by comparison 

with data collected in the literature.  

 The obtained free-curcumin IR spectrum was very similar to those related in literature. 

Further, the characteristic bands found showed values very close to those from literature (Mohan et 
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al., 2012; Kundu and Nithiyanantham, 2013). As expected, no characteristic band of curcumin was 

found in IR spectrum of empty particles, which showed to be very similar to those spectra found in 

literature for PC molecules (Süleymanoglu, 2009; Bridelli et al., 2013). A few number of bands 

were recognized for tristearin. Since the structure of tristearin is very similar to part of the 

phospholipid skeletal many of tristearin typical IR bands could be hidden by those for PC. Further, 

Epikuron 200 is a multi-component product which makes the IR spectrum interpretation more 

complex.  

 The curcumin-loaded particles sample provided a IR spectrum very similar to that obtained 

for empty particles with some typical curcumin bands. All the bands showed to be much sharper 

than those on the other spectra, but no significant shift or new bands were found. This is a strong 

indicative that no chemical reaction occurred, which confirms the compatibility among the mixture 

components. Interestingly, no characteristic sign for DMSO was found on this spectrum, nor even 

its strongest IR band, the S-O stretching vibration, commonly found in 1014 cm-1 (Zazhogin et al., 

2008). It was hypothesized that the low DMSO concentration in the sample made its typical bands 

more difficult to detect. 

  

 

Figure 27. Chemical compatibility evaluation of curcumin and SLN® excipients by IR analysis. 

 The science of interpretation of structural interactions and composition through IR analysis 

is based on the assumption that each deformation of the molecule or vibration of a group of atoms 

will generate a particular band on IR spectrum. However, small steric or electronic effect as well as 

skeletal vibrations can present an unpredictable behavior after IR exposure, leading to large shifts 

400900140019002400290034003900
Wave number (cm-1)  
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Empty particles

Free curcumin
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on absorbance patterns (Stuart, 2004). In addition, the samples evaluated in this work were prepared 

with a natural phospholipid - Epikuron 200, which means that it is composed of a complex mixture 

of fatty-acid-derived components that increment the complexity of inter and intramolecular 

interactions making the IR interpretation even harder. In this context, only some of the IR bands can 

be detected or interpreted, and not necessarily the absence or a large shift of an IR band will mean 

the non compatibility of formulation components. 

 

Table 9. Identification of bands found on obtained IR spectra. 

SLN® 
Components Vibration events 

Sample IR bands (cm-1) Literature 
IR bands 

(cm-1) 
References Free 

curcumin 
Empty 

particles 

Curcumin-
loaded 

particles 
Curcumin   
 cis aromatic (CH) 709 - 713 713 

(Mohan et 
al., 2012; 

Kundu and 
Nithiyananth

am, 2013) 

 out of plane δ aromatic (CCH)  852 - 864 852 
 benzoate trans (CH) 956 - - 960 
 ν (C-O-C) / out of plane δ 

(CH3), in plane δ aromatic 
(CCH) 

1022 - - 1023 

 in plane δ aromatic (CCH) 1423 - - 1429 
 ν (C=O) 1508 - 1508 1510 
 ν (C=C) aromatic 1600 - - 1601 
 ν (C=C) 1627 - 1635 1626 
 ν (OH) 3271-3599 - 3278-3606 3200-3600 
 ν (OH) from phenol group  3502 - - 3508 
Phosphatidylcholine  
 ν (OH) - 3603-3305 3614-3352 3600-3200 

(Süleymanog
lu, 2009; 
Bridelli et 
al., 2013) 

 ν (NH+3) - 3290-3178 3302-3178 3500-3000 
 δas N+-[(CH3)3] - 972 968 970 
 νas (C-CH3) - 2916 2912 2920 
 νs (C-CH3) - 2846 2846 2850 
 scissoring δ [(CH2)n] - 1473 1458 1467 
 rocking ν (CH2)  - 717 721 722 
 ν(C=O) from R-COOH group - 1735 1732 1744 
 ν (C=C) - 1624 1624 1657 
 νas (PO2

-) - - - 1232 
 νs (PO2

-) - 1087 1072 1085 
Tristearin 
 ν(C=O) from esther group - 1735 1735 1736 (Kishore et 

al., 2011; 
Nair et al., 

2012) 

 νs (C-CH3) - 2846 2846 2849 
 νas (C-O-C) - 1176 1180 1176 

* ν = stretching vibrations / δ = bending vibrations / s = symmetric / as = asymmetric. 
  

