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Abstract

The purpose of this work was to compare the particle characteristics and dissolution performance of amorphous solid dispersions (ASDs) of ketoprofen and vinyl-pyrrolidone based polymers prepared using electrospraying and spray drying methods. Solution characteristics (surface tension, viscosity and conductivity) were determined for ethanolic solutions containing different vinyl-pyrrolidone based polymers (PVP and PVPVA) and different ketoprofen to polymer mass ratios. The only statistically significant difference in solution properties between PVP and PVPVA systems was electrical conductivity. The higher conductivity in PVP-containing solutions resulted in smaller, more spherical particles than the equivalent formulations prepared with PVPVA when processed via electrospraying. Electrospraying resulted in powders with higher specific surface area, smaller mean particle size, and narrower particle size distribution relative to the spray dried material for all systems studied. Amorphisation of ketoprofen via both processes was confirmed using pXRD, DSC and FTIR. Although the specific surface area of the electrosprayed powder was higher than the equivalent spray-dried system, this did not translate into a faster dissolution rate at pH 1.2 but did lead to a faster surface moisture adsorption rate at various relative humidities. The flowability of the powder produced via the electrospraying process is poor compared to the equivalent powder produced via spray drying, which may cause challenges in downstream processing. While the ASD powder produced via electrospraying had a smaller particle size and narrower size distribution compared to equivalent spray-dried ASD, further refinement in terms of a final formulation is needed to translate this benefit into an improved dissolution rate in the case of ketoprofen. 


1. Introduction 

One of the great challenges facing formulation scientists over the last thirty years is the poor aqueous solubility of new active pharmaceutical ingredients (APIs) reaching the market 1,2, which, in part, has been attributed to the emergence of high throughput screening in the pharmaceutical discovery sector in the early 1990s 3,4.  Several formulation strategies exist to improve the aqueous solubility, rate and extent of dissolution of these APIs thereby improving the likelihood of successful commercial development. One such strategy is the generation of an amorphous solid dispersion (ASD) 5. The term ASD in the current literature is generally used to refer to a glass solution, whereby an API is dispersed in the amorphous form at a molecular level in an amorphous carrier 6. As there is no crystal lattice energy to overcome during dissolution, the amorphous form has a faster rate and extent of dissolution relative to the crystalline state 7,8. 
Several amorphisation processes are established in the  pharmaceutical formulation sector such as spray drying, freeze-drying and hot melt extrusion 9. Selection of a suitable amorphisation process must consider the API and polymer physicochemical properties such as the melt temperature, thermal degradation profile, glass transition temperature and solubility. Each method of ASD production has its own benefits and drawbacks and the selection of an inappropriate method may have a deleterious effect on ASD performance 9. For example, thermolabile drugs such as ramipril, which degrades at its melt temperature, are not suitable candidates for hot melt extrusion without the use of a plasticiser 10. Amorphisation by spray drying requires that the API of interest be dissolved at an appropriate concentration in a suitable solvent. By their very nature, APIs requiring amorphisation are poorly soluble in water, so spray drying generally necessitates the use of organic solvents to dissolve the compounds of interest. The use of organic solvents may be considered undesirable from both environmental and safety perspectives. The need for novel amorphisation methods is apparent and several groups have pioneered new techniques to generate ASDs, such as microwave methods 11,12, using friction and shear force 13 as well as amorphisation in situ 14. Another pharmaceutical amorphisation technology which is gaining increasing attention is the electrohydrodynamic route i.e. the production of amorphous particles through the application of an electrical current to a solution 15–17.
In electrohydrodynamic processes a solution is passed through a metal nozzle to which a strong electrical field is applied. When the electric potential between the nozzle and the collector is sufficiently high, fine droplets are formed at the capillary tip due to coulombic repulsion at the solution surface 16,18. As the droplets travel from the needle tip to the collector, the solvent evaporates. The shape of the solution emerging from the nozzle is dependent on the interplay between the surface tension of the solvent and the electric stress induced at the nozzle orifice 19. In electrospinning a stable jet of droplets is formed resulting in the production of fibres. By contrast in electrospraying there is no stable jet formation; the droplets form a Taylor cone and spherical particles are produced 16. Electrospraying is most commonly known for its application in mass spectrometry, however its potential application in the pharmaceutical sector is an area of intensive research 20–22. Although much of the research to date has been conducted at lab-scale, the potential applications of electrohydrodynamic processes in drug delivery have been demonstrated in the literature. A wide range of poorly water soluble APIs have been successfully formulated in the amorphous form via electrospraying, including indomethacin, ketoprofen, celecoxib and ritonavir 16. Sustained release electrosprayed amorphous solid dispersions of naproxen, doxorubicin and cisplatin have also been realised 20. Due to the experimental scale at which electrospraying has been conducted thus far, the authors are unaware of any ASD produced by electrospraying which has reached the market thus far.
By contrast, spray drying has been used successfully to manufacture FDA approved ASDs since 1994 and there are currently 10 FDA approved ASDs on the market which are amorphized through spray drying 7. The spray drying process dates back to the 1870s 17 and is an established method of transforming a solution into a solid product, but it was not until the late 1960s that the solubility enhancement of spray-dried APIs was realised 8. In the spray drying process a solution is atomised and mixed with a drying gas before the solvent evaporates, allowing for the collection of dried particles which are generally in the low micron size range 17. The successful generation of an amorphous solid dispersion via spray drying is dependent, not only on the inherent glass forming ability of the drug 23, but also on the solubility of the drug in the polymer 24, the drug polymer ratio used and the solvent system employed 17,25 
One potential advantage of the electrospraying process over spray drying is that it may enable the production of sub-micron particles with a very narrow particle size distribution 19. The production of nano-amorphous material thus utilises two formulation techniques, disruption of the crystal lattice and particle size reduction. The enhancement in solubility due to nanonization is explained through the Ostwald–Freundlich theory which describes the inverse relationship between particle size and solubility 26.  However, reducing particle size to the nano-region may result in unintended consequences for the physical stability of the amorphous state, as surface crystallisation is faster than bulk crystallisation 27. The reduced particle size may also increase the hygroscopicity of the particles due to an increase in surface area and potential for water sorption.
The objective of this work is to compare the particle characteristics and dissolution performances of ASDs produced by the established spray drying method and the newer electrospraying approach. While both processes have been compared in detail in review articles 21,28 the authors are unaware of any head-to-head comparisons of particles produced by spray drying and electrospraying. Ketoprofen will be used as a model API and polyvinyl pyrrolidone (PVP) and its vinyl acetate co-polymer, polyvinyl pyrrolidone-vinylacetate (PVPVA) will be used as model polymers. 


