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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.
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    Chemically synthesized drugs have been one of the major tools to combat several diseases, including bacterial and viral infections. These drug molecules however, face several barriers that include poor cellular uptake and instability in the physiological environment that mask the therapeutic potential. In order to circumvent these issues, there is 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 due to which, several candidates have been proposed, such as nanoparticles, liposomes, carbon nanotubes, mesoporous silica nanoparticles, etc. These vectors can be modulated to achieve delivery of even those drugs which are highly unstable making it difficult to reach the desired 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 really useful, not only for the young researchers, but also for the experts looking for some exhaustive compilations.




    Chapter 1: It provides a brief exposure to nanotechnology and the imbibition of the drug delivery concept, with relevance to nanotechnology. Some of the pros and cons associated with the implication of nanotechnology have been outlined in this chapter.




    Chapter 2: It provides an exhaustive account of the tools and techniques employed for the characterization of nanostructures. This chapter is an overview of the most employed techniques, including dynamic light scattering and laser diffraction for the determination of size distribution, zeta potential and its relationship with the stability and the surface charge of the particles, microscopies (optical microscopy, SEM, TEM, AFM) utilized in morphological analyses, spectroscopies in the infrared or ultraviolet-visible regions, and X-rays diffraction, which help to elucidate the crystalline state, polymorphism and drug-nanosystem interaction and the thermal analyses, which can provide information about the physical state, crystallinity, and stability.




    Chapter 3: It deals with liposomes which are spherically shaped micro-vesicles composed of a bilayer of natural or synthetic non-toxic phospholipids, which spontaneously form closed structures when they are hydrated. This chapter accounts for the materials involved in the preparation of liposomes, i.e., techniques for preparation, characterization studies and application of liposomes for drug delivery.




    Chapter 4: This chapter discusses dendrimers, which are highly branched synthetic polymeric macromolecules with a distinct three-dimensional spherical shape and nanometric size (1 - 100nm). This chapter reports the role of dendrimers in drug delivery systems for various agents in biology and medical science. Additionally, it covers the important aspectsof the dendrimers in the diagnoses of different types of cancer diagnosis and other therapies.




    Chapter 5: It discusses nanomicelles which are colloidal dispersions containing a hydrophobic core and a hydrophilic shell that self-assemble into the nanosize range of 10 -100 nm. Pharmaceutically, nanomicelles serve as outstanding carriers as they can avert or moderate drug degradation by dropping adverse side-effects, thereby augmenting drug permeation through biological barriers with very minimum or no irritation at all, which ultimately enhance bioavailability. In this chapter, a critical history of nanomicelles is provided from its fundamental theory to preclinical and clinical achievements.




    Chapter 6: It outlines details about carbon nanotubes (CNTs) which are defined as concentrically rolled graphene sheets but with many chiralities and helicities. Various synthetic approaches like arc discharge method, laser ablation methods, chemical vapour deposition, and pyrolysis are employed to produce CNTs. The present chapter explains the discovery of CNTs, their types, synthetic methods, various reactions possible with the usage of CNTs, applications of CNTs, safety profile, and the challenges involved.




    Chapter 7: It describes the application of magnetic nanoparticles in drug delivery. Numerous magnetic nanoparticle-based formulations are already available in the market and even many more are under different stages of development. This chapter describes the progress done in this area due to the well-established synthesis procedures of size and shape-controlled magnetic nanoparticles, as well as their well-recognized surface functionalization approaches.
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      Abstract




      With every era, medical science faces challenges to provide the best health care and efficient drug therapy for the treatment of existing diseases. Current regimes of chemical drugs, though beneficial in a certain sector, have several disadvantages; cytotoxicity and adverse health effects are of primary concern. To accomplish efficient as well as the safe mode of transport for drugs and bioactive molecules, nanotechnology has provided an answer in terms of nanomedicines. Polymeric nanoparticles that can easily be modified to suit the needs not only act as a vehicle to efficiently deliver the drug to the target site but also enhance the bioavailability of the drug. Polymer-drug conjugation delivers the drug specifically to the targeted tumors. The conjugation facilitates increased retention time and enhanced cellular permeability that enables better suppression of the tumors. This chapter gives an insight into the properties of nanoparticles, highlighting the associated advantages and limitations of polymeric nanoparticles as a vehicle of drug delivery to cells.
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      INTRODUCTION




      The desire to develop efficient drug delivery vectors with required therapeutic need lead to envision of several possible strategies, including the usage of modified or natural polymeric nanoparticles. The bio-availability and distribution of the drug depend upon its physicochemical properties and molecular structure. Due to the uneven distribution of drugs and its accumulation at non-specific sites, the desired efficacy of the drug is reduced at the diseased site that might cause




      toxic and undesirable effects. Henceforth, researchers are always seeking the challenging task of looking for new strategies, to develop delivery systems that may possess maximum therapeutic potential with minimal toxicity. To design and develop better targeting strategies to deliver drugs with more efficiency and specifically, it is essential not only to understand the characteristics of the target but also the mechanism of action of the drugs involved for targeting.




      Particle-based drug carriers have been modified to provide better accessibility and efficiency of the drug at the site of action with its increased availability. For desirable therapeutic response, the size of the matrix has to be controlled along with the entrapped drug molecule. According to the size of the particles, the following categorization is done:





      

        	For particles in size range 50-200 µm: macroparticles




        	1-50 µm particles are termed microparticles




        	Particles with size 1-1000 nm are categorized as nanoparticles


      




      Nanoparticles and microparticles have found their utilization in several genes and drug delivery based researches. The size of microparticles restricts their entry into capillaries and, therefore, are unavailable at tissue sinusoids, though they were found being in circulation. However, these particles get accumulated in the adjacent tissues adjoining the capillaries and were observed to discharge encapsulated drug molecules gradually at the target site. The modified microparticles act as depot system that can be delivered via subcutaneous, intraperitoneal, intra-arterial or intravenous administering routes, resulting in a gradual release of the drug and protection from in vivo degradation. Engineered polymer with controlled size and swelling and breaking properties can help in the efficient release of drug at the target site. Taking into consideration all these key factors, starch, albumin, polylactic acid, and ethyl cellulose have been deployed to prepare biodegradable microparticles that would be used for chemoembolisation.




