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Abstract

:

The brain insulin metabolism alteration has been addressed as a pathophysiological factor underlying Alzheimer’s disease (AD). Insulin can be beneficial in AD, but its macro-polypeptide nature negatively influences the chances of reaching the brain. The intranasal (IN) administration of therapeutics in AD suggests improved brain-targeting. Solid lipid nanoparticles (SLNs) and poly(lactic-co-glycolic acid) nanoparticles (PLGA NPs) are promising carriers to deliver the IN-administered insulin to the brain due to the enhancement of the drug permeability, which can even be improved by chitosan-coating. In the present study, uncoated and chitosan-coated insulin-loaded SLNs and PLGA NPs were formulated and characterized. The obtained NPs showed desirable physicochemical properties supporting IN applicability. The in vitro investigations revealed increased mucoadhesion, nasal diffusion, and drug release rate of both insulin-loaded nanocarriers over native insulin with the superiority of chitosan-coated SLNs. Cell-line studies on human nasal epithelial and brain endothelial cells proved the safety IN applicability of nanoparticles. Insulin-loaded nanoparticles showed improved insulin permeability through the nasal mucosa, which was promoted by chitosan-coating. However, native insulin exceeded the blood-brain barrier (BBB) permeation compared with nanoparticulate formulations. Encapsulating insulin into chitosan-coated NPs can be beneficial for ensuring structural stability, enhancing nasal absorption, followed by sustained drug release.
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1. Introduction


Alzheimer’s disease (AD) has been addressed as the significant cause of dementia nowadays [1,2,3], with a high worldwide prevalence and a considerable mortality rate [4]. To date, there is no remarkably effective treatment for AD, and most of the currently available therapies are concerned with delivering the anti-AD medication systemically following the traditional oral or intravenous routes of administration [5]. The importance of insulin in the normal brain function has been confirmed by evidence that insulin dysregulation plays a role in the pathophysiology of Alzheimer’s disease (AD) [6,7,8]. Recent studies revealed the evidence that insulin plays a critical role in maintaining the mitochondrial homeostasis and cerebral bioenergetics in the brain. Moreover, it has a major influence on the clearance of the amyloid β peptide and the phosphorylation of tau protein, which are key factors in the pathomechanism of AD [9]. Intranasal (IN) administration of insulin with the aim of central nervous system (CNS) delivery demonstrated positive effects on AD patients. Additionally, it can help in improving memory recall [10], ameliorating memory levels [11], and reducing the progression of hypometabolism in the brain [12]. Clinical studies have documented substantial, progressive disturbances in brain glucose utilization and responsiveness to insulin and insulin-like growth factor stimulation that co-occur with the progression of AD [13,14]. Disruption in the regulation of the central insulin levels induces pathological features of AD and can be caused by attenuated expression of insulin receptors and insulin-like growth factor, reduced brain insulin receptor sensitivity or increased serine phosphorylation of downstream insulin signaling molecules [6,15,16]. Impaired transport of insulin across the blood-brain barrier may also result in deficient levels of insulin in the CNS. Therefore, enhancing brain insulin may prevent AD-related pathological processes [17]. Additionally, as a result, the potential of the IN delivery of insulin presents significant therapeutic benefits [18].



With the presence of the blood-brain barrier (BBB), conventional administration routes are limited in the effective therapy as it forms a high permeability selective obstacle for the drug transport to the brain [19]. Therefore, nose-to-brain drug delivery is considered a revolutionary way of introducing an effective medication for several CNS related diseases, among them AD [20]. In addition, it is a patient-friendly, noninvasive route of administration. The protection of the drug from the enzymatic degradation and acidic environment contrary to oral administration indicates an additional advantage. The direct nose-to-brain transport depends on the fact that the brain and nose compartments are connected to each other via the olfactory and trigeminal route, and via the peripheral circulation [21,22]. However, recent studies revealed that insulin has been absorbed into the systemic circulation after IN administration, and may also reach the brain indirectly by crossing the BBB or blood-CSF barrier (BCSFB) through a saturable transcellular transport mechanism. Insulin receptors are present both at the BBB and the BCSFB, and have been proposed to mediate the transport of insulin from the blood to the CNS [23]. However, insulin may face some drawbacks that hinder its proper delivery to the site of action, due to its high molecular weight and fragile peptide structure. The high molecular weight negatively influences the permeation through the biological barriers. Furthermore, degradation of IN administered insulin might occur as a result of harsh conditions following nasal administration, due to the environmental pH and enzymatic activity [24]. To minimize these risks, the formulation of insulin in a suitable nano carrier system presents a smart tool.



Nanoparticles (NPs) are considered favorable for the purpose of facilitating the indirect transport of insulin to the brain, which is IN administered [25]. They offer the protection of the delicate peptide structure of insulin from degradation that may cause the nasal environment and enhance its permeability through the nasal mucosa [26,27]. In addition, two different types of carriers, solid lipid NPs (SLNs) and poly(lactic-co-glycolic acid) NPs (PLGA NPs) have been used for the aim of the nose-to-brain delivery of peptides. These NPs preserve the structural stability of insulin in the nasal cavity owing to their mucoadhesive properties. Their nano-scale size improves their absorption to the brain via either the olfactory or respiratory pathways. Furthermore, the insulin liberation at the site of action is supported by the prolonged drug release [28].



The surface modification of SLNs and PLGA NPs ensures better mucoadhesion and permeability properties towards the biological membranes and barriers [29]. Since the nasal mucosa is negatively charged, the application of a positively charged polymer as a coating material, e.g., chitosan ensures higher residence time of NPs on the nasal mucosa. Therefore, this facilitates drug absorption both to the olfactory neuron and systemic blood circulation [30,31,32].



The aim of the present study was the incorporation of insulin into four different nanocarriers, namely SLNs (Ins SLNs), PLGA NPs (Ins PLGA NPs), chitosan-coated SLNs (Ins C-SLNs), and chitosan-coated PLGA NPs (Ins C-PLGA NPs). Then, the in vitro characterization of NPs and comparison to native insulin, according to the nose-to-brain applicability. After the physico-chemically and morphologically characterization of the prepared NPs, the in vitro behavior of NPs regarding mucoadhesion, drug release, and penetration across human nasal epithelial and human brain endothelial cells was investigated. This work provides the first reported evidence of the potential of encapsulating insulin into both polymeric and lipid NPs for IN delivery with a remarkable superiority of SLNs. Chitosan-coating was an efficient tool to further improve the NPs properties. Accordingly, a thorough comparison was performed in vitro, followed by selecting the optimized NPs in order to be a potential carrier for the IN application of insulin, a potential anti-AD drug, with the aim of brain-targeting.




2. Results


2.1. Characterization of the Prepared NPs


2.1.1. Average Hydrodynamic Diameter, Polydispersity Index, Zeta Potential


The characteristics of the NPs are presented in Table 1. The average hydrodynamic diameter (Z-average) of Ins PLGA NPs and Ins SLNs was 135 ± 1.17 nm and 99.1 ± 5.3 nm, respectively. On the other hand, Ins C-SLNs and Ins C-PLGA NPs demonstrated a slight increase in particle size (174.6 ± 10.7 nm and 145.2 ± 6.2 nm, respectively) due to the positioning of the chitosan units on the surface of the NPs. The size of all the prepared formulations adheres to the particle size requirement of the IN-applied NPs for brain targeting, which is preferred to be under 200 nm. This directly facilitates both the nose-to-brain transport via the olfactory nerve as well as receptor-mediated endocytosis [33,34]. The lower polydispersity index (PDI) values of NPs, which are lower than 0.3 point out monodisperse size distributions [35] that support the successful formulation of reproducible, stable, and efficient nanocarriers suitable for intranasal delivery [36]. The uncoated SLNs and PLGA NPs showed a negative zeta potential (ZP), which were −28.2 ± 1.8 and −42.3 ± 1.5, respectively. This can be explained by the negative charge of phosphatidylcholine at neutral pH [37] due to the presence of negatively charged oxygen atoms in phosphate and carboxyl groups. On the other hand, PLGA contains only the negatively charged carboxyl groups [28]. Moreover, the coating process using chitosan as a positively charged polymer resulted in a shifting of the NPs surface charge into positive values (+58.4 ± 0.7 and 61.3 ± 0.5 for Ins C-PLGA NPs and Ins C-SLNs, respectively), as a result of the electrostatic interactions that led to the proper adsorption of chitosan units onto the surface of the NPs. The remarkable conversion of the surface charge from negative to positive and Z-average increase indicates the successful coating of the NPs [38]. It is anticipated that chitosan-coated NPs would show better adhesion to the negatively charged nasal mucosa, which can in turn predict improved permeability through the nasal mucosa.




2.1.2. Encapsulation Efficacy and Drug Loading


As shown in Figure 1, the encapsulation efficacy (EE) and drug loading (DL) were not significantly higher (p > 0.05) in the case of Ins SLNs than Ins PLGA NPs. This could be explained by the ability of phosphatidylcholine particles to entrap insulin molecules into the Ins SLNs through the formation of hydrogen bonds employing the three available electron pairs in each unit, whilst in the case of Ins PLGA NPs, these electron pairs are used to attach the lactic-co-glycolic units with each other, as described in our previous research work [28]. Another possible explanation could be the special affinity of insulin for the lipophilic surfaces, resulting in the adsorption of insulin to the hydrophobic surfaces that induce self-aggregation due to its insolubility in organic solvents [39]. Furthermore, coating the NPs with chitosan seems to be a beneficial tool in getting higher EE and DL due to the formation of an impermeable coating that offers protection against the leakage of insulin molecules from the prepared NPs [40,41,42].




2.1.3. Morphological Study


Scanning electron microscopy (SEM) images of the obtained NPs showed a spherical shape with a smooth surface, which provides better dissolution, mucoadhesion, and permeation than the needle- or disk-like shape NPs (Figure 2). Moreover, the spherical shape of the NPs will result in a minimal membrane bending energy, resulting in a higher stability and lower chance of entrapped drug leakage compared with the non-spherical counterparts that involve a strong membrane deformation, higher friction, and energy consumption [43].




2.1.4. Raman Spectroscopy


The structural changes of insulin after the preparation of NPs were investigated using Raman spectroscopy. The Raman spectra of insulin-containing NPs were compared with the native insulin’s spectrum (Figure 3).



