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ABSTRACT:  Stimuli-responsive layer-by-layer (LbL) capsules are appealing drug carriers for oral drug delivery owing to their abilities to utilize environmental differences to trigger changes in particles properties. LbL capsules typically have micrometer diameter ranging between 1-5 µm. The opportunity to use LbL for the modification of particles in the nanorange may provide enhanced benefits and properties for drug delivery. In this work, we used multiple polyelectrolytes to prepare novel stimuli-responsive multi-layered nanocapsules with submicron diameters. A systematic study was conducted to investigate the influence of various experimental parameters on the formation of calcium carbonate nanoparticles (CaCO3) as nanocores. The resultant nanocores were then used for the assembly of LbL nanocapsules and the variables that influenced the diameter of capsules were investigated. Finally, novel stimuli-responsive multi-layered nanocapsules made of four polyelectrolytes including Eudragit L100, chitosan, sodium alginate, and poly-L-arginine were prepared and characterized. The stimuli-responsive multi-layered nanocapsules loaded with a model drug, curcumin, were assessed for drug release under pH conditions that mimic the gastrointestinal tract. These data demonstrate the potential for nanocapsules to be designed to protect the drug in the stomach and release it in the lower gastrointestinal tract. 
1. Introduction. 
Oral drug delivery is a preferred administration route owing to its convenience along with its ease and flexible manufacturing and inherent compatibility with self-administration. However, because many drugs have low aqueous solubility, oral drug delivery is often challenging. Oral delivery is complicated by factors such as variable pH and transit time, as well as drug metabolism enzymes and ATP-dependent transporters that limit bioavailability (Thanki et al., 2013). Stimuli-responsive nanoparticles present a promising approach to oral drug delivery due to their tailored properties enabling environmental differences to trigger conformational changes in their structure (e.g. in response to a certain stimuli such as pH) (Ensign et al., 2012). Such a structural change may result in nanoparticles collapsing or swelling, which can control the drug release, and thus increasing local drug and therapeutic effect at the targeted site (Delcea et al., 2011),(Sung et al., 2012). 
Functionalization by layer-by layer (LbL) self-assembly has emerged as a promising platform for the formation of capsules or the surface modification of particles for applications in oral drug delivery (Santos et al., 2018). LbL modification allows the surface properties of particles to be controlled by modulating the layers’ composition and thickness. Additionally, the functionalities in the surface coating can be tailored to be responsive to either single or multiple stimuli to trigger a selective drug release (Delcea et al., 2011; van Dongen et al., 2009). Capsules made by LbL modification are typically spherical with micrometer diameters and consist of two distinct components: the shell and the cavity. The shell is built up via the consecutive deposition of two or more oppositely charged polyelectrolytes, while the cavity is formed upon the removal of a sacrificial core (Tong et al., 2012). For example, multilayered microcapsules made of serum albumin and tannic acid were prepared. These microcapsules were loaded with lactoferrin, showed high stability in gastric conditions, and released the lactoferrin in small intestine (Kilic et al., 2017).  LbL capsules can exhibit pH-dependent swelling behavior due to the changes in charge density along with the polyelectrolytes as a function of pH, this influences the electrostatic interactions between the polyelectrolyte layers. These pH-dependent swelling  changes resulted in switches in the capsule’s permeability (Delcea et al., 2011; Wohl and Engbersen, 2012).  For example, Mauser et al. (2006), showed that hollow microcapsules made of polyallylamine hydrochloride and poly(methacrylic acid) displayed pH-switchable properties. By changing the pH, the capsules could reversibly switch between swelling and shrinking of the diameters between 4 and 8 μm (Tatjana Mauser et al., 2006).
An alternative approach is to use LbL as a method for coating nanocarriers rather than preparing a hollow capsule. In this role, the multilayer coating can be used to modify the colloidal behavior or drug release properties. Cuomo et al. prepared pH-responsive liposome-templated chitosan/alginate LbL nanocapsules (Cuomo et al., 2012). They showed that the outermost layer controlled the pH responsive behavior resulting in changes in swelling and colloidal stability of the capsules. When chitosan was the outer layer, the nanocapsules were protonated at acidic pH, which provided colloidal stability through electrostatic repulsion. However, at pH 8 the outer layer was deprotonated and the nanocapsules aggregated. When alginate was the outer layer, the nanocapsules were colloidally stable at both pH 4.6 and 8. Instead, the nanocapsules displayed an increase in swelling at pH 8. This occurred as the electrostatic attractive interactions between the internal layers of the polyelectrolytes was reduced upon the deprotonation of the chitosan (Cuomo et al., 2012).  Santos et al. (2015) prepared a nanosuspension of ibuprofen functionalized by LbL with polyallylamine hydrochloride and poly(styrene sulfonate). They showed that increasing the thickness of the layers resulted in slower release (Santos et al., 2015). Poly(lactic-co-glycolic acid) PLGA cores coated with polymers formed by LbL have also been produced. The polymer layer was used to control drug release and biological behavior by tracking  in vivo (Morton et al., 2013). A range of polymers were used including hyaluronic acid, dextran sulfate, and alginate and doxorubicin (Dox) and a near-IR dye were chosen as the payload (Ramasamy et al., 2017, 2014b, 2014a; Ruttala et al., 2017). The addition of the polymer shell reduced the release rate after 24 hours by approximately half (Morton et al., 2013). These examples show the potential benefit for using LbL to control drug release from nanocarriers.