      The limitation of microparticles was rapid clearance by RES (reticuloendothelial system) defense mechanism. To overcome this rapid removal of the particles from circulation and to have prolonged circulation of particles, a decrease in particle size was sought. The reduction in particle size renders nanoparticles a better carrier vehicle not only for polynucleotides but also for enzymes and proteins, irrespective of the route of administration. Reduced size nanoparticles have increased surface area and henceforth, enhanced adsorption of drug or biological molecules. Nanoparticles not only release the encapsulated or adsorbed drug or a bioactive molecule at the target site but also act as carriers for these molecules. The size of the particles in the nano range can render them to pass easily through capillaries and made them more available for systematic application with significant impact. Particles, either metallic or polymeric, that fall in size range of 1-100 nm are termed nanoparticles. For the first time in science, polymeric nanoparticles were prepared and characterized by Birrenbach and coworkers in 1976 [1]. This study had triggered extensive onset towards research involving designing and developing novel nanoparticles based carrier systems. Thus, these nanoparticles can be employed for the targeted delivery of drugs and biomolecules. On reaching the target site, the entrapped drug or biomolecule in the polymeric nanoparticles can be released from the complex through either one or a combination of the following mechanisms:





      

        	Hydration of the nanoparticles matrix led to swelling and henceforth, bursting of the particles, or slow-release by diffusion.




        	The modified polymeric nanoparticles can be targeted for enzymatic degradation at the specific site that resulted in the release of the drug.




        	Drug molecules entrapped in swollen nanoparticles could be released by chemical cleavage.


      




      One of the most remarkable repercussions of nanotechnology is nanomedicine; the latter term is an umbrella term that conjugates various types of particles in nanoscale size with medical potentials such as liposomes, quantum dots, polymeric micelles, polymer-drug conjugates, dendrimers, inorganic nano particles, biodegradable nanoparticles, and other materials. In nanomedicine, the most potential candidate is nanoparticles that possess wider significant applications in the fields of target-specific drug and gene delivery. The small-sized nanoparticles are capable of better penetration in the tissue and henceforth, having targeted activity at the specific site of action [2]. Polymeric nanoparticles are explored extensively as an efficient delivery vector for drugs, more promising for anticancer drugs. These nanocarriers are modified for the release of drugs at a specific site, for example, the particles can be targeted or release drug based on stimuli response [3].




      Polycationic polymeric nanoparticles are extensively worked upon to develop delivery strategies for DNA and siRNA. Polymeric nanoparticles can be categorized, namely, as (i) nanospheres that are spherical shaped particles of nanometer size. These nanoparticles can be modified such that the drug or biomolecule of choice can either be trapped in the spherical nanoparticles or adsorbed on the outer surface or both. (ii) Nanocapsules possess a solid polymeric shell with an inner liquid core. The required molecules can either be adsorbed on the outer surface or entrapped inside the core or both. Other than these two common forms, various other forms of nanoparticles have also been reported, for example, nanorods, nanotubes, cones, spheroids, etc. Several natural polycationic polymers, such as chitosan and synthetic ones, including PEI, have been investigated to deliver nucleic acids either in the form of nano-complexes or particles.




      Recently, microfluidics-based strategies are researched to prepare nanoparticles that can be tuned to be tailored and reproduce structure. The process is being conducted in a microchannel, in a very controlled manner; small volume of liquid reagents is rapidly mixed to form nanoparticles. These synthesized polymeric and lipid nanoparticles can be used for their applications in nanomedicine [4].


    




    

      POLYMERIC NANOPARTICLES FOR DNA/SIRNA DELIVERY




      Nucleic acids are being extensively investigated as a potent tool for therapeutic gene expression inhibition. DNA and siRNA have similar physicochemical properties, rendering vectors suitable for DNA delivery to be a useful carrier for siRNA as well. Linear and branched, both types of cationic polymers, are efficiently used as DNA transfecting agents. The mechanism behind this complex formation is that the positively charged polymers form polyplexes via electrostatic interactions with the negatively charged phosphates of DNA [5], resulting in DNA condensation and protection from being degraded by nucleases. A similar mechanism is utilised for the formation of siRNA-polymer polyplexes or nanoparticles mediated siRNA delivery. Some other polymeric vectors such as micelles, nanoplexes, nanocapsules, and nanogels were also employed for siRNA delivery [6]. A few studies in this arena had shown remarkable strategies for the delivery of specific siRNA for the treatment of several human diseases or silencing of endothelial genes without having any off-target impact on hepatocytic genes [7, 8]. The physico-chemical properties of polyplexes such as surface charge, structure, and size depends on the ratio of the positive charges present on cationic polymers (due to the presence of amino group) to the number of negatively charged phosphate groups of siRNA (i.e., N/P ratio).


    




    

      ADVANTAGES AND LIMITATIONS OF NANOPARTICLES




      Owing to their compact size, nanoparticles can easily cross cellular membranes to facilitate gene or drug distribution in the cells. These are remarkably less cleared by reticuloendothelial system clearance due to their smaller size and could penetrate better into tissues and cells. Polymeric nanoparticles have advantages, and can easily be manipulated because of varying molecular weight, linear and branched, and possess better biostability, are safe and less immunogenic. Even proteins that are beneficial for the study of stem cell research, for example, stromal cell-derived factor 1 (SDF-1) and bone morphogenetic protein 2 (BMP-2) that are involved with mobilization and osteogenesis of mesenchymal stem cells, can be successfully delivered using chitosan-agarose-gelatin nanoparticles [9]. The cost of preparation is quite low and these particles have a high delivery range with respect to the size of the transgene to be delivered. For specific targeted delivery of either plasmids or siRNA, several moieties such as RGD peptides or transferrin can be attached to polymeric nanoparticles [10, 11].




      Due to the small size of nanoparticles, usually 10 to 200 nm size ranges, enhanced interaction of nanoparticles with surface biomolecules or within the cell occurs. This size also makes nanoparticles a beneficial delivery vehicle as they can reach inside the tissues, such as tumors with great specificity. This led to improved targeted delivery of genes or drugs to the cancerous cells [12]. But polymeric nanoparticles do have some limitations as well. The polycationic polymers constituting nanoparticles have a charge present on their surface thus; can have strong electrostatic interaction with charged plasma membrane proteins. This leads to instability and, finally, the rupturing of the plasma membrane [13]. In a comparative study between differentially charged polymeric nanoparticles, it was observed polycationic polymers have the highest toxicity, followed by neutral and anionic ones [14]. To overcome the toxicity problem, strategies were developed based on a decrease in surface charge by coating particles with hyaluronic acid or PEG [15, 16]. Of linear and branched PEIs, the former ones are less toxic and henceforth, more suitable for transfection, even at higher N/P ratio [17]. In addition to the above-mentioned limitations, PEI can possess adverse effects as it is a non-biodegradable polymer. Due to this, PEI can be accumulated within the cells and thus, may interfere with important intracellular biochemical processes [18, 19]. The charge of complexes decides the fate of the activation of the complement system. The complement system gets activated if the ratio of positive to negative ions is increased, but its activation is transversely lowered as the PEI/DNA complexes approach neutrality [20, 21]. To reduce the toxicity of complexes, chemical modifications are carried out; in that, small molecular weight PEIs are joined together to generate higher molecular weight PEIs molecules with the help of bi-functional linkages that are degradable. Another polymer that has found its usefulness as an efficient delivery vector for nucleic acids is chitosan. It has applications as a remarkable in vitro and in vivo siRNA delivery vehicle that is capable of ensuring gene knockdown with minimal toxicity [22, 23]. However, one of the major limitations associated with the usage of chitosan is their low transfection efficiency. The physio-chemical requirements for transfection of nanoparticles are not 100% known and henceforth, must be well explicated before their clinical applications. At times, non-specific stimulation does occur for siRNA delivery via nanoparticles. This could be because of the onset of innate immune inflammatory responses that in turn can stimulate type I interferon (IFN) synthesis. RNA duplex interaction with endosomal Toll-like receptors (TLR) leads to INF production that can be started with the delivery of nanoparticle-siRNA in the endosomes [24]. Such problems could be overcome with a few modifications, such as the introduction of 2′-O-methyl nucleotides into siRNA duplex strand interrupts TLR-7 interaction and related non-specific effects [25]. Incorporation of pH-sensitive moieties in the nano matrix can ensure the efficient release of siRNA for gene silencing.




