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LAYER BY LAYER ASSEMBLY OF CORE-CORONA STRUCTURED SOLID LIPID NANOPARTICLES WITH Β-CYCLODEXTRIN POLYMERS
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This study aims to design and characterize the layer-by-layer assembly of core-corona nanoarchitecture for novel surface-modified solid lipid nanoparticles. Oppositely charged βcyclodextrin polymers were used to build corona structure onto lipid core, and the particle size, polydispersity index, and zeta potential of SLN with polymer layers were evaluated. Morphology of surface-modified SLN was identified using TEM. The effect of polymer coating on drug release pattern was investigated by in-vitro release studies. The biocompatibility of the novel SLN systems was assessed on various healty cell lines using in vitro cytotoxicity assay.

The presence of the oppositely charged polymer layers was found to be effective on alteration of zeta potential from negative to positive values and an increased surface charge density was achieved in comparison to core SLN. The results also revealed that the drug release is mainly controlled by diffusion and β-cyclodextrin polymers could enhance the slow/controlled release of drug.

Cytotoxicity assay results suggested that the novel, hierarchical core-corona structured SLNs don't have cytotoxic effects on healthy cells and can be safely used as drug carriers.

Overall, the layer-by-layer assembly of β-cyclodextrin polymers is promising for designing surfacemodified nanoarchitectures of lipid nanoparticles that may be applied via many administration routes.

INTRODUCTION

Among many types of lipid-based drug carriers, solid lipid nanoparticles (SLNs) have gained remarkable attention due to their unique properties. SLN may simply be defined as the nanometer range particles composed by lipids which are solid at both room and body temperature. Lipids such as triglycerides, partial glycerides, fatty acids or steroids, emulsifiers such as lecithins, poloxamers, or polysorbates and water are defined as the three main components of SLN. SLN have been described as alternative systems which combine the advantages of polymeric nanoparticles, vesicle systems such as liposomes, and nanoemulsions [START_REF] Müller | Solid lipid nanoparticles (SLN) for controlled drug delivery-a review of the state of the art[END_REF].

SLN have exclusive properties like colloidal size and large surface area with a rigid core of biodegradable hydrophobic solid lipids. It makes SLN a suitable carrier for delivery of poorly water-soluble active ingredients via different routes of administration as well as it improves the longterm stability of pharmaceuticals and protects encapsulated labile drugs from degradation [START_REF] Gordillo-Galeano | Solid lipid nanoparticles and nanostructured lipid carriers: a review emphasizing on particle structure and drug release[END_REF]. SLN are accepted as promising sustained release system compared to nanoemulsions which are produced by liquid lipids instead of solid lipids of SLN since the drug molecule has significantly lower mobility in the solid matrix, in comparison with an oil droplet [START_REF] Mehnert | Solid lipid nanoparticles: Production, characterization and applications[END_REF]. On the other hand, If some part of the solid lipid is replaced with liquid lipid, nanostructured lipid carriers (NLCs) can be obtained as the second generation of solid lipid nanoparticles. NLCs are realized to ruin the perfect crystal lattice of the SLN by mixing solid and liquid lipid and they can provide some spaces for active substances to improve the encapsulation of them. However, the fact remains that the resulting nanoparticle still has a solid structure like SLN at both body and room temperatures. (Muller et al. 2007). The biocompatibility and safety composition of SLN result from the use of physiological lipids with GRAS (Generally Recognized As Safe) status and there is no need for organic solvent during production. Therefore, it can be considered that SLNs are less toxic than polymeric nanoparticles. [START_REF] Üner | Importance of solid lipid nanoparticles (SLN) in various administration routes and future perspectives[END_REF][START_REF] Gordillo-Galeano | Solid lipid nanoparticles and nanostructured lipid carriers: a review emphasizing on particle structure and drug release[END_REF]. Moreover, conventional homogenization techniques can be applied to produce SLNs, since they are relatively low-cost systems and can be easily manufactured in a large scale [START_REF] Dingler | Production of solid lipid nanoparticles (SLN): scaling up feasibilities[END_REF]Sauto et al., 2020).

Properties of lipid nanoparticles can be modulated by coupling them with hydrophilic polymeric materials to enhance the physical and chemical stability of SLN as well as to improve the efficacy of delivery, intracellular concentration and sustained release profile. For this purpose, PEGylated SLN were developed to prolong the blood circulation time and improve the biological behavior of the lipid nanoparticles [START_REF] Arranja | Self-assembly PEGylation assists SLN-paclitaxel delivery inducing cancer cell apopctosis upon internalization[END_REF]. Chitosan-coated lipid nanoparticles have been formulated to achieve mucoadhesion in the ocular application or to improve the stability under the acidic condition as oral delivery systems [START_REF] Luo | Solid lipid nanoparticles for oral drug delivery: chitosan coating improves stability, controlled delivery, mucoadhesion and cellular uptake[END_REF][START_REF] Sandri | Chitosan-coupled solid lipid nanoparticles: tuning nanostructure and mucoadhesion[END_REF]. The coating of SLN with sodium alginate was used to increase the low zeta potential of the lipid nanoparticles and to get diffusion-controlled mucoadhesive release systems [START_REF] Fangueiro | Experimental factorial design applied to mucoadhesive lipid nanoparticles via multiple emulsion process[END_REF]. Hyaluronic acid was utilized to coat the surface of lipid nanoparticles via electrostatic attraction in order to increase blood circulation and to obtain better antitumor efficacy in vivo [START_REF] Yang | Hyaluronic acid-coated nanostructured lipid carriers for targeting paclitaxel to cancer[END_REF].