From a stability point of view, one of the most relevant spectral features belongs to the tertiary structure of insulin ascribing disulfide bridges (S—S around 510 cm−1) and (S—C around 665 cm−1), whereas the internal polypeptide chain orientation in the wavenumber regions of the C—C and C—N stretching modes (890–990 cm−1 and 1110–1160 cm−1, respectively) amide III bands (1200–1300 cm−1 and amide I band (1600–1700 cm−1) provide information regarding the secondary structure [44]. Comparing these spectral markers of the protein structure of NPs to native insulin, no Raman shift was observed, which indicates no change or unfolding in the protein structure. Therefore, the encapsulated insulin preserved its native nature.




2.1.5. Analysis of the Residual Solvent Amount by GC-MS


As cyclohexane belongs to the Class 2 solvents, whereas ethyl acetate to Class 3 solvents, their residual concentration is maximized according to the International Council of Harmonization (ICH) Q3C (R5) guideline for residual solvents. In this case, it should be less than 3880 and 5000 ppm in the daily dose of the final product, respectively. The residual cyclohexane and ethyl acetate content were determined in the different NP formulations after freeze-drying using the GC-MS. The concentration of both residuals was under 0.1 ppm, the limit of quantification (LOQ) of GC-MS method, which supports the successful elimination of the residual organic solvents during the freeze-drying process.





2.2. In Vitro Evaluation


2.2.1. Mucoadhesion Test


The mucoadhesive behavior of the prepared NPs was tested by assessing the reaction of the prepared NPs with the mucin, the main component of the nasal mucosa. As shown in Figure 4, the highest mucoadhesion was obtained when formulating the chitosan-coated NPs (Ins C-SLNs and Ins C-PLGA NPs), followed by Ins SLNs, while Ins PLGA NPs was ranked last. To illustrate, there are two explanations based on the performed test, as follows:



In the zeta potential method (Figure 4A), both of the chitosan-coated NPs (Ins C-SLNs and Ins C-PLGA NPs) demonstrated a significant decrease in their ZP values after the embedding with the mucin (p < 0.05) due to the interaction between the positively charged Ins C-SLNs and Ins C-PLGA NPs and the negatively charged mucin, thus the formation of ionic bonds [45]. On the other hand, Ins SLNs and Ins PLGA NPs have negative surface charges, which result in a weaker interaction with mucin and a formation of intermolecular non-covalent interactions, such as hydrogen bonding, hydrophobic interactions, electrostatic interactions, and Van der Waals forces [46].



In the turbidimetric method, the mucoadhesion was assessed by measuring the mucin binding efficacy (MBE) to each type of the prepared NPs. The mucin binding efficacies of Ins SLNs and Ins PLGA NPs were 35.99% and 58.2%, respectively, and they were increased by the chitosan-coating to 69.14% and 73.45%, as shown in Figure 4B. Since the mucin possesses a negative charge along with its glycosylated structure, the positively charged Ins C-SLNs and Ins C-PLGA NPs will have a significantly higher interaction with the mucin than the negatively charged Ins SLNs and Ins PLGA NPs. The first leads to the formulation of ionic bonds, while the latter occurs by the formulation of electrostatic interactions (p < 0.05). Since the Ins SLNs have a higher negative charge, their electrostatic interactions with the mucin will be significantly higher than the Ins PLGA NPs (p < 0.05). Similar results were obtained in previous studies [32,47].



The results of the zeta potential method are in accordance with the outcomes of the turbidimetric method, as the MBE value of each type of the NPs matches the total changes in the ZP values. Both of the methods proved the superior mucoadhesion of the Ins C-SLNs and Ins C-PLGA NPs, followed by the Ins SLNs, which excelled to the Ins PLGA NPs.




2.2.2. In Vitro Diffusion Studies


The nasal diffusion behavior of the native insulin, the insulin-loaded NPs (Ins SLNs and Ins PLGA NPs), and the chitosan-coated insulin-loaded NPs (Ins C-SLNs and Ins C-PLGA NPs) was tested in vitro in comparable conditions with the probable nose-to-brain delivery of insulin, following the IN application. The results are shown in Figure 5.



A significant increase in the diffusion of insulin through the used semi-permeable cellulose membrane was attained when formulating insulin into NPs (p < 0.001). This can be explained by the special characters that are offered by the prepared NPs, such as the nanoscale size and the augmentation of the specific surface area, which result in better nasal permeation properties [33]. Furthermore, the spherical and smooth surface of the NPs as revealed by the SEM images will ensure the minimum friction with the membrane surface [28,48].



Characteristically, the diffusion of both Ins SLNs and Ins C-SLNs was significantly higher than in the case of Ins PLGA-NPs (p < 0.05) and Ins C-PLGA NPs (p < 0.01). This could be the result of the higher lipophilicity of Ins SLNs [49] in comparison with Ins PLGA NPs [48]. Moreover, the chitosan-coating of the NPs led to a significantly better (p < 0.001) membrane diffusion and this might be a result of the permeation enhancer properties of chitosan [50].



The results of the diffusion test support the outcomes of the mucoadhesion test, which indicate better mucoadhesion properties for NPs with the nasal mucosa. This provides a longer residence time in the nasal cavity, decreasing the elimination by mucociliary clearance, and thus supporting a longer time for the absorption of NPs.




2.2.3. In Vitro Drug Release


The dissolution behavior of the prepared NPs was investigated under CSF and systemic circulation conditions to simulate the drug release after nasal absorption, where native insulin was used as a reference, and PBS (pH = 7.4) was employed as the dissolution medium. Figure 6 represents the results of the dissolution test.



The native insulin demonstrated the highest dissolution rate among the tested formulations in PBS, which can be related to the isoelectric point of bovine insulin. The applied insulin has an isoelectric point of 5.3–5.4. Therefore, the application of a medium with a pH value below 4 or above 7 will lead to an enhanced solubility [51]. Moreover, the encapsulation of insulin in Ins SLNs and Ins PLGA NPs was significantly accompanied (p < 0.001) by a 2- and 1.67-fold decrease in the dissolution rate of insulin, respectively. This can be explained by the controlled release properties of the lipid and polymeric NPs [52,53,54]. The Ins PLGA NPs showed a significantly higher (p < 0.05) drug release in comparison with the Ins SLNs, which can be explained by the higher lipophilicity, and thus the drug release retention of SLNs [39]. Furthermore, the chitosan-coating was a useful procedure to ensure the extra prolonged release (0.1-fold in the two types of the NPs), which is due to the water-insoluble properties of chitosan at the physiological pH [41,42]. Moreover, the significant difference between the different carriers in the drug release disappeared.





2.3. In Vitro Cell Culture Studies


2.3.1. Cell Viability Assay


The impedance measurement is a sensitive method for detecting the cellular effects in real-time. Additionally, neither RPMI 2650 epithelial cells nor D3 endothelial cells showed notable cell damage after the treatments with insulin and insulin-containing NPs (Figure 7 and Figure 8).



For comparison, the reference compound Triton X-100 detergent (Merck LtD., Budapest, Hungary) caused cell death, as reflected by the decrease in impedance in both cell types (Figure 7A and Figure 8A). Figure 7A and Figure 8A show the kinetics of the cellular effects of treatment solutions, while the columns in Figure 7B and Figure 8B show the effect of insulin and encapsulated NPs at the 1-h time point.



The kinetic curves of the NPs ran similarly to the untreated control group during the treatment in both the epithelial and endothelial models (Figure 7A and Figure 8A). In the case of the hCMEC/D3 cells, a slight decrease in cell index values could be observed in two NPs groups (Ins PLGA-NPs and Ins C-PLGA-NPs). However, the cell index values remained above 0.75, which refer to a non-toxic range. The significant differences observed at both cell types (Figure 7B and Figure 8B) at the 1-h time point are due to the extremely low standard deviation and not the toxic effect of treatments. The non-toxic effects of the NPs were verified by a permeability assay after the insulin transport study: The permeability for paracellular marker molecules was unchanged or even lower, which indicates a tight barrier integrity of the model (Supplementary Figure S1).




2.3.2. Insulin Permeability across the Culture Models of the Nasal Mucosa and Blood-Brain Barrier


The permeability of insulin was tested on the nasal epithelial and brain endothelial cell barrier models (Figure 9 and Figure 10). The insulin NPs showed a similar trend in both models.



The results of the ex vivo nasal permeability test confirmed the previously performed in vitro tests that the transport of insulin was lower in the case of SLNs, and the PLGA-NP (Papp: ≤ 5 × 10−6 cm/s) compared with the chitosan-coated NPs (Ins C-SLNs and Ins C-PLGA NPs; Figure 3 and Figure 4). The permeability coefficients of the chitosan-coated NPs were ≥ 6 × 10−6 cm/s on both models (Figure 9 and Figure 10). The reason for this effect is due to the unique biological properties of chitosan. Chitosan is a linear cationic polysaccharide, is which is among others non-toxic, biodegradable, and has antibacterial and antimicrobial activity. Furthermore, it can enhance the paracellular permeability of biological barriers by modulating tight junction proteins [55].



In the case of the nasal epithelial barrier model, the NPs showed a significantly higher permeability (1- to 4-fold) than insulin alone. Therefore, the NPs increased the flux of insulin through the nasal barrier (Figure 9).



The brain endothelial barrier model showed high permeability for free insulin compared with the NPs (Figure 10). The difference in the insulin permeability between the two types of barrier models was almost one order of magnitude. The permeability coefficient was 1.6 × 10−6 for insulin in the case of the nasal barrier model and 9.4 × 10−6 for the blood-brain barrier model. The reason for this difference could be the physiological function of these barriers. Insulin, as a hormone, has an important role in blood glucose level regulations in the brain. Therefore, the brain endothelial cells contain the highest level of insulin receptors in the human body [56]. The high insulin receptor expression in hCMEC/D3 cells was verified in a quantitative proteomic study [57].



There were no significant differences between the recovery values of the different investigated insulin groups (Table 2). In general, permeability assays are considered reliable if the recovery of the molecule after the permeability assay is ~70%. Furthermore, the tight barrier integrity of brain endothelial cell layers was confirmed by the low Papp values of BBB marker molecules (Supplementary Figure S2).






3. Discussion


A relation between tauopathies and insulin resistance has been revealed. Therefore, insulin supplied IN, in subjects presenting with amnestic mild cognitive disorder or AD, showed cognitive benefits [58,59]. Insulin has a multifactorial role in the brain and takes part in the clearance of the amyloid β peptide and phosphorylation of tau through proteostasis. In addition, it can be employed in ameliorating AD by restoring the cerebral insulin function. This observation opened the way to a new clinical trial: The Study of Nasal Insulin in the Fight Against Forgetfulness (SNIFF, NCT01767909) [60]. This trial studies the effects of IN insulin on cognition and brain atrophy. It is not actually certain how insulin, administered in this way, affects the tau protein [61].