      Specific binding of siRNA with target RNA depends on high specificity based on Watson-Crick base pairing that constitutes RNA interference via initiating nucleolytic activity of the RISC complex. But at times, off-target effects have been observed where non-specific RNAi-induced gene silencing occurred with the introduction of a gene-specific siRNA. This could be due to the occurrence of partial Watson-Crick base pairing, leading to cross-reactivity. In fact, in some cases, pairing consisting of only 11-15 contiguous nucleotides is sufficient to induce gene silencing. 10-200 nm size range of nanoparticles is comparable to proteins and similarly, these nanoparticles can readily interact with surface biomolecules or those present in the cells. The small size of nanoparticles, therefore, provides an added advantage of being able to infiltrate tumor tissues with greater specificity and thus improving the delivery of drug/gene in a more targeted manner [12]. To synthesize functionalized nanoparticles, required changes in the addition of various layers and coatings are made [26].




      Liposomes are the simplest of nanoparticles that are widely used in clinics for a long time, spherical in structure with lipid bilayers enclosed in an aqueous compartment [27]. In case of liposomes, the fatty layer is supposed to protect and confine the enclosed drug until bound to the outer membrane of the target cells. The solubility of many amphiphilic drugs could be improved by liposomes as the later consist of a hydrophilic core and hydrophobic phospholipid bilayer coat. The advantages of liposomes include not only prolonged circulation time and reduced systemic toxicity but also enhanced uptake into tumors with a constant discharge of their payload [28].




      Dendrimers are branched nanoparticles with an inner core that are made up of different types of polymers such as poly (L-glutamic acid) (PGA), polyamidoamine (PAMAM), poly (ethylene glycol) (PEG), and polyethylenimine (PEI). These polymers have to undergo either convergent or divergent step-growth polymerization [29]. The basic nature of dendrimer is hydrophilicity and henceforth, can be used as a coating agent. The ease of preparation and terminal modifications render dendrimers suitable for targeted delivery or selective imaging of tumors [30, 31]. More than 96% inhibition of growth of tumor cells in animal models was observed with the usage of dendrimers employed to deliver anti-angiogenic angiostatin tissue inhibitor of metalloproteinases gene [32].




      Polymer-drug conjugation helps in targeted delivery specifically to tumors with better suppression of the later due to enhanced permeability and retention time. A lot of research had been done to develop polymeric nanoparticles (NPs) that could be biodegraded. These could be prepared from polylactic acid, polyglycolic acid, polylactic-glycolic acid (PLGA), and poly (methyl methacrylate) (PMMA) and served the purposes for both gene and drug delivery. These can be developed as a second generation of carriers to deliver target specific anti-cancer agents and thus form the solid foundation for polymer-bound chemotherapy [33]. The nano-particles have found their use in control as well as treatment of the central nervous system affecting parasitic infections. These particles can cross the blood-brain barrier efficiently and access the infected tissue for drug delivery [34].




      One such widely studied, biodegradable, and non-toxic polysaccharide polymer is chitosan, which is biocompatible and protects DNA against DNase ensured degradation [35]. Recent research by Öztürk and coworkers has shown the successful application of poly (lactic-co-glycolic acid) (PLGA) NPs and chitosan (CS)-coated PLGA NPs for oral delivery of clarithromycin against several pathogenic bacteria (D).




      Metallic nanoparticles are also pivotal as nontoxic drug carriers for selective delivery, for example, gold NPs. These are modified to be made more beneficial using PEG coatings. In one such study, colloidal gold NPs coated PEG with an incorporated TNF (tumor necrosis factor)-R (PT-cAu-TNF-α) was used to see the effect on tumors. When intravenously administered as thermal therapy in mice models, these NPs showed a significant decline in the growth of tumors [36]. In another study, in MC-38 colon carcinoma, it was observed that colloidal gold NPs bound with thiol derivatized PEG with adsorbed recombinant human TNF on their surface were accumulated specifically in tumors with little or no off-site access to other tissues such as livers, spleens, or other healthy organs [37].




      Therefore, it can be concluded that various polymeric nanoparticles can be modified to achieve not only specificity but also enhanced efficiency for the release of drugs or biomolecules at the target site. The increased retention time and reduced clearance by RES provide a lasting effect of the drug moiety at targeted tumors. It can be said at this juncture that in the coming era, polymeric nanoparticles will provide a crucial platform for the delivery of anti-angiogenic and anti-tumorous molecules with enhanced specificity.
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      Abstract




      Characterization of nanostructured systems is an important aspect to support the choice of the better formulation composition and the best production conditions throughout a development process. Several methods can be used alone or combined for the determination of physical (e.g., mechanical, electrical, electronic, magnetic, thermal and optical), chemical or biological properties of a nanomaterial. This chapter is an overview of the most employed techniques, including dynamic light scattering and laser diffraction for the determination of size distribution; zeta potential and its relationship with stability and the surface charge of the particles; microscopies (optical microscopy, SEM, TEM, AFM) utilized in morphological analyses; spectroscopies in the infrared or ultraviolet-visible regions, and X-rays diffraction, which help to elucidate the crystalline state, polymorphism and drug-nanosystem interaction; and thermal analyses, which can provide information about the physical state, crystallinity, and stability. Further complementary information can be obtained from many other methods, such as nuclear magnetic resonance or Raman spectroscopy, but they are beyond the scope of this chapter. The careful choice of the characterization techniques to be used is certainly a decisive step in the successful and rational development of a nanocarrier formulation.
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      INTRODUCTION




      An important part of the development process of nanostructured systems for bioactive compounds delivery is the determination of relevant physicochemical properties to be measured in order to better understand the developed system. Thus, the characterization of nanosystems has paramount importance, being necessary for product development, both to choose a better formulation composition and to define the best production conditions [1].




