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ABSTRACT
A challenge exists to produce dry powder inhaler (DPI) formulations with appropriate formulation stability, biological activity and suitable physicochemical and aerosolisation characteristics that provide a viable alternative to parenteral formulations. The present study aimed to produce sugar-based nanoporous/nanoparticulate microparticles (NPMPs) loaded with a therapeutic peptide - salmon calcitonin (sCT). The physicochemical properties of the powders and their suitability for pulmonary delivery of sCT were determined. Production of powders composed of sCT loaded into raffinose or trehalose with or without hydroxypropyl-β-cyclodextrin was carried out using a laboratory scale spray dryer. Spray dried microparticles were spherical, porous and of small geometric size (≤ 2 µm). Aerodynamic assessment showed that the fine particle fraction (FPF) less than 5 µm ranged from 45 to 86%, depending on the formulation. The mass median aerodynamic diameter (MMAD) varied between 1.9 and 4.7 μm. Compared to unprocessed sCT, sCT:raffinose composite systems presented a bioactivity of approximately 100% and sCT:trehalose composite systems between 70 to 90% after spray drying.  Storage stability studies demonstrated composite systems with raffinose to be more stable than those containing trehalose. These sugar-based salmon calcitonin-loaded NPMPs retain reasonable sCT bioactivity and have micromeritic and physicochemical properties which indicate their suitability for pulmonary delivery. Formulations presented a similar pharmacokinetic profile to sCT solution. Hence the advantage of a dry powder formulation is its non-invasive delivery route and ease of administration of the sCT.

INTRODUCTION
Pulmonary drug delivery using dry powder inhalers (DPIs) is an important research area impacting on the treatment of respiratory diseases such as asthma and chronic obstructive pulmonary disease. The lung is an efficient port of entry for drugs into the bloodstream due to the large and highly vascularised surface area (80-100 m2/adult and 5 L blood/min respectively), its thin non-ciliated epithelial barrier (0.1-0.2 µm), relatively low enzymatic activity compared to the stomach, and most importantly, the avoidance of hepatic first pass metabolism (Patton 1996; Telko & Hickey 2005; Daniher & Zhu 2008; Pilcer & Amighi 2010). The main advantage of inhalation is the non-invasive drug targeting. 
In recent years, inhalation has emerged as a possible alternative to parenteral administration for the systemic delivery of peptides and proteins (Patton 1996; Patton et al. 2004; Daniher & Zhu 2008). ExuberaTM was a marketed insulin dry powder inhaler that presented good stability and bioavailability, nevertheless it was withdrawn due to poor sales (Kwok & Chan 2008). In late June 2014 Afrezza®, a new DPI insulin product based on the Technosphere technology by Mannkind (US) was approved by FDA (Mannkind, 2014).
Studies have demonstrated that aerosol particles must present a specific aerodynamic diameter, i.e. < 5 µm, to clear the oropharyngeal impaction barrier, and should be < 3 µm, to reach the terminal bronchi and the alveoli (Johnson 1997; Telko & Hickey 2005; Chow et al. 2007; Daniher & Zhu 2008; Pilcer & Amighi 2010). Hence, the DPI aerosol cloud should be constituted by particles with aerodynamic diameters between 1 and 3 µm, with good dispersibility (good flow) to efficiently deliver the drug into the lower regions of the lungs (Johnson 1997; Chow et al. 2007).
Spray drying is a commonly used technique which may be employed to produce powders of fine particle size (Masters, 1991). The process consists of the atomisation of a feed solution into droplets that dry rapidly because of their high surface area and intimate contact with the drying gas. Dried powder is protected from overheating by rapid removal from the drying zone. The final product can be removed from the air stream by cyclones and/or filters (Masters, 1991). 
Spray drying can cause physical degradation of peptides and protein, conformational changes, aggregation, denaturation and adsorption to surfaces (Lai & Topp 1999). The need to process these macromolecules with care to maintain their physical stability, as well as provide protection from moisture to prevent degradation upon storage becomes pivotal. In order to satisfy these requirements, peptides and proteins are usually formulated as amorphous glasses. The principle is based on the addition of a glass-forming excipient (typically a carbohydrate, polymer or organic salts) to a solution of the pharmaceutically active material, followed by drying of the solution under conditions that result in the formation of an amorphous glassy matrix in which the pharmaceutically active material is protected from degradation (Hatley & Blair 1999; Telko & Hickey 2005). Franks et al. (1991) described a possible mechanism of glassy immobilisation for protection of proteins: the formation of an amorphous glass during drying provides a rigid matrix around the protein molecules to restrict and stabilise their motion. Carpenter and Crowe (1988, 1989) suggested the water replacement theory to explain the protective action of carbohydrates, where the formation of H-bonding between the excipient and the biomolecule occurs when water is removed, maintaining the structural integrity of the peptide/protein. The mobility restriction and H-bonding provided by the glass forming excipient is thought to reduce the peptide or protein reactivity. 
Non-reducing sugars, such as raffinose and trehalose, appear to be effective stabilisers of proteins in the amorphous state, reducing their loss of bioactivity by means of the mechanisms described above (Johnson 1997; Maury et al. 2005; López-Díez & Bone 2004; Yoshii et al. 2008; Ogáin et al. 2011).
Ní Ógáin et al. (2011) studied the production of raffinose and trehalose nanoporous/nanoparticulate microparticles (NPMPs) for inhalation, evaluating different ratios of co-solvent systems for the solution to be spray dried. Ní Ógáin et al. (2011) also demonstrated that a model protein, lysozyme, could be incorporated into the carrier particles at a ratio of 1:4 (w/w) protein:carrier, while still retaining the characteristic porous morphology. 
We have previously reported on the optimisation of a spray drying method to produce raffinose and trehalose nanoporous/nanoparticulate microparticles and the formulation enhancement of these powders by inclusion of hydroxypropyl-β-cyclodextrin (Amaro et al., 2011; Amaro et al., 2014).