Another alternative hydrophilic compound for surface modification of SLN may be cyclodextrins which have already been demonstated to be potential candidates for polymeric nanoparticles [START_REF] El Fagui | Triclosan-loaded with high encapsulation efficiency into PLA nanoparticles coated with β-cyclodextrin polymer[END_REF][START_REF] El Fagui | Layer-by-layer coated PLA nanoparticles with oppositely charged β-Cyclodextrin polymer for controlled delivery of lipophilic molecules[END_REF]. Cyclodextrins (CDs) are cyclic oligosaccharides consisting of a series of natural macrocyclic d-glucose units with a hydrophilic exterior surface and a hydrophobic interior cavity. Because of their rigid toroidal shape and unique physicochemical characteristics, CDs are able to form inclusion complexes in aqueous solutions with many apolar drug molecules by hostguest or inclusion interactions [START_REF] Antoniuk | Cyclodextrin-mediated hierarchical self-assembly and its potential in drug delivery applications[END_REF]. Besides improving bioavailability, increasing aqueous solubility and stability, and reducing the side effects of drugs, FDA approved CDs have been extensively used in the pharmaceutical field using almost all routes of administration due to their excellent biocompatibility and extremely low toxicity. Polymeric CDs are formed by polycondensation of CDs units with bifunctional agents and it is possible to obtain both properties of polymers and CDs such as complex-forming properties of CDs and three-dimensional network of polymers with high molecular weight and high solubility [START_REF] Wintgens | Water-soluble γ-cyclodextrin polymers with high molecular weight and their complex forming properties[END_REF][START_REF] Antoniuk | Cyclodextrin-mediated hierarchical self-assembly and its potential in drug delivery applications[END_REF]Rezanka, 2018).

The major focus of this work is to develop layer-by-layer assembly of core-corona structured lipid nanoparticles for the first time to the best of our knowledge. For this purpose, a nonpolar molecule, benzophenone (BP) was used as a model active ingredient due to its hydrophobic character/low water solubility and its affinity for β-CD cavities. BP loaded solid lipid nanoparticles were designed as core and corona layers which were made by layer-by-layer adsorption of β-cyclodextrin polymers of opposite charges and it allowed to prepare new hierarchical version of lipid nanoparticles.

Physicochemical properties of SLNs having different layers were fully characterized by means of distribution size, surface charge, morphology, in vitro release profiles. Then cytotoxicity profiles of the new version of SLN were investigated on different human healthy cell lines.

MATERIALS and METHODS

Materials

Benzophenone (BP) which has a low water solubility (96 mg/L at 25 •C) and Tween 80 were purchased from Sigma-Aldrich (France). Compritol 888 ATO (glyceryl behenate) was kindly provided by Gattefosse (France). Negatively and positively charged poly-β-CD which were prepared in the laboratory before, were used for coating studies [START_REF] El Fagui | Layer-by-layer coated PLA nanoparticles with oppositely charged β-Cyclodextrin polymer for controlled delivery of lipophilic molecules[END_REF]. MCF-12A human breast epithelial and THLE-2 human liver epithelial cells were purchased from the American Type Cell Culture Collection (ATCC, Germany) and HWP-c human white preadipocyte cells were purchased from PromoCell (Germany). MilliQ water was used for experiments and all other chemicals were in analytical reagent grade.

Analysis of Benzophenone

Benzophenone content of lipid nanoparticles was determined by high-performance liquid chromatography (HPLC), using an Agilent 1260 Infinity model equipped with diode array detector (Agilent Tech, Germany). Separation was carried out using a HiCrom C18 column (5 μm, 4.6 × 250 mm) (HiCrom, UK) at 25°C. Liquid chromatography was performed by isocratic elution at a flow rate of 1.0 mL/min. The mobile phase composition was acetonitrile:distilled water (80:20 v/v) and 20 μL of each sample was injected into the system to detect BP content at 252 nm. The peak areas were integrated by HPCORE ChemStation software (Agilent Tech, Germany). The determination method of BP was fully validated in accordance with the International Council on Harmonization Guidelines, ICH Q2(R1), and linearity, accuracy and recovery, precision, specificity, detection/quantitation limits were analyzed [START_REF] Guideline | Q2A Text on Validation of Analytical Procedures[END_REF]. Accordingly, A linear response with a perfectly fit coefficient of determination (R 2 ) value of 1.0 was obtained for a BP concentration range of 0.125 -10.00 μg/ml, and detection and quantification limits of 0.007 and 0.024 μg/ml were found respectively. The relative standard deviation (RSD) of validation parameters were less than 2%, and the specificity studies proved that the excipients used in the formulations do not yield any peaks at 252 nm. Hence, these results showed that the HPLC method has good sensitivity for determining BP.

Preparation of SLN

In order to prepare the solid lipid nanoparticles, a high-shear homogenization method followed by ultrasonication was performed. After the weighted amount of Compritol 888 ATO was melted at 80 0 C, aqueous surfactant solution (80 0 C) containing Tween 80 was added onto the melted lipid and both lipid and aqueous phases were allowed to emulsify using a high-shear homogenizer (UltraTurrax T25, Ika, Germany) at 13.500 rpm for 5 min. Then a probe sonicator with a 2 mm diameter (Bandelin Sonoplus HD2070, Germany) was utilized to sonicate the pre-emulsion for 30 seconds with 100% amplitude. Finally, the SLN formulation was kept at 4 0 C overnight in order to solidify the lipid matrix and than the lipid nanoparticles were collected by Vivaspin 20 with MWCO of 10 000 Da (Sartorius AG, Germany) by centrifuging at 10.000 rpm for 30 min. The model active ingredient, BP, was added into the hot lipid phase and the temperature was kept at 80 0 C until the complete dissolution of BP into melted lipid. Weight ratio of drug:total lipid of 1:5 to 1:10 were used to obtain BP loaded SLN formulations. Compositions of the main SLN formulations can be seen in Table 1.

