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Abstract

:

Chitosan-based nanoparticles (chitosan-based nanocomposites; chitosan nanoparticles; ChNPs) are promising materials that are receiving a lot of attention in the last decades. ChNPs have great potential as nanocarriers. They are able to encapsulate drugs as well as active compounds and deliver them to a specific place in the body providing a controlled release. In the article, an overview has been made of the most frequently used preparation methods, and the developed applications in medicine. The presentation of the most important information concerning ChNPs, especially chitosan’s properties in drug delivery systems (DDS), as well as the method of NPs production was quoted. Additionally, the specification and classification of the NPs’ morphological features determined their application together with the methods of attaching drugs to NPs. The latest scientific reports of the DDS using ChNPs administered orally, through the eye, on the skin and transdermally were taken into account.
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1. Introduction


Nanomaterials have been widely used in medicine, pharmaceuticals, and cosmetics thanks to their specific features. Nanosized materials frequently have improved properties compared to the base materials they come from. In the abovementioned fields of life, the greatest interest is in natural polymers, mainly polysaccharides. Polysaccharide-based NPs are known as nontoxic, biodegradable, and physiologically stable. NPs can be involved in drug delivery systems providing controlled or sustained drug release at appropriate, therapeutic concentrations. The use of nano-size carriers may affect the improvement of different pharmaceutical processes, such as bioavailability, and pharmacokinetic profiles, as well as extend drug half-life and decrease the frequency of administration [1,2].



Among various natural polysaccharides chitosan is extensively used in health life formulations. The fact that chitosan nanoparticle (chitosan-based nanocomposites; ChNPs) properties can vary depending on the preparation methods that are used leads to applications in completely different fields. Amid naturally occurring polymers chitosan is one of the most used in biomedicine. On the commercial scale, it is derived from chitin most often by chemical deacetylation. Nevertheless, both are present in the shells of crustaceans and aquatic microorganisms (such as crabs or shrimps), fungal cell walls, and the insect exoskeleton (or wings). Structurally, chitosan is a linear polysaccharide consisting of randomly distributed D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit) interspersed with a β- (1→4) bond. The molecular weight (MW) of chitosan varies from 50 to 1000 kD, with a degree of deacetylation (DD) of 30–95%, depending on the source and method of treatment. Both MW and DD determine the properties and mode of action of chitosan in biological systems [3,4,5,6,7].



This N-deacetylated chitin derivative is a valuable biopolymer for the production of nanoparticles because the functional groups present in its structure give it a unique polycationic character [8,9]. Via these reactive groups, they can be modified in a simple way by chemical activation or cross-linking; they give Ch complexing and chelating properties [8,10,11].



Chitosan is used in various industries, including pharmaceutical (as supplements acting as fat-blockers and lower cholesterol by eliminating fat and cholesterol from the body instead of allowing the body to absorb them [12]), cosmetic (where it is used in skin care products, face creams, etc. [8,13]), medical—in preparations for tissue regeneration and wound healing [8,9,14].



Among the various biopolymers available in nature, chitosan has received attention due to its inherent antimicrobial properties [9,15]. In addition, Ch is a non-toxic, biodegradable polymer that also shows high biocompatibility, a low level of immune reactions [16], and both mucoadhesive [17,18] and absorption-enhancing properties. Because of its beneficial properties, chitosan is widely used in drug delivery systems (DDS) with improved biodistribution, increased specificity, and sensitivity, and also reduced pharmacological toxicity [19,20]. Despite these attractive features, the disadvantages of Ch are its weak mechanical properties and a high rate of degradability. To overcome this problem, it is usually cross-linked and/or combined with other natural polymers or used in composites. The influence of various properties of chitosan is particularly important in relation to their usefulness in the design of innovative, multi-purpose DDS.



ChNPs have very good anticancer properties, which have been confirmed by many researchers [21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38]. They have been proven to be toxic to oral cavity [28], breast [29,30,31,32], prostate [33,34], glioblastoma [35], liver [36,37], and colon cancers [37,38], while showing satisfactory biocompatibility with normal developing cells and/or tissues. The main assessment of the anti-cancer effect of the newly formed NPs, apart from the release kinetics, was to obtain a dependence of the release on pH conditions, which is very beneficial in targeted therapy [39]. Sensitivity to pH conditions helps to overcome the problem of premature leakage of chemotherapeutic drugs during delivery. It eliminates problems related to the difficulty of the entry of drugs into cancer cells, and significant side effects in normal organs. All these reports are extremely important; however, most of them require verification in the form of in vivo studies. However, this review aims to present the latest literature reports on the effectiveness of ChNPs in relation to a specific route of administration/application of these systems with particular emphasis on oral, through the eye, on the skin, and transdermal.