      Nanomaterials may assume several forms, such as free-standing nano-objects (like nanoparticles and carbon nanotubes), materials with nanosized holes (including porous films), and other types of materials with a variety of different nanoscale structures (such as nanometer-thick layered structures) [2]. The size distribution, visual aspect, incorporation efficiency of the active molecule to the system, and zeta potential (ZP) have been considered the most important parameters for the characterization of nanostructured objects [3, 4].




      Characterization of nanosystems may include the evaluation of physical (e.g., mechanical, electrical, electronic, magnetic, thermal, and optical), chemical, or biological (e.g., bioactivity, immunogenicity) properties. Often, samples will be characterized in two or more of these properties. Nanomaterials characterization can provide a broader view of physical parameters like size distribution, shape, an organization in phases and structures, polymorphism, or more detailed information about the chemical composition, like the atomic structure, chemical composition of the surface and the presence of coating, as in the case of protein deposition over the nanoparticles’ surface. Thus, characterization methods should provide information about the structures of nanomaterials at various levels of sophistication: crystal structure, microstructure, atom-level structure, and electronic structure [5].




      The nanomaterial can normally be considered a set of four entities: surface, coating (or film), interface and bulk (Fig. 1). They should all be proper charac-terized to better describe it. Nanoparticles and other nanosystems exhibit different physical and chemical properties on the surface, compared to the bulk. The scale reduction of a nanomaterial brings a higher surface area per mass unit, which implies a surface with more atoms. Surface atoms have less neighbor atoms than the bulk ones, having less bonds and interactions, being usually less stable. Therefore, the surface of nanomaterials is more reactive than the bulk condition [6, 7].




      Nanomaterials are commonly made of metallic, semiconducting or organic molecules and are generally coated with polymers or other biomolecules. Nanomaterials are characterized by a relatively large surface area per unit mass and the sphere is the form with the smallest surface area per unit mass. This way, the surface of a solid depends on its shape as well as its size. Still, the final size and structure of nanoparticles depend on the salt and surfactant additives, reactant concentrations, reaction temperatures, and solvent conditions used during the synthesis [8].
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Fig. (1))


      Schematic representation of a nanoparticle divided into four parts: surface, coating, interface and bulk.



      Characterization will evaluate the response of a material or system to a stimulus that can be an incident beam of radiation, particles (such as electrons, or neutrons) or ions. Physical and mechanical interactions may also occur in the evaluation of nanoparticle topography and in profilometry. Therefore, almost all methods will interfere somehow with the sample, causing some type of disturbance, especially in its surface. Not necessarily, the method will induce destructible disturbance.




      On the other hand, the determination of some properties of nanoparticles and other nanocarriers can be misleading at times. Depending on the sample, the obtained experimental data can be reported without complete comprehension and with some associated errors. Polydisperse samples are usually difficult to have their properties measured due to size variations and thus can lead to experimental errors. Due to the fact, there is a lack of references to the metrology of nanoscaled materials, there is not even a consistently preferred measurement for a given parameter. If the particle size is measured using the dynamic light scattering (DLS) method, it takes into consideration the ligand shell, while transmission electron microscopy (TEM) ignores it. Which is right? Which is relevant? Are both needed? Are both stable over time? These are questions that should be answered by the researchers prior to conduct certain studies more efficiently [9].




      Nanoparticles are thus highly complex systems theoretically composed of core (bulk), shells, dynamic shells, ligands, ligand functional groups, surface charge, surface adsorbates, and organized in a structural geometry; all of these properties should be previously planned by the formulating researcher. However, more species can coexist: side products, decomposition products, extra ligands, reactants, catalysts, and salts. Most of the characterization methods usually employed do not measure these other species and their influence is not clearly reported in the literature. Thus, many methods assume material purity without prior demonstrating it [9].




      Nanoparticles dispersed in complex media such as biological, which contain potential interferents, should be measured using an instrument method with high selectivity and sensitivity. Besides, in such media, nanoparticles may undergo structural transformations: they can dissolve, agglomerate, sediment, or even be coated by the deposition of external molecules, resulting in instability and further difficulties to determine the properties of the samples and predict their in vivo biological behavior [2, 10].




      Nanostructured materials are usually synthesized, shipped, processed, cleaned, tested, or dispersed in many solution types. Interactions between nanoparticles and solvent can have some intended and unintended consequences. If nanoparticles are characterized in a dried form, the removal of the solvent and co-solvents should be processed, avoiding phenomena of aggregation or deposition of salts or other solution species on the nanoparticles’ surface [2, 10].




      Considering the small size of nanoparticles, most of the constituent atoms are placed on the surface or next to a surface atom. If the nature of the surface is not known, the particles are not well characterized. For instance, surface coatings, such as those associated with deposition of substances present in biological media, are not identified by many of the commonly used characterization techniques. In addition, attention should be paid to the synthesis route, handling, and processing since variation on these processes can produce totally distinct types of nanoparticles. Finally, nanoparticles are dynamic; they change shape and size with time and respond to the environment. They can grow by agglomeration or just individually, and can be dissolved in biological media or adsorb molecules from it (it is stated single-phase nanoparticles are actually coated by molecules from the environment). Nanoparticles can change by exposure to light or as a function of temperature, and the time for these changes varies from a fraction of seconds to years [2, 11, 12].




      There are numerous useful methods to characterize nanosystems, among them, the main and most applied in practice are: particle size and ZP analysis; thermogravimetric analysis (TGA), differential thermal analysis (DTA), differential scanning calorimetry (DSC), X-ray diffraction (XRD and SAXS), microscopies, including fluorescence techniques, infrared (IR) and ultraviolet-visible (UV-vis) spectroscopies. Classical analytical techniques may also be applied to characterize encapsulation efficiency in the nanosystems, among others: high performance liquid chromatography (HPLC) coupled or not to other techniques such as mass spectrometry (HPLC/MS) and nuclear magnetic resonance (HPLC/NMR), gas chromatography (GC or GC/MS), IR, and UV-vis spectroscopies [3, 13]. In this chapter, some of the most employed characterization techniques in the process of nanosystems development will be presented, as well as the applicability of these methods for investigation of their physicochemical properties.


    




    

      SIZE ANALYSIS




      Particle size determination is considered to be necessary for virtually all processes and areas involving the development of nanometric particles [14]. Properties of nanostructured systems associated with their nanometric size, high structural integrity [13], stability [15], ease of fabrication [16], compatibility properties, the possibility of sustained release [1, 15] and surface functionalization [17] make them a versatile and promising therapeutic delivery vehicle [1].