The successful formation of multilayer surface coatings by the LbL self-assembly technique is governed by several factors including pH, ionic strength, salt concentration and template/substrate nature (Wang et al., 2008). The pH and ionic strength of polyelectrolyte solution influence the amount of polyelectrolyte adsorbed because the polyelectrolytes undergo various conformation changes in the solution; highly charged polyelectrolytes present a stretched conformation, while weakly charged polyelectrolytes adopt random coil conformations. Salt concentration also influences the polyelectrolyte conformation by screening the electrostatic repulsion within the polyelectrolyte chains (Antipov et al., 2003; Wohl and Engbersen, 2012; Zhang et al., 2011). When preparing capsules, the nature and diameter of the template for the core significantly influence the properties of the structures obtained from LbL self-assembly. A range of materials have been utilized for the sacrificial core templates including CaCO3, (Feoktistova et al., 2016; Gao et al., 2015; Sato et al., 2014) silica, (Mihai et al., 2013) polystyrene, (D́jugnat and Sukhorukov, 2004) and liposomes (Cuomo et al., 2012). Among these cavity templates, spherical CaCO3 particles are one of the most commonly used for biomedical applications because of their biocompatibility and biodegradability (German et al., 2018). Additionally, CaCO3 particles can be easily removed in aqueous solution at neutral pH and thus retaining the payloads unharmed as compared to other templates (Imoto et al., 2010),(Cuomo et al., 2012). 
Co-precipitation is a simple method of preparing CaCO3 particles via mixing calcium chloride (CaCl2) with sodium carbonate (Na2CO3) solutions resulting in formation of particles on the micron scale ranging from 1-5 μm (Boyjoo et al., 2014). Spherical CaCO3  nanoparticles are employed in several biomedical applications owing to their high solubility, low toxicity, biological inertness, spherical shape and small diameter (Wang et al., 2010). However, due to the high polydispersity and limited control of diameter and shape of CaCO3 nanoparticles, successful formation on nanoparticles depends heavily on the reaction conditions such as alkaline pH, high supersaturation, room temperature (Boyjoo et al., 2014)-(Trushina et al., 2016). Given that the diameter and shape of CaCO3 particles directly determines the diameter and shape of LbL capsules, there is a need to synthesize CaCO3 cores on the nanoscale through controlling the diameter and the morphology of the CaCO3 cores.
[bookmark: _Hlk23931622]The combination of nanoscale diameters and the responsive behavior offered through LbL assembly of multilayer polymer coating would be very attractive for applications in drug delivery. The nanoscale dimensions would potentially increase the drug loading while the responsive behavior would provide triggered drug release. In this work, we prepared novel, stimuli-responsive multi-layered nanocapsules made of multiple layers of four polyelectrolytes including poly-L-arginine, sodium alginate, chitosan, and Eudragit L100 (Figure 1). This combination of polyelectrolytes has been selected to provide properties well-suited to delivery to the colon: Poly-L-arginine hydrochloride is cationic cell-penetrating peptide (Reyes-Ortega, 2014). Sodium alginate is a well-established polyanion. Chitosan is a cationic polysaccharide with pKa 6.5 that has mucoadhesive properties (Bravo-Osuna et al., 2007). Finally, Eudragit L100, is a commercially available excipient made of poly(methacrylic acid-co-methyl methacrylate) copolymer  and is a polyanion with a pKa 6.  Firstly, a systematic study was conducted to formulate cores with well-defined shape and submicron diameters via studying the impact of various experimental parameters in aqueous solution and a mixture solvent of glycerol and water. Then, the prepared CaCO3 nanoparticle cores were used for the assembly of LbL nanocapsules using poly-L-arginine and sodium alginate along with studying the influences of polyelectrolytes concentration, salt concentration, calcium carbonate diameters on the morphology and diameters of LbL nanocapsules. Finally, the stimuli-responsive multi-layered nanocapsules made of four polyelectrolytes including poly-L-arginine, sodium alginate, chitosan, and Eudragit L100 were prepared and characterized with scanning electron microscope (SEM), dynamic light scattering (DLS), energy-dispersive X-ray spectroscopy (EDX). The resultant nanocapsules were then loaded with curcumin as a model drug and the in-vitro release profile was monitored at different pH values that mimic gastrointestinal tract (GIT) conditions for 24 hours. 
FIGURE 1
2. Material and Methods. 
[bookmark: _Toc505937516][bookmark: _Toc505945767]2.1. Materials.  
Calcium chloride, sodium carbonate, sodium carboxymethyl cellulose, degree of substitution 0.7 (CMC) (average Mw ~250,000), poly(styrene sulfonate) (PSS) (average Mw 70,000), glycerol, sodium chloride (NaCl), poly-L-arginine hydrochloride Mw >70,000), sodium alginate (from brown algae, medium viscosity), chitosan (low molecular weight), polyvinylpyrrolidone  (PVP) (average Mw 40,000), sodium dodecyl sulfate (SDS), Curcumin, Phosphate buffered saline (PBS) and glacial acetic acid were purchased from Sigma-Aldrich. Ethylenediaminetetraacetic acid (EDTA) was purchased from thermo-fisher scientific. Eudragit L100 was obtained as a gift from Evonik Industries, Germany. Dialysis tubes were purchased from spectrum laboratories.  All chemicals were used without further purification. Distilled water was used in all experiments. 
2.2. Methods. 
[bookmark: _Toc505937518][bookmark: _Toc505945769]2.2.1. Preparation of CaCO3 nanoparticles. 
The effect of a range of processing parameters on the particles’ properties such as diameter and shape were studied. Two series of experiments were carried out, the first series in aqueous solution and second one in a mixture of aqueous and organic solvent as described below.