4 Cytotoxicity test 

Only the formulation at 0.5 % curcumin content could be analyzed for cytotoxicity response. 

After dispersion on culture media, all formulations were dropped into test wells containing pre-

incubated cells. However, the samples containing 1.0 - 10.0% curcumin floated and formed 

aggregates into the wells clogging at the bottom and blocking the access to media nutrients by the 
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cells, leading to the death of 100% of exposed groups. Once the 0.5% curcumin-loaded sample 

showed to be composed by the smallest particles, they could be effectively dispersed in culture 

media using a pipette.  

As indicated in Figure 27, the encapsulation of curcumin in the solid lipid particles led to a 

statistic significant decrease of its cytotoxicity. It can be also observed that there is as larger 

difference between free and entrapped drug at a concentration of 100 µg/L than that of 10 µg/L. 

This indicates that the protective effect from lipid particles excipients can be dose-related. 

However, to prove this relation more concentrations must be tested. Higher concentrations were 

tested, but the increase in particles concentration in culture media led to the problems showed by 

the afore mentioned samples. Also, it is important to note that from 10 to 100 µg/L of free and 

encapsulated curcumin, it was observed a maximum cell viability of only 30%. These data bring a 

concern to the safety profile of the produced SLM/SLN formulation. On the other hand, the full 

citotoxicity profile of this formulation cannot be denoted only by this preliminary assay, i.e. much 

more information must be collected and produced with basis on additional tests.  

The use of biocompatible excipients in pharmaceutical formulations plays a pivotal role to 

the achievement of a safe therapeutic profile. Both tristearin and Epikuron200 are recognized as 

biocompatible and the fact that this formulation presents the lowest amount of DMSO helps to 

reach a safer behavior on a biologic environment.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28. Evaluation of the effect of free and encapsulated curcumin on cell viability. ***p<0.0001 
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This work has enlighten the interaction among lipid carriers, curcumin and CO2. The data 

and discussion brought by this thesis have a great relevance, considering the complexity of the 

applied system, not only due to the number - five - of components, but also to the nature of 

components. The large difference of molecular weight among the components, the need of DMSO as 

co-solvent for dissolving curcumin on the lipid matrix, the natural different crystalline structures that 

can be present in solid tristearin, as well as the large number of possible structural shifts of 

unsaturated phospholipids along temperature small changes draw how big was the challenge for 

understanding the thermal behavior of this system. This complexity also appears as an obstacle for 

the application of predictive models based on groups contribution methods, since current ones 

cannot reach the number of intra and intermolecular events involved in these systems. Therefore, 

experimental data have a pivotal role on this matter. The contribution of this thesis fulfills, at least 

partially, the huge lack of information concerning the thermodynamic behavior of complex lipids, 

such as phospholipids, in the context of supercritical fluid processing. 

High pressure DSC studies demonstrated in binary lipid mixtures that the higher the natural 

PC content, the more heterogeneous the mixture with tristearin was showed to be, it means, melting 

events derived from PC and different crystalline forms of tristearin could be detected. However, 

when CO2 is added to the system at 40 bar, the composition shows no effect on the range tested and 

the homogeneity is detected for all mixtures by obtainment of only one melting peak. It 

demonstrates that at certain point the plasticization effect of dense CO2 caused by CO2 solubilization 

on the lipid matrix rules the thermal behavior of the system. When curcumin dissolved into DMSO 

is added to the system, all the range of compositions showed to be homogenous and the dense CO2 

solubilization remarkably reduced the melting point of the system. These data show to be innovative 

also by the employment of a technique used a few times in literature that allows the association of a 

very accurate method to detect a phase change event to analysis at high pressure under CO2 

atmosphere. 

