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Orodispersible Films 
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Supervisor (s):  Robert O. Williams III and James W. McGinity 

 

Orodispersible films (ODFs) are an advantageous dosage form, particularly for 

pediatric and geriatric populations, due to their ease of administration. ODFs are 

predominantly manufactured by solvent casting using aqueous or organic solvents. 

However, this process may be limited by long drying times for aqueous systems, required 

solvent handling capabilities and residual solvent testing for organic solvents, or due to 

moisture or solvent sensitive active pharmaceutical ingredients (API). Additionally, 

solvent casting can produce non-uniform doses due to API aggregation in solution or 

during drying.  

More recently, electrostatic powder coating has been adapted as a dry powder 

process for coating pharmaceutical dosage forms, such as tablets and pellets.  

Electrostatic powder coating is advantageous as it eliminates the need for solvents and 

exhibits greater transfer efficiencies than non-electrostatic dry powder coating. In this 

work, this technology was further modified to utilize electrostatic powder deposition 

(ESPD) as a dry powder process to prepare ODFs.  

Low molecular weight polyethylene oxide (PEO) was investigated as the film-

forming polymer for use with ESPD. The influence of processing parameters, such as 

charging voltage, curing conditions, and substrate roughness, on PEO deposition 
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behavior and film formation were investigated. The deposition behavior of PEO was 

significantly influenced by the environmental humidity during processing due to its 

impact on the particle resistivity. The PEO films prepared by ESPD exhibited favorable 

mechanical properties, a low degree of adhesion to the substrate, and rapid disintegration.  

Drug-containing films were prepared using physical mixtures and composite 

particles of acetaminophen (APAP) and PEO. Films prepared using a physical mixture 

exhibited significantly higher drug content variability. The active films exhibited 

favorable mechanical properties due to the plasticizing effect of APAP on PEO. 

Additionally, the films exhibited rapid drug release in vitro, with greater than 85% drug 

release by two minutes. 

 Films with increasing drug load were prepared using ESPD utilizing both 

physical mixtures and composite particles of benzocaine (BNZ) and PEO. Films prepared 

using physical mixtures were superpotent due to preferential deposition of the charged 

BNZ particles during ESPD. The complex viscosity profile of the composite particles 

were shown to decrease with increasing drug loading, enabling lower cure temperatures 

for film formation. Films produced using the composite particles exhibited low adhesion 

to the substrate and rapid in vitro drug release. However, the composite particles of the 

highest drug load showed greater crystalline BNZ content than the lower drug loads, 

resulting in a decrease in its mechanical properties, as well as a slightly reduced 

dissolution rate.  

Ultimately, this body of work demonstrated that ESPD could be utilized as a 

solvent-free process to prepare orodispersible films with favorable mechanical and drug 

release properties. Additionally, the use of composite particles has been shown to be 

advantageous to produce particles with favorable electrical properties, ensure film drug 

content uniformity, and enable reduced cure temperatures. 
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Chapter 1:  Electrostatic Powder Coating: Principles and Pharmaceutical 1 
Applications1 2 

 3 

1.1 ABSTRACT  4 

A majority of pharmaceutical powders are insulating materials that have a tendency to 5 

accumulate charge. This phenomenon has contributed to safety hazards and issues during powder 6 

handling and processing. However, increased understanding of this occurrence has led to greater 7 

understanding and control of processing and product performance. More recently, the charging 8 

of pharmaceutical powders has been employed to adopt electrostatic powder coating as a 9 

pharmaceutical process. Electrostatic powder coating is a mature technology used in the 10 

finishing industry and much of that knowledge applies to its use in pharmaceutical applications. 11 

This review will serve to summarize the principles of electrostatic powder coating and highlight 12 

some of the research conducted on its use for the preparation of pharmaceutical dosage forms. 13 

 14 

1.2 INTRODUCTION  15 

The concept of electrostatic coating was recognized in the 1930s and 1940s (Pugh, 1932; 16 

Ransburg and Green, 1941). Electrostatic coating involves the charging of particles, spraying or 17 

atomization of the charged particles, and the deposition of the charged particle onto a grounded 18 

substrate. The deposited particles are then cured, usually by heat, to produce a film. The benefits 19 

of electrostatic powder coating include the ability to coat without the use of solvents, organic or 20 

aqueous. The use of organics solvents is undesirable from an environmental and operating cost 21 

standpoint, as handling and collection systems must be in place to avoid exposure to operators 22 

and release of volatiles into the environment. The use of aqueous solutions or suspensions 23 

usually requires longer processing times and high-energy consumption due the slow drying rate 24 

                                                
1 This work has been published in Prasad, L.K., McGinity, J.W., Williams Iii, R.O., 2016. Electrostatic powder 
coating: Principles and pharmaceutical applications. International Journal of Pharmaceutics 505, 289-302. 
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of water (enthalpy of vaporization: 40.65 kJ/mol). Additionally, it was found that transfer 25 

efficiencies of the electrostatic powder coating process were greater than seen with conventional 26 

liquid spray coating or dry powder fluidized bed processes (Misev and van der Linde, 1998; 27 

Wicks et al., 2007). Electrostatic powder coating also yields higher transfer efficiencies when 28 

compared to dry powder coating without utilizing electrostatic charge (or nonelectrostatic 29 

powder coating); generally 20% higher transfer efficiencies are seen with the application of 40- 30 

100kV charging voltage, with these efficiencies increasing with decreasing particle size of 31 

coating material (Ratanatriwong and Barringer, 2007; Yousuf and Barringer, 2007). In addition 32 

to greater than 80-90% transfer efficiencies reported with electrostatic powder coating, recycling 33 

systems have allowed for 100% recovery of coating powder, further decreasing manufacturing 34 

waste (O'Neill and Bright, 1978; Sims et al., 2001). Increasingly strict environmental laws 35 

limiting volatile organic compound (VOC) emissions from coating solvents led to the rapid 36 

adoption of this technology by the metal finishing industry, both in Europe and the USA, in the 37 

1960s and early 1970s (Castle, 2011; Wicks et al., 2007). Continued efforts for more 38 

environmentally friendly and energy efficient processes in other industries lead to use of this 39 

technology to treat electronics, plastic, and wood products and has even been adapted for use in 40 

food processing (Barringer and Sumonsiri, 2015).  41 

 More recently, electrostatic powder coating has been investigated for use in 42 

pharmaceutical manufacturing (Sauer et al., 2013). As many pharmaceutical powders are 43 

classified as insulating materials, they are amenable to charge accumulation with slow charge 44 

decay, making them suitable for use with electrostatic powder coating (Watanabe et al., 2007). 45 

Dry powder coating in pharmaceutical processing can be advantageous for manufacturing 46 

without the need for solvents, particularly when processing moisture sensitive active 47 

pharmaceutical ingredients (APIs) or biologics. It also eliminates the need for microbial testing 48 

of coating solutions/suspensions and reduces processing times and energy consumption, thus 49 

reducing operating costs. Electrostatic powder coating has also been shown to increase dry 50 

powder coating efficiencies, reported as higher coating levels obtained during tablet coating 51 
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when compared to dry powder coating without applied voltage (Qiao et al., 2010b). The higher 52 

transfer efficiencies of electrostatic powder coating make this technique attractive to move 53 

towards more environmentally friendly and energy efficient dry powder coating of 54 

pharmaceuticals. This review will summarize the principles of electrostatic powder coating and 55 

highlight some of the applications of electrostatic powder coating to prepare pharmaceutical 56 

dosage forms. 57 

 58 

1.3  ELECTROSTATIC POWDER COATING 59 

Coatings utilized by the finishing industry are primarily formulated to prevent corrosion 60 

of metals, especially in environments of extreme heat and/or moisture (Wicks et al., 2007). The 61 

cost savings due to the increased efficiency and reduced processing times, as well as the 62 

environmentally and regulatory friendly operation provided by electrostatic coating is invaluable. 63 

Over the last 40-50 years, development efforts continued to address other coating challenges, 64 

such as the ability to produce semi-conductive and corrosion resistant coatings for electronics 65 

(Radhakrishnan et al., 2009), improve temperature resistance (Kiefer, 2004), further increase 66 

efficiencies (Weiss, 1997), and enhance the appearance of the coating layer for aesthetic 67 

purposes (Meng, 2009). The technique was further advanced for the treatment of other 68 

substrates, such as wood, plastic and even paper (Barletta and Gisario, 2009; Cazaux, 2007; 69 

Mazumder et al., 2006). Due to the broad application of this technology, there is a significant 70 

amount of knowledge surrounding the utilization of electrostatic powder coating. This section 71 

will serve to summarize the principles of electrostatic powder coating, specifically the 72 

mechanisms of electrostatic charging, film formation, and adhesion of the film to the substrate. 73 

 74 

1.3.1 Principles of Electrostatics 75 

Particles can be charged by two mechanisms: triboelectric or corona charging. 76 

Triboelectric charging describes charge accumulation due to friction. “Tribo-“ is derived from 77 
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Greek meaning “to rub”. This mechanism of charging results from the contact or rubbing of two 78 

dissimilar surfaces, the transfer of electrons from one surface to the other followed by the 79 

separation of the two surfaces, resulting in oppositely charged surfaces or charge separation. 80 

Triboelectrification is the primary mechanism of electrostatic charge generation during powder 81 

handling, a phenomenon that is heavily studied in pharmaceutical manufacturing processes 82 

(DesRosiers Lachiver et al., 2006; Pu et al., 2009; Rowley, 2001). Triboelectric guns are 83 

designed to facilitate maximum particle to gun wall interactions or contacts and therefore 84 

increase the charge accumulation of the fluidized particles, as shown in Figure 1.1. The gun wall 85 

is usually composed of PTFE, which has a tendency to become negatively charged, leading to 86 

particles that are positively charged; however, this can be modified if negatively charged 87 

particles are desired (Bailey, 1998; Peart, 2001).  88 

Tribocharging is highly complex and can be difficult to predict. Particle charge 89 

accumulation from triboelectric charging was initially approximated using a work function 90 

theory based on the contact charging between metals and iterations of the model were developed 91 

to better predict the charging of the insulating materials used in electrostatic coating processes 92 

(Bailey, 1998; Matsusaka et al., 2010). More recently, Matsusaka et al. provided a 93 

comprehensive review on the concepts and theories to better model the charge transfer during 94 

triboelectric charging; therefore, these theories will not be discussed further in this review 95 

(Matsusaka et al., 2010). Tribocharging is strongly influenced by numerous factors including 96 

environmental conditions (relative humidity, temperature), number of collisions and duration of 97 

contact, and particle properties such as electrical resistivity (greater than 1012 Ω m generally 98 

required) and surface roughness.  99 

Corona charging describes the charging of particles by passing them through an electric 100 

field in the presence of free ions, also referred to as a corona discharge. A corona discharge is a 101 

process by which current flows, usually through a gas, from a point of high potential to a neutral 102 

or grounded substrate, generating free ions near the region of high potential in the process. A 103 

corona source, such as the corona gun shown in Figure 1.2, consists of an electrode, usually a 104 
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highly curved rod or a small diameter wire to create the greatest potential gradient, and a high 105 

applied voltage (usually 60-100kV) to strip electrons from the surrounding gas molecules to 106 

produce free ions. The area between the emitting electrode of high potential and the grounded 107 

substrate, usually a plate or cylinder, produces a strong electric field to facilitate the discharge 108 

phenomenon (Bailey, 1998; Giacometti and Oliveira Jr, 1992). Particles can be charged by two 109 

mechanisms in the presence of free ions: 1) field charging and 2) diffusion charging. Introducing 110 

a particle to the electric field alters the field, resulting in free ions being directed to and adsorbed 111 

by the particle as shown in the inset of Figure 1.2; this is referred to as field charging. Diffusion 112 

charging is induced by collisions between ions and particles due to the random motion of the 113 

ions in the gas. Diffusion charging tends to occur in the absence of an electric field and usually 114 

with very small particle sizes (less than 0.2 μm) (Lee, 2006; Meng, 2009). Due to the strong 115 

electric field produced by the corona discharge and the recommended particle size range (1-100 116 

μm) for use with corona guns, field charging is the predominant charging mechanism for 117 

electrostatic coating processes using corona charging.  118 

With field charging, Pauthenier’s equation (equation 1) of particle charge accumulation 119 

through a corona field can be used to derive the maximum charge accumulation or charge limit 120 

(equation 2) for a given particle (Bailey, 1998). However, these equations assume the particle to 121 

be conductive and that the imparted charge can be distributed uniformly along its surface. Thus 122 

these equations may not be completely accurate when applied to the corona charging of 123 

insulating particles, particularly with respect to the maximum charge limit (Adamiak, 2003; 124 

Masuda and Washizu, 1979). 125 

 126 
! ! = 4!!!!!! !

!!! [1+ 2 !!!!
!!!!