2.2.1.1. Preparation of CaCO3 nanoparticles in aqueous solution
CaCO3 nanoparticles were synthesized using modified version of a previous literature method (Deng et al., 2013). Briefly, calcium carbonate (CaCO3) cores were prepared by 615 µl of 0.33 M aqueous solution calcium chloride (CaCl2) to 1.5 mL of 1% w/v CMC and stirring for 20 minutes. Afterwards, 615 µl of 0.33 M of sodium carbonate (Na2CO3) was added under vigorous stirring for 60 minutes at room temperature. The sample was centrifuged at 1470 g for 2 minutes. Then, the precipitate was separated from the supernatant and then washed twice with distilled water to remove unreacted species. To prepare CaCO3 nanoparticles, several experimental parameters such as pH (5.5, 9, 12, and 14), salt concentrations (0.016, 0.033, and 0.33 M), volume of surfactant (0.75 and 1.5 mL), surfactant type (CMC and PSS), surfactant concentration (0.2, 0.4, and 1% w/v), and solvents were varied. The yield of the nanoparticles was assessed qualitatively by looking at the diameter of the pellet after centrifugation. 
2.2.1.2. CaCO3 nanoparticles in aqueous-organic solvent mixtures.
A mixture of glycerol and water was used to prepare CaCO3 nanoparticles. The process was based on a previous literature method (Trushina et al., 2016). The synthesis was started by preparing 0.33 M of calcium chloride and sodium carbonate in a mixture solution of glycerol and water of volume ratio 70:30 % v/v. Then, 615 µl of 0.33 M calcium chloride was mixed with 615 µl of 0.33 M sodium carbonate and stirred. The dispersion was centrifuged at 1470 g for 2 minutes. Then, the precipitate was separated from the supernatant and then washed twice with distilled water. To synthesize uniform and spherical CaCO3 nanoparticles, A range of experiments were carried out using 70:30 v/v of calcium chloride and sodium carbonate along with varying the volume of 1% w/v PSS and salt concentrations (0.15 and 0.33 M). The yield of the nanoparticles was assessed qualitatively by looking at the size of the pellet after centrifugation. 
2.2.2. Preparation of poly-L-arginine/alginate (LbL) capsules.
[bookmark: _Toc505937521]The CaCO3 nanoparticles with diameter of 500 nm were used as cores to prepare LbL nanocapsule made with poly-L-arginine and sodium alginate. LbL capsules were synthesized using a modified literature method (Trushina et al., 2016). Briefly, solutions of 1% w/v of poly-L-arginine or alginate were prepared by dissolution in 0.05 M NaCl. Then 0.25 mL of poly-L-arginine was added to the prepared cores in an Eppendorf tube and continuously shaken for 20 minutes followed by centrifugation and washed twice with 2 mL of milli-Q water. 0.25 mL of alginate solution was then added and shaken for 20 minutes, followed by centrifugation and washing twice with 2 mL of distilled water. These steps were repeated until 4-layered capsules were formed. The dispersion was centrifuged at 1470 g for 2 minutes and then washed twice with distilled water. To fine tune the diameter and uniformity of LbL nanocapsules, different parameters such as the concentrations and volumes of polyelectrolytes and NaCl were studied. To obtain a monodispersed LbL nanocapsules, various experimental parameters such as polyelectrolyte concentration (0.2, 0.6, and 0.8% w/v), and NaCl concentration (0.05, 0.1, and 0.2 ~M).     
2.2.2.1. Preparation of poly-L-arginine/Alginate (LbL) capsules with different cores diameters.
LbL nanocapsules were prepared using the following conditions: 0.8% w/v for polyelectrolyte concentration, 0.25 mL for polyelectrolyte volume, 0.05 M for NaCl concentration. The impact of template diameter on the formation of LbL capsules was studied by using nanocores with different diameters: 1000, 750, and 500 nm for assembles of layered capsules.
2.2.2.2. Preparation of stimuli-responsive multi-layered nanocapsules.
Stimuli-responsive LbL nanocapsules were prepared using various polyelectrolytes such as Eudragit L100, chitosan, poly-L-arginine, and sodium alginate. These was done by using the same experimental parameters used for preparing LbL pol-L-arginine/alginate nanocapsules. The nanocores with a mean diameter of 500 nm were used to prepare two samples of LbL modified nanoparticles with differing surfaces. Both were based on 4-layers of poly-L-arginine/sodium alginate. Afterwards, both samples of modified nanocores were re-dispersed into 0.5 mL 0.05M NaCl followed by adding 0.25 mL of poly-L-arginine was added as fifth layer for one sample (NCs-A/E), while 0.25 mL of chitosan was added as a fifth layer to the second sample (NCs-C/E). Both samples were shaken for 20 minutes and then purified as previously described. Finally, both samples were re-dispersed in 0.5 mL of 0.05 M NaCl followed by adding 0.25 mL Eudragit L100 dissolved in 0.05N NaCl (pH 7) and shaken for 20 minutes. The samples were then centrifuged at 1470 g for 2 minutes and washed twice with 2 mL of distilled water.      
2.3. Drug loading.
Curcumin was firstly processed using a solid dispersion method (Elbaz et al., 2016). Briefly, 50 mg of curcumin was dissolved in 10 mL ethanol containing surfactants namely PVP and SDS with ratio of 1:2:2 to enhance its aqueous solubility. Then curcumin was then loaded into CaCO3 nanoparticles at targeted loading of 0.023 mg/mg (2.32 wt. %) with respect to the CaCO3 using the following method: mixing 500 µl of processed-curcumin (1 mg/mL) with 615 µl of 0.15M CaCl2 at 0.33 M and 750 µl of 1 % PSS and stirred for 20 minutes. 615 µl of 0.15 M NaCO3 was then added and stirred for 15 minutes. The sample dispersion was centrifuged at 1470 g for 2 minutes and the supernatant was collected and used for determining the encapsulation efficiency (EE) indirectly using UV-visible spectroscopy at 430 nm using equation 1. The sample was then washed twice with distilled water. Finally, stimuli-responsive nanocapsules were prepared as mentioned previously (in the section on Preparation of CaCO3 nanoparticles in aqueous solution).