Table 1. Compositions of the SLNs

Optimization of poly-β-CD concentration

For layer-by-layer coating, previously synthesized poly-β-CDN+ and poly-β-CDS-were used. These polymers contain 41% and 54% of their weight in β-CD units respectively and their molecular weights are 272 000 g/mL and 146 000 g/mol respectively. These are used as strong polyelectrolytes as polyβ-CDN+ contains 1.2 positive charge (trimethyl ammonium chloride group) per β-CD cavity and polyβ-CDS-contains 2.5 negative charge (sulfate group) per cavity [START_REF] El Fagui | Layer-by-layer coated PLA nanoparticles with oppositely charged β-Cyclodextrin polymer for controlled delivery of lipophilic molecules[END_REF]. Primarily to determine the optimized concentration of the polymers, increased concentration of poly-β-CDN+ and poly-β-CDS-solutions were prepared to coat SLN core which is diluted to a concentration of 1 mg/mL. Then, SLN bearing 1st layer and 2nd layer were characterized by means of particle size, polydispersity index (PDI), and zeta potential to find the ideal amount of polymers.

Layer-by-layer assembly of SLN with β-CD polymers

At the first step, the main SLN formulation was diluted into a concentration of 1 mg/mL for coating studies and the positively charged poly-β-CDN+ was used at a concentration of 1mg/mL to coat the negatively charged SLN dilution. All aqueous solutions of charged poly-β-CD were prepared with distilled water and filtered through a 0.45 µm filter. The first layer was built up by incubating 2 mL of SLN dilution in 2 mL of poly-β-CDN+ solution for 30 min under gentle shaking. Then the SLN dispersion was centrifuged for 30 min at 10.000 rpm by using the ultracentrifugation unit Vivaspin 20 to remove the unabsorbed polymer. After the supernatant was removed, the coated SLN were dispersed in ultrapure water and the volume was adjusted to 2 mL to obtain a concentration of 1 mg/mL.

For the second polymer layer, 2 mL of poly-β-CDS-solution with a concentration of 1 mg/mL was added onto 2 mL of 1st layer coated SLN and incubated for 30 min again. Following the ultracentrifugation procedure for 30 min, the coated SLN with 2nd layer was isolated by removing the supernatant and then SLN with 2 layers were harvested into 2 mL of distilled water.

Characterisation studies

Measurement of particle size, polydispersity index and zeta potential

Dynamic light scattering (DLS) and zeta potential measurements were performed to measure the mean particle size, polydispersity index and surface zeta potential of the coated and uncoated SLNs (Nano ZS, Malvern Inst., Malvern, Worcestershire, UK). All measurements were performed at 633 nm with a scattering angle of 173 0 at 25 0 C in triplicate.

Determination of encapsulation efficiency and drug loading

The encapsulation efficiency and drug loading of BP were determined by the indirect method. For this purpose, following the separation of uncoated or coated SLN by ultracentrifugation, the amount of non-encapsulated BP in the supernatant was measured by HPLC at 252 nm. The following equations were used to calculate the EE% and DL%.

EE%= 100*(Wtotal BP-Wfree BP)/Wtotal BP DL% = 100*(Wtotal BP -Wfree BP)/(Wtotal BP + Wtotal lipid -Wfree BP)

Wtotal BP: The total amount of BP Wfree BP: The amount of BP in the supernatant Wtotal lipid: The total amount of used lipid

Reproducibility of the layer-by-layer coating

Three different batches were produced for all uncoated and coated SLN formulations to examine the reproducibility and uniformity of the coating process. Batch to batch consistency was investigated by measuring the particle size, PDI, zeta potential values.

In vitro drug release studies and release kinetics of BP

In vitro drug release studies of uncoated SLN, 1layer SLN and 2layers SLN were investigated using cellulose acetate dialysis bag with a 12-14000 kDa molecular weight cut-off (Spectra/Por, Spectrum Laboratories, Inc., CA). 2 mL of samples were dropped into the dialysis bag and immersed in 25 mL of 0.01 M, pH 7.4 phosphate buffer at 37°C as dissolution medium. Release studies for each SLN formulations were performed in triplicate for 8h and the release medium was completely replaced after 3rd h. At predetermined time intervals, aliquots were withdrawn and directly analyzed by HPLC at 252 nm.

Afterwards, various kinetic equations were applied on in vitro release data of coated and uncoated SLN in order to clarify the release mechanism and the effect of coating on release profile. The first-order, zero-order, Higuchi, Korsmeyer-Peppas and Hixson-Crowell mathematical models were compared using linear regression and ANOVA (GraphPad Prism 6.0 version).

Transmission electron microscopy

The morphology of the lipid nanoparticles was observed at -170°C by Transmission electron microscopy (TEM) using a LaB6-JEOL 2100 (JEOL, Japan) for the SLN-B series and FEI Tecnai G2 F20 ST (FEI, Japan) for the SLN-A series, both operating at an acceleration voltage of 200 kV. Lipid nanoparticles were dispersed in distilled water at a concentarion of 2 mg/mL, applied to carbon grids (previously treated by oxygen plasma for 40s) and stained with uranyl acetate before analysis. Excess liquid was removed with a filter paper and the grid was dried in air at room temperature.

