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Abstract 
This study proposes an approach for quantifying the amount of pharmaceutical powder adhering (quality attribute) to the metals surfaces. The effect of surface roughness (detrimental attribute) on the amount of powder sticking to a stainless steel surface for a model pharmaceutical material is also qualitatively determined. Methodology to quantify powder adhesion to surfaces utilises a texture analyser and HPLC. The approach was validated to qualitatively investigate effect of metal surface roughness on adhesion of mefenamic acid. An increase in metal surface roughness resulted in an increase in cohesion. By increasing the average roughness from 289 nm to 407 nm, a 2.5 fold increase in amount adhering to metal was observed, highlighting the role of surface roughness on adhesion. The simplicity in experimental design with no requirement of specialised equipment and operational ease makes the approach very easy to adopt. Further, ease in interpreting results makes this methodology very attractive.
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1. Introduction

One of the most common problems in pharmaceutical tabletting process known as “sticking”, where the drug powders transfer and stick onto the tablet punch during compression.  Sticking of pharmaceutical materials has attracted significant research interest in last decade (Bunker et al., 2011; Abdel-Hamid et al., 2013). There are many factors which may influence particle-metal surface adhesion and widely reported in the literature, such as powder surface energy heterogeneity, surface charges, surface chemistry, presence of fines, particulate surface roughness, and particle shape.  Furthermore, metal charges, and surface roughness can also affect adhesion. It is known that the adhesion between particles sizing in micrometre length scale and solid surface, such as a tablet punch made by stainless steel (SS), is a result of a complex combination of physical forces (e.g. Van der Waals forces, electrostatic, capillary forces, etc.) (Hinds, 1999). Moreover, the surface roughness of the tablet punch also has a major role in controlling adhesion between particles and surface interaction (Boom and Newton, 1987; Lam and Newton, 1991; Lam and Newton, 1992; Toyoshima et al., 1998).  

Scanning probe microscopy and centrifuge techniques are widely employed for quantification of adhesion forces between metal surfaces and pharmaceutically active particulate materials. A centrifuge technique was developed by Newton et al. (Boom and Newton, 1987; Lam and Newton, 1991; Lam and Newton, 1992) to compare the relative adhesiveness between the SS surface and different pharmaceutical powders. The adhesion forces between particles and surface was analysed and quantified by counting the particles stuck on the SS substrate using microscopy after centrifuge at different velocities. A statistical log-normal distribution between the percentage of adherent particles and the adhesion forces (calculated by the velocity) was observed in all samples (Lam and Newton, 1991). The relationship between the amount of lubricant added into a formulation and the tablet surface roughness had been evaluated by Toyoshima et al. (Toyoshima et al., 1998) at different tabletting time lengths. In this case, rather than analysing the surface roughness of the SS punch, the surface roughness of the produced tablet was measured. The surface roughness values increased in proportion to the number of tablet produced.

Price et al. (Begat et al., 2004; Begat et al., 2004; Hooton et al., 2006) developed a Cohesion-Adhesion Balances (CAB) model using Atomic Force Microscopy (AFM) to compare the relative forces between different drug powders and excipients, such as lactose, in dry powder inhaler (DPI) system. By applying the CAB model, the rank order of adhesion between salbutamol sulphate and the sugar excipients was compared as β cyclodextrin < lactose < trehalose < raffinose < xylitol, respectively (Hooton et al., 2006). Bunker et al. (Bunker et al., 2011) investigated the adhesion interaction between single lactose particles and coated tablet punches using AFM. The research finds suggested the possibility to predict the adhesion force between particle and surface using Rabinovich model (Rabinovich et al., 2000; Rabinovich et al., 2000). 
Cohesion-adhesion balance (CAB) is useful to describe adhesion of powders with the metallic surfaces. CAB investigations can provide important qualitative insight into the tendency of particle to adhere to the metallic surface. If particles are highly cohesive and cohesion force is higher than force of adhesion between powders and metal surface (at a particular consolidation load), it is more likely that particles do not adhere to the metal surface. If particles are not strongly cohesive and adhesion force between particle and metal surface is higher than cohesion, particles are more likely to adhere.
Previously reported studies on the quantification of adhesion of pharmaceutical powders on metal surfaces have employed two different characterisation techniques; surface probe measurements and centrifuge methods, reviewed in detail elsewhere (Hoffmann et al., 2001). The focus of this investigation is to develop an approach for quantifying the amount of powder adhering (quality attribute) to surfaces. The effect of surface roughness (detrimental attribute) on the amount of powder sticking to a SS surface for a model pharmaceutical material is also qualitatively determined. This methodology to quantify powder adhesion to surfaces utilises a texture analyser and HPLC. The simplicity in experimental design with no requirement of specialised equipment and operational ease makes the approach very easy to adopt. Further, ease in interpreting results makes this methodology very attractive.
2. 
Materials & Methods