The NPMP technology has been well characterised by  Healy et al. (2008), Nolan et al. (2011), Ní Ogáin et al. (2011), Amaro et al. (2011, 2014), with spray dried powders displaying favourable micromeritic characteristics, suggesting potential suitability for pulmonary delivery. More recently a novel morphology classification system for porous microparticles was introduced by Paluch et al. (2012) and is applied in the present study.
Salmon calcitonin (sCT) has the most similar structure to human calcitonin (hCT). It only differs in 16 aa, has the greatest biological activity, undergoes the least amount of degradation by serum factors, has the longest half-life; and shows the highest affinity for receptors in bones and kidneys (Patton, 2000). It is usually administered intravenously, intraperitoneally or subcutaneously for various bone metabolism diseases such as Paget’s disease, hypercalcemia and osteoporosis (Patton, 2000).
In this paper we explore the inclusion of a therapeutic peptide, salmon calcitonin, in the sugar-based nanoporous/nanoparticulate microparticles for inhalation as an alternative route to intravenous administration. The physicochemical properties, aerodynamic behavior and storage stability were studied. We also conducted in vivo studies to evaluate the pharmacokinetic profiles of the sugar-based peptide-loaded NPMPs.

MATERIALS AND METHODS
Materials
d-Raffinose pentahydrate, d-(+)-trehalose dehydrate, sodium chloride (NaCl), L-glutamine solution, fetal bovine serum, insulin solution from bovine pancreas, 3-isobutyl-1-methylxanthine, penicillin-streptomycin solution stabilized, phosphate buffered saline, RPMI-1640 Medium with 25 mM HEPES, collagen, and potassium bromide (KBr) were purchased from Sigma-Aldrich (Ireland). Hydroxypropyl-β-cyclodextrin (HPβCD) was purchased from Janssen Biotech N.V. (Belgium), and salmon calcitonin acetate salt (sCT) from Polypeptide Laboratories (Malmö, Sweden). Solvents used were: n-Butyl acetate (BA) purchased from Merck (UK), methanol (MeOH) obtained from Lab Scan Analytical Sciences (Ireland), ethyl acetate (EA) purchased from Fluka (Germany), 1-propanol (POH) and trifluoroacetic acid (TFA) were acquired from Sigma-Aldrich (Ireland), Acetonitrile > 99.9% HPLC grade from Fisher Scientific (Ireland) and, deionised water was obtained from a Purite Prestige Analyst HP (Purite Limited, UK) water purification system. Coumarin-6 was purchased from Polysciences Inc., U.S.A.. Vetalar (ketamine), Domitor (medetomidine hydrochloride) and Antisedan (atipamezole hydrochloride) were purchased from Pfizer (Ireland).
Preparation of the sugar-based salmon calcitonin composite systems
Powders were spray dried as solutions with 5:95 (w/w) ratio of salmon calcitonin:excipients using a Büchi Mini Spray dryer B-290 operating in the closed mode with an inert loop B-295 accessory (Büchi, Switzerland). A 0.7 mm nozzle tip and a 1.5 mm diameter nozzle screw cap were used. Solutions were composed of methanol:n-butyl acetate mixture in a 4:1 (v/v) proportion. Two types of composite systems were produced: a single-excipient composite system consisting of sCT and raffinose or trehalose and a two-excipient composite system, consisting of sCT, raffinose or trehalose, and HPβCD (oligosaccharide).  The peptide load was chosen based on previous studies by Yang et al. (2007) and Clark et al. (2008) who spray dried powders with a salmon calcitonin loading of 5 % w/w using different excipients such as mannitol, citric acid and trehalose. Table 1 describes in detail the composition of the spray dried solutions. 
Nitrogen (at 6 bar) was used as the drying gas in a co-current mode. Spray drying parameters were set as for optimised raffinose and trehalose NPMP production, as previously described (Amaro et al., 2011). Spray dried particles were separated from the drying gas using a high-performance cyclone (Büchi, Switzerland).
For in vitro aerosol deposition studies of the spray dried powders, a fluorescent marker (coumarin-6) was incorporated at a low load (0.2% by weight of solid content) during spray-drying, to enable subsequent quantitation of powder (Bosquillon, et al. 2001a; Bosquillon, et al. 2001b; Ní Ógáin et al., 2011; Amaro et al., 2014). Ní Ógáin et al. (2011) have shown that the incorporation of this marker has no impact on the morphology of spray dried raffinose and trehalose NPMPs.
X-Ray Powder Diffraction (XRPD)
The solid-state nature of powders was determined by X-ray powder diffraction measurements using a Rigaku MiniFlex II desktop X-ray diffractometer (Rigaku, Japan) with Haskris (USA) WA1 cooling unit as previously described (Ní Ógáin et al., 2011). 
Scanning Electron Microscopy (SEM)
SEM micrographs of spray-dried materials were made by means of a MiraTescan XMU (Czech Republic). The samples were fixed on aluminum stubs using double-sided adhesive tape and sputter-coated with gold. Visualisation was performed at 5 kV and photo micrographs were taken at different magnifications in more than one region of the sample, as reported by Amaro et al. (2011, 2014).
Particle size
The particle size (PS) distributions of the spray-dried powders were determined using a Mastersizer 2000 laser diffraction instrument (Malvern Instruments, UK) with a dry powder sample dispersion accessory (Scirocco 2000) as previously reported by Ní Ógáin et al. (2011) and Amaro et al. (2011, 2014).  Samples were run in triplicate. 
Specific surface area and pore size determination
Specific surface area (SSA) of spray-dried powders was measured by gas adsorption using a Micromeritics Gemini VI surface area and pore size analyzer (Micromeritics, U.K.) as previously described (Ní Ógáin et al., 2011; Amaro et al., 2011; Amaro et al., 2014). Adsorption data for relative pressures 0.05 < P/P0 < 0.35 were determined to calculate SSA by the BET equation (Gregg and Sing, 1982); and adsorption data for relative pressures 0.35< P/P0 <1 was used to calculate the pore size and pore size distribution using the BJH model (Quantachrome, 2009). Analyses were performed at least in duplicate for each sample.