2. Chitosan and ChNPs Utilities in Drug Delivery Systems (DDS)


2.1. Chemical and Biological Properties of Chitosan Used in DDS


The most important feature of chitosan is the presence of reactive functional groups in its structure, this means amino groups at C2 and OH groups at C3 and C6 positions (Figure 1). On the one hand, the amount of amino groups reflected in DD values are inverse in proportion to degradation in the body, i.e., the higher DD (>85%) the slower the degradation. On the other hand, these groups facilitate its solubility. Abovementioned, the reactive groups also enable the chitosan chemical modification by electrostatic interactions, thus making it possible to overcome the limitations associated with the use of pure chitosan. Additionally, MW and DD are the two crucial properties of chitosan affecting the efficiency of drug encapsulation [40,41,42,43].



The unique biological and chemical chitosan properties mean that it has a well-established position in many applications in biomedical and pharmaceutical areas, primarily in the delivery of drugs or genes. The polycationic nature of chitosan renders the material to be more readily bioadhesive and soluble; it easily binds to negatively charged surfaces such as mucous membranes via electrostatic interactions. Thus, it improved the adhesion to the mucosa and extends the contact time for active substances to penetrate it. The multifarious attributes of chitosan can be exploited in anionic DDS, including small molecule drugs, as well as in polyanionic biomolecules such as nucleic acids of DNA or siRNA. Its transportability increases with charge, so it can be applied as a pH-dependent medication carrier. The chitosan penetration mechanism is also based on the interaction of the cell membrane with the positively charged polymer. Chitosan with a high deacetylation degree and high molecular weight shows the relative permeability of the epithelium, and thus can enhance the transport of polar drugs across the epithelial surfaces [5,6,7,44,45].



Chitosan is also characterized by superior biocompatibility and poor toxicity due to its natural glycosaminoglycan structural affinity. It is readily biodegradable into non-toxic metabolites that are completely absorbed by the human body. Chitosan also inhibits the efflux pump—it inhibits the transport of certain proteins on the membrane of intestinal epithelial cells or enterocytes that pump out xenobiotics, mainly drugs; these transporters are important elements in the mechanisms of drug resistance [46,47,48,49,50].



Although chitosan has many valuable functional properties, there are also a few limitations that affect its use in drug transport. It has low thermal stability and ductility and high hydrophilicity and degree of swelling. Additionally, poor solubility is an important limiting factor in its use. In fact, improving the solubility of chitosan is an essential aspect of the reasonable use of chitosan. Chemical derivatives of chitosan allow it to improve and survive the limitations. Chitosan descendants are becoming more and more popular among scientists, which means that better and better modifications are being used. The most commonly used chitosan derivatives in the pharmaceutical industry are made by acylation, carboxymethylation, quaternization, and thiolation [46,47,51].




2.2. ChNPs as An Improved Form of Chitosan Used in DDS


Chitosan has been considered as a potential biopolymer-based carrier that can be applied in drug delivery systems (DDS) mainly due to its biocompatibility, bioadhesive properties, and enhanced absorption effect. Chitosan-based DDS have been widely used in the form of NPs, hydrogels, and polymeric hydrogel membranes. Among these kinds of chitosan-based DDS, NPs are the most promising formulations for pharmaceutical use. Chitosan nanoparticles (ChNPs) exhibit the same attributes as natural or chemically modified polymers. The preparation of ChNPs takes place under mild conditions due to the chemical properties of chitosan—it is soluble in acidic aqueous solutions at room temperature, and no toxic organic solvents or heat are required.



A wide range of drugs can be incorporated into ChNPsDDS, including small molecules, proteins, and polynucleotides. The nanoparticles can release the encapsulated drug in a controlled manner. ChNPs are of great interest to researchers around the world. More than 1500 papers describing and examining the mechanism of ChNP activity have already been produced. In fact, ChNPs can be used in every possible way of drug delivery—oral, ocular, nasal, pulmonary, buccal, periodontal, vaginal, cutaneous and transdermal drug delivery and wound healing, but also in the delivery of vaccines and genes [52,53,54,55].





3. General Characterization of NPs of DDS Application


3.1. Morphological Features of NPs Influencing Their Application


The basic definition of NPs in terms of use in nanomedicine is as follows: colloidal medicine carrier systems that consist of native or artificial polymers, typically in the size range of 10 to 100 nm. In this case, particle size is actually the key factor in determining the absorption, distribution, accumulation and eradication of NPs in the human body [51,55,56]. The particle size can influence the NPs internalization (in the endocytotic pathway) and thus can determine the capacity and the transmembrane transport rate of NPs. The uptake of NPs by intestinal cells or M cells after oral administration is size-dependent, which affects their efficiency and oral absorption rate. Small particles are absorbed by the intestinal cells, while large particles are mainly absorbed by M cells, the spleen and renal excretion [51,56]. In general, NPs larger than 10 nm are able to avoid renal clearance and penetrate into tissues. Although 10–20 nm particles can be widely distributed in various organs through tight endothelial junctions, they will also be quickly excreted through the glomeruli. NPs larger than 200 nm can be absorbed quickly by the mononuclear phagocytic system and concentrated in the liver and spleen. In conclusion, in most cases, small-size NPs are advantageous for long circulation and distribution in diverse tissues. However, it should be borne in mind that the particle size should not be as small as possible, because too small particles will lead to increased instability of the nanosystem under physiological conditions and will not bring the expected effect [57].