2. Material and methods
2.1 Materials 
Ketoprofen (98% purity) was purchased from Sigma Aldrich (St. Louis, Missouri, U.S.A). Polyvinylpyrrolidone (Kollidon 30, average molecular weight 44,000-54,000) and polyvinylpyrrolidone vinyl acetate (Kollidon VA 64, average molecular weight 45,000-70,000) were kindly donated by BASF (Ludwigshafen, Germany). Reagent grade ethanol was used in the preparation of all solutions. Molecular structures of the drug and polymers used are shown in Figure 1.

2.2 Preparation and characterisation of solutions for electrospraying (ES) and spray drying (SD)

The polymer (PVP or PVPVA) was dissolved in ethanol and the total solute concentration was fixed at 5% w/v. Ketoprofen content was 0%, 10% or 20% w/w total solute. The conductivities of the solutions were measured using a Mettler Toledo™ EL30 Benchtop Conductivity Meter (Ohio, U.S.A). The dynamic viscosities of the solutions were measured using an A&D SV-10 Vibro Viscometer (Tokyo, Japan). The surface tensions of the solutions were measured using a Sigma 701 Force Tensiometer (Gothenburg, Sweden). All measurements were carried out at a solution temperature of 25 oC and were conducted in triplicate. The solution properties were tested for statistically significant differences using an unpaired two tailed student t-test using Graph Pad Prism software.
2.3 Production of particles by spray drying

Solutions were spray-dried using a B-290 Mini Spray-Dryer (Büchi, Labortechnik) equipped with a high efficiency cyclone using an inlet temperature of 80 oC, solution feed rate of ca. 9-10 mL/min, a drying air flow of ca. 35 m3/hr and an atomisation air flow of ca. 667 normlitres/hr at standard temperature and pressure. The outlet temperature fluctuated between 44 oC and 56 oC. The typical batch size processed was 100 mL.

2.4 Production of particles by electrospraying

Solutions were electrosprayed using a Nanon-01A Electrospinner (Mecc Co. Ltd, Fukuoka, Japan) using a 25G needle (0.26 mm nominal inner diameter) as a nozzle. The distance between nozzle tip and collector was fixed to 30 cm, the flow rate was 1 mL/h and the potential difference applied was 15 kV. The typical feed solution batch size was 10 mL. The solution containing PVP and 20% w/w ketoprofen was chosen for further studies so a larger batch (~35 mL) was processed for this purpose. 

2.5. Production of physical mixtures
 
Physical mixtures of polymer and crystalline ketoprofen at specified mass ratios were prepared by gentle mixing with an agate pestle and mortar.

2.6 Particle size analysis

Images of particles produced by both processes were captured using a Zeiss Supra Variable Pressure Field Emission Scanning Electron Microscope (Jena, Germany) equipped with a secondary electron detector at 2 kV. Samples were mounted onto aluminium pin stubs and sputter-coated with gold-palladium under vacuum prior to analysis. Each stub was divided into quadrants and representative images from each quadrant were analysed using Image J to determine average particle diameter using the projected area diameter. A minimum of 168 particles were analysed for each sample. The average diameters for each set of particles prepared by electrospraying and spray drying were analysed for statistical significance using a two tailed Mann-Whitney test using Graph Pad Prism software.

