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    Engineered nanomaterials (ENMs), due to their interesting physicochemical properties such as smaller size, larger surface area, electrical, optical and magnetic properties are being sought in a wide range of applications including technology, cosmetics, food packaging, medical imaging and drug delivery. Carbon nanotubes (CNTs), quantum dots, mesoporous and amorphous nanosilica, nanosilver, nano titanium and zinc oxides are some of the ENMs currently in commerce. Nevertheless, the attractive physicochemical characteristics of the ENMs also create concerns when exposed to, with respect to human and ecosystem health. This book on “nanomaterials” is very timely, and touches upon the different aspects of application of ENMs in drug delivery. The chapters in this book discuss the use of a spectrum of nanomaterials in drug delivery including nano metal oxides, CNTs and lipid nanoparticles, their various nanoforms, synthesis, characterization, efficacy in terms of drug delivery and the need for toxicity testing. Physicochemical characterization is an important aspect in nanotechnology, especially, in the realm of drug delivery. The synthesis of ENMs can introduce batch to batch variation in terms of size, shape, surface characteristics and chemical composition based on source materials and synthetic routes. Moreover, the stability of ENMs can be affected based on storage conditions. This book has thus given an importance to the aspect of physicochemical testing and discusses the different analytical methods to assess morphology, surface functionalities, behavior in solution, stability, etc. This book on “nanomaterials” also identifies the need for toxicity testing of the ENMs in drug delivery. Toxicity testing is a critical component for the selection of safer ENMs for application in drug delivery and to meet regulatory standards. This book has done a fantastic job in familiarizing the reader with the scope and application of the various ENMs and their nanoforms in drug delivery along with some insight into medical imaging and computational aspect of structure-activity relationships. I congratulate the editor Dr. Surendra Nimesh on doing a fantastic job with this book on the application ENMs in drug delivery, which is one of the promising emerging medical technologies.






    

      Prem Kumarathasan


      Analytical Biochemistry and Proteomics Laboratory


      Mechanistic Studies Division


      Environmental Health Science and Research Bureau


      Healthy Environments and Consumer Safety Branch


      Health Canada, Ottawa, Ontario, Canada K1A0K9

    


  




  




  




  

    PREFACE




    


    


    


    


    


  




  

    Chemically synthesized drugs have been one of the major tools in combating several diseases, including bacterial and viral infections. However, these drug molecules face several barriers, including poor cellular uptake and instability in the physiological environment that masks the therapeutic potential. In order to circumvent these issues, there arises a need to develop vehicles that could effectively and safely transport the drug molecules to the target sites. Nanotechnology has come up as one of the potent and viable strategies. Several candidates have been proposed, such as nanoparticles, liposomes, carbon nanotubes, mesoporous silica nanoparticles, etc. These vectors can be modulated to achieve delivery, including drugs that are highly unstable and face difficulty in reaching sites. This book compilation brings together some of the eminent scientists working in different dimensions of nanotechnology. They have contributed chapters in their domain of knowledge that we believe would be highly useful not only for the young researchers but also for the experts looking for some exhaustive compilations.




    Chapter 1 provides a detailed account of the application of lipid-based nanoparticles and nanostructures. This chapter also provides an overview of the recent literature on solid lipid nanoparticles and nanostructured lipid carriers for drug delivery applications. Background information on the origins, composition, characterization parameters, and biological applications of these nanocarrier systems has also been presented.




    Chapter 2 provides an exhaustive account of the main route of preparation and applications of MSNs and silica nanomaterials. The chapter also provides insights into the chemistry, structure, and characterization of MSNs, followed by the synthetic strategies, and finally ends with a note on the application of MSNs.




    Chapter 3 deals with hydrogels; they are defined as materials composed of water (hydro) and matrix (gel). The chapter discusses the role of polymer and peptide-based hydrogels, their multi-functionality, unique properties, and major uses. Hydrogels can serve as a major tool for human welfare in the future.




    Chapter 4 talks about the application of metallic nanoparticles in drug delivery. Metallic nanoparticles have been used for treatment in some life-threatening diseases such as cancer. This chapter introduces gold and silver nanoparticles, nanoshells and nanocages, and their physicochemical properties. It illustrates some of the recent advances in the field of diagnostic imaging and cancer therapy.




    Chapter 5 discusses the computational and experimental studies for the interaction of drugs with β-cyclodextrins. This chapter summarizes cyclodextrin’s applications in drug delivery research through experimental and computational findings. In addition, it presents the highlights of various techniques of inclusion complex formations, mechanism of delivery systems, and their analytical methods.




    Chapter 6 outlines the clinical applications of nanotechnology in various areas, including cancer, CNS disorder, rheumatoid arthritis, thyroid, cardiac diseases, ocular drug delivery, and vaccines. This chapter overviews the current status of pharmacological and clinical studies of nanoparticles in the development process.




    Chapter 7 illustrates the scale-up, preclinical, and clinical status of PLGA, along with its copolymers-based drug delivery systems. This chapter summarizes the extensive applications, laboratory, and industrial-scale methods for the production of PLGA nano/microparticles, preclinical, and clinical status PLGA-based drug delivery systems.
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      Abstract




      Lipid nanoparticles, such as solid lipid nanoparticles and nanostructured lipid carriers, are drug delivery systems in which solid lipids are dispersed in an aqueous phase stabilized by a surfactant layer. The great interest in these nanocarriers in the latest years is due to the biocompatible lipid matrix, associated with the potential for sustained drug release, and easy transposition to the industrial scale. Moreover, these lipid systems present the ability to prevent drug degradation, and to enhance cell uptake, usually increasing drug efficacy. This chapter will provide an overview of the recent literature on solid lipid nanoparticles and nanostructured lipid carriers for drug delivery applications. Thus, some background information on the origins, composition, characterization parameters and biological applications of these nanocarrier systems will be presented.
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      INTRODUCTION




      Nanotechnology is an exciting research field that, year after year, attracts more attention from researchers all over the world. It is defined as the research area that investigates nanometric systems, which are within the 1-1000 nm size range [1, 2].




      In nanomedicine, nanoparticles are usually used for imaging, diagnosis and drug delivery purposes. Nanoparticles used for drug delivery are usually called nanocarriers. Nanocarriers can enhance the pharmacological activity, decrease




      toxicity, and allow in vivo administration of drugs. There are many types of materials that can be used to produce nanoparticles for drug delivery, which include polymers, inorganic materials, and lipids [3]. In this context, this review focuses on novel lipid nanocarriers that have attracted much interest over the past 25 years: solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC).




      Both SLN and NLC are new generations of nanoemulsions (NE), being SLN the first generation (emerged in the 1990s) and NLC the second generation (emerged in the 2000s). Thus, we will discuss in this chapter the origin, key features, characterization and applications of these systems.


    




    

      Background




      Oil-in-water emulsions are conventional pharmaceutical dosage forms that are formed by oil droplets dispersed within an aqueous medium. Stabilization of oil droplets occurs by the use of surfactants that concentrate on the oil/water interface. Oil-in-water emulsions have been historically administrated by topical (e.g, Diprolene®) and oral (e.g, mineral oil emulsion) routes [4].




      Since the 1920s, scientists have examined forms of delivering emulsion by the intravenous route. The purpose of intravenous (IV) delivery of emulsions has been to provide energy and nutrients to hospitalized patients who cannot swallow foods normally. Emulsion droplet size can range from some nanometers to few micrometers, but this is not a limiting factor for the peroral and topical administration of emulsions. However, intravenous administration of particles with a size larger than a few micrometers can provoke vessel occlusion [5-7].




      After years of research, in 1961, an IV fat emulsion (10% soybean oil stabilized with egg phospholipids) (Intralipid®) was released in Europe. The Intralipid® droplet sizes were around 276 nm. These small droplet sizes allowed Intralipid® to be delivered by the i.v. route. Since then, emulsions with narrow nanometric droplet size distribution (NE) started to be used for i.v. delivery of lipids [5, 8, 9].




      In the beginning, NE were produced only to allow the delivery of oily components for hospitalized patients. A few years later, many drug-loaded NE arrived in the market (e.g, Dizemuls®, Diprivan®, Etomidate-Lipuro®, among others) [10-12]. The success of these systems lies in the possibility of delivering hydrophobic compounds intravenously, but with no pain inconvenience [7, 13]. Moreover, NE present advantages such as toxicological safety and facile production on a large scale [14]. Drawbacks of NE systems, however, include low physical stability and low drug retention, leading to fast drug release and low drug stability. These drawbacks are due to the liquid nature of the lipids used in the NE [12, 15].




      Liposomes represent another example of drug nanocarriers. Proposed in the 1960s by Bangham and co-workers [16], liposomes are, probably, the most well-known nanocarriers [17]. Phospholipid-based vesicles in the aqueous medium, the liposomes, entered the market in 1986 with Capture®, an anti-aging product by Dior® [18]. Later, the first pharmaceutical liposomes were approved: Alveofact® (1989), Ambisome® (1990), Doxil® (1995) and Daunoxome® (1996). These products explored the strategy of incorporating drugs into liposomal vesicles for some purposes, including better administration of poorly water-soluble drugs, enhancement of drug pharmacological effects and/or reduction of their toxicological effects [12, 18]. The major drawbacks related to liposomes are their low drug loading (DL) for hydrophobic drugs, difficulty in scaled-up production, and high production costs [10, 12, 15].




      Polymers are another type of material widely used for nanocarriers production. The major drawbacks of polymeric nanocarriers include cytotoxicity, high cost of biodegradable polymers and scaled-up production difficulties [10, 12, 14, 15]. These drawbacks have hindered the insertion of polymer nanocarriers in the market.




      Looking at all those aspects, there was a motivation towards the development of systems that could control drug release similarly to polymeric nanoparticles and liposomes, but without the cell toxicity, typically found in the former, and high production costs, as seen for the latter. In this context, SLN emerged as an alternative that could combine easy scaled-up production, fair costs, and biosafety of NE with the controlled release properties of liposomes and polymeric nanoparticles.




      In the beginning of the 1990s, two researchers, Gasco and Müller, started working independently on the production of lipid nanocarriers that later would be called SLN. The first publication about SLN dates back to 1990 from Gasco’s group [19]. It was followed by the first publication of Müller’s group in 1992 [20]. Westesen’s group has also worked on those lipid nanocarriers at that time [21].