]   (1.1) 127 
 128 
 129 

!!"# = 12!!!!!!      (1.2) 130 

!
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where r is the particle radius, ε0 is the absolute permittivity, εr is the relative permittivity of the 131 

powder, E is the field strength, and τ is the charging time constant, which is a function of the 132 

absolute permittivity, number and mobility of ions, and the electronic charge.  133 

 134 

Corona charging can be utilized with both insulating and conductive materials making it 135 

a more flexible charging process. Additionally, particle trajectories from corona charging, albeit 136 

a combination of electrostatic and aerodynamic forces, can be better modeled due to the presence 137 

of the electric field. Corona charging is considered to be a more robust charging process than 138 

tribocharging; however, the presence of excess free ions, with only about 10% of the ions carried 139 

by the charged particles (Bailey, 1998; Mazumder et al., 2006), can lead to a higher incidence of 140 

back ionization. Back ionization, also referred to as back corona, is a phenomenon where 141 

deposition of incoming charged particles is prevented due to a high repulsive charge from the 142 

already deposited particles or when ions of opposite polarity are formed that then neutralize the 143 

incoming particles as shown in Figure 1.3. Oppositely charged ions can also neutralize or 144 

oppositely charge particles already adhered to the substrate leading to the ejection of particles 145 

from the deposited powder surface, which can result in surface defects (Hoburg, 1982). Back 146 

corona occurs when the apparent field strength in the deposited powder layer is greater than its 147 

breakdown field strength, as described in equation 3.  Thus, powders of high resistivity, usually 148 

greater than 1013 Ω m, are associated with a greater occurrence of back ionization (Masuda and 149 

Mizuno, 1977). McLean summarized three requirements for the formation of back ionization as 150 

follows: 1) a porous layer so that gaseous breakdown can take place, 2) a high electric field 151 

across the layer, and 3) a supply of incoming ions (McLean, 1988). All of these requirements are 152 

established during corona charging, making this process susceptible to back ionization.  153 

 154 

!! = !!!! > !!      (1.3) 155 

 156 

 157 
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where Ed is the electrical field of the across the deposited powder layer, ρd is the resistivity of the 158 

deposited powder, J is the current density, and Eb is the electrical breakdown field of the powder 159 

layer. 160 

 161 

 162 

Figure 1.1 Schematic of triboelectric gun designed to facilitate maximum particle to gun wall 163 
collisions (shown in inset). 164 
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 165 

Figure 1.2  Schematic of corona gun, which applies high voltage to an electrode to produce 166 
corona discharge and electric field; particles undergo field charging (shown in inset) 167 
due to distorted electrical field and free ion adsorption. 168 
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 169 

Figure 1.3 Back ionization caused by the formation oppositely charged ions. 170 

 171 

The electrical properties of the coating powder, both intrinsic and during charging, allow 172 

for the characterization and optimization of the electrostatic coating process. The resistivity of a 173 

powder is generally reported as bulk or volume resistivity (Ω m) and can be measured using a 174 

resistivity meter. Per ASTM D-257, volume resistivity of insulating materials is measured by 175 

applying a voltage (usually 100-500V) to a sample for a period of time (usually 60s) and 176 

measuring the resulting current; volume resistivity can be calculated by simply applying Ohm’s 177 

Law as shown in equation 1.4. Due to the low resultant current (nA to μA) from insulating 178 

materials, the electrometers used for these measurements must be equipped to apply a relatively 179 

high voltage and read low amperage. Additionally, standard resistivity meters require the use of a 180 

film or compacted sample; however, powder resistivity meters have been developed are now 181 

commercially available to measure properties of powder samples. 182 

  183 
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!! = !! (!!!)/(!!!)      (1.4) 184 

where A is the effective area of the guarded electrode, V is the applied voltage, t is the sample 185 

thickness or electrode spacing, and I is the measured current.  186 

 187 

 The charge accumulation on a particle is typically described by the charge to mass 188 

ratio (q/m). This measurement can be carried out using a simple Faraday cup, whereby a charged 189 

powder of known mass is placed in a grounded conductive metal cup shielded by an insulating 190 

wall. The cup is connected to an electrometer and the resulting current is measured and used to 191 

calculate the total charge on the sample mass. To enable measurements of in-flight particles, 192 

such as those being charged using a corona gun, a modified Faraday system using a vacuum has 193 

been utilized to collect samples for measurement (Meng et al., 2009), as shown in Figure 1.4. 194 

While the Faraday measurement can determine charge to mass ratio of a collected sample, the 195 

Electrical Single Particle Aerodynamic Relaxation Time or ESPART analyzer can measure the 196 

charge and aerodynamic particle size simultaneously and in real-time (Mazumder et al., 1991; 197 

Stark et al., 2008). For high resistivity materials, charge accumulation is a surface effect and thus 198 

can be significantly influenced by the particle size of the charged powder; thus, the simultaneous 199 

measurement can provide valuable information for a given powder formulation and/or charging 200 

process. 201 

 202 

 203 

Figure 1.4 Modified Faraday system utilizing vacuum suction to collect samples in-flight 204 
(reprinted with permission from (Meng et al., 2009)) 205 
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 206 

Other electrical parameters that can affect or be used to characterize the performance of 207 

the electrostatic coating operation include the gun potential (kV) and current (μA), which are 208 

typically tunable by the corona gun controller, as well as the electrical field (V/m) and space 209 

permittivity (F/m) (Hughes, 1984).  210 

Factors that influence particle charging include particle electrical resistivity, size distribution and 211 

shape and flow properties (Bailey, 1998; Mazumder et al., 1997). The majority of powders used 212 

with electrostatic powder coating have resistivity values of greater than 1010  Ω m. Lower 213 

resistivity values can lead to quicker charge dissipation and loss of electrostatic forces holding 214 

particles to the substrate. Higher resistivities allow for charge accumulation with slow charge 215 

dissipation, which facilitates adhesion to the substrate through the curing process. However, very 216 

high resistivity can lead to a high charge accumulation and the induction of back ionization; this 217 

often results in a self-limiting layer thickness (Hughes, 1989; Mazumder et al., 2006). Particle 218 

size also influences charge accumulation. Smaller particles sizes generally acquire higher charge- 219 

to-mass ratios, which can induce back ionization and result in relatively thin powder layer 220 

deposition; however, smaller particles also produce more consistent and uniform deposition, as 221 

well as smoother films upon curing. Larger (also referred to as coarse) particles sizes, usually 222 

defined as having a d50 greater than 30-40 μm, can produce final film with a rough surface. This 223 

appearance can be attributed to a slower or incomplete coalescence and leveling of the film 224 

during curing (discussed in the next section), but can also be due to reduced deposition 225 

uniformity as larger particles have a tendency to lose charge faster than smaller particles (Shah et 226 

al., 2006a). Particle size distribution can also affect deposition behavior (Barmuta and Cywiński, 227 

2001). Meng et al. showed that using coarse particles electroseparation occurred such that the 228 

smaller particles preferentially deposited onto the substrate (Meng et al., 2009). Alternatively, in 229 

ultrafine particle size distributions, defined as having d90 less than 30-40 μm, the finer particles 230 

are lost to overspray with preferential deposition of the large particles in the distribution.  231 
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As mentioned earlier, the deposition behavior of charged particles is a function of 232 

electrostatic and aerodynamic forces. Finer particles sizes tend to have poor fluidization 233 

behavior, as they tend to be more cohesive in nature. Low airflow rates may be insufficient to 234 

break up agglomerates and/or provide good fluidization, but conversely, high airflow rates can 235 

lead to overspray of fine particles, resulting in poor transfer efficiencies (Mazumder et al., 1997). 236 

Coarse particles are more likely to follow the electrostatic field towards the substrate as opposed 237 

to the airflow; however, if the distance between the gun and the substrate is too far, they can be 238 

affected by drag and gravitational forces (Shah et al., 2006b). Overall, electrostatic charging is a 239 

complex, but well studied phenomenon that is widely utilized due to the high transfer 240 

efficiencies achieved when compared with non-electrostatic powder coating (Shah et al., 2006b; 241 

Yousuf and Barringer, 2007). 242 

 243 

1.3.2 Principles of Film Formation 244 

In conventional solvent-based coating processes, the solvent and evaporation of solvent, 245 

respectively act to as a temporary plasticizer and to provide capillary forces to aid in film 246 

formation. In the absence of solvent, film formation is primarily driven by the coalescence of 247 

discrete powder particles and leveling of the coalesced particles to produce smooth and even film 248 

layer, as shown in Figure 1.5. The deposited dry powder is subject to heat to promote particle 249 

deformation and fusion with surrounding particles. As more and more particles coalesce, there is 250 

a reduction of void spaces leading to an overall reduction in free volume in the film layer; this is 251 

referred to as the leveling process. The leveling or spreading process will determine the final 252 

thickness of the film, as well as the smoothness of the surface of the film layer. When the heat is 253 

removed, the coalesced and leveled film layer will harden to produce the final, dry film. 254 

Polymers that are cured by application of heat and coalescence of particles as described above 255 

are classified as thermoplastic polymers (Sauer et al., 2013; Wicks et al., 2007). There are many 256 

other polymers types that are cured by different modes in addition to or in place of heat. For 257 
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example, thermosetting polymers are predominantly used in the finishing industry. These 258 

polymer particles coalesce, but additionally undergo chemical crosslinking to form the final film. 259 

Many of these thermosetting polymers allow for shorter processing times, making them desirable 260 

for high throughput industries, including automotive and electronics.  Additionally, there are 261 

polymers that can form films through free radical or UV polymerization (Wicks et al., 2007). 262 

However, as many of these chemically reacting polymers are not applicable for pharmaceutical 263 

applications, they will not be discussed further in this review. 264 

 265 

 266 

 267 

Figure 1.5 Mechanism of film formation of dry powder coating particles (reprinted with 268 
permission from (Sauer et al., 2013)). 269 

 270 

For thermoplastic polymers, particle deformation occurs at temperatures at or above the 271 

melting point of a polymer, where the material transitions from solid to liquid, or above the glass 272 

transition of a polymer, where there is increased molecular mobility of the solid.  The majority of 273 

polymers used for coating processes are synthetic or semi-synthetic and are relatively large 274 
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molecular structures, which are more likely to be semi-crystalline or amorphous in nature (Wicks 275 

et al., 2007). Thus, the glass transition temperature, Tg, is often considered when determining 276 

conditions for the curing process. At temperatures above Tg, the viscosity of the polymer 277 

decreases allowing for particle deformation. High molecular weight polymers tend to be highly 278 

viscous and may require temperatures markedly higher than the Tg to facilitate particle 279 

deformation and coalescence. Alternatively, a plasticizer may be incorporated to decrease the Tg 280 

to enable lower curing temperatures. In addition to adequate viscosity for particle deformation, 281 

increased surface energy is needed to facilitate particle coalescence and leveling (Andrei et al., 282 

2000; Mazur et al., 1997). As with the use of plasticizers to promote melt flow, additives can be 283 

incorporated into the coating material to reduce surface tension, if needed.  284 

 The polymer viscosity, surface tension, and particle size has been shown to 285 

influence the time needed for film coalescence, as shown in equation 1.5 (Sauer et al., 2013). 286 

The viscosity of the polymer is a factor of the polymer molecular weight and the temperature 287 

used for curing of the film; temperature can also influence the surface energy of the polymer. 288 

 289 
! = !"#/!      (1.5) 290 

 291 

where k is a constant, μ is the polymer viscosity, r is the radius of the powder particle, and γ is 292 

the surface tension.  293 

 294 

1.3.2 Principles of Adhesion 295 

Much of finishing industry involves the electrostatic powder coating for the treatment of 296 

metal surfaces; however, this has expanded to include surface treatments of substrates such as 297 

wood and plastic. To limit the scope and length of this discussion, this section will focus on the 298 

mechanisms of polymer adhesion to metal substrates. A later section will discuss mechanisms of 299 

adhesion of coating to pharmaceutically relevant substrates. Adhesion describes the tendency or 300 

degree to which two dissimilar surfaces are held together. For this review, adhesion pertains to 301 
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the permanent or semi-permanent adhesion of the coating layer to the substrate, for example 302 

post-curing.  Mechanisms of polymer to metal adhesion include mechanical interlocking, 303 

chemical bonding, boundary layer forces, and electrostatic interactions (Ramarathnam et al., 304 

1992; Wicks et al., 2007). Mechanical interlocking occurs due to the penetration of coating into 305 

macroscopic pores on the metal surface; upon hardening, this interlocking along the surface of 306 

the metal increases the adhesive strength of the coating layer. To facilitate mechanical 307 

interlocking, most metals must undergo abrasive blasting to create the rough surface needed for 308 

this type of adhesion. 309 

Chemical pretreatment of metals are conducted to mildly etch and precipitate functional 310 

groups onto the surface of the metal (Ramarathnam et al., 1992; Wicks et al., 2007). These 311 

functional groups are then available to form chemical bonds with the coating material to 312 

strengthen adhesion. These chemical treatments can be done using zinc phosphates, chromium, 313 

silanes or other chemicals (Gray and Luan, 2002; Puig et al., 2014). Although, chemical 314 

pretreatments have been utilized since the early years of metal coating, development efforts 315 

continue to identify pretreatments that are environmentally compliant and less hazardous to 316 

operators (Puig et al., 2014; Subramanian and van Ooij, 1999). The latter two mechanisms of 317 

adhesion, boundary layer and electrostatic interactions, are relatively weak and though usually 318 

present, are not the primary mechanisms for long-term or permanent adhesion. 319 

Measuring adhesive strength can be very difficult and there are various methods of 320 

measurement utilized across the industry. Early direct measurement techniques to evaluate 321 

adhesive strength included peel tests and tape peel tests. The peel test is simply measuring the 322 

force, quantitatively or qualitatively, to peel the coating from the substrate. This test can be done 323 

at varying angles and speeds; however, the film must be strong enough to remain intact with the 324 

applied force in order to make a robust measurement. This test method has been more recently 325 

developed for use in conjunction with a tensile test apparatus (Kim et al., 2002). The tape peel 326 

test, sometimes referred to as the “scotch tape” test, is a variant of the peel test that utilizes an 327 

adhesive tape applied to the coating layer. This applied tape is then peeled off and observations 328 
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of the test surface are made. This test has numerous factors than can affect the results, including 329 

the properties of the adhesive tape and its ability to reproducibly adhere to the coating layer, 330 

making this test more qualitative in nature (Awaja et al., 2009; Lacombe, 2005). A pull test was 331 

developed to quantitatively measure adhesive strength, whereby a test stud is attached to the 332 

coating layer. The test stud is then pulled off under very controlled conditions using a tensile test 333 

instrument and the force to failure is measured.  334 

Many surface characterization techniques have been developed to measure adhesive 335 

strength, particularly with thin film coatings. Awaja et al. summarized many of these methods in 336 

a relatively recent review on polymer adhesion (Awaja et al., 2009). The methods summarized 337 

include time-of-flight secondary ion mass spectrometry (ToF-SIMS), X-ray photoelectron 338 

spectroscopy (XPS), atomic force microscopy (AFM), secondary electron microscopy (SEM), 339 

attenuated total reflectance infrared spectroscopy (ATR-IR) and other microscopy techniques. A 340 

comprehensive list of methods used to test adhesive strength of coatings can also be found in the 341 

Paint and Coating Testing Manual: 15 edition (Koleske, 2012) and Adhesion Measurements 342 

Methods: Theory and Practice (Lacombe, 2005). 343 

 344 

1.4  APPLICATION OF ELECTROSTATIC POWDER COATING IN PHARMACEUTICALS 345 

A majority of pharmaceutical powders have high resistivity values (greater than 108 Ω m) 346 

making them susceptible to charge accumulation with slow charge decay (Blythe, 1984; 347 

Grosvenor and Staniforth, 1996). The industrial implications of this include combustion 348 

potential, poor flow properties and powder adhesion to equipment walls (Bailey, 1984; Wong et 349 

al., 2015). Powder ignition requires multiple steps including charge generation, charge 350 

accumulation, electrostatic discharge, and an ignition source (Glor, 1985; Glor, 2003). Knowing 351 

these steps, as well as the tendency of a given powder to accumulate charge, the operations that 352 

said powder will undergo, and the minimum ignition energy (MIE) of the powder allow one to 353 

take necessary precautions to prevent dust explosions during powder processing operations 354 
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(Gibson, 1997; Paasi et al., 2001). Issues of blend and dosage form homogeneity can be an issue 355 

if powder-equipment surface adhesion and/or poor flow properties result of charge accumulation. 356 