Bulk and tapped density
Bulk and tapped density measurements were performed using a 1 ml graduate glass syringe, as previously described (Healy et al, 2008; Ní Ógáin et al., 2011; Amaro et al. 2014). Each measurement was performed in triplicate.
Solid-state Fourier transform infrared spectroscopy (FTIR)
Infrared spectra of samples were evaluated in order to detect possible molecular modifications after processing. Spectra were recorded on a Nicolet Magna IR 560 E.S.P. (USA) spectrophotometer equipped with MCT/A detector, working under Omnic software version 4.1 as previously described by Ní Ógáin et al. (2011) and Amaro et al. (2014).  For samples containing peptide, the amide I band was truncated followed by area normalization using Originlab software to enable direct quantitative comparisons between spectra, as described by van de Weert et al. (2001). Each measurement was performed at least in duplicate. 
Thermal analysis
Differential scanning calorimetry (DSC) scans were taken for all the raw materials and spray dried powders by means of a power compensated Mettler Toledo DSC 821e (Switzerland) differential scanning calorimeter with a LabPlant RP-100 refrigerated cooling system. The DSC system was controlled by Mettler Toledo STARe software (version 6.10). Analysis conditions followed those reported by Ní Ógáin et al. (2011) and Amaro et al. (2014). Each measurement was performed in triplicate.
Thermogravimetric analysis (TGA) was used to determine the amount of residual solvent content (RSC) contained in samples after spray drying. All measurements were performed with a Mettler TG 50 (Switzerland) module linked to a Mettler MT5 balance, controlled by Mettler Toledo STARe software (version 6.10). Analysis were performed as previously described by Ní Ógáin et al. (2011). The RSC was defined as the weight loss in TGA between 25 and 130 °C. Presented results are the average of triplicate analyses.
Residual solvent content by gas chromatography with flame ionisation detector (GC-FID)
The residual solvent content of methanol and butyl acetate in the spray-dried samples was quantified by gas chromatography with flame ionization detection (GC-FID). A PerkinElmer Clarus® 500 with auto sampler and Supelco SPB-GC column (60 m x 0.25 mm x 0.5 µm, 35% phenyl, 65% dimethyl polysiloxane filling) (European Pharmacopoeia 7th Edition, 2012) was employed. Helium at 8 psi pressure was used as a carrier gas. The oven temperature was 50 °C and the detector temperature was set to 325 °C. Samples were prepared by dissolving between 100 and 200 mg of the spray dried powder in 1 ml purified water. Both solvents were assayed based on individual calibration curves with internal standards of n-propanol and ethyl acetate respectively. The injection volume was 1.0 µl and the retention times were as follows: methanol: 3 min 57 s, n-propanol: 4 min 34 s, ethyl acetate: 5 min 0 s and butyl acetate: 12 min 50 s of the total 15 min method length. Solubility of butyl acetate and ethyl acetate was reported to be 0.7 g/100 ml and 8.3 g/10 0ml, respectively (Seidell, 2010); all working solutions were below these limits. Presented values are the average ± standard deviation of three measurements. This method complements TGA, with discrepancies attributed to moisture absorbed from the atmosphere.
In vitro aerosol deposition studies using the Next Generation Impactor (NGI)
The in vitro deposition of the dry powders was evaluated using a Next Generation Impactor (NGI, Copley Scientiﬁc Limited, Nottingham, UK) operated under pharmacopoeial conditions (Ph. Eur., 2012a). The test and data treatment was performed as previously described by Tewes et al. (2010) and Amaro et al. (2011, 2014). 
High performance liquid chromatography (HPLC)
Salmon calcitonin (sCT) content was analysed by HPLC, as previously described by Tewes et al. (2010). An LC-IOAT VP pump, FCV-10AL VP delivery module, DGU-14A degasser, SIL-10AD VP autosampler, SPD-10A VP UV–VIS-detector and CLASS-VP software (all Shimadzu, Japan) were used. The chromatographic system was set up with a Genesis C18 monomeric column (Jones Columns, Crawford scientific, UK). Measurement were conducted by injecting 50 μl of samples, standards or controls in the mobile phase running at 1.0 ml/min and composed of 66% v/v of aqueous phase (1.16 g/l of NaCl, 0.032 % v/v of TFA dissolved in H2O) and 34 % v/v of acetonitrile. sCT was detected by measuring the absorbance at 214 nm. sCT concentration of the standards ranged from 0.1 mg/l to 0.003 mg/l and calibration curves were prepared in triplicate. Controls were performed to check for any interference on the assay by the excipents. No interference was found. Presented values are the average ± standard deviation of three measurements.
Salmon calcitonin activity assay
The capacity of sCT formulations to increase intracellular cyclic adenosine monophosphate (cAMP) was assessed in accordance with a previously reported method (Ryan et al., 2009). T47D human breast cancer cells expressing calcitonin receptors were cultured in RPMI (Roswell Park Memorial Institute) 1640 with HEPES modification culture medium supplemented with 1 % v/v L-glutamine solution, 1 % v/v penicillin–streptomycin, 10 % v/v fetal bovine serum and 0.2 IU/mL insulin. Cells were seeded on 24-well plates, previously coated with 1.15 % v/v collagen solution, at an initial density of 1x106 cells per well and incubated in air with 5 % of CO2 at 37 ⁰C for 2 days. Cells where then washed with PBS and serum free medium and pre-incubated with fresh serum free medium supplemented with the phosphodiesterase inhibitor, 3-isobutyl-1-methyl-xanthine (IBMX, 0.2 mM) at 37 ⁰C for 30 min. sCT formulations (with sCT at a concentration of 10-8 M) dissolved in serum free RPMI 1640 plus IBMX was then added to the cells and incubated for 15 min. After removing the supernatant, cells were rinsed three times in cold PBS and resuspended in 1 ml of cell lysis buffer. Cells were frozen at −20 °C and thawed with gentle mixing. The freeze/thaw cycle was repeated once and the mixture was centrifuged at ~ 10,000 rpm for 5 min at 4 °C to remove cellular debris. The supernatant was collected and cAMP concentrations were measured by cAMP Enzyme immuno-assay (EIA) kit (RandD Systems, Abingdon, UK). All measurements were done in triplicate.