      Simultaneously with the papers, these researches yielded the first patents on SLN [22, 23]. While Müller’s group used the term “solid lipid nanoparticles” since the beginning, Gasco’s group used the term “lipospheres” [19, 24, 25] and later, “solid lipid nanospheres” [26-32]. Nowadays, the term “solid lipid nanoparticles” and its abbreviation, SLN, are consolidated.




      SLN have the same constituents of a NE in a generic way (Fig. 1). They are formed by lipid droplets dispersed in an aqueous phase stabilized by a surfactant layer. The main difference is that, in the case of NE, the lipids that constitute the droplets are oils, i.e., liquid lipids. In the case of SLN, the lipids used, mainly waxes, glycerides, and fatty acids, are solid at room temperature. The substitution of liquid lipids by solid ones aims to generate a controlled release of the entrapped drug. Moreover, they could be a better platform to protect drugs from degradation, leading to a better stability. Droplet size of SLN ranges from 50 to 1000 nm and the droplets can exhibit spherical or platelet shape. All these parameters will depend on SLN constituents and preparation methods [1, 8, 15, 18, 33-37].
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Fig. (1))


      Schematic of nanoemulsions (NE) and solid lipid nanoparticles (SLN) structures with their differences highlighted.



      Studies for evaluating the capabilities of these new systems have been carried out and published results were more than exciting. SLN showed, as expected, a more controlled release of drugs than NE [38-43].




      Many explanations have been provided about the more controlled drug release of solid matrixes over the liquid ones. It has been quoted that drugs may have lower mobility within a solid matrix [8, 14, 41] and that the solid matrix increases the viscosity of nanoparticles in a more pronounced way [42]. It is noteworthy that solid lipids have been used for years as pellets to promote a delayed release of drugs after oral administration (e.g, Mucosolvan® retard capsules) [14].




      Regarding biosafety, SLN have already been proved to be very safe nanocarriers. In cell viability studies, IC50 values of blank SLN (unloaded, without drug) are mainly between 0.1 and 1 mg/mL, which attest their biocompatibility [44].




      Considering these exciting results, SLN became a subject matter not only for three European groups in the early 1990s, but also for research groups settled all over the globe. The number of published reports on SLN has increased year by year. If the search for “solid lipid nanoparticles” in the PubMed website retrieved 35 results from 1991 to 2000, it retrieved 684 results from 2001 to 2010 and now 1460 results from 2011 to 2016.




      Nevertheless, the new SLN systems have not been developed without issues. The most pronounced one is related to polymorphic changes of solid lipids that constitute the SLN matrix. Polymorphism is a common feature of crystalline substances and one of the biggest issues that the pharmaceutical industry faces. This way, it would not be different for crystalline solid lipids of SLN [45, 46].




      Polymorphism is a characteristic of crystalline substances that organize themselves spatially in a variety of molecular conformations and packing. Polymorphic transitions can alter the internal structure of SLN, which can influence negatively DL. The polymorphic phases that solid lipids can assume are called α (alpha), β’ (beta prime) and β (beta), being α-phase the less stable form and β-phase the most stable one. The α-phase has a hexagonal packing in which the fatty acid chains are oriented perpendicularly to methyl end group plane. The β’-phase has an orthorhombic perpendicular packing and fatty acid chains are tilted to methyl group plane and in a different plane. Finally, the β-phase has a triclinic parallel packing with fatty acid chains within the same plane in a zigzag conformation (Fig. 2) [1, 33].
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Fig. (2))


      Lipid polymorphs (α-, β-, and β’-forms) in SLN formulation, observed in a DRX diffractogram.



      Solid lipids in SLN are usually organized in the α- or β’-forms. During storage, however, the lipid crystalline structure changes from these forms to the more stable β-form. This phenomenon increases the the lipid matrix organization, and may lead to the expulsion of drugs incorporated in SLN. Moreover, a very organized lipid matrix is difficult to be loaded with drugs as it contains little free volume where the drugs could be accommodated, impairing DL capacity [1, 8, 10, 45, 47].




      Therefore, the crystalline lattice of SLN provided the controlled release of drugs as an advantage but created other problems associated with the stability and DL capacity of SLN. A solution came with the development of NLC, the second generation of SLN.




      If polymorphic changes of SLN resulted in low DL and low drug retention over time, a solution proposed was to produce SLN with a less organized matrix. This was accomplished by using a solid lipid/liquid lipid blend for producing SLN. This approach allowed a larger amount of drug to be entrapped in the SLN, as well as it enhanced drug encapsulated stability [18, 35, 48-52].




      Müller’s group filled the first patent of SLN, presenting liquid lipids in their composition in 2000 [53]. The first paper reporting this new system was published in 2001 [39]. The input of oil (Miglyol® 812) enhanced the DL and encapsulation stability of retinols in the nanoparticles. These new systems were still called SLN by the authors. To differentiate them from the ones containing only solid lipids, the formulations containing liquid lipids started to be called “nanostructured lipid carriers” or from the abbreviation, NLC [51].




      There are three types of NLC: amorphous, imperfect and multiple NLC type (Fig. 3) [49, 51]:





      

        	NLCs by solid lipids that do not recrystallize after being cooled down in the presence of liquid lipids. One example of this type of solid lipid is hydroxyoctacosanyl hydroxystearate, which does not recrystallize after been melted.




        	NLCs by solid lipids mixed with low oil amounts. This low oil content creates imperfections in the solid lipid matrix, increasing distances between crystals, thereby favoring encapsulation of drugs.




        	Multiple type NLCs are composed by solid lipids mixed with high oil content. This creates a situation where the drug solubility in the liquid lipid portion is higher than that of the solid lipid portion. The addition of high oil contents forms oil droplets inside the solid liquid structure, like a w/o/w emulsion. In this case, the drug will be solubilized in the oil droplets and not in between the solid lattices.
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Fig. (3))


      The three types of NLC: amorphous (A), imperfect (B) and multiple type (C).



      But what are the differences between NLC and SLN shown so far? Looking at the past literature, NLC show lower controlled drug release [54-62], but higher DL and encapsulation efficiency [38, 57, 59, 60, 63-68], as well as better stability [57, 59, 64, 68, 69] than SLN. However, some studies have reported different conclusions. Reports about similar drug release between NLC and SLN formulations [66, 70, 71], or drug release from SLN faster than from NLC [72, 73] can be found. Lower drug encapsulation efficiency in NLC was also reported in the literature, which was attributed to higher drug accommodation within the NLC matrix and higher solubility in solid lipids than in oils, disfavoring drug release [72, 73].




      Regarding size, it seems that the size of NLC tends to be smaller than that found in SLN; nonetheless some reports have shown opposite results [74]. However, one should be aware that NLC can contain either a very low amount or a very high concentration of liquid lipids. Therefore, it is reasonable to assume that if low oil concentration is used, considerable changes in the SLN behavior would not be expected. On the other hand, if a high concentration of oil is used, it is expected that the behavior of NLC could be very different from the original SLN.


    




    

      COMPOSITION OF SLN AND NLC




      In order to obtain lipid nanoparticles with optimized drug delivery, it is important to define carefully the components because they will affect the nanocarrier properties, such as particle size, morphology, surface charge, and lipid crystallinity. Encapsulation efficiency, release profile, biodistribution, bioavailability and pharmacokinetics are directly related to the lipids and surfactants chosen to compose the nanoparticles.




      Typical ingredients of SLN and NLC are solid lipids, surfactants, co-surfactants (sometimes), liquid lipids (in the case of NLC), and drugs. The matrix of the nanocarriers is composed of only solid lipids, in the case of SLN, or a mixture of solid and liquid lipids (in the case of NLC), stabilized by surfactants. Modifications in the composition, surface charges or hydrophobicity can change the in vivo performance of the nanocarrier, including the distribution among the body tissues and bioavailability [75].




      Among other parameters, lipids and emulsifiers are selected with basis on their purity, chemical stability, miscibility among the solid and liquid components, total lipid concentration and solid lipid/liquid lipid proportion, drug interactions with the matrix (e.g. solubility), biodegradability, processing temperature and cost [49, 76, 77].




      The selection of ingredients should also be driven by the intended administration route. For topical administration, a variety of approved excipients for cosmetics and pharmaceutical ointments/creams can be used. For oral administration, all excipients used in traditional oral dosage forms such as tablets and capsules can be used, even cytotoxic surfactants with potential to damage cell membrane, such as sodium lauryl sulfate. In addition, all ingredients approved for use in food, that is, with the status of generally recognized as safe (GRAS, as per the United States’ FDA) can be employed in pharmaceutical products intended for oral administration. Food lipids and surfactants (e.g, sugar esters) can also be employed but they are not necessarily approved to be used in pharmaceutical products [77].




      Despite the extensive experience in using oils with glycerides of mixed composition of medium- and long-chain triglycerides (MCT and LCT) in emulsions for parenteral nutrition, the administration of SLN and NLC by the parenteral route is a more delicate subject. SLN and NLC are novel systems composed of solid lipids having longer fatty acid chains, which have been administered by this route more recently. However, the glycerides used for SLN and NLC production are composed of glycerol and fatty acids, meaning that, apart from drug delivery, these systems can be additionally nutritive. Finally, for parenteral administration, it is essential to investigate the toxicity of SLN and NLC, but good tolerability can be predicted due to the lipid composition [15, 78].




      

        Lipids




        Lipids are a group of diverse chemical compounds but that have in common only their insolubility in water. SLN matrix is composed of only solid lipids while a mixture of solid and liquid lipids makes up the core of NLC. Solid lipids are the major components of NLC matrix, therefore, they are in the solid state at room temperature [77].




        Lipids used for the production of SLN and NLC include glycerides with different structures; mixtures of glyceryl esters; fatty acids, esters and alcohols; steroids; and vitamin E (Tables 1 and 2). Natural lipids are fats and oils composed of mixtures of mono-, di- and triglycerides, with fatty acids of variable chain lengths and degrees of unsaturation. In nanoparticles, lipids are used to enhance the solubility of hydrophobic drugs, thus increasing their bioavailability [49, 76, 77].




        

          Table 1 Solid lipids used in SLN and NLC.