2.7 Solid state characterisation 

2.7.1 Differential scanning calorimetry
 
Samples were analysed using a TA Q200 DSC (TA Instruments, Leatherhead, UK) equipped with a refrigerated cooling system (RCS-90) and purged with inert dry nitrogen gas at a flow rate of 50 mL/min. The temperature was calibrated with indium and tin and further validated with indium. The enthalpy and the specific heat capacity were calibrated and verified using indium and sapphire, respectively. Standard aluminium pans with a capacity of 20 μL and 3 pinholes were used in all measurements. Pans were first heated to 180 oC to remove residual moisture before being cooled to -40 oC. The temperature was then modulated by 0.53 oC every 40 seconds and the pan was reheated at 5 oC/min to 200 oC. The glass transition temperature was taken from the second heating run. 

2.7.2 Thermogravimetric analysis

Samples were analysed using a TA Q50 TGA (TA Instruments, Leatherhead, UK). Samples (weighing between 1 and 3 mg) were heated from room temperature to 150 oC at a heating rate of 10 oC per minute in standard aluminium pans with a capacity of 20 μL. The mass loss in this temperature range was determined. 

2.7.3 Powder X-ray diffraction

Samples with the highest drug loading (i.e. 20% ketoprofen w/w) were analysed using a Miniflex II X-ray diffractometer (Rigaku, Neu-Isenburg, Germany) with Ni-filtered Cu Kα radiation (1.54 A). The tube voltage and tube current used were 30 kV and 25 mA respectively. The samples were analysed on a silicon zero background sample holder in reflection mode. Diffraction patterns were collected for 2θ ranging from 5o to 40o at a step scan rate of 0.05o per second.
2.7.4 Attenuated Total Reflectance Fourier Transform Infra Red (ATR-FTIR)

Samples were analysed using a Spectrum 1 FT-IR Spectrometer (Perkin Elmer, Connecticut, U.S.A) equipped with a Universal Attenuated Total Reflectance and diamond/ZnSe crystal accessory. Each spectrum was scanned in the range of 650-4000 cm-1 with a resolution of 4 cm-1.

2.7.5 Specific surface area analysis

Specific surface area was measured using a Micromeritics Gemini VI analyser (Georgia, U.S.A). Prior to analysis, samples were degassed under nitrogen gas, using a Micromeritics SmartPrep degasser (Georgia, U.S.A) overnight at 40 °C, to remove residual moisture. The amounts of nitrogen gas adsorbed at the relative pressures of 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3 were determined and the BET multipoint surface area was calculated. Each experiment was carried out in triplicate.

2.8 Dissolution testing

[bookmark: _Hlk7432451]Samples were tested under sink conditions 29 using a CE7 flow through cell apparatus (Sotax Aesch, Switzerland). A quantity of the amorphous dispersion containing 3 mg ketoprofen was added to a dry cell of 12 mm diameter on top of 500 mg glass beads. A 4 mm ruby bead was placed at the bottom of the cell to ensure laminar flow of the medium. The water bath was maintained at 37(±1) oC. The dissolution medium was 0.1M hydrochloric acid (pH 1.2) and the volume used was 100 mL. The dissolution medium was recirculated through the cell in a closed loop system using a flow rate of 8 mL/min. At sampling time points, 1 mL of the medium was filtered using a 0.45 μm PTFE filter (VWR, Pennsylvania, U.S.A) and diluted using appropriate volumes of methanol before HPLC analysis. After each sample was taken it was immediately replaced with an equal volume of pre-heated medium. Each experiment was carried out in triplicate.

2.9 HPLC analysis and drug loading 

Ketoprofen concentration in the dissolution medium was determined using an Alliance HPLC with 2695 Separations Module system and 2996 Photodiode array detector (Waters, Santry, Ireland) which was used at wavelength 259 nm. The mobile phase consisted of acetonitrile and phosphate buffer pH 3 in a 45 to 55 (v/v) ratio. The phosphate buffer was prepared by adjusting the pH of a 20 mM solution of monosodium phosphate with 1 M sodium hydroxide.  The column used was an ODS C18(2) column (150 mm x 4.6mm, particle size 5μm; Phenomenex, Le Pecq, France). Isocratic elution was used with a column temperature of 25 oC, 20 µl injection volume and a flow rate of 1 mL/min. A six-point calibration curve was created spanning 0.5 mcg/mL to 500 mcg/mL.
Ketoprofen loading of the spray-dried and electrosprayed PVP polymers with a theoretical drug loading of 20% w/w was analysed by dissolving samples in methanol and quantifying ketoprofen concentration using the HPLC method outlined above. Drug loading was determined using the following equation
  			Equation 1 