 (1)
2.4. Characterization of Drug release.   
[bookmark: beq0020]In-vitro release studies were carried out in different media: 0.1 M HCl (pH 1.2) and phosphate buffer (pH 7.4) were used to simulate the pH ranges between the stomach (pH 1.2) and small intestine (pH 7.4) (Elbaz et al., 2016). The dissolution media was adjusted to maintain sink conditions, and all experiments were run in triplicate.  1 mL of stimuli-responsive nanocapsules (NCs-A/E or NCs-C/E) were dispersed in a freshly prepared release medium in a dialysis tube. The enclosed dialysis tubes were immersed in 20 ml of the release medium and placed in a shaking incubator at 37 °C under mild mixing. For each sample, 1 mL of the release medium was withdrawn at fixed time intervals and replaced by fresh medium. Different concentrations of curcumin (1.25, 2.5, 5, 6.6, and 10 µg) were prepared in a mixture of ethanol and PBS (1;1 with regards to volume), and measured using UV-vis spectroscopy (Cary UV 500, Agilent Technologies) at 430 nm to plot a calibration curve. The concentration of the released drug was measured using UV-vis spectroscopy (Cary UV 500, Agilent Technologies) according to the following equation (2):
(2)
[bookmark: _Hlk23932474]For determining the P values for significance, unpair t-test was used to determine the significance between the means and mean ± standard deviation of both nanocapsules in two different pH values using unpaired t-test analysis, GraphPad Prism Software Version 8.
2.6. Stability Study 
The z-average diameter and polydispersity index (PDI) of both nanocapsules (NCs-A/E and NCs-C/E) dispersed in water were measured over 14 days by using a Malvern Zetasizer ZS instrument.
2.5. Characterization techniques.
2.5.1. Scanning Electron Microscope (SEM).
[bookmark: _Toc505937523]The morphology of all samples includes nanocores, LbL capsules, and hollow capsules were characterized with HITACHI S-4800 SEM. For these samples, imaging was performed in high vacuum at 10 kV and 20 kV accelerating voltage. The SEM samples were prepared as follows: carbon tape was deposited on the aluminum stub followed by adding a glass slide. Then, a drop of the sample was added on the cover slide and subsequently dried in air. Afterwards, the samples were coated with gold.
2.5.2. Energy-dispersive X-ray spectroscopy (EDX).
The chemical composition of all samples was characterized with EDX. For EDX analysis, a drop of each sample was added to the aluminum stubs and dried in air. The analysis was carried out in the HITACHI S-4800 SEM at 20 kV accelerating voltage and 13,000 X magnification, AZtecOne Oxford Instruments encompass silicon drift detector (10 mm2 area) with Ultra-thin window (UTW) using AZtecOne Oxford Instruments software. 
2.5.3. Dynamic Light Spectroscopy (DLS).
The diameter and zeta potential of nanocores and LbL nanocapsules was studied using a Malven Zetasizer ZS instrument at approximately 5 mg/mL at 25°C. The diameter of nanocores and LbL nanocapsules were tested in triplets at 25 °C and the z-average and polydispersity index (PDI) results averaged. These samples were dispersed in water and each measurement was done using disposable polystyrene cuvettes. The layer deposition was monitored with DLS and Zeta potential measurement.
3. Results and discussion. 
[bookmark: _Toc505945775]3.1. Preparation of CaCO3 nanoparticles in aqueous solution.
Co-precipitation is one of the simplest methods to prepare CaCO3 nanoparticles via mixing CaCl2 and Na2CO3 often in the presence of a surfactant. The resultant particles are often monodispersed 1-5 μm in diameter (Boyjoo et al., 2014). However, to obtain nanocores, extensive optimization was required. This was performed by changing a number of the experimental conditions such as concentration of precursors, pH, solvent, and surfactant concentration. The resulting nanoparticles were analyzed by dynamic light scattering to obtain a mean diameter and polydispersity index (PDI) and imaged by SEM. 
Initially the effect of varying the concentrations of the precursors on the cores diameters using carboxymethyl cellulose (CMC) as a surfactant were investigated. Decreasing the concentration of calcium and carbonate ions from 0.33 to 0.033 and 0.016 M resulted in decreasing the mean diameter of cores from 1100 to 846 and 790 nm, respectively (Table S1). According to the dynamics of crystal growth, the nucleation of calcium carbonate is directly proportional to the degree of supersaturation. Therefore, at lower concentration of salt, the supersaturation was reduced resulting in a lower nucleation rate. However, due to the presence of surfactant, which electrostatically interacted with calcium ions, the nucleation of CaCO3  nanoparticles in supersaturation solution dominates and thus stops the growth resulting in decreasing the cores diameters to nanometers (Kirboga and Oner, n.d.; Trushina et al., 2016).
Upon decreasing the concentration of CMC from 1 % to 0.2 % w/v, the mean diameter of nanocores decreased from 790 to 610 nm (Figure 2A) along with narrowing the polydispersity index (PDI) from 0.8 to 0.12 (Table S2). The presence of CMC was crucial, it is known to bind to Ca2+ ions resulting in increasing nucleation rate as well as providing steric stabilization that prevents the aggregation of the nanoparticles (Declet et al., 2016). However, if the concentration of CMC is too high, an irregular shape may be produced. Conversely, when the concentration of CMC is too low, the particles diameter could not be controlled. 