The hypothesis of “nose-to-brain” transport of bioactive proteins and protein-loaded NPs is well supported by previous animal studies. The intranasally administered insulin-like growth factor-I, a 7.65 kDa protein, can bypass the BBB via olfactory- and trigeminal-associated extracellular pathways to rapidly elicit biological effects at multiple sites within the brain and spinal cord [62]. Chitosan nanoparticles enhanced the nasal absorption of insulin to a greater extent than an aqueous solution of chitosan [63]. Insulin is able to enter the brain tissue through the BBB by receptor-mediated transcytosis. However, its fragile structure and the complex pathway following the conventional administration routes result in a low brain bioavailability. The IN administration of insulin might overcome these drawbacks, especially when formulating it in a nanoparticulate system. However, only a few studies reported the nasal delivery of insulin-loaded nanoparticles. It has been revealed that chitosan is able to dramatically enhance the nasal absorption of polar molecules, including peptides and proteins that otherwise are only poorly absorbed via the IN route [64]. Therefore, the effect of chitosan-coating on nanoparticle characteristics, mucoadhesion, drug release, cytotoxicity, and permeability was investigated in comparison with the uncoated nanoparticles. PLGA nanoparticles (NPs) have been reported to improve drug penetration across the BBB both in vitro and in vivo. PLGA NPs can cross the BBB passively or through active endocytosis mechanisms. Unmodified PLGA NPs cross the BBB primarily through passive internalization based on size, which was found to result in a low brain uptake. Several strategies have been developed to improve the penetration of NPs into the brain. These strategies modify NPs with components that are designed to take advantage of BBB endocytosis pathways [65]. PLGA NP surfaces can be modified with positive charges, e.g., with chitosan, that electrostatically interact with negatively charged regions of the luminal surfaces, which help PLGA in crossing the BBB by adsorption-mediated transcytosis [66].



Four types of NPs were formulated successfully (Ins SLNs, Ins C-SLNs, Ins PLGA NPs, and C-PLGA-NPs) with optimal nanoparticulate characteristics for the brain delivery of IN insulin. Insulin was loaded into the nanoparticles before the chitosan-coating process to ensure a sufficiently low Z-average, as previously reported by Dyer et al. [67]. Based on the literature data, a good correlation between the structural stability and biological activity of insulin encapsulated in SLNs has been described. SLNs preserved the biological activity of encapsulated insulin both during the preparation and intracellular transport [68]. Furthermore, SLNs prepared by the solvent-in-water diffusion-emulsion technique were tested in animal studies and no reduction in the biological activity of the encapsulated insulin was found [69].



The in vitro studies revealed that Ins SLNs showed a lower Z-average, higher EE, and DL, as well as a lower dissolution rate compared with Ins PLGA NPs. Chitosan-coated formulations (Ins C-SLNs and Ins C-PLGA NPs) showed a promoted sustained-release behavior and improved mucoadhesion properties over the native insulin and the uncoated NPs. The permeation of the Ins SLNs and Ins PLGA NPs was increased compared with native insulin and was further improved by chitosan-coating. The in vitro cell line studies proved the safety of prepared NPs for the IN application. Furthermore, the permeation of insulin through the nasal mucosa was the highest in the case of Ins C-SLNs outperforming the Ins C-PLGA NPs and uncoated NPs, and the lowest in the case of native insulin. On the other hand, the permeability study showed the superiority of the native insulin in the brain endothelial barrier model over the prepared NPs, from which the Ins C-SLNs excelled the Ins C-PLGA NPs followed by Ins SLNs, then Ins PLGA-NPs. Therefore, an optimal nose-to-brain formulation can be obtained using a mixture of native insulin and Ins C-SLNs. The former ensures the rapid effect, and the latter supports sustained drug release. Similarly, the results were achieved by Lu et al. in the case of insulin-loaded PLGA NPs, which can be further improved by the application of cell-penetrating peptides [70].



These findings shed light on the potential of the encapsulated insulin in both Ins SLNs and Ins PLGA NPs for the IN application, with the superiority of SLN and the positive enhancing effect of chitosan-coating.




4. Materials and Methods


4.1. Materials


Insulin from the bovine pancreas, phosphatidylcholine, PLGA (poly(lactic-co-glycolic acid)) 75/25, and poloxamer 188 were purchased from Sigma-Aldrich (Steinheim, Germany). Trehalose dihydrate, chitosan, and all of the organic solvents (cyclohexane and ethyl acetate, both analytical grade) and reagents were purchased from Merck (Darmstadt, Germany), unless otherwise indicated.




4.2. Preparation of Insulin NPs


4.2.1. Preparation of SLNs


Insulin SLNs were obtained following a previously reported double-emulsion solvent-evaporation technique with some modifications [71]. The double emulsion (W1/O/W2) was prepared according to the following steps. First, the primary W1/O emulsion was prepared by adding 0.35 mL of insulin solution in 0.1 M aqueous HCl solution (2 mg/mL) dropwise to a phosphatidylcholine solution in cyclohexane (9 mg/mL), using an ultrasonic homogenizer (Hielscher, Germany) (0.5 cycles with 75% amplitude) for 1 min. Then, the resultant emulsion was added dropwise into 1.6 mL of 2% w/v poloxamer 188 aqueous solution (W2), using the homogenizing mixer (0.5 cycles with 75% amplitude) for another 1 min. The final mixture was left overnight in a laminar flow hood under stirring using a magnetic stirrer at 500 rpm, in order to allow for the evaporation of the organic solvent, thus forming the SLNs. Finally, freeze-drying was applied in the presence of 5% w/v trehalose as a cryoprotectant to obtain a lyophilized powder. For that purpose, a Scanvac CoolSafe laboratory freeze-dryer (Labogene, Lynge, Denmark) was operated at −40 °C for 12 h under a 0.013 mbar pressure, with an additional 3 h of secondary drying at 25 °C. The lyophilized powder was stored at 5 ± 3 °C until further investigation.




4.2.2. Preparation of PLGA NPs


PLGA NPs were prepared following a modified double-emulsion solvent evaporation method [72]. The previously described insulin-containing primary W1/O emulsion was added dropwise into the PLGA solution in ethyl acetate (12 mg/mL) in the presence of the ultrasonic homogenization (0.5 cycles, with 75% amplitude) for 1 min. Then, the resultant emulsion was added dropwise into the W2 phase (poloxamer 188, 2% w/v) with the presence of the ultrasonic homogenization (0.5 cycles, with 75% amplitude) for another 1 min. Finally, the resultant W1/O/W2 emulsion was left overnight in a laminar flow hood under constant stirring at 500 rpm to allow for the evaporation of the organic solvent, thus allowing the PLGA NPs to freeze dry, as previously described.




4.2.3. Preparation of Chitosan-Coated NPs


The coating of both NPs with chitosan was performed by incubating the resultant SLNs and PLGA NPs colloidal solutions with an equal volume of 0.1% w/v chitosan solution, which is dissolved in 1% v/v acetic acid under constant stirring at 500 rpm for 1 h. After the coating reaction, the mixture was purified through 3-cycle centrifugation using an Hermle Z323K high-performance refrigerated centrifuge (Hermle AG, Gosheim, Germany) for 30 min at 16,000 rpm, in order to separate the NPs pellet and supernatant that contain the residual chitosan solution, which did not take place in the coating process. The zeta potential (ZP) of the NPs was measured using a Malvern Nano ZS instrument (Malvern Instruments, Worcestershire, UK) before and after the coating process, in order to prove the successful coating with the positively charged chitosan.





4.3. Characterization of the NPs


4.3.1. Dynamic Light Scattering and Zeta Potential


The characterization of the NPs started by analyzing the average hydrodynamic diameter (Z-average), polydispersity index (PDI), and the ZP. These parameters were analyzed after redispersing the freeze-dried samples in purified water, then placing the suspensions in folded capillary cells using a Malvern Nano ZS instrument (Malvern Instruments, Worcestershire, UK). The temperature and refractive index of the apparatus were set at 25 °C and 1.755, respectively, and the total number of scans was 17. For the analysis, aliquots of the NPs colloidal solution were sampled before and after the incubation with the chitosan. Then, they were dispersed in ultrapure water (1:200 v/v) and placed in a cuvette to check the size, PDI, and ZP changes. The measurements were performed in triplicate, and the data were reported as means ± SD.




4.3.2. Encapsulation Efficacy and Drug Loading


Calculating the encapsulation efficacy (EE) and drug loading (DL) of NPs was determined directly by dissolving 50 mg of freeze-dried particles in 10 mL of 1 M hydrochloric acid. After the complete dissolution of the particles, the insulin was separated from the lipid and polymeric components by ultrafiltration using a cellulose dialysis membrane with a 10 kDa cut-off (Spectra/Por® Dialysis Membrane, Spectrum Laboratories Inc., Rancho Dominguez, CA, USA). The insulin concentration in the filtrate was measured using HPLC. The EE and DL were calculated by applying the two following equations [73]:


   EE     ( % )  =    The   amount   of   encapsulated   insulin   in   the   freeze  −  dried   nanoparticles     The   total   amount   of   insulin   used   in   the   preparation    × 100  



(1)






   DL     ( % )  =    The   amount   of   encapsulated   insulin   in   the   freeze  −  dried   nanoparticles     The   weight   of   the   freeze  −  dried   nanoparticles    × 100  



(2)








4.3.3. HPLC Method


The insulin quantification was carried out using HPLC (Agilent 1260, agent technologies, Santa Clara, CA, USA). As the stationary phase, a Gemini-NX® C18 150 mm × 4.6 mm, 5 µm (Phenomenex, Torrance, CA, USA) column was applied. As mobile phase purified water and acetonitrile were used in a ratio of 68:32 adjusted to pH = 2.8 with phosphoric acid. Then, for the separation, 20 μL of the samples were injected using a 15-min isocratic elution with 1 mL/min eluent flow at 30 °C temperature. An UV-Vis diode array detector was applied for the detection of chromatograms at 280 nm. The ChemStation B.04.03 Software (Santa Clara, CA, USA) was used for the evaluation of data. The linear regression of the calibration curve was 0.997. The limit of quantification (LOQ) and detection (LOD) values of insulin were 87 and 26 ppm, respectively.