2.10 Moisture diffusion studies and surface adsorption rates

Moisture sorption profiles of electrosprayed and spray-dried PVP containing 20% w/w ketoprofen were determined at 25 o C (±0.1 o C) using a DVS Advantage-1 automated gravimetric vapour sorption analyser (Surface Measurement Systems, London, UK). Between 6 and 14 mg of powder were dried to a constant mass (dm/dt <0.002mg/min) at 0% RH in the sample basket in the DVS. After drying, the powder was exposed to 20% RH until equilibrium mass was reached (defined as dm/dt <0.002 mg/min). After reaching equilibrium mass at 20% RH the powder was then dried at 0% RH until equilibrium mass was reached again, and the process was repeated at 40%, 60% and 80% RH. 
The diffusion coefficient (D) of water molecules into the powder was determined using a modified Fick’s equation shown in Equation 2 using the in-built software (DVS Advantage-1 Control Software Ver 1.2.1.2)
			Equation 2
Where  is the ratio of the mass at a given time t (Mt) and the mass at equilibrium (Minf),  is the particle radius (determined from the SEM analysis Section 3.2.2) and t is the diffusion time30–32. A sample diffusion analysis plot is shown in Figure S2. The diffusion coefficients of the powders prepared via both processes were analysed for statistical significance using an unpaired two tailed student t-test using Graph Pad Prism software.
The rate of moisture uptake on the surface of the powders was determined by analysing the initial increase of mass at each relative humidity stage. By normalising the percentage mass increase to the starting mass of the sample, a curve of mass increase versus time was generated. The linear portion of this curve was plotted and the rate of mass increase (taken to be the surface adsorption of moisture onto the powder) was determined for both samples. The surface adsorption of the powders prepared via both processes were analysed for statistical significance using an unpaired two tailed student t-test using Graph Pad Prism software.

2.11 Density and Carr’s Compressibility Index

True density was determined using a helium pycnometer (Accupyc II 1340, Micromeritics, Georgia, U.S.A). Samples were analysed in duplicate.  Bulk density (ρb) and tapped density (ρt) were determined using a method previously described 33. Powdered samples were added to a graduated glass syringe of 1 mL volume with graduations of 0.02 mL. The weight of the powder required to fill the syringe to 0.1 mL was recorded to calculate the bulk density. The syringe was not filled to full capacity due to the small sample size produced from electrospraying. The tap density of the powder was then determined by tapping the syringe onto a level surface from a 5 cm height 100 times. The new volume was then recorded, and the Carr’s Compressibility Index (CCI) was calculated using Equation 3 
			Equation 3


3. Results and Discussion 

3.1 Solution characterisation 

The surface tension, viscosity and conductivity for the studied solutions at 25 oC are shown in Figure 2. The surface tensions for all systems studied were not significantly different (p=0.3) regardless of polymer type or ketoprofen loading. 
The viscosity of the solutions increased with increasing polymer concentration and was higher for the solutions containing PVP relative to the solutions containing PVPVA, but this was not statistically significant (p=0.25). This slight difference in viscosity is not surprising as a study examining the melt viscosities of binary mixtures of indomethacin and either PVP or PVPVA found that the viscosity of the PVP/indomethacin mixture was significantly higher than of that of the PVPVA/indomethacin mixture 34. 
 Interestingly, the conductivity was dramatically different (p<0.001) for solutions containing the two structurally related polymers. The PVPVA containing solutions had very low electrical conductivity (<5µS/cm) while the PVP containing solutions exhibited higher conductivity (>20µS/cm), which increased with increasing PVP content, as has previously been observed 35. This higher conductivity can be attributed to the high hygroscopicity of PVP relative to its vinyl acetate co-polymer 36,37. This increase in electrical conductivity due to adsorbed moisture  has previously been described for silica 38. In electrohydrodynamic processes, as the electrical conductivity of a solution increases, the size of the  particles produced decreases 16,39,40. Therefore, it may be expected that particles produced by electrospraying from PVPVA-containing solutions will be larger than those produced using PVP containing solutions.  
As the material properties of particles produced by electrohydrodynamic processes are known to be a result of the interplay between surface tension, conductivity and solution viscosity and the only significant difference between the two sets of polymer solutions is the conductivity, it may be inferred that any difference in morphology may be attributed to this physicochemical difference.