The influence of pH on CaCO3 nanoparticles was also studied. This study showed that increasing the pH using 0.25 M NaOH resulted in varying the shape of CaCO3 nanoparticles. At pH 5.5, spherical nanoparticles were formed (Figure 3A), while increasing the pH to 9 resulted in the formation of nanocubes (Figure 3B). Upon adjusting the pH of calcium chloride at 12, it resulted in the formation of CaCO3 nanoflowers (Figure 3C). Further increase of pH to 14, the nanorods (Figure 3D) were obtained. Controlled crystal growth depends on the degree of interaction between the carboxylic group of CMC and Ca 2+ ions in solution. The degree of ionization of the carboxylic acid group of CMC and the CaCO3 supersaturation are both controlled by pH. The pKa of CMC is ∼4.5 and therefore at higher pH values more carboxylic group are ionized and more sites become available for binding with Ca2+ ions to inhibit crystal growth in all directions (Orelma et al., 2011). Additionally, as pH increases the greater supersaturation may overwhelm the carboxylate group leading to uncontrolled crystal growth and formation of irregular CaCO3 shapes (Boyjoo et al., 2014). The combination of these factors results in the pH of the solution during precipitation controlling the morphology of the nanoparticles.
FIGURE 2
Sodium poly (styrene sulfonate) (PSS), an anionic synthetic polymer, was also assessed as an alternative surfactant to CMC.  This was carried out in order to investigate the effect of different surfactants on the formation of CaCO3 nanoparticles. The same experimental parameters including surfactant concentration, volume of surfactant and concentration of precursors were used to prepare PSS-stabilized CaCO3 nanoparticles. Upon varying the concentrations of PSS, it was found that the z-average diameter of the nanoparticles decreased from 1199 to 783 as PSS concentration increases from 0.2 to 1 % w/v. The smallest nanocores with a narrow PDI were formed upon using PSS concentration of 1% w/v (Figure 2B). The increase in PSS concentration decreases the nanocores diameters, because the presence of highly charged sulfonate group in PSS that electronically bind to the Ca2+ ions resulted in increasing the nucleation rate and halting the growth process leading to the formation of smaller cores. (Backfolk et al., 2002) Unlike CMC, higher concentration of PSS were required to stabilize nanocores due to its lower molecular weight (70 Kg/mol for PSS and 250 Kg/mol for CMC) (Reisch et al., 2015). However, the main issue concerning the CaCO3 nanoparticles formed using PSS as the surfactant was the low yield of nanoparticles (as qualitatively assessed based on the diameter of the pellet after centrifuging). Hence, a mixture of glycerol and water was used in an attempt to obtain smaller and spherical CaCO3 nanoparticles with higher yield. Glycerol was used as a solvent along with water due to its ability to increases the viscosity, which has been shown to control the nucleation and growth process (Backfolk et al., 2002). 
[bookmark: _Toc505937533][bookmark: _Toc505945776]3.1.1 Preparation of CaCO3 nanocores in aqueous-organic mixture solvent.
For preparing a well-controlled diameter and shape CaCO3 nanoparticles, a mixture of glycerol and water was used. A systematic study of CaCO3 nanoparticles formation using a mixture of glycerol and water of 70:30 % v/v along with studying the impacts of several experimental parameters such as precursors’ concentrations, mixing time, surfactants concentration and volume were carried out. By using volume ratios of glycerol: water of 70:30 % v/v the nanoparticles diameters CaCO3 were in the micron scale (mean diameter of 2.9 μm) without surfactant, while nanoparticles were produced in the presence of the PSS surfactant had a mean diameter of 769 ± 20 nm. Finally, by reducing the precursor concentration from 0.33 to 0.15 M, the core diameters reduced from 769 to 500 ±8 nm, respectively (Figure 4A-B). In addition, varying the mixing time resulted in decreasing the diameters of CaCO3 nanoparticles. 
FIGURE 3
The successful production of the CaCO3 nanoparticles with a mean diameter of 500 nm was due to the optimized synthesis variables; the inclusion of glycerol, the concentration of surfactants and the concentration of the precursors all played a key role. Firstly, the glycerol forms a three-dimensional network of hydrogen-bonded molecules, and thus significantly increases the solution viscosity. It is known that the viscosity of the solution predetermines the rate of diffusion of Ca2+ ions which regulates the speed of crystallization and thus favors the nucleation process and terminates the crystal growth (Trushina et al., 2016). Secondly, the presence of surfactant also stabilizes the CaCO3  nuclei, increases supersaturation and suppresses the crystal growth (El-Shahate et al., 2016). Finally, it was revealed that diameters of CaCO3 nanoparticles increases with increasing salt concentration. This trend could be ascribed to limited number of nucleation sites provided by hydroxyl group in glycerol. We hypothesize therefore, that all the sites on the surfactant molecules are occupied by crystal nuclei and it then becomes energetically favorable for the remaining ions to associate with the growing particles instead of forming new nuclei. Consequently, more ions are present in solution will favor the growth of particles due to the constant number of nuclei in the solution (Trushina et al., 2016). Taken together, adjusting experimental parameters includes the volume ratio of glycerol: water, volume of PSS, and salt concentration is the key to produce CaCO3 nanoparticles with controlled diameter and shape.
[bookmark: _Toc505937534][bookmark: _Toc505945777]3.2. Preparation of LbL nanocapsules.
[bookmark: _Toc505937536][bookmark: _Toc505945779]3.2.1. Preparation of poly-L-arginine/alginate LbL nanocapsules.