2.1 Materials 

Mefenamic acid (2-(2, 3-dimethylphenyl) aminobenzoic acid) (MA) (99.0%), potassium dihydrogen phosphate (≥98%), and sodium hydroxide (≥97%) were purchased from Sigma Aldrich, Dorset, UK. Methanol (>99.5%) was purchased from VWR BDH Prolabo, Lutterworth, UK. All chemicals were used as received. SS 316 bearing balls (5 mm diameter) were purchased from Bearing Options Ltd (Cornwall, UK). 
2.2 Methods

2.2.1 Re-crystallisation of mefenamic acid (MA)
MA is a well-studied pharmaceutical compound, which is known to have a cohesive powder flow behaviour. It has been employed widely to investigate the effect of particulate surface properties such as surface energy, surface area and shape, on cohesion (Shah et al., 2014a; Shah et al., 2014b; Shah et al., 2015a). An understanding of the cohesive behaviour of MA and its applicability to investigate surface properties on adhesion-cohesion has been the rationale for its selection as a model compound for this study.
In order to obtain a unique crystal shape for analysis, recrystallisation of MA from methanol was carried out. A supersaturated solution of MA in methanol was prepared at 50 °C. The solution was cooled in an incubator at 4 °C for 24 hrs to obtain MA crystals. The MA crystals were collected and filtered using general purpose laboratory filter paper (Whatman, UK) and dried in room temperature for 24 hrs. Dried crystals were stored in a glass container at ambient conditions and used for further characterisation.
2.2.2 Cryogenic milling of MA crystals
A Retsch Cryo Mill (Retsch Technology GmbH, Haan, Germany) was used for milling of MA crystals at -70 °C using liquid nitrogen as a cooling media. About 5 g of re-crystallised MA was charged into a 50 mL grinding jar containing one SS grinding ball (25 mm diameter). The grinding jar was constantly cooled during the pre-cooling, milling and intermediate cooling steps using liquid nitrogen. During the precooling step, the samples charged in the mill is pre-cooled prior to before milling begins, reducing the samples temperature from ambient to the milling temperature. During milling, significant amount energy is applied which may result in an increase in particulate temperature. The intermediate cooling step is applied to ensure that the sample reverts back to the milling temperature. Liquid nitrogen is supplied at a constant pressure during the precooling, milling, and intermediate cooling steps. During the pre-cooling step, milling was performed at a vibrational frequency of 5 Hz for 10 minutes. For the intermediate cooling step, milling was performed at a vibrational frequency of 5 Hz for 10 seconds. The cryogenic milling was performed at a vibrational frequency of 25 Hz for 10 seconds. After 3 cryogenic milling cycles, samples were collected and stored in the glass vials for further characterisation.
2.2.3 Particle size and shape analysis