4.3.4. Scanning Electron Microscope (SEM)


SEM was employed to investigate the surface morphology of the NPs (Hitachi S4700, Hitachi Scientific Ltd., Tokyo, Japan) at 10 kV and 10 mA. Approximately 10 nm of coating the samples with gold-palladium was carried out under an argon atmosphere with an air pressure of 1.3–13 mPa (Bio-Rad SC 502, VG Microtech, Uckfield, UK).




4.3.5. Raman Spectroscopy


The structural stability of insulin after the preparation was investigated using an XRD Dispersive Raman spectroscopy (Thermo Fisher Scientific Inc., Waltham, MA, USA). The instrument was equipped with a 780 nm wavelength diode laser and a CCD camera. A laser power of 12 mW at 50 µm slit aperture size was set. Raman spectra were collected with 2 s of exposure and 6 s of acquisition time, for a total of 32 scans per spectrum in the spectral range of 3500–200 cm−1 with fluorescence and cosmic ray corrections. The Raman spectra of NPs were compared with the native insulin to examine the structural changes.




4.3.6. Analysis of the Residual Solvent Amount by Gas Chromatography


Gas chromatography (GC) measurements have been carried out to exclude the presence of residual solvents (cyclohexane and ethyl acetate) in the freeze-dried NPs by a Shimadzu GCMS-QP2010 SE instrument (Shimadzu Corporation, Kyoto, Japan) using a 30 m long 0.25 mm diameter ZBWax-Plus column with the carrier gas. The freeze-dried NPs were dissolved in 5.0 mL of toluol, then filtered with a 0.45 µm membrane filter into a headspace vial. The temperature for the injector port was set at 200 °C and a 1 µL sample was injected into the GC/MS system. The oven temperature was programmed from 80 °C (held for 5 min) to 160 °C at 10 °C/min. For the identification of the residual solvents present in the samples, the mass spectrometer was operated to monitor only the 40–100 m/z ratios from 1–1.7 min after injection, which is specific for the investigated organic solvents.




4.3.7. Mucoadhesion Study


The mucoadhesive behavior of the prepared NPs and pure insulin was determined using two complimented methods: The direct turbidimetric method and the indirect ZP change-based method. The direct method was carried out by mixing equal volumes of the nanoparticulate colloidal solution in a simulated nasal electrolyte solution (SNES) (8.77 g/L sodium chloride (NaCl), 2.98 g/L potassium chloride (KCl), 0.59 g/L anhydrous calcium chloride (CaCl2) dissolved in purified water, pH 5.6) with porcine stomach mucin (Type III) solution 0.05% w/v. Then, the mixture was incubated at 37 °C, and continuously stirred for 4 h with a 1-h sampling interval. Thereafter, the samples were centrifuged at 17,000 rpm and 4 °C. The concentration of the free mucin in the supernatant was measured at 255 nm using a Jasco V-730 UV spectrophotometer (ABL&E JASCO Ltd., Budapest, Hungary). Then, following that step, the mucin binding efficacy (MBE) was calculated based on the following equation [74]:


   Mucin   binding   efficacy     ( % )  =    Total   mucin  −  Free   mucin     Total   mucin    × 100  



(3)







The indirect method was also employed to further evaluate the mucoadhesive properties. In this method, the ZP values were measured using a Malvern Nano ZS instrument (Malvern Instruments, Worcestershire, UK). This method assessed the ZP variations during the interaction between the negatively charged mucin and the various nanocarriers [75].




4.3.8. In Vitro Diffusion Studies


The in vitro diffusion test was carried out employing a modified side-by-side® type apparatus (Grown Glass, New York, NY, USA), which was designed in a similar way to the nasal cavity conditions. This method has been evaluated, validated, and previously reported by Gieszinger et al. [76,77]. The experiments were performed under thermostated conditions at 35 °C (Thermo Haake C10-P5, Sigma-Aldrich Co. LLC, St. Louis, MO, USA) with constant stirring at 100 rpm. The donor and receptor compartments were isolated with an isopropyl myristate impregnated artificial cellulose membrane (0.45 µm pore size, Pall Metri-cel cellulose membrane) with a 0.69 cm2 diffusion surface. The donor compartment consisted of 9 mL pH 5.6 SNES, whereas the acceptor compartment consisted of PBS (corresponding to the systemic circulation of pH 7.4). The freeze-dried NPs, containing equivalently 0.5 mg of insulin and 0.5 mg of initial insulin, were placed into the donor phase. In addition, the aliquots (0.5 mL) were withdrawn from the acceptor phase at predetermined time intervals up to 60 min and replaced with the same volume of fresh medium. The amount of the drug diffused through the membrane was quantified using HPLC. Each formulation was analyzed in triplicate. The results were reported as means ± SD.




4.3.9. In Vitro Drug Release of NPs


In order to investigate the drug release profile of insulin-containing NPs in comparison with the initial insulin at nasal conditions, the modified paddle method (Hanson SR8 Plus, Teledyne Hanson Research, Chatsworth, CA, USA) was used. The freeze-dried NPs, containing equivalently 0.5 mg of insulin and 0.5 mg of initial insulin, were placed into dialysis bags with a 12–14 kDa cut-off (Spectra/Por® Dialysis Membrane, Spectrum Laboratories Inc., Rancho Dominguez, CA, USA). Then, the dialysis bags were immersed in dissolution vessels containing 100 mL volumes of 0.08 M potassium dihydrogen phosphate buffer adjusted to pH 7.4 with 0.1 M sodium hydroxide (corresponding to the systemic circulation and CSF pH) and stirred at 50 rpm at 37 °C [78]. The aliquots (2 mL) were withdrawn from the release medium at predetermined time intervals up to 6 h and then replaced with an equivalent volume of the fresh release medium to maintain a sink condition [79,80]. The insulin concentration in the samples was determined with HPLC. The results were reported as means ± SD.





4.4. In Vitro Cell Line Studies


4.4.1. Human RPMI 2650 Nasal Epithelial Cell Culture


Human RPMI 2650 nasal epithelial cells were purchased from ATCC (cat. no. CCL 30) and used until passage 50 for the experiments. For the cell culturing, Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Pan-Biotech GmbH, Aidenbach, Germany) and 50 µg/mL gentamicin were used. In addition, the cells were kept in a humidified 37 °C incubator with 5% CO2. All of the plastic surfaces were coated with 0.05% collagen in sterile distilled water before cell seeding in culture dishes, and the medium was changed every 2 days. The cells were trypsinized with 0.05% trypsin 0.02% EDTA solution when they reached about 80–90% confluency in the dishes. To induce tighter epithelial barrier properties, retinoic acid (10 µM) and hydrocortisone (500 nM) were added to the cells 1 day before the experiment [81].



For the permeability measurements, RPMI 2650 epithelial cells were co-cultured with human vascular endothelial cells [82] to create a more physiological barrier [83]. The endothelial cells (≤P8) were grown in an endothelial culture medium (ECM-NG, Sciencell, Carlsbad, CA, USA) supplemented with 5% FBS, 1% endothelial growth supplement (ECGS, Sciencell, Carlsbad, CA, USA), and 0.5% gentamicin on 0.2% gelatin-coated culture dishes.




4.4.2. Human hCMEC/D3 Brain Endothelial Cell Line


Cultures of hCMEC/D3 cells (≤P35) were grown in MCDB 131 medium (Pan-Biotech, Aidenbach, Germany) supplemented with 5% FBS, GlutaMAX (100×, Life Technologies, Carlsbad, CA, USA), lipid supplement (100×, Life Technologies, Carlsbad, CA, USA), 10 µg/mL ascorbic acid, 550 nM hydrocortisone, 100 µg/mL heparin, 1 ng/mL basic fibroblast growth factor (bFGF, Roche, San Francisco, CA, USA), 2.5 µg/mL insulin, 2.5 µg/mL transferrin, 2.5 ng/mL sodium selenite (ITS), and 50 µg/mL gentamicin [84]. All of the plastic surfaces were coated with 0.05% collagen in sterile distilled water before cell seeding and the medium was changed every 2 days. Before each experiment, the medium of hCMEC/D3 cells was supplemented with 10 mM LiCl for 24 h to improve the barrier properties [85].




4.4.3. Preparation of Insulin and Insulin-Loaded Nanoparticle Dilutions for Cellular Assays


The concentration of insulin was 0.7 mg/mL (20 IU) in the different NPs after diluting the samples in 1.5 mL culture medium or Ringer HEPES (5 mM Hepes, 136 mM NaCl, 0.9 mM CaCl2, 0.5 mM MgCl2, 2.7 mM KCl, 1.5 mM KH2PO4, 10 mM NaH2PO4, pH 7.4) depending on the experiments. To prepare the insulin stock solution, the powder was first dissolved in 1 M HCl and then in medium or Ringer HEPES to reach a solution of 0.7 mg/mL and the pH was adjusted to 7.4. For cell viability measurements, the different NPs and the insulin working solutions were prepared as 10× (0.07 mg/mL), 30× (0.02 mg/mL), and 100× (0.007 mg/mL) diluted in cell culture medium. The 10, 30, and 100× dilution of HCl and free insulin were prepared in the medium as control treatments. For permeability measurements, the NPs and insulin were applied as 10 times dilution at 0.07 mg/mL concentration diluted in a Ringer-HEPES buffer.




4.4.4. Cell Viability Measurement


The kinetics of the epithelial and endothelial cell reaction to the different treatments were monitored by impedance measurement at 10 kHz (RTCA-SP instrument, Agilent, Santa Clara, CA, USA). The impedance measurement is label-free, non-invasive, and correlates linearly with the adherence, growth, number, and viability of cells in real-time [86,87]. For background measurements, the 50 μL cell culture medium was added to the wells. Then, the cells were seeded at a density of 2 × 104 RPMI 2650 cells/well and 6 × 103 hCMEC/D3 cells/well in 96-well plates coated with integrated gold electrodes (E-plate 96, Agilent, Santa Clara, CA, USA). The cells were cultured for 5–7 days in a CO2 incubator at 37 °C and monitored every 10 min until the end of experiments. In addition, the cells were treated at the beginning of the plateau phase of growth. The insulin, insulin NPs, and HCl solution were diluted in a cell culture medium and the effects were followed for 20 h. Triton X-100 detergent (1 mg/mL) was used as a reference compound to induce cell toxicity. The cell index was defined as Rn-Rb at each time point of measurement, where Rn is the cell-electrode impedance of the well when it contains cells and Rb is the background impedance of the well with the medium alone.