CaCO3 nanoparticles with diameters 500 nm ±8 nm and zeta potential -20 mV were prepared in the presence of 70% v/v aqueous glycerol and used as cores for preparing LbL nanocapsules made of poly-L-arginine and sodium alginate. Due to the negatively charged nature of the nanocores, the layer deposition process was started with a positively charged polyelectrolyte (poly-L-arginine). During the LbL process, zeta potential was used to monitor the layer deposition as the alternation in the zeta potential values is the sign for a successful layer deposition of the employed polyelectrolytes (J-E Park et al., 2013; Panda et al., 2017; Sun et al., 2016).
Nanocapsules with four-layers were synthesized along with varying several parameters to obtained LbL nanocapsules with defined diameters and shapes. As the concentration of polyelectrolytes is known to have a great influence in the diameter and uniformity of LbL nanocapsules, different concentrations of polyelectrolytes were used, while the remaining parameters kept constant such as NaCl, polyelectrolytes volume and pH. It was found that capsule diameter decreased from 1410 to 779 nm by increasing polyelectrolytes concentration from 0.2 to 0.8 % w/v, respectively (Figure 5A). The polydispersity index of LbL nanocapsules also decreased from 0.4 to 0.2 upon increasing the polyelectrolytes concentration from 0.2 to 0.8 % w/v (NaCl concentration maintained at 0.05 M) (Figure 5A). This fact could be ascribed to the steric stabilization offered by the increased concentration of polyelectrolytes in the solution, which prevented the aggregation of the nanocapsules. The effect of salt also investigated on the diameter and charge of each polymer layer. As shown in Figure 5B, the diameter of LbL capsules increased from 779 to 950, and 2780 nm as the salt concentration increased from 0.05 to 0.1 and 0.2 M, respectively.  This increase in diameter was likely due to the increase in the thickness of deposited polyelectrolytes layer. It is known that salt ions screen the charges on the polyelectrolytes layer leading to deposition of high amount of polyelectrolytes and increasing in layer thickness and core diameter (Antipov et al., 2003; Zhang et al., 2011). Additionally, the increase in the polydispersity index (PDI) indicates that some aggregation of the particles may have occurred. This was likely due to the salt induced screening of the surface charges reducing the electrostatic repulsion between the nanoparticles.
FIGURE 5
3.2.2. Preparation of poly-L-arginine/alginate LbL nanocapsules with different cores diameters.
The CaCO3 nanoparticles with different mean diameters of 1000 (PDI: 0.06), 750 (PDI: 0.19), and 500 (PDI: 0.15) nm were prepared in glycerol-water mixture solvent were then used for preparing LbL nanocapsules made of poly-L-arginine/alginate. After the deposition of four polyelectrolyte layers onto these three nanocores, analysis by DLS showed that LbL nanocapsules mean diameters were 1200, 827, and 750 nm, respectively. These data confirmed that by the diameter of the cores could be used to control the diameter of the resulting capsules. Analysis of the three samples by SEM showed that three LbL capsules have smaller diameter compared to the DLS data (Figure 6A-C). DLS measures the hydrodynamic diameter of the particles in the dispersed form, where the water that is associated with polymer coatings on the particles will contribute to the particle diameter. Whereas, SEM measures the particles in the dry form. The zeta potential of largest (1000 nm) and smallest (500 nm) CaCO3 nanoparticles were also measured after each layer deposition (Figure S1 A-B). These results showed that the zeta potential was CaCO3 was around -20 mV and the potential was reversed upon deposition of first layer of poly-L-arginine, which is positively charged polyelectrolyte. Upon the deposition of negatively charged alginate, the zeta-potential was changed from 20 mV to -24 mV.  Both measurements (Figure S1 A-B) were nearly identical and showed the alternation of zeta potential values, which confirms the deposition of polyelectrolyte layers onto nanoparticles independent of the particle diameter. 
To obtain hollow LbL nanocapsules the cores were removed by adding 0.2 M EDTA at pH 7 (Rivera et al., 2015). After core removal, SEM analysis showed that the hollow nanocapsules look differently depending on their diameters (Figure 6D-F). The largest coated cores (1200 nm diameter) resulted in collapsed spheres (Figure 6D), the coated nanocores with 827 nm diameter had partially collapsed (Figure 6E). The smallest coated nanocores (750 nm) resulted appeared spherical (Figure 6F) even after core removal. 
FIGURE 6
Therefore, in order to verify successful core removal of the smallest nanocapsules (mean diameter 750 nm), energy-dispersive X-ray (EDX) spectroscopy was used to obtain information on the elemental composition of the sample. The EDX graph of LbL coated nanocores displayed a peak at 3.7 KeV that corresponded to the presence of calcium (Figure S3A), while no peak was appeared corresponds to calcium in the EDX graph of hollow LbL nanocapsules (Figure S3B), which confirms the complete dissolution of calcium carbonate cores.
[bookmark: _Hlk23933427]3.2.3. Preparation of stimuli-responsive multi-layered capsules.