Another fundamental aspect is the shape of the NPs, which influences and determines their biological mechanisms in vivo. Phagocytosis is the first hindrance that NPs encounter in the blood system; therefore, macrophage phagocytosis is strongly shape-dependent. The form of NPs can affect their adhesion and internalization. In addition to the effect on blood circulation time, in some cases, the shape of the particles can also influence their allocation in vivo. Non-spherical NPs (ellipse, bar, cylinder, star, ring, and other arduous shapes) can have a great effect on the transmission in the vascular system and their distribution. Although most currently studied NPs are spherical in shape, the unique attributes of non-spherical NPs can have a significant impact on circulation and transfer [58].



Surface charge and hydrophobicity are also important NPs parameters influencing their biological courses in vivo. Hydrophilic nanomaterials can reduce the reticular endothelial system response, while hydrophobic ones can improve the NPs penetration. Therefore, it seems understandable to combine the two types of materials in the NPs design in a defined ratio to allow the best in vivo endurance and most favorable targeting to disordered sites. The surface charge may influence the adsorption of some specific structures, thus causing the recognition, phagocyting, and elimination of NPs by macrophages, which may next affect their carrying and assignment in the organism [5,47,59].



In nanomedicine, targeting nanocarriers reflects an increased concentration of particles at a disordered place. Compared to passive targeting (size, shape, surface charge, and hydrophobicity) of NPs, active targeting (modified by ligands) can more actively and efficiently transport NPs to the target site. In addition, the modification of the target ligands may also reduce the clearance of NPs. Appropriate NPs modification with ligands based on the features of the disease site is considered one of the future research directions of nanocarrier targeting studies [60,61,62].




3.2. Classification of NPs According to Their Morphological Features


NPs are often divided into two groups based on their structure: nanospheres and nanocapsules. The nanospheres are characterized by a solid structure with a homogeneous matrix structure in which the resources are evenly distributed, while nanocapsules form the traditional hollow shell structure consisting of a polymer membrane and an inner core containing the drug. Both materials are the main target for the incorporation of active compounds, have a high load-bearing capacity, and provide controlled delivery [61,62].



Modern nano-drugs are more successful than current drugs or drugs combined with microstructures due to their capability to target at the right site, constant and controlled release, improved absorption rate and bioavailability, and enhanced stability of the therapeutic factors. The NPs size, surface charge, surface modification, hydrophobicity, and high surface-to-volume ratio are aspects that control the targeting capabilities of the nano-drugs. These properties are also very important in reducing the drug dose and the frequency of dosage, thereby decreasing the toxicity and possible aftereffects of chemotherapeutics [61,62,63].





4. Methods of Attaching Drugs to NPs


Chemotherapeutics can easily bind to nanocarriers due to covalent bonding or adsorption. Two methods of drug loading on NPs are used: when obtaining particles (incorporation process), and after particle formation (incubation process).



The drug is physically fixed in the matrix or absorbed on the surface. Charging efficiency largely depends on the chosen method of nanoparticle preparation and the physicochemical properties of the drug. Although maximum loading can be achieved by including the drug during particle formation, it can be influenced by among others type of the preparation method or the presence of other additives [64,65].



Chitosan-based polymer NPs act as excellent drug shippers due to some of the inherent beneficial properties of chitosan—ease of preparation, non-toxic character, bioactivity, biocompatibility, biodegradability, as well as cationic character. ChNPs good mucoadhesive capacity improved bioavailability and the dissolution rate of hydrophobic drugs. In addition, chitosan enhances the stability of unstable drugs, their bioavailability, and controlled drug release because the molecules are outside the nanoscale range to effectively overcome barriers and increase permeability. Both water-soluble and water-insoluble drugs can be incorporated into ChNPs. Water-soluble drugs are mixed with the chitosan solution to form a homogeneous mixture, and then the particles can be prepared by any method. Water-insoluble drugs and drugs that can precipitate in solutions at an acidic pH can be charged after particle formation by soaking the preformed NPs in a saturated drug solution [64,65,66].



The release of a drug from ChNPs depends on the morphology, size, and density of the particle system and the degree of cross-linking, the physicochemical properties of the medicines, as well as the adjuvants used. In vitro delivery is also dependent on pH, polarity, and the presence of enzymes in the delivery medium. In most cases, drug release follows more than one type of mechanism. In the case of drugs adsorbed on the surface of ChNPs, as well as drugs enclosed in the surface layer of NPs, the medicine immediately dissolves after contact with the release medium. This type of drug delivery leads to a burst effect in the early stages of dissolution. Otherwise, the release of the drug by diffusion is at the beginning slow and then it gets faster [64].