3.2 Particle morphology and size distribution analysis

3.2.1 Morphology of particles
 
Figure 3 shows SEM images of the particles produced by electrospraying and spray drying. Solutions containing no ketoprofen (i.e. polymer in ethanolic solutions), when spray-dried, produced particles which displayed a “deflated balloon” morphology. This was observed for both PVP and PVPVA spray-dried particles (Figure 3b and 3d). The appearance of this deflated balloon/shell morphology has previously been described for spray-dried particles and can be explained through consideration of the dimensionless unit called the Peclet number. This parameter describes the relative speeds of the radial velocity of the receding droplet surface and the diffusional motion of the solute 41. The Peclet number can be calculated using equation 4 
		Equation 4
In the above equation,  represents the evaporation rate of the solvent and  represents the diffusion coefficient of solute i. When the Peclet number is below 1 the diffusional motion is fast relative to the radial velocity of the droplet surface which means that there is an even distribution of solute precipitating at the surface of the particle and typically a solid sphere will form. In contrast, when the Peclet number is higher than 1, the surface of the droplet is evaporating more rapidly than the solute in the bulk of the droplet is diffusing to the surface. This results in the formation of voids and a shell morphology, which can collapse resulting in the observed deflated balloon effect 28,41. Particles of the same composition produced by electrospraying were mostly spherical and without deformation (Figure 3a and 3c). The difference in morphology is evidence that the evaporation rate of ethanol is higher in the spray drying process than in the electrospraying process, which is logical as there is no heat applied in the electrospraying process   The reduced evaporation rate allows the solute more time to diffuse through the droplet, resulting in a solid particle 28. 
It is also clear that the two processes have produced particles with differing size ranges. While there are some fine particles in the sub-micron range produced by spray drying there are some larger particles spanning approximately 5 μm onto which finer particles have agglomerated. This is the case for both PVP and PVPVA. By contrast, the polymer particles produced by electrospraying are in the sub-micron range and in the case of PVP are relatively monodisperse and uniform in appearance. While the PVPVA particles produced by electrospraying are smaller than their spray-dried counterpart, their morphology appears to be non-uniform with some spherical particles co-existing with oblong non-spherical particles. 
When a binary mixture of either PVP or PVPVA and ketoprofen is spray-dried the loss of the deflated balloon structure is apparent (Figure 3f, 3h, 3j, 3l). The morphology of these spray-dried particles is spherical and there is no apparent difference in terms of shape or size between the two polymer systems or on increasing drug loading from 10% w/w to 20% w/w. This change in morphology to a solid sphere may be explained by considering that the solute being spray-dried is now a binary system and therefore the diffusion co-efficient  will be different to that of a simple polymer solution in ethanol. As the spray drying parameters were consistent for all samples, it would not be anticipated that the evaporation rate changed significantly between the polymer and polymer-drug systems. Therefore, it may be inferred from this change in morphology that the diffusion co-efficient of ketoprofen and PVP or PVPVA mixtures in ethanol is higher than PVP or PVPVA in ethanol. 
When the binary mixtures of PVP and ketoprofen were electrosprayed the same spherical morphology resulted as was observed for the polymer-only particles (Figure3e, 3i). The size and morphology of these PVP-ketoprofen particles appears monodisperse and uniform. By contrast when binary mixtures of PVPVA and ketoprofen were electrosprayed (Figure 3g, 3k) the morphology was a mixture of spheres and disk-shaped particles. Some “webbing” between the particles may also be observed, which may indicate that the jet produced at the nozzle orifice in the electrohydrodynamic process was alternating between stable and unstable modes, resulting in a mixture of electrospraying and electrospinning. The presence of electrosprayed beads co-existing with electrospun fibres has previously been described, and although having a hybrid morphology may have beneficial applications  in terms of attaining a dual release profile, it is generally undesirable due to lack of particle uniformity 22. The appearance of this hybrid morphology has previously been attributed to a low polymer concentration and hence lower viscosity in the solution which is being processed as well as a low net charge density which can be due to the conductivity of the solution 42. Although the polymer concentration is the same for both PVP and PVPVA systems the viscosity of the PVPVA systems is slightly lower than the PVP systems as shown in Figure 2.  The conductivity of the PVPVA system is significantly lower than in the PVP systems which is probably due to the higher moisture present in the PVP system. A combination of the lower viscosity and lower conductivity may explain the “bead on a string” morphology observed. Mechanistically speaking, the webbing observed in this study may be explained by the absence of polymer chain entanglements prior to the droplet reaching the Rayleigh limit. The Rayleigh limit is the maximum charge a droplet can hold before becoming unstable and precedes Coulombic fission, whereby smaller droplets are generated 43,44. As the solvent evaporates from the droplet the charge concentration of the droplet increases 19. As the PVP-ketoprofen systems are more conductive than the PVPVA-ketoprofen systems the charge concentration of these droplets is higher, meaning that the Rayleigh limit is reached earlier for these droplets and therefore Coulombic fission occurs, resulting in spherical particles. Conversely, the lower conductivity of the PVPVA-ketoprofen systems may mean that the Rayleigh limit is reached at a later stage in the electrospraying process. The droplets therefore do not reduce in size as dramatically as the PVP particles, and at the time of reaching the Raleigh limit the polymer in the droplet  has not reached the polymer volume fraction at which a fully entangled network of polymer chain has formed 44. This means that the droplet is deformed during the Coulombic fission process and webbing results. 
The SEM analysis clearly shows that the morphology of the particles produced is dependent on the drug/polymer ratio, choice of polymer and the production method. Electrospraying produced particles that were monodisperse, while spray drying produced agglomerates of larger particles and finer particles. Electrosprayed material prepared using PVP was more uniform in size and morphology compared to material electrosprayed using the structurally related polymer, PVPVA. This may be attributed to the differences in hygroscopicity between the polymers, which in turn leads to a difference in the conductivity of the solutions and affects the interplay of forces in the electrohydrodynamic process. The electrosprayed formulation which was considered optimal was the PVP 20% w/w ketoprofen and approximately 35 mL of this solution was processed to facilitate further material characterisation and dissolution testing. 

3.2.2 Particle size analysis

Particle size analysis was carried out for particles produced using electrospraying and spray drying as described in section 2.6. The average diameters of the particles are shown in Table 1. In all systems except the PVPVA 20% w/w ketoprofen system the particles produced by electrospraying have smaller average diameters than those produced by electrospraying. The observed anomaly may be explained by considering the morphology of the particles produced by electrospraying PVPVA particles with 20% w/w ketoprofen loading (Figure 3c). These discus shaped particles may not be suitable for the particle sizing methodology which was employed, as this assumed a spherical shape. 
There is less error associated with the average diameter values for the particles produced by electrospraying relative to those produced by spray drying, as the particles produced by the former process are more monodisperse than those produced by spray drying. This is reflected in the histograms representing size distributions of the dried particles in Figure 4 and Figure 5. 