Pharmacokinetic studies
In vivo studies were performed as described by Tewes et al. (2011). The compliance of this study with EC Directive 86/609 was reviewed and approved by the Trinity College Dublin ethical committee. Male Wistar rats (BioResources, TCD, Ireland) weighing 350±50 g were anesthetised by an intraperitoneal (ip) injection of a mixture of ketamine (Vetalar; Pfizer, Ireland) and medetomidine hydrochloride (Domitor,Pfizer,Ireland) at the doses of 60 mg/kg and 0.5 mg/kg body weight, respectively. After anaesthesia, in the case of intravenous (iv) administration of sCT, two heparinised permanent polyurethane intravascular tubings were implanted on the day of the experiment. The left femoral vein was cannulated for sCT solution administration, while the left femoral artery was cannulated for blood sampling. For pulmonary sCT administration, only one catheter was implanted in the left femoral artery for blood sampling. The i.v. bolus administration of sCT (100 μg/kg) was performed by injecting SCT solutions at 70 µg/ml in 0.9% w/v NaCl. Then the anesthetic reversal agent, atipamezole hydrochloride solution (Antisedan, Pfizer, Ireland), was injected i.p. at 5 mg/kg. The sCT dose for pulmonary administration was 100 μg/kg, which corresponded approximately to the insufflations of 1 mg of dry powder or to the nebulization of 100 μg of sCT solutions at 350 μg/mL in 0.9% w/v NaCl. Powder administration was performed using a dry powder insufflator Model DP-4 (Penn-Century, Philadelphia, PA, USA). sCT solution nebulisation was performed using an AeroProbe intracorporeal nebulising catheter controlled by a LabNeb unit (Trudell Medical International, London, U.K.). Anesthetized rats were maintained by the upper incisors on a rodent work stand inclined at 45o angle. Vocal cords were visualised with the help of an otoscope, and then a plastic guide was inserted between them. The rat was put back to the horizontal position, followed by the introduction of the sprayer into the plastic tube and the formulation nebulized when the rat was breathing in. The tip was withdrawn and anesthetic reversal agent was injected i.p. . Blood samples (200 μL) were collected in heparinized tubes at the following times: 0; 3; 10; 20; 30; 60; 90; 120; 180 min after sCT administration. In each case, blood was replaced by an equal volume of isotonic solution. Blood samples were centrifuged at 10000 rcf for 5 min. Plasma was withdrawn and kept frozen at -20 ⁰C until sCT assay by ELISA kit (S1155, Bachem, U.K.). 
Pharmacokinetic parameters were determined for each individual rat using a non-compartmental model. In this model the change of drug concentration over time is usually regarded as a statistical distribution curve, for which the first two moments (zero and first) are defined as the area under the curve (AUC) and as mean residence time (MRT), a mean time interval during which a drug molecule resides in the body before being excreted (Gabrielsson and Weiner, 2000; Cryan et al. 2007). AUC can be calculated by the linear trapezoidal method and MRT as follows:
    
where AUMC is the area under the first-moment curve of the plasma drug concentration vs. time curve from time 0 to infinity (Gabrielsson and Weiner, 2000). Other pertinent pharmacokinetic parameters were also estimated (Gabrielsson and Weiner, 2000).
Storage stability 
Solid state stability studies of sCT composite systems were conducted at 4 ⁰C/5 % RH and 25 ⁰C/5 % RH as described by Ní Ógáin et al. (2011) for a period of 24 weeks. Amebis Ltd (Ireland) stability testing system was used to set up the study conditions (Bianco et al., 2012).  Samples were placed in special powder containers that possess a mesh on the bottom and top to allow full contact with air, which were then placed in test chambers with humidity devices (containing saturated salt solutions) designed to achieve the required relative humidity. Test chambers were kept in an incubator or fridge according to tested conditions. Samples were removed at appropriate time intervals for subsequent analysis.
Statistical data analysis
Statistical analysis of variance, ANOVA followed by the posthoc Tukey´s test, was performed when there were more than two sets of data, to determine the significance (p-value) of an effect or difference between means, using MinitabTM software (version 13.32). Parameters found to be significant at at least the 95% confidence level were considered to have an effect or to be different. 
Descriptive statistics (median and standard deviation) were determined using Microsoft® Office Excel®.

RESULTS
SE micrographs showed spray dried powders to be, in general, constituted of spherical porous particles, type 1BIIIα as classified by Paluch et al. (2012) (Figure 1). The composite systems sCT:T:HPβCD 5:57:38 and 5:38:57 also presented porous irregular-shaped particles, type 2BIIIα (Figure 1f and 1g) (Paluch et al, 2012). 
Particle size volume distributions were narrow and monomodal with low span values (between 1.2 and 1.5) and a geometric median particle size (d50) in the range of 1.5–1.9 µm. Table 2 presents the reported values of d50. Statistically significant differences in particle size were found in both types of composite systems (p<0.05). By means of Tukey’s posthoc test it was found that: sample sCT:R:HPβCD 5:57:38 was different from sample sCT:R:HPβCD 5:38:57; sample sCT:T presented a higher median particle size than all other calcitonin:trehalose: HPβCD composite systems.