Solid lipid microparticles and nanoparticles entrapping curcumin were successfully 

produced by PGSS with a drug loading up to 87% (w/w) and no sign of drug degradation. The 

obtained drug loading correlates with those obtained by traditional SLN®/SLM preparation 

methods, but with all natural advantages of supercritical fluid technology. Along with this 

achievement, the study of operational conditions revealed the importance of structural adaptations of 

the PGSS plant, as well as of the method the mixture preparation of the lipids and the drug to the 

production optimization. The auxiliary flow of nitrogen close to the nozzle showed to be essential to 

reduce the agglomeration improving the atomization of the molten mass derived from the mixing 

chamber. In addition, the use of helium on the preparation of mixture showed to improve the drug 
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loading on the particles. Surprisingly the higher the amount of curcumin, the lower the drug loading 

yield. It was hypothesized that since DMSO has partial solubility in scCO2, the scCO2 can act as a 

extractor agent leading to a curcumin precipitation avoiding its channeling to the expansion chamber 

of the PGSS plant. Further, DMSO contributes to the aggregation of particles.  This information 

explained the best result achieved with 0.5% (w/w) curcumin formulation in which the highest 

values of drug loading and lowest dispersion of size distribution were obtained. 

However, the most interesting result obtained in this work was the actual production of 

SLN®. This is the first time that solid lipid particles of nanometric scale have been obtained by 

PGSS. All the other works with PGSS have managed to produce lipid microparticles or at most 

submicroparticles, mainly due to intrinsic limitations of their plants, as well as to the natural 

aggregation potential of solid lipid material. On the other hand, the SLN® were produced as part of 

SLM samples, more specifically those of 0.5% (w/w) curcumin. It is also very important to note that 

the SLM and SLN® produced in this work do not present the conventional structure obtained by 

tradittional methods. Generally, phosphatidylcholine is applied as surfactant and is naturally carried 

to the surface of the particles stabilizing them on the suspension. In this work, the particles were 

produced containing the phosphatidylcholine on the interstice of the particle, as a structural 

component. So, a complete different behavior can be achieved in in vitro and in vivo tests, due to the 

unique characteristics of these SLN®/SLM samples produced by PGSS. 

The relevance of this find is also intimately related with the advantages of working with 

PGSS in comparison with other techniques on the context of supercritical fluid technology applied 

for SLN® production. The direct obtainment of SLN® in powder form, reduces the number of steps, 

increments the production yield, as well as the use of CO2 as solute leads to a fewer consumption of 

gas. Briefly, the method applied in this work showed to be valid, useful and very suitable for the 

obtainment of homogeneous nano and microsized solid lipid particles. 
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Despite all interesting results obtained in this work, there is so much more to do. A full 

comprehension of phase equilibrium behavior would be of great value to understand the behavior of 

curcumin-lipid-DMSO system in PGSS process. This comprehension can lead to achievement of 

better prediction of optimum operation conditions. The use of a high pressure DSC systems capable 

of reaching work pressures (above 100 bar) or high pressure equilibrium cells can provide these 

answers. 

Further, not only operation conditions can be altered, but also structural assembly of the 

plant to grant the production of samples fully composed of nanoparticles. Also, a production of a 

formulation totally organic solvent free should be achieved, so a new set of experimental runs 

evolving different component rates can be carried out for this system in order to reach this goal.  

In vitro citotoxicity tests must be conducted in order to provide a better interpretation upon 

the safety profile of the SLN®/SLM samples obtained in this work. Not only different methods, but 

also different cell lines must be investigated. In vitro drug release tests must be carried out in order 

to establish the release profile of curcumin from the particles. The selection of correct release media 

for curcumin obeying the rules of sink conditions as well as the stability profile of curcumin is still a 

challenge. Meanwhile, in vivo tests can be performed with experimental models of acute 

inflammatory pain and neuropathic pain to finally identify if the proposed formulation in this work is 

capable of offering an improvement and/or prolonging of analgesic profile of curcumin in different 

types of chronic pain syndromes. 
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Attachment I - Method Details 
 

1 Particle Production 
1.1 PGSS plant 

Figure 29 depicts the scheme of the PGSS plant used in this work, which is installed in the 

Dipartimento di Principi e Impianti di Ingegneria Chimica at the University of Padova, Italy. Photos 

of the plant are presented in Figure 30. Prior to feed the plant, CO2 is subcooled until 5 °C by a 

WKL 1200 chiller (Lauda, Würzburg, DE), and storaged on a reservoir. CO2 is pumped from this 

reservoir by a piston pump (DOXE Office Meccaniche Gallaratesi, Milan, IT) to feed the mix 

chamber and the secondary reservoir. At the same inlet pipeline, a pressure safety valve (V9) is 

mounted  in order to prevent overpressure events. The secondary reservoir is a 73 cm3 cylinder 

made of AISI 316L stainless steel. The closure is assisted by two flanges externally screwed and the 

seal is performed by a neoprene gasket (OR 2125). The surge cylinder was designed to keep 

constant the pressure inside the mix chamber during the expansion step. The temperature is 

controlled by an on-off regulator connected to a heat tape wrapped around the reservoir. 