The Morphologi G3 particle characterisation system (Malvern Instruments Ltd., Malvern, UK) was used for particle shape and size analysis. Milled MA particles were dispersed in octane at room temperature. The suspension was dispersed on glass coverslips to allow octane to evaporate at ambient conditions. Particle imaging was conducted using a 50× magnification lens (0.5 – 40 micron resolution range) taking 3 additional planes above the initial plane of focus, equivalent to 9.2 (m, to account for 3-dimensionality within the sample. The raw data was processed using the Morphologi analysis software (version 8.13, Malvern Instruments Ltd., Malvern, UK) to remove partially imaged or overlapping particles on a sample by sample basis using a combination of convexity, solidity and particle width filters. In excess of 80,000 particles were used for analysis and arithmetic and geometric data sets showing particle size distribution for the analysed particles were presented. Details of the data analysis method can be found elsewhere (Gamble et al., 2011; Gamble et al., 2015).
2.2.4 Scanning electron microscopy 
A JEOL NeoScope JCM-5000 (JEOL (UK) Ltd., Herts, UK) table top scanning electron microscope was used for acquiring SEM images.  Samples were mounted on the carbon adhesive discs and gold coated using a sputter coater.  SEM images were acquired at an acceleration voltage of 5 kV.
2.2.5 Powder X-ray diffraction 
A PANalytical X’Pert Pro MPD (PANalytical B.V., Almelo, the Netherlands) powder X-ray diffractometer was used for collecting PXRD for MA powders before and after milling.  CuK( radiation (1.541 Å) with a Nickel filter, a fixed 10mm mask, a soller slit of 0.04 rad, an antiscatter slit of 1/2o and a divergence slit of 1/4o were used for collection of spectra. 

2.2.6 Surface roughness on SS 316 bearing ball
The surface roughness of the SS 316 bearing ball was modified by mixing in 0.5 – 1 mm tabular alumina in a roller mixer (Denley, Cheshire, UK) at different time lengths (0, 6, 12, 18 and 24 hrs), respectively. The surface roughness was obtained using Optical Profilometer (OP) (Wyko NT9100, Veeco, New York, USA) in VSI mode with 500 μm back and over scan. Surface roughness, Ra = surface roughness average, Rq = root mean square, Rz = averages of the highest and deepest five peaks Rt = maximum height of the profile were obtained in this measurement. Triplicate measurements were taken at 10× magnification lens.
2.2.7 Adhesion quantification investigation

Bearing balls (5 mm diameter) with known surface roughness was place inside an evacuable infrared (IR) IR die (5 mm inside diameter) before putting any sample powders. Approximately, 50 mg of milled MA powders were then loaded into the infrared (IR) die and consolidated using a Texture Analyser (Stable Microsystems Model TA.XT2i, Stable Micro Systems, Godalming, UK) at compressional force of 10, 20, 30 and 40 N, respectively, using a SS punch (5 mm outside diameter). Further details of this technique can be found elsewhere (Shah et al., 2014a; Shah et al., 2014b; Shah et al., 2015a). All the measurements were performed with a 36 mm diameter cylindrical aluminium probe and a 5 kg load cell using a displacement compression mode with test speeds of 0.02 mm/s. After consolidation, the tablet die was inversed and the bearing ball was extruded from the die, as shown in Fig. 1. The materials which stuck to the bearing ball surface was dissolved in 2 mL methanol (see in Fig. 1) and quantified by HPLC. 
Adhesion is known to be highly sensitive to humidity and temperature. However, all adhesion measurement experiments were performed in an incubator for controlled environmental conditions. No additional temperature and humidity control was applied, and experimental environment was kept consistent for all experiments.
2.2.8 HPLC analysis
A SHIMADZU Prominence (Columbia, USA) binary High Pressure Liquid Chromatography (HPLC) with a UV detector was used in this investigation. The mobile phase was a mixture of methanol and buffer (0.02 M KH2PO4, pH = 7 adjusted by 0.1 N NaOH) in the ratio of 75:25 v/v. The mixture solvent was filtered using laboratory filter paper (Whatman, UK) and degassed in a sonicator for 15 minutes. Good peak symmetry and reproducibility were obtained using Phenomenex (Cheshire, UK) C18 (250 mm x 4.6 mm, 5 μm) column with 275 nm wavelength. The flow rate was 1.0 mL/min with injection volume set as 10 μL in this experiment. The retention time of MA was observed at about 3.6 minutes.
A standard calibration curve was prepared for quantitative calculation of MA stuck on the bearing ball at different consolidation stresses. The calibration curve was constructed by injecting different concentration of MA in methanol (100, 50, 25, 1, 0.5 and 0.25 ppm) and plotted the average peak areas against these different known concentrations.
All the experiments performed for this manuscript has been repeated at least three times and standard deviations were calculated using at least three repeats. 
3. Results & Discussion