Differential scanning calorimetry (DSC) and fourier transform infrared (FT-IR ) analysis

The thermal behavior of the plain SLN and plain SLN coated with positively and negatively charged β-CD polymers and the bulk materials as well demonstrated by a differential scanning calorimeter (Shimadzu DSC-60, Japan). After 3 mg of sample was directly weighted on DSC aluminum pan it was sealed hermetically. Then the samples were scanned by applying a heating rate of 5°C/min in the range of 30°C to 150°C. Pure indium was used as a reference.

Fourier transform infrared (FT-IR) spectroscopy has been also used to elucidate the structure of the new hierarchical version of lipid nanoparticles. FT-IR spectroscopy of the plain SLN and plain SLN coated with positively and negatively charged β-CD polymers (1L SLN & 2L SLN) and the bulk materials were carried out using Agilent Cary 630 FTIR spectrometer (Santa Clara, CA, USA).

Approximately 5 mg of samples were analyzed over the range between 4000 cm -1 and 650 cm -1 with an average of 32 scans at a resolution of 4.0 cm -1 .

Cell culture studies and cytotoxicity assay

The MCF-12A (human breast epithelial cells) and THLE-2 (human liver epithelial cells) cells were cultured in DMEM (Dulbecco's Modified Eagle Medium) supplemented with 10% fetal bovine serum (Lonza, Germany) at 37°C and humidified 5% CO2 atmosphere, while preadipocyte growth medium (PromoCell, Germany) was used to culture HWP-c (human white preadipocyte cells) cells. The cells were treated with different concentrations of uncoated and coated SLN-B without active ingredient ranging between 1 µg/mL to 100 µg/mL for 24h under the same culture conditions. The stock solutions of the formulations were diluted in mediums of cell lines. The non-treated cells were used as control.

The cytotoxic effects of plain SLN and plain SLN coated with positively and negatively charged β-CD polymers on cell lines were evaluated by MTT [3-(4,5-dimethylthiazol-2yl)-2,4-diphenyltetrazolium bromide] assay. The cells were seeded in 96-well plates and treated with 1, 20, 50 and 100 µg/mL of the uncoated and coated SLNs for 24h. The cells were then treated with MTT solution (5 mg/mL) and incubated for 2 h. The formazan crystals were dissolved in DMSO and the absorbance was recorded at 540 nm by spectrophotometer (Thermo, Germany). Statistical analyses were performed using GraphPad Prism 6.0 version (GraphPad Software Inc.). The results are expressed as the mean±SD of three independent experiments and one-way ANOVA test were applied for multiple comparisons.

The differences are * p<0.05, ** p<0.01 and # p<0.0001 compared to control.

RESULTS and DISCUSSION

Herein, we report for the first time a controlled layer-by-layer coating process to create a novel hierarchical core-corona structured lipid nanoparticles. While Compritol 888 ATO based SLN was forming the core of the new stable multilayered system, layer-by-layer assembly was carried out using oppositely charged β-cyclodextrin polymers. Hot homogenization method consisting of high shear homogenization step followed by ultrasonication was used to obtain SLN core. This production method is a simple, reproducible method and, since there is no need to use organic solvent, it makes this more preferable than other methods. While stable emulsion is formed in the first step, the particle size can be reduced by ultrasonication. (Souto et al., 2020). SLN formulations with two different particle sizes such as average 50 nm and 100 nm were obtained with or without hydrophobic model active substance by modifying the production and formulation parameters given in Table 1. Table 2 shows DLS data and entrapment efficiency values of SLNs obtained using different lipid:drug ratios as well as the plain version of SLNs. The particle size significantly increased with drug incorporation for both SLN batches (around 20%), while no remarkable changes were observed for PDI and zeta potential values. However, due to the reduction in lipid:surfactant ratio, a wider particle size distribution is detected with SLN-A compared to SLN-B. The results also indicated that the increase in drug:lipid ratio displayed a negative effect on incorporation of BP into the lipid matrix.

While the drug:total lipid ratio decreased from 1:5 to 1:10, the encapsulation efficiency elevated from 71.6% to 95.5% respectively. The drug encapsulation is related to the hydrogen bonds or hydrophobic interactions between the active substance and the carrier as well as to the solubility of the hydrophobic drug into the lipid matrix. Since SLN has limited drug loading capacity, the efficiency of encapsulation directly depends on the drug amount [START_REF] Das | Formulation design, preparation and physicochemical characterizations of solid lipid nanoparticles containing a hydrophobic drug: effects of process variables[END_REF].

Table 2. Physicochemical characterization of main SLN formulations

Surface modification of nanodrug delivery systems has gained considerable interest in recent years since the outmost layer of the particles directly contacts body fluids and organs (Choi et al., 2013).

Layer-by-layer self assembly, which allows the adsorption of oppositely charged polyelectrolytes on a surface is a simple and versatile approach to modify nanoparticle surfaces. In this study, previously synthesized poly-β-CDs were used to obtain SLN with controlled surface properties and step-wise deposition of positively and negatively charged β-Cyclodextrin polymers onto negatively charged solid lipid nanoparticles (SLNs) were ensured by electrostatic interaction process [START_REF] El Fagui | Layer-by-layer coated PLA nanoparticles with oppositely charged β-Cyclodextrin polymer for controlled delivery of lipophilic molecules[END_REF].