Specific surface area by BET analysis, pore diameter distribution and pore diameter by BJH were investigated (Table 2 and Figure 2). Two-excipient composite systems had higher surface areas with their respective pore diameter distributions shifted to lower values than systems containing one carrier excipient only. ANOVA, demonstrated significant differences between samples in both types of composite systems (p<0.05). The sCT:R:HPβCD and sCT:T:HPβCD systems presented increasing SSA with higher content of cyclodextrin; with the single excipient composite systems  (sCT:R and sCT:T) presenting the smallest SSA value. A strong correlation between the SSA and the pore diameter was found for raffinose and trehalose composite systems (Figure 2).
Bulk and tap density also presented differences (Table 2). Statistical analysis showed sCT:R to be different from sCT:R:HPβCD composite systems (p<0.05) and sCT:T:HPβCD 5:28:67 to be different from all other samples (sCT:T and sCT:T:HPβCD) (p<0.05).
The aerodynamic diameter (daer) was calculated based on the following definition (Bosquillon, et al. 2001):

with ρ1 = 1 g/cm3, ρ is the tap density and d50 is the geometric median particle size. It was found to be within the desirable particle size range, 1-3 µm, for central and distal deposition in the lungs (Hickey 1996) for all spray dried composite systems (Table 2). The daer of all samples were statistically significantly different from one another (p<0.05).
All spray dried powders were XRD amorphous (data not shown) as previously described by Amaro et al. (2014).
The DSC profiles of raffinose composite systems were characterised by a broad endotherm attributed to residual solvent loss, followed by a glass transition step. No other thermal event was recorded. Similar profiles were found for sCT:T:HPβCD composite systems with the exception of sCT:T. The latter also presented an exothermic event due to crystallisation of trehalose followed by its melting endotherm. Samples containing cyclodextrin presented higher glass transition temperatures that increased with increasing ratio of HPβCD (Table 2).
A residual solvent content (RSC) of 2.7-3.5 % and 3.4-5.0 % was determined by TGA for raffinose and trehalose composite systems over the temperature range 25-130 ⁰C (Table 2). ANOVA analysis revealed no significant difference between raffinose samples (p=0.543) or between trehalose samples (p=0.07). GC-FID was used to quantify methanol and butyl acetate, assuming the difference between calculated values from the two techniques would correspond to moisture (). Table 2 presents the values determined. RSC is constituted mainly of butyl acetate and water. The water content could be explained by the amorphous sugars’ strong tendency to sorb moisture (Hancock and Shamblin, 1998).  The presence of BA could be due to insufficient drying during processing or solvent entrapment in the particle matrix or by adsorption or capillary condensation in the pores (Gregg and Sing, 1982). 
The European Pharmacopeia classifies methanol as a class 2 and butyl acetate as a class 3 residual solvent (organic volatile chemical that is used in the preparation of medicinal products and that have no therapeutic benefit) (Ph. Eur., 2012b). The permitted daily exposure (PDE) and equivalent concentration limit is 30.0 mg/day and 3000 ppm for methanol and, 50.0 mg/day and 5000 ppm for butyl acetate (Ph. Eur., 2012b). Clark et al. (2008) reported a pulmonary absolute bioavailability ranging from 11 to 18% for sCT and Patton (2000) reported a value of 17%. Salmon calcitonin is commonly used in the treatment of postmenopausal osteoporosis and Paget’s disease with recommended doses of 100 units daily (or 50 units twice daily) by subcutaneous or intramuscular injection, for 2 to 4 weeks (Martindale, 2011). To verify that the levels of residual solvent in our powders would be within the limits of exposure imposed by the European Pharmacopoeia, the following assumptions were taken: a maximum sCT pulmonary absolute bioavailability value of 18% and sCT dose of 100 IU daily.  The sCT used in this study had a potency of 5128.1 IU per mg of powder; sCT content in spray-dried powders was determined by HPLC (Table 3); methanol and butyl acetate content were determined by GC-FID (Table 2). For a salmon calcitonin daily dose of 100 IU, the sCT:sugar composite systems powders presented a calculated methanol concentration ranging from 2 to 22 ppm and butyl acetate between 10 and 52 ppm, which were below the limits stated in the European Pharmacopoeia, when assuming a sCT absolute pulmonary bioavailability of 18%.
Freshly spray dried powders were reconstituted into aqueous solutions and analysed by HPLC to determine the peptide loading in the powders. The peptide content is summarised in Table 3. Loss of peptide on processing was evident. Variations between formulations are thought to be due to the efficacy of protection of sCT by the excipients used.
According to Hulse et al. (2008), changes associated with perturbation in the secondary structure of the protein (the α-helix and the β-strand or β-sheets) are reflected in shifting, broadening and reductions in intensity of the amide I band (1660-1670 cm-1) and amide III (1220-1300 cm-1) bands. Native salmon calcitonin appears to comprise a single α-helix, as for its human counterpart, which translates into a prominent band in the amide I region of a FTIR spectrum (Chan et al., 2004; Yang et al., 2006; Tewes et al., 2011). Therefore evaluation of the amide I region by FTIR was undertaken.
FTIR spectra on the amide I region of spray dried powders, when compared to the spectrum of sCT raw material as supplied, showed a small band deviation to lower wavenumbers for sCT:R and for all trehalose composite systems (1657.5 cm-1 to 1655.6 cm-1) (Figure 3). French et al. (2004) also showed a deviation of the amide I region to lower wavenumbers for spray dried recombinant human granulocyte colony stimulating factor:trehalose and recombinant consensus interferon-α:trehalose powders. Systems composed of cyclodextrin and raffinose presented deviations to higher wavenumbers: 1658.5 cm-1 for sCT:R:HPbCD 5:57:38 and 1659.4 cm-1 for sCT:R:HPbCD 5:38:57 (Figure 3a). The latter shift might be due to a more compact solid-state structure of sCT, as reported by Yang et al. (2007) when the peptide was spray dried on its own. The calculation of area overlap of spray dried composite systems with sCT as supplied (Table 3), demonstrated a small reduction for sCT:R (94% overlap) that increased upon addition of HPβCD (92% and 71% overlap), a greater reduction was seen for sCT:T (70% overlap). The addition of cyclodextrin to sCT:T system resulted in a higher area overlap for most systems (74 to 80%) as the cyclodextrin proportion was increased, when compared to the sCT:T system. The reduction in the overlap area reflects a reduction of the α-helix conformation, that is, changes in peptide conformation; such modifications might impair the peptide bioactivity.