3.1 Characterisation of MA particles 

3.1.1 Crystallinity
It is widely reported in the literature that significant amount of energy involved with the milling operation can result in various degree of disorder in the form of crystals defects to the generation of amorphous regions (Guoxian et al., 1995; Hüttenrauch et al., 1985; Mackin et al., 2002).  Cryogenic milling, which is reported to prevent/ delay the generation of amorphous content during milling, was selected to prevent formation of amorphous content. After 3 cycles of cryogenic milling, MA powders were characterised using powder X-ray diffraction to compare crystallinity before and after milling. It is evident from Fig. 4 that post-milling, the MA powder is still crystalline. The reduction in intensity can be attributed to surface defects (Shah et al., 2015b).  However, it is possible that some surface defects, imperfections, or surface amorphous patches may be present, and presence of amorphous content may affect adhesion, all experiments were performed with the same material and hence the effect of amorphous content on adhesion can be postulated to be the same for all experiments.
3.1.2 Particle size distribution
MA powders milled with 3 cycles of cryogenic milling cycles were characterised using static image analysis for particle size and shape characterisation. Arithmetic and geometric data obtained as a result of static image analysis of particles are presented in Fig. 2A and 2B respectively. Geometric particle size analysis, which is the most commonly reported analysis, is found to be broad, peaks mainly ranging from ( 20 (m to ( 40 (m.  Geometric particle size distribution suggested D10 = 5.90 μm, D50 = 17.19 μm and D90 = 37.25 μm (Fig. 2B), whereas arithmetic particle size suggested D10 = 1.40 μm, D50 = 2.86 μm and D90 = 7.00 μm (Fig. 2B).  Considering geometric particle size analysis in isolation suggests that cryogenically milled MA have particle size below 37 μm, whereas particles size below 7 μm can be concluded for arithmetic particle size analysis.
Details of arithmetic and geometric data sets and determination of particle size distribution from these data sets including advantages and disadvantages of each approach is recently reviewed by Gamble et al.(Gamble et al., 2015) 
The primary output of any image-based particle characterisation techniques is arithmetic in nature, which can subsequently be converted into the more commonly use geometric data, which is also known as surface/ area weighted data. As discussed in detail by Gamble et al. particle size is mainly reported in terms of particle volume, that is the diameter of sphere of equivalent volume to the originally measured particle. Arithmetic data are sensitive to numbers of particles characterised as it does not add weighting based on size, area, or volume of each particle.  The distribution plots for arithmetic data applies a frequency function on y-axis based on the total number of particles characterised, whereas geometric distribution applies frequency function on the basis of total volume of particles within the sample.  D50 for arithmetic distribution means median size at 50% of the particles, by number, are less than a said value, whereas that of geometric distribution means median size at 50% of the total volume is less than referred value (Gamble et al., 2015).