Pu et al. studied the effects of charging on homogeneity of binary mixtures using blending 357 

procedures with and without charge control (Pu et al., 2009). Interestingly, neutralizing the blend 358 

showed a decrease in blend homogeneity compared to the uncontrolled blend, indicating charge 359 

accumulation in powder can benefit the blending process. Blending with corona charging 360 

showed that when the API, caffeine, was negatively charged with lactose or microcrystalline 361 

cellulose positively charged, blend homogeneity improved when compared to the uncharged 362 

control, showing that attractive forces between API and excipient can be advantageous to 363 

produce homogeneous mixtures. Hao et al. measured the charge of an uncontrolled (no applied 364 

charged) blending process and showed that there was a cyclical pattern of charge distribution, 365 

with periods of less disparity in measured charge correlating with periods of greater blend 366 

homogeneity, demonstrating the measurement of charge can be used as a tool for process 367 

development or even as an in-process control (Hao et al., 2013).  368 

Powders with large surface area to volume ratios have a tendency for high charge 369 

accumulation (Murtomaa et al., 2004; Rowley, 2001); therefore, micronized or micron-sized 370 

powders are especially prone to the effects of electrostatic charging. Considering the particle size 371 

ranges used for pulmonary delivery, less than 10 μm, the formulation and performance of 372 

aerosols and dry powder inhalers can be influenced by electrostatic charge accumulation. Chang 373 

et al. showed that increased charge accumulation of micron sized particles led to increased 374 

deposition efficiencies (Chang et al., 2012), consistent with what was seen from a study by Xi et 375 

al. (Xi et al., 2014). However, Xi additionally showed that this charge accumulation had less of 376 

an effect on ultrafine particles (defined as 40nm of smaller), which exhibited a less discernible 377 

effect on deposition efficiencies. Many studies and reviews address the implications of 378 

electrostatics for pulmonary delivery systems (Byron et al., 1997; Carter et al., 1998; Glover and 379 

Chan, 2004; Karner and Urbanetz, 2011; Wong et al., 2013; Yurteri et al., 2002), as well as the 380 

factors that can influence charging of pharmaceutical powders, such as crystalline nature (Wong 381 
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et al., 2014), relative humidity (Chow et al., 2008), and kinetics with respect to tribocharging 382 

(Chow et al., 2008; Watanabe et al., 2007). The remainder of this section will highlight the 383 

application of charge to pharmaceutical powders for the manufacture of dosage forms and drug 384 

delivery devices. 385 

 386 

1.4.1 Solid Dosage Form Coating 387 

Pharmaceutical coatings are now predominantly aqueous based; however, the solids 388 

loading can still be relatively low and require long processing and drying times which equate to 389 

higher energy inputs and cost. Thus, the drivers to move towards dry powder coating in the 390 

pharmaceutical industry are similar to those in the finishing industry, namely to move towards 391 

more energy efficient processing, but also to enable processing of moisture sensitive drugs. 392 

Solvent-free coating processes developed to address these aims include compression coating, 393 

hot-melt coating, dry powder coating and electrostatic dry powder coating (Bose and Bogner, 394 

2007; Luo et al., 2008; Sauer et al., 2013); however, the latter two techniques have proved to be 395 

the most promising. Dry powder coating involves the feeding of dry powder either in parallel or 396 

subsequent to the application of a plasticizer to the tablet cores. The plasticizer, usually a liquid, 397 

is the primary facilitator to enable the dry powder coating material to adhere to the tablet surface. 398 

Electrostatic coating utilizes electrostatic forces either in place of or in addition to a liquid 399 

plasticizer to enable adhesion to the tablet until curing, allowing for more efficient utilization of 400 

the coating material. Phoqus Pharmaceuticals, a spin-off company of Colorcon and now part of 401 

Diurnal, was the first to utilize electrostatic dry powder coating on a larger scale, including for 402 

the preparation of clinical test supplies of Chronocort, a hydrocortisone tablet for the treatment 403 

of adrenal insufficiency (Mallappa et al., 2014; Whiteman et al., 2006). Their equipment was 404 

custom designed to allow the coating of one side/face of the tablet at a time (Whiteman et al., 405 

2006). 406 
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  More recently, researchers at the University of Western Ontario have modified a 407 

conventional pan coater to incorporate a corona gun and to electrically ground the coating pan to 408 

use for electrostatic powder coating, as shown in Figure 1.6 (Qiao et al., 2010b; Zhu et al., 2007). 409 

Electrostatic powder deposition onto a tablet as the substrate can be especially challenging due to 410 

the high resistivity of the pharmaceutical excipients used in the tablet core. Initial work to 411 

develop electrostatic coating processes for tablets incorporated treatment of the tablet core to 412 

increase conductivity, usually by adsorbed moisture (Grosvenor, 1991; Grosvenor and 413 

Staniforth, 1996; Staniforth and Grosvenor, 1992). Qiao et al. found that the resistivity of the 414 

tablet core could be significantly reduced with the application of a small amount liquid 415 

plasticizer. In one study a tablet core resistivity of 1013 Ω m was reduced to less than 109 Ω m 416 

after an application of a small amount of plasticizer (~ 0.4% coating level); higher levels of 417 

plasticizer did not further decrease the resistivity of the tablet (Qiao et al., 2010b). The 418 

application of the liquid plasticizer for the electrostatic coating process is multifunctional as it 419 

increases the conductivity of the tablet core to facilitate electrostatic deposition of the charged 420 

coating powder, provides liquid bridges to further ensure good adhesion, as well as to reduces 421 

the Tg of the coating polymer to aid in the film formation process. Qiao et al. showed the 422 

applicability of their technology to prepare tablets with immediate (Qiao et al., 2010b), enteric 423 

(Qiao et al., 2013), and sustained release (Qiao et al., 2010a) coatings, and more recently to coat 424 

pellets (Yang et al., 2015). 425 
  426 
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 427 

Figure 1.6 Schematic of electrostatic powder coating system designed by researchers at the 428 
University of Western Ontario comprised of (A) liquid plasticizer spray system, (B) 429 
coating pan, (C) electrostatic spray gun, and (D) powder feeder. (Reprinted with 430 
permission from (Yang et al., 2015)) 431 

Qiao et al. conducted control experiments without the application of charge on the 432 

coating materials which exhibited decreased coating efficiencies; one study showed a 33% 433 

coating efficiency from dry powder coating alone compared to 70-72% efficiency when utilizing 434 

60kV electrostatic charging (Qiao et al., 2013). In another study, Qiao et al. showed that the 435 

coating thickness was limited when using dry powder coating alone, with only 1.6% coating 436 

level obtained compared to 3% with electrostatic coating, showing the ability of the electrostatic 437 

forces to improve adhesion to the tablet core and enable powder layering (Qiao et al., 2010a). 438 

The influence of charging voltage showed that increased coating levels were achieved when 439 

increasing voltage from 0 to 60 kV, showing the ability to control coating thickness by applied 440 

voltage. However, a decrease in coating level was seen when particles were charged at 90 kV 441 

(Qiao et al., 2010b).  This was attributed to the development of back ionization with higher 442 

voltage application.  443 

As described earlier, the mechanism of film formation in dry powder coating is by the 444 

coalescence and leveling of discrete powder particles, promoted by the application of heat. 445 

Thermoplastic polymers or composite/pre-plasticized coating compositions with low Tg, 446 

preferably 40-60°C, are favored such that curing for film formation can be conducted at 447 

relatively low temperatures, as certain APIs may be thermally labile (Grosvenor, 1991; Herling 448 
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and Bill, 2000). The influence of plasticizers on reducing Tg to enhance film formation of dry 449 

powder has been investigated specifically for use in dry powder coating of tablets (Sauer and 450 

McGinity, 2009; Sauer et al., 2007; Smikalla et al., 2011). When applying a plasticizer directly 451 

on the tablet core, the spreading behavior of the plasticizer is critical to ensure coverage of the 452 

tablet surface in order to increase coating efficiency, and in the case of electrostatic coating to 453 

reduce tablet resistivity prior to application of the charged particles. During film formation, the 454 

degree of plasticization or reduction in Tg plays a larger role in the ability of the particles to 455 

coalesce. The properties of polymer-plasticizer systems that have been characterized for dry 456 

powder coating are summarized in Table 1.1. Lastly, due to the small particle size particles 457 

utilized for electrostatic powder coating, Qiao et al. observed a very smooth appearance of the 458 

cured coating layer, comparable to that of a conventional aqueous-based film coated tablet (Qiao 459 

et al., 2010b). 460 

As with dry powder coating in the metal finishing industry, adhesion of the coating to the 461 

tablet core can be crucial to the integrity and functionality of the coating, such as with enteric or 462 

sustained release tablet coatings. However, measuring adhesive strength of a coating on tablet 463 

core can be difficult, especially given the range of geometries used for tablet compression. Many 464 

qualitative methods have been used similar to the peel and tape peel tests described earlier. More 465 

quantitative methods have also been developed, such as butt adhesion tests (Felton and 466 

McGinity, 1996) and modified pull tests using a magnetic probe (Missaghi and Fassihi, 2004). 467 

As electrostatic powder coating and dry powder coating in general are still in the developmental 468 

stage, there is limited data available on the adhesive strength of these coatings; however, 469 

observations and physical stability studies are reported to characterize the integrity of coating. 470 

For example, Qiao et al. noted that even though TEC exhibited a small contact angle, which 471 

generally yield of better coating efficiencies, the resulting coating layer detached from the tablet 472 

core (Qiao et al., 2013). TEC was shown to be more readily absorbed into the tablet core leading 473 

to reduced contact area and liquid bridges to promote adhesion of the applied dry powder (Felton 474 

and McGinity, 1997). 475 
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Also consistent with the finishing industry, the mechanisms of adhesion for dry powder 476 

coating to a tablet are primarily from mechanical interlocking and via chemical bond formation. 477 

Rougher surfaces of a tablet core allow for greater interfacial contact between the coating and 478 

tablet core, leading to greater penetration of the coating material into the tablet core for greater 479 

adhesion. This phenomenon has been studied extensively for solvent-based coating processes, 480 

showing that increased tablet compression forces and resulting lower porosity can yield 481 

decreased adhesion of the coating to the tablet core (Felton and McGinity, 1996; Nadkarni et al., 482 

1975).  Dry powder coating studies have incorporated a primer coat to allow for liquid bridges to 483 

enhance the penetration of the dry coating material into the pores of the tablet surface, as seen 484 

with the incorporation of a PEG 3350 primer coat in studies conducted with Eudragit® L100-55 485 

(Sauer and McGinity, 2009; Sauer et al., 2009; Sauer et al., 2007). With electrostatic coating, the 486 

liquid plasticizers applied to reduce conductivity of the tablet core also aid in enhancing 487 

adhesion.  488 

Many solvent -based coating materials such as HPMC and PVA are amenable to 489 

hydrogen bonding with the tablet core excipients. These interactions may be facilitated by the 490 

wetting of the tablet surface by the coating solution in solvent-based coatings (Rowe, 1988); 491 

thus, may be a less prominent mechanism in dry power coating adhesion unless a liquid 492 

plasticizer or primer is applied prior to dry powder coating (Sauer et al., 2013).  493 

 494 
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reduced resistivity of tablet 
core from

 10
13 to less than 

10
9 Ω

 m
. 

(Q
iao et 
al., 

2010b) 

Eudragit®
 EPO

  
(+ 8-9%

 talc  
+8%

 G
M

S or 
H

PM
C K

4M
 or 

PV
P K

90 or PEG
 

3350) 

N
one 

-- 
50 

-- 
Low

 m
elting point G

M
S and 

PEG
 3350 lead to enhanced 

adhesion to tablet core. 
H

PM
C decreased release in 

acidic m
edia, m

ost probably 
due to gelling effect. 

(Cerea et 
al., 2004) 

Enteric R
elease C

oatings 
Eudragit ®

 L100-
55 

N
one 

Triethyl citrate 
(TEC) 
   

-- 
10 
25 
50 
100 
10 

126 
112 
96 
90 
66 
102 

-- 
0.5

b 

   
20.5

b 

Talc w
as incorporated at 

nearly 1:1 w
ith L100-55 due 

to tackiness of high am
ount 

of plasticizer needed to 
decrease polym

er T
g . TEC 

applied to tablet core did not 

(Q
iao et 

al., 2013) 
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T
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) a 
C
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N
otes and observations 

R
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PEG
 400 

25 
50 
100 

86 
74 
56 

enhance adhesion due to 
absorption of liquid into 
core. 4%

 coating level 
achieved w

ith 0 kV
. 

Eudragit®
 L100-

55  
(+ talc) 

 Triethyl citrate 
(TEC

) 
  + PEG

 3350 

N
one 
20 
30 
40 
10 

20TEC
 +10 

30TEC
 +10 

40TEC
 +10 

126 
-- 
61 
-- 

122 
47 
29 
11 

63
c 

59
c 

59
c 

-- 
60

c 

49
c 

21
c 

-- 

L100-55 w
as pre-plasticized 

w
ith TEC

 to reduce viscosity 
and increase surface free 
energy (10%

 TEC
 

insufficient to reduce 
viscosity for extrusion). PEG

 
im

proved spreading and 
adhesion w

ithout affecting 
surface energy.   

(Sauer 
and 

M
cG

inity, 
2009b; 
Sauer et 

al., 2009; 
Sauer et 

al., 2007) 

H
M

PC
 A

S 
N

one 
PEG

 200 
Triacetin 
C

ocoyl 
caprylocaprate 
M

yvacet 
Isopropyl m

yristate 
G

lycerol 

-- 
30 
30 
30 
30 
30 
30 

≥ 120 
52 
68 
115 
85 
108 
92 

-- 
34 
15 
7 
10 
4 
60 

Show
ed a high correlation of 

increased coating efficiency 
w

ith decreasing contact 
angle, than w

ith T
g or 

viscosity. 

(Sm
ikalla 

et al., 
2011) 

H
PM

C
 A

S 
TEC

/M
yvacet (7:3) 

33 
52 

nd 
Enteric resistance from

 
com

plete film
 form

ation 
could be achieved by curing 
at 55°C

 for 45 m
in. but could 

(K
ablitz 
and 

U
rbanetz, 
2007) 

Table 1.1 (C
ont.) 
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also be achieved at 45°C
 

(under T
g ) for 12h due to the 

m
igration of plasticizer over 

tim
e. 

Sustained R
elease C

oatings 
Eudragit®

 R
L 

   
Eudragit®

 R
S 

 

N
one 

Triethyl citrate 
(TEC

) 
  N

one 
Triethyl citrate 
(TEC

) 
 

-- 
15 
30 
> 40 

-- 
15 
30 

> 40 

62.5 
~46 
40 

< 30 
58 
45 
38 

< 30 

 
Plasticizer w

as applied at a 
1:3 ratio to coating polym

er. 
3%

 coating level achieved 
w

ith 60 kV
 versus 1.6%

 w
ith 

0 kV
. R

S/R
L ratios evaluated 

from
 0/1, 1/2, 1/1, and 2/1 

show
ing ability to tailor 

release profile from
 97%

 to 
6%

 release in 4h.  

