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Abstract

:

Composites of hydroxyapatite (HAp) are widely employed in biomedical applications due to their biocompatibility, bioactivity and osteoconductivity properties. In fact, the development of industrially scalable hybrids at low cost and high efficiency has a great impact, for example, on bone tissue engineering applications and even as drug delivery systems. New nanocomposites constituted by HAp nanoparticles and synthetic or natural polymers with biodegradable and biocompatible characteristics have constantly been developed and extensive works have been published concerning their applications. The present review is mainly focused on both the capability of HAp nanoparticles to encapsulate diverse compounds as well as the preparation methods of scaffolds incorporating HAp. Attention has also been paid to the recent developments on antimicrobial scaffolds, bioactive membranes, magnetic scaffolds, in vivo imaging systems, hydrogels and coatings that made use of HAp nanoparticles.
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1. Introduction


Hydroxyapatite (HAp, Ca10(PO4)6(OH)2) is the main inorganic constituent of bone and teeth and therefore has been extensively studied as an artificial bone substitute [1,2]. Moreover, composites prepared from synthetic HAp and collagen have a great potential to mimic and replace skeletal bones. Biomedical applications of calcium phosphate (CaP) based scaffolds take for example advantage of their ability to induce bone formation and vascularization and to cover varied uses such as bone augmentations, artificial bone grafts, maxillofacial reconstruction, spinal fusion, periodontal disease repairs and bone fillers after tumor surgery [2]. In fact, reconstructive tissue engineering is nowadays a highly active research area that involves the development of materials with outstanding properties. These can only be achieved by means of combining different components, processes and technologies. Scaffolds constituted by biodegradable polymers and HAp nanoparticles have a great potential due to the excellent combination of properties (e.g., enhancement of biocompatibility and reinforcing effect provided by the inorganic component) and the facility of preparation.



Researches are nowadays extensively involved in the study of bionanocomposites based on HAp nanoparticles due to both their recognized applications in the biomedical field and their high potential for new specific uses [3]. In this way, development of new processing technologies, surface treatments, encapsulation techniques or incorporation of compatibilizers are topics that have made great progress in recent years and deserve special attention. The successful combination of desired properties of matrix polymers with those of fillers should lead to innovative materials having both appropriate in vitro and in vivo properties for their use in the biomedical field [4]. HAp bionanocomposites can be obtained following different processes that are able to provide specific features for a specific purpose but, unfortunately, none of them can cover all possible requirements. Thus, materials that can be applied for example in tissue engineering should fulfill a wide range of specifications: degradation products must be biocompatible and non-toxic, the scaffold should have a 3D porous geometry, good mechanical properties and should provide an appropriate microenvironment for cells regenerating the tissue, supporting cell attachment, proliferation, differentiation, and neo tissue genesis [5].



The present review is a survey of recent works concerning hydroxyapatite nanocomposites, being organized in sections that firstly deal with preparation methods of nanoparticles and derived biocomposites with applications in tissue engineering. Secondly, the modification/encapsulation techniques that provide functional bionanocomposites are considered. Specifically, the development of bionanocomposites with antimicrobial properties, doping with biomarkers for imaging and medical diagnosis, and finally encapsulation/adsorption of transfecting agents, proteins and drugs are mentioned [6,7]. HAp has been revealed as a highly promising system for new therapies that take advantage of the capability of HAp to mask biomolecules, cross biological barriers and deliver drugs just onto the disease target.




2. Preparation of HAp Nanoparticles


CaPs can be found in different individual phases (e.g., amorphous calcium phosphate (ACP), tricalcium phosphate (TCP), tetracalcium phosphate (TTCP), brushite (B), monetite (M), octacalcium phosphate (OCP) and hydroxyapatite (HAp)) that differ on crystalline structure, composition and Ca/P ratio (e.g., calcium-deficient HAp), degree of substitution (e.g., carbonate-substituted HAp) and properties (e.g., solubility and bioresorbability). Nevertheless, none of these phases can be considered as an ideal material and consequently the development of multiphasic systems is gaining attention [8].



In any case, HAp is the most stable and less soluble calcium orthophosphate, being its structure defined by a monoclinic P21/b space group (a = 0.984 nm, b = 2a, c = 0.688 nm and γ = 120°), although at high temperatures (ca. 250 °C) converts to a hexagonal P63/m space group a (a = b = 0.943 nm, c = 0.689 nm and γ = 120°) [9,10].



Porous HAp particles can be prepared according to a great diversity of methods [11] such as self-assembly [12,13,14,15], spray drying [16], double emulsion [17], solvothermal [18], sol-gel [19] and hydrothermal [20,21,22,23].



In general, the most widely used methods are based on chemical precipitation routes according to any of the following chemical reactions:


10 Ca(OH)2 + 6 H3PO4 → Ca10(PO4)6(OH)2 + 18 H2O



(1)






10 Ca(NO3)2 + 6 (NH4)2HPO4 + 2 H2O → Ca10(PO4)6(OH)2 + 12 NH4NO3 + 8 HNO3



(2)







Despite the high simplicity of nanoprecipitation, a great control over morphology and size can be achieved by modification of experimental conditions [24,25,26] and the addition of surfactants [27] (e.g., stearic acid, monosaccharides and cetyltrimethylammonium bromide (CTAB)) and chelating agents [28,29] (e.g., trisodium citrate and potassium sodium tartrate). Thus, the way reactants are mixed, the solvents that are employed or the pH conditions play a fundamental role on the final structure and morphology. For example, a rapid mixing of reactant solutions firstly leads to amorphous calcium phosphate [24], which after thermal treatment converts to a crystalline phase [25]. In addition, it is well-known that high and low pHs tend to form isotropic and anisotropic particles, respectively [26].



Self-assembly using a soft template approach is another simple method that is receiving great attention. In this case, the control of pore size can be undertaken by selection of co-surfactants and pore expanders. Specifically, large pore hydroxyapatite particles have been synthesized using 1-dodecanethiol (RSH) as a pore expander and CTAB as cationic surfactant [11]. Swelling of particles was reported to be a consequence of electrostatic interactions between the dissociated 1-dodecanethiol molecule (RS−) and the cationic molecules of the surfactant (CTA+). A decrease in particle length/diameter ratio with the increase in the synthesis temperature and the RSH/CTAB ratio (R) was observed (Figure 1).