Although geometric data are most commonly reported data, arithmetic mean is much more sensitive to the fines and ends of size distribution (Gamble et al., 2015) and as demonstrated in this study can be useful in providing context to the meaning of geometric data. Reporting of geometric or arithmetic mean in isolation may not be entirely representative of particle size distribution and should be considered in context, suggesting that MA sample obtained after 3 cryogenic milling cycles in this study appears to have two distinct classes of particle within the batch, fine primary particles (( 2 μm) and coarser agglomerated particles (( 50 μm).  
Overall, 3 cycles of cryogenic milling has resulted in providing coarse particles with diameter in (100 (m range, which represents particles sizes typically used for formulation of active pharmaceutical ingredients with poor solubility (Kawashima, 2001; Vandana et al., 2014). 
3 cycles of cryogenic milling has resulted in providing coarse particles with diameter (100 (m, which represents particles sizes typically used for solid dosage form formulation of active pharmaceutical ingredients (Kawashima, 2001; Vandana et al., 2014). This study aims to investigate adhesion/ sticking of material representative of milled materials.  Milling is the most common particle size reduction method used in industry and results in uncontrolled breakage of particles, resulting in wide particle size distribution.  Presence of large and small particles is a result of milling. As recently shown by Shah et al., milling can result in uncontrolled breakage of the particles resulting fine particles, which can also coat the surface of coarse particles or form agglomerates (Shah et al., 2015a).
Considering that the presence of fines may affect adhesion of milled particles, it would be interesting to qualitatively characterise particle sizes, which may also suggest whether fines are present as an individual particles, or agglomerates, or fines are covering the surface of coarse particles.

Fig. 3 shows the microstructure of the MA crystals obtained after 3 cryogenic milling cycles. Electron microscopy was conducted to qualitatively complement particle size and shape characterisation findings obtained with static image analysis characterisation methods.  Furthermore, scanning electron micrographs have not only corroborated presence of broad particle size distribution characterised by static image analysis, but also provided valuable insight on presence of fine particles ((2(m) on the surface of coarse particles/ agglomerates ((50(m) (Fig. 2). 

Such findings agrees very well with the scanning electron micrographs presented recently by Shah et al. for MA crystals milled at 3 cryogenic milling cycles (Shah et al., 2015a).  Furthermore,  SEM images qualitatively supports particle size and shape characterisation findings obtained from Morphologi G3 in this study.
3.2  Surface roughness characterisation of SS surfaces
Roughness is characterised by amplitude parameters on the basis of vertical deviation of roughness profile from mean line. Arithmetic average of absolute values is the most commonly used amplitude parameters to define roughness of surfaces (Whitehouse, 2002), and selected as a parameter to define surface roughness of balls.  As shown in Table 1, all the amplitude parameters (Ra = surface roughness average, Rq = root mean square, Rz = averages of the highest and deepest five peaks, and Rt = maximum height of the profile) increase as the milling time of the SS balls increase.  The definition and details of amplitude parameters, including pros and cons for each parameter, are detailed elsewhere (Whitehouse, 2002).
The surface roughness Ra increases linearly as the milling time increase. The Ra value is about 289 nm when milling time t = 0 hr. It reaches about 409 nm after 24 hrs milling time. The surface roughness measurements of these SS bearing balls after 0, 6, 12, 18 and 24 hrs milling are shown in Fig. 5. Note a blue circle is observed in the sample when milling time t = 0 hr (see Fig. 5A). This effect becomes less pronounced as the milling time increases (see Fig. 5B – E). The blue circle observed in Fig. 5 might due to the spherical surface of the sample used in this experiment. Because of the slow milling speed from the roller mixer, a homogeneously polished surface can be obtained with small errors shown in the OP measurements.
3.3  Quantification of amount adhering to SS surfaces 
In order to understand the effect of adhesion between MA powders (after 3 cryogenic milling cycles) and the surface roughness of SS 316 bearing ball (after 0, 6, 12, 18 and 24 hrs milling time), HPLC was used to quantify the materials stuck on the surface at different consolidation forces (10, 20, 30 and 40 N), respectively. As shown in Fig. 6, the amount of MA powders stuck on the surface increased as the consolidation force increase. Note that the standard deviation of the measurement increases as the consolidation forces increase from 10 to 40 N. This may due to the error obtained from the TA instrument. Moreover, the gradient and the concentration intercept decreases as the surface roughness decreases. The local surface roughness may result in adhesion variation at specific patches of very small areas. However, a large surface area (half of the 5 mm diameter bearing ball surface) is employed such that the measurement is affected by the overall particle roughness.  Surface energy heterogeneity, surface charges, surface chemistry of powders, presence of fines, surface roughness, and shape of particles may effect cohesion, and were kept constant in this study. All experiments were performed with powders milled at the same milling temperature and milling cycles, resulting in similar particle size distribution, shape, surface roughness, and surface heterogeneity of powders (Shah et al. 2015a). Furthermore, to avoid any charging effect on SS balls post milling, balls were rested and allowed to discharge before they were used for any experiments.
3.4 Effect of SS surface roughness on amount adhering to the surface 
The amount of MA adhering to the SS balls with five different surface roughnesses is plotted as a function of consolidation stress in Fig. 6. With increasing consolidation stress, adhesion amount was found to increase linearly with increasing roughnesses. A best linear regression fit was obtained for amount adhering as a function of consolidation stress. The linear extrapolation of best-fit line to obtain intercept of trend line with the x-axis provides the minimum amount of consolidation stress required to induce adhesion. Fig. 7 provides surface roughness as a function of minimum amount of consolidation stress required to induce adhesion. It is evident from Fig. 7 that the increase in surface roughness results in an exponential decay in consolidation stress required to induce adhesion. The average surface roughness of 289nm requires 182.63 kPa consolidation stress, whereas 407nm requires no consolidation stress required to induce adhesion.