(Q
iao et 
al., 

2010a) 

Ethylcellulose 
(EC

) 
N

one 
Triacetin 
 D

iethyl phthalate 
 Triethyl citrate 
(TEC

) 
 A

cetyltributyl 

-- 
20 
40 
20 
40 
20 
40 
20 
40 

127 
84 
72 
79 
42 
70 

40-42 
68 
40 

-- 
43

d  nd  30
d 

 21
d 

 

C
oating efficiencies 

increased w
ith decreasing 

contact angles, T
g , and 

viscosities. Isopropyl 
m

yristate exhibited best 
spreading behavior, due to 
low

 contact angle, and 
show

ed highest coating 
efficiency; how

ever, even 

(Sm
ikalla 

et al., 
2011) 

Table 1.1 (C
ont.) 
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citrate 
 D

ynacet 285 
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 M

yvacet 
 Isopropyl m

yristate 
  G

lycerol 

20 
40 
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20 
40 
30 
40 
50 
nd 

58 
32 
57 
27 
56 
25 
60 
51 
46 
nd 

nd  22
c 

 31
c 

 8
c   73
c 

w
ith T

g  in the 40-60°C range, 
80°C cure tem

perature w
as 

needed for film
 form

ation. 

Eudragit®
 L100-

55 (pre-
plasticized) + 

Eudragit®
 EPO

 
+ 10%

 talc 
+ 2%

 PEG
 3350 

(subcoat) 

Triethyl citrate 
(TEC) 

 
N

one 
PEG

 3350 

30  -- 
10 

65  43 
(varies 
w

ith 
polym

er 
ratios) 

nd 
2%

 PEG
 3350 applied as a 

prim
er layer to facilitate 

adhesion, required for L100-
55 adhesion to tablet. Ratios 
of 7:3, 1:1, 3:7 of L100-55 
(pre-plasticized w

ith 30%
 

TEC): EPO
 studied, w

ith 7:3 
unable to form

 com
plete film

 
leading to 100%

 drug release 
in 2h. 

(Sauer 
and 

M
cG

inity, 
2009a; 

Sauer et 
al., 2009) 

nd – not determ
ined; a V

alues w
ere approxim

ated if data w
as reported in figures; b Contact angle m

easured on lightly 
com

pacted pow
der layer; c Contact angle m

easured using w
ater dropped onto com

pacts of coating m
aterial; d Contact angle 

m
easured on polym

er film
s 

Table 1.1 (Cont.) 
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1.4.2 Drug Delivery Device Coating 

The application of a coating for protective purposes, such as to prevent corrosion, 

is a primary driver in the finishing industry, but is also advantageous for coating of stents 

and/or other implants. In addition to corrosion protection, coatings applied to stents can 

improve biocompatibility and enhance surface properties such as surface energy and 

texture (Mani et al., 2007). These coatings can be applied using electrostatic powder 

deposition (Callol and Yan, 2001; Tseng et al., 2002). Coating for stents has expanded to 

include active coating and can also be applied using electrostatic coating techniques 

(Fulton et al., 2011; Malik and Hossainy, 2005; Myers, 2008). Drug eluting stents have 

become more commonly utilized for local drug delivery of immunosuppressive, anti-

inflammatory, or anti-proliferation agents for the treatment of coronary disease and 

reducing the reoccurrence of stenosis (Katz et al., 2015; Khan et al., 2012; Tzafriri et al., 

2012). Nukala et al. utilized electrostatic dry powder coating to coat a stent with 

sirolimus encapsulated polymeric microspheres (Nukala et al., 2010). In this study, 

sirolimus microparticles were prepared using supercritical aerosol solvent extraction to 

produce spherical particles with an average particle size of 3 μm. The microparticles were 

then electrostatically deposited onto grounded metal stents and subsequently cured for 60 

seconds using IR elements held between 80-100°C. The low glass transition temperature 

of the polymeric components, poly(ethylene-co-vinyl acetate) and poly(n-butyl 

methacrylate), allowed for complete coalescence with short cure times and relatively low 

curing temperatures. The use of electrostatics allowed for efficient coating with complete 

coverage of the complex geometry of the stent, shown in Figure 1.7 (a), and producing a 

smooth coating layer, shown in Figure 1.7 (b). Furthermore, the in-vitro studies of the 

electrostatic dry powder coated stent showed reproducible drug release without 
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substantial burst effect and comparable deterrence of platelet adhesion when compared to 

the commercially available sirolimus-eluting stent, Cypher ®. The short processing times 

and reduced residual solvents in the final dosage form are promising aspects of the 

application of electrostatic dry powder coating of drug delivery devices. 

 

 

Figure 1.7 SEM images of (a) stent and (b) surface of stent coated with sirolimus-
polymer microspheres by electrostatic powder coating (Reprinted with 
permission from (Nukala et al., 2010)) and fused at 80°C to produce 
continuous film coat. 
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1.4.3 Free Film Preparation 

While tablets and capsules remain the most preferred oral dosage forms, difficulty 

swallowing or dysphagia can significantly limit their use in certain populations, such as 

pediatric and geriatric patients (Stegemann et al., 2010; Stegemann et al., 2012). Because 

of this, oral films are emerging as a promising dosage form for oral drug delivery (Borges 

et al., 2015; Dixit and Puthli, 2009). Oral films can be formulated to (1) rapidly dissolve 

or (2) adhere to the oral mucosa, allowing for rapid or controlled drug release, 

respectively. A mucoadhesive film also provides a distinct advantage of enabling 

transmucosal absorption, thus bypassing hepatic first-pass metabolism and the harsh and 

variable pH conditions of the GI tract (Patel et al., 2011; Shakya et al., 2011; Sudhakar et 

al., 2006; Zhang et al., 2002). Oral films are predominantly manufactured by solvent 

casting (2015; Borges et al., 2015; Dixit and Puthli, 2009; Morales and McConville, 

2011). Solvent casting involves the preparation of a solution or suspension of the API, 

polymer carrier, and optionally a plasticizer and/or other excipients. The subsequent 

evaporation of the solvent produces a film, which is then cut into discrete shapes to 

produce the final unit doses. As with other solvent based coating processes, solvent 

casting is mainly limited by the need for a solvent, aqueous or organic, long drying times, 

and therefore high energy needs (Kianfar et al., 2012; Shen et al., 2013; Sievens-Figueroa 

et al., 2012; Visser et al., 2015).  

Prasad et al. showed that electrostatic powder coating could be utilized as a dry 

powder coating process to prepare free films for drug delivery, provided the substrate 

does not significantly adhere with the coating material post curing (Prasad et al., 2015). 

Powder was electrostatically deposited onto a stainless steel substrate and subsequently 

cured; however, without mechanical or chemical pretreatment of the metal, the films 

were readily removed as only electrostatic and/or weak boundary layer forces held them 
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to the substrate. In this study, the deposition behavior of binary mixtures of 

acetaminophen (APAP) and polyethylene oxide (PEO) was compared to that of 

composite, co-processed particles by measuring the content uniformity of prepared films. 

At a 10% drug load, the content uniformity of the films prepared using the physical 

mixture was highly variable with an RSD of 11.9% compared to 1.8% of the films 

prepared using composite particles. This variability can be attributed to a number of 

factors, such as differences in particle morphology and charge accumulation of the APAP 

and PEO within the physical mixture. As this is one of the first studies to evaluate the 

deposition uniformity using a physical mixture incorporating an API, additional studies 

are needed to identify the causes and potential remedies to this variability. 

The films produced using EPSD exhibited favorable mechanical properties, 

particularly when compared to the brittle break seen with a commercially available 

Listerine® strip, with ~4% elongation of the PEO film and > 14% elongation with the 

APAP containing films. PEO is a self-plasticizing, semi-crystalline polymer, with a Tg 

reported around -50 °C and a melting point around 61°C (Crowley et al., 2002; Prasad et 

al., 2015). No plasticizer was needed to enable the deposited PEO particles to coalesce 

for film formation. APAP further plasticized the PEO, confirmed by the reduced melting 

point of PEO seen in the DSC thermograms. The greater extent of displacement or 

elongation of the active films prior to break, as shown in Figure 1.8, illustrates the 

increased plasticity of the APAP containing films. This study shows electrostatic powder 

to be a viable, dry powder manufacturing process to prepare films for drug delivery; 

however, future studies are needed to evaluate the range of capabilities of this promising 

technique. 
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Figure 1.8 Representative force-displacement curves from puncture testing of films 
prepared using electrostatic powder deposition of PEO and using physical 
mixture and co-processed APAP: PEO, as well as of Listerine® breath strip 
as reference.  (Adapted with permission from (Prasad et al., 2015)) 

 

1.5 CONCLUSION 

Electrostatic powder coating provides a unique advantage to utilize the innate 

charging ability of pharmaceutical powders to develop solvent-free processes with 

increased manufacturing efficiencies. As this is a mature technology, much of the 

existing knowledge can and has been applied to its use in pharmaceutical manufacturing, 

including particle size and resistivity guidelines. The adoption of electrostatic powder 

coating of tablets and other solid dosage forms as a pharmaceutical operation is 

particularly promising due to the ability to utilize a modified pan coater and the 
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significant data collected around film formation behavior of dry powder pharmaceutical 

coatings, as highlighted in this review. The utility of electrostatic coating for drug 

delivery devices and for the preparation of free films for drug delivery has also been 

demonstrated using API-containing coating materials.   
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Chapter 2:  Research Objectives 

 

2.1 OVERALL OBJECTIVES 

The objective of this work was to investigate the application of electrostatic 

powder deposition for the preparation of orodispersible films. Low molecular weight 

polyethylene oxide was utilized as the hydrophilic, film forming polymer. The impact of 

process parameters on deposition behavior, film formation, and film to substrate adhesion 

was investigated. The influence of an active pharmaceutical ingredient on the properties 

of and drug release form polyethylene oxide based orodispersible film was studied. 

Lastly, the physicochemical, electrical, and thermal properties of composite particles 

prepared for use with ESPD were investigated as a function of increasing drug load. 

 

2.2 SUPPORTING OBJECTIVES 

2.2.1 Investigate the Influence of Process Parameters and Substrate Properties on 
the Properties of Films Prepared by Electrostatic Powder Deposition 

Electrostatic powder deposition involves the (1) charging, (2) spraying, and (3) 

deposition of charged particles on a grounded substrate. The deposited powder is then 

placed under heat for film formation. The final film is then removed or peeled from the 

substrate. The influence of charging voltage, gun-to-substrate distance, and 

environmental humidity on deposition behavior of polyethylene oxide was investigated. 

Film formation as a function of cure temperature and time was characterized using 

scanning electron microscopy. The impact of curing conditions on mechanical properties 

and film to substrate adhesion was also investigated. Finally, the film to substrate 

adhesive strength was evaluated using substrates of varying surface roughness. 
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2.2.2 Investigate the Impact of Acetaminophen on the Properties and Performance 
of Polyethylene Oxide Orodispersible Films Prepared by Electrostatic Powder 
Deposition 

Physical mixtures and composite particles containing acetaminophen and 

polyethylene oxide were prepared to investigate the impact of each on the drug content 

uniformity of films prepared using electrostatic powder deposition. The influence of 

acetaminophen on the mechanical properties, namely tensile strength and percent 

elongation, of the orodispersible film was investigated. The films were characterized 

using differential scanning calorimetry, powder x-ray diffraction, and scanning electron 

microscopy. Lastly, the films produced using physical mixtures and those using 

composite particles were characterized for drug release using in vitro dissolution testing. 

 

2.2.3 Investigate the Influence of Benzocaine Loading on the Properties and 
Performance of Polyethylene Oxide Orodispersible Films Prepared by Electrostatic 
Powder Deposition 

Physical mixtures and composite particles containing benzocaine and 

polyethylene oxide were prepared to investigate the impact of drug loading on the drug 

content uniformity of films prepared using electrostatic powder deposition. Raw 

materials were characterized for their particle size distribution and electrical properties, 

namely their resistive character. The influence of drug load on electrical, solid state, and 

thermal properties of the composite particles was investigated. The complex viscosity as 

a function of temperature was determined for the composite particles to identify 

appropriate curing conditions. Finally, the impact of benzocaine loading on mechanical 

strength and drug release from films prepared using composite particles was studied.  



 44 

Chapter 3:  Influence of process parameters on the preparation of 
pharmaceutical films by electrostatic powder deposition1 

 

3.1 ABSTRACT 

Electrostatic powder deposition (ESPD) has been developed as a solvent-free 

method to prepare pharmaceutical films. The aim of this work was to investigate the 

influence of process parameters during (1) electrostatic powder deposition, (2) curing, 

and (3) removal of the film from the substrate on the properties of the film. Polyethylene 

oxide (PEO) was used as the model polymer and stainless steel 316 as the substrate. 

Deposition efficiency was measured with varying charging voltage, gun tip to substrate 

distance, and environmental humidity. Scanning electron microscopy was utilized to 

assess film formation, and adhesive and mechanical strength of films were measured with 

varying cure temperature and time. Adhesive strength was measured for films prepared 

on substrates of varying surface roughness. At 25 %RH, process parameters did not 

significantly affect deposition behavior. At 40 %RH, increasing deposition efficiency 

with decreasing gun tip to substrate distance and increasing voltage (up to 60kV) was 

observed. Complete film formation was seen by 30 minutes at 80°C. All films were 

readily removed from the substrates. The results show the ESPD process can be 

optimized to produce films with good mechanical properties, suggesting it is a promising 

dry powder process for preparing pharmaceutical films. 

 

                                                
1 This work has been submitted for publication in the International Journal of Pharmaceutics. 
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3.2 INTRODUCTION 

Oral solid dosage forms, specifically tablets and capsules, remain the most 

preferred dosage form and route of administration for drug delivery (Sastry et al., 2000). 

However, difficulty in swallowing or dysphagia can significantly limit the use of tablets 

and capsules, particularly in pediatric and geriatric populations, as well as patients with 

central nervous system or musculoskeletal disorders (Stegemann et al., 2010; Stegemann 

et al., 2012). Due to these potential problems, oral films are emerging as a promising 

dosage form for oral drug delivery (Borges et al., 2015; Dixit and Puthli, 2009). One of 

the advantages of oral films is the ability to either rapidly dissolve or adhere to the oral 

mucosa, allowing for rapid or controlled drug release for local and/or systemic 

absorption. A mucoadhesive film also provides a distinct advantage of enabling 

transmucosal absorption and thus bypassing hepatic first-pass metabolism and the harsh 

and variable pH conditions in GI tract (Patel et al., 2011; Shakya et al., 2011; Sudhakar et 

al., 2006; Zhang et al., 2002).  

Oral films are predominantly manufactured by solvent casting (2015; Borges et 

al., 2015; Dixit and Puthli, 2009; Morales and McConville, 2011). Solvent casting 

involves the preparation of a solution of the active pharmaceutical ingredient (API), 

polymer carrier, and optionally a plasticizer and/or other excipients. The subsequent 

evaporation of the solvent produces a film, which can then be cut into discrete shapes to 

produce the final unit doses. Solvent casting is mainly limited by the need for a solvent, 

aqueous or organic. Given the high heat of vaporization of water, aqueous solutions can 

require long drying times, up to 24 hours (Kianfar et al., 2012; Shen et al., 2013; Sievens-

Figueroa et al., 2012; Visser et al., 2015).  The use of organic solvents is particularly 

undesirable from an environmental perspective and requires the manufacturing facility to 

incorporate solvent handling (i.e. explosion proof equipment and rooms) and collection 
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capabilities (Constable et al., 2007; Grodowska and Parczewski, 2010).  Additionally, 

testing is required on the final drug product to ensure residual solvent levels are below 

ICH requirements. Formulation development activities for solvent casting, with both 

aqueous and organic solvent systems, involve optimizing solution rheology for casting 

(Preis et al., 2014) and ensuring physical stability upon storage (Gutierrez-Rocca and 

Mcginity, 1993).  