          

            

              

                	Solid Lipids



                	Chemical Name



                	Chemical Structure



                	Melting Point



                	HLB

              


            



            

              

                	Monoglycerides



                	-



                	-



                	-



                	-

              




              

                	Monostearin, Geleol, Imwitor 900 K



                	Glyceryl monostearate



                	N = 16



                	54-64 ºc



                	3

              




              

                	Diglycerides



                	-



                	-



                	-



                	-

              




              

                	Precirol ATO 5



                	Glyceryl palmitostearate



                	X = 14; y = 16



                	52-56 ºc



                	2

              




              

                	1,3-Dilaurin



                	Glyceryl dilaurate



                	X = y = 10



                	58-59 ºc



                	3.8

              




              

                	Acidan N12



                	Monostearate monocitrate diglyceride



                	-



                	-



                	-

              




              

                	Triglycerides



                	-



                	-



                	-



                	-

              




              

                	Tricaprin



                	Glyceryl tridecanoate



                	N = 8



                	46-47 ºc



                	-

              




              

                	Trilaurin



                	Glyceryl trilaurate



                	N = 10



                	46-47 ºc



                	-

              




              

                	Trimyristin



                	Glyceryl trimyristate



                	N = 12



                	-



                	-

              




              

                	Tripalmitin



                	Glyceryl tripalmitate



                	N = 14



                	64-66 ºc



                	-

              




              

                	Tristearin



                	Glyceryl tristearate



                	N = 18



                	-



                	-

              




              

                	Softsan 154 / Hydrogenated palm oil



                	Triglycerides of C14-C18 fatty acids



                	-



                	55 ºc



                	10

              




              

                	Glyceryl behenate



                	Compritol® 888 ATO



                	N = 20



                	70 ºc



                	5

              




              

                	Hydrogenated coco-glycerides



                	Softisan® 142



                	-



                	-



                	-

              




              

                	Fatty acids



                	-



                	-



                	-



                	-

              




              

                	Palmitic acid



                	Hexadecanoic acid



                	N = 14



                	-



                	-

              




              

                	Stearic acid



                	Octadecanoic acid



                	N = 16



                	67-69 ºc



                	15

              




              

                	Behenic acid



                	Docosanoic acid



                	N = 20



                	-



                	-

              




              

                	Fatty esters



                	-



                	-



                	-



                	-

              




              

                	Crodamoltm CP



                	Cetyl palmitate, palmityl palmitate



                	N=14



                	54 ºc



                	10

              




              

                	Hard fats



                	-



                	-



                	-



                	-

              




              

                	Witepsol® W 35, Witepsol® H 35, Witepsol® H 42, Witepsol® E 85



                	Mixtures of mono-, di- and triglycerides of different melting range



                	-



                	-



                	-

              




              

                	Gelucire 44/14



                	Lauroyl macrogol-32 glycerides



                	-



                	42.5 – 47.5 ºc



                	11

              




              

                	Gelucire 43/01



                	Mixture of mono-, di- and triglycerides



                	-



                	43 ºc



                	1

              


            

          




        




        

          Table 2 Liquid lipids used in NLC.




          

            

              

                	Liquid Lipids



                	Chemical Name



                	Chemical Structure



                	HLB

              


            



            

              

                	Propylene glycol esters



                	-



                	-



                	-

              




              

                	CapryolTM 90, CapryolTM PGMC



                	Propylene glycol monocaprylate



                	R = C8




                	5-6

              




              

                	Lauroglycol® 90



                	Propylene glycol monolaurate



                	R = C12




                	5

              




              

                	Glyceryl esters



                	-



                	-



                	-

              




              

                	Miglyol 812 N



                	Capric/caprylic triglycerides



                	R1 = R2 = R3 = C8-C10 mixture



                	15.3

              




              

                	LabrafacTM lipophile WL1349



                	Capric/caprylic triglycerides



                	R1 = R2 = R3 = C8-C10 mixture



                	1

              




              

                	Capmul MCM



                	Glyceryl caprylate/caprate



                	R1 = C8-C10 mixture ; R2 = R3 = H



                	5-6

              




              

                	Capmul MCM C8



                	Glyceryl monocaprylate



                	R1 = C8 ; R2 = R3 = H



                	5-6

              




              

                	Captex® 500P



                	Glyceryl triacetate



                	R1 = R2 = R3 = C2




                	-

              




              

                	MaisineTM 35-1



                	Glyceryl monolinoleate



                	R1 = CH3-(CH2)4-CH=CH-CH2-CH=CH-(CH2)7CO– ; R2 = R3 = H



                	4

              




              

                	Isopropyl esters



                	-



                	-



                	-

              




              

                	Isopropyl myristate



                	Isopropyl tetradecanoate



                	R = C14




                	2.82

              




              

                	Isopropyl palmitate



                	Isopropyl hexadecanoate



                	R = C16




                	1.62

              




              

                	Fatty acids



                	-



                	-



                	-

              




              

                	Oleic acid



                	cis-9-Octadecenoic acid



                	-



                	1

              




              

                	Vegetable oils



                	-



                	-



                	-

              




              

                	Soybean oil



                	Mixture of fatty acids and derivatives. Mainly 10% lauric, myristic and palmitic, 4% stearic, 23% oleic, 50% linoleic, 7% α-linolenic*



                	-



                	7

              




              

                	Olive oil



                	Mixture of fatty acids and derivatives. Mainly 11% lauric, myristic and palmitic, 2% stearic, 71% oleic, 10% linoleic, 1% α-linolenic*



                	-



                	7

              




              

                	Others



                	-



                	-



                	-

              




              

                	Squalene



                	Squalene



                	-



                	-

              




              

                	Transcutol HP



                	Diethylene glycol monoethyl ether



                	-



                	4.2

              


            

          




        




        The first criteria used to choose a lipid for an SLN or NLC formulation is the drug solubility in the lipid phase, besides its toxicity, which should be as low as possible. The melting point of a lipid, another important parameter, increases with increasing molecular weight and decreases with unsaturation of the fatty acid chain. Enhancing total lipid content might increase drug loading but also increases particle size, reduces stability and can increase system viscosity. Low viscous lipids can be dispersed more easily producing particles with a more homogeneous size distribution [49, 76, 77, 79]. Despite the existence of some mathematical models for predicting partition of drugs between the lipids and aqueous phase based on their physical interactions [80], there is no rule and some criteria have also been employed to choose lipids for SLN and NLC development [81].




        In addition, the lipids employed should be stable to chemical degradation by oxidation, hydrolysis and lipolysis reactions, and it is interesting that they are biodegradable and capable of forming nanoparticles. Physiological well tolerated lipids should be used in the preparation of stable nanoparticles, together with the choice of a proper surfactant and their concentrations. When the oil phase has low viscosity and/or interfacial tension, it is usually easier to produce nanoparticles. Acute and chronic toxicity is rather low as usually physiological lipids are employed, but this is an aspect to be carefully evaluated [49, 81].




        The appropriate selection of lipids is essential to obtain small particles, high drug encapsulation efficiency, sustained release profile and stability. For instance, addition of high amounts of liquid lipid to solid lipid can progressively decrease particle size since it leads to reduction of viscosity and interfacial tension of the system. Therefore, the small particles have large surface area and high cumulative drug release [60, 82, 83]. Total concentration of lipids in the matrix can also affect particle size and DL capacity. Increasing the amount of lipids usually enhances encapsulation efficiency due to reduction of drug escape tendency, but the consequent higher viscosity of the system leads particles to growth [84, 85].




        DL capacity is affected by differences of lipid composition, polymorphic transitions and lipid hydrophobicity. Thus, lipids that solubilize drugs efficiently when melted usually yield higher encapsulation in SLN or, in the case of NLC, high solubility in the oil phase. The tendency of lipids in forming perfect crystals and their polymorphic transitions from meta-stable to stable forms can also be one selective parameter of lipids for SLN production. In general, lipids with longer fatty acid chains display slower polymorphic transition than those with short chains. In addition, lipids that form a perfect crystalline structure, such as some waxes, tend to expel the drug from the SLN matrix over storage time, which is reduced when mixture with glycerides, such as Compritol® 888 ATO are used [77, 79].




        Incorporation of oils producing NLC systems can also overcome this limitation since the liquid lipids disorganize the crystalline arrangement of the solid lipid matrix, so enhancing drug encapsulation. Therefore, oil molecules should not compose the lipid matrix and should not dissolve the solid lipids, but they should be incorporated as nano-capillaries or nano-holes within the NLC matrix [86].




        Formation of lipid nanoparticles is directly influenced by the lipids properties, including crystallization rate, lipid hydrophilicity, lipid crystal shape and its surface area, and melting point. Additionally, most of the lipids employed for nanoparticles production are a mixture of different compounds and variation on such composition influence on nanoparticle properties. The presence of some impurities (e.g free fatty acids in triglycerides) can change zeta potential, nanocarrier stability, encapsulation efficiency or even delay crystallization and polymorphic transitions [75].


      




      

        Surfactants




        Surfactants are amphiphilic molecules capable of reducing interfacial tension between lipids and water due to their difference in polarity and thus they are used as emulsifiers. As emulsifiers, surfactants decrease the interfacial tension between the oily and the aqueous phases, which in turn increases the surface area of the molten lipid droplets dispersed within the aqueous phase during the production process, and then stabilizes the nanoparticles formed after cooling [84]. These amphiphilic molecules are constituted by a lipophilic tail which normally attaches to the nanoparticle lipid matrix and an ionic or nonionic hydrophilic head. The most used surfactants for the preparation of SLN and NLC are lecithins, polyoxyethylene sorbitan derivatives or polysorbates (e.g, Polysorbate® 80, Tween® 80) and poloxamers, among others (Table 3) [36, 77, 87].




        

          Table 3 Surfactants used in SLN and NLC.