The common methods applied to produce HAp usually require relative long times (e.g., 24 h) and need elevated processing conditions such as high pH, temperature or ultra-sonication, which usually rendered HAp with properties deviating from biological apatite. Moreover, HAp is usually produced according to the stoichiometric Ca/P ratio being absent other ions (e.g., Na+, K+, Mg2+, Cl−, HCO3−, and SO42−) found in bones. An interesting approach to overcome these difficulties has been proposed [30] and specifically a simulated body fluid (SBF) with a similar salt composition to human blood plasma and an increased precursor concentration (i.e., Ca2+ and PO43− ions increased to 3.5 times) has been revealed effective. Preparation of this “bone like” carbonated HAp could be performed in only 3 h, having formed nHAp crystals with a uniform rod shape of dimensions close to 27 nm × 7 nm. The short time required for preparation of nHAp makes this methodology highly promising for the development of HAp coatings on metallic biomaterials since productivity should be improved. In addition, short times would be helpful for using cells in combination with biomimetic nHAp in situ during coating processes.



A recent but alternative approach to prepare nanoparticles is based on the use of synthetic templates which act as molecular cages that are able to block reactions in the nanoscale region [31,32,33]. This process has been successfully applied for preparing HAp nanoparticles using cages of saccharides that are stabilized by strong intermolecular interactions (Figure 2) [34].




3. Preparation of Bionanocomposites Incorporating HAp


Polymers incorporating nHAp particles can be considered inside the bionanocomposite group, which corresponds to a novel class of nanostructured hybrid materials. In general, this group involves multiphase materials that should contain at least one phase of biological origin and particles with at least one dimension on the nanometer scale. The resulting hybrid materials usually have improved functional and structural properties with respect to the constitutive phases. Development of bionanocomposites based on HAp opens multiple prospects, which mainly concern to the biomedical field and more specifically to the hard tissue engineering. In any case, the progress on such materials requires the research on multidisciplinary fields such as the production of bioinspired materials and biomimetic systems as well as the comprehension of biomineralization processes.



3.1. Bionanocomposites


Combination of HAp with another biopolymer can help to overcome certain inherent limitations such as poor load bearing properties, difficulty to be processed in a determined shape and high mobility [35,36]. Multicomponent materials are designed to provide the appropriate combination of properties for each specific application. However, typical phase separation problems, which can arise along time, should be avoided. Coating or grafting of HAp nanoparticles with polymers compatible with the polymer/copolymer matrix are good approaches. For example, polylactide (PLA) was easily grafted on the surface of nHAp particles through reaction with their surface hydroxyls and then incorporated in a poly(l-lactide-co-glycolide) (PLGA) matrix in such a way that improved properties, tensile strength and dispersability were observed with respect to ungrafted systems [37].



Chitosan [poly-β(1→4)-2-amino-2-deoxy-d-glucose] (CHI) is obtained by deacetylation in strong alkaline solutions and by enzymatic hydrolysis of chitin (poly-(1→4)-N-acetyl-glucosamine), which is the second most abundant natural polymer. CHI is biocompatible, biodegradable and has interesting properties (e.g., antimicrobial and antioxidant activities) that justify its use in multiple fields such as biology, food nutrition, medicine (e.g., tissue engineering), and pharmacy [38,39,40,41,42]. CHI based tissues should mimic the behavior of the replaced tissue, being an ideal system with a practically insoluble outer surface and an inner surface (i.e., in contact with the tissue) capable to experience a progressive degradation and a complete resorption after finishing the regeneration process.



Carboxymethylated-chitosan (CMC) has some advantages with respect to chitosan due to its higher solubility (e.g., in water, alkaline solutions and physiological conditions). More interestingly, CMC is capable to adsorb calcium ions and has a great influence on precipitation of biominerals [43,44], even enhancing bone regeneration.



nHAp particles have been easily embedded in CHI and CMC matrices, following a one-step co-precipitation method in water [45]. Selected biopolymers act as capping ligands able to control both nucleation and growth rate of HAp during the precipitation process while serve to give rise to a biocomposite network. In this sense, CMC was able to produce lower size and narrower size distribution of HAp particles and higher cell viability of the bionanocomposite caused by the higher surface of particles.



The sol-gel method has been applied to produce new bionanocomposites based on HAp nanopowders doped with calcium fructoborate, which have promising applications as osteosynthesis materials [46].



Nanocomposites of cellulose and HAp can be used as synthetic grafts since may accomplish many of the strict requirements requested for bone graft substitutes (i.e., mechanical support and moderate stiffness, capability of integrating with the host bone tissue, biocompatibility, enhancement of bone regeneration and biomechanical stability) [47,48,49,50].



Bacterial cellulose (BC) is having currently an increasing attention for tissue engineering applications due to its good specific properties (high water holder capacity, purity, crystallinity, mechanical strength and ultrafine fibrillar structure) [51]. Nevertheless, its high production costs hinder its commercial use. In order to get cheaper nutrient sources, BC has been produced from agroindustrial waste, being also observed that HAp was deposited with relatively good uniformity between nanobiofibers giving rise to similar characteristics than biological apatite [51].




3.2. Electrospun Scaffolds Incorporating HAp Nanoparticles


Electrospinning is an easy and low cost technique able to produce micro/nanofibers through the application of a high electrical field [52]. A charged polymer jet is formed when the applied electrostatic charge overcomes the drop surface tension of a polymer solution slowly ejected through a capillary. The jet is subsequently collected on a grounded collector giving rise to porous scaffolds after their accumulation. Control of processing parameters (e.g., voltage, flow rate and tip-collector distance), solution properties (e.g., solvent, polymer concentration and viscosity) and environmental conditions (e.g., humidity and temperature) allows tailoring the morphology of the derived fibers [53]. Moreover, electrospinning allows easy incorporation of drugs and nanoparticles into the fibers by dissolving/dispersing them into the initial polymer solution. Electrospinning is therefore appropriate to get fibers with comparable dimensions to fibrils existing in the extracellular matrix (ECM), porous scaffolds suitable for cell colonization and materials with enhanced bioactivity. Cautions must be taken into account when toxic organic solvents are employed and, consequently, different emulsion processes have been considered [54,55,56].