More recently, electrostatic powder deposition (ESPD) has been shown as an 

alternative, solvent-free method to prepare free films for drug delivery (Prasad et al., 

2015). ESPD involves the (1) charging, (2) spraying or transport, and (3) deposition of 

the charged particles onto a grounded substrate; this is typically done using a corona 

electrostatic gun. The deposited powder is then cured using heat and subsequently 

removed from the substrate. Prasad et al. showed that an active physical mixture or co-

processed composite-particles could be electrostatically charged and deposited onto a 

stainless steel substrate and subsequently cured to prepare a drug-loaded film. The films 

were readily removed from the substrate, as they were only adhered by weak electrostatic 

and/or Van der Waals forces. The results of this study also illustrated that composite 

particles of acetaminophen (APAP): polyethylene oxide (PEO) (10:90) prepared by 

extrusion in this study, produced films of significantly less variability of APAP content 

(1.8% versus 11.9% RSD in films from composite particles versus from physical mixture, 

respectively) (Prasad et al., 2015). This finding correlates well with typical 

manufacturing methods for dry powder coating compositions which consists of pre-

mixing the polymer, pigments and/or other additives, melt extrusion (alternatively spray-

drying, granulation, or co-grinding techniques have also been utilized), followed by 

milling/micronization to obtain composite particles of acceptable particle size for 

electrostatic powder coating (Harmuth, 1982; Hogan et al., 2002; Noonan, 1977; Wicks 
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et al., 2007). These composite particles yield more efficient and uniform deposition, 

particularly for the deposition of components that may not exhibit ideal resistivity for 

processing. Additionally, uniform distribution of additives such as liquid plasticizers can 

be critical to film-forming properties of the coating material. Sauer et al. showed this to 

be advantageous for dry powder coating of tablets using pre-plasticized Eudragit L100-55 

to promote film formation and obtain a functional, delayed-release tablet coating (Sauer 

et al., 2007).   

The aim of this current work was to investigate the influence of the process 

parameters of electrostatic powder deposition (ESPD) including: (1) the impact of 

applied voltage, distance from the substrate, and environmental humidity on the 

deposition efficiency and uniformity; (2) the impact of cure temperature and time on film 

formation, peel strength and mechanical properties; and (3) the impact of substrate 

properties on adhesion of the film to the substrate. Polyethylene oxide (PEO) was utilized 

as a model thermoplastic polymer and stainless steel 316 was utilized as the substrate. 

 

3.3 MATERIAL AND METHODS 

3.3.1 Materials 

POLYOXTM WSR N10 NF was generously donated by Colorcon® (West Point, 

PA, USA). Bulk material was sieved and material between 25 μm (500 mesh) and 90 μm 

(170 mesh) was collected for use. 

Sheets of stainless steel 316 (SS 316), 0.060” (1.524 mm) thickness, were used as 

received from McMaster Carr (McMaster Carr, Atlanta, GA, USA) in the following 

finishes: unpolished, mirror finish #8, brush finish #4. Additional sheets of unpolished 

stainless steel 316 were subject to abrasive surface treatments as described below. The 
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bulk composition of the unpolished SS 316 was reported as follows: (wt. %): C (0.28) Cr 

(16.58), Ni (10.08), Mo (2.04), Mn (1.46), Si (0.29), P (0.03), S (≤ 0.01) and Fe 

(balance). 

 

3.3.2 Substrate Abrasive Treatments 

Sheets of unpolished SS316 were mechanically roughened by sand blasting using 

70/100 (150-212 μm) beads. After abrasive treatment, samples were cleaned by isopropyl 

alcohol rinse, 10 minute sonication in a 1% Contrex® solution, followed by a thorough 

rinse using de-ionized water. After cleaning, the samples were passivated by soaking in a 

50% HNO3 solution at 50°C for a minimum of 30 minutes to reform the protective 

chromium oxide surface layer per ASTM A380/A380M Standard Practice for Cleaning, 

Descaling, and Passivation of Stainless Steel Parts, Equipment, and Systems (ASTM, 

2013). Immediately after removal from the passivating solution, the substrates were 

thoroughly rinsed using de-ionized water and allowed to dry overnight in a desiccator at 

50°C. Substrates were wiped with isopropyl alcohol prior to use or analysis, as needed 

(ASTM, 2013). 

 

3.3.3 Surface Analysis 

Surface imaging and roughness calculations were conducted using a non-contact, 

optical profilometry using a Wyko NT9100 profiling system (Veeco, Plainview, NY, 

USA). Imaging was conducted using the following settings: 20x objective lens, 2x field 

of view (FOV), scan size of 120 x 160 µm, and a vertical resolution of 4 µm (12 µm for 

the sandblasted substrate).. Surface roughness was calculated using WYKO Vision 4.2 

software (Veeco, Plainview, NY, USA). The average roughness, Ra, root mean squared 
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roughness, Rq, and the maximum height of the profile, Rt, were calculated as shown in 

equations 3.1, 3.2, and 3.3, respectively (per ASME B46.1-2009). Note that n=3 samples 

were analyzed; however, due to no discernable difference between the measurements, 

data and images from one representative sample is reported. 

 

!! = !
! !(!) !"!

!       (3.1) 

 

!! = !
! !(!)!!"!

!       (3.2) 

 

!! = !!! + !!      (3.3) 

 

where L is the evaluation length, Z(x) is the distance from the reference mean line, Rp is 

the distance between the highest point of the profile from the mean reference line, and Rv 

is the lowest point of the profile from the mean reference line. 

 

XPS analyses were performed on an Axis Ultra DLD photoelectron spectrometer 

(Kratos, Manchester, U.K.) utilizing a monochromated Al Kα anode X-ray source (hν = 

1486.5 eV), hybrid optics (magnetic/electrostatic), and a multi-channel plate coupled to a 

hemispherical photoelectron kinetic analyzer. The spectrometer was calibrated by using 

Ag 3d 5/2 (368.3 eV) peak. All spectra were recorded in an analysis chamber at 10-9 Torr 

base pressure using an aperture slot of 300 x 700 µm2 and pass energy of 80 eV. The 

photoelectrons takeoff angle was normal to the surface of the sample and 45° with 

respect to the X-ray beam. Casa XPS analysis software was used for peak analysis and 
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the stoichiometry of samples was determined from corrected peak areas and employing 

Kratos sensitivity factors for each element of interest. 

Surface energies were calculated based on contact angle measurements using 

water, formamide, and diiodomethane. Contact angles were measured using a FTA200 

goniometer (First Ten Angstroms, Inc., Portsmouth, VA, USA). Solid surface energies 

were calculated using equation 3.4, derived from Young’s equation (Young, 1805), 

showing the relationship between contact angle, surface energy and interfacial energy, 

and the relationship of interfacial energy as a combination of dispersive and polar forces 

proposed by Owens and Wendt (Owens and Wendt, 1969). 

 
!
! !! 1+ cos! = ! !!!!!! + !!!!!!     (3.4) 

 

where γl represents the surface energy of the liquid, γs represents the surface energy of 

the solid, and the superscripts of d and p indicate the dispersive/apolar and polar 

components, respectively, of the total free energy. Values for surface e nergies, including 

dispersive and polar components, of test liquids were taken from Good (Good, 1992). 

 

3.3.3 Electrostatic Powder Deposition 

The ESPD process consists of the following steps: powder charging, spraying and 

deposition. The deposited material is then cured and the final film is removed from the 

metallic substrate. In this study, the substrate was covered with a stencil such that the 

powder deposited only on the exposed metal, a 25 x 63 mm strip along the center of the 

substrate. For each sample preparation, a fixed amount of powder was fed to a Nordson 

Vantage® Manual corona gun (Nordson Corporation, Westlake, OH, USA) using a 
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volumetric feeder (Schenk AccuRate, Whitewater, WI, USA); thus, a fixed feed rate and 

spray time was utilized for each sample preparation. The powder was then sprayed using 

compressed air (0.5 bar pressure) through a conical deflector and charged by passing 

through the corona discharge produced by the high applied voltage (Prasad et al., 2016). 

After powder deposition, the substrate was then placed in an infrared oven. The resulting 

film was peeled from the substrate and film weight and thickness were measured. 

Thickness was measured using a Mitutoyo digital micrometer (Mitutoyo, Kawasaki, 

Japan) and the average of n=3 values was reported.  Statistical analysis was conducted 

using JMP software (JMP Pro 12.0).  

To study the impact of process parameters during ESPD on deposition efficiency, 

the charging voltage and gun tip to substrate distance were varied, as shown in Figure 

3.1. Additionally, experiments were conducted at two environmental humidity 

conditions: 25 and 40 %RH. The humidity was controlled using humidifiers or 

dehumidifiers, as needed and monitored using a Fisher Scientific TraceableTM 

Humidity/Temperature Pen (Pittsburgh, PA, USA). The samples form this study were 

prepared using unpolished SS 316 as the substrate and cured at 80°C for 60 minutes. 
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Figure 3.1.   Schematic of electrostatic powder deposition and process parameters 
including charging voltage, distance from substrate, and environmental 
relative humidity. 

 

To study the impact of process parameters during curing on film formation, the 

cure temperature and time was varied as follows: 70, 80 and 90°C for 15, 30 and 60 

minutes. These samples were prepared using 60 kV charging voltage, 20 cm gun tip to 

substrate distance, and using unpolished SS 316 as the substrate. Environmental humidity 

was measured at 40-44 %RH during these preparations. Films (n=3 for each condition) 

were removed from the substrate using the texture analyzer to measure peel energy for 

removal, characterized for film formation using SEM, and tested for mechanical strength 

by puncture testing.   
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To study the impact of substrate properties on peel energy for film removal, 

substrates of varying surface finish including mirror finish #8, unpolished, brush finish 

#4, and sandblasted 70/100 were utilized as substrates for ESPD. Substrates were 

characterized by surface analysis techniques described above. Films (n=3 for each 

substrate) were prepared using were 80 kV charging voltage, 30 cm gun tip to substrate 

distance, and cured at 80°C for 60 minutes. The resulting films were removed from the 

substrate using the texture analyzer to measure peel energy for removal.   

 

3.3.4 Adhesive Strength Testing 

Samples for adhesion testing were equilibrated for at least 24 hours at room 

temperature. Scotch tape was applied to substrates and equilibrated for at least 24 hours 

at room temperature as a positive control for adhesion testing. Adhesive testing was 

carried out using a 90° peel test fixture (TA-305A) on a Texture Analyzer (Stable Micro 

System TA-XTplus) equipped with a 5 kg load cell. The test was conducted with a 

crosshead speed of 0.2 mm/s. Exponent software (Stable Microsystems, Godalming, 

Surrey, UK) was used to process data. The peel energy was calculated by equation 3.5. 

 

!! =
!!"#
! 1− cos!      (3.5) 

 

where Favg is the average force of removal, b is the width of the sample, and θ is the angle 

of peel force; θ=90° for the test fixture used in this study.  
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3.3.5 Mechanical Strength Testing 

Mechanical properties of films were tested on a Texture Analyzer TA-XTplus 

(Stable Microsystems, Godalming, Surrey, UK) using 5 kg load cell. Samples were 

mounted on a TA-108s-5 fixture (Texture Technologies, Hamilton, MA, USA) and were 

punctured using a ¼” spherical probe moving at 1 mm/s. Exponent software (Stable 

Microsystems, Godalming, Surrey, UK) was used to process data. Tensile strength was 

calculated as shown in equation 3.6, as defined by Radebaugh et al. (Radebaugh et al., 

1988). 

 
!!" = ! !!!"        (3.6) 

 

where F is the force at rupture (N) and Acs is the cross sectional area of the film in the 

film holder (mm2). 

 

3.3.6 Scanning Electron Microscopy (SEM) 

Samples were mounted onto pin stubs using conductive carbon adhesive tape and 

sputter coated with a 12 nm thickness of palladium/platinum under argon using a 

Cressington 208HR sputter coater (Cressington, Watford, UK). The Zeiss Supra field 

emission SEM (Zeiss, Oberkochen, Germany) was operated at an accelerating voltage of 

5 kV to obtain images. 

 

3.3.7 Disintegration Testing 

Disintegration time was determined using a petri dish method. A petri dish 

containing 25 mL of Sørensen’s buffer, pH 6.8 at 37 °C was placed in an incubating 



 55 

shaker also held at 37 °C. The film sample, 25 x 25 mm, was gently placed on top of the 

media and the incubator shaker was set at 50 rpm to provide agitation. The time at which 

disintegration starts and the time for complete disintegration were recorded for n=3 

samples. 

 

3.4 RESULTS 

3.4.1 Impact of applied voltage, distance from substrate, and environmental 
humidity on the deposition efficiency during ESPD 

Films (n=3) were prepared using the conditions outlined in Figure 3.1. The 

weights of the film were used an indicator of deposition efficiency, whereby higher 

weights indicate increased deposition efficiency. The resulting film weights and 

corresponding standard deviations from these preparations are shown in Figure 3.2. 
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Figure 3.2.  Weights and standard deviations from films (n=3) prepared using varying 
voltage (40, 60 and 80kV), distance from substrate (10, 20, and 30 cm), and 
at different environmental humidity conditions (25 and 40% RH). 

 

The films prepared at 25 %RH showed less influence on deposition efficiency 

with changing voltage and distance from substrate than seen with films prepared at 40 

%RH. One-way ANOVA using Tukey-Kramer HSD (α = 0.05) to compare means of film 

weights produced at 25 %RH indicated only the mean weights of films prepared at 20 vs. 

30 cm distances showed a significant difference (p = 0.0046). Films prepared at 40 %RH 

exhibited a more significant impact from processing parameters, with one-way ANOVA 

using Tukey-Kramer HSD (α = 0.05) confirming significant differences in mean weights 

of films produced at 40 vs. 60 kV (p=0.0042), and 10 vs. 30 cm (p<0.0001) and vs. 20 
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cm (p=0.0090). The effect summary of the environmental humidity, applied voltage, and 

distance from substrate is shown in Figure 3.3; note that LogWorth is equal to -log10 (p 

value). This chart illustrates the significance of interactions of environmental humidity 

with voltage (p<0.0001), distance (p<0.0001) and voltage*distance (0.0071). Distance 

was also classified as a significant factor (p=0.0007). 

 

 

Figure 3.3.   Summary of factors that significantly influenced deposition efficiency 
(shown in red) and factors that did not significantly affect deposition 
efficiency (shown in grey) and corresponding p-values.  