At the begining of the study, the optimum polymer concentrations for layer-by-layer coating were determined. For this purpose, firstly, the increased concentrations of poly-β-CDN+ aqueous solutions were prepared to coat the SLN dispersion diluted to 1mg/mL. Initial SLN-A formulation has 52.8±0.6 nm particle size with 0.364±0.05 PDI value and the zeta potential was found to be -12.3±0.6 mV as reported in Table 3. The first layer was formed by incubating 10, 5, 2.5 or 1 mg/mL of poly-β-CDN+ solution with plain SLN-A. After the excess amount of poly-β-CDN+ was removed by ultracentrifugation, the particle size, PDI and zeta potential values of 1st layer coated SLN were examined for each polymer concentration. It's been observed that, when the highest amount of poly-β-CDN+ was initially added to the negatively charged SLN, a strong interaction occurred due to electrostatic forces and the size of SLN increased from 52 nm to 166 nm, while the zeta potential changed reversely from negative (-12.3 mV) to positive value (+43.3mV). In many studies where SLN formulations are coated with different polyelectrolytes, the particle growth is explained with the formation of polymeric islands on the nanoparticle surface [START_REF] Ramasamy | Layer-by-layer coated lipid-polymer hybrid nanoparticles designed for use in anticancer drug delivery[END_REF][START_REF] Kabary | Hyaluronate/lactoferrin layer-by-layer-coated lipid nanocarriers for targeted co-delivery of rapamycin and berberine to lung carcinoma[END_REF]. It should also be considered that several SLN may aggregate and be covered by the polymer.

The results also showed that, through decreasing the concentration of polymer, the size of particles were significantly decreased, while highly positive zeta potential values were obtained. On the other hand, the smaller changes in particle size and PDI were observed with 2.5 mg/mL and lower polymer concentrations. As a result, it was decided to use the lowest concentration of (1 mg/mL) positively charged polymer to obtain the 1st layer. As it will be discussed below, the size increase at this concentration is still higher than expected from the coating of single nanoparticles with monolayers of poly-β-CDN+ coils (15 -30 nm) [START_REF] El Fagui | Layer-by-layer coated PLA nanoparticles with oppositely charged β-Cyclodextrin polymer for controlled delivery of lipophilic molecules[END_REF]. Poly-β-CDN+ adsorption should mediate small aggregation between the nanoparticles.

Table 3. Coating studies with different poly β-CD concentrations

In the second stage of the polymer concentration optimization; the 1st layer coated SLN with the average particle size of 120 nm were incubated with poly-β-CDS-aqueous solutions in the range of 1-10 mg/mL to build up the 2nd layer. Again the unabsorbed polymer was removed after incubation period and the nanoparticles were characterized by particle size, PDI and zeta potentials. The formation of particle agglomeration was observed with the polymer concentrations of 10 mg/mL and 5 mg/mL while a significant decrease was obtained with the concentration of 2.5 mg/mL and 1 mg/mL of negatively charged polymer in comparison with the particle size of the initial 1st layer.

Compared to the bare SLN-A formulation, the particle size after absorption of 2nd polymer layer was found to be approximately 88 nm and a significant decrease in PDI was also obtained. It was also noticed that the sizes are smaller than the 1st layer SLN but larger than the size of uncoated ones.

Addition of the second layer should have promoted dissociation of the nanoparticles. Moreover, the addition of negatively charged polymer created a strong inversion of surface charge and zeta potential value was found to be -35.1±0.8 mV with the minimum polymer concentration. It was decided that a concentration of 1 mg/mL of both polymers was sufficient for the preparation of the next layer by layer samples.

Information about the structural properties of the sample can be obtained by heat exchange in controlled temperature programs such as DSC. Hence DSC study was carried out to characterize the layer-by-layer assembly of SLN and to investigate the possible lipid polymer interactions. The DSC thermogram of the pure materials and the formulations were shown in Figure 1 and the corresponding DSC data were presented in Table 4. Pure Compritol 888 ATO (a) has a single, sharp endothermic peak at 74°C (124 J/g), with an onset at 70°C. On the other hand; both positively and negatively charged β-cyclodextrin polymers (b&c) showed no marked events in the temperature range analyzed, as expected. The physical mixture of the pure lipid and charged β-cyclodextrin polymers showed a melting peak of the lipid at 72.6°C with a little shift compared to pure lipid. The marked decrease of the melting enthalpy (30%) reflects also an interaction between the lipid and the charged β-cyclodextrin polymers because inclusion complexes can be formed between the hydrophobic tails of the lipid and b-cyclodextrin cavities. When DSC thermograms of the pure lipid (a) and corresponding SLN (e) were compared, a small shift on the onset and on the melting temperature was observed in conjunction with the decrease in the enthalpy of melting. This last value cannot be directly compared to the one of pure lipid as SLN contain also Tween 80 molecules due to the preparation process. Finally, comparing the SLN samples (e,f&g), the enthalpy values and the shift in melting points decreased with the number of layers. Gradual decreases of the onset and the melting points of the coated SLNs can be attributed to partial interactions of lipids and charged β-cyclodextrin polymers. Also, it was assumed that the noticeable decrease in the enthalpy value of the equal amount of samples is not only due to the interaction of lipids with the charged βcyclodextrin polymers, as observed in the physical mixture, but also to the decrease in lipid content, regarding the number of assembled layers. This behavior indicates the deposition of the polymer on the SLN in the multi-layer assembly and the success of the layer-by-layer coating. 