Electrospinning of polymer solutions incorporating HAp nanoparticles may cause some problems like the decrease of mechanical properties and loss of structural stability of the final scaffold due to the lack of adhesion between the inorganic and the organic phases [57]. HAp nanoparticles are therefore usually grafted with an organic and biodegradable polymer to facilitate their adhesion with the polymer matrix. Different examples can be found as the successful electrospinning of poly(lactic-co-glycolic acid) and HAp grafted with polylactide (PLA) as compatibilizing agent [58]. A second option to improve interactions between the inorganic and the organic component is based on the coating of HAp nanoparticles with lipophilic compounds such as oleic acid [59].



Incorporation of HAp nanoparticles can influence the morphology and structure of electrospun scaffolds [60]. In general, fibers tend to be thicker and irregular with increasing HAp content. Nevertheless, a correct adjustment of electrospinning parameters may lead to homogeneous distributions of inorganic particles without formation of clumps inside or between the fibers.



The effect of scaffolds having HAp nanoparticles on the grown of human bone-derived cells has been extensively evaluated [61]. Interestingly, the increase on HAp content stimulated the proliferation of osteogenic cells due to different effects: (a) upregulated expression of genes associated to gene expression [62]; (b) mitogenic effect of HAp crystals [63]; and (c) reinforcement effect that improves mechanical properties and lead materials with better capacities to support cell colonization [64]. The improvement of osteoconductivity is clear for example for chitosan based scaffolds [65]. Furthermore, polymeric fibers containing HAp have been revealed as promising candidates for guided bone regeneration [65].



Electrospinning of demineralized bone matrices (DMBs) has also been assayed as a natural material that contains the protein components of bone (e.g., adhesion ligands and osteoinductive signals, such as growth factors). Diameter size and distribution of fibers was strongly depended on the viscosity of the solution (1,1,1,6,6,6-hexafluoroisopropanol/trifluoroacetic mixture), which increased with the solubilization time (Figure 3). The process can be performed without the use of a carrier polymer [66] and can take profit of a subsequent treatment with glutaraldehyde vapors to improve mechanical performance. The ultimate strain of the crosslinked sample was 8.85% and the Young’s modulus obtained from the linear region of the stress–strain curve 3.37 MPa.



Embedding HAp particles inside electrospun nanofibers may render a low bioactivity and a decrease of mechanical properties [67]. Thus, mineralization of the scaffold surface is an alternative that may be problematic if non-porous structures are derived (e.g., samples obtained by long time SBF treatments).



A process that combines electrospinning and electrodeposition techniques (Figure 4) has recently been proposed in order to get mineralized electrospun nanofibrous scaffolds for bone tissue engineering applications [68]. Final morphology of such scaffolds showed the development of flat-like HAp crystals that contrast with the core-shell structure developed by standard SBF mineralization processes (Figure 4) [68].





4. Functional HAp Biocomposites through Modification/Encapsulation Techniques


4.1. Antimicrobial Scaffolds Based on HAp


Microorganisms can grow and survive for long periods of time into material surfaces developing biofilms through several common steps (e.g., reversible and irreversible attachments, maturation and dispersion [69,70]). The problem of biofilm formation is enhanced in hospital environments, being high the risk associated to the development of chronic infections and surgical site infections (SSI) [71,72]. In fact, approximately the 50% of infections acquired in hospitals are associated to implants [73], a problem that is expected to increase as consequence of their continuously increasing consume. Therefore, it is important to produce HAp nanoparticles with antibacterial properties, independently of using a matrix that could also display such activity. Although incorporation of antibiotics was firstly considered, other preventive solutions are being developed because the increasing resistance of microorganisms towards antibiotics [74,75]. Today, one of the best and simplest methods to provide HAp with antibacterial properties consists on the incorporation of silver ions, which can inhibit the bacterial growth according to different mechanisms (e.g., disruption of cell membrane due to positive charges, deactivation of enzymes by binding to their thiol groups, inhibition of phosphate uptake, modification of DNA structure, and production of reactive oxygen compounds [76,77,78,79]).



Some caution should be taken into account when silver ions are incorporated into the scaffold since a cytotoxic effect could be derived as a consequence of a high load or even of a fast and local release. Ions can be incorporated by a simple and highly effective co-precipitation process (addition of a phosphate precursor over a mixture of calcium and silver precursors) and by ion exchange processes that should render a higher silver concentration on the HAp surface [80,81,82]. In any case, a compromise between the bactericide effect and the derived cytotoxicity should be taken into account, being reported as optimal a silver content of 0.5 wt % for samples prepared by co-precipitation. Properties and biological response depend on the preparation method and, logically, an immediate but not sustainable effect could be expected for samples obtained by ion-exchange. In this case, a greater toxicity due to a local high concentration of released ions could be expected.



Few works have been reported concerning systems that incorporate nHAp particles loaded with antibiotics. A bioresorbable composite of calcium sulfate and nHAp particles was studied considering its antibiotic release properties and biocompatibility. This composite showed excellent properties regarding resorption, biocompatibility and release of gentamicin and vancomycin as model studied antibiotics. The release of gentamicin and vancomycin was 94.7% and 96.3% after 10 days of exposure to phosphate-buffered saline (PBS) medium, respectively. The concentrations of released gentamicin and vancomycin exceed 100-fold and 10-fold the minimal inhibition concentrations (MICs) of susceptible Staphylococcus aureus within the first 24 h and for three and four days, respectively. Furthermore, it was probed that substitution of calcium sulfate by HAp decreased the inherent cytotoxicity of the sulfate [83].



Silver nanoparticles (AgNPs) possess excellent bactericide activity but applications are limited by their strong tendency to aggregate, which decreases their antimicrobial activity. This feature can be avoided by the fabrication of particles having AgNPs immobilized on their surface. One-dimensional nanowires appear an ideal morphology for supporting AgNPs due to unique properties such as ability to organize into three-dimensional networks that form porous macrostructures. In this way, free-standing inorganic films with bactericide activity have been prepared from ultralong hydroxyapatite nanowires (Figure 5) [84]. These nanocomposites were obtained from a one-step solvothermal process and utilized for the construction of inorganic paper through a simple vacuum-filtration procedure. The amount and particle size of silver nanoparticles clearly increased with higher concentrations of silver nitrate (i.e., particle sizes of 4.5, 12.5, 22.5 and 27.5 nm with silver content of 0.174, 0.921, 2.25 and 5.19 wt % could be achieved, respectively).