          

            

              

                	Surfactants



                	Chemical Name



                	Chemical Structure



                	HLB

              


            



            

              

                	Phospholipids



                	-



                	-



                	-

              




              

                	Lipoid® S 75, Lipoid® S 100



                	Soybean lecithin: mixture of phospholipids, mainly phosphatidylcholine



                	R = different fatty acids



                	4-9

              




              

                	Lipoid® E 80



                	Egg lecithin: mixture of phospholipids, mainly phosphatidylcholine



                	4-9

              




              

                	Epikuron® 170, Epikuron® 200



                	Phosphatidylcholine



                	4-9

              




              

                	Poloxamers and Poloxamines



                	-



                	-



                	-

              




              

                	Poloxamer 188


                (Pluronic F68)



                	Copolymer of a hydrophobic chain of polyoxypropylene (POP) surrounded by two hydrophilic chains of polyoxyethylene (POE)


                First 2 numbers x 100 = approximate molecular mass of the POP chains; last digit x 10 = percentage of POE content



                	x=2-130; y=15-67



                	29

              




              

                	Poloxamer 182


                (Pluronic L62 LF)



                	1-7

              




              

                	Poloxamer 407


                (Pluronic F127)



                	22

              




              

                	Poloxamine 908


                (Tetronic 908)



                	Polyoxyethylene and polyoxypropylene block polymer of ethylene diamine



                	x=119; y =17



                	31

              




              

                	Sorbitan esters



                	-



                	-



                	-

              




              

                	Span 20



                	Sorbitan monolaurate



                	R = C11




                	8.6

              




              

                	Span 40



                	Sorbitan monopalmitate



                	R = C13




                	6.7

              




              

                	Span 60



                	Sorbitan monostearate



                	R = C17




                	4.7

              




              

                	Span 80



                	Sorbitan monooleate



                	R = C17:1 (cis 9)



                	4.3

              




              

                	Polyethoxylated sorbitan esters



                	-



                	w+x+y+z = 20



                	-

              




              

                	Polysorbate 20 (Tween 20)



                	Polyoxyethylene (20) sorbitan monolaurate



                	R = C11




                	16.7

              




              

                	Polysorbate 60 (Tween 60)



                	Polyoxyethylene (20) sorbitan monostearate



                	R = C17




                	15.6

              




              

                	Polysorbate 80 (Tween 80)



                	Polyoxyethylene (20) sorbitan monooleate



                	R = C17:1 (cis 9)



                	14.9

              




              

                	Polyethoxylated fatty acids and alcohols



                	-



                	-



                	-

              




              

                	Solutol® HS15 (Kolliphor® HS 15)



                	Polyoxyethylene (15) hydroxystearate



                	R = C17


                (12-hydroxyl))



                	14-16

              




              

                	Brij® 78



                	Polyoxyethylene stearyl ether



                	R = C18




                	15.3

              




              

                	Brij® 98



                	Polyoxyethylene (20) oleyl ether



                	R = C18:1 (cis-9)



                	15.3

              




              

                	Polyethoxylated glycerides



                	-



                	-



                	-

              




              

                	Cremophor® RH40



                	Polyoxyethylene (40) hydrogenated castor oil



                	R = C17


                (12-hydroxyl)



                	14

              




              

                	Cremophor® EL (Kolliphor® EL)



                	Polyoxyethylene (35) castor oil



                	R = C17:1 (cis-9)


                (12-hydroxyl)



                	13

              




              

                	Anionic surfactants



                	-



                	-



                	-

              




              

                	Sodium cholate



                	-



                	-



                	18

              




              

                	Sodium glycocholate



                	-



                	-



                	16-17

              




              

                	Sodium taurocholate



                	-



                	-



                	16-17

              




              

                	Sodium taurodeoxycholate



                	-



                	-



                	16-17

              




              

                	Cosurfactants



                	-



                	-



                	-

              




              

                	Cholesterol



                	-



                	-



                	-

              




              

                	Butanol



                	-



                	-



                	-

              




              

                	Butyric acid



                	-



                	-



                	-

              


            

          




        




        Surfactants can be nonionic, anionic, cationic or amphoteric. Ionic surfactants stabilize particles by electrostatic repulsion while nonionic surfactants stabilize particles by repulsion due to the long hydrophilic groups (e.g ethylene oxide polymers) normally present in these molecules. Amphoteric surfactants can present both positive and negative charges depending on pH; they are cationic at low pH and anionic at high pH. The most used surfactants in SLN and NLC are the nonionic surfactants but they can also be employed in combination with ionic type [77, 87].




        When added to the formulation, prior to the nanoparticle formation, surfactants are organized as molecular dispersion, micelles or liposomes (e.g lecithin). These molecules should redistribute over the particle surface to stabilize it. In general, low molecular weight surfactants reorganize faster than high molecular weight ones and liposome-forming lecithin. However, it is interesting to use emulsifier mixtures, since the fast-distributing surfactants, such as sodium dodecyl sulfate, has generally considerable water solubility and undesirable toxicity [75].




        Using high concentrations of emulsifier decreases surface tension and facilitates particle dispersion. Thus, smaller particle size is observed when a higher surfactant/lipid ratio is employed, since particle size reduces with increasing surface area. Decrease in surfactant concentration can increase particle size over storage [88, 89].




        In order to make the rational choice emulsifiers, some aspects should be taken into account, such as the administration route and associated toxicity, surfactant hydrophile-lipophile balance (HLB), and the effect on lipid modification, particle size and DL. In general, HLB values over 10 are preferred for lipid nanoparticle system stabilization in the same way as in oil-in-water dispersions. HLB values of the lipid phase used in the composition of the nanoparticles influences directly the choice of the surfactants, whose HLB should as similar as possible to the HLB of the lipid phase. Increasing the concentration of hydrophilic surfactants reduces the surface free energy of the dispersed particles, which in turns decreases particle size. Reducing particle size increases the total surface area of the particles, which is usually associated with enhancement of drug encapsulation efficiency [90, 91].




        Depending on their toxicity, surfactants are selected for different administration routes. Nonionic emulsifiers are preferred for oral and parenteral formulations due to their lower toxicity and irritancy compared with anionic and cationic ones. Due to the poly (ethylene oxide) chains, nonionic surfactants provide steric blockage to the anchoring of lipase/co-lipase complex and, therefore, they may inhibit efficiently the biological degradation of the lipid matrix and prolong drug release [78, 92].




        SLN and NLC made up of the same lipid composition may have different particle size distributions due to the use of different surfactants. The combination of two surfactants usually has an additive effect and, depending on the production method used, particle size can reduce considerably. The use of a co-surfactant, which not necessarily is able to form micelles, usually results in decreased particle size, besides providing the advantage of reducing toxicity due to the lower amount of the principal surfactant used in the SLN or NLC [93].




        Particle charge is then directly affected by the type of lipids and surfactants. Cationic surfactants have been used in the composition of SLN for gene delivery since the positive charge has been shown to enhance the in vivo transfection efficiency. However, these surfactants are usually cytotoxic, especially one-tailed cationic lipids and surfactants [15, 94, 95].


      




      

        Other Components




        Besides the use of lipids and surfactants, other excipients and stabilizers can be necessary to stabilize particles and prevent increase of the particle size during processing and storage of SLN or NLC. Therefore, according to the administration route, other excipients can be added, including buffers, polysaccharides for viscosity adjustment, isotonizing agents, cryoprotectants, preservatives and chelating agents.




        In some cases, for instance, in order to encapsulate more hydrophilic drugs, a lipophilic counterion (CA) can be added, for example organic anions, anionic polymers, lipophilic amines, among others. This hydrophobic ion pairing (HIP) strategy will be further discussed.




        Finally, some surface modifiers for lipid nanoparticles can also be employed for SLN or NLC development. After coating with hydrophilic polymers, such as poloxamers or poly (ethylene glycol), the nanoparticle can become a long-circulating system and less captured by the reticuloendothelial system (RES) [78]. Agents for targeting the nanoparticles to specific cells or tissues have employed in this case, especially for cancer treatment. These surface modifiers and targeting agents will also be discussed in this chapter.


      


    




    

      METHODS FOR SLN AND NLC PRODUCTION




      There are different techniques for producing lipid nanoparticles described in the literature. The most common methods are hot and cold homogenization associated with high pressure homogenization or ultrasonication and microemulsion. Other methods are also reported: emulsification-solvent evaporation, solvent injection, multiple emulsion, membrane contractor, and more recently, super critical fluid.




      

        Hot or Cold Homogenization Technique




        Production of lipid nanoparticles can be performed using either hot or cold homogenization. In these methods, the active compound (drug) is dissolved, solubilized or dispersed in the melted lipid. In the hot homogenization technique, the lipid melt is dispersed in hot surfactant solution at the same temperature (5–10 ºC above the melting point of the solid lipid or lipid blend) by high-speed stirring, resulting in emulsion with larger particles (generally called pre-emulsion). In the cold homogenization method, the lipid melt is cooled and, after solidification, the lipid mass is ground to produce lipid microparticles. The lipid microparticles are dispersed in cold surfactant solution by stirring, resulting in the pre-emulsion. The hot homogenization method is more frequently used, even when the active compound is thermolabile, since its treatment at elevated temperatures is relatively fast. The cold method is recommended for high thermolabile compounds and when partition of hydrophilic compounds from the liquid lipid phase to the water phase could occur during heating [1, 10, 51, 75].




        For both techniques, after formation of pre-emulsion, the reduction of particles size can be performed by high pressure treatment, in which the obtained pre-emulsion is then passed through a high-pressure homogenizer or by ultrasonication device (Fig. 4).




        
[image: ]


Fig. (4))


        Schematic of hot and cold homogenization techniques for SLN production.



        

          High Pressure Homogenization (HPH)




          High pressure homogenization (HPH) is a technique in which high pressure is used to apply stress and produce nanoparticles. HPH push a liquid with high pressure (100–2000 bar) through a narrow gap (in the range of a few microns). The fluid accelerates to very high speed (over 1000 km/h) within a very short distance, so that shear stress and cavitation forces induced by high pressure results in breakdown of particles [1, 75]. HPH offers many advantages over other methods, we can highlight the easy scale-up production (homogenizers are available with different production capacities), avoidance of organic solvents and short production time. Therefore, HPH has been used for years in the pharmaceutical industry for emulsions production for parenteral nutrition [96].


        




        

          Ultrasonication




          Ultrasonication technique is based on the cavitation mechanism, which disperses melted lipid to minute droplets in continuous phase. The obtained pre-emulsion is ultrasonicated using probe sonifiers. This technique is simple, easy to handle and effective in producing lipid nanoparticles without organic solvents, but metal contamination has to be considered if ultrasound is used [11]. Preparation of SLN using hot homogenization followed by ultrasonication has been performed by Ferreira’s group and resulted in homogeneous particles with size range from 80 to 100 nm [97-103].


        


      




      

        O/W Microemulsion




        This method, developed by Gasco and co-workers, is based on the dilution of microemulsions to water, leading to precipitation of the lipid phase to form nanoparticles [22]. First, lipids (approximately 10%) are melted at a temperature above their melting point (65 – 70 °C). Separately, a mixture of surfactant, co-surfactant and water is heated to the same temperature and then added to the melted lipid under mild stirring. The obtained microemulsion is dispersed in excess cold water (2 – 3 °C) in a microemulsion to cold water ratio ranging from 1:10 to 1:50 [11, 75]. The main problem with this method is that SLN dispersion is very diluted, so the final preparation must be concentrated by ultrafiltration or lyophilization. In addition, the high concentration of surfactant and co-surfactant could be a limitation of this method [1]. Gasco et al. also developed an apparatus that consisted of a thermo-stated aluminum chamber, a pneumatic piston and a needle for preparation of SLN at large scale by O/W microemulsion method [28].