The mix chamber is a 14 cm3 vertical cylinder made of AISI 316L stainless steel, in which 

the upper part was adapted to connect a magnetic stirrer, where the seal was performed by a 

neoprene gasket (OR 2118). Three connections are laterally placed at 120° from each other for 

connecting the CO2 pipeline, the temperature probe and the manometer. At the bottom part of the 

mixer there is one connection for the exit of the CO2 saturated material. All these connections are 

mounted to fit to double ferrule fittings NPT 1/8”. The mixing in the mix chamber is performed by 

a magnetic stirrer, model MRK34 (Premex Reactor AG) that works at maximum temperature of 537 

°C and maximum pressure of 200 bar. This stirrer is connected to a motor (Eurostar digital Kika 

Laboetecnik), which runs rotation cycles from 50 to 2000 rpm transmitted by a connection with a 

gum tube that absorbs the vibrations. The mix chamber is connected to the micronization unit by a 

needle valve (Swagelock, Lengnau, CH) (V14) that allow transferring the gas saturated mix to the 

expansion zone. V14 and the pipe where it is connected were maintained heated by the same heat 

tape.  

In the micronization unit there is an atomization nozzle (Figure 31) made of stainless steel 

with 180 microns convergent-divergent orifice in sapphire and a spray angle of 20°, 1/8” NPT 

thread, n13 hexagonal head, suitable for maximum work pressure of 200 bar. This unit is 

maintained heated by ceramic cartridges inserted in cylindrical cavities placed 120° from each 

other.  The gas saturated mass transferred from the mix chamber is submitted to a co-axial inlet of 

nitrogen (N2) at high pressure in the micronization unit to improve the atomization of the mass, 
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which leads to the formation of submicron particles. Further, a low pressure stream of synthetic air 

is provided to generate a streamline flow upon the expansion chamber walls avoiding the adhesion 

of the fresh particles formed. 

The expansion chamber is constituted by a plexiglass tube where the spray tower is 

produced. This tube was screwed to the divergent section of the harvest chamber made in PVC. In 

the harvest chamber a metallic filter is placed in order to retain the obtained particles. The metallic 

filter is accommodated in the cross section in the harvest chamber sealed by a neoprene gasket.  

A design of a new nozzle was done based on the requirements of the plant. The technical 

design was assisted by the supplier (Gardella srl, Voghera, IT) as depicted in Figure 31. 

 
 

Figure 29. Scheme of PGSS plant used in this work. V2-V14 – valves; PI -  Pressure Indicator; TIC – Temperature 
Indicator – Controller; MC – Mix Chamber; MU – Micronization Unit; EC – Expansion Chamber; HC – Harvest Unit. 
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Figure 30.Photos of the PGSS plant used in this work. 

 

 

 

 

 

 

 

 

 

 

 
  

Figure 31. Scheme produced by Gardella srl. under instructions and supervision of costumer. 

1.2 Mixture preparation 

In an amber glass flask, the Epikuron 200 was solubilized in dichloromethane with a ratio of 

1.7:1 w/v. This solution was dispersed on melted tristearin at 80 °C. The lipid mixture was stirred 

under temperature until complete homogenization and expulsion of dichloromethane content. The 

temperature was decreased to 65 °C. The melted lipid was supplemented with a certain volume of a 
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375 mg/mL curcumin solution in DMSO. The composition of the samples is listed on Table 10. The 

mixture was continuously stirred while the temperature was left to slowly decrease for solidification 

and subsequently left overnight at vacuum dryer. Further, to evaluate the influence of an inert 

atmosphere during mixture preparation, a system was assembled as depicted in Figure 32. In an 

amber glass flask fed by a helium stream continuously flowed through molten lipid mixture under 

constant stirring, the curcumin solution in DMSO was added by using a glass syringe. 