4.4.5. Permeability Studies


Transepithelial or transendothelial electrical resistance (TEER) reflects the tightness of the intercellular junctions closing the paracellular cleft, resulting in the overall tightness of cell layers of biological barriers. TEER was measured to check the barrier integrity by an EVOM volt-ohmmeter combined with STX-2 electrodes (World Precision Instruments, USA), and was expressed relative to the surface area of the cell layers as Ω × cm2. Resistance of cell-free inserts was subtracted from the measured values, and the cells were treated when the cell layers had reached steady TEER values.



To model, the nasal barrier RPMI 2650 epithelial and vascular endothelial cells were co-cultured on inserts (Transwell, polycarbonate membrane, 3 µm pore size, 1.12 cm2, Corning Costar Co., Cambridge, MA, USA) and placed in 12-well plates for 5 days. Vascular endothelial cells were passaged (1 × 105 cells/cm2) to the bottom side of tissue culture inserts coated with a low growth factor containing Matrigel (BD Biosciences, East Rutherford, NJ, USA), and nasal epithelial cells were seeded (2 × 105 cells/cm2) to the upper side of the membranes which were coated with collagen. As a simplified blood-brain barrier model, hCMEC/D3 cells were cultured on collagen-coated Transwell inserts (Transwell, polycarbonate membrane, 3 µm pore size, 1.12 cm2, Corning Costar Co., Acton, MA, USA) for 5 days in monolayer. The cells were treated when the cell layers had reached steady TEER values.



For the permeability experiments, the inserts were transferred to 12-well plates containing 1.5 mL Ringer-HEPES buffer in the acceptor (lower/basal) compartments. In the donor (upper/apical) compartments, 0.5 mL buffer was pipetted containing insulin alone or encapsulated formulations. To avoid the unstirred water layer effect, the plates were kept on a horizontal shaker (120 rpm) during the assay. The assays lasted for 60 min. Samples from both compartments were collected and the insulin concentration was measured by HPLC. The apparent permeability coefficients (Papp) were calculated as described previously [88]. Briefly, the cleared volume was calculated from the concentration difference of the tracer in the acceptor compartment (Δ[C]A) after 60 min and in donor compartments at 0 h ([C]D), the volume of the acceptor compartment (VA; 1.5 mL), and the surface area available for permeability (A; 1.12 cm2) using this equation:


   P  app    (    cm  s   )  =   Δ    [ C ]   A  ×  V A    A ×    [ C ]   D  × Δ t    



(4)







Recovery (mass balance) was calculated according to the equation:


   Recovery     ( % )  =    C f D   V D  +  C f A   V A     C 0 D   V D    × 100  



(5)




where    C 0 D    and    C  0 f  D    are the initial and final concentrations of the compound in the donor compartment, respectively;    C 0 A    is the final concentration in the acceptor compartment;    V D    and    V A    are the volumes of the solutions in the donor and acceptor compartments [89].





4.5. Statistical Analysis


Data are presented as means ± SD. The values were compared using the analysis of variance (ANOVA) followed by Dunett’s test using the GraphPad Prism 5.0 software (GraphPad Software Inc., San Diego, CA, USA). Changes were considered statistically significant at p < 0.05.









Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ijms222413258/s1.





Author Contributions


Conceptualization, G.K. (Gábor Katona), H.A., I.C. and S.V.; methodology, G.K. (Gábor Katona), H.A., M.M., A.S., I.G. and A.B.; software, G.K. (Gábor Katona), H.A. and I.G.; validation, G.K. (Gábor Katona), I.C., Z.K., S.V. and M.A.D.; formal analysis, I.C., Z.K., S.V. and M.A.D.; investigation, G.K. (Gábor Katona), H.A., R.A.; A.B., I.G., M.M., A.S., G.K. (Gábor Kozma) and S.V.; resources, I.C., M.A.D. and Z.K.; data curation, G.K. (Gábor Katona), H.A., I.G., S.V. and A.B.; writing—original draft preparation, H.A. and I.G.; writing—review and editing, G.K. (Gábor Katona), A.B., S.V. and M.A.D.; visualization, G.K. (Gábor Katona) and I.G.; supervision, I.C., A.B., S.V., M.A.D. and Z.K.; project administration, I.C., G.K. (Gábor Kozma), S.V. and M.A.D.; funding acquisition, I.C., M.A.D. and Z.K. All authors have read and agreed to the published version of the manuscript.




Funding


The publication was founded by the Ministry of Human Capacities, Hungary (Grant TKP-2020), and by the National Research, Development and Innovation Office, Hungary (GINOP-2.3.2-15-2016-00060) projects.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article and Supplementary Material.




Acknowledgments


The authors want to express their acknowledgment to the supporters. This study was supported by the National Research, Development and Innovation Office of Hungary, grant numbers NNE-29617 (M-ERA.NET2 nanoPD). S.V. was supported by the Hungarian Acad-emy of Sciences, Premium Postdoctoral Research Program (PREMIUM-2019-469). M.M. was sup-ported by the research grant (PD 138930) of the National Research, Development and Innovation Office, Hungary, the Gedeon Richter Plc Centenarial Foundation (H-1103 Budapest, Gyömröi str. 19-21., Hungary) and the “National Talent Program” with the financial aid of the Ministry of Human Resources (NTP-NFTÖ-21-B-0228). A.S. was supported by the ÚNKP-21-2-SZTE-364 New National Excellence Program of the Ministry for Innovation and Technology from the source of the National Research, Devel-opment and Innovation. G.K. (Gábor Kozma) gratefully acknowledges the support of the Bolyai János Research Fellowship (BO/00835/19/7).




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Mayeux, R.; Stern, Y. Epidemiology of Alzheimer disease. Cold Spring Harb. Perspect. Med. 2012, 2, a006239. [Google Scholar] [CrossRef] [PubMed]

	



Reitz, C.; Brayne, C.; Mayeux, R. Epidemiology of Alzheimer disease. Nat. Rev. Neurol. 2011, 7, 137–152. [Google Scholar] [CrossRef] [PubMed]

	



Sosa-Ortiz, A.L.; Acosta-Castillo, I.; Prince, M.J. Epidemiology of dementias and Alzheimer’s disease. Arch. Med. Res. 2012, 43, 600–608. [Google Scholar] [CrossRef]

	



Heron, M. Deaths: Leading Causes for 2016. Natl. Vital. Stat. Rep. 2018, 67, 1–77. [Google Scholar]

	



Casey, D.A.; Antimisiaris, D.; O’Brien, J. Drugs for Alzheimer’s disease: Are they effective? Pharm. Ther. 2010, 35, 208–211. [Google Scholar]

	



Rivera, E.J.; Goldin, A.; Fulmer, N.; Tavares, R.; Wands, J.R.; de la Monte, S.M. Insulin and insulin-like growth factor expression and function deteriorate with progression of Alzheimer’s disease: Link to brain reductions in acetylcholine. J. Alzheimer’s Dis. 2005, 8, 247–268. [Google Scholar] [CrossRef] [PubMed]

	



Gasparini, L.; Gouras, G.K.; Wang, R.; Gross, R.S.; Beal, M.F.; Greengard, P.; Xu, H. Stimulation of β-amyloid precursor protein trafficking by insulin reduces intraneuronal β-amyloid and requires mitogen-activated protein kinase signaling. J. Neurosci. 2001, 21, 2561–2570. [Google Scholar] [CrossRef]

	



Craft, S.; Watson, G.S. Insulin and neurodegenerative disease: Shared and specific mechanisms. Lancet Neurol. 2004, 3, 169–178. [Google Scholar] [CrossRef]

	



Kellar, D.; Craft, S. Brain insulin resistance in Alzheimer’s disease and related disorders: Mechanisms and therapeutic approaches. Lancet. Neurol. 2020, 19, 758–766. [Google Scholar] [CrossRef]

	



Reger, M.A.; Watson, G.S.; Green, P.S.; Baker, L.D.; Cholerton, B.; Fishel, M.A.; Plymate, S.R.; Cherrier, M.M.; Schellenberg, G.D.; Frey, W.H.; et al. Intranasal Insulin Administration Dose-Dependently Modulates Verbal Memory and Plasma Amyloid-β in Memory-Impaired Older Adults. J. Alzheimer’s Dis. 2008, 13, 323–331. [Google Scholar] [CrossRef] [PubMed]

	



Craft, S.; Claxton, A.; Baker, L.D.; Hanson, A.J.; Cholerton, B.; Trittschuh, E.H.; Dahl, D.; Caulder, E.; Neth, B.; Montine, T.J.; et al. Effects of Regular and Long-Acting Insulin on Cognition and Alzheimer’s Disease Biomarkers: A Pilot Clinical Trial. J. Alzheimer’s Dis. 2017, 57, 1325–1334. [Google Scholar] [CrossRef] [PubMed]

	



Craft, S.; Baker, L.D.; Montine, T.J.; Minoshima, S.; Watson, G.S.; Claxton, A.; Arbuckle, M.; Callaghan, M.; Tsai, E.; Plymate, S.R.; et al. Intranasal Insulin Therapy for Alzheimer Disease and Amnestic Mild Cognitive Impairment: A Pilot Clinical Trial. Arch. Neurol. 2012, 69, 29–38. [Google Scholar] [CrossRef] [PubMed]

	



De la Monte, S.M.; Wands, J.R. Alzheimer’s disease is type 3 diabetes—Evidence reviewed. J. Diabetes Sci. Technol. 2008, 2, 1101–1113. [Google Scholar] [CrossRef] [PubMed]

	



De la Monte, M.S. Brain insulin resistance and deficiency as therapeutic targets in Alzheimer’s disease. Curr. Alzheimer Res. 2012, 9, 35–66. [Google Scholar] [CrossRef]

	



Talbot, K.; Wang, H.Y.; Kazi, H.; Han, L.Y.; Bakshi, K.P.; Stucky, A.; Fuino, R.L.; Kawaguchi, K.R.; Samoyedny, A.J.; Wilson, R.S.; et al. Demonstrated brain insulin resistance in Alzheimer’s disease patients is associated with IGF-1 resistance, IRS-1 dysregulation, and cognitive decline. J. Clin. Investig. 2012, 122, 1316–1338. [Google Scholar] [CrossRef] [PubMed]

	