Copper and zinc substitution for Ca in HAp structures can be easily performed using solid state interaction, ion-exchange procedure or sorption process [85]. Relatively high amounts of incorporated ions can give rise to a clear bactericide effect; especially when copper is incorporated [85]. Thus, Ca10−xCux(PO4)6(OH)2 (x = 0.05–2.0) was obtained by a co-precipitation method and the antibacterial ratio against S. aureus was found to reach a value of 98% when x was only 0.2 [86]. The content of Cu2+ and Zn2+ in the solid samples logically depended on the concentration of the additives in the initial solutions, being the morphologies of particles approximately spherical with sizes in the range 10–20 nm.




4.2. Modification of HAp Nanoparticles and Doping with Fluorescent and Magnetic Ions for Imaging Applications


Lanthanide ion doped nHAp particles have been considered as highly promising fluorescent bioprobes for cell imaging applications [87,88,89]. Control of size and morphology of nHAp is extremely important since inevitably influences the imaging quality. To this end, hydrothermal synthetic routes based on a liquid-solid-solution strategy have been employed [90]. Usually, hydroxyl groups of the HAp lattice are substituted by fluoride ions in order to avoid that the excited state of lanthanide ions was quenched by hydroxyls.



The resulting fluoride substituted HAp nanorods (FAp) have a hydrophobic surface, making difficult their dispersion in aqueous media and hindering biomedical applications [91,92]. Different surface modifications have been proposed to overcome this limitation and therefore commercially available amphiphilic polymers have been employed. These can establish hydrophobic interactions between the hydrophobic segments of polymers and the alkyl chain of coated HAp nanomaterials while keeping their polar groups in contact with the aqueous medium [93,94]. Diblock synthetic polymers derived from stearyl methacrylate (SMA) and poly(ethylene glycol) methacrylate (PEGMA) have been effectively employed as amphiphilic copolymers. FAp particles previously coated with oleic acid and doped with Eu3+ were able to interact with the diblock copolymer giving rise to stable particles in aqueous solution that kept fluorescent properties (Figure 6) [95].



Phosphor nanoparticles with a crystalline matrix doped with lanthanide ions (e.g., Yb3+, Er3+, and Nd3+) can act as upconversion fluorophores that are able to convert low energy photons, usually near-infrared region (NIR), to higher energy visible emissions. It should be pointed out that NIR imaging appears as an excellent strategy for visualizing morphological details in tissues because this technique causes a minimum damage while having an innate low auto-fluorescence. It is therefore an ideal imaging technique that makes it possible to attain a deep tissue penetration, high sensitivity and both high spatial and temporal resolution [96].



Potential biomedical applications (e.g., imaging, sensors and theranostic systems) of polymeric luminescent nanomaterials based on dyes with aggregation-induced emission (AIE) have been recently reviewed by Zang et al. [97]. AIE is a distinctive fluorescence phenomenon characterized by a strong emission when molecules aggregate instead of remaining in solution. The use of luminescent silica nanoparticles has been extensively studied taking profit from the aggregation of dye molecules in their core. Efficient encapsulation of AIE dyes in HAp nanoparticles has also been demonstrated. Thus, mesoporous HAp containing (4,4′-(1,2-diphenylethene-1,2-diyl) bis(4,1-phenylene))bis(methylene)diphosphonic acid was synthesized by a one-pot condensation process (tetraphenylethene (TPE) being the AIE-active center). Active molecules were incorporated in the three-dimensional network HAp structure through P–O–Ca covalent bonds and gave rise to strong fluorescence property and good biocompatibility [98]. Cell viabilities of extract solutions of these luminescent nanomaterials incubated with human hepatoma cells for 24 h were above 95% even when the concentration of the extract solution was about 40 mg·mL−1.



Magnetic based nanoparticles have a great interest in medicine, for example in the detections of tumors via noninvasive magnetic resonance imaging [99]. Contrast agents are based on paramagnetic, super-paramagnetic and ferromagnetic materials able to change the image contrast between normal and diseased tissues [100]. The technique allows tomographic observation of structures with high resolution and soft tissue contrast. Nanosized contrast agents have great advantages derived to their high surface area and the capability to be delivered to a specific tumor by appropriate targeting and control over the blood circulation half-life [101,102].



Super-paramagnetic HAp has wide application in biomedicine that covers the enhancement of osteoblast functions [103], thermal treatment (hyperthermia) [104] and more recently for magnetically assisted drug delivery. In this case, super-paramagnetic iron oxide nanoparticles (SPIONs) were coated with mesoporous HAp. These nanocomposites were appropriated for loading anticancer drugs (e.g., doxorubicin, DO) (Figure 7) and for achieving targeted drug delivery through the hyperthermic effect provided by SPIONs [105].




4.3. Hydroxyapatite as Non-Viral Gene Delivery System


Non-viral vectors have some advantages with respect to viral systems despite showing usually lower transfection efficiency. Low cost, adaptability for large scale production, high reproducibility and potential non-immunogenicity are positive characteristics that make non-viral vectors a promising alternative [106]. CaP based systems are highly interesting due to the capacity of calcium ions to form ionic interactions with the phosphates of DNA, leading to complexes able to be transported across cell membranes through a ion-channel mediated endocytosis [91]. In addition, CaPs have excellent biocompatibility and bioresorbability. Main disadvantages are associated to lower levels of gene expression [107] due to endosomal escape and partial protection of DNA from nuclease degradation [108].



CaP co-precipitation is a routine procedure applied for in vitro DNA transfection [109]. Nevertheless, its application in vivo is hampered due to the difficulty to guarantee the delivery of DNA to any cell type [110] and also the lack of control of the final particle size that lead to a poor experimental reproducibility [111]. Co-precipitation of CaP and DNA in the aqueous core of reverse micellar droplets has been proposed as good alternative since monodispersed particles with a size close to 80 nm in diameter could be obtained (Figure 8) [111]. Note that particles with sizes lower than 100 nm have been reported as appropriated to be endocytosed by cells [112].