The concentration of curcumin solution in DMSO was empirically chosen based on the 

achievement of a concentrated solution close to the curcumin solubility coefficient, which allowed 

working with as minimum as possible amount of DMSO. The lipid ratio between tristearin and 

phosphatidycholine was selected according to the results on DSC studies. The initial ratio was 

chosen based on the results obtained in previous works and on the texture characteristics of the lipid 

mixture. 

Table 10. Compositions tested 
Tristearin Epikuron 200 DMSO Curcumin 

49.5% 24.7% 17.5% 8.3% 
54.2% 31.7% 9.6% 4.5% 
57.6% 36.5% 4.0% 1.9% 
58.7% 38.2% 2.1% 1.0% 
59.4% 39.1% 1.0% 0.5% 

Minimum load amount of plant reactor: 1.5g 

  

 

A 
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Figure 32. [A]: Scheme for mixture preparation under helium atmosphere - (1) curcumin solution inlet; (2) helium 

outlet; (3) molten lipid mixture / [B] Photo of the system. 

1.3 Particle Production 

1.5 g of the mixture was loaded into the mix chamber of the PGSS plant at an initial 

temperature of 75 °C. The system was pressurized with CO2 to 150 bar and the temperature 

decreased to 55 °C. The expansion valve and the nozzle were always maintained 5 °C above the 

temperature of the mixer. After 30 min, the valve connecting the melting chamber with the 

collecting vessel was opened and the melted mass was sprayed into the precipitation chamber. 

Simultaneously, a N2 flow at 140 bar and a synthetic air flow at 10 bar were co-axially injected. At 

the end of the run, the dry material was collected from the bottom of the precipitation vessel. 

 

B 



Attachments  
 

102 
 

Attachment II - Publication List 
 

1 Presented Conference Proceedings 

A. Sao Pedro, S. Dalla Villa, P. Caliceti, S. Salmaso, E. Albuquerque, A. Bertucco. Curcumin-

loaded Lipid Particles produced by Supercritical Fluid Technology. 6th International 

Symposium on High Pressure Processes Technology. September 8-11, 2013. Belgrade, Serbia. 

 

Sao Pedro, A.; Dalla Villa, S.; Caliceti, P.; Salmaso, S.; Elvassore, N.; Serena, E.; Fialho, R.; Vieira 

de Melo, S.; Bertucco, A.; Cabral-Abuquerque, E. Solid Lipid Nanoparticles Entrapping 

Curcumin by Supercritical Fluid Technology. XXI International Conference on 

Bioencapsulation. August 28-30, 2013. Berlin, Germany. 

 

T. P. P. Freire, A. São Pedro, R. Fialho, E. C. Albuquerque, G. M. Costa. Modelagem de 

equilíbrio sólido-líquido envolvendo os lipídios: triestearina e fosfatidilcolina. XIX Congresso 

Brasileiro de Engenharia Química. September 9-12, 2012, Búzios, Rio de Janeiro, Brazil. 

 

2 Published journal articles 

A. São Pedro, S. Dalla Villa, P. Caliceti, S.A.B. Vieira de Melo, E. Cabral Albuquerque, A. 

Bertucco, S. Salmaso. Curcumin-loaded solid lipid particles by PGSS technology. The Journal 

of Supercritical Fluids. 2016; 107: 534-541. 

 

A. São Pedro, R. Fernandes,  C. Flora Villarreal, R. Fialho,  E. Cabral Albuquerque. Opioid-based 

micro and nanoparticulate formulations: alternative approach on pain management. Journal 

of Microencapsulation. 2016; 33: 18-29. 

 

T. Freire, A. São Pedro, R. Fialho, E. C. Albuquerque, A. Bertucco, G. M. N. Costa. Measurement 

and modelling of binary (solid + liquid + vapour) equilibria involving lipids and CO2. Journal 

of Chemical Thermodynamics. 2014; 69: 172-178. 

 

I. Espírito Santo, A. São Pedro, R. Fialho, E. C. Albuquerque. Supercritical formation of lipid 

nanoparticles for pharmaceutical application: a review. Nanoscale Research Letters. 2013; 8: 1-

17. 

 

 


	State of Art .
	capa.pdf
	Página 1