The cAMP-secreting activities (bioactivity) of sCT and sCT:sugar composite systems were examined using an in vitro cAMP assay in T47D cells. The retained percentage biological activity of all samples after spray drying is shown in Table 3. The results show that all sCT:Raffinose composite systems retained 100% activity when compared to unprocessed sCT with no statistically significant difference between samples (p=0.771). On the other hand, no spray dried sCT:trehalose composite system retained 100% activity. However, due to the great variability in data, no statistically significant differences were found between samples (p=0.212). 
In vitro aerosol deposition profiles using the NGI of sCT:sugar composite systems are presented in figure 4. There was an evident improvement in powder deposition for the co-spray dried two-excipient systems when compared to single excipient systems, with less deposition in the mouthpiece adaptor and induction port, and higher deposition on stages 4 to 6, which have lower cut-off points (≤ 2 μm). When raffinose or trehalose were co-spray dried with HPβCD, % recovered emitted dose, fine particle fraction < 3 and 5 µm largely increased,  approximately 2 fold for the trehalose composite systems, (Table 4) compared to the equivalent single-excipient systems. The MMAD values calculated for these composite systems were simillar to the calculated aerodynamic diameters. Hence, possible aggregates are dispersed. 
Statistical analysis of % recovered emitted dose, FPF, MMAD and GSD showed sCT:R:HPβCD composite systems were significantly different (p<0.05) from sCT:R and all composites were similar to one another. The ANOVA of sCT:trehalose composite systems also showed % recovered dose, FPF, MMAD and GSD to be significantly different from sCT:T (p<0.05). Sample sCT:T:HPβCD 5:67:28 had a different FPF < 5 and 3 µm to the other calcitonin: trehalose:cyclodextrin composite systems.
Freshly spray dried samples were stored under 25 °C/< 5 % RH and 4 °C/< 5 % RH for a 24 week period. Particle morphology of all composite systems stored under 25 °C/< 5 % RH and sCT:Raffinose composite systems stored under 4 °C/< 5 % RH, was unchanged, as can be seen by comparison of SE micrographs taken at week 24 (Figure 5 and 6), with those of the freshly spray-dried powders (Figure 1). The particle morphology of sCT:Trehalose composite systems changed after 24 weeks storage under 4 °C/ < 5 % RH, with the exception of systems sCT:T:HPβCD 5:38:57 and 5:28:67 that maintained their initial morphology (Figure 5). The remaining sCT:Trehalose systems, particles lost their characteristic porosity, presenting smooth, smooth with cracks, or rough surfaces. According to the classification system presented by Paluch et al. (2012), particles changed from type 1BIIIα to type 1AIγ.
All sCT:Raffinose and sCT:T:HPβCD composite systems remained XRD-amorphous during the 24-week stability study. However, the sCT:T composite system presented peaks of small intensity at 17.5°, 20.7°, 22.7° and 25.4°, indicating the start of trehalose crystallisation. DSC of sCT:Raffinose composite systems showed no changes, indicating no crystallization or glass transition temperature depression, under the storage conditions studied for 24 weeks. However, composite systems of sCT:T:HPβCD  stored under 4 °C/ 5% RH for 24 weeks displayed some depression of the glass transition temperature: after 4 weeks,  sCT:T:HPβCD 5:67:28 presented a Tg at approx. 125 °C and sCT:T:HPβCD 5:28:67 a Tg at approx. 170°C; after 16 weeks, sCT:T:HPβCD 5:38:57 showed a Tg at approx. 140 °C. Under the same storage conditions, no differences in the DSC scans were found for the remaining trehalose composite systems. DSC scans of samples stored at 25 °C/< 5%RH only showed differences for sCT:T:HPβCD 5:28:67, with a reduction of the glass transition temperature after 4 weeks (Tg   approx. 167 °C). sCT:T crystallisation and melting onset occurred at the same temperature in all DSC scans and the enthalpy of crystallisation and fusion were unchanged (Tc  ̴ 158 °C, ΔHc  ̴ 89 J/g; Tm   ̴ 209 °C, ΔHm  ̴ 130 J/g), independent of storage conditions.
FTIR spectra of the amide region I of each sample were collected at weeks 4, 12 and 24. Shifts in the amide I band position, throughout storage, were evident for all samples with the exception of the sCT:R system; composite systems of sCT:R:HPβCD shifted from 1658 cm-1 to ~1656 cm-1, sCT:Trehalose systems from 1655 cm-1 to ~1658 cm-1. Table 3 presents the calculated area overlap. A decrease in the area overlap was seen for all sCT composite systems; mobility of molecules is thought to have increased with changes in sCT conformation.
Biological activity assays showed good retention of cAMP-secreting activity on storage at 4 and 25 °C/< 5% RH for 24 weeks for all sCT:Raffinose composite systems (Table 3), with no statistically significant change compared to freshly spray-dried material. Bioactivity of sCT:Trehalose composite systems at the storage conditions studied, was reduced after 24 weeks (Table 3). However, the reduction of specific activity was only statistically significant for sCT:T and sCT:T:HPβCD 5:28:57 systems.
In vivo studies were performed on sCT solution, sCT:R, sCT:T and SCT:R:HPβCD 5:57:38 composite systems. The intravenous sCT plasma concentration versus time curve showed an initial phase of more accentuated decay usually attributed to drug distribution, followed by a second phase that is controlled by drug elimination, that is, a two-exponential decline curve (Figure 7a). The mean residence time (MRT) was found to be 0.59±0.06 h, the terminal half-life was 0.6±0.11 h and the plasma clearance was 0.53±0.11 l/h/kg (0.16±0.03 l/h) (Table 5). In less than an hour, half of the administered drug was eliminated. 