The indicated methodology is also able to encapsulate 85% of DNA, which obviously become protected from an external DNase environment [113]. Plasmid DNA (pDNA) was for example effectively encapsulated in CaP nanoparticles that were specifically targeted to liver cells after appropriate surface modification [110]. Although the entrapped pDNA was highly protected from enzymatic degradation, the transfection efficiency was around 80%. This limited value was attributed to a partial disintegration of DNA molecules during the ultra-sonication performed as prerequisite for re-dispersion of particles in aqueous buffered medium. The use of soft preparative methods that avoided ultrasonication clearly improved in vitro transfection efficiency in HeLa cell lines [110].



Different improvements concerning encapsulation have been formulated: (a) surface adsorption or biopolymers such as CHI in order to prevent particle aggregation [114]; (b) substitution of calcium cations by magnesium and/or strontium ions; and (c) anionic substitution of phosphates and hydroxyl ions by carbonate and/or fluoride ions [115,116,117]. In fact, ionic substitution may be beneficial because can hinder aggregation, may increase loading efficiency as a consequence of a higher charge density, and may enhance dissolution of the endocytosed particles [106]. Silicon substitution of HAp has also been explored for non-viral gene delivery because great changes of properties (e.g., morphology, cell parameters, surface properties, crystallinity and kinetics of dissolution) have been reported [118,119,120].



Shekhar et al. [106] demonstrated that the structure of HAp could be retained up to a 18.6 mol % of substitution of phosphates by silicates but an amorphous phase (i.e., for silicate contents between 16.6 and 33.3 mol %) and even new hydrated calcium silicate phases were formed at higher degrees of substitution. An additional 20%–50% increase in transfection was observed for particles containing 8.3–50 mol % of silicate, owing to its rapid dissolution properties that makes feasible the escape of nanoparticles from lysosomal degradation. Silicate substitution higher than 60 mol % resulted in considerable reduction in transfection.



Transfection efficiency of agents based on CaPs can be increased by protecting DNA with successive layers of CaP (Figure 9) through a multi-step precipitation process [121].



These multi-shell particles showed higher transfection efficiency than single cell particles since DNA became more protected against intracellular biochemical degradation. Moreover, these multilayered particles were capable to retain their activity during 2–3 months of storage. It was also demonstrated that the inclusion of a cationic peptide or polymer on such multi-shell nanoparticles could further enhance the transfection efficiency [122]. Specifically, a protamine sulfate-coated CaP showed higher efficiency to transfect human embryonic kidney cells after one week of storage at 4 °C than conventional CaP particles.



Cationic peptides rich on arginine are able to condense DNA improving transfection efficiency and protecting the polynucleotide from DNases. Tenkumo et al. [123] have proposed the use of scaffolds based on collagen and loaded with multi-shell nanoparticles incorporating a gene transfection agent (e.g., plasmid DNA) to allow invasion of cells that were subsequently transfected to first produce and then release growth factor proteins in a local area. In this way, typical problems of growth-factor releasing systems can be avoided: (a) a deficient tissue repair process due to a non-sustained release; and (b) a low local activity and concentration of growth factors at the last stages of the process.



Molecular dynamic simulations have been performed in order to demonstrate the ability of the B double helix of DNA to be encapsulated inside HAp nanopores without causing a significant distortion in both the inter-strand hydrogen bonds and the intra-strand molecular stacking (Figure 10) [124].



The high stabilization between calcium ions of HAp and phosphate groups of DNA allowed the maintenance of the DNA secondary structure independently of its sequence. In contrast, similar calculations performed with fluoroapatite indicated the loss of DNA characteristics when the biomolecule was embedded in the mineral pores due to the lack of favorable electrostatic interactions. Molecular dynamic calculations showed that CaP clusters could be formed arising from DNA polyphosphate backbone. In fact, the strong electrostatic interactions (i.e., Ca2+–PO43−) were essential to form ion complexes that served as nucleation sites of the indicated clusters. Moreover, temporal evolution of radial distribution functions derived from atomistic molecular dynamics simulations of aqueous solutions containing Ca2+, PO43− and OH− in the presence and absence of B-DNA demonstrated that DNA promoted mineral growth [126]. Effective encapsulation of DNA for both amorphous and crystalline HAp was unambiguously demonstrated by TEM, UV, XPS and gel electrophoresis (Figure 11) after removal of all superficially adsorbed DNA by digestion with deoxyribonuclease.



Theoretical calculations demonstrated that the exposed crystalline surface of HAp has a determinant influence on the adsorption capacity of DNA (Figure 12). Thus, the DNA secondary structure was well preserved on the (001) surface of HAp (Figure 12a) and even an attractive binding energy was determined. In contrast, repulsive interactions that led to DNA desorption were evaluated for the (010; OH−) surface. Finally, an attractive interaction that resulted in deformation of the double helix was observed for the (010; Ca2+) surface (Figure 12b) [127].



The acknowledge of the mechanism involved in the dissolution of HAp particles in acidic environments has been recently clarified [128,129] shedding light on the potential application of HAp as vehicle for gene delivery. Mechanism of dissolution in acid conditions of HAp nanoparticles encapsulating double-stranded DNA has recently been investigated at the atomistic level using computer simulations [130]. Results indicated a polynuclear decalcification mechanism with significant transfer processes, from the surface to the internal regions of the particle. Highly remarkable is the finding that biomineralization was highly effective to DNA protection, a feature with positive implications in biomedical fields.



HAp protection of DNA may have had a very significant role on how DNA survived through mass extinction events, a concept that has recently been formulated and specifically the term of “hydroxyolites” has been introduced to appoint these particles with a protective function [131]. Uncontrolled DNA release from damaged cell nucleus together with calcium and phosphate ions that are also available in cells can initiate a biomineralization process that preserves DNA from further physical or chemical aggressions. Therefore, DNA was not degraded, denatured or modified, despite being an extremely fragile molecule. Genetic information could be transferred to next generations when there were conditions that are more favorable.