The most common ChNP shapes are nanospheres, nanocapsules, and nanofibers, which are detailed in Table 1.




5. Methods of Producing ChNPs


Several types of NP production methods are known such as physicochemical processes (NPs are formed after precipitation, with the use of preformed polymers, whereas the yield is controlled by the rate of both evaporation, diffusion, or inverse salting out of the emulsifier-solvent); chemical synthesis of macromolecules (polymerization or interfacial polycondensation in situ), and mechanical processes (NPs are produced by both high-pressure homogenization, under ultrasound as well during high energy wet milling).



The methods that are mainly used to produce ChNPs are ion gelation, self-assembly, emulsification and cross-linking, complexation with polyelectrolytes, and drying processes (Figure 2) [64,65,66,67].



5.1. Covalent Cross-Linking


This method focuses on the coupling of two or more molecules to each other through covalent chemical bonds. In the ChNPs instance, mentioned bonds are created between chitosan (or derivatives of Ch) and the cross-linker. Crosslinking agents most often have multiple functional groups responsible for covalent crosslinking. Overall, thanks to bridging links between individual polymer chains, nanomaterials are able to make a three-dimensional structure (3D). The most popular cross-linking agents in this field are glutaraldehyde, genipin as well polyethylene glycol [64].




5.2. Self-Organization Processes


Self-organization relies on the joining of molecules, macromolecules, or composites together to organize a 3D network or another structure having new, distinctive properties. That process can happen at the molecular or supramolecular stage. It can arise through self-connection or connection with further compounds as a result of hydrogen bonding, van der Waals forces, and ionic or hydrophobic interactions. It may also be due to an inclusion/complexation mechanism such as an iodine-starch inclusion complex. The aqueous environment of amphiphilic derivatives of polymers favors the self-assembling of NPs. The hydrophobic interactions between the amphiphilic polymer components contribute to minimizing the interfacial energy allowing the NPs creation. Self-organizing ChNPs are especially useful for encapsulating both hydrophilic and lipophilic drugs [65].




5.3. Ion Cross-Linking (Ion Gelation)


Ion cross-linking is one of the widespread methods for producing ChNPs, especially for loading biopharmaceuticals. The main benefit of physical chitosan cross-linking is associated with the mild conditions achieved. This method does not require the application of organic solvents, high temperatures as well vigorous mixing. Therefore, it can retain bioactive molecules such as proteins, and DNA. Two main groups of anionic crosslinkers have been used: low MW anionic molecules such as cyclodextrin or tripolyphosphate (TPP) derivatives, and negatively-charged macromolecules among which can be distinguished poly-y-glutamic acid, dextran sulfate, hyaluronic acid and sodium alginate [65].




5.4. Polyelectrolyte Complex (PEC)


The method of production of self-organizing ChNPs is to form polyelectrolyte complexes (PECs) with polyanions. PECs are formed in a solution of two different polyelectrolytes, i.e., polycation (having the positive charge) and polyanion (of negative charge) or their respective salts. PEC creation is possible due to strong Coulombic interactions between oppositely charged polyelectrolytes. As a result, the least partial charge neutralization of the polymers occurs. Moreover, inter-macromolecular interactions (such as Van der Waals forces), hydrogen bonding, and hydrophobic interactions are affected in the PEC structure formation [64,65].



Creation of the PEC usually involves two or three steps. The first stage is prompt and brings on the formation of an accidental primary complex with meaningful distortions in the configuration of the polymer chains. The secondary complex is then made by rearranging the existent bonds within the complexes. That step involves the formation of new bonds, e.g., hydrogen, electrostatic, and hydrophobic interactions. Finally, under certain conditions, primary and secondary complexes can aggregate (presumably through hydrophobic interactions) leading to the creation of varied stable structures, e.g., filaments, entangled aggregates, and ordered networks. The production of PEC with chitosan is a safe process (without organic solvents, chemical cross-linkers, and surfactants) [65,66].




5.5. Emulsion Technique


In general, the particles formed in the emulsion system have a nanocapsule structure, high drug-loading efficiency, and good bioavailability. NPs can be obtained in various ways using the nanoemulsification technique. Some are low-power emulsification methods, but such processes usually require high mechanical energy to obtain small droplet sizes. The most common method used to produce ChNPs is water-in-oil emulsification in which an aqueous chitosan solution is emulsified in the oil phase. Surfactants are used to stabilize the NPs [64,65].




5.6. Drying Methods


In the drying process, water or solvents are divided by evaporation from liquids, solids, or semi-solids. Hot air, spray drying, microwave oven, freezing, supercritical drying, and open-air drying are popular drying methods. Spray and supercritical drying techniques are the most often used in ChNP production because they are simple, fast, continuous, repeatable, and easy to adapt to the active material. They are reduced in one phase with no modifications. These methods are important to obtain different particle sizes and high stability [64,65].