Plasma concentration versus time curves for sCT solution and sCT:sugar composite systems after pulmonary administration are shown in Figures 7b. sCT administered as a solution and as dry powder was rapidly absorbed via the pulmonary route, and peak concentration was reached between 0.07-0.2 h, with an observed Cmax range of 11.0-42.5 µg/l (Table 5). The drug was eliminated with a terminal half-life ranging from 0.6 to 1.5 h. The absolute bioavailability of sCT solutions and DPIs was calculated and found to vary between 10.1 and 14.9 % (Table 5). Studies by Youn et al. (2008) on the pulmonary administration of sCT and PEG-sCT also saw a rapid absorption of the unmodified peptide with tmax at 0.25 h and a terminal half-life of 0.58±0.13 h. The latter value is within the range of the t1/2β mean value found in our studies for the pulmonary sCT delivery as a solution, i.e., 1.5±0.68 h. The tmax value was below that in the previously reported study and in work reported by Patton (2000), where sCT delivered via the lungs to rats as a solution formulation presented an absolute bioavailability of 17 % and, the peak concentration was achieved at 0.25 h. 
The blood circulation can affect the peak concentration time. Youn et al. (2008) used anaesthetised rats, whereas in the present study rats were injected with an anti-serum to neutralise anesthesia after drug administration to restore the blood circulation to its regular rhythm, resulting in a lower tmax than the one reported by Youn et al. (2008). 
The area under the curve for sCT significantly increased (p=0.049) when administered as a dry powder ( ranged from 27.8 to 39.5 µg.h/l), in comparison to the solution formulation (= 22.4±4.70 µg.h/l), with the highest value pertaining to the sCT:R:HPβCD formulation (Table 5). Mean residence time, mean absorption time, absorption and elimination constants, pulmonary clearance and, volumes of distribution of all sCT dry powder and solution formulations were found to be similar (Table 5). Statistical analysis of this data revealed no difference between these PK parameters. Therefore, further studies on a larger number of animals should be conducted to increase the statistical robustness of the presented study.

DISCUSSION
One of the distinguishing characteristics of the spray dried powders is their porous morphology. A decrease in the average pore diameter was found to correlate with an increase in SSA (Figure 2). Ní Ógáin et al. (2011) and Paluch et al. (2012) have claimed that the solid dissolved in the solvent/antisolvent mixture (MeOH:BA)  starts to precipitate out in the liquid environment due to solvent evaporation, with preferential evaporation of MeOH (the solvent with the higher vapour pressure) resulting in spontaneous phase separation of nanoparticulates suspended in the solvent mixture that grow until separation of the solid from the solvent mix is complete. Finally, due to evaporation of excess solvents, the NPMPs particles are formed. Hence, the size of the nanoparticulates suspended in the solvent mixture will determine the pore diameter and SSA of the final particles, with smaller nanoparticulates leading to smaller pores and higher SSA. It can also be inferred that the solubility of the solid and its concentration in the co-solvent mixture will be determinants for the nanoparticulate size. 
From the excipients used it was seen that SSA increased with increasing weight fraction of HPβCD, therefore it is possible that this excipient presents higher solubility in the MeOH:BA mixture, resulting in small nanoparticulates, that in turn result in NPMPs with high surface area and smaller average pore diameter. The effect of cyclodextrin addition to the formulations was also verified in studies by Amaro et al. (2014).
The porous morphology was also shown to have a significant impact on powder in vitro deposition, as those powders with higher SSA presented higher FPF < 3 and 5 µm and MMAD similar to calculated daer. This fact can be atributed to the high SSA (high porosity), since these particles present fewer areas of contact, leading to lower cohesion and easier dispersion of particles, resulting in powders with good flowability (Tabor, 1977). Studies by Healy et al. (2008), Nolan et al. (2011), Ní Ógáin et al. (2011) and Amaro et al. (2011, 2014) also demonstrated the importance of SSA (as a reflection of porosity) on NPMP deposition/powder flowability, resulting in improved aerodynamic characteristics for porous particles versus their non-porous counterparts.
Another characteristic that is seen as important in determining powder dispersibility and flowability is bulk and tap density, which should be low for higher delivery efficiency (Vehring et al. 2007). Although there were differences among the spray dried powders, all presented bulk and tap density below 0.3 g/cm3, indicating their suitability for pulmonary delivery (Bosquillon et al. 2004). It is thought, that the combination of SSA, porosity, aerodynamic diameter (calculated from particle size and true density), bulk and tap density are key to achieve powders with good dispersibility and in vitro deposition (high recovered emitted dose and FPF and small MMAD and GSD).
Stability is of vital importance in drug development. Changes in drug/formulation stability could risk patient safety, since the dosage amount to the patient may be lower than expected and toxic degradants might form. The evaluation of the drug and excipients chemical, physical and storage stability is a requirement in order to support new formulation pharmaceutical applications (Huynh-Ba, 2009). Entrapment in an amorphous glass is often suggested as a means of peptide and protein stabilisation. However, the amorphous state is not at thermodynamic equilibrium, and thus amorphous materials tend to revert back to the stable crystalline form (Liu et al. 2007). The amorphous glass is characterised by its glass transition temperature (Tg). The higher the Tg, the more stable the glass, that is, the longer it will take to revert back to its crystalline state (Liu et al. 2007). 
Spray dried composite systems presented high glass transitions that were seen not to change for raffinose composite systems during the storage stability studies, indicating that these systems would be more robust than those comprising trehalose, since water can act as a plasticiser and revert systems to their crystalline state (Hancock & Shamblin 1998). Dynamic vapour sorption studies by Amaro et al. (2014) investigated the behavior of raffinose and trehalose composite systems (which presented high Tg), and indicated that raffinose is a better water scavenger (protectant) than trehalose, requiring more water vapour sorption  before reversion to the crystalline state. Additionally it was proven that the water adsorption capacity was enhanced by inclusion of hydroxypropyl-β-cyclodextrin  in the formulation. Thus, the storage stability studies reflected the findings of Amaro et al. (2014) regarding raffinose and trehalose composite systems, as well as demonstrating that the addition of a peptide to the system does not affect its stability. 