Bomfim, T.R.; Forny-Germano, L.; Sathler, L.B.; Brito-Moreira, J.; Houzel, J.C.; Decker, H.; Silverman, M.A.; Kazi, H.; Melo, H.M.; McClean, P.L.; et al. An anti-diabetes agent protects the mouse brain from defective insulin signaling caused by Alzheimer’s disease–associated Aβ oligomers. J. Clin. Investig. 2012, 122, 1339–1353. [Google Scholar] [CrossRef]

	



Claxton, A.; Baker, L.D.; Hanson, A.; Trittschuh, E.H.; Cholerton, B.; Morgan, A.; Callaghan MArbuckle, M.; Behl, C.; Craft, S. Long-acting intranasal insulin detemir improves cognition for adults with mild cognitive impairment or early-stage Alzheimer’s disease dementia. J. Alzheimer’s Dis. 2015, 44, 897–906. [Google Scholar] [CrossRef]

	



Ruegsegger, G.N.; Manjunatha, S.; Summer, P.; Gopala, S.; Zabeilski, P.; Dasari, S.; Vanderboom, P.S.; Lanza, I.R.; Klaus, K.A.; Nair, K.S. Insulin deficiency and intranasal insulin alter brain mitochondrial function: A potential factor for dementia in diabetes. FASEB J. 2019, 33, 4458–4472. [Google Scholar] [CrossRef]

	



Bhowmik, A.; Khan, R.; Ghosh, M.K. Blood Brain Barrier: A Challenge for Effectual Therapy of Brain Tumors. Biomed. Res. Int. 2015, 2015, 320941. [Google Scholar] [CrossRef] [PubMed]

	



Keller, L.A.; Merkel, O.; Popp, A. Intranasal drug delivery: Opportunities and toxicologic challenges during drug development. Drug Deliv. Transl. Res. 2021, 1–23. [Google Scholar] [CrossRef]

	



Vyas, T.K.; Shahiwala, A.; Marathe, S.; Misra, A. Intranasal drug delivery for brain targeting. Curr. Drug Deliv. 2005, 2, 165–175. [Google Scholar] [CrossRef]

	



Mustafa, G.; Alrohaimi, A.H.; Bhatnagar, A.; Baboota, S.; Ali, J.; Ahuja, A. Brain targeting by intranasal drug delivery (INDD): A combined effect of trans-neural and para-neuronal pathway. Drug Deliv. 2016, 23, 923–929. [Google Scholar] [CrossRef] [PubMed]

	



Lochhead, J.J.; Kellohen, K.L.; Ronaldson, P.T.; Davis, T.P. Distribution of insulin in trigeminal nerve and brain after intranasal administration. Sci. Rep. 2019, 9, 2621. [Google Scholar] [CrossRef] [PubMed]

	



Nyambura, B.K.; Kellaway, I.W.; Taylor, K.M.G. Insulin nanoparticles: Stability and aerosolization from pressurized metered dose inhalers. Int. J. Pharm. 2009, 375, 114–122. [Google Scholar] [CrossRef] [PubMed]

	



Picone, P.; Sabatino, M.A.; Ditta, L.A.; Amato, A.; San Biagio, P.L.; Mulè, F.; Giacomazza, D.; Dispenza, C.; Di Carlo, M. Nose-to-brain delivery of insulin enhanced by a nanogel carrier. J. Control. Release 2018, 270, 23–36. [Google Scholar] [CrossRef] [PubMed]

	



Alavian, F.; Shams, N. Oral and Intra-nasal Administration of Nanoparticles in the Cerebral Ischemia Treatment in Animal Experiments: Considering its Advantages and Disadvantages. Curr. Clin. Pharmacol. 2020, 15, 20–29. [Google Scholar] [CrossRef]

	



Fatouh, A.M.; Elshafeey, A.H.; Abdelbary, A. Intranasal agomelatine solid lipid nanoparticles to enhance brain delivery: Formulation, optimization and in vivo pharmacokinetics. Drug Des. Dev. Ther. 2017, 11, 1815–1825. [Google Scholar] [CrossRef]

	



Akel, H.; Ismail, R.; Katona, G.; Sabir, F.; Ambrus, R.; Csóka, I. A comparison study of lipid and polymeric nanoparticles in the nasal delivery of meloxicam: Formulation, characterization, and in vitro evaluation. Int. J. Pharm. 2021, 604, 120724. [Google Scholar] [CrossRef]

	



Sonvico, F.; Clementino, A.; Buttini, F.; Colombo, G.; Pescina, S.; Stanisçuaski Guterres, S.; Raffin Pohlmann, A.; Nicoli1, S. Surface-Modified Nanocarriers for Nose-to-Brain Delivery: From Bioadhesion to Targeting. Pharmaceutics 2018, 10, 34. [Google Scholar] [CrossRef]

	



Bruinsmann, F.A.; Pigana, S.; Aguirre, T.; Dadalt Souto, G.; Garrastazu Pereira, G.; Bianchera, A.; Tiozzo Fasiolo, L.; Colombo, G.; Marques, M.; Raffin Pohlmann, A.; et al. Chitosan-coated nanoparticles: Effect of chitosan molecular weight on nasal transmucosal delivery. Pharmaceutics 2019, 11, 86. [Google Scholar] [CrossRef] [PubMed]

	



Ravi, P.R.; Aditya, N.; Patil, S.; Cherian, L. Nasal in-situ gels for delivery of rasagiline mesylate: Improvement in bioavailability and brain localization. Drug. Deliv. 2015, 22, 903–910. [Google Scholar] [CrossRef] [PubMed]

	



Aderibigbe, B.A.; Naki, T. Chitosan-based nanocarriers for nose to brain delivery. Appl. Sci. 2019, 9, 2219. [Google Scholar] [CrossRef]

	



Gänger, S.; Schindowski, K. Tailoring Formulations for Intranasal Nose-to-Brain Delivery: A Review on Architecture, Physico-Chemical Characteristics and Mucociliary Clearance of the Nasal Olfactory Mucosa. Pharmaceutics 2018, 10, 116. [Google Scholar] [CrossRef] [PubMed]

	



Masserini, M. Nanoparticles for brain drug delivery. ISRN Biochem. 2013, 2013. [Google Scholar] [CrossRef]

	



Pires, P.C.; Santos, A.O. Nanosystems in nose-to-brain drug delivery: A review of non-clinical brain targeting studies. J. Control. Release 2018, 270, 89–100. [Google Scholar] [CrossRef] [PubMed]

	



Danaei, M.; Dehghankhold, M.; Ataei, S.; Hasanzadeh Davarani, F.; Javanmard, R.; Dokhani, A.; Khorasani, S.; Mozafari, M.R. Impact of particle size and polydispersity index on the clinical applications of lipidic nanocarrier systems. Pharmaceutics 2018, 10, 57. [Google Scholar] [CrossRef]

	



Zhou, Y.; Raphael, R.M. Solution pH alters mechanical and electrical properties of phosphatidylcholine membranes: Relation between interfacial electrostatics, intramembrane potential, and bending elasticity. Biophys. J. 2007, 92, 2451–2462. [Google Scholar] [CrossRef] [PubMed]

	



Vieira, A.C.; Chaves, L.L.; Pinheiro, S.; Pinto, S.; Pinheiro, M.; Lima, S.C.; Ferreira, D.; Sarmento, B.; Reis, S. Mucoadhesive chitosan-coated solid lipid nanoparticles for better management of tuberculosis. Int. J. Pharm. 2018, 536, 478–485. [Google Scholar] [CrossRef] [PubMed]

	



Barichello, J.M.; Morishita, M.; Takayama, K.; Nagai, T. Encapsulation of hydrophilic and lipophilic drugs in PLGA nanoparticles by the nanoprecipitation method. Drug. Dev. Ind. Pharm. 1999, 25, 471–476. [Google Scholar] [CrossRef]

	



Dyawanapelly, S.; Koli, U.; Dharamdasani, V.; Jain, R.; Dandekar, P. Improved mucoadhesion and cell uptake of chitosan and chitosan oligosaccharide surface-modified polymer nanoparticles for mucosal delivery of proteins. Drug Deliv. Transl. Res. 2016, 6, 365–379. [Google Scholar] [CrossRef]

	



Piazzini, V.; Landucci, E.; D’Ambrosio, M.; Tiozzo Fasiolo, L.; Cinci, L.; Colombo, G.; Pellegrini-Giampietro, D.E.; Bilia, A.R.; Luceri, C.; Bergonzi, M.C. Chitosan coated human serum albumin nanoparticles: A promising strategy for nose-to-brain drug delivery. Int. J. Biol. Macromol. 2019, 129, 267–280. [Google Scholar] [CrossRef]

	



Elnaggar, Y.S.R.; Etman, S.M.; Abdelmonsif, D.A.; Abdallah, O.Y. Intranasal Piperine-Loaded Chitosan Nanoparticles as Brain-Targeted Therapy in Alzheimer’s Disease: Optimization, Biological Efficacy, and Potential Toxicity. J. Pharm. Sci. 2015, 104, 3544–3556. [Google Scholar] [CrossRef]

	



Li, Y.; Kröger, M.; Liu, W.K. Shape effect in cellular uptake of PEGylated nanoparticles: Comparison between sphere, rod, cube and disk. Nanoscale 2015, 7, 16631–16646. [Google Scholar] [CrossRef]

	



Mangialardo, S.; Piccirilli, F.; Perucchi, A.; Dore, P.; Postorino, P. Raman analysis of insulin denaturation induced by high-pressure and thermal treatments. J. Raman Spectrosc. 2012, 43, 692–700. [Google Scholar] [CrossRef]

	



Grenha, A.; Grainger, C.I.; Dailey, L.A.; Seijo, B.; Martin, G.P.; Remuñán-López, C.; Forbes, B. Chitosan nanoparticles are compatible with respiratory epithelial cells in vitro. Eur. J. Pharm. Sci. 2007, 31, 73–84. [Google Scholar] [CrossRef]

	



Nordgård, C.T.; Draget, K.I. Co association of mucus modulating agents and nanoparticles for mucosal drug delivery. Adv. Drug Deliv. Rev. 2018, 124, 175–183. [Google Scholar] [CrossRef] [PubMed]

	



Luo, Y.; Teng, Z.; Li, Y.; Wang, Q. Solid lipid nanoparticles for oral drug delivery: Chitosan coating improves stability, controlled delivery, mucoadhesion and cellular uptake. Carbohydr. Polym. 2015, 122, 221–229. [Google Scholar] [CrossRef] [PubMed]