In summary, the main advantages and disadvantages of the ChNPs production methods are presented in Table 2.





6. Methods of DDS through ChNPs


ChNPs are widely used in the fields of medicine, biology, and pharmacy, in particular, they are valued as drug-delivery vehicles. The main features of ChNPs that are used in drug delivery are the ability to control drug release, reduce doses and thus side effects, improve drug stability, and thus increase efficacy and bioavailability.



Most often, ChNPs as drug carriers are used orally, through the eye, on the skin, and transdermally (Figure 3).



6.1. Oral Drug Delivery


Oral administration is the most common and simplest method of drug delivery. An important aspect is also that it is a non-invasive method. On the other hand, this is a slow process, and some medications can be adversely affected by body fluids, such as stomach acid. The ideal carrier for drugs should be a structure that forms stable complexes with active substances in the gastrointestinal tract while protecting them against degradation by delivering them to target cells. The carrier also requires non-toxicity, biodegradability, and biocompatibility—in the case of ChNPs these criteria are met. The following is an overview of the most recent oral drug delivery research using ChNPs as a drug carrier.



Saraswati et al. described the preparation of oral administration of complexes containing 10% Channa striata protein hydrolysate (snake fish), chitosan-PEG 4000, and chitosan-PEG 6000 NPs. The developed nanocomplexes were aimed at lowering the sugar level in diabetic rats. The experiment was performed on male Sprague-Dawley rats. Diabetes was initiated by one injection of streptozotocin (1 mL) in each formulation. It was shown that the preparation containing 10% Channa striata protein hydrolysate and PEG6000 was the most efficient in blood glucose level lowering. Glucose concentration has also been shown to decrease after daily oral chitosan-PEG 4000 NPs for 21 days of administration. Plasma concentrations of cholesterol, triglycerides, LDL, and HDL in diabetic rats, were also lower in treated than in untreated animals [77].



Abdel-Moneim et al. also focused on anti-diabetes treatments. They developed a new formula for the oral administration of ChNPs with polytadine, which improved the therapeutic potential of polytadine. In vivo studies showed that the developed complex showed significant anti-diabetic efficacy in diabetic rats compared to polytadine alone, which indicates that ChNPs are promising carriers for polytadine for the treatment of type 2 diabetes [78].



Mohanbhai and his team focused on developing a formulation that can be used in Crohn’s disease (CD) and ulcerative colitis (UC). Melatonin has proven to be a powerful anti-inflammatory agent for the treatment of UC. The problem, however, was the poor solubility that limits its therapeutic potential. Scientists developed ChNPs coated with Eudragit-S-100 loaded with melatonin and demonstrated anti-inflammatory efficacy in terms of NO scavenging activity in LPS-challenged macrophages in vitro. In addition, the colon-targeted oral chitosan nanopreparation showed remarkable protection in the in vivo UC mouse model by improving the overall pathological parameters, histo-architectural protection, goblet cell depletion, and immune cell infiltration, which can be extrapolated to clinical trials [79].



Li et al. focused on designing NPs that could be used in spinal cord injury (SCI). The result was chitosan-modified hollow manganese dioxide NPs (ChNPs/MgO2), which were designed to transport resveratrol and facilitate its passage through the blood-spinal barrier (BSCB). Resveratrol (Res), a poorly soluble compound, was adsorbed into NPs ChNPs/MgO2 at a particle size of about 130 nm, and the Res loading was equal to 21.39%. In an in vitro dissolution experiment, the release of Res from the loaded sample (CMR) showed a slow release behavior and was about 87% after 36 h. Under in vitro and in vivo tests it was shown that CMR can significantly alleviate oxidative stress by lowering reactive oxygen species (ROS), superoxide dismutase (SOD), malondialdehyde (MDA), and increasing glutathione peroxidase (GSH) levels. In addition, in immunofluorescence (iNOS, IL-1β and Cl caspase-3) and Western blots (COX-2, iNOS, IL-10, IL-1β, Cl caspase-3, Bax and Bcl-2), the expression of related factors were used for detection, which confirmed that CMR can also reduce neurons inflammation and apoptosis. These studies indicate that the use of ChNPs, as DDS, is promising for SCI treatment [59].



ChNPs also play an important role as carriers in anti-cancer drugs. One example is methotrexate, widely used as a chemotherapeutic agent. Researchers led by Coutinho developed NPs containing fucoidan and chitosan that were loaded with methotrexate for the treatment of lung cancer. The obtained results showed that methotrexate-loaded NPs were seven times more effective in inhibiting the proliferation of lung cancer A549 cells than the drug administered alone [80].



Xavier et al. focused on improving the oral administration of palitaxel (PTX). They developed nanocapsules based on polo (butyl cyanoacrylate) by interfacial polymerization of a surface coated with chitosan. The resulting nanocapsules were loaded with PTX by adding copaiba oil to the inside. Subsequently, the nanocapsules were tested for oral administration. The results showed good mucoadhesive capacities and good association (9%) with the mucosa of the rats tested [81].