      




      

        Emulsification-Solvent Evaporation




        In this method, the lipid is dissolved in a water immiscible organic solvent (e.g cyclohexane, dichloromethane, toluene, chloroform), which is then emulsified in an aqueous phase using a high-speed homogenizer. Then, the organic solvent is evaporated by mechanical stirring at room temperature or preferably at reduced pressure (e.g rotary evaporator), leaving lipid precipitates as SLN [104, 105]. The particle size depends on the lipid concentration in the organic phase. Very small particles can be obtained with low lipid loadings (5%) related to organic solvent. This method is suitable for incorporating thermolabile drugs due to the absence of thermal stress. The limitation of this technique is the use of an organic solvent which may interact with drug molecules [11].


      




      

        Solvent Injection Method




        In this method, lipids are dissolved in a water-miscible solvent or in a water-miscible solvent mixture and then the solution is injected through an injection needle to a stirred aqueous solution with or without surfactant. Solvents usually used are acetone, ethanol, isopropanol and methanol. The presence of surfactant within the aqueous phase helps to produce lipid droplets at the site of injection by reducing the surface tension between water and solvent and stabilize SLN until solvent diffusion is complete. The obtained particle sizes are between 80 and 300 nm depending on the preparation conditions [11, 47].


      




      

        Multiple Emulsion




        This technique is used for hydrophilic drugs to overcome their poor entrapment into the hydrophobic matrix of lipid nanoparticles [105]. This technique consists of two steps. First, the drug is dissolved in a hydrophilic solvent and then dispersed into lipid containing emulsifier/stabilizer mixture known as oily phase, to produce a primary emulsion (w/o). This primary emulsion is then dispersed into an aqueous hydrophilic emulsifier solution (e.g poloxamer). The mixture is stirred and the resulting multiple emulsion (w/o/w) is cooled at room temperature. Each emulsification step results in a highly polydisperse droplet distribution, exacerbating the polydispersity of the final double emulsion. Thus, any particles formed from such double emulsions are, by nature, poorly controlled in both size and structure, and this limits their use in applications that require precise control and release of active compounds [11].


      




      

        Membrane Contactor Method




        In this method, the lipid phase is pressed, at a temperature above the lipid melting point, through the membrane pores allowing the formation of small droplets. The aqueous phase circulates inside the membrane module, and sweeps away the droplets forming at the pore outlets. SLN are formed by cooling of the mixture to room temperature [106]. A schematic of this method is depicted in Fig. (5). Parameters including temperature both of aqueous and lipid phases, cross-flow velocity of aqueous phase, lipid phase pressure, and membrane pore size determine the particle size of lipid nanoparticles. Advantages of this process involve facility of use, controllable particle size by careful selection of processing parameters and potential for scaled-up production [107, 108].


      




      

        Super Critical Fluid Technique




        A new technique based on supercritical fluid technology has been developed for SLN preparation [109]. Supercritical fluids are substances for which both temperature and pressure are above critical values. Beyond this point, the liquid and gas phases become indistinguishable because their densities are identical, and only a homogeneous medium exists. These fluids exhibit properties (e.g, solvating characteristics, solute diffusivity and viscosity) intermediate between a liquid and a gas. The most widely used supercritical fluid in drug delivery applications is carbon dioxide (CO2) due to its relatively low critical temperature (31.1°C) and hence the possibility of working under mild conditions and minimizing the contact with air. In addition, CO2 is non-toxic, non-flammable, easily removed from the sample by decompression and is readily available from the atmosphere [105, 110]. Supercritical fluid extraction of emulsions (SFEE) is based on a simple principle, whereby the lipid nanosuspensions are produced by supercritical fluid extraction of organic solvent from O/W emulsions. Mild temperatures and avoidance of organic solvents for polymeric nanoparticle production are clear benefits of this technique [111].




        
[image: ]


Fig. (5))


        Schematic drawing of the membrane contactor for SLN and NLC preparation.

      




      

        Drug Distribution in Lipid Nanocarriers




        There are three different types of SLN regarding the drug distribution: solid solution (drug molecules are equally distributed throughout SLN structure), drug-enriched shell (drug is concentrated at the outer SLN nanoparticle surface) and drug-enriched core (drug is concentrated at the SLN nanoparticle core) (Fig. 6). Drug distribution is mainly determined by the drug physicochemical properties and the preparation method [10, 36].




        It has been described that the hot homogenization technique and high concentration of surfactants favor drug concentration at the nanoparticle surface. This happens because high temperatures and use of surfactant enhance solubility of drug in the aqueous phase. If the drug is mainly solubilized in the aqueous phase, during the cooling step, it solidifies after the other lipid components deposit onto the formed lipid nanoparticles. Unlike cold homogenization technique and low concentration of surfactant induces the drug molecules to be firmly associated with the lipid matrix, they are more equally distributed throughout SLN. Finally, if a solid drug is dissolved in a liquid melt or is present close to its saturation solubility, it will solidify first and therefore will be present in the core of SLN [10].




        
[image: ]


Fig. (6))


        Different types of SLN, regarding how the drug is distributed in them: drug is distributed equally throughout SLN (A), drug-enriched shell (B) and drug-enriched core (C).



        We know the SLN behavior, but could the same patterns be applied for NLC? If there were many studies dedicated to proof-of-concepts of SLN in the 1990s, we cannot say the same for NLC in the 2000s. However, some researchers have given their contribution. Pan and colleagues [59] showed that when beta-carotene or nile red were encapsulated in SLN, most of molecules were present at the nanoparticles surface. For NLC, the higher the oil amount, the more equally distributed the drug molecule was, existing a total homogeneous distribution in NE situation. This shows that NLC possess a higher capacity of equally distributing the drug than SLN. However, NLC present burst release behavior for most of the studies published [67, 73, 112-117]. So, the question that arises is whether this more equally drug distribution is enough to avoid burst drug release.


      




      

        Strategies for Improving Encapsulation of Drugs in Lipid Nanoparticles




        The main reason for producing SLN and NLC is to include a drug into their structure in order to enhance its biological activity, decrease its toxicity, protect it against degradation and allow its administration. SLN and NLC are lipid nanocarriers constituted by a hydrophobic lipid matrix and, therefore, a substantial interaction between the drug and the lipids is required to keep the drug into the nanocarrier and maintain the benefits of the lipid nanoparticles [51].




        Strategies for improvement and maintenance of drug encapsulation in SLN and NLC have been researched. Among them, there are the production of imperfections in the lipid crystal to improve drug accommodation, the mixture of small amounts of different liquid lipids with solid lipids, lipid drug conjugates (LDC), and HIP [118].




        In the first strategy, different lipids, including triglycerides, partial glycerides, fatty acids, steroids, and waxes as well as different surfactants and co-surfactants are mixed to produce imperfections in the lipid crystal so that better accommodation of drug molecules in the lipid nanoparticle is achieved. As we described previously, the NLC matrix is obtained by mixing small amounts of different liquid lipids with solid lipids. This approach has also been used to improve drug payload from the development of amorphous (not crystalline) nanoparticles [12, 118].




        Another way to improve drug encapsulation into lipid nanoparticles is through LDC. Therein, there is a chemical reaction between the drug and the lipids that form the nanocarrier matrix. This reaction happens through salt formation or covalent bonds, usually obtained from the solubilization of the drug and the lipid in the same organic solvent. This organic solution is evaporated, and a lipid film is then formed in the flask. The film is, therefore, the lipid phase that after mixed with the aqueous phase and surfactant forms the desired nanocarriers [12].




        Stearic acid is one example of lipid that can be used to produce LDC. As stearic acid possesses a carboxyl group, drugs with hydroxyl or amino groups can react with it. Cytarabine [119], methotrexate [120] and pemetrexed diacid [121] are some examples of drugs that were chemically linked to stearic acid to produce LDC.




        Many drugs that are loaded in SLN and NLC have positive or negative electrical charges. The presence of charges in a molecule enhances its solubility in water and therefore impairs its encapsulation in SLN and NLC. One way to improve the encapsulation of such drugs is through the HIP strategy. By using a CA, a molecule with charge opposite to the drug, it is possible to neutralize the drug charges and favors its encapsulation (Fig. 7). Moreover, if CA is lipophilic, it will favor the presence of the drug in the lipid matrix, by generating a conjugate of higher lipophilicity [118].




        For instance, a positively charged drug such as doxorubicin hydrochloride (DOX.HCl) requires the presence of CA with negative charge, such as oleic acid [98, 122], docosahexaenoic acid [99], or alpha-tocopheryl succinate [100, 101]. The presence of these CA in the formulations enhanced the incorporation of doxorubicin in SLN and NLC. In contrast, for a negatively charged drug such as retinoic acid (RA), an enhanced encapsulation in lipid nanoparticles was reported by adding positively charged CA such as stearylamine, benethamine and maprotiline in the formulation [97, 102, 103, 123, 124].
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Fig. (7))


        Schematic of the influence of hydrophobic ion pair (HIP) formation between drug and counterion (CA), a molecule with charge opposite to the drug, on drug encapsulation into SLN or NLC.

      


    




    

      Physicochemical characterization




      To ensure good quality of SLN and NLC formulations, it is essential to carry out an adequate and appropriate physicochemical characterization. Regardless of type, nanoparticles have some basic characterization techniques in common. However, this is not an easy task due to the colloidal size range and complex nature of drug delivery systems. Advances in this area have led to emergence of several techniques, which are able to provide maximum qualitative and quantitative information, like particle size and particle shape [125, 126]. The key parameters to be evaluated and the techniques used for SLN and NLC formulations characterization are described hereafter.




      

        Particle Size




        Particle size is an important parameter of nanoparticles, which is affected by numerous factors such as lipid matrix, surfactant blend, lipid viscosity, drug to lipid and aqueous phase ratio and processing variables. Particle size is the most important aspect of nanoparticles. This parameter is recommended to be the first one to be optimized in the development process, since particle size influences the drug release rate, biodistribution, mucoadhesion ability, buffer exchange with the interior of the nanoparticles, and protein diffusion. Determination of particle size has also been used to confirm that the desired colloidal size range has been obtained during formulation development and for evaluating a colloidal dosage form upon storage or further processing (e.g, during freeze drying or sterilization) [74, 127]. Particle size stability is extremely important for nanostructured systems when compared with other drug delivery systems, since nanoparticles have a larger surface area. Normally, particle size results of SLN are larger than those of NLC using the same production method, surfactant type and concentrations, and total lipid amount [128].