      DLS is the main technique used to determine the diameter of materials composed of different types of particles dispersed in a liquid medium. These particles can be organic (made of polymers, lipids, carbohydrates, proteins and surfactants), inorganic (made of metals, such as gold or silver nanoparticles, or those formed by oxides of transition metals), or hybrid (formed by an inorganic nucleus covered by organic molecules). Determination of size distribution (polydispersity) is necessary because particles of different sizes have different properties such as reactivity, dissolution rate, stability and efficiency in drug loading (DL) and delivery. Therefore, understanding the use of the proper equipment and the application of methods to measure these parameters is essential to achieve a reduction of the time used to develop a nanostructured formulation [18].




      Particle size, together with surface charge, are the two primary factors responsible for a number of biological effects and responses generated by nanoparticles, including cellular uptake [19], toxicity [20], dissolution [21] and release profile of incorporated drugs [22].




      The measurements of DLS are very simple, easy and reproducible tools to characterize the particles and analysis the quality of their production [14]. The instruments are usually robust, compact and simple to operate, offering easy-to-use digital interfaces and enabling extensive data analysis. In addition, the techniques are non-invasive, requiring minimal preparation of the sample and no need for calibration at each analysis [23].




      

        Dynamic Light Scattering




        DLS, also known as photon correlation spectroscopy, or quasi-elastic light scattering, is the most widely used technique to evaluate the size of suspended particles, both in research and in industry. This technique can be applied to particles with a size in the range of 0.3 nm to 10 µm and is based on the principle that when a particle is irradiated by a light source, such as a laser, the optical light path is disturbed and the light is scattered in all directions. The DLS technique then consists of analyzing the fluctuations of the intensity of scattered light at a given angle. This analysis provides information about the particle motion, which is the cause of fluctuations in intensity [24].




        When small particles are dispersed in a solvent, they assume a movement pattern known as Brownian motion. This is the random motion of microscopic particles immersed in a solvent caused by the shocks of the solvent molecules against these particles as first defined by Einstein [25].




        If the particle dispersion is irradiated by a monochromatic incident light laser, this light will be scattered by the particles in all directions. When the particle size is smaller than λ/10 (λ is the wavelength of the incident light), the radiation will be dispersed in several directions without modification in the energy (elastic scattering) or wavelength of the incident light, occurring oscillations only in the amplitude. This phenomenon is known as Rayleigh scattering and is not angle-dependent. However, when the particle size is larger than λ/10, the light is unequally scattered in energy (inelastic scattering) and is angle-dependent. The scattered light has the most intense energy in the same direction as the original beam. This anisotropic phenomenon is known as Mie scattering [14] (Fig. 2).




        As the particles are not stationary, but in Brownian motion, the distance between them is constantly changing, causing constructive or destructive interferences in the diffracted light. When the scattered light is projected onto a detector that collects the signal pattern, the diffracted light can arrive out of phase, due to destructive interferences (dark spots), or in phase, due to constructive interferences (bright spots). Therefore, the intensity of the signal fluctuates over time. The rate of these intensity variations depends on the speed of particles (smaller particles diffuse faster), thus, size distribution information is obtained by analyzing the fluctuations in the intensity of the scattered light [26]. Equation 1 relates the signal intensity with the radius of the particle:
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Fig. (2))


        Light scattering as a function of particle size and wavelength ratio.
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        where I0 = intensity of the incident radiation and λ = wavelength of the incident radiation, R = distance to the scattering center, θ = angle at which the light is scattered, n = refractive index, and d = particle diameter.
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Fig. (3))


        Correlation between light intensity changes and particle size.



        If the scattering centers are independent and are randomly distributed in the dispersion media, the probability of constructive and destructive interferences between the scattered radiation waves will be the same since, due to Brownian motion, the distance between the particles (scattering centers) varies with time. In this case, smaller particles move faster when compared to larger ones (Fig. 3). Therefore, smaller particles cause higher rates of fluctuation in the intensity, and larger particles generate less fluctuation. Thus, the measures of fluctuations in the intensity of scattered light as a function of time bring with them information about the motion speed of these scattering centers, i.e., this correlation can define the value referring to the translational diffusion coefficient of the particles (DT) [14, 21, 25].




        Assuming that the particles are spherically symmetrical and are in Brownian motion (for example, globular proteins, other polymers and lipid vesicles in suspension), the Stokes-Einstein equation can be used to calculate the hydrodynamic diameter (DH) of the particles, which is inversely proportional to the DT (Equation 2).
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        where kB = Boltzmann constant (1,38064852 x 10-23 J/K), T = temperature (K) and ƞ = absolute viscosity of the solvent and DH = hydrodynamic diameter.




        To define DH, the measurements consider the association of the nanoparticle with counterions and hydration layers (Box 1). It is then expressed as the mean diameter (Z-average) of the particles, which must be in thermal equilibrium with the solvent. The Rayleigh and Stokes-Einstein scattering equations indicate that DLS results depend on a few variables, including solvent viscosity, instrument, temperature, and refractive index of the material. However, DLS provides only an indicative size of the colloid since DH varies with the variation of the particle corona, especially the soft corona. Another limitation is that the DLS measurements provide information in DH, which assumes that the particles have a spherical shape. Nevertheless, if the particle has a shape too different from a sphere, such as cylinders, nanostars, nanorods, the obtained diameter would be too different from the real dimensions of the object [14].




        Several studies cited in the literature have used DLS as the method of choice for the determination of Z-average and polydispersity or polydispersion index (PDI) [15, 27, 28]. In previously published studies by our group, involving the incorporation of retinoic acid [29-33], paclitaxel [34], and benznidazole [35] in nanostructured lipid systems, one can see the application of the DLS technique for the determination of mean particle size and PDI.




        There are many examples in the literature showing the differences in measuring particle size by DLS or microscopy methods. Just to exemplify, in the work of Li et al. [36], the size distribution of doxorubicin-loaded keratin nanoparticles was determined by DLS and scanning electron microscopy (SEM). The values obtained for the same formulation were around 215 and 150 nm for DLS and SEM, respectively. Clearly, it is expected that the value obtained in DLS is somewhat higher since it is associated with the hydrodynamic diameter, unlike microscopy, which determines particle diameter in a dry sample [14].




        The great advantage of using DLS in many research laboratories as well as in industries is the applicability in production stages without destruction or alteration of the product. In addition, DLS commercial equipment can be used for diverse systems such as polymers, proteins and particles [37].




        

          Box 1 Protein corona formation in nanostructured systems: impact on particle size analyses.




          

            

              

                	Particles in colloidal systems develop random translational movements and rotate very fast. When the particle concentration is increased, the number of collisions between them also rises, since the average pathlength traversed by them is reduced. This way, by changing the concentration of the particles in the sample, the interparticle interactions also change.