Table 1: Average diameter and standard error values (microns) for electrosprayed and spray-dried polymer-ketoprofen systems. 
	[bookmark: OLE_LINK1]Ketoprofen loading 
	PVP
	PVPVA

	
	SD
	ES
	p-value
	SD
	ES
	p-value

	0 % w/w
	1.45 ±0.09
	0.89± 0.02
	<0.0001
	1.35± 0.09
	0.68± 0.02
	<0.0001

	10% w/w
	1.13±0.06
	0.79± 0.01
	0.0742
	1.08± 0.05
	0.64± 0.03
	<0.0001

	20% w/w 
	1.11± 0.08
	0.79± 0.02
	0.2205
	0.95± 0.06
	1.12± 0.05
	0.0225




3.3 Solid state characterisation

3.3.1 Differential scanning calorimetry
 
Modulated differential scanning calorimetry traces for the particles produced by electrospraying and spray drying with PVP are shown in Figure 6.  Traces i) iii) and v) are of PVP particles produced by spray drying containing no ketoprofen, 10% w/w ketoprofen and 20% w/w ketoprofen respectively. Traces ii) iv) and vi) are the equivalent particles produced by electrospraying. All traces show a single glass transition indicating ketoprofen and PVP miscibility, which has previously been demonstrated in the literature 45,46. No traces show a melting endotherm, indicating the absence of crystalline ketoprofen. The glass transition onset temperatures for the electrosprayed and spray dried PVP based particles containing 0% ketoprofen, 10% w/w ketoprofen and 20% w/w ketoprofen are 166 oC, 127 oC and 94 oC respectively. As ketoprofen loading increases the glass transition temperature reduces. This is because the glass transition temperature of ketoprofen is -3oC 46and as the mass fraction of this component increases, the glass transition of the amorphous solid dispersion reduces, in accordance with the Gordon Taylor equation47.  It is interesting to note that the glass transition temperatures are equivalent for particles produced by both processes. This, to our knowledge, is the first-time thermal profile equivalency has been demonstrated for amorphous solid dispersions produced by electrospraying and spray drying.  

3.3.2 Thermogravimetric analysis 

There was no statistically significant difference (p=0.75) in residual solvent levels between electrosprayed and spray-dried PVP 20% w/w ketoprofen powder. The electrosprayed powder contained 5.31% (±0.04) moisture and the spray-dried powder contained 5.52% (±0.48) moisture. 

3.3.3 Powder X-ray diffraction

X-ray diffraction patterns for the spray-dried and electrosprayed PVP and PVPVA powders containing 20% w/w ketoprofen, crystalline ketoprofen and physical mixtures of PVP or PVPVA with 20% w/w crystalline ketoprofen are shown in Supplementary Material Figure 1. All spray-dried and electrosprayed powders show an amorphous halo pattern devoid of Bragg peaks indicating a lack of crystalline material in the powder. This is in contrast to crystalline ketoprofen which has Bragg peaks noticeable at 6 and 22.7 degrees 2θ which is apparent in the physical mixtures of polymer and crystalline ketoprofen (Figure S1 f and g). This demonstrates that both processes produced ketoprofen in the amorphous form. 

3.3.4 ATR-FTIR analysis

The ATR- FTIR spectra for the spray-dried and electrosprayed PVP containing 20% w/w ketoprofen as well as a physical mixture of PVP and crystalline ketoprofen at the same mass ratio is shown in Figure 7. It is clear from the spectra that the crystalline physical mixture differs in peak location and intensity at several positions from the amorphous solid dispersion.  In the fingerprint region crystalline ketoprofen exhibits a triplet peak centred around 700 cm-1, while amorphous ketoprofen has a doublet peak in this region 48. The FTIR spectra supports the XRD and DSC data which shows that electrospraying and spray drying ketoprofen in combination with PVP results in an amorphous solid dispersion. Ketoprofen has two carbonyl groups, one is the carbonyl involved in the ketone functional group and the other in the carboxylic acid group (Figure 1a). The wavenumber of the ketone carbonyl of ketoprofen is 1652 cm-1 which is present, and unchanged, in all spectra. This indicates the ketone of ketoprofen in not involved in any intermolecular interaction with the polymer, which is logical as it is in a sterically hindered position. The wavenumber of the dimer hydrogen bonded carboxylic acid carbonyl of ketoprofen is reported at 1690cm-1 in the literature 45, but as this is very close to the peak of the pyrrolidone carbonyl (1681 cm-1) there is often an overlap and distinguishing one peak from another may be challenging. In Figure 7, the mixture of PVP and crystalline ketoprofen shows the dimer hydrogen bonded carboxylic acid carbonyl of ketoprofen at 1690 cm-1. Interestingly the spray-dried and electrosprayed powders lack this peak as it has merged with the peaks of the ketone of ketoprofen and the vinyl pyrrolidone peak which indicates increased hydrogen bonding 49. The physical mixture of crystalline ketoprofen and PVP shows an additional peak at 1735 cm-1 which has been assigned by other authors to the free acid carbonyl of the carboxylic acid group, which is visible due to the presence of monomeric ketoprofen 45,48,50,51. In the amorphous electrosprayed and spray-dried material this free acid carbonyl is still visible but has shifted to a lower wavenumber at 1723 cm-1, which again indicates hydrogen bonding between this functional group in ketoprofen and the polymer PVP. This data indicates that the intermolecular interaction between PVP and ketoprofen has not been affected by the amorphisation method chosen to produce the ketoprofen amorphous solid dispersion.  