Abdulmalek et al. tested a combination of ChNPs with bee venom and the result of this complex on hepatocellular carcinoma (HCC). Targeted bee venom ChNPs were found to have higher cytotoxicity to HepG2 than SMMC-7721 cells, as well as the highest cellular uptake and a high reduction in cell migration leading to better cancer inhibition. It also facilitated cancer cell death in EGFR overexpressing HepG2 cells by stimulating reactive oxygen species and mitochondrial-dependent pathways, inhibiting the EGFR-stimulated MEK/ERK pathway, and increasing p38-MAPK levels compared to native bee venom. In mice with hepatocellular carcinoma (HCC), it has an anticancer influence. It also improved the function and architecture of the liver without noticeable toxic adverse effects as well as lowering cancer growth by induction of apoptosis [82].



Sharma et al. developed a ChNPs loaded with Carvedilol (beta-blocker), a drug with limited effects due to its hydrophobic nature. The NPs were created with the ion gelling technique. The results of pharmacokinetic tests indicate that the resulting NPs have a much higher bioavailability than the free drug, which suggests the possibility of ChNP use as a carrier for poorly water-soluble drugs [83].



ChNPs can also be used as vehicles for the intravenous distribution of polysaccharides, such as those of Ophiopogon japonicus (OJP). OJP is used to treat abnormalities in the intestinal barrier, including inflammatory bowel disorder; its absorption is low with oral administration. Lin et al. developed NPs containing OJP/chitosan and whey protein. The research shows that the resulting nanocomplexes had a positive effect on the integrity of the intestinal epithelium barrier and protected it against the damage caused by inflammation caused by lipopolysaccharide [84].




6.2. Eye Application


Hassan et al. designed an eye drop formulation with ChNPs to treat fungal keratitis. The formulation was prepared using the high-pressure homogenization technique and was characterized for various parameters to check their suitability. The optimized formulation successfully produced irregular spherical particles up to 200 nm in size and a polydispersity index (PDI) below 0.2 nm. The optimized formula also showed a high mucoadhesive capacity, which suggests greater retention on the eye mucosa with low eye irritation, as highlighted by the HET-CAM test (hen egg allantoic membrane). An in vitro drug release study through the dialysis membrane showed both a diffusion and a swelling-controlled release pattern for the optimized formulation. An ex-vivo corneal permeation study on goat corneal tissues using the Franz diffusion cell also showed a steady increase in drug permeation over time. In addition, the optimized formulation proved to be non-irritating and safe for the eyes in ex-vivo transcorneal toxicity studies on goat corneal tissues. The results indicate that the design of the proposed nanometric formulation is a promising step toward treating external eye diseases with positive features such as high patient compliance, controlled drug delivery, extended residence time of the drug in front of the cornea, and increased eye bioavailability [85].



Another problem with ophthalmic drug delivery is delivery to the posterior segment of the eye. One of the most commonly used steroids for inflammation is dexamethasone (DEX). Yun et al. started to develop complexes containing DEX-glycol and chitosan. The designed nanopreparation was tested on Japanese white rabbits to check whether the NPs cause eye irritation. The obtained results indicated that there was no conjunctival hyperemia, corneal opacity, or iris inflammatory exudate. Fluorescein staining tests showed no ulceration or defects in the corneal epithelial layer. The proposed NPs have good ocular tolerance and showed a longer time on the cornea than DEX in an aqueous solution [86].



Rathore et al. conducted research aimed at the formulation of ChNPs loaded with insulin in order to improve the systemic absorption of insulin by the eye, which would have the effect of reducing the administration of painful and unpleasant insulin injections in people with insulin-dependent diabetes. The manufactured NPs (C4T4I4) were characterized by a positive charge, a particle size of 215 ± 2.5 nm, and an entrapment efficiency of 65.89 ± 4.3%. In vitro drug release showed a sustained release of insulin, with 77.2% release observed after 12 h, leading to the assumption of a non-vigorous diffusion release mechanism. The carried study exposed that the insulin-loaded NPs had good mucoadhesive properties and better permeation properties than free insulin. Additionally, the prepared NPs showed adequate stability (determined by particle size stability) within six months of storage. The NPs were found to be non-irritating to eye tissues and showed a significant reduction in blood glucose levels in vivo. The results of this study suggest that the chitosan nanoparticle system may act as an important carrier system for insulin with increased stability and efficacy [87].