[bookmark: _Hlk23933404]The smallest nanocores were then used to prepare stimuli-responsive LbL nanocapsules made of multiple layers such as Eudragit L100, chitosan, poly-L-arginine and sodium alginate. The aim of this work was to assess the potential for the system to provide triggered drug release due to the pH responsive properties of the polyelectrolytes. Two CaCO3 nanocores with the same mean diameter of 500 ± 9 nm (as measured by DLS) were used for the assembly of four-layered nanocapsules made of poly-L-arginine and alginate followed by adding the fifth layer which was either poly-L-arginine or chitosan (Table 1). Finally, the sixth and outermost layer was Eudragit L100, a pH-responsive polymer was used for both samples (denoted as NCs-A/E and NCs-C/E when the fifth layer was either poly-L-arginine (A) or chitosan (C), respectively, and (E) represents Eudragit L100). Both samples (NCs-A/E and NCs-C/E) were characterized with SEM before (Figure 7A-B) and after core removal (Supporting Information, Figure S2). The SEM images demonstrated that the samples were spherical, mono-dispersed and with diameters of approximately 400 ± 50 nm. DLS was also used to measure the diameter of LbL nanocapsules and showed that they are nanoscale with diameters of 750 ± 5 nm with narrow polydispersity of 0.18 (Figure S4). The alternation of zeta potential values upon deposition of various layers from positive to negative confirmed the consecutive deposition of polyelectrolyte layers onto the CaCO3 nanocores (Figure 8A-B). The final composition of the multi-layered nanocapsules is shown in Table 1. The stability of both nanocapsules was evaluated over time in water. The NCs-A/E nanocapsules were stable over two weeks, while NCs-C/E showed a slight increase in diameter after 8 days (Figure S5).
Table 1: Composition, diameter, and zeta potential of multi-layered nanocapsules composed of various polyelectrolytes.
	Samples
	Composition (deposition sequence)
	Diameter as measured by SEM (nm)
	Zeta-potential (mV)

	
	1st  
	2nd 
	3rd 
	4th 
	5th 
	6th 
	
	

	NCs-A/E
	ARG
	ALG
	ARG
	ALG
	ARG
	EUD-L100
	390 ± 50
	-28 ± 2.80

	NCs-C/E
	ARG
	ALG
	ARG
	ALG
	CS
	EUD-L100
	400 ± 50
	-43 ± 1.75



FIGURE 7
FIGURE 8
3.3. Drug loading and release.
Curcumin is an active component in the spice turmeric and has been studied for a wide range of clinical applications (Hewlings and Kalman, 2017; Preetha Anand et al., 2007). The current consensus on the therapeutic potential of curcumin is divided with ongoing discussion regarding its non-specificity in assays (Baker, 2016; Nelson et al., 2017) compared to some promising data from high quality clinical trials (Heger, 2017). Either way, it is an attractive model for poorly water-soluble drugs, it has low aqueous solubility (predicted to be 0.00575 mg/ml) and is colored which aids UV-Vis quantification. The aqueous solubility of curcumin can be greatly improved by modification with PVP and SDS with ratio (1:2:2) (Elbaz et al., 2016). Therefore, solid dispersion was used to enhance the solubility of curcumin, which allowed the successful encapsulation into the calcium carbonate nanocores, the encapsulation efficiency of the curcumin was 70 % with a loading of 0.016 mg/mg (1.63 wt. %) with respect to the CaCO3. For drug release, a comparative study was done to investigate the impact of chitosan and poly-L-arginine along with Eudragit L100. Curcumin-loaded multi-layered capsules samples of (NCs-A/E and NCs-C/E) were prepared. The release profiles of these stimuli-responsive nanocapsules were obtained in two release media at both pH 1.2 and 7.4 (Figure 9A-B) that stimulate physiological environments in either the stomach or small intestine. At pH 1.2, a model of the pH in the stomach (Figure 9A), the drug release percentage of NCs-A/E and NCs-C/E were 26.2% and 12.4% within 2 hours. After 24 hours, 58.9% and 53.1% were released from NCs-A/E and NCs-C/E respectively. The results showed that NCs-A/E and NCs-C/E exhibited a slow drug release at pH 1.2 especially within first few hours corresponding to the stomach transit time (1-2 hours). Such slow drug release was ascribed to the presence of Eudragit L100 that is deprotonated at acidic media forming a dense film on the nanocapsules surface and maintaining the integrity of capsules structures, thus delaying the drug release. Our results agree with literature findings, Chen et al. prepared Eudragit coated Chitosan nanoparticles that showed a delay release of insulin at pH 1.2 (Chen et al., 2017).(Chen et al., 2017) Doxorubicin-loaded Eudragit-coated chitosan nanoparticles were also prepared and displayed a delay drug release at upper gastrointestinal tract (Unsoy et al., 2014). 

FIGURE 9

A higher pH of 7.4 (Figure 9B) was used to model the pH in the intestine. This experiment showed a considerable difference in the drug release behavior for the different surface coatings. At 2 hours, the drug released from NCs-A/E and NCs-C/E at pH 7.4 within 2 hours were 19.9% and 8.4%, respectively. After 24 hours, the cumulative release percentage of NCs-A/E and NCs-C/E had increased to 96.5% and 46.8% respectively. This difference in the release behaviors of the penultimate layers. In the case on sample NCs-A/E, the penultimate layer polyarginine was a salt with HCl and was therefore charged independent of pH. While sample NCs-C/E had a penultimate chitosan layer which has a (pKa of 6.5) and therefore is less charged at pH 7.4. This transition renders the chitosan layer insoluble and provides a barrier to curcumin release. Additionally, the pH response transition removes any electrostatic attraction between the Eudragit L100 and the coated nanocores and likely results in the dissolution Eudragit L100 for the NCs-C/E sample. This hypothesis is supported by the Zeta potential measurement of the sample at pH 7.4 that provided a value of +19 mV. While in the case of the NCs-A/E samples all the layers are ionized and therefore present a reduced barrier to curcumin release (Figure 10). For this sample, the Zeta potential value was -28 mV revealing the Eudragit L100 layer was still present as a result of the electrostatic association with the cationic polyarginine. From this release study, it was demonstrated that NCs-A/E showed a delay drug release at acidic media while a rapid drug release in neutral pH, which mimics the intestinal pH and thus rendering it a potential nanocarrier for oral drug delivery. Moreover, NCs-C/E comprising chitosan and Eudragit L100 conferred a desirable delay of drug release and provided a promising controlled and sustained release behavior at two pH values (1.2 and 7.4) over 24 hours, showing an appealing potential as a nanocarrier for colon-targeted drug delivery applications. 