. DSC parameters of bulk materials and SLN formulations

The Fourier transform infrared spectra of raw materials, SLN, and layer-by-layer assembly of SLN formulations were collected to detect the possible chemical interactions between lipid and changed β-cyclodextrin polymers and for better characterization of the new hierarchical system. While the major bands of bulk lipid, Compritol 888 ATO, were observed at 2914 cm -1 related to C-H stretching and a band at 1735 cm -1 which was assigned to the carbonyl group (Figure 2 cm -1 and also at 1735 cm -1 are still present but in lower intensities, while additional peaks observed in the range 3000 -3600 cm -1 and 900 -1650 cm -1 are characteristic peaks of the CD polymers used for the coatings. This result confirms the polymer absorption onto the SLN surface which were revealed in agreement with the DSC results. nm and 0.198±0.01 respectively while SLN-B had 112.9±1.8 nm of particle size with a narrow particle size distribution (0.207 ± 0.01). Partially weak negative zeta potential values of SLN-A and SLN-B were measured as -14.1±2.0 mV and -17.1±0.6 mV, respectively. The zeta potential, which reflects an electrical potential in the dispersed state created by the presence of charges on the particle surface, can be positive or negative and since repulsive electrostatic forces are inhibiting aggregation, zeta potential is critical for the physical stability of the lipid nanoparticles [START_REF] Das | Are nanostructured lipid carriers (NLCs) better than solid lipid nanoparticles (SLNs): development, characterizations and comparative evaluations of clotrimazoleloaded SLNs and NLCs?[END_REF]. Although there is no definite limits, many researches suggested that high negative or high positive zeta potential values can stabilize nanoparticle dispersion by electrostatic repulsion. It is also stated that the range of 0 -±30 mV is not sufficient to obtain a stable dispersion and the flocculation degree increases while the absolute value of the zeta potential value decreases [START_REF] Heurtault | Physico-chemical stability of colloidal lipid particles[END_REF]. Since SLN-A and SLN-B have negative surface charges, positively charged poly-β-CDN+ was used to build up the first layer and SLN-A and SLN-B bearing 1st layer were obtained in three batches. Particle characterization results of uncoated and coated SLNs are given in Table 5 and Table 6, and the average results are also schematized in Figure 3.

Table 5. Layer-by-layer coating results of SLN-A in three batches

Table 6. Layer-by-layer coating study results of SLN-B in three batches

Figure 3. Comparison of the particle size and zeta potential variation of coated and uncoated SLNs

Cationic poly-β-CDN+ is a strong polyelectrolyte and it is thought that it may be combined with more than one negatively charged lipid nanoparticles and nanocomposite structure could be formed during the first coating process. Therefore, an increase in the size of the particles was obtained as a result of the 1st layer coating. After 1st layer coating, particle size distribution also increased for both SLN-A and SLN-B as a consequense of agglomeration. TEM images also confirmed this phenomenon as displayed in Figure 4. While the uncoated SLNs are described as individual particles in a spherical shape, it can also be stated that the larger and more irregular particles with asymmetric shapes were obtained with 1st layer coating for both SLN formulations. Indeed, as can be noted in Table 5 andTable 6, the zeta potential of the SLN-A and SLN-B were inverted from weak negative to strong positive values upon the presence of poly-β-CDN+. This trend of the zeta potential is an important sign of the absorption of cationic polymer onto the surface of SLNs. Afterwards, SLN-A and SLN-B with 1st layer were used to build the 2nd layer coated SLN formulations with anionic poly-β-CDS-. At the end of the 2nd layer coating process, a significant reduction in particle size was achieved for both coated SLN-A and SLN-B, compared to 1st layer results, therefore an increase in particle size was observed compared to both uncoated SLN. Moreover, a negative inversion of the zeta potential was noted after incorporation of poly-β-CDS-. The zeta potential changed reversely from positive (+37.2±1.5 mV) to negative value (-35.2±1.3 mV) for SLN-A, and from +34.5±1.8mV to -33.6± 1.0 mV for SLN-B, providing evidence of anionic polymer coating.

Furthermore, highly negative zeta potential values were obtained with the final SLN which have two polymer layers, while initial zeta potential values of bare SLN formulations are less than -20 mV.

Layer-by-layer assembly of charged poly-β-CDs is suitable to modify the zeta potential values of SLN since it contributes to higher stability through preventing particle aggregation efficiently. The TEM images of SLN with 2 layers have shown that, the nanocomposite structure as a result of 1st layer coating has dissociated and SLN with two layers were more uniformly spherical and smaller in size when compared to 1st layer SLN. It is also important to note that following the second coating process, the spherical shape of the bare SLN formulations did not alter and the particle size was consistent with DLS data. PDI is an indicator of particle distribution homogeneity. It should be obviously as small as possible for monodisperse particles [START_REF] Ramasamy | Layer-by-layer self-assembly of polymeric multi-layers on solid lipid nanoparticles: A comparative study via dynamic light scattering, transmission electron microscope, atomic force microscope and quartz crystal microbalance with dissipation[END_REF]. At the end of the coating process, PDI value was found below 0.260 which means that the size distribution is still in the same range and the system is considered to be homogeneous. Further, when the size of the uncoated SLN formulations (SLN-A and SLN-B) and coated particles with two layers were compared, it is concluded that the thickness of the polymer layer depends on the initial particle size. Also, when comparing the results in terms of consistency of the coating process, no significant differences were found between the entire layer-by-layer coating steps for both SLN-A and SLN-B, and thus the layerby-layer coating process was qualified as reproducible.