        Commonly used particle size analysis techniques include dynamic light scattering (DLS), laser diffraction (LD), coulter counting, scanning ion occlusion sensing (SIOS) and flow field fractionation [125].




        

          Dynamic Light Scattering




          Dynamic light scattering (DLS) or photon correlation spectroscopy (PCS) is the most widely used method for size characterization of SLN and NLC. It requires only very small amounts of sample and is rapid and easy to perform. PCS covers a size range from a few nanometers to about 3 mm. Parameters such as mean size, the size distribution and the polydispersity index (PDI) of a sample can be evaluated by this technique. This method measures the intensity fluctuation of scattered light when particles are in Brownian motion and correlates to the particle size, generally at an observation angle of 173º or 90º. When the samples have a mixed population of particles having different sizes, analysis using other angles can be performed to improve the accuracy in size determination. In this technique, each particle is viewed as a sphere. Therefore, the presence of aggregates will provide an increase in the average size. Moreover, parameters such as viscosity or pH of suspension, temperature, concentration and particle sedimentation may influence PCS data [125, 126, 129, 130].


        




        

          Laser Diffraction




          Laser diffraction (LD) covers broad size ranges from nanometers to some few millimeters. This method can measure particle sizes larger than 3 µm. However, the large amount of sample required and the overestimation of small size population are its main limitations [50, 129]. This technique is based on the diffraction angle of the particle radius (Fraunhofer scattering spectra). Smaller particles cause more intense scattering at high angles compared to larger ones [131]. Similar to DLS, LD is a technique that detects light scattering effects which are further used to calculate particle size [126].


        




        

          Scanning Ion Occlusion Spectroscopy




          Scanning ion occlusion spectroscopy (SIOS) is a recently developed approach that provides a method for analysis of particles from microns in size down to approximately 60 nm. SIOS uses the well-established Coulter principle for particle analysis, which is based on the direct measurement of size by fluctuation in the conductance across a pore when a particle passes through it. This allows each particle to be analysed individually [125, 132-134].


        


      




      

        Zeta Potential




        The measurement of the zeta potential is a common practice for estimate the surface charge of colloidal particles. It is an important parameter, since it indicates stability of nanoparticles in suspension [125, 135]. Higher absolute values of zeta potential (≥ 30 mV, negative or positive) are associated with higher repulsion between the charged particles and reduced aggregation, for the electrostatic stabilization of the colloid [50, 126, 131]. This rule is not valid for systems containing steric stabilizers, since the adsorption caused by them decreases the zeta potential due to the change within the particle shear plane [50, 126].




        Electrophoretic light scattering (ELS), which corresponds to the determination of electrophoretic mobility in association with DLS, is the preferred method for characterization of SLN and NLC, since it gives better resolution, sensitivity, accuracy, versatility and more reliable results than other methods (acoustic and electroacoustic determinations) [125, 136].


      




      

        Crystallinity and Polymorphism




        Lipid crystallinity degree and polymorphism are important aspects that should be characterized in SLN and NLC, since these parameters are strongly correlated with drug encapsulation and release rates [50]. Polymorphism is when solid substances have more than one crystalline structure resulting from two or more different structural orientations (lattice structures and/or molecular conformations), without undergoing any change in its chemical composition. Different polymorphic forms of lipids can have significantly different solubility and stability profiles [125, 137].




        For SLN, the solid state of the nanoparticle core causes several additional phenomena. Lipids used for their preparation are crystalline substances, which mean that the particles will crystallize upon solidification [8].




        In general, SLN are composed of lipids (e.g triglycerides) with high melting point as solid core [138] and their stability and release profile depend on the transition between different polymorphic forms. These transitions can generate an organization of lipids molecules into different arrangements, allowing the reduction of the amount of drug encapsulated in the nanoparticle. Moreover, the particles may change their shape during polymorphic transitions. This phenomenon may occur, for example, throughout storage [8, 125]. Similarly, NLC are also influenced by the lipid crystallinity degree and the modification of the lipid is correlated with drug encapsulation and release rates [50].




        Analytical techniques most often employed to study these phenomena are differential scanning calorimetry (DSC) and X-ray diffraction (XRD), because they are able to provide structural information on the dispersed nanoparticles [8, 139].




        

          Differential Scanning Calorimetry




          DSC is a technique used to measure thermodynamic properties of a system from thermally induced transitions. DSC has been applied to analyse polymorphic transitions and physical properties changes of lipids [125, 140]. DSC can be used to determine the crystallinity degree of nanoparticles through the measurement of melting point temperatures and their associated enthalpies and solid-state modification of lipid; two useful parameters to understand drug encapsulation and drug release patterns [50, 131, 138].




          This method provides conclusions on structural properties of a sample, since it is able to monitor and quantify its thermal transitions and identify temperatures at which these events occur. However, DSC is a technique that does not directly reveal the cause of a thermal event [139, 140]. On the other hand, there have been improvements in the technique over the years, which have resulted in highly sensitive instruments, allowing DSC to become a very relevant tool for investigating thermodynamic properties of various pharmaceutical products, such as biopolymers, proteins, peptides and lipids [140].




          DSC results are expressed as percentage of the melting enthalpy of the bulk lipid. This represents the crystallinity index, from which the particle crystallinity is quantified. This index is only an approximate measure, because the particles may crystallize partially in a different modification [141].


        




        

          X-ray Diffraction




          XRD enables assessment of the length of long and short spacing in lipid lattices [45, 50, 142]. This technique is used to identify specific crystalline compounds, both mineral and organic, based on their crystalline structure. A scanning detector records the different angles of diffraction of an X-ray beam, which are specific for each type of crystalline material. A computerized database is then used as a reference for identification of diffraction patterns. The results obtained from XRD allow elucidating the arrangement of lipid molecules and the phase behaviour and characterizing and identifying the structure of solid lipids and drugs [142].


        


      




      

        Particle Shape and Morphology




        Another important parameter for the characterization of SLN and NLC formulations is the particle shape and morphology, since they can determine the physiological fate and performance of the nanoparticle [50, 125]. The particle shape is not always perfectly spherical, and this plays a role on cellular internalization and circulation times [143]. Lipid particles can be disk-shaped or rod shaped, for example [144]. Electron microscopy such as scanning electron microscopy (SEM), transmission electron microscopy (TEM), and atomic force microscopy (AFM) are very useful and high-resolution techniques for determination of size and morphology of lipid nanoparticles. These techniques can also be used to determine particle size distributions [50].




        SEM uses electron scattering from the sample surface, whereas TEM involves electron transmission through the sample. Both techniques provide direct information on the particle shape and size. SEM allows the observation of the sample after drying and coating with a thin layer of gold or platinum. This step (e.g, solvent removal) may cause shrinkage of the SLN nanoparticle size. Sample preparation for TEM requires several steps; however, it has a smaller size detection limit than SEM [50, 126, 129, 145]. One of the difficulties in electron microscopic analysis of lipid-based nanoparticles is the heating of samples caused by the electron beam, which can damage the shape and structure of lipid nanoparticles [1]. An interesting strategy to avoid this problem is the use of cryo-field emission scanning electron microscopy (cryo-FESEM), since the liquid dispersion containing the nanoparticles can be frozen and viewed in the frozen state. Thus, the samples are investigated close to their natural state [146].




        When compared to the techniques described above, AFM has advantages for particle shape and morphology determinations. This is the only technique currently available that directly provides structural, mechanical, functional and topographic information on surfaces with nanometer-to-angstrom scale resolution [142]. Its importance for evaluation of SLN and NLC morphology is due to its ability to image surfaces under liquids [142, 147]. Pre-treatment of samples requires fewer steps than SEM and TEM, and the analysis is done at ambient temperature and pressure. Therefore, the integrity of the lipid sample is maintained more easily. In addition, AFM provides better resolution of the 3D topography of nanoparticles than TEM, which only gives a 2D picture [125, 145, 148]. However, image distortions may occur when there is particle cluster formation during sample preparation [1, 145].


      




      

        



        Drug Encapsulation Efficiency and Drug Loading




        Interaction of drugs with SLN and NLC is a topic that still needs further investigation, since it is specific for each drug/lipid matrix pair. This interaction also depends on the general system composition and preparation method. Drugs tend to concentrate within the lipid matrix; however, depending on the chemical composition and interaction type, the drug molecules may concentrate at the interface or adsorbed on the nanoparticle surface, for example in the case of some hydrophilic drugs [125, 149].




        Interactions between drugs and the lipid matrixes are usually reported as two parameters: drug encapsulation efficiency and DL. Drug encapsulation efficiency is the percentage of drug that remains included into the nanoparticle in relation to the initial added amount (measure of the encapsulation process efficiency). DL is the percentage of drug included in the nanoparticle compared to the total lipid amount present in the nanoparticle [125].




        Quantification of drugs in SLN and NLC usually happens through spectrophotometric and high-performance liquid chromatography methods. However, it should be pointed out that, theoretically, a drug can be located in three different phases of a SLN or NLC formulation: encapsulated, soluble in the aqueous medium or precipitated. The sum of drug concentration in each phase will be the total drug concentration in the formulation.




        If not encapsulated, the drug is solubilized in the aqueous phase (if it is water-soluble at some extent) or precipitated (if it is very hydrophobic). Most of the studies determine the total drug concentration and then subtract the drug concentration in the aqueous phase and the precipitated drug concentration from it, thus obtaining the encapsulated drug concentration. The usual methods for determining drug concentration in each phase are:




        

          Soluble in Aqueous Medium




          The most used method for quantification of drugs in aqueous medium (usually pure water, saline, or buffers) is ultrafiltration. Therein, an aliquot of SLN/NLC is put in an ultrafiltration device with pore sizes of some thousand Daltons. This size allows passage of water (and what is solubilized in it) but retains the SLN/NLC. Drug concentration in aqueous phase can be easily measured after separation [98-101, 122, 150].


        




        

          Precipitated




          If a drug fraction is not encapsulated and it is not water-soluble, it will be precipitated. In order to separate the precipitated drug fraction from the rest of the formulation, filtration in membranes (e.g., with 0.45 μM pore size) can be carried out. The difference in concentration before and after the filtration will be the concentration of the drug precipitate [97, 102, 103].