	



Ismail, R.; Bocsik, A.; Katona, G.; Grof, I.; Deli, M.A.; Csoka, I. Encapsulation in Polymeric Nanoparticles Enhances the Enzymatic Stability and the Permeability of the GLP-1 Analog, Liraglutide, Across a Culture Model of Intestinal Permeability. Pharmaceutics 2019, 11, 599. [Google Scholar] [CrossRef] [PubMed]

	



Esim, O.; Savaser, A.; Ozkan, C.K.; Oztuna, A.; Goksel, B.A.; Ozler, M.; Tas, C.; Oskan, Y. Nose to brain delivery of eletriptan hydrobromide nanoparticles: Preparation, in vitro/in vivo evaluation and effect on trigeminal activation. J. Drug. Deliv. Sci. Technol. 2020, 59, 101919. [Google Scholar] [CrossRef]

	



Trotta, V.; Pavan, B.; Ferraro, L.; Beggiato, S.; Traini, D.; Des Reis, L.G.; Scalia, S.; Dalpiaz, A. Brain targeting of resveratrol by nasal administration of chitosan-coated lipid microparticles. Eur. J. Pharm. Biopharm. 2018, 127, 250–259. [Google Scholar] [CrossRef] [PubMed]

	



Brange, J. Galenics of Insulin: The Physico-Chemical and Pharmaceutical Aspects of Insulin and Insulin Preparations; Springer Science and Business Media: Berlin, Germany, 2012; pp. 1–30. [Google Scholar] [CrossRef]

	



Liu, J.; Zhang, S.M.; Chen, P.; Cheng, L.; Zhou, W.; Tang, W.X.; Chen, Z.W.; Ke, C.M. Controlled release of insulin from PLGA nanoparticles embedded within PVA hydrogels. J. Mater. Sci. Mater. Med. 2007, 18, 2205–2210. [Google Scholar] [CrossRef]

	



Patel, S.; Chavhan, S.; Soni, H.; Babbar, A.; Mathur, R.; Mishra, A.; Sawant, K. Brain targeting of risperidone-loaded solid lipid nanoparticles by intranasal route. J. Drug Target. 2011, 19, 468–474. [Google Scholar] [CrossRef]

	



Son, G.H.; Lee, B.J.; Cho, C.W. Mechanisms of drug release from advanced drug formulations such as polymeric-based drug-delivery systems and lipid nanoparticles. J. Pharm. Investig. 2017, 47, 287–296. [Google Scholar] [CrossRef]

	



Kravanja, G.; Primožič, M.; Knez, Ž.; Leitgeb, M. Chitosan-based (Nano) materials for novel biomedical applications. Molecules 2019, 24, 1960. [Google Scholar] [CrossRef] [PubMed]

	



Rhea, E.M.; Banks, W.A. A historical perspective on the interactions of insulin at the blood-brain barrier. J. Neuroendocrinol. 2021, 33, e12929. [Google Scholar] [CrossRef] [PubMed]

	



Ohtsuki, S.; Ikeda, C.; Uchida, Y.; Sakamoto, Y.; Miller, F.; Glacial, F.; Decleves, X.; Scherrmann, J.M.; Couraud, P.O.; Kubo, Y.; et al. Quantitative targeted absolute proteomic analysis of transporters, receptors and junction proteins for validation of human cerebral microvascular endothelial cell line hCMEC/D3 as a human blood–brain barrier model. Mol. Pharm. 2013, 10, 289–296. [Google Scholar] [CrossRef]

	



Jochum, W.; Hanggi, D.; Bruder, E.; Jeck, T.; Novotny, H.; Probst, A.; Tolnay, M. Inflammatory myofibroblastic tumour of the sella turcica. Neuropathol. Appl. Neurobiol. 2004, 30, 692–695. [Google Scholar] [CrossRef]

	



Musiek, E.S.; Holtzman, D.M. Three dimensions of the amyloid hypothesis: Time, space and ‘wingmen’. Nat. Neurosci. 2015, 18, 800–806. [Google Scholar] [CrossRef] [PubMed]

	



Guzman-Martinez, L.; Maccioni, R.B.; Andrade, V.; Navarrete, L.P.; Pastor, M.G.; Ramos-Escobar, N. Neuroinflammation as a common feature of neurodegenerative disorders. Front. Pharmacol. 2019, 10, 1008. [Google Scholar] [CrossRef] [PubMed]

	



Orr, M.E.; Sullivan, A.C.; Frost, B. A brief overview of tauopathy: Causes, consequences, and therapeutic strategies. Trends Pharmacol. Sci. 2017, 38, 637–648. [Google Scholar] [CrossRef]

	



Fernández-Urrusuno, R.; Calvo, P.; Remuñán-López, C.; Vila-Jato, J.L.; Alonso, M.J. Enhancement of nasal absorption of insulin using chitosan nanoparticles. Pharm. Res. 1999, 16, 1576–1581. [Google Scholar] [CrossRef] [PubMed]

	



Thorne, R.G.; Pronk, G.J.; Padmanabhan, V.; Frey Ii, W.H. Delivery of insulin-like growth factor-I to the rat brain and spinal cord along olfactory and trigeminal pathways following intranasal administration. Neuroscience 2004, 127, 481–496. [Google Scholar] [CrossRef] [PubMed]

	



Barbosa, F.C.; Silva, M.C.D.; Silva, H.N.D.; Albuquerque, D.; Gomes, A.A.R.; Silva, S.M.D.L.; Fook, M.V.L. Progress in the Development of Chitosan Based Insulin Delivery Systems: A Systematic Literature Review. Polymers 2020, 12, 2499. [Google Scholar] [CrossRef] [PubMed]

	



Zhi, K.; Raji, B.; Nookala, A.R.; Khan, M.M.; Nguyen, X.H.; Sakshi, S.; Pourmotabbed, T.; Yallapu, M.M.; Kochat, H.; Tadrous, E.; et al. PLGA Nanoparticle-Based Formulations to Cross the Blood–Brain Barrier for Drug Delivery: From R&D to cGMP. Pharmaceutics 2021, 13, 500. [Google Scholar] [PubMed]

	



Walter, F.R.; Santa-Maria, A.R.; Mészáros, M.; Veszelka, S.; Dér, A.; Deli, M.A. Surface charge, glycocalyx, and blood-brain barrier function. Tissue Barriers 2021, 9, 1904773. [Google Scholar] [CrossRef] [PubMed]

	



Dyer, A.M.; Hinchcliffe, M.; Watts, P.; Castile, J.; Jabbal-Gill, I.; Nankervis, R.; Smith, A.; Illum, L. Nasal delivery of insulin using novel chitosan based formulations: A comparative study in two animal models between simple chitosan formulations and chitosan nanoparticles. Pharm. Res. 2002, 19, 998–1008. [Google Scholar] [CrossRef]

	



Xu, Y.; Zheng, Y.; Wu, L.; Zhu, X.; Zhang, Z.; Huang, Y. Novel solid lipid nanoparticle with endosomal escape function for oral delivery of insulin. ACS Appl. Mater. Interfaces 2018, 10, 9315–9324. [Google Scholar] [CrossRef]

	



Battaglia, L.; Trotta, M.; Gallarate, M.; Carlotti, M.E.; Zara, G.P.; Bargoni, A. Solid lipid nanoparticles formed by solvent-in-water emulsion-diffusion technique: Development and influence on insulin stability. J. Microencapsul. 2007, 24, 672–684. [Google Scholar] [CrossRef]

	



Yan, L.; Wang, H.; Jiang, Y.; Liu, J.; Wang, Z.; Yang, Y.; Huang, S.; Huang, Y. Cell-penetrating peptide-modified PLGA nanoparticles for enhanced nose-to-brain macromolecular delivery. Macromol. Res. 2013, 21, 435–441. [Google Scholar] [CrossRef]

	



Sarmento, B.; Martins, S.; Ferreira, D.; Souto, E.B. Oral insulin delivery by means of solid lipid nanoparticles. Int. J. Nanomed. 2007, 2, 743. [Google Scholar]

	



Haggag, Y.; Abdel-Wahab, Y.; Ojo, O.; Osman, M.; El-Gizawy, S.; El-Tanani, M.; Faheem, A.; McCarron, P. Preparation and in vivo evaluation of insulin-loaded biodegradable nanoparticles prepared from diblock copolymers of PLGA and PEG. Int. J. Pharm. 2016, 499, 236–246. [Google Scholar] [CrossRef]

	



Hecq, J.; Siepmann, F.; Siepmann, J.; Amighi, K.; Goole, J. Development and evaluation of chitosan and chitosan derivative nanoparticles containing insulin for oral administration. Drug Dev. Ind. Pharm. 2015, 41, 2037–2044. [Google Scholar] [CrossRef] [PubMed]

	



Devkar, T.B.; Tekade, A.R.; Khandelwal, K.R. Surface engineered nanostructured lipid carriers for efficient nose to brain delivery of ondansetron HCl using Delonix regia gum as a natural mucoadhesive polymer. Colloids Surf. B Biointerfaces 2014, 122, 143–150. [Google Scholar] [CrossRef] [PubMed]

	



Rençber, S.; Karavana, S.Y.; Yılmaz, F.F.; Eraç, B.; Nenni, M.; Özbal, S.; Pekçetin, C.; Gurer-Orhan, H.; Hoşgör-Limoncu, M.; Güneri, P.; et al. Development, characterization, and in vivo assessment of mucoadhesive nanoparticles containing fluconazole for the local treatment of oral candidiasis. Int. J. Nanomed. 2016, 11, 2641–2653. [Google Scholar] [CrossRef]

	



Bartos, C.; Ambrus, R.; Kovács, A.; Gáspár, R.; Sztojkov-Ivanov, A.; Márki, Á.; Janáky, T.; Tömösi, F.; Kecskeméti, G.; Szabó-Révész, P. Investigation of absorption routes of meloxicam and its salt form from intranasal delivery systems. Molecules 2018, 23, 784. [Google Scholar] [CrossRef] [PubMed]

	



Gieszinger, P.; Kiss, T.; Szabó-Révész, P.; Ambrus, R. The Development of an In Vitro Horizontal Diffusion Cell to Monitor Nasal Powder Penetration Inline. Pharmaceutics 2021, 13, 809. [Google Scholar] [CrossRef] [PubMed]

	