                With the size reduction to the nanometer scale, the surface of the dispersed particles is also changed, including surface charges. Thus, the adsorption of other components on the surface of the nanoparticles is facilitated due to the higher surface area. A classic example of this phenomenon is the deposition of proteins from a biological medium, creating the characteristic protein corona. This way, the particle has its surface hydrated and surrounded by molecules which are not ingredients of the particle itself. The corona has components attached by strong or weak interactions: the hard corona, a stable inner layer tightly attached to the surface particles [38] and the outmost layer formed. The soft corona, a relatively loose layer composed of molecules of different charges and size on hard corona top [39].


                Consequently, what actually disperses the light is the nuclei containing the nanoparticles with their surface layer hydrated/solvated, with different compositions. Therefore, in DLS, the size (hydrodynamic diameter) is determined for nanoparticles with different chemical compositions on the surface when compared to the ones originally synthesized [40] (Fig. 4).


                The hydrodynamic radius (RH) is the radius of a hypothetical sphere that moves with the same speed as the sample particles. Such hard spheres do not exist in colloidal dispersions, since the composition of corona, especially the soft corona, is dynamic and changes with the ionic strength, types and size of the molecules present in the dispersion media, and types of solvents.

              


            

          




        




        

          Equipment




          Several instruments for DLS analyses are available from several suppliers. It is not the scope of this text to mention this but to highlight the components common to them. Basically, these instruments generally have three main components: light source, sample, and laser detector (Fig. 5).




          

            Light Source




            Usually a 4 mW He-Ne or with variable wavelengths lasers (depending on each equipment, most common at 633 and 638 nm - red laser, or 532 nm - green laser); 60 mW diode lasers at 830 nm are also used [14]. Laser sources provide a stable beam of coherent monochromatic light. There is an attenuator available to change the power of the laser, enabling analyses that do not destroy or alter the samples, so it is applicable for industrial purposes of development and production of nanoparticles.


          




          

            Sample




            Clean square cuvettes made of scratch-free glass or optically translucent disposable plastic are used (3x3 mm, 5x5 mm or 10x10 mm) [14]. These cuvettes are inserted into a dark, isolated chamber to perform a measurement (Fig. 5). Inside this chamber, which must be properly closed to perform the analyses, it is also possible to control the temperature of the sample in the range of 2 to 90 °C. Plastic cuvettes with inbuilt electrodes capable of measuring DLS and ZP at the same time are also available [23].
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Fig. (4))


            Nanoparticles core with hydrated/solvated surfaces and different attached compounds.

          




          

            Detector




            Newer DLS instruments are equipped with avalanche photodiode detectors (APD) efficient to detect the red wavelength 633 nm laser. In the latest versions, detectors can be placed at the angles of 13º or 173° to detect backscattering, although in some older versions, the only angle available is 90° (Fig. 5). By enabling the backscattering detection when the detectors are placed at 173°, the incident beam does not have to pass through the entire sample, avoiding multiple scattering, where the scattered light from one particle is re-scattered by other particles. Thus, the excess of dispersed light can be excluded. This helps to unmask low-intensity scattered light signals from smaller particles. The area of the illuminated sample within the cuvette is also increased (about 8-fold) compared to the 90° arrangement. In this backscatter arrangement (non-invasive backscatter system – NIBS), if necessary, the lens can be focused in the middle or close to the walls of the cuvette if the sample is too diluted or concentrated, respectively [14].
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Fig. (5))


            Schematic representation of DLS equipment.



            In addition to the above components, the DLS instruments also have a goniometer (to measure the scattered light angles), an autocorrelator (which correlates the variation rate of the dispersion intensity over time) and a processor for analysis of the signal data.


          


        




        

          Performing the Technique




          Sources of error and variations may arise during sampling, sample preparation, instrument configuration and instrument operation. Some of them may be user-dependent, so when performing the DLS technique, it is necessary to consider some important factors to obtain reliable data, which truly represent the characteristics of the particles present in the sample.




          Samples should be clear, homogeneous and free of mist, and care should be taken to avoid contamination by particles larger than the particles under analysis (e.g., dust and lipids). Some solvents, as toluene, scatter light and cause interference, creating background noise while others, such as DMSO, changes the viscosity drastically with slight variation in temperature. Deionized water is not a good solvent either as the absence of ions fails to block long-distance interactions between particles. Checking precipitates is also important since it confirms the presence of bigger particles due to poor dispersion, polydispersity, alterations in pH, and poor sonication process (to avoid agglomerates). Sonication deserves attention to avoid protein denaturation and can be sluggish to obtain a homogeneous dispersion of nanoparticles [23, 41].




          In higher nanoparticle concentrations, the scattered light from one particle interacts with others, losing intensity before reaching the detector, which is called multi-scattering phenomenon. Therefore, the size measured will be smaller, underestimated. Moreover, particle agglomeration is favored in high concentrations. On the other hand, if the sample is too diluted, the generated signal from the scattered light might be too low to analyze. To obtain the optimal concentration is important, but it depends on the instrument and the sample conditions. Factors such as scattering volume, scattering angle, laser power, detector sensitivity, molecular weight, compactness, and shape of the material directly influence the required concentration for the measurements [23].




          Colored and fluorescent samples should be avoided to have their diameter measured by DLS. Since it is possible for the sample to absorb the light at the wavelength of the incident beam, the intensity of the scattered light will be lower, and a smaller size will be determined, underestimating the value. In the case of fluorescent light, it is non-coherent and recorded as noise, resulting in low-quality data and broadening of peaks [24].


        




        

          Analyzing the Results




          The DLS technique gives us results regarding the intensity of the light scattered as a function of the particle size distribution and uses specific algorithms to convert them in the contribution by volume and number.




          In order to better understand the size distribution as a function of intensity, number and volume, consider as an example a sample containing nanoparticles with diameters of 5 and 50 nm in equal quantities. Distribution by number would generate two peaks with same relative percentage (1:1) centered at each size value, 5 and 50 nm. If these data are considered as a function of volume, the peak of 50 nm would have a contribution 1,000 (103) times higher than the peak of 5 nm, because the volume of the sphere is proportional to its radius (r) raised to the cube (r3). Finally, in the distribution by intensity, the information directly provided by the DLS technique, would show a contribution 1,000,000 (106) times higher for the peak of 50 nm, since, by the Rayleigh equation (Box 2), the intensity of the scattered light varies with r raised to the sixth power (r6) (Fig. 6) [42].