FIGURE 10
4. [bookmark: _Toc505937538][bookmark: _Toc505945782]Conclusion
A systematic study of CaCO3 cores and LbL capsules formation has been carried out to determine the ultimate conditions enabling nanosized cores and LbL capsules. These stimuli-responsive multi-layered nanocapsules were also formulated in order with the aim of providing protection to allow selective drug delivery in the colon. We showed that by changing the composition of the layers, it was possible to obtain different drug release behavior. This was due to switches in the ionization of the layers changing the permeability of the nanocapsules. When the fifth layer was not pH responsive (NCs-A/E) the nanocapsules demonstrated a delayed drug release at acidic pH, while a rapid drug release at the pH found in the intestine. Our system that included pH responsive behavior in both the fifth and sixth layer (NCs-C/E) showed the capacity to protect the drug in the stomach and showed restricted release in the intestine. This may be very appealing for targeted drug delivery to the colon, for diseases such as colon cancer. 
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Abstract Figure: Calcium carbonate nanoparticles loaded with curcumin were modified by layer-by-layer to form stimuli responsive nanocapsules. In-vitro drug release at different pH conditions mimicking gastrointestinal transit showed that the design of the structures of the layers in the nanocapsules can be used to protect the drug in the stomach and release it in the intestine.
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[bookmark: _Hlk23934001]Figure 1:  Schematic illustration of multi-layered nanocapsules synthesis using four polyelectrolytes including poly-L-arginine, sodium alginate, chitosan, and Eudragit L100.   
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Figure 2: SEM images of optimized CaCO3 nanoparticles in water prepared with different surfactants. (A) CMC-stabilized CaCO3 nanoparticles in water with salt concentration of 0.016M and CMC concentration of 0.2%. (B) PSS-stabilized CaCO3 nanoparticles in water solution with salt concentration of 0.016 M and PSS concentration of 1%.   
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Figure 3: SEM images of various shapes of CaCO3 nanoparticles obtained as a result of varying the pH during precipitation: (A) pH 5.5 spherical, (B) pH 9 cubes, (C) pH 12 flowers, and (D) pH 14 rods. 
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Figure 4: SEM images (A-B) at different magnification of optimized CaCO3 nanoparticles prepared in 70:30 % v/v glycerol: water and precursor concentration 0.15 M solvent mixture at different magnifications. 
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Figure 5: Optimization of the LbL coated nanocores. (A) Diameters and polydispersity index of LbL capsules as measured by DLS as a function of polyelectrolytes concentration. (B) Diameters and PDI of LbL capsules plotted as measured by DLS as a function of NaCl concentration. 
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Figure 6:  SEM images of poly-L-arginine/alginate LbL capsules of different diameters (A) 1200 nm, (B) 827 nm, and (C) 750 nm.  SEM images (A-C) of hollow poly-L-arginine/alginate LbL nanocapsules obtained after incubated with 0.2 M EDTA for 24 hours with capsules of different diameters (A) 1200 nm, (B) 827 nm, (C) 750 nm.  
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Figure 7: SEM images of stimuli-responsive nanocapsules composed of four alternating layers of poly-L-arginine and alginate with different fifth layers: (A) The fifth layer was poly-L-arginine, (NCs-A/E) and (B) The fifth layer was chitosan, (NCs-C/E). In both samples the sixth layer was Eudragit L100.
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Figure 8: Zeta potential of LbL nanocapsules composed of four alternating layers of poly-L-arginine and alginate with different fifth layers and a sixth layer of Eudragit L100. Both samples showed an alternation in Zeta potential values, which confirmed layer deposition. The two different samples were: (A) The fifth layer was poly-L-arginine, (NCs-A/E) and (B) The fifth layer was chitosan, (NCs-C/E). All the measurements were done in triplicate.
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Figure 9: Cumulative curcumin release percentage from the two samples with different LbL structures at pH 1.2 (A) and pH 7.4 (B). The nanocapsules composed of four alternating layers of poly-L-arginine and alginate with different fifth layers: In NCs-A/E, the fifth layer was poly-L-arginine, and in NCs-C/E the fifth layer was chitosan. In both samples the sixth layer was Eudragit L100. Each sample was carried out in triplicate. The p-value showed that the difference in curcumin release behaviour between the two samples at pH 7.5 was significant (P < 0.01 **).
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[bookmark: _GoBack]Figure 10: The pH-triggered release of curcumin from LbL coated nanoparticles. The figure illustrates the changes in the coating of the nanoparticles at pH 1.2 and pH 7.4. At pH 1.2 (mimic for conditions in the stomach) the outer coating of Eudragit L100 is protonated, insoluble in water and will provide a barrier to the release of the curcumin entrapped in the nanocores for both NCs-A/E (polyarginine and Eudragit L100 as the outer two layers) and NCs-C/E (chitosan and Eudragit L100 as the outer two layers). At pH 7.4, (mimic for conditions in the intestine) the Eudragit L100 outer layer for both samples is deprotonated and anionic. However, the different behavior of the penultimate layer (polyarginine or chitosan) results in different curcumin release behavior for NCs-A/E and NCs-C/E.  
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