Determination of the amount of drug incorporated into the nano drug delivery systems are one of the most fundamental features for active substances since encapsulation of as much active ingredient as possible ensures the best cost/dosing efficiency and control the usefulness of the systems. Since our results demonstated that total lipid: BP ratio influences the efficiency of encapsulation and drug loading, SLN-B was selected for further in vitro release studies. During the coating process, a small decrease in the calculated EE% and DL% values was observed as presented in Table 7. The reduction during the first and second coating steps could be explained as a consequence of the release of BP located on the surface of SLN due to the affinity for B-CD cavities which were removed by ultracentrifugation [START_REF] Daoud-Mahammed | Cyclodextrin and polysaccharide-based nanogels: entrapment of two hydrophobic molecules, benzophenone and tamoxifen[END_REF]. Nevertheless, EE% values were calculated higher than 80% after each coating process.

Table 7. %EE and %DL of SLN-B

The dialysis bag diffusion method which is the most often preferred way to evaluate drug release from colloidal drug delivery systems was used to estimate the release profiles of SLN-B and also 1layer and 2layers coated SLN-B (D'souza, 2014). The cumulative BP release percentage curves of SLN-B, SLN coated with positively charged polymer (poly-β-CDN+) and SLN with two layers (poly-β-CDN + and poly-β-CDS-) were represented in Figure 5. The results of in vitro release study of BP loaded bare SLN (SLN-B) showed that a biphasic release profile, a burst release at the initial stage followed by steady release and 55% of the encapsulated drug was released at the end of 8th hours.

The slow release of BP from SLN suggests that lipid-soluble drug homogeneously dispersed into the lipid matrix and the release depends on the diffusion of the drug from the lipid matrix. In contrast, the intensity of this initial burst release was significantly decreased by the presence of the polymer coating and the slowest release was observed with the SLN-B with two layers. Moreover, SLN coated with positively charged polymer showed moderate release as expected. In the light of these findings, it can be clearly stated that layer-by-layer coating with charged polymers reduces the burst release behavior of SLN. This gradual decrease, as the number of hydrophilic layers increases, can be explained by the decrease in the hydrophilic polymer corona diffusion rate of hydrophobic drug molecules and the guest-guest interaction with BP's guest-CD spaces. 8. As the high r-squared (r 2 ) estimates the suitability of the kinetic model and high Anova F value supports the suggestion of r 2 , BP release from the uncoated SLN can be better explained by Higuchi and Korsmeyer-Peppas equations which provided highest r 2 and F values [START_REF] Unagolla | Drug transport mechanisms and in vitro release kinetics of vancomycin encapsulated chitosan-alginate polyelectrolyte microparticles as a controlled drug delivery system[END_REF]. The Higuchi, based on the Fick's law of diffusion, is a mathematical model to describe the diffusion controlled release mechanism. According to the Korsmayer-Peppas model, n value (the diffusional exponent) is considered to characterize the diffusion mechanisms and n values between 0.45 to 0.89 is generally considered as non-Fickian diffusion that indicates erosion together with diffusion profile [START_REF] Jain | In vitro release kinetics model fitting of liposomes: An insight[END_REF][START_REF] Gouda | Application of mathematical models in drug release kinetics of carbidopa and levodopa ER tablets[END_REF]. The decrease in Korsmayer-Peppas n value with a layer-by-layer coating indicates a Fickian diffusion in coated SLN nanoparticles, which also shows suitability of Higuchi model. The host-guest interaction of BP with the β-CD cavities could enhance the diffusion controlled release mechanism.

On the other hand, by the kinetic parameters in Table 8, it is clear that the drug-release rate (k) in the case of the layer-by-layer coating decreased on the Higuchi and Korsmayer-Peppas models. These findings indicate that controlled drug release can be achieved as a consequence of layer-by-layer assembly.

Table 8. Parameters of kinetic models for BP release

Considering a future application of this novel, hierarchical core-corona structured SLN formulation as drug delivery system, cytotoxic effects on different healthy cell lines were investigated. The dosedependent cytotoxic activities of plain SLN as well as SLN with one (poly-β-CDN +) or two (poly-β-CDN + /poly-β-CDS-) layers on different cell lines were evaluated by MTT assay which is a reliable and basic method for preliminary evaluation of toxic agents [START_REF] Mosmann | Rapid colorimetric assay for cellular growth and survival: application to proliferation and cytotoxicity assays[END_REF]. Figure 6 represents the cytotoxicity profiles of cell lines. Among treated cell lines, MCF-12A cells were the most resistant cell line to SLNs as well as core-corona structured SLNs since there was no significant decrease on cell viability at all treated concentrations. In HWP-c cells, uncoated SLN, 1layer SLN (1L SLN) and 2layers SLN (2L SLN) did not exhibit cytotoxicity in all treated concentrations except 100 µg/mL concentration (p<0.05). The viable cell amount significantly decreased to 90.49% in uncoated SLN treated group, while 93.5±2.2% and 90.9±1.1% cell viability were obtained with the maximum concentration of 1L SLN and 2L SLN respectively. Uncoated SLN didn't show any cytotoxicity at treated concentrations in THLE-2 cells. On the other hand, the viable cell amount decreased by the application of SLN coated with poly-β-CDN+ at 1 µg/mL and higher concentrations (p<0.05), while 2L