        




        

          Total Drug Concentration




          For total drug measurement it is first necessary to disrupt the SLN/NLC to release all drug entrapped. This can be done by adding solvents such as tetrahydrofuran. Solvents will not only release the encapsulated drug but will solubilize the precipitated and soluble drug, making possible to quantify the total amount of drug present in the formulation, and to predict the production method yield [97-103, 122, 150].


        


      


    




    

      COMMON PROBLEMS IN SLN AND NLC




      Apart from polymorphic changes that impair SLN and NLC stability, other problems can be found for these systems. We will discuss some of them: gelation, supercooled melts and coexistence of different nanostructures.




      

        Gelation




        In the same way that emulsion droplets can undergo coalescence, SLN and NLC particles can approximate, aggregate and undergo a gelation process. Due to this interaction among the nanoparticles, the system viscosity is highly increased. The main driving factors for gelation are the reduced zeta potential and the exposition to high temperatures and/or light [151]. Therefore, it is very important to store SLN and NLC dispersions in adequate recipients and conditions.


      




      

        Supercooled Melts




        Most of the processes used for SLN and NLC production melt the solid lipids as an initial step. One problem that is observed (especially with triglycerides, whose melting point is close to room temperature) is the supercooling issue. If the lipid is melted but does not recrystallize, it will be in the form of a supercooled melt, forming structures that resemble NE. Supercooled melts are less stable than the α-phase of solid lipids. They present lower encapsulation potential and are willing to have burst drug release. In order to avoid or diminish the presence of these supercooled melts, it is important to evaluate carefully the cooling parameters of the SLN/NLC production as typically done for the heating process parameters [8, 10, 14, 152].


      




      

        Coexistence of Nanostructures




        Some materials, mainly surfactants, present in SLN or NLC compositions are present in the form of distinct structures others than nanoparticles. A well-described example is lecithin. Lecithin is a widely used co-surfactant that can be present elsewhere in the SLN or NLC, but not at the lipid/water interface. As a phospholipid, it can also form liposome vesicles by itself. Moreover, surfactants above their critical micellar concentration (which is the case of the concentrations used in SLN or NLC formulations) can exist in the form of micelles. These different nanostructures can also load drugs, leading to results different from those expected if the drug was encapsulated only in the SLN or NLC. The coexistence of these nanostructures can also interfere in the physicochemical characterizations. Other feature that can occur is the presence of drug nanocrystals, especially if HPH was used. As a result of high pressures, drug crystals can be milled until the size of few nanometers, being themselves distinct nanostructures. All these other types of nanostructures can be detected by electron microscopy and nuclear magnetic resonance techniques [10, 14].


      


    




    

      MAIN APPLICATIONS OF SLN AND NLC IN PHARMACEUTICS




      SLN and NLC have been studied over the last 25 years as a way to deliver drugs by all possible routes (Fig. 8) and for treatments of innumerable diseases. In this section, we will stress the most studied routes for administration of SLN and NLC, their advantages concerning drug encapsulation and some of the pathologies that these systems were tested against (Table 4).




      

        Table 4 Examples of some reports that used SLN and NLC for drug administration by different routes.




        

          

            

              	Administration


              Route



              	References



              	SLN/NLC



              	Components of the Formulation



              	Drug



              	Coating/


              Active Targeting



              	
In vivo


              Improvement

            


          



          

            

              	Intranasal



              	[153]



              	SLN



              	Glyceryl monostearate/Tween™ 80/Pluronic® F68



              	Alprazolam



              	None



              	Enhanced brain accumulation in rats.

            




            

              	[154]



              	NLC



              	Precirol® ATO 5/Capmul® MCM/Tween™ 80/Lecithin



              	Curcumin



              	None

            




            

              	[155]



              	NLC



              	Precirol® ATO 5/Miglyol® 812/Tween™ 80/Poloxamer 188



              	hIGF-I



              	Chitosan

            




            

              	Intravenous



              	[156]



              	NLC



              	Compritol® 888 ATO/Olive oil/Cremophor® ELP/ Tween™ 80/Cetyltrimethyl ammonium bromide/DSPE-PEG



              	Cisplatin and Paclitaxel



              	FA



              	Enhanced tumor accumulation and antitumor activity in mice.

            




            

              	[157]



              	NLC



              	Phosphatidylcholine/Polysorbate 80/Cholesterol oleate/Glycerol trioleate



              	Curcumin



              	None



              	Enhanced brain accumulation in mice.

            




            

              	[158]



              	SLN



              	Cetyl palmitate/Polysorbate 80



              	Camptothecin



              	None

            




            

              	[159]



              	SLN



              	Glyceril monostearate/ Phosphatidylcholine/


              Dimethyldidodecylammonium bromide/DSPE



              	Paclitaxel



              	HA



              	Enhanced antitumor activity in mice.

            




            

              	[160]



              	NLC



              	glyceril monostearate/Soybean oil/Lecithin



              	Paclitaxel



              	HA

            




            

              	[161]



              	NLC



              	Glyceril monostearate/ Soybean oil/ Lecithin



              	5-fluoruracil and cisplatin



              	HA

            




            

              	[162]



              	NLC



              	Precirol® ATO 5/ Olive oil/ Triethylamine/ / Phosphatidylcholine /Lecithin



              	Doxorubicin and DNA



              	Transferrin

            




            

              	Oral



              	[163]



              	NLC



              	Glyceril monostearate/Capmul® MCM EP/Poloxamer 188/Tween™ 80



              	Rosuvastatin



              	None



              	Enhanced oral bioavailability in rats.

            




            

              	[164]



              	NLC



              	Precirol® ATO 5/ Capmul® MCM EP/TPGS



              	Olmesartan medoxomil



              	None

            




            

              	[165]



              	SLN



              	Glyceril monostearate/


              Phosphatidylcholine/Tween™ 80



              	Olmesartan medoxomil



              	None

            




            

              	[166]



              	SLN



              	Precirol® ATO 5/Tween™ 20/Sodium deoxycholate



              	Glibenclamide



              	None



              	Enhanced antidiabetic effect in rats.

            




            

              	[167]



              	SLN



              	Dynasan 112/Lecithin/Poloxamer 188



              	Rosuvastatin calcium



              	None



              	Enhanced bioavailability and antilipidemic effect in rats.

            




            

              	Dermal



              	[168]



              	SLN



              	Precirol® ATO 5/Poloxamer 407



              	Doxorubicin



              	None



              	Enhanced antitumor activity in mice.

            




            

              	[169]



              	SLN



              	Compritol® 888 ATO/Tween™ 80/Phospholipon 90G



              	N-6-Furfuryl Adenine



              	None



              	Enhanced skin penetration and retention in mice.

            




            

              	[115]



              	NLC



              	Precirol® ATO 5/Labrasol®/Poloxamer 188/Polyoxyl-15-hydroxystearate



              	5-Fluouracil



              	None

            




            

              	[170]



              	SLN



              	Glyceril monostearate/Lecithin/Sodium deoxycholate



              	Sesamol



              	None



              	Enhanced skin retention in mice.

            




            

              	[171]



              	NLC



              	Compritol® 888 ATO/Miglyol® 812/Lecithin



              	Flurbiprofen



              	None



              	Reduced irritation in rats

            




            

              	Pulmonary



              	[172]



              	SLN



              	Glycerol palmitostearate/


              Polissorbate 80



              	Paclitaxel



              	None



              	Enhanced antitumor activity in mice.

            




            

              	[173]



              	NLC



              	Precirol® ATO 5/Oleic acid/Polysorbate 20/Glycerol



              	Itraconazole



              	None



              	Enhanced lung accumulation in falcons.

            




            

              	[174]



              	NLC



              	Compritol® 888 ATO/Miglyol® 812/Sodium taurocholate



              	Celecoxib



              	None



              	Enhanced lung accumulation and plasma concentration in mice.

            


          

        




      




      

        Administration Routes




        

          Dermal Route




          Skin is the biggest organ of the human body and offers a very interesting site for drug delivery. Dermal administration offers a painless and self-administration option for patients [175].




          For dermal administration, it is necessary that the drug is retained on the skin for a period of time enough so that its pharmacological effect lasts longer. Usually, SLN and NLC suspensions present low lipid concentration. This leads to a low viscosity, so the formulation can easily leak from the skin. To solve this issue, SLN and NLC can have their aqueous phase viscosity enhanced or be produced with high lipid contents (>50%) [51].




          
[image: ]


Fig. (8))


          Some routes of administration of SLN and NLC.



          However, SLN and NLC are generally incorporated in a more viscous pharmaceutical state for dermal purposes. They have already been incorporated in: gels [65, 115, 169, 171, 176-180], scaffolds [65], creams [170], among others formulation types.




          Incorporating drugs in SLN and NLC has been shown to increase drug skin penetration [115, 169, 171, 178, 180-183]. This happens because lipids of SLN and NLC can fuse with lipids of stratum corneum (SC), the outer skin layer. Moreover, it is posed that the surfactant layer of SLN and NLC can provide an enhanced permeation effect, making the lipid arrangement of SC less organized [179, 184].




          SLN and NLC provide a greater drug skin retention [115, 170, 178, 180, 182, 183, 185-187]. This happens since SLN and NLC hamper water evaporation from the skin, favoring the formation of a film over it. SLN and NLC films will guarantee that drug is in contact with the skin for a long time, making the drug effect last longer, allowing a more convenient managed administration [51].




          All these factors lead to better pharmacological results in animal studies using the dermal route. For example, piroxicam-loaded SLN showed better anti-inflammatory efficiency than the free drug solution [183]; N-6-Furfuryl Adenine-loaded SLN were incorporated in a gel and showed better anti-photoaging activity [169] and spironolactone-loaded NLC showed higher action in acne vulgaris treatment than a gel loaded with an alcoholic drug solution [185].




          Although the focus of this chapter is at pharmaceutical applications of NLC and SLN, it is impossible not to mention cosmetic dermal applications of lipid nanoparticles. The first commercial liposomes where in the dermal cosmetic field (Capture®, Dior®) and the same happened with SLN and NLC, which are already a reality in cosmetic area. The most famous example is probably the antiaging cream containing coenzyme Q10-loaded NLC (Cutanova®) by Dr.Rimpler® [18, 40, 48]. This was a beginning step for many pharmaceutical products based on lipid nanoparticles and gives us hope that very soon SLN and NLC will tread their path in the pharmaceutical market with their first clinical approvals for medical use.