          Thus, the more monodisperse the system is- with a narrow distribution range of the sample size – the more reliable the particle diameter result (the lower the standard deviation). In polydisperse systems, the particle size distribution will be defined using algorithms present in the equipment software to aid in the analysis, such as Contin [43], already present in the software. Anyway, analysis of polydisperse samples by utilizing the intensity distribution might not correspond effectively to the number of particles present in each distribution.
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Fig. (6))


          Particle size distribution by number (a), volume (b) and intensity (c).



          PDI can be obtained from the width of size distribution. If a Gaussian distribution is assumed, PDI is the relative variance, associated with the standard deviation (σ) and to the RH, as demonstrated in equation 3 [44]:
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          Therefore, high PDI values indicate heterogeneity of the suspended nanoparticles diameter and low PDI values suggest that the particle diameter distribution has a narrow range, indicating a tendency to monodispersion. If the sample is spherical, reasonably narrow and monomodal, PDI should be below 0.1. Samples with a PDI up to 0.3 are considered to have a narrow size distribution and Z-average size and PDI should be used for comparative purposes to samples measured in the same conditions. In broader distributions, with PDI over 0.7, the sample is so polydisperse that Z-average values are not reliable and a distribution analysis should rather be performed [23].


        


      




      

        Laser Diffraction




        Laser diffraction (LD), also known as small angle static light scattering, has been applied for size determination of particles ranging from hundreds of nanometers up to several millimeters, and mixtures of those. This technique uses the fact that depending on the particle size, the pattern of diffracted light should be different. That is what happens when a laser beam (light source) hits a particle and is detected by a ring detector system [45].




        However, besides diffraction, other phenomena are observed: reflection, refraction, absorption, or re-radiation (as heat or light) and the detector cannot distinguish these more complex scattering patterns, which spread light in every direction [46]. The scattering patterns depend on the ratio of particle size to the incident light wavelength and, thus, three shapes of scattering can be distinguished: Fraunhofer, Mie and Rayleigh scattering [47] (Box 2).




        

          Box 2 Shapes of scattering patterns.




          

            

              

                	

                  According to the ratio of particle size to the incident light wavelength, three types of scattering can be shown. If the particle is much larger than the wavelength, it will show a Fraunhofer scattering pattern, if the particle is much smaller (>10 times), it should show the Rayleigh scattering. In the intermediate region, particles show Mie scattering (Fig. 2).


                  The pattern showed by smaller particles is the Rayleigh scattering, characterized by having the same intensity of forward scattered and backscattered light. The intensity of forward scattered light increases as the particle size increases. Thus, in Mie scattering, the ratio of forward scattered to backscattered light intensity is higher, and even higher in Fraunhofer scattering, which is associated with strong forward scattering and weak backscattering intensity.


                  Rayleigh scattering occurs when the particles have a size less than 1/10 of the incident light wavelength. Above this ratio, the scattered light should have more intense energy in the same direction as the original beam, characterizing Mie scattering [14].


                  Considering that the scattering phenomenon is complex, the application of the Mie formula (Equation 4) is important to obtain the correct analysis. This formula has, among many others, three influence factors: the particle radius (A), the angle of scatter (W) and the optical parameters (m), the imaginary and real refractive index (expressed as complex refractive index).
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where I = intensity of scattered light, E = flux per unit area of the incident light, k and K = constants, J1 = first order Bessel function of the first kind. Fraunhofer term is highlighted in blue and Rayleigh term in green.


                  Therefore, the particle size can be calculated from the scattering angle and the optical parameters. In Fraunhofer approximation, when the particle size is 5-6 times higher than the wavelength of the incident beam, the angle of scatter is very small and then the optical parameters are not required since all the mathematical term is cancelled out. Considering that, in practice, the wavelengths range from 633 to 800 nm, and more usually from 633 to 750 nm, this approximation is applied to particles above 3.8 to 4.5 µm. For particles under this size, all Mie formulas should be considered, and thus the complex refractive index should be included.

                

              


            

          




        




        Depending on the wavelength of the light source, the lower size limit of detection is around 400 nm; thus, in order to analyze small particles up to 20 nm, additional techniques are associated with enhancing the measuring range for submicron particles. It is possible to gather more information on the scattering pattern by detecting light intensities not only in the forward scatter, but also in other directions, to detect side scattering and backscattering. Therefore, it is possible to determine if the particle generates Rayleigh, Mie or Fraunhofer scattering [46].




        In addition, many manufacturers use two or more different wavelengths and the measure is performed twice (with horizontal and vertical polarized light) to analyze the change in the scattering pattern, obtaining a good analysis result. Therefore, LD analysis involves not only LD measurements, but the combination with other techniques through determined algorithms [47].




        Thus, LD, as well as DLS, uses the principles of light scattering to determine particle size. In LD, the size distribution estimation is defined by collecting the scattered light intensity as a function of the scattering angle (θ) [45]. This angle is generated when the incident beam collides with a suspended sample with the aid of a series of detectors placed at different spatial locations. Thus, it covers a defined extent of dispersion angles of incident light (Fig. 7).
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Fig. (7))


        Spatial arrangement of LD detectors.



        As an example, one can imagine two spherical particles of equal size exposed to a beam of parallel monochromatic light (Fig. 8). The light, when scattered at equal angles, remains parallel and will be focused by an adjustable lens on a specific point in the plane of detection. Each particle size will have its own characteristic dispersion patterns, since particles with equivalent size will disperse light at the same deviation angle, as a fingerprint related to particle size [46].




        One of the detectors will be aligned with the specific light scattering angle generated by particles of equal size. This signal point is collected by detectors scattered at different angles, added and combined with other possible points generated by light scattered at other angles by particles of distinct sizes. Thus, it is created a scattering pattern that is independent of the particle position and its motion in the optical field. This happens since, at any point where the particle is passing through the light beam, the angle of light deviation will be the same [46].




        This pattern directly correlates the intensity with the light angle deviated by particles of different sizes contained in the sample, generating results that will be expressed as a function of the size distribution (Fig. 9).




        
[image: ]


Fig. (8))


        Parallel scattering of light by particles of the same size and after focusing to a detector by an adjustable lens.
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Fig. (9))


        Angle of deviations (θ) of the light from different particle sizes.



        The success of this technique is based on the fact that it can be applied to various types of particle systems, since the equipment has specific compartments, known as sample dispersion units, enabling analysis of materials in the form of dry powders, suspensions, emulsions or even in aerosol [48], in the size range of 10 nm to 3500 μm [45]. The experimental procedure is rapid and there is a variety of commercially available instruments.




        However, in general, LD equipment is high-cost, not very compact, and does not have the necessary resources for the determination of ZP, which is usually present in DLS systems. Therefore, the versatility of DLS equipment is higher than LD equipment and should also be considered. For multimodal samples, LD is more useful to evaluate if the nanoparticulated system contains larger particles than to determine the size distribution.