SLN was not cytotoxic at the same concentration. The cytotoxicity of nanodrug delivery systems depends on the physicochemical properties of the particles as well as the biological parameters of the cells. Although this rule does not apply to all nanoparticles, many studies show that the positive surface charge of the nanoparticle causes higher cytotoxic activity due to the enhancement of the adherence of the positively charged particles to the negatively charged cell membrane [START_REF] Fröhlich | The role of surface charge in cellular uptake and cytotoxicity of medical nanoparticles[END_REF]. The changes on cell viability between SLN coated with positively charged poly-β-CDN + and SLN which has two layers (poly-β-CDN + and poly-β-CDS-) could be explained by the inversion of the surface charge. SLN and the new core-corona structures of SLN were treated at the nanoparticle concentration range from low to high in different human cell lines and they showed relatively less cytotoxic effects in a dose-dependent manner that means newly developed layer-by-layer assembly of SLNs doesn't have cytotoxic effects on different healthy cell lines at low nanoparticle concentrations. The relative cytotoxic effeciency due to the increase in nanoparticle concentration could be caused by the presence of Tween 80, as reported by previous literature [START_REF] Ramasamy | Layer-by-layer coated lipid-polymer hybrid nanoparticles designed for use in anticancer drug delivery[END_REF]. In conclusion; novel, hierarchical core-corona structured lipid nanoparticles can be safely used as a drug carrier and have potential to provide an invaluable tool for different administration routes. 

CONCLUSIONS

We believe that, the present work is the first to describe the layer-by-layer assembly of β-CD polymers on solid lipid nanoparticles. Negatively charged SLN core was successfully coated by positively charged poly-β-CDN+ to obtain 1Layer SLN and 2Layers SLN and these nanoparticles were produced by sequential deposition of oppositely charged poly-β-CDN+ and poly-β-CDS-using the layer-by-layer technique. The coating process was monitored by means of particle size, size distribution, zeta potential, drug encapsulation, drug release patterns, and in vitro cell viability. It can be stated that this novel, hierarchical core-corona structured lipid nanoparticles may provide advantages such as controllable particle size, surface charge modification, increased physical and chemical stability, prolonged circulation time and enhanced cellular interaction. The current study illustrates that layer-by-layer coating strategy could provide a new drug delivery system platform that may be used in many administration routes.

In conclusion, the current study not only illustrates the layer-by-layer coating strategy that could provide a new therapeutic system of lipid nanoparticles but also suggest that it is a simple and lowcost process to obtain surface-modified versatile nanoarchitectures. 
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 1 Figure 1. DSC thermograms of Compritol 888 ATO (a), poly-β-CDN+ (b), poly-β-CDS-(c), physical mixture of bulk materials (d), SLN (e), 1L SLN (f), 2L SLN (g)Table 4. DSC parameters of bulk materials and SLN formulations

  -a); wide bands were registered with maximum absorption at around 3400 cm -1 which is caused by the O-H bonds in the IR spectrum of both charged β-cyclodextrin polymers (Figure2-b&c). Also related to the C-H bonds, wider bands than for the bulk lipid were observed for these samples, with characteristic absorption maxima at around 2920 cm -1 . Moreover, in the spectrum of the physical mixture, there was no noticeable change in the characteristic peaks of both lipids and polymers. On the other hand, major peaks at similar band groups can be observed by comparing the spectrum of SLN and Compritol 888 ATO. However, the peak of 1172 cm -1 becomes wider than the one in Compritol 888 ATO with a variation in the peak intensities. This change is probably due to the addition of Tween 80 molecules in the fabrication process of SLN. The spectra of both 1L SLN and 2L SLN formulations (Figure2-f&g) are quite different from the one of bare SLN. The characteristic peaks of Compritol 888 ATO at 2914

Figure

  Figure 2. FT-IR spectrum of Compritol 888 ATO (a), poly-β-CDN+ (b), poly-β-CDS-(c), physical mixture of bulk materials (d), SLN (e), 1L SLN (f), 2L SLN (g)

Figure 4 .

 4 Figure 4. TEM imeges of uncoated and coated SLNs (SLN-A & SLN-B)

Figure 5 .

 5 Figure 5. In vitro drug release profiles of coated and uncoated SLN-B

Figure 6 .

 6 Figure 6. The effects of coated and uncoated SLNs on viability of different cell lines. The MCF-12A human breast epithelial cells (a), HWP-c human white preadipocyte cells (b) and THLE-2 human liver epithelial cells were treated with SLNs at 1, 20, 50 and 100 μg/ml concentrations for 24 hr, and the viable cell amount was determined by MTT assay. The results are expressed as percentage of live cells compared with untreated control. The data represent the mean ± SD in four replicates of two independent experiments. The differences are * p<0.05, ** p<0.01, # p<0.0001 compared to control.

  

  

Table 7 . %EE and %DL of SLN-B
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		Diluted SLN-B	1LAYER SLN-B	2LAYER SLN-B
	%EE ± SD	91.1 ± 1.88	88.4 ± 1.04	80.5 ± 1.16
	%DL ± SD	8.3 ± 0.17	7.2 ± 0.00	5.9 ± 0.09

Table 8 . Parameters of kinetic models for BP release
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	Kinetic Models		SLN-B	1L-SLN-B	2L-SLN-B
		k	0.208	0.080	0.047
	Zero-order	r 2	0.8795	0.8971	0.8571
		F	36.49	43.59	29.99
		k	0.012	0.010	0.008
	First-order	r 2	0.5532	0.5971	0.6157
		F	6.19	7.41	8.01
		k	0.004	0.001	0.001
	Hixson-Crowell	r 2	0.9159	0.9116	0.8664
		F	54.4780	51.5670	32.4300
		n	0.616	0.496	0.435
	Korsmeyer-Peppas	r 2	0.9472	0.9737	0.9455
		F	71.82	148.26	69.42
		k	3.783	1.380	0.769
	Higuchi	r 2	0.9412	0.9791	0.9482
		F	63.97	187.81	73.17
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