Studies by Mazzobre et al. (1997) also showed the effect of having a high Tg on powder stability by evaluating the effect of delaying crystallisation of trehalose in trehalose:lactase systems by the addition of maltodextrin in a ratio of 80:20 (maltodextrin:trehalose). Results showed an increase in the Tg of the system and a delay in trehalose recrystallisation, with improvement of lactase stability at relatively high RH (75 %). Similarly, Constantino et al. (1998) co-lyophilised different ratios of recombinant humanised monoclonal antibody (rhGH) with trehalose, reporting rhGH to act as a trehalose recrystallisation inhibitor, which was confirmed by water vapour sorption studies. When exposed to increasing RH, systems with 25:75 and 40:60 protein:sugar ratio (w/w) delayed the RH% at which trehalose recrystallised from 50 % to 70 % and 80 % RH, respectively. For mixtures presenting equal ratio of protein:trehalose no recrystallisation was seen. It was suggested that interaction between rhGH and trehalose provided resistance to crystallisation.
The chemical stability of salmon calcitonin throughout processing was evaluated by means of HPLC (quantification of the peptide) and by measurement of its bioactivity by a cAMP assay. Salmon calcitonin binds to the CT receptor of the T47D cells, which belongs to a subfamily of GTP-binding (G)-protein-coupled receptors, activating G-proteins that in turn induce the activation of adenylyl cyclase and phospholipase C to generate the intracellular second messenger molecules, cyclic adenosine 3P,5P-monophosphate (cAMP) (Katayama et al. 2001). Studies by Moe & Kaiser (1985), Epand et al. (1986) and Andreotti et al. (2006), have shown the importance of maintaining the secondary structure of sCT (the α-helix), in order to have a fully cAMP-secreting activity (biological activity). 
As previously seen by FTIR, the secondary structure of sCT is protected when spray dried in the presence of raffinose or the co-excipient mixture of raffinose and HPβCD; in the case of trehalose the α-helix was not protected as effectively on processing, with some improvement of sCT conformation stability with addition of cyclodextrin (Table 3). The modifications to the confirmation via spray drying were then reflected in the retained bioactivity, with trehalose composite systems presenting loss of bioactivity, as would be expected on the basis of FTIR results; that is, modification in conformation leads to reduction in bioactivity. Studies by Sigurjόnsdόttir et al. (1999) on the stability of sCT aqueous solutions showed a reduction in aggregation in the presence of HPβCD by formation of inclusion complexes, with the polypeptide aromatic residues protecting the susceptible groups from chemical or enzymatic modification. It is believed that the described properties of HPβCD might be the reason for enhancement of sCT protection when this excipient is mixed with trehalose, since the sCT:HPβCD composite systems presented better retention of bioactivity. Adler & Lee (1999), Hulse et al. (2008), Yoshii et al. (2008) and Ní Ógáin et al. (2011) also evaluated the effectiveness of trehalose protection of protein conformation. In these studies the bioactivity ranged from 60 to 100%. 
Storage stability studies further demonstrated the protective action of raffinose composite systems, since, after 24 weeks storage at 4° C/5% RH and 25 °C/5% RH the sCT systems retained their sCT biological activity ( ̴100%) (Table 3). Ní Ógáin et al. (2011) also showed the protective effects of raffinose on lysozyme activity after storage, with a very small reduction of bioactivity compared to freshly spray dried powder (93.5±4.4 %) after 12 weeks storage at 4 ° C/5% RH (99.1±7.1 %) and at 25 °C/5% RH (90.8±7.1 %). Trehalose also presented less protective action in the studies reported by Ní Ógáin et al. (2011), with the bioactivity reducing from 103.9±4.4% to 98.2±7.1% at 4 ° C/5% RH, and 92.5±7.1% at 25 °C/5% RH, although none of the bioactivity reductions were found to be statistically significant (Ní Ógáin et al., 2011).
The pharmacokinetic study demonstrated that sCT dry powder formulations had a similar pharmacokinetic profile to sCT solution, with the formulation sCT:R:HPβCD 5:57:38 resulting in higher bioavailability (though not statistically significant). HPβCD is a known non-toxic permeability enhancer (Brewster & Loftsson 2007), which could have contributed to the higher bioavailability.  Although the administration was intratracheal, overcoming deposition in the high airways, the increase in bioavailability is also thought to be related to the aerosol deposition of this type of powder, since it was seen that sCT:R:HPβCD 5:57:38 presented elevated deposition in the lower airways (FPF < 5   ̴ 85 % and FPF < 3 μm  ̴ 82 %), where blood circulation is elevated. 

CONCLUSION
Spray drying of sugar-based salmon calcitonin-loaded nanoporous/nanoparticulate microparticles (NPMPs) using a Büchi B-290 Mini spray dryer is feasible, resulting in powders with good physicochemical and aerodynamic characteristics for pulmonary delivery. 
Raffinose composite systems presented better physical and storage stability than trehalose composite systems, suggesting raffinose as a more promising protective agent for peptides and proteins compared to trehalose. The addition of cyclodextrin to the systems improves aerosol deposition and powder stability.
A concern may exist regarding the use of organic solvents in these formulations; however the calculated levels for a bioavailability of 18% were below the pharmacopoeial limits. 
The tested powders presented a bioavailability between 10.1 and 14.9%. Pharmacokinetic profiles of tested samples showed these systems to have similar profiles to that of sCT solution. Hence the advantages of these dry powder formulations are the non-invasive delivery and ease of administration of the sCT or other peptides/proteins.
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