 

At 40 %RH, the influence of the processing parameters on film weight was more 

marked than seen with the 25 %RH condition. A trend of decreasing deposition 

efficiency was seen with increasing distance from the substrate, illustrated in Figure 3.2. 

Additionally, deposition efficiency increased when charging voltage was increased from 
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40 to 60kV; however, a drop in weight was seen when voltage was increased from 60 to 

80kV.  

 

3.4.2 Impact of cure temperature and time on film formation, peel strength and 
mechanical properties  

SEM micrographs obtained from the surface of the films cured at the varying 

temperature and time conditions are shown in Figure 3.4. After 15 minutes at 70°C 

particles were still undergoing deformation; however, after 60 minutes the particles edges 

and small voids can still be seen indicating incomplete coalescence. At 80 and 90°C after 

15 minutes, much of the particle deformation and coalescence has taken place with some 

small voids visible and after 30 minutes complete coalescence is achieved. 

 

 

Figure 3.4.   SEM micrographs of surface of PEO N10 films cured at varying 
temperatures (70, 80, and 90°C) and times (15, 30, or 60 minutes). White 
bar (lower left) represents 100 μm. 
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The peel energies to remove the cured films from the unpolished SS316 substrate 

are shown in Figure 3.5. All films required low peel energy for removal, with mean 

values of 21 J/m2 or lower, corresponding to mean peel forces of 0.36N or lower. Cure 

temperature exhibited the most significant effect on peel energy (p=0.0107), with 

samples cured at 90°C for all time conditions requiring mean peel energies greater than 

15 J/m2.   

 

 

Figure 3.5.  Peel energies measured to remove PEO N10 films (n=3) prepared at varying 
cure temperatures (70, 80, and 90°C) and times (15, 30, or 60 minutes) from 
unpolished, SS316 substrate. 
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Puncture testing was conducted to determine the mechanical properties of the 

films prepared from the varying cure conditions. The calculated tensile strengths of these 

films are shown in Figure 3.6. One-way ANOVA using Tukey-Kramer HSD (α = 0.05) 

to compare means of the tensile strength determined that the 70°C cure temperature 

showed a somewhat significant difference from the means from the 80 and 90°C 

conditions, specifically due to the high mean tensile strength, 1.57 MPa, of the film from 

the 70°C, 15 minute curing condition. Excluding this value, the mean tensile strengths of 

the cured films ranged from 0.60-0.89 MPa.   

 

Figure 3.6.   Tensile strength of PEO N10 films (n=3) prepared with varying cure 
temperatures (70, 80, 90°C) and time (15, 30, 60 minutes). 
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With comparable mechanical properties and complete film formation seen with 

80°C and 90°C samples after 15 minutes, films from the 80°C, 60 minute cure condition 

were chosen to evaluate disintegration behavior. Initial disintegration of the films was 

observed by 10-12 s, as shown in Figure 3.7. A very thin film edge can still be seen by 30 

s and complete disintegration was observed by 40-55 s. 

 

 

Figure 3.7.   Images from disintegration testing of PEO N10 films (n=3) prepared at 
80°C, 60 minute cure condition. 
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3.4.3 Impact of substrate properties on adhesion of the film to the substrate 

Images of the surface topographies of the substrates of varying surface finish are 

shown in Figure 3.8 and the surface roughness values calculated for each of the as-

received samples, as well as the sandblasted substrate, are summarized in Table 3.1. The 

mirror #8 and brush #4 topography revealed the striations from the polishing process 

used to obtain each finish. The topography of the unpolished sample revealed an irregular 

surface, typically seen with unpolished steel (Marshall, 1984). The sandblasted sample 

showed very distinct indentations from the abrasive treatment with relatively large beads 

(150-212 μm) producing a very coarse surface with high roughness value, Ra= 1080 nm. 

 

 

 

Figure 3.8.  Images of surface topographies of (a) mirror #8, (b) unpolished, and (c) 
brush #4 finish as received, as well as (d) the sandblasted substrate prepared 
from abrasive treatment. 
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Table 3.1.   Calculated substrate surface roughness values of as-received mirror, 
unpolished, and brush finish samples, as well as sandblasted substrate prepared from 
abrasive treatment. Values for average roughness, Ra, root mean squared roughness, Rq, 
and maximum height of roughness profile, Rt, reported, per equations 1, 2, and 3, 
respectively. 

Substrate Ra (nm) Rq (nm) Rt (um) 
Mirror #8 20.04 26.99 0.31 

Unpolished 111.87 150.79 2.15 

Brush #4 154.45 185.71 1.18 

Sand 70/100 1080 1370 7.69 

 

Figure 3.9 summarizes the XPS data reported as atomic percentages for the 

surface of each of the substrates. All samples consisted of a carbon (54-58%) and oxygen 

(32-37%) rich surface layer. The sandblasted sample exhibited slightly elevated levels of 

Ni (0.79%) and Cr (6.62%) and slightly reduced Fe (1.75%) when compared to the as-

received samples. 
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Figure 3.9.   XPS data showing chemical composition in atomic % of substrate surfaces 
showing rich carbon (54-58%) and oxygen (32-37%) levels. 

 

The measured contact angle and calculated surface energy of each substrate are 

reported in Table 3.2. The contact angles of water on these substrates were relatively 

high, indicative of a hydrophobic surface. These subsequently correlated with relatively 

low surface energies for all substrate surfaces, ranging from 31 to 36 mJ/m2. 
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Table 3.1.   Average contact angles measured using water (n=3) and calculated solid 
surface energies of substrates of varying roughness according to Equation 
3.4. 

Substrate Contact angle (°) γs (mJ/m2) 

Mirror #8 79.9 35.39 

Unpolished 88.9 31.05 

Brush #4 77.3 36.26 

Sand 70/100 91.8 31.78 

 

The peel energies to remove the cured films and scotch tape controls from the 

various substrates are shown in Figure 3.10. All samples exhibited an increasing peel 

force required to remove films from substrates with increasing surface roughness, with 

the exception of the removal of scotch tape from the sandblasted substrate. The mean 

peel energies of the scotch tape were 112, 235 and 547 J/m2 to remove the film from the 

mirror #8, unpolished, and brush #4 finish, respectively. The removal of the scotch tape 

from the sandblasted sample showed lower peel energy of 209 J/m2, slightly lower than 

that required for the removal from the unpolished substrate. The peel energies required to 

remove the PEO N10 film from all substrates were substantially lower than those needed 

to remove the scotch tape, requiring means values of 7, 20, 21 and 31 J/m2 to remove the 

film from the mirror #8, unpolished, brush #4 and sandblasted finish, respectively, 

corresponding to mean peel forces in the range of 0.1 - 0.5 N. 
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Figure 3.10.  Peel energies measured to remove scotch tape (positive control, n=3) and 
PEO N10 films (n=3) from substrates of varying surface roughness. 

 

3.5 DISCUSSION 

3.5.1 Impact of applied voltage, distance from substrate, and environmental 
humidity on the deposition efficiency during ESPD 

The resistivity of powders used for ESPD is critical to their performance. 

Insulating powders, classified as volume resistivity > 1010 Ωm, readily accumulate charge 

and exhibit slow charge dissipation or decay, allowing for strong adhesion to the 

grounded, conductive substrate (Bailey, 1998; Cazaux, 2007). However, excessive charge 

accumulation on the deposited powder particles can induce back ionization. Back 

ionization, or back corona, is a phenomenon where oppositely charged ions are produced 

which can neutralize incoming particles, thus preventing further deposition of powder 
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onto the substrate. In addition to limiting the powder layer thickness on the substrate, 

back ionization can also lead to surface defects, such as pitting, on the final film (Bailey, 

1998; Cazaux, 2007; Prasad et al., 2016). Back ionization can be mitigated by methods 

such as incorporating free ion traps when using corona charging to reduce excess ion 

deposition on the substrate or reducing the resistivity and thus enabling faster charge 

dissipation of the coating material by formulating with conductive or antistatic additives; 

however, process parameters including lower charging voltage or higher environmental 

humidity can also significantly aid in reducing charge accumulation on the powder layer 

(Mazumder et al., 1997).  

Given the dielectric properties of PEO, volume resistivity of 1010 - 1011 Ωm, it is a 

suitable powder for ESPD and has been previously utilized in this process to prepare 

drug-loaded films (Prasad et al., 2015). ESPD with PEO at 25 %RH appears to induce a 

self-limiting layer thickness, resulting in films of similar weights across all processing 

conditions, shown in Figure 3.2. Without sufficient environmental humidity to facilitate 

charge dissipation, the particle resistivity becomes the driving factor influencing 

deposition behavior. At this low humidity condition, the charged particles exhibit slow 

charge decay, leading to a high charge accumulation on the deposited powder layer. This 

charged powder layer then induces back ionization and prevents further powder 

deposition (Cazaux, 2007; Mazumder et al., 1997; Sims et al., 2000). 

Increasing the environmental humidity can reduce particle resistivity. This effect 

is generally attributed to adsorbed moisture, which can reduce the particle surface 

resistivity and improve charge dissipation (Grosvenor and Staniforth, 1996; Karner and 

Urbanetz, 2011; Sharma et al., 2003). Increases in humidity can decrease resistivity by 

orders of magnitude; for example, Grosvenor et al. reported the resistivity of lactose and 

microcrystalline cellulose could be decreased from 1012 Ωm at 22 %RH to 1010 Ωm at 44 
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%RH (Grosvenor and Staniforth, 1996). With environmental humidity enabling reduced 

resistivity and faster charge dissipation, ESPD films produced at 40 %RH were not 

limited by the particle resistivity and were more influenced by other process parameters.  

At each charging voltage, there was a decrease in the average film weight 

representing decreased deposition efficiency with increasing gun tip to substrate distance, 

shown in Figure 3.2. As the particles enter what is referred to as the transport region 

between the gun and the substrate, they are subject to several forces: aerodynamic forces 

from the compressed air used to spray the powder, the force on charged particles to 

follow the electric field produced by the electrode and grounded substrate, as well as the 

gravitational force of the particle itself. The smaller the distance between the gun tip and 

substrate, the more likely the particle will follow the electric field directed to the 

substrate and less material will be lost to overspray from the compressed air or to gravity. 

However, the gun tip to substrate distance affects the current flowing between the gun 

and the substrate; the closer the gun to the grounded substrate, the higher the current flow 

between the two, which corresponds to a higher number of free ions directed to the 

substrate. Thus, although more powder particles are depositing on the substrate at the 10 

cm gun tip to substrate distance, so are more free ions. This increased deposition of free 

ions increases the probability of inducing back ionization (Guskov, 2002). For the low 

humidity condition, this was the likely cause of the drop in deposition weight seen with 

the 10 cm samples prepared with 60 and 80kV charging voltage when compared to those 

prepared at 20 and 30 cm at the same charging voltage. 

At 40 %RH, an increasing deposition efficiency was seen when charging voltage 

was increased from 40 to 60kV. Increasing charging voltage can produce particles with a 

higher charge to mass ratios that exhibit stronger adhesion to the substrate to be coated. 

This can in turn increase deposition efficiency (Meng et al., 2009). However, if the 
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charging voltage is too high, back ionization can occur, leading to decreased deposition, 

as seen with the 80kV samples. This finding correlates well with other studies showing a 

loss of coating efficiency with higher charging voltage. Qiao et al. showed an increasing 

coating level achieved when electrostatically coating tablets with increasing charging 

voltage from 0 to 60kV; however, a decrease in levels were seen when using 80 to 100 

kV (Qiao et al., 2010).  

 

3.5.2 Impact of cure temperature and time on film formation, peel strength and 
mechanical properties 

The mechanism of dry powder film formation, specifically with thermoplastic 

polymers, can be described by (1) deformation and coalescence of discrete powder 

particles, (2) spreading or leveling of the coalesced particles, and (3) the subsequent 

hardening of the film when removed from heat (Prasad et al., 2016; Sauer et al., 2013). 

The coalescence of discrete powder particles is a function of the viscosity and surface 

tension of the coating material at the cure temperature used, as well as the radius of the 

particles (Dillon et al., 1951). Curing temperatures are typically selected near or above 

the glass transition temperature for amorphous polymer systems and near or above the 

melting point for crystalline or semi-crystalline polymers to promote viscous flow. The 

minimum film formation temperature (MFFT) is another value utilized in the coating 

industry.  MFFT is defined as the minimum temperature at which a continuous film will 

form for a given material, typically this value is near the Tg for many polymer systems 

(Jensen and Morgan, 1991; Keddie and Routh, 2010).  

PEO N10 is a semi-crystalline polymer that exhibits a broad melt endotherm 

spanning 61-75°C (Prasad et al., 2015). When cured at 70°C, Figure 3.4 shows that after 

15 minutes particles were still undergoing deformation and after 60 minutes the film 
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exhibits incomplete coalescence with visible voids. Visual observations made of the films 

correlate with these findings, as films were still opaque upon removing at 15 minutes, 

whereas films cured for 30 and 60 minutes were translucent. Films prepared at 80 and 

90°C were transparent by 15 minutes, suggesting a transparent film could be indicative of 

achieving sufficient melt and/or film formation. Thus, at 70°C there was sufficient melt 

flow to initiate particle deformation and coalescence, but not to facilitate complete 

coalescence and film formation by 60 minutes due to high melt viscosity (Uhlmann and 

Grundke). Higher temperatures, at both 80 and 90°C, enabled a further decrease in melt 

viscosity to decrease the time needed for deformation and coalescence, with minimal 

voids observed after 15 minutes and complete film formation after 30 minutes.   

The peel energies for removing cured films from the unpolished SS316 substrate 

were all relatively low, with mean values less than 21 J/m2. Note that a good adhesive 

(i.e. tape) typically requires peel energies > 100 J/m2 for removal (Gay, 2002). However, 

there was a slight increase in mean peel energies with values greater than 15 J/m2 

obtained for samples cured at 80°C for 60 minutes are those cured at 90°C. This can be 

attributed to increased spreading of the molten polymer across the substrate at these 

conditions due to the reduced melt viscosities at these temperatures and contact time.  

Increased spreading or wetting of coating material onto the substrate has been directly 

linked to increased coating efficiency (Sauer and McGinity, 2009; Smikalla et al., 2011). 

The corresponding increase in interfacial contact area between the coating and the 

substrate enhanced the adhesion between the two materials, leading to an increase, albeit 

a small increase, in adhesive strength (Kinloch, 1980).  