3.3.5 Specific surface area analysis

The amorphous solid dispersion of ketoprofen produced by spray drying had a specific surface area of 1.97 (±0.16) m2/g, while the amorphous solid dispersion of ketoprofen produced by electrospraying had a specific surface area of 3.01 (±0.12) m2/g. This difference in specific surface area is in line with the particle size analysis in section 3.2.2. Reduction in particle size is one strategy to increase the dissolution rate of poorly soluble drugs 22, in accordance with the Nernst-Brunner equation 52
However, an increase in surface area may also be detrimental to the amorphous state stability of an ASD. It has previously been demonstrated that indomethacin crystallizes more rapidly in particles with smaller particle size which has been explained by the surface mediated nucleation effect 27, and felodipine crystallizes six times faster from the surface than the bulk 53,54. This work has demonstrated for the first time, to our knowledge, that the specific surface area of electrosprayed material is higher than the equivalent spray-dried material.

3.5 Drug loading 

The ketoprofen loading for the PVP samples produced via spray drying and electrospraying which have a theoretical ketoprofen content of 20% w/w was 95.63 ± 1.81% and 97.37 ± 1.56% respectively. The actual ketoprofen concentration was close to the theoretical concentration of ketoprofen, and there was no statistically significant difference in the ketoprofen loading between the amorphous solid dispersions prepared via spray drying and electrospraying as indicated by a p-value of 0.278.

3.4 Dissolution performance

The dissolution profiles of the amorphous solid dispersions of ketoprofen produced by spray drying and electrospraying containing 20% w/w ketoprofen at pH 1.2 in a flow through cell dissolution apparatus are shown in Figure 8. A physical mixture of PVP with 20% w/w crystalline ketoprofen raw material was included as a reference measurement.  As can be seen the dissolution rate and extent of dissolved ketoprofen material is higher for the spray-dried and the electrosprayed ketoprofen relative to the crystalline ketoprofen. However, there is no discernible difference in the dissolution rate between the spray-dried and electrosprayed material. This may be because the ketoprofen release rate is very rapid from both amorphous systems, with more than 40% of the available ketoprofen dissolved within 5 minutes. With such rapid release rates, the sampling intervals chosen may not sufficiently demonstrate any difference. Additionally, the polydispersity of the spray-dried material means that logically the very small particles observed in Figure 3j dissolve initially and as such there is no observed difference in the dissolution rate of the powder prepared by different methods. There is however a higher total release of ketoprofen from the electrosprayed material over the time frame studied. The risk of re-crystallisation during the dissolution test is low due to the sink conditions which were used, as well as the stability of ketoprofen in the amorphous state 23.The variation observed in the dissolution profile of  the spray dried system stems from the polydispersity of particle size which is not present in the electrosprayed system.

3.6 Moisture diffusion studies and surface adsorption rates

The diffusion coefficient values of water vapour into the spray-dried and electrosprayed PVP 20% w/w ketoprofen at various relative humidities are listed in Table 2. The physical state of all samples was checked via pXRD after exposure to high relative humidity in the DVS and were found to have maintained their amorphous state (data not shown). 
As can be seen from Table 2, the diffusion coefficient values, which are measures of the rate of moisture diffusion through the bulk of the powder, are not statistically significantly different (p<0.05) between the electrosprayed material and the equivalent spray-dried material at all relative humidity conditions studied. Conversely, the rate of surface moisture adsorption (Figure 9 and Table S1) is significantly faster for the electrosprayed material compared to the spray-dried material. As surface adsorption is typically much faster than bulk absorption 30, and the electrosprayed powder has a higher specific surface area than the equivalent spray-dried powder, this result is not unexpected. As amorphous state instability is often driven by moisture-induced phase separation 55, this result  highlights the importance of protecting amorphous solid dispersions from moisture during storage, particularly those that have a high specific surface area such as the electrosprayed material in this work. 