HAp nanostructures have also been prepared using phages as template [132,133]. Phages were reported to be able to develop novel nanostructures and biomaterials but also to provide advantages in biomedicine that include molecular targeting, gene delivery and tissue regeneration [134]. Filamentous bacteriophages are genetically modifiable supramacromolecules constituted by a protein shell that is encoded by the DNA located in the core. Phages have a morphology that can mimic collagen fibrils and therefore they can be employed to arrange HAp nanocrystals into the extracellular matrix (ECM). For example, positively charged calcium ions could promote the self-assembly of negatively charged phages [132] or alternatively phages displaying a cationic peptide on their surface can be linked to phosphate ions [135].




4.4. Protein Adsorption and Release from HAp Nanoparticles


Adsorption of peptides and proteins onto HAp surfaces may favor cell attachment and cell differentiation events and consequently may play a fundamental role in bone remodeling. Great efforts have been focused onto the adsorption of growth factors (e.g., the arginine-glycine-aspartic acid peptide, RGD) and collagen proteins. This adsorption process does not depend on peptide/protein characteristics, such as conformation and functional groups, and HAp surface characteristics, such as roughness, porosity, pore size, charge and growth face. Ionic interactions are easily established through calcium and phosphate ions of HAp and the charged groups of the organic molecules (NH3+, COO−).



Lysozyme (LSM) is a small globular protein containing 129 amino acid residues that is stabilized by four internal disulfide bridges and has a net charge that varies with pH [136]. LSM has a wide interest in biomedicine since it catalyzes the hydrolysis of the β-(1, 4) glycosidic bond of peptidoglycans that constitute the cytoplasmic membrane of Gram-positive bacteria [137]. Therefore, multiple applications can be derived from the design of LSM delivery systems [138]. The adsorption of LSM onto HAp surfaces has been proposed in order to avoid problems caused by the relative instability of the protein. Adsorption could be favored trough the strong interactions that could be established between phosphate groups and LSM functional groups. The adsorbed protein can moreover be easily delivered by competition with other cations of the buffer release medium [139]. Selenium substituted HAps have been revealed appropriate to increase the LSM upload (e.g., 41.7% versus the 34.1% determined for non-substituted HAp) and slow the protein release. The results are also interesting since selenium substituted HAp nanoparticles can induce both apoptosis of bone tumor cells and enhance osteointegration [140].



Nano-sized HAp particles with needle-like morphology were prepared by using carboxymethyl cellulose as the template. These particles derived from spherical amorphous CaP particles after aging (14 days) under ambient conditions. A high LSM adsorption capacity (i.e., up to 930 mg/g) was observed as well as a pH-sensitive release of adsorbed LSM [141].



Surface charge of HAp nanoparticles can be modified by immobilization of amino acids by means of a precipitation process. Acidic amino acids (e.g., aspartic or glutamic acids) lead to a negatively charged surface that is ideal for the selective uptake of positive charged LSM. By contrast, basic amino acids (e.g., arginine) enhance the adsorption of negative charged proteins such as bovine serum albumin [142]. In the same way, organic compounds like mercaptosuccinic acid and citric acid were employed to increase the uptake of cytochrome C [143] and LSM [144], respectively. In the same way, the load of bone morphogenetic proteis could be enhanced (i.e., more than 50% increase in BMP-2 adsorption was observed when HA was prepared in the presence of 0.1 M of CA) and its release increased [144]. By contrast, zwitterionic amino acids, which contain two counter-charged groups and maintain overall charge neutrality, can prevent HAp surface from nonspecific protein adsorption and even provide clear antifouling properties [145].



Growth of HAp crystals is often inhibited by the adsorption of organic compounds (e.g., proteins and amino acids). This feature is highly interesting since a decrease on the degree of crystallinity should affect the mineralization of HAp and even could make feasible the attainment of a controlled solubility as recently proposed [146] when amino acids such as glycine, serine, aspartic acid and glutamic acid were considered.



Alpha(2)-HS glycoprotein/fetuin A (Ahsg) is a well-known inhibitor of precipitation of CaPs that prevents calcification processes. The effect given by fetuin A is a consequence of the formation of colloidal spheres capable of incorporating CaPs. New particles may also play a fundamental role concerning the transport of insoluble CaPs in the bodies of mammals and the subsequent delivery through solubilization of the Ahsg particles [147].




4.5. Hydroxyapatite Nanoparticles As Carriers for Drug Delivery Systems


HAp has extensive applications as a carrier for delivery systems of a large variety of therapeutic agents (e.g., drugs, genes, antigens, enzymes, proteins) [148,149]. HAp allows a control of textural parameters, pore size, surface area and surface functionalization, which have a primordial role in the design of drug delivery systems, as recently reviewed by Vallet-Regui et al. [150]. Different examples of recently published works can be explicitly indicated.



HAp coated liposomes have been demonstrated as an effective local drug delivery system for hydrophobic compounds like indomethacin, a nonsteroidal anti-inflammatory drug [151]. The coating of HAp decreased the release rate and specifically 20 h were necessary to deliver the 70% of the drug while only 5 h were required for the uncoated liposome [151].



Alendronate (Alen) is a bisphosphonate with a recognized therapeutic effect against osteoporosis due to its ability to suppress bone resorption by inhibiting osteoclast activity [152]. Combination of the osteocoductive properties of HAp and the therapeutic effect of Alen was achieved by conjugating it into the outmost layer of a layer-by-layer (LbL) HAp coating based on poly(allylamine) and alginate (ALG) (Figure 13).



nHAp particles have also been considered for achieving pH-responsive drug delivery taking advantage of the dissolution of HAp in acidic conditions [154]. For example, rhodamine 6G, a positively charged dye, was encapsulated in HAp nanoparticles coated with ALG (a biopolymer that provides excellent biocompatibility and surface functionality through their COOH groups) with a loading efficiency close to 63.0%. The release at pH 2.0 was found to be 2.5 times higher than the amount delivered after a similar period of 8 h [154].