The tensile strength of films cured at the varying conditions did not vary 

significantly, ranging from 0.6 to 0.9 MPa, with the exception of that of the 70°C, 15 

minute condition. The 70°C, 15 minute film exhibited a significantly higher tensile 
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strength with a mean tensile strength around 1.6 MPa. In Figure 3.4, the 70°C, 15 minute 

sample showed a lesser degree of particle coalescence than the other time and 

temperature cure conditions and visual observations reported an opaque final film, 

indicating insufficient melt for film formation. Semi-crystalline polymers consist of both 

crystalline and amorphous regions. The crystalline regions are dense, typically described 

as lamellar regions of folded chains, and are mechanically stronger than the amorphous 

regions. This strength is attributed to the density and the increased degree of bonding 

between the polymer chains (i.e. hydrogen, van der Waals, etc.) (Peterlin, 1975; Ward 

and Sweeney, 2012). With a reduced degree of melt and coalescence seen with the films 

cured at 70°C for 15 minutes, the polymer retained a higher degree of crystallinity and 

thus exhibited a higher mechanical strength.  

A disintegration test was conducted using films from the 80°C, 60 minute cure 

condition as this condition showed complete film formation and comparable mechanical 

properties as films from 80°C and 90°C samples at 30 and 60 minutes. Rapid 

disintegration was observed by 10-12 s with complete disintegration in less than one 

minute, confirming satisfactory performance of PEO-based orodispersible films. The 

authors previously confirmed rapid drug release of acetaminophen (APAP) from APAP: 

PEO orodispersible films prepared by ESPD, showing greater than 85% drug release by 2 

minutes (Prasad et al., 2015).  

 

3.5.3 Impact of substrate properties on adhesion of the film to the substrate 

Stainless steel 316 was chosen as a substrate for this study as it the primary 

material of choice for the construction of pharmaceutical equipment due to its resistance 

to corrosion (Cramer and Covino, 2006; Marshall, 1984). This characteristic is attributed 
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to the formation of a dense, protective chromium oxide (Cr2O3) layer on the surface of the 

metal, preventing oxidation of the bulk composition, specifically preventing rust 

formation (Fe2O3) (Adams, 1983; Detry et al., 2010). Paired with its electrical 

conductivity (Ho and Chu, 1977), SS 316 is a suitable substrate for the preparation of free 

films by ESPD. As shown in Figure 3.8, there were clear contrasts between the surface 

topographies of each finish. The mirror and brush finish exhibited unidirectional 

striations from the grit polishing process, while the unpolished surface showed an 

irregular microstructure of a rolled or laminated stainless steel surface (Marshall, 1984). 

The sandblasted sample topography included circular depressions from the abrasive 

treatment beads. The roughness values reported in Table 2 quantify the increasing surface 

roughness with average roughness values, Ra, ranging from 20 to 154 nm for the as-

received mirror #8 and the brush #4 finish, respectively, and jumping to 1080 nm with 

the sandblasted surface. Notably, the maximum height profile of the unpolished sample 

was greater than that of the brush #4 sample; this was due to the grit polishing process 

used to prepare the brush #4 finish. 

While the bulk composition of SS316 chiefly consists of an iron alloy with Cr 

(16-18), Ni (10-14) Mo (2-3) and small amounts of other effective elements, the surface 

is comprised of a dense chromium oxide (Cr2O3) layer that prevents iron oxidation or 

rusting (Adams, 1983). When exposed to ambient air, the surface is further covered by 

carbon and oxygen. The heavy carbon and oxygen content is due to physical adsorption 

of hydrocarbon contamination, such as alcohols or esters, onto the surface of the metal 

(Adams, 1983; Mazumder et al., 2006). Carbon was measured at 54-58% and oxygen at 

32-37% of the surface composition, shown in Figure 9, confirming the presence of an 

adsorbed hydrocarbon layer.  This hydrocarbon layer contributed to the hydrophobic 

nature of the surface, with contact angles ranging from 77-92° (Faille et al., 2002; Flint et 
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al., 2000). The calculated surface energies for these surfaces were relatively low, ranging 

31-36 mJ/m2. These low surface energy, hydrophobic substrates facilitated a low degree 

of adhesion with the hydrophilic PEO N10 film. The Ni and Cr enrichment and 

corresponding decrease in Fe seen with the sandblasted sample is characteristic of the 

sample undergoing mechanical abrasive treatments and the reformation of the chromium 

oxide layer during acid treatment (Adams, 1983; Haidopoulos et al., 2006; Rohly et al., 

2003). Overall, the XPS analyses confirm that these substrates did not differ significantly 

in their chemical composition. Thus, the substrates only differ in their surface roughness 

and topography.   

The scotch tape, used as a reference for the peel test, showed a significant 

influence of substrate roughness on the mean peel energy, with > 100 J/m2 of peel force 

required for the mirror finish and around 550 J/m2 required for removal from the brush 

finish. Notably, the force required for the removal of the scotch tape from the sandblasted 

substrate was slightly lower than that for the unpolished substrate. This was attributed to 

the thin adhesive layer of the tape and the deep indentations of the sandblasted sample. 

The thin adhesive layer was unable to make contact with the surfaces along the inside of 

the deep indents. Thus, the tape was only adhered to the top surface of the substrate with 

gaps in the interfacial contact area corresponding to the indents. This resulted in a 

significantly lower interfacial contact area and reduced adhesion. 

The PEO films were not as significantly impacted by the surface roughness of the 

substrate. Although a general trend was seen in that the peel energy increased with 

increasing surface roughness, the average peel force from all substrates was less than 31 

J/m2. This signifies that the removal of the PEO film was robust and requires very little 

force, confirming that there was no significant adhesion or bonding between the polymer 

and metal substrate. This finding was consistent with the characterization of the SS316 



 74 

substrate as a low-energy, hydrophobic surface.  Thus, with the absence of chemical 

bonding or mechanical interlocking, the mechanism of adhesion between the PEO film 

and metal substrate is primarily due to weak Van der Waals and/or electrostatic forces 

(Kinloch, 2012; Ramarathnam et al., 1992). The incremental increases in adhesive peel 

energy with increasing roughness attributed to an increase in surface area of the 

roughened metal, leading to increased interfacial contact area between the film and 

substrate (Kinloch, 1980; Packham, 2003).   

 

3.6 CONCLUSION 

Electrostatic powder coating has been used extensively in the finishing industry as 

a solvent-free and energy efficient coating operation. Here, we have demonstrated that 

this process can be adapted and optimized to produce non-adhering, free films by 

utilizing a substrate that does not readily bond, mechanically or chemically, with the 

powder coating material. The effect of various processing parameters was evaluated on 

(1) the deposition efficiency, (2) film formation, and (3) removal of PEO N10 free films 

prepared using ESPD. At low humidity (25 %RH), the processing parameters studied 

showed little effect on overall deposition efficiency due to the onset of back ionization, 

whereas at increased humidity levels (40 %RH) trends of increasing deposition efficiency 

with decreasing gun tip to substrate distance and increasing voltage (up to 60kV) was 

observed. Back ionization was attributed to the self-limiting deposition efficiency at 25 

%RH, as well as to the drop in deposition efficiency at 80 kV at 40 %RH. The PEO N10 

films exhibited complete film formation by 30 minutes at 80 and 90°C. Peel testing of the 

films exhibited slightly increased adhesive strength (> 15 J/m2) for films cured at 80°C 

for 60 minutes or those cured at 90°C due to increased spreading and thus increased 
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interfacial contact area for adhesion. Adhesive strength was also tested with substrates of 

varying finishes and exhibited a trend of increasing adhesive strength with increasing 

roughness. This finding was again attributed to greater interfacial contact with the 

substrate. All PEO films were readily removed from the SS316 substrates due to the 

hydrophobic nature and low surface energy of the surface. The ESPD process was able to 

produce films with good mechanical properties, demonstrating its application as an 

alternative to the traditional solvent-casting manufacturing process. This study also 

serves as guidance for the evaluation of additional pharmaceutical compositions and 

substrates.  
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Chapter 4:  Electrostatic Powder Deposition to Prepare Films for Drug 
Delivery1 

 

4.1 ABSTRACT 

An electrostatic powder deposition (ESPD) method was developed to prepare free 

films for drug delivery. Films were prepared using polyethylene oxide (PEO), a physical 

mixture of PEO and acetaminophen (APAP), and co-processed PEO and APAP particles. 

Compositions were charged by an electrostatic spray gun and deposited onto a grounded 

stainless steel coupon. The deposited powders were cured and free films were peeled 

from the substrate. Average drug content of the active films was 97% of theoretical. 

Films prepared using the physical mixture of the powders showed greater variability with 

an RSD of 11.9% compared to 1.8% from films prepared using co-processed particles. 

Mechanical testing of the prepared films showed lower puncture strength than 

commercially available Listerine® strips, but exhibited greater elongation prior to break. 

Active films showed up to 15% elongation compared to 1.6% from Listerine® strips and 

3.8% from PEO films, due primarily to the plasticizing effect of APAP on PEO in the 

drug containing films. Both active films exhibited greater than 85% drug release in 2 

minutes. This study is the first to demonstrate the application of ESPD to prepare free 

films for drug delivery; however, future studies of this technology are needed to 

determine its full potential.  

 

                                                
1 This work has been published in Prasad, L.K., Keen, J.M., LaFountaine, J.S., Maincent, J., Williams Iii, 
R.O., McGinity, J.W., 2015. Electrostatic powder deposition to prepare films for drug delivery. Journal of 
Drug Delivery Science and Technology 30, Part B, 501-510.  
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4.2 INTRODUCTION 

The development of oral films for drug delivery has been a growing area of 

research as a valuable dosage form to increase patient compliance, eliminate the need for 

dosing with water, and/or bypass first pass metabolism using buccal delivery (Borges et 

al., 2015; Dixit and Puthli, 2009; Obermeier et al., 2008). Many patients, particularly in 

the pediatric and geriatric patient population, have difficulty swallowing tablets and 

capsules, making an oral film a desirable dosage form (Lam et al., 2014; Stegemann et 

al., 2010; Stegemann et al., 2012). Oral films are typically manufactured using solvent 

casting or hot melt extrusion (HME) (2015; Borges et al., 2015; Dixit and Puthli, 2009; 

Morales and McConville, 2011), each of which exhibits certain limitations. The 

limitations with solvent casting are largely based on the need for a solvent, aqueous or 

organic. Aqueous solutions have a slow rate of drying, with many aqueous solvent 

casting processes requiring up to 24 hours of drying time (Kianfar et al., 2012; Shen et 

al., 2013; Sievens-Figueroa et al., 2012; Visser et al., 2015).  The use of organic solvents 

is particularly undesirable from an environmental standpoint and requires the 

manufacturing process train to include solvent handling and collection capabilities 

(Constable et al., 2007; Grodowska and Parczewski, 2010); residual solvent testing is 

required on the final drug product for any solvents considered toxic . Additionally, 

solvent casting can lead to sedimentation and/or phase separation during drying, resulting 

in nonhomogeneous films (Hopkinson and Myatt, 2002). Formulation development 

activities for solvent cast films include appropriate solvent selection and ensuring 

solution rheology is amenable to the casting process (Preis et al., 2014b).  Similarly, the 

use of HME for film manufacture can be limited, as it requires that the active 

pharmaceutical ingredient (API) and polymer are stable under thermal and shear stress.  
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Additionally, the formulation must be developed such that the rheological properties of 

the molten material are amenable to extrusion, shaping and cutting (Lang et al., 2014).   

We hypothesize that a modified dry powder coating process can be used as an 

alternative technique for the preparation of free films. The dry powder coating process 

has been adapted from the metal coating and finishing industry for use in pharmaceutical 

coating (Bailey, 1998; Sauer et al., 2013). The benefits with eliminating the use of 

organic or aqueous solvents include reduced energy consumption and drying times 

attributed with conventional solvent-based coating processes. Dry powder coating 

processes have been developed for tablets (Cerea et al., 2004; Huatan and Ross, 2011; 

Qiao et al., 2010a; Qiao et al., 2010b; Sauer et al., 2007), granules/pellets (Pearnchob and 

Bodmeier, 2003; Terebesi and Bodmeier, 2010), and other dosage forms (Nukala et al., 

2010). Sauer et al. in a recent review article, reported on the various dry powder coating 

technologies being evaluated within the pharmaceutical industry, which include liquid 

assisted, thermal adhesion, and electrostatic coating (Sauer et al., 2013). Coating 

adhesion and coalescence of the film onto the surface of tablets or pellets are critical, 

particularly in the instances where the coating is providing a protective barrier or 

controlled release. Lack of adherence to the tablet is considered a defect or failure in 

coating process.  

Adhesion of the coating polymer onto a tablet is primarily driven by interfacial 

interactions between the polymer and tablet excipients (McGinity and Felton, 2008; 

Podczeck, 1998). These interactions can include molecular interactions, primarily via 

hydrogen bonding. The degree of adhesion is influenced by the properties of the coating 

and substrate materials. Coating formulations usually incorporate a polymer as the film 

former, a plasticizer to reduce the polymer glass transition temperature, add flexibility to 

the formed film, and/or increase adhesive properties (Felton and McGinity, 1997; 
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Gutiérrez-Rocca and McGinity, 1994), an anti-tacking agent in small amounts to decrease 

tackiness of the applied coat, and pigments (Felton and McGinity, 2002). The coating 

formulation is dissolved and/or suspended in a solvent, which provides the capillary 

forces to form liquid bridges between the coating and substrate to aid in film formation 

and adhesion (McGinity and Felton, 2008). The tablet excipients also influence adhesion, 

strengthening it by molecular bonding with the coating excipients or hindering it, if for 

example the excipients are hydrophobic (Lehtola et al., 1995). Increased surface 

roughness of the tablet can provide greater interfacial area, leading to a greater degree of 

adhesion (Khan et al., 2001; Nadkarni et al., 1975).  

Given a non-adhering substrate, such as a polished metal, dry powder coating 

processes could be adapted for the preparation of free films.  Adhesion of a coating 

polymer to a metal substrate is primarily due to chemical bonding and mechanical 

interlocking; however, both are not readily formed and require pretreatment of the metal 

(Kozma and Olefjord, 1987; Lee, 1991; Ramarathnam et al., 1992). Chemical 

pretreatments often utilize phosphates, chromium, silanes or titanium zirconium to 

increase the surface energy by creating new chemical/function groups on the metal 

surface to promote chemical bonding with the coating material (Awaja et al., 2009; Butt 

and Kappl, 2009; Gettings and Kinloch, 1977; Lee, 1991; Moore and Dunham, 2008).  

Mechanical treatments are used increase surface roughness and allow polymers to 

penetrate into small interstitial spaces to increase adhesive strength by mechanically 

interlocking the coating onto the surface of the metal; these methods often include 

abrasive blasting or other mechanical etching techniques (Kinloch, 1980; Ramarathnam 

et al., 1992).  Without pretreatment of the metal, the adhesive forces between the polymer 

and metal substrate are relatively weak and more a function of electrostatic and weak 

boundary layer forces (Lee, 1991). In this study, this weak interaction can be exploited in 
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order to use a metal surface as a temporary substrate for the preparation of free films 

using electrostatic powder deposition. 

The aims of the present study were to develop free films utilizing an electrostatic 

powder deposition (ESPD) technique and investigate the properties of the prepared films 

including morphology, mechanical properties, drug content, content uniformity, and in-

vitro drug release. Polyethylene oxide (PEO) and acetaminophen (APAP) were chosen as 

the hydrophilic polymer and model API, respectively.  