Table 2: Water diffusion co efficient values for spray-dried and electrosprayed PVP 20% w/w ketoprofen. Standard deviation values are in parenthesis
	Relative humidity
	Spray dried D (cm2/s)
	Electrosprayed D (cm2/s)
	p-value

	20%
	5.87 ± 1.16 x 10-13

	4.96 ± 0.49 x 10-13

	0.27

	40%
	5.94 ± 1.05 x 10-13

	4.54 ± 0.50 x 10-13
	0.11

	60%
	4.16 ± 0.92 x 10-13

	2.96 ± 0.27 x 10-13
	0.09

	80%
	2.13 ± 0.45 x 10-13

	1.90 ± 0.19 x 10-13
	0.45




3.7 Consolidation analysis

True density, bulk density, tapped density and Carr’s Compressibility Index values for spray-dried and electrosprayed PVP containing 20% w/w ketoprofen are shown in Table 3. The true density of the spray dried PVP containing 20% w/w ketoprofen was 1.25 (±0.001) g/cm3 and the true density of the equivalent electrosprayed PVP containing 20% w/w ketoprofen was 1.32 (±0.009) g/cm3. As true density is known to be inversely related to the degree of disorder present in a material 56, it may be inferred that the spray-dried material is more “disordered” than the equivalent electrosprayed material. The bulk and tapped density of the two materials are also different. The Carr’s Compressibility Index (CCI) is an indicator of powder flowability 57. In the pharmaceutical industry the ability of a powder to flow freely is a desired attribute to ensure a smooth flow of powder into direct compression dies allowing uniformity of content, weight and hardness. Interestingly the CCIs for the powders produced by the two different processes are dramatically different. The CCI value for the spray-dried material is 16.67 (± 2.89), which means it would be classified as a powder exhibiting “fair” flow, while the CCI value for the equivalent electrosprayed material is 58.33 (±2.89) meaning that it would be categorised as a “very very poor” flowing powder 57,58 Electrospraying this amorphous solid dispersion resulted in smaller and narrower particle size distribution, and reduced flowability compared to the standard spray-dried material. This inverse relationship between particle size and flowability has previously been described for pharmaceutical materials  such as lactose, micro-crystalline cellulose and model APIs 59–61. This poor flow is likely due to the adhesion of small particles leading to the formation of aggregates. This work has demonstrated that the flowability and hence processability of a spray-dried amorphous solid dispersion is superior to an equivalent electrosprayed amorphous solid dispersion, which is caused by a difference in surface area and average particle size 

Table 3: Density and Carr’s Compressibility Index (CCI) for spray-dried and electrosprayed PVP 20% w/w ketoprofen. 
	[bookmark: OLE_LINK2]
	True density (g/cm3)
	Bulk density
(g/cm3)
	Tapped density
(g/cm3)
	CCI

	SD PVP with 20% w/w ketoprofen
	1.25 ± 0.00
	0.35 ± 0.04

	0.42 ± 0.06

	16.67 ± 2.89


	ES PVP with 20% w/w ketoprofen
	1.32 ± 0.01

	0.16 ± 0.03

	0.39 ± 0.08

	58.33 ± 2.89






4. Conclusions 

The need for novel methods of generating amorphous solid dispersions has led to intensive research into electrohydrodynamic processes, including electrospraying, for this purpose. To our knowledge, a head-to-head comparison of powders produced using this newer method against the well-established spray drying method has not been performed until now. The effect of solution parameters (such as viscosity) on the material properties of particles produced via spray drying is well explored. The same in-depth understanding of process parameters is not yet established in the electrospraying of amorphous solid dispersions. This work demonstrates that solution conductivity is a parameter critical to the morphology of particles produced via electrospraying, while it has no effect on particles produced via spray drying. While electrospraying may prove advantageous in the amorphisation of APIs unamenable to other methods (i.e. those which are thermally labile), if electrospraying is to be developed further as a standard amorphisation technique, the challenges posed by the sub-micron size of the particles it produces, such as poor flow and high hygroscopicity, must also be addressed.   
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Figure Captions

Figure 1: Chemical structures of a) ketoprofen b) polyvinylpyrrolidone c) polyvinylpyrrolidone-vinyl acetate where n:m 6:4
Figure 2: Surface tension, viscosity and conductivity of solutions subjected to spray drying and electrospraying
Figure 3:  SEM images of particles produced using electrospraying and spray drying. The scale bar represents 2µm
Figure 4: Particle size distribution for electrosprayed and spray-dried PVP-ketoprofen systems
Figure 5: Particle size distribution for electrosprayed and spray-dried PVPVA-ketoprofen systems
[bookmark: _Hlk7441357][bookmark: _GoBack]Figure 6: Second heating run (i.e. after heating and cooling) of modulated differential scanning calorimetry showing glass transitions i) spray-dried PVP ii) electrosprayed PVP iii) spray-dried PVP with 10% w/w ketoprofen iv) electrosprayed PVP with 10% w/w ketoprofen v) spray-dried PVP with 20% w/w ketoprofen vi) electrosprayed PVP with 20% w/w ketoprofen
Figure 7: ATR-FTIR spectra for electrosprayed and spray-dried amorphous solid dispersions of PVP and ketoprofen 20% w/w. A physical mixture of PVP and crystalline ketoprofen 20% w/w is included as a control. 
Figure 8: Dissolution profiles for electrosprayed and spray-dried amorphous solid dispersions of PVP and ketoprofen 20% w/w at pH 1.2
Figure 9: Surface moisture adsorption rates for electrosprayed (ES) and spray-dried (SD) amorphous solid dispersions of PVP and ketoprofen 20% w/w at various relative humidities
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