4. Conclusion

This study presents a simple approach for the quantification of adhesion/ sticking which involves equipment and characterisation instruments readily available in most pharmaceutical or analytical laboratories. The approach is easy to use, primary results are easy to analyse, and can very quickly quantify the adhesion tendency of pharmaceutical powders. It was further validated to qualitatively investigate effect of metal surface roughness on adhesion of MA. An increase in metal surface roughness resulted in an increase in cohesion. By increasing the average roughness from 289 nm to 407 nm, a 2.5 fold increase in amount adhering to metal was observed, highlighting the role of surface roughness. The simplicity of experimental design and operational ease, may lead to understanding of powder adhesion.
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Table 1. Surface roughness of the bearing balls after different milling time lengths (0, 6, 12, 18 and 24 hrs).
	Milling Time (hrs)
	Ra (nm)
	Rq (nm)
	Rz (nm)
	Rt (nm)

	0
	288.8±4.4
	380.6±12.6
	5700±800
	9000±1700

	6
	303.5±0.8
	433.7±5.9
	8900±500
	17700±3400

	12
	352.7±11.9
	525.3±10.6
	12500±3100
	18400±4200

	18
	386.7±7.9
	570.4±8.2
	17800±2500
	34300±9100

	24
	407.7±8.9
	603.9±17.2
	17400±2000
	36300±4800
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Figure 1. Scheme of the adhesion quantification analysis.
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Figure 2 
(A) Arithmetic (number weighted, circle equivalent), (B) Geometric (volume weighted, circle equivalent) particle size distributions of mefenamic acid particles after 3 cryogenic milling cycles.
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Figure 3. Mefenamic acid crystals obtained after 3 cryogenic milling cycles.
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Figure 4. PXR diffractograms showing crystallinity of mefenamic acid particles before and after 3 cycles of cryogenic temperature milling.
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Figure 5. Optical Profilometer scans of the stainless steel bearing balls after 0, 6, 12, 18 and 24 hrs (A to E) milling in 0.5-1 mm α-Al2O3, respectively.
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Figure 6. HPLC analysis of MA (3 cryogenic milling cycles) stuck on bearing ball surface with different surface roughness (0, 6, 12, 18 & 24 hrs), respectively.
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Figure 7. Average surface roughness as a function of minimum consolidation stress required to induce adhesion.
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