6.3. Cutaneous and Transdermal Application


Thanks to their unique properties, ChNPs are also attractive for biomedical applications, such as the cutaneous and transdermal skin delivery systems of cosmetic components and drugs, which increasingly constitute an alternative to oral route hindrances. Ta et al. proved that ChNPs were not toxic to human skin fibroblasts. Studies have also shown their ability to penetrate pig skin and accumulate in the dermis layer. ChNPs of three different chitosan molecular weights, low-medium-high (LMW, MMW, HMW—respectively) were prepared by the ionic gelation process, using two kinds of crosslinkers, sodium tripolyphosphate (TPP) and Acacia; they were a smooth, positive charged and spherical shape with a size of 200–300 nm, as well were uniformly distributed. Additionally, they showed that the NP particle sizes were strictly dependent on the chitosan mass but also the concentration of both Ch and the crosslinkers. Based on this they suggested that ChNPs can be ideal candidates in the cosmetic industry and in drug delivery systems by the skin [88].



In turn, Abdel-Hafez et al. [89], based on the carried out studies of ex vivo permeation, proved that even smaller ChNPs in the range of 33.85–199.23 nm (curcumin-loaded) were able to skin penetrate mainly the appendageal route. Curcumin was chosen because it is a therapeutic agent with the possibility of many different applications. For example, it has proven effectiveness in diffusing from collagen-chitosan scaffolds, supporting wound healing [90]. Abdel-Hafez and co-workers demonstrated that manufactured NPs were found in the hair follicles, from which curcumin moves into the deeper skin layers and other directions [89].



The effectiveness of the transdermal delivery-loaded curcumin chitosan carriers was also confirmed by Truong’ research team. They prepared the chitosan-coated nanostructured lipid carriers (ChNLCs) with encapsulated tetrahydrocurcumin (THC) as a successful agent for breast cancer treatment. Prepared by high-shear homogenization, ChNLCs-THC were negatively charged particles with a size of 244 ± 18 nm. Additionally, studies showed that carriers enabled the sustained release of THC at pHs 7.4 and 5.5. Fabricated ChNLCs-THC demonstrated remarkably enhanced skin permeation as well as cytotoxicity towards cells (breast cancer) than the unencapsulated THC [91].



In contrast, Talib et al., using chitosan and chondroitin sulfate, prepared NPs using the ionic gelation method which next were loaded in a transdermal patch. They were stable within 6 months and the patch contained uniformly distributed, positively charged, spherical NPs of the size of 234 nm with encapsulated artemether. Release and ex vivo tests revealed the uniform release of drugs from NPs via a diffusion-controlled mechanism, which was additionally enhanced by the presence of olive oil (as a permeation enhancer) in the patch [92].



The strengthened targeting potential of the NPs in the oily conditions was also observed by Tolentino and co-workers. They developed chitosan(ChNPs) and hyaluronic acid-based NPs (HyalNPs) with entrapped clindamycin as a potentially effective drug delivery system in acne treatment. Similar sizes (362 ± 19 nm and 417 ± 9 nm, Ch- and Hyal-, respectively) of NPs, despite opposite charges, both demonstrated enhanced targeted clindamycin-delivery into the pilosebaceous arrangement compared to the commercially available preparations (not containing Ch and Hyal) [93].



Remarkably, drug or active substance delivery to the pilosebaceous arrangement may also reinforce or exacerbate further by the use of iontophoresis (IP) [94]. Such an observation was made by the Takeuchi research team, who investigated the possibility of using poly(dl-lactide-co-glycolide) NPs (98.4 ± 36.8 nm) coated with chitosan hydroxypropyltrimonium chloride in allergen immunotherapy on the skin. Such in vivo immunoreactivity tests proved that model antigen (egg-white lysozyme (HEL)) entrapped in NPs, was successfully delivered to the hair follicles. What is more, transdermal application was more effective than subcutaneous injection [94].



Recent available literature reports that chitosan-based NPs (ChNPs) are able to promote antimicrobial and anti-inflammatory activity in targeted therapy for cutaneous pathogens [95] as well as wound healing [90,96,97]. Chitosan possesses excellent antimicrobial properties [15,98,99]. This encouraged the researchers Friedman et al. to fabricate the chitosan–alginate NPs for targeted therapy for different pathogens (e.g., cutaneous) with particular emphasis on the pathogenesis of acne.



Chitosan–alginate NPs have been proven to be effective antimicrobial and anti-inflammatory agents, demonstrating direct in vitro activity against bacteria such as Propionibacterium acnes, inducing the disruption of the cell membrane and inhibiting P. acnes which is responsible for the production of inflammatory cytokine in human monocytes and/or keratinocytes. Moreover, they turned out to be effective carriers for antiacne drugs, i.e., benzoyl peroxide (BP). BP entrapped in chitosan–alginate NPs were more effective against P. acnes and biocompatible with eukaryotic cells than BP alone [95].



The research team of Lopes Rocha Correa manufactured the melatonin-loaded lecithin-ChNPs (MEL-NPs) that induced fibroblast proliferation, angiogenesis, increased collagen deposition, and finally accelerated wound closure faster in diabetic rats. The prepared MEL-NPs are positively charged and have a relatively small size of 160 nm. Carried experiments in vivo proved that MEL-NP is efficient in improving wound healing in the rat model even for those with diabetes mellitus syndrome [96]. A similar observation was provided by Choudhary et al. who investigated quercetin-loaded chitosan tripolyphosphate NPs (QChNPs) with a size of 361.16 ± 9.72 nm. In vivo tests in Wistar rats revealed that the most effective wound healing treatment seems to be NPs consisting of 0.03% of quercetin. The examined QChNPs influenced cytokine behavior and growth factors of inflammatory and/or proliferative processes thus accelerating the course of wound healing [97].