Recent works have indicated that high concentration of HAp nanoparticles may show an antiproliferative and proapoptotic activity on cancer cells [155,156]. Specifically, adverse effects on the metabolic viability of several types of cancer cells (e.g., hepatoma, colon cancer, osteosarcoma, and melanoma) have been detected [157,158]. Apoptotic rate of human hepatoma BEL-7402 cells was 18.68%, 22.27%, 33.49%, 49.03%, and 57.16% at 50, 75, 100, 150 and 200 mg/L concentration of HAp nanoparticles, respectively.



It was postulated that the main mechanism of growth inhibition by HAp nanoparticles in cancer cells was a consequence of the high calcium concentration and nuclear localization of the particles. Calcium ions can stimulate intracellular apoptotic signals (i.e., activation of protein digesting enzymes named caspases), which allow replacing old, damaged or dysfunctional cells. The anticancer activity of HAp has been specifically related to caspase activation and cytochrome C release from the mitochondria [159]. In fact, majority of anticancer drugs are designed to induce apoptosis through a mitochondrion-mediated pathway [160]. This favors the release of apoptogenic factors such as cytochrome C as well as the activation of caspases. The size of nanoparticles usually has a significant effect on the apoptotic efficacy, although this effect is not well established in the case of HAp nanoparticles.



Yuan et al. [159] evaluated the influence of the size of HAp nanoparticles in human hepatoma HepG2 model cells, being detected that apoptosis induction efficacy decreased in the order of 45 nm > 26 nm > 78 nm > 175 nm. Furthermore, particles with sizes between 20 and 80 nm were able to activate caspases and the release of cytochrome C from mitochondria. The best efficiency was observed for 45 nm-sized particles. Cellular response was therefore correlated with the cellular internalization of particles. More recently, the particle size and the specific surface area of different types of HAp nanoparticles were correlated with cytotoxicity to human gastric cancer cells, being clearly determined a higher toxicity when the smallest particles were employed [161]. Significant differences were found between rod shaped crystals with an average size of about 50 nm in length and 15 nm in width and needle-like crystals with dimensions close to 150 nm in length and 20 nm in diameter.



Enhanced permeability and retention (EPR) is a characteristic phenomenon of cancer tissues that promotes angiogenesis, hypervascularization, defective vascular architecture and increased production of permeability mediators [162,163]. Some cancer treatments takes advantage of EPR for selective targeting of cancer tumors by nanoparticles, being HAp highly promising due to its good biological characteristics and the potential control over morphology and size. It is also interesting the surface modification of nanoparticles and specially the coating of HAp with positively charged polymers such as CHI since electrostatic interactions will lead to an increased uptake efficiency by negatively charged cancer cell membranes [164,165]. This approach has been considered for treatment of colon cancer, which is the second leading cause of cancer-related deaths. Specifically, celecoxib was encapsulated in the HAp coated system due to its high efficiency in patients with precancer disease of the colon. Results proved that loaded nanoparticles were more potent in inhibiting tumor growth than free celecoxib, acting as a safe vehicle for targeted delivery that did not cause any serious side effect [162]. Human colon cancer cell untreated (control), or treated with free celecoxib, HAp-CHI or celecoxib-loaded HAp-CHI nanoparticles had 0.71% ± 0.34%, 39.14% ± 0.47%, 6.21% ± 0.75% and 62.33% ± 5.22% of apoptosis, respectively.



Smart theranostic nanoplatforms (i.e., integration of therapeutic payloads and diagnosis agents) based on neodymium doped HAp have been proposed for colon cancer detection and targeted therapy [166]. The incorporation of neodymium endowed near-infrared fluorescence ability to HAp particles for diagnosis as above explained. In addition, drug loaded HAp nanoparticles were coated with ALG (Figure 14) to get a pH responsiveness that was ideal for targeted drug delivery after oral administration. Size, morphology and negative zeta potential of nanoparticles were appropriate to favor cell internalization.



The hydrophilic hyaluronic acid (HA) is a promising candidate polymer for targeting the CD44 glycoprotein that is overexpressed in tumor cells [167]. Therefore, attempts to coat nHAp particles with HA have been undertaken. Results indicated that a 9.4 times increment of the nanoparticle internalization by tumor cells was obtained [168]. In addition, the surface properties provided by HA (i.e., hydrophilicity and negative charge) could assist nanoparticles in evading the uptake by immune cells. In summary, HA was expected to facilitate tumor targeting delivery of nHAp particles, thereby it could enhance the in vivo efficacy of typical anticancer drugs as DOX (Figure 15).



Cancer can be treated by means of cytotoxic ROS and free radicals (i.e., photodynamic therapy) produced by exposing a photosensitizer to a specific light wavelength [169]. The technique is limited due to the low tissue penetration depth of visible light (620–690 nm) [170]. Therefore, new agents based on high atomic metallic ions are gaining interest because their ability to interact with ionizing radiation and generate free radicals for deeper cancer treatment. Metallic nanoparticles of high electron density (e.g., gadolinium-based, titanium-based, silver-based, and gold nanoparticles) are considered appropriate as ROS-enhanced radiosensitizers [171]. The direct use of such particles has inherent problems derived from the interaction of their reactive surface with healthy tissues and subsequent damage [172]. Chen et al. [173] have recently reported that HAp nanoparticules could be effectively doped with Hf ions giving rise to significant ROS formation in cells after irradiation with γ rays, cell apoptosis and in vivo growth inhibition of lung cancer tumors. Preliminary in vivo results showed specifically that tumors grew promptly after seven days of treatment except for being treated by Hf (15 mol %):HAp, of which approximately 30% was inhibited relative to the starting tumor volume, and exhibited a relative delay of tumor growth until Day 14.





5. Conclusions


The use of HAp nanoparticles for the development of new biodegradable and biocompatible systems is a rich and active field of research. HAp adsorption and encapsulation capabilities of ions, molecules and biopolymers are of outmost interest as HAp is a highly biocompatible substrate. On the other hand, HAp by itself can be part of biodegradable and biocompatible systems acting as a secondary agent that contributes decisively to provide some added value properties to the main system. Furthermore, the possibility to act as a “Trojan Horse” when delivering drugs or genes to cells completes the extraordinary features of HAp.