        




        

          Oral Route




          Oral route has various advantages as good patient adherence, comfort and practicality. However, oral route can be a trick for most of drugs as they present limitations, such as low oral bioavailability caused by high lipophilicity and enzymatic degradation [188]. Drug encapsulation in SLN and NLC is an alternative to overcome these issues.




          Many studies have shown an oral bioavailability enhancement when a drug is loaded in NLC and SLN [70, 116, 163-165, 167, 189-196].




          This bioavailability enhancement is mainly due to an increased solubility potential, different absorption pathways, prevention of metabolic degradation at the gastrointestinal tract, and surface functionality. Compared with other bioavailability improving methods, nanocarriers such as SLN and NLC may be more readily captured by the lymphatic system and delivered directly from the blood to the target site [188, 197].




          The increased bioavailability also enhances the drug pharmacological activity: rosuvastatin calcium-loaded SLN showed higher anti-hyperlipidemic effect than a free drug suspension [167]; glibenclamide-loaded SLN showed higher antidiabetic effect over free drug in diabetic rats [166]; cedrol-loaded NLC showed much higher antileishmanial activity than the free drug in mice [198] and darunavir-loaded SLN showed larger oral bioavailability in rats over the marked formulation (tablets) with an increased drug concentration in lymphatic fluid [190].


        




        

          Pulmonary Route




          Pulmonary route is attracting much enthusiasm for drug delivery. The advantages of pulmonary route are lungs large surface area, low enzymatic activity and extent vasculature [35]. Drug administration by pulmonary route usually requires that suspensions are nebulized. SLN and NLC showed to be stable after nebulization, what is essential for this kind of administration [199-201].




          Moreover, NLC and SLN showed a capacity to enhance drug retention in the lungs and therefore improve their pharmacological activity [173, 174, 201].


        




        

          Intravenous Administration




          The i.v. route is one of the most used routes for drug administration. Notwithstanding its issues (pain inconvenience, need of hospital care, etc.), it is an essential way for drug delivery when it is needed a rapid drug absorption, when the patient cannot swallow or when the medication cannot be injected in the skin and in the muscles due irritation issues [202].




          For administration of a formulation by i.v. route, very strict requirements are necessary. For injectable emulsions, USP <729> general method specifies that the mean droplet size should be less than 500 nm and the volume percentage of fat globules bigger than 5 μm should be less than 0.05% [203]. SLN and NLC fulfill these requirements as they can be produced with small average particle sizes and narrow size distribution.




          However, a problem that occurs when colloids are administrated by i.v. route is their uptake by RES, withdrawing the nanoparticles from the circulation and carrying them to the liver and spleen, mainly. One way to reduce this issue is to cover the nanoparticle surface with hydrophilic polymers, mainly polyethylene glycol (PEG) [204]. PEG moieties have been attached to SLN and NLC for diminishing their uptake by RES and thus increasing their plasmatic half-life [122, 205].


        




        

          Intranasal Delivery




          Nasal delivery of drugs can be used to deliver drugs specifically to the nasal mucosa or can be a way to deliver a drug systemically. The nasal cavity has a large absorption surface area, so the drugs absorbed by nasal blood vessels get directly into the systemic circulation. Moreover, nasal route is very friendly for patients [206]. Encapsulation of drugs in SLN and NLC protected drugs from enzymatic degradation in the nasal mucosa and to improve their bioavailability [155].


        




        

          Ophthalmic Delivery




          Eye drops, the most used pharmaceutical form for ocular drug delivery, have several issues, including low bioavailability, rapid washing, short retention time in precorneal area, and difficulty to achieve inner eyes structures. SLN and NLC, when applied by ophthalmic route, can be more efficiently absorbed because they are endocytosed by the corneal epithelial and can open the corneal tight junctions due to the surfactant action. Moreover, they can provide a controlled release of the drug encapsulated and inhibit the activity of P-glycoprotein (P-gP) [37, 207, 208].


        


      




      

        Important Applications of SLN and NLC




        

          Cancer




          Cancer is generic term used for a group of diseases that are characterized by a rapid and uncontrolled cell multiplication leading to several health issues including patient’s death. Anticancer drugs are mainly administered by i.v. route. When drugs are encapsulated into nanocarriers, they are more willing to be accumulated in the tumor site thanks to the EPR (enhanced permeation and retention) effect (Fig. 9). The EPR effect explanation is that the fenestrations in the tumor vasculature walls favor the entrance of macromolecules and colloids therein. These fenestrations are usually 20 – 2000 nm large. Moreover, there is a low presence of lymphatic capillaries in tumor region, what hampers the nanoparticles removal from the tumor interstice, favoring their retention [209].




          
[image: ]


Fig. (9))


          Representation of the EPR effect.



          In this sense, many drugs have been encapsulated in SLN and NLC in order to provide a more efficient anticancer treatment. Many works have shown the SLN and NLC capabilities of loading anticancer molecules and enhancing their activity. Anticancer drugs loaded in SLN and NLC had their cytotoxicity improved [97, 100-103, 210, 211] and, when administered i.v. in animals, SLN and NLC could enhance antitumor activity [122, 211, 212], prolong blood half-life [122, 212] and decrease toxicity [211, 212] of the encapsulated drugs when compared with the drugs administered in their free form.




          Although most anticancer drugs and formulations are delivered by the i.v. route, many studies are still being conducted with the purpose of delivering anticancer drugs by other routes that are more convenient and less toxic to patients. For example nebulized celecoxib-loaded NLC administrated by pulmonary route showed a pronounced antitumor effect in combination with i.v. docetaxel [200]; inhaled paclitaxel-siRNA-loaded NLC showed higher efficacy in reducing the volume of lung cancer over paclitaxel i.v. injected in mice [201] and paclitaxel-loaded SLN were administered by inhalation in mice and showed a higher anticancer effect over Taxol i.v. administered in a model of breast cancer with lung metastasis [172]. Another example is the dermal route, where doxorubicin-loaded SLN showed an antitumor effect higher than the free drug in mice affected with melanoma [168].




          Moreover, it is well-known that tumors possess different characteristics when compared to healthy cells. They express receptors at their cell surface that are not present or are present at a very lower concentration in normal cells. One way to direct the nanocarriers more efficiently to tumors is attaching to their surfaces molecules that could bind to these receptors. This approach is called active targeting [213].




          There is an infinite of ligands that can decorate the surface of SLN and NLC for this purpose. Herein, we will focus probably at the three most famous: transferrin (TF), folic acid (FA) and hyaluronic acid (HA).




          TF is an iron-binding glycoprotein that is situated at the cell surface. Cancer cells need more iron to fulfil their accelerated growth needs. In this way, cancer cells have a much larger amount of TF receptors at their surfaces than normal cells [214].




          CD44 is a transmembrane glycoprotein receptor also referred to as glycoprotein 1. It is involved in cancer dissemination and metastasis, being reported an overexpression of some isoforms of CD44 in cancer situations. HA is a glycosaminoglycan and component of extracellular membranes, being the major ligand for CD44 receptors [215].




          FA is the synthetic form of folate, also known as vitamin B9. Folate is directly involved in DNA synthesis and replication. In that way, cancer cells express folate receptors in a much more pronounced way than normal cells. FA can bind well to folate receptors [216].




          SLN and NLC loaded with anticancer drugs and with their surface decorated with TF [162, 217-219], HA [159-161] and FA [156] moieties exhibited an enhanced in vitro and in vivo antitumor activity, showing the importance of active targeting as a way for improving SLN and NLC effectiveness.


        




        

          Brain Delivery




          Blood-brain barrier (BBB) is an endothelial cell monolayer that separates blood from the cerebral parenchyma. It is a physical barrier of tight junctions that protects the brain environment against harmful substances, regulates brain access and clearance of endogenous and exogenous substances from systemic circulation. It maintains central nervous system (CNS) homeostasis and prevents the entrance of most of drugs therein [220, 221]. More than 98% of drugs that are intended to act in brain fail due to their incapacity of crossing BBB [222].




          SLN and NLC could serve as alternatives to improve drug delivery into the BBB by transcytosis and endocytosis through the endothelial cell layer; inhibiting P-gP efflux; opening the tight junctions between endothelial cells, and provoking fluidization of the endothelial cell membrane lipids by the nanocarrier surfactants. Moreover, some surfactants have the capability of adsorbing apolipoproteins (Apo); the most known examples are polysorbates (Tween™). The Apo adsorbed on SLN and NLC surface favors immensely the penetration of them through BBB by translocation [221].




          Most of the works focused on CNS drug delivery use the i.v. route for this purpose. For instance, Tween™ 60 and Tween™ 80 stabilized campothecin-loaded SLN showed a greater brain accumulation than suspension of free drug and the surfactants [158]; curcumin-loaded NLC stabilized with Tween™ 80 showed a greater accumulation in mice brain than curcumin-loaded NLC without the surfactant after i.v. injection [157]; and after intraperitoneal (i.p.) injection [223].




          Another possible strategy is to produce the nanocarriers already with Apo moieties attached. SLN conjugated with Apo E showed high accumulation in mice brain after i.p., i.v. and intratracheal administration [224].




          Other important feature is that brain endothelium has negative electric charge due to its glycocalyx residues. In this way, a positive nanoparticle charge would favor their internalization. Paclitaxel-loaded SLN, stabilized with Tween™ 80 and positively charged, showed high cytotoxicity and accumulation in glioblastoma cells [225].




          Apart from i.v. route, other routes are studied to deliver drugs to CNS. One possibility that is attracting great interest for this purpose is the intranasal route. The nasal cavity is the only area of the body where the CNS is in direct contact with the external environment. This is due to a very interesting connection between the brain and the olfactory and the trigeminal nerves which innervate the nasal mucosa. The drugs administered intranasally are absorbed mainly by paracellular mechanism, first by the olfactory and later across the trigeminal nerve pathway [226, 227].




          Some very interesting works have used this route: chitosan coated-NLC stabilized with Tween™ 80 showed a high brain accumulation after intranasal administration in mice [155]; alprazolam-loaded SLN stabilized with Tween™ 80 showed higher brain accumulation of the drug in rats after intranasal administration than the free drug and by SLN i.v. administration [153]. Curcumin-loaded NLC stabilized with Tween™ 80 showed higher brain concentration of drug in rats after intranasal administration than the free drug administered by the same route [154].
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