7. Conclusions


Among the available natural polymers, chitosan (Ch) and especially its nanoparticles (ChNPs) seem to be the most attractive to be used for controlled release in different DDS. Ch has been strongly indicated as a suitable functional material in view of its excellent biocompatibility, biodegradability, and adsorption properties. This interest is partly attributed to its structure abundant in functional amino and hydroxyl groups. These moieties enable chitosan modifications in a simple way, as well as effectively binding active substances, most importantly for the precisely dosed and sustained release of bioactive substances or drugs. Moreover, ChNPs have gained more attention due to their better stability, low toxicity, and simple and mild preparation method; providing versatile routes of administration. The presented review was focused on the significant role of ChNPs in functional DDS. It brings knowledge of the preparation, different forms, and application of ChNPs, and gives short overviews of recent developments in the main fields of drug delivery, i.e., with different administration routes including oral, eye, cutaneous as well transdermal.
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Figure 1. Scheme presenting the chitosan’ structure. 
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Figure 2. Scheme presenting the most popular methods of chitosan nanoparticles (ChNPs) producing. 
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Figure 3. Scheme presenting the most popular ways of chitosan nanoparticles (ChNPs) applications. 
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Table 1. Characteristics of the most commonly used shapes of chitosan nanoparticles (ChNPs).
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	Shapes of Structures
	Chemical Construction
	Figure
	Application





	Nanospheres
	- matrix system,

- the drug is most often absorbed on the surface or enclosed in a molecule
	[image: Molecules 28 01963 i001]
	- prolonged and sustainable drug release,

- periodontal and osseous repair,

- increase the efficiency of the photothermal conversion,

- use in chemotherapy drugs



	Nanocapsules
	- hollow-core structures,

- the drug is generally included in an oily core covered with a chitosan coating
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	- sequential drug release,

- used in cancer therapy, reduce the viability of cancer cells,

- promoting wound healing



	Nanofibers
	- specific structure with of -NH2 and -OH groups along its shape,

- produced by electrospinning from polymers solution,

- drugs are loaded during fibers production or mixed with finished fibers
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	- long drug release, delivery of drugs, peptides, and vaccine antigens,

- bone regeneration,

- smooth muscle tissue engineering,

- scaffolds for dermal wound healing
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Table 2. Advantages and disadvantages of the ChNPs production methods [20,64,65,68,69,70,71,72,73,74,75,76].
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	Type of Method
	Advantages
	Disadvantages





	Covalent cross-

linking
	- possible to obtain small-size NPs with a narrow distribution [68]

- high mechanical properties of NPs [69]
	- cross-linking agent causes overt toxicity and drug integrity issues [68],

- absence of pH-dependence drug release [69],

- lack of swelling [70]



	Self-organization processes

and

Polyelectrolyte complex (PEC)
	- simple and mild preparation method [68,71],

- without harsh conditions [71],

- eliminates toxic substances [71],

- may form complexes with natural anionic materials [68],

- especially favorable for encapsulating hydrophilic and lipophilic drugs [68],

- protect the loaded active compound from adverse external conditions and control its release [72,73]
	- requires constant control of pH, because may occur tend to aggregate when PEC particles are formed [69,74],

- the mechanical properties and permeability of the products are strongly influenced by the properties of the starting material, mixing ratio, mixing order and conditions of reaction [69,74]



	Ion cross-linking (ion gelation)
	- straightforward technique [68,71],

- without any harmful crosslinker or solvents [68,71],

- reduces undesirable effects [68,71],

- improves biocompatibility [68,71],

- gives the particle size control based on the chitosan

-to-stabilizer ratio [68,71]
	- poor bioavailability upon oral administration [75],

- can affect intrinsic properties of chitosan [65],

- poor stability [20],

- encapsulation efficiency is relatively lower than other methods [20]



	Emulsion

technique
	- better particle size control [71],

- appropriate for both hydrophobic and hydrophilic drugs [71]
	- require strong cross-linking agents [71],

- require high mechanical energy to obtain small size of droplets [71],

- difficulties with the elimination of the residual cross-linking agents [71]



	Drying methods
	- simple and fast method [76],

- reducing particle size and creating narrow particle distribution [76],

- have better quality in terms of its low moisture content and flowability which offers greater shelf life to the product [76]
	- various process parameters should be controlled to obtain the desired size of particles [64],

- sometimes requires the cross-linking agent, causing a process to be multistep [64],

- high temperature during the process could cause the degradation of sensitive compounds [76]
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