This review has summarized representative research branches where HAp plays a relevant role. First, biocomposites developed in combination with chitosan derivatives, are reported to enhance bone regeneration where HAp contributes improving the mechanical properties. Second, technologies such electrospinning demonstrate the huge range of biocompatible systems affordable by adjusting the working parameters. Moreover, electrospinning technique allows controlling the performance of the polymeric fibers that contain HAp that even can include bioactive substances. Third, considering the relevance of the fight against biofilm formation on the surface of implanted medical devices, any antimicrobial strategy that can bring long term protection from biofilm formation is attractive and should be explored. Therefore, HAp is a polyvalent substrate that can incorporate both ions and molecules with antimicrobial activity that can be applied as a coating of such implants. Fourth, it cannot be overestimated the impact of imaging technologies in the medical diagnostic field. We can only expect an exponential development of such techniques. Biocompatible nanosubstrates, such HAp, in combination with biomarkers are good candidates for exploring the root cause and the development of diseases. Fifth, even though gene therapy is still under development, non-viral transfecting agents based on HAp are receiving more attention due to the lack of secondary effects. Intense research to increase the transfection efficiency is still fruitful but results are not completely satisfactory. The study of molecular mechanisms related to dissolution and transfection using HAp will decisively contribute to gene therapy development. Finally, controlled drug delivery systems are expected to open new therapies by means of delivering drugs after crossing biological barriers and attacking the core of the disease. The capability of HAp of masking biomolecules converts it into an excellent “Trojan Horse” that can deliver the drug just onto the target.



HAp attracts researchers from several fields, for that reason, a common platform of knowledge is necessary to be developed. This review contributes to such multidisciplinary approach to enlightening the HAp performance in the field of biodegradable and biocompatible systems.
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Figure 1. Scheme showing the morphological changes of hydroxyapatite (HAp) induced by the increase of temperature and the change of R ratios. CTAB for cetyltrimethylammonium bromide. Adapted from [11], Elsevier, 2016. 
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Figure 2. (a) Scheme showing the molecular cage system; (b) comparison between molecular-cage and ordinary method. Adapted from [34], American Chemical Society, 2016. 
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Figure 3. Representative SEM images and fiber diameter distributions of electrospun DMB fibers from a 7:3 mixture of 1,1,1,3,3,3-hexafluoroisopropanol/trifluoroacetic acid mixture processed immediately after dissolution (a) or after 6 h (b). Reproduced with permission from [66], American Chemical Society, 2014. 
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Figure 4. Scheme showing the fabrication of mineralized nanofibers by means of a final electrodeposition step (top). SEM micrographs of mineralized PLLA matrices are shown in the bottom: (a) electrodeposition at 3 V, 60 °C for 60 min; (b) mineralization in SBF for 12 days; and (c) mineralization in SBF for 30 days. Reproduced with permission from [68], Elsevier, 2013. 
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Figure 5. TEM micrographs of HAp nanowires with (right) and without (left) Ag nanoparticles prepared by one-step solvothermal method at 180 °C. Reproduced with permission from [84], John Wiley & Sons, Inc., 2016. 
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Figure 6. Surface modification of oleic acid coated fluoridated hydroxyapatite (FAp) with amphiphilic molecules via hydrophobic interactions and cell imaging application. Adapted from [95], Royal Society of Chemistry, 2013. 
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Figure 7. Scheme showing the synthesis of super paramagnetic mesoporous HAp nanoparticles as a carrier for DOX. (a) SPION conjugation for the formation of super paramagnetic Hap; (b) Formation of a mesoporous HAp with nanometer pores in combination with SPIONs as a core; (c) DOX molecules loaded into the magnetic nanoparticles coated with mesoporous HAp by a diffusion process. Adapted from [105], Elsevier, 2016. 
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Figure 8. Flow chart showing the formation of nanoparticles encapsulating pDNA in the aqueous core of the bis (2-ethylhexyl) sulfosuccinate surfactant (AOT) microemulsion in hexane. The strategy involved the precipitation of the CaP in the aqueous core of the microemulsion droplets in the presence of pDNA. Adapted from [111], Elsevier, 2004. 
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Figure 9. CaP/DNA nanoparticles with encapsulation of DNA by deposition of successive CaP layers, and their sedimentation coefficient distributions. Adapted from [121], John Wiley & Sons, Inc., 2006. 
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Figure 10. Simulated structure showing the double helix of B-DNA as a nucleating agent for the development of a HAp crystal. Reproduced with permission from [124,125], Springer-Creative Commons Attribution License, 2013; John Wiley & Sons, Inc., 2014. 
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Figure 11. (a) TEM micrograph showing HAp-DNA nanocapsules. Red arrows point out capsules with a clearly distinctive contrast indicative of the encapsulated DNA in their inner part; (b) UV-vis absorption spectra of the aqueous solution/dispersion of HAp-DNA nanocrystals, sample digested with deoxyribonuclease to eliminate adsorbed DNA (black trace), corresponding samples after being dissolved in an acid medium (red trace), and DNA in aqueous solution (blue trace). Reproduced with permission from [126], Royal Society of Chemistry, 2013. 
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Figure 12. Snapshots showing the double helix of DNA adsorbed at the (001) (a) and (010; Ca2+) (b) surfaces of the HAp hexagonal unit cell with P63/m geometry (a = b = 0.9421 nm, c = 0.6881 nm) at the beginning (left) and the end (right) of the 15 ns isothermal-isobaric ensemble (NPT) molecular dynamic simulations. Reproduced with permission from [127], Royal Society of Chemistry, 2014. 
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Figure 13. Scheme sowing the preparation of nHAp particles coated with a multilayer able to conjugate Alen. Adapted from [153], The Polymer Society of Korea and Springer Sciene + Business Media Dordrecht, 2016. 
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Figure 14. Scheme sowing the doping with Nd3+ cations of nHAp particles previously loaded with 4-amino salicylic acid as a model drug. Nanoparticles were subsequently coated with ALG via aminopropyltriethoxysilane (APTS) and 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) mediated synthesis. Adapted from [166], Elsevier, 2016. 
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Figure 15. Scheme showing the targeted antitumor mechanism of HAP-HA nanoparticles loaded with DOX. Mechanism of drug delivery into the cell nuclei and mitochondria. Adapted from [168], Elsevier, 2016. 
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