        When comparing DLS and LD techniques, the results obtained are not always the same and often differ between 10 and 20%, depending on the experimental conditions and the type of nanoparticle. While the lower limit of detection is smaller for DLS, the upper limit of detection is higher in LD. Therefore, for smaller nanoparticles (for example, ≤ 50 nm), DLS provides better data, whereas for larger particles (e.g. ≥ 1 μm) LD is more adequate [14].




        

          Equipment




          Laser diffraction instruments are basically composed of one or more light sources, typically a low power laser (red laser – 4 mW He-Ne, 632.8 nm; blue LED laser – 10 mW, 470 nm), an arrangement of the convergent lens (Reverse Fourier Optics), a sample holder compartment, detectors positioned at variable angles, a correlator, and a computer to analyze the results (Fig. 10) [45].
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Fig. 10)


          Schematic representation of LD equipment.

        




        

          Performing the Technique




          The equipment available in the market is relatively simple to handle; however, it is necessary that the operator has attention in some steps of the procedure.




          

            Sample Preparation




            Usually, the most modern equipment will automatically define the correct sample concentration by providing the feedback in real time when the ideal condition is reached in the dispersion units; if it is not the case, the sample should be prepared by dispersing it in the correct concentration [45].


          




          

            Selecting the Dispersant




            One of the crucial steps to obtain reliable results in particle size distribution is the appropriate choice of the dispersing medium. That happens because the refractive index of the medium must be known and the sample should present its real individual size and not dissolve in the solvent. The dispersant may be any liquid which is clear and optically uniform at the wavelength used in the analysis, as long as it does not interact with the sample by changing its original size. The most commonly used dispersants in the analysis routine are water (refractive index 1.33), ethanol (refractive index 1.36), isopropyl alcohol (refractive index 1.39), acetone (refractive index 1.36), butanone (refractive index 1.38) or hexane (refractive index 1.38) [41].


          




          

            Choosing the Dispersion Unit




            Each sample has a dispersion unit suitable for properly disperse each type of sample (liquid dispersions or aerosols) in an ideal dispersing medium. The objective of the sample dispersion units is to ensure that the sample is pre-treated by being properly dispersed prior to interact with the light beam [45].




            The equipment available on the market may have fixed dispersion units (in older models), or have dispersion units that are easy to replace (more modern and versatile models), increasing the possibility of analyzing various materials. These models generally have individual dispersion units, compatible with the analysis software. They can be purchased individually according to the needs of the formulator regarding the samples that will be characterized. Some dispersion units may have a sonic probe (40 W) for fast dispersion of agglomerates, helping to generate results that represent the real particle size distribution [45, 49].




            After prepared, the sample is taken to the optical field by pumping, if particles are dispersed in liquid; by vibration and flow, if dry powder, and by spray, for aerosol particles. In the optical field, the sample will collide with the light beam and will be deviated towards to the detector. If there are errors in the preparation, like if the sample is not representative, poorly dispersed, or exhibits agglomerates, the obtained results will not be trustworthy [45].




            Therefore, when the sample is properly prepared, the obtained results are more likely to be representative of the real size distribution of the sample.


          


        




        

          Analyzing the Results




          The oscillations of light intensity as a function of the angle θ will be correlated in the equipment software by specific mathematical algorithms, varying according to each manufacturer [50].




          The results will be presented as a histogram of particle size distribution, i.e., frequency of particles in function of size (Fig. 11). The histogram divides the results in discrete size ranges along the horizontal axis. The number and size of ranges are determined in the equipment software. The height of the vertical bars corresponds to the volume percentage of the particles in each range. The curve of particle distribution is therefore constructed by connecting the tops of the bars with the median point of each size range. The shape of the graph may then follow a Gaussian trend or may present an asymmetrical shape [45].




          The data can also be presented by a cumulative particle size curve (Fig. 12). In this case, the horizontal axis scale represents the mean diameter of the particles and the vertical axis represents the cumulative frequency, varying from 0 to 100%. This form of presenting the results enables the formulator to obtain information about the percentiles of particles above or below a specific diameter value, allowing optimization in the development and characterization process [45].




          Knowing the forms of presenting the results inherent to each instrument, as well as the editing and adjustment tools of the software, is of great value to the formulator. Through the careful analysis of the results, LD can also be a useful tool to conclude when the formulation developed meets the size and polydispersity specifications.
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Fig. (11))


          Particle size distribution histogram.
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Fig. (12))


          Cumulative particle size curve.

        


      




      

        Zeta Potential




        ZP is a very useful tool to understand and characterize colloidal suspensions, being directly associated with colloidal system stability (Box 3). It is expressed as a measurement of the electrostatic attraction or repulsion between ions of the dispersing medium and the particles. The interaction between particles and polar liquids is governed not only by their surface electrical potential but by the effective relationship between the particle (and associated ions) to its colloid nucleus, which is present in charged layers over the surface and in the surroundings of the particle [51].




        

          Box 3 Stability of colloidal systems and DVLO theory.




          

            

              

                	

                  Particles suspended in a liquid medium exhibit Brownian motion (refer to section 2.1 for more detailed explication), which generates constant collisions between them.


                  The DVLO theory (developed by Derjaguin, Verwey, Landau and Overbeek in 1940) suggests that colloidal system stability is dependent on the particles total interaction energy which in turn depends on some competing contributions (Equation 5):
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                      	(5)

                    


                  
where W(D)A = attractive interaction energy due to van der Waals interaction, W(D)R = repulsive interaction energy due to electric repulsion, and W(D)S = energy due to the solvent, which has a marginal contribution. Among other factors, W(D)R also depends on ZP.


                  Thus, an energy barrier resulting from the repulsive force prevents two particles from approaching and aggregating (Fig. 13a). But if, due to Brownian motion, the particles collide with enough energy to overcome this barrier, the attractive forces overcome the repulsion generated by the surface charges. This collision will pull the particles into contact by sticking together in strongly and irreversibly attached aggregates. Therefore, the system is less stable [52, 53].


                  If ZP is reduced (in high salt concentrations), reversible adhesion between particles can take place (Fig. 13b). Despite these flocs are weak, they are not broken up by the Brownian motion, but they may be dispersed if a vigorous agitation or another kind of energy is applied.


                  On the other hand, if the particles have a charge that generates sufficient repulsion to overcome the attraction forces, the dispersion will resist flocculation and the colloidal system will be stable. However, if the system does not exhibit sufficient repulsion energy, flocculation will eventually occur.


                  From the DVLO theory, the conclusion is that the stability condition of a colloid system is not dependent only on ZP, since it only provides information about the electrostatic repulsive forces, but also on van der Waals and other interactions. Therefore, it is not uncommon to find stable colloids with low ZP and unstable colloids with high ZP values [52-55].
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