Yasir, M.; Sara, U.V.S.; Chauhan, I.; Gaur, P.K.; Singh, A.P.; Puri, D. Solid lipid nanoparticles for nose to brain delivery of donepezil: Formulation, optimization by Box–Behnken design, in vitro and in vivo evaluation. Artif. Cells Nanomed. Biotechnol. 2018, 46, 1838–1851. [Google Scholar] [CrossRef]

	



Joshi, A.S.; Patel, H.S.; Belgamwar, V.S.; Agrawal, A.; Tekade, A.R. Solid lipid nanoparticles of ondansetron HCl for intranasal delivery: Development, optimization and evaluation. J. Mater. Sci. Mater. Med. 2012, 23, 2163–2175. [Google Scholar] [CrossRef]

	



Dalpiaz, A.; Ferraro, L.; Perrone, D.; Leo, E.; Iannuccelli, V.; Pavan, B.; Paganetto, G.; Beggiato, S.; Scalia, S. Brain uptake of a Zidovudine prodrug after nasal administration of solid lipid microparticles. Mol. Pharm. 2014, 11, 1550–1561. [Google Scholar] [CrossRef]

	



Kürti, L.; Veszelka, S.; Bocsik, A.; Ozsvári, B.; Puskás, L.G.; Kittel, A.; Szabó-Révész, P.; Deli, M.A. Retinoic acid and hydrocortisone strengthen the barrier function of human RPMI 2650 cells, a model for nasal epithelial permeability. Cytotechnology 2013, 65, 395–406. [Google Scholar] [CrossRef] [PubMed]

	



Gróf, I.; Bocsik, A.; Harazin, A.; Santa-Maria, A.R.; Vizsnyiczai, G.; Barna, L.; Kiss, L.; Fűr, G.; Rakonczay, Z.; Ambrus, R.; et al. The Effect of Sodium Bicarbonate, a Beneficial Adjuvant Molecule in Cystic Fibrosis, on Bronchial Epithelial Cells Expressing a Wild-Type or Mutant CFTR Channel. Int. J. Mol. Sci. 2020, 21, 519. [Google Scholar] [CrossRef]

	



Katona, G.; Sipos, B.; Budai-Szűcs, M.; Balogh, G.T.; Veszelka, S.; Gróf, I.; Deli, M.A.; Volk, B.; Szabó-Révész, P.; Csóka, I. Development of In Situ Gelling Meloxicam-Human Serum Albumin Nanoparticle Formulation for Nose-to-Brain Application. Pharmaceutics 2021, 13, 646. [Google Scholar] [CrossRef] [PubMed]

	



Weksler, B.; Subileau, E.; Perriere, N.; Charneau, P.; Holloway, K.; Leveque, M.; Tricoire-Leignel, H.; Nicotra, A.; Bourdoulous, S.; Turowski, P.; et al. Blood-brain barrier-specific properties of a human adult brain endothelial cell line. FASEB J. 2005, 19, 1872–1874. [Google Scholar] [CrossRef]

	



Veszelka, S.; Tóth, A.; Walter, F.R.; Tóth, A.E.; Gróf, I.; Mészáros, M.; Bocsik, A.; Hellinger, É.; Vastag, M.; Rákhely, G.; et al. Comparison of a Rat Primary Cell-Based Blood-Brain Barrier Model with Epithelial and Brain Endothelial Cell Lines: Gene Expression and Drug Transport. Front Mol. Neurosci. 2018, 11, 166. [Google Scholar] [CrossRef] [PubMed]

	



Kürti, L.; Veszelka, S.; Bocsik, A.; Dung, N.T.K.; Ózsvári, B.; Puskás, L.G.; Kittel, A.; Szabó-Révész, P.; Deli, M.A. The effect of sucrose esters on a culture model of the nasal barrier. Toxicol. In Vitro 2012, 26, 445–454. [Google Scholar] [CrossRef] [PubMed]

	



Bocsik, A.; Walter, F.R.; Gyebrovszki, A.; Fülöp, L.; Blasig, I.; Dabrowski, S.; Ötvös, F.; Tóth, A.; Rákhely, G.; Veszelka, S.; et al. Reversible opening of intercellular junctions of intestinal epithelial and brain endothelial cells with tight junction modulator peptides. J. Pharm. Sci. 2016, 105, 754–765. [Google Scholar] [CrossRef]

	



Bocsik, A.; Gróf, I.; Kiss, L.; Ötvös, F.; Zsíros, O.; Daruka, L.; Fülöp, L.; Vastag, M.; Kittel, A.; Norbert, I.; et al. Dual action of the PN159/KLAL/MAP peptide: Increase of drug penetration across Caco-2 intestinal barrier model by modulation of tight junctions and plasma membrane permeability. Pharmaceutics 2019, 11, 73. [Google Scholar] [CrossRef] [PubMed]

	



Hellinger, É.; Veszelka, S.; Tóth, A.E.; Walter, F.; Kittel, Á.; Bakk, M.L.; Tihanyi, K.; Háda, V.; Nakagawa, S.; Dinh Ha Duy, T.; et al. Comparison of brain capillary endothelial cell-based and epithelial (MDCK-MDR1, Caco-2, and VB-Caco-2) cell-based surrogate blood–brain barrier penetration models. Eur. J. Pharm. Biopharm. 2012, 82, 340–351. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 13258 g001 550] 





Figure 1. Encapsulation efficacy (EE) and drug loading (DL) of the prepared nanoparticles: Ins PLGA NPs, Ins C-PLGA NPs, Ins SLNs, and Ins C-SLNs. The ANOVA test was performed to check the significance of the differences between the results of the EE and DL. Measurements were performed in triplicate (n = 3 independent formulations), and data are represented as means ± SD. 
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Figure 2. SEM images for the prepared nanoparticles. (A) Ins SLNs, (B) Ins C-SLNs, (C) Ins PLGA NPs, and (D) Ins C-PLGA NPs. 
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Figure 3. Raman spectra of insulin-containing NPs in comparison with native insulin, showing the major spectral regions that are characteristic for the protein structure. 
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Figure 4. Mucoadhesion assay of Ins PLGA NPs, Ins SLNs, Ins C-PLGA NPs, and Ins C-SLNs. (A) The ZP analysis method; (B) the Turbidity analysis method. The measurements were performed in triplicate (n = 3 independent formulations), and data are represented as means ± SD. 
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Figure 5. In vitro diffusion of native insulin and insulin-loaded NPs (Ins PLGA NPs, Ins SLNs, Ins C-PLGA NPs, and Ins C-SLNs). The ANOVA test was performed to check the significance of the differences between the diffusion of the native insulin and the prepared NPs, * p < 0.05; ** p < 0.01; *** p < 0.001. Measurements were carried out in triplicate (n = 3 independent formulations), and data are represented as means ± SD. 
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Figure 6. The dissolution behavior of the native insulin and the insulin loaded nanoparticles (Ins PLGA NPs, Ins SLNs, Ins C-PLGA NPs, and Ins C-SLNs). The ANOVA test was performed to check the significance of the differences between the diffusion of the native insulin and the prepared NPs, * p < 0.05; *** p < 0.001. Measurements were carried out in triplicate (n = 3 independent formulations), and data are represented as means ± SD. 
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Figure 7. Cell viability of RPMI 2650 nasal epithelial cells after the treatment with insulin, insulin NPs, and HCl measured by impedance. The kinetic curve of cell viability during the 20-h treatment (A) and at the 1-h time point of the treatment (B). Values are presented as means ± SD, n = 6–12. Statistical analysis: ANOVA followed by Dunett’s test. TX-100: Triton X-100. * p < 0.05, ** p < 0.01 compared with the control group. 
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Figure 8. Cell viability of hCMEC/D3 endothelial cells after the treatment with insulin, Ins NPs, and HCl measured by impedance. The kinetic curve of cell viability during the 20-h treatment (A) and at the 1-h time point of the treatment (B). Values are presented as means ± SD, n = 6–12. Statistical analysis: ANOVA followed by Dunett’s test. TX-100: Triton X-100. *** p < 0.001 compared with the control group. 
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Figure 9. Apparent permeability coefficients (Papp) for insulin (0.07 mg/mL in all samples) when applied alone or in different formulations measured across RPMI 2650 epithelial cell layers after 1 h of incubation. Values are presented as means ± SD, n = 4. Statistical analysis: ANOVA followed by Bonferroni test. *** p < 0.001 compared with the insulin group, ### p < 0.01 compared between the indicated groups. 
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Figure 10. Apparent permeability coefficients (Papp) for insulin (0.07 mg/mL in all samples) when applied alone or in different formulations measured across hCMEC/D3 endothelial cell layers after 1 h of incubation. Values are presented as means ± SD, n = 4. Statistical analysis: ANOVA followed by the Bonferroni test. ** p < 0.01, *** p < 0.001 compared with the insulin group. ### p < 0.01 compared between the indicated groups. C-: Chitosan coated nanoparticle; NPs: Nanoparticles; PLGA: Poly (lactic-co-glycolic acid; SLN: Solid lipid nanoparticle. 
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Table 1. The Z-average, PDI, and ZP of the prepared nanoformulations. Measurements were performed in triplicate (n = 3 independent formulations), data are represented as means ± SD.
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	Formulation
	Z-Average (nm)
	PDI
	ZP (mV)





	Ins PLGA NPs
	135 ± 12.8
	0.127 ± 0.02
	−28.2 ± 1.8



	Ins C-PLGA NPs
	174.6 ± 10.7
	0.179 ± 0.01
	58.4 ± 0.7



	Ins SLNs
	99.1 ± 5.3
	0.195 ± 0.03
	−42.3 ± 1.5



	Ins C-SLNs
	145.2 ± 6.2
	0.214 ± 0.007
	61.3 ± 0.5
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Table 2. Recovery (mass balance) calculation after insulin permeability on the nasal epithelial and on the brain endothelial barrier model.
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Recovery (%) Means ± SD




	
Formulation

	
RPMI 2650

	
hCMEC/D3






	
Insulin

	
77.9 ± 3.9

	
87.9 ± 2.9




	
Ins SLNs

	
71.8 ± 2.9

	
72.5 ± 2.05




	
Ins C-SLNs

	
95.6 ± 22.8

	
73.5 ± 3.2




	
Ins PLGA NPs

	
61.3 ± 4.4

	
62.01 ± 3.9




	
Ins C-PLGA NPs

	
66.4 ± 3.9

	
72.8 ± 3.1
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