 

4.3 MATERIALS AND METHODS 

4.3.1 Materials 

POLYOXTM WSR N10 NF produced by The Dow Chemical Company (Midland, 

MI, USA) was kindly donated by the distributor, Colorcon Inc. (Harleysville, PA, USA). 

Acetaminophen (APAP) was purchased from Spectrum Chemicals (New Brunswick, NJ, 

USA). Aerosil® R 972 was purchased from Evonik Industries (Essen, North Rhine-

Westphalia, Germany). Listerine Pocketpaks® breath strips were purchased from a local 

pharmacy to be used as a reference for mechanical properties; the strips were cut to 

produce square samples for analysis.  High performance liquid chromatography grade 

methanol and water were purchased from Fisher Scientific (Pittsburgh, PA, USA). 

 

4.3.2 Particle Size Fractions 

The majority of powders used for electrostatic coating processes utilize a mean 

particle size of around 30 μm with a d90 around or below 90 μm (Bailey, 1998; 

Mazumder et al., 1997; Staniforth and Grosvenor, 1995). Particles under 30 μm are 

classified as ultrafine and can exhibit poor flow properties (Meng et al., 2009a). Larger 
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particles, usually greater than 80-90 μm, tend to accumulate a lower charge-to-mass ratio 

upon charging and are more sensitive to charge loss, leading to poor adherence to the 

substrate (Barmuta and Cywiński, 2001; Meng et al., 2009a; Wang, 2005).  Based on this 

information, PEO, APAP, and co-processed materials were sieved for 20 min using a 

sieve shaker to obtain 25-90 μm size fractions (500 – 170 mesh).  

 

4.3.3 Blending 

Appropriate amounts of sieved API, polymer and glidant were weighed into 

bottles and blended for 15 min using the Turbula® T2F blender (Glen Mills Inc., Clifton, 

NJ, USA) to prepare the physical mixture. API and polymer were weighed and blended 

for 15 min prior to co-processing by HME. Glidant was added to the milled co-processed 

material and blended for 15 min prior to prepare the final co-processed particles for use 

with the ESPD process. Both the physical mixture and co-processed particles consisted of 

10% w/w APAP, 89.7% PEO, and 0.3% Aerosil® R 972. 

 

4.3.4 Hot Melt Extrusion (HME) 

A co-rotating twin-screw extruder, Leistritz Nano 16 (Leistritz, Sommerville, NJ, 

USA) was used to prepare co-processed APAP:PEO material. The feed rate was 

approximately 3 g/min using a volumetric feeder, Schenk AccuRate (Schenck AccuRate, 

Whitewater, WI, USA). The screw configuration only consisted of conveying elements 

(no mixing elements) and the screw speed was maintained at 100 rpm. The extrusion 

temperature profile of 65°C-75°C-80°C-85°C for zone 1-zone 2- zone 3-die was used.  

The extrudate was cut into smaller pieces as it exited the die. 
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4.3.5 Milling 

Cryogenic milling was conducted using a Spex SamplePrep 6870 Freezer/Mill 

(Metuchen, NJ, USA). Samples were placed into polycarbonate vials with a magnetically 

driven impactor. Samples were immersed in liquid nitrogen, pre-cooled for 5 min, milled 

for 5 min at a frequency of 10 cycles per second (cps), with a pause of 2 min between 

cycles to prevent the magnetic coil and sample overheating. The co-processed material 

was milled for a total of 30 min. 

 

4.3.6 Electrostatic Powder Deposition (ESPD) 

The ESPD process consists of the following steps: powder charging, spraying and 

deposition, followed by curing and removal of the non-adhered film from the temporary 

metallic substrate. Powder is fed to a Nordson Vantage® Manual corona gun (Nordson 

Corporation, Westlake, OH, USA), charged with 80 kV voltage, and sprayed using 1.5 

bar of atomizing pressure and 1.5 bar fluidizing pressure through a conical deflector. The 

negatively charged particles follow the trajectory of the electrostatic field between the tip 

of the gun and the grounded metallic substrate and deposit onto the surface of the 

grounded substrate, shown in Figure 4.1. For this study, a stainless steel substrate was 

covered with a non-conductive poly(ethylene terephthalate) (PET) (Melinex® 329) 

stencil, 175 μm thickness (shown in white). Resistivity of PET has been reported as 

greater than 1016 Ω (Han and Tay, 2008), making it an insulating material, thus 

preventing the charged powder from adhering to the stencil material. Charged particles 

deposit on the exposed surfaces (shown as grey) of the grounded substrate, shown in 

Figure 4.1. The use of this stencil eliminated the need to cut discrete films for 

characterization. After powder deposition, the substrate was placed in an infrared oven to 

allow the powder to coalesce into a film. The substrate was then removed from heat and 
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allowed to equilibrate to room temperature, whereupon the discrete films were removed 

from the temporary substrate.  Films were prepared using PEO alone and the physical 

mixture, and co-processed particles. 

 

 

Figure 4.1 Schematic of ESPD process (left) and stencil over substrate (right). 

 

4.3.7 Differential Scanning Calorimetry (DSC) 

A TA Instruments Model Auto Q20 DSC (TA Instruments, New Castle, DE, 

USA) was used to characterize raw materials and processed samples. Raw materials were 

evaluated using a heat-cool-heat method, by first equilibrating samples at 25°C followed 

by heating to 225°C at a ramp rate of 10°C/min and then cooled at 5°C/min to -40°C, 

before repeating the heat cycle. The physical mixture, co-processed particles, and film 

samples were equilibrated at -20°C and then heated to 225°C at a ramp rate of 10°C/min 

During analyses, high purity nitrogen flowed through the sample chamber at a rate of 

50 mL/min Data was analyzed using TA Universal Analysis 2000 software. 
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4.3.8 Powder X-ray Diffraction (PXRD) 

PXRD analyses were conducted using MiniFlex 600 (Rigaku, Tokyo, Japan) 

operated at 40 kV and 15 mA using a variable + fixed slit condition. Data was collected 

in a continuous scan mode with a step size of 0.02° and step speed of 4°/min over a of 2θ 

range of 10° to 60°.  

 

4.3.9 Scanning Electron Microscopy (SEM) 

The surface morphology of the films was imaged by scanning electron 

microscopy (SEM). Samples were mounted onto pin stubs using conductive carbon 

adhesive tape and sputter coated with a 15 nm thickness of palladium/platinum under 

argon using a Cressington 208HR sputter coater (Cressington, Watford, UK). The Zeiss 

Supra field emission SEM (Zeiss, Oberkochen, Germany) was operated at an accelerating 

voltage of 5 kV to obtain images. 

 

4.3.10 Mechanical Strength Testing 

Samples were measured for weight and thickness. Thickness was measured using 

a Mitutoyo digital micrometer (Mitutoyo, Kawasaki, Japan). Samples were then tested on 

a Texture Analyzer TA-XTplus (Stable Microsystems, Godalming, Surrey, UK) using 5 

kg load cell. Samples were mounted on a TA-108s-5 fixture (Texture Technologies, 

Hamilton, MA, USA) and punctured using a ¼” spherical probe moving at 1 mm/s. 

Measurement started when the probe had contact with the sample using a trigger force of 

0.049 N. Exponent software (Stable Microsystems, Godalming, Surrey, UK) was used to 

process data.  
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Calculations for tensile strength and percent elongation are shown in equations 

4.1 and 4.2, respectively as defined by Radebaugh et. al (Radebaugh et al., 1988). 

 
!!" = ! !!!"     (4.1) 

 

where F is the force at rupture (N) and Acs is the cross sectional area of the film in the 

film holder (mm2). 

 

%!!"#$%&'(#$ = ! !!!!!!!
! ×!100%    (4.2) 

 

where r is the radius of the film exposed to the probe in the same holder and D is the 

displacement of the probe from the point of contact with the film until rupture. 

 

4.3.11 Assay and Content Uniformity Testing 

Aliquots of blend were weighed and accurately transferred into volumetric flasks 

and dissolved in mobile phase (see HPLC section). Film assay samples were prepared 

using 10 films that were weighed and transferred into a volumetric flask and dissolved in 

mobile phase. The resulting solutions were then filtered through 0.2 μm PVDF filters and 

immediately transferred to 2-mL HPLC vials for analysis. Physical mixture, co-processed 

particles, and film assay were analyzed in triplicate. Content uniformity was determined 

by assaying 10 individual films and relative standard deviation (RSD) was determined 

per USP <905> Uniformity of Dosages Units (USP38-NF33, 2015).  
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4.3.12 High Performance Liquid Chromatography (HPLC) 

APAP content was analyzed with a Thermo Scientific Dionex UltiMate 3000 

HPLC system (Thermo Scientific, Sunnyvale, CA, USA). An Ultimate 3000 Autosampler 

was utilized to inject 10 μL samples. The HPLC system also included dual UltiMate 3000 

Pumps and an UltiMate RS Variable Wavelength Detector. The system was operated 

under isocratic conditions with a methanol: water (1:3) mobile phase, using a flow rate of 

1.5 ml/min. Injections were passed through a Phenomenex Luna® 5 μm C18(2) reverse 

phase column, 250 x 4.6mm (Phenomenex, Torrence, CA, USA) and absorbance at a 

wavelength of 243 nm was measured. Chromeleon Version 6.80 software (Thermo 

Scientific, Sunnyvale, CA, USA) was used to process all chromatography data.  

 

4.3.13 Dissolution Testing 

In vitro drug release testing was conducted using a USP dissolution apparatus 1 

(basket method).  Testing was conducted using a rotation speed of 50 rpm with 500 ml of 

deionized water held at 37°C. Samples were taken at 2, 5, 10, 15, 20, and 30 min and the 

dissolution medium was replenished to maintain constant volume. Samples were 

analyzed for drug content using the HPLC method described above.  

 

4.4 RESULTS 

A square stencil, 26.9 mm x 26.9 mm, was used to make the films for characterization in 

this study (Figure 4.2, top). Additional stencils were used to show the versatility of the 

ESPD process.  Some of these shapes and sizes are shown in Fiugre 4.2 to illustrate the 

ability to form discrete shapes and sizes using the ESPD process. 
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Figure 4.2 Films prepared by the ESPD process using various stencil shapes and sizes. 

 

The APAP, PEO, physical mixture, co-processed particles, and films were 

evaluated by DSC. The resulting thermograms are shown in Figure 4.3. The APAP 

thermogram shows a melt endotherm around 169°C, while PEO exhibits a melt 

endotherm around 61.4°C. Upon cooling, a recrystallization peak was seen at 44.58°C for 

PEO during the cooling cycle. The second heating cycle for the APAP showed a glass 

transition temperature (Tg) of 25.7°C (data not shown), while the Tg of the PEO could not 

be detected due to the limitations of cooling capabilities of the chiller (maximum cooling 

to -40°C). The Tg of PEO is reported by the vendor to be around -50°C to -57°C. There is 

no APAP melt endotherm present in the physical mixture thermogram, indicating the API 

dissolves in molten PEO upon heating with complete dissolution prior to its melting 

point. This phenomenon correlates with previous findings of APAP:PEO mixtures, which 

show an increased solubility of APAP in PEO with increasing temperature (Yang et al., 
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2010; Yang et al., 2011). The co-processed particles and films prepared using both the 

physical mixture and co-processed particles also show no APAP melt endotherm.  Each 

drug-containing sample shows a depression of the PEO melt endotherm, characterizing of 

the plasticizing effect of dissolved APAP. This also correlates with the findings of 

Suwardie et al. that showed a decrease in viscosity of APAP:PEO mixtures with 

increasing APAP content up to 30-40% w/w (Suwardie et al., 2011; Yang et al., 2010).   

 

 

Figure 4.3 DSC thermograms of crystalline APAP, semi-crystalline PEO, physical 
mixture, co-processed particles, and active films prepared using physical 
mixture and co-processed particles. 

 

The crystalline nature APAP, PEO, the physical mixture, co-processed particles, 

and active films were evaluated by PXRD.  The diffraction patterns are shown in Figure 
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4.4.  The diffraction peaks of the crystalline APAP can be seen in the physical mixture 

and films prepared using physical mixture. This confirms the presence of crystalline API 

in the PM, which could not be detected using DSC. The crystallinity in the film sample 

shows that the film curing process was not too aggressive as to dissolve the APAP into 

the PEO. Crystalline APAP is not detectable in the co-processed particles or the films 

prepared using these particles, confirming the APAP has converted to its amorphous form 

during processing and may be partially dissolved in the polymer. The crystalline peaks of 

the PEO are still seen in the processed samples; however, the intensity decreases upon 

processing with HME and decreases further upon film curing. 

 

 

Figure 4.4 PXRD patterns of crystalline APAP, semi-crystalline PEO, physical 
mixture, co-processed particles, and active films prepared using physical 
mixture and co-processed particles. 
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Figure 4.5 shows the SEM micrographs for the PEO film and films prepared using 

the physical mixture and co-processed particles. The PEO film shows a smooth surface, 

indicative of complete coalescence of particles during curing. The film prepared using the 

physical mixture is also smooth, with the presence of imbedded APAP crystals. The film 

prepared using co-processed particles is mostly smooth, however the edges of particles 

and some small voids can be seen indicating incomplete coalescence.  

 

 

Figure 4.5 SEM micrographs of PEO film (top), active film from physical mixture 
(middle), active film from co-processed particles (bottom).  White bar 
represents 20 μm. 
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The PEO and active films were characterized for mechanical strength. 

Representative force-displacement curves for each are shown in Figure 4.6. As a 

reference, a commercially available Listerine® breath strips were also tested. The 

Listerine® strip shows a steep curve before rupture around 3 N of force with little 

elongation, indicative of a brittle break. The PEO film shows a lower average break force 

around 1.8 N but a greater displacement prior to break compared to the Listerine strip. 

Both active films showed significantly greater average displacement at 2.8 and 2.9 mm, 

for the films prepared using physical mixture and co-processed particles, respectively. 

The average puncture force for the active film prepared using physical mixture was 

slightly lower than that of the film prepared using co-processed particles, shown in Table 

4.1. Tensile strength and percent elongation were calculated for all films and are reported 

in Table 4.1. The active films showed similar puncture strength and tensile strength when 

compared to the PEO film; however, the percent elongation is nearly 4-fold greater. 

 

 

Figure 4.6 Representative force-displacement curves of Listerine® breath strip 
(reference), PEO film, and active films prepared using physical mixture and 
co-processed. 
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Table 4.1 Mechanical properties of Listerine strip (reference) and films prepared using 
ESPD, average (std. dev.), n=5. 

Sample 
Weight 

(mg) 

Thickness 

(mm) 

Average 

Burst 

Strength (N) 

Tensile 

Strength 

(MPa) 

Percent 

Elongation 

(%) 

Listerine (reference) 21.3 (0.1) 
0.046 

(0.001) 
3.01 (0.49) 2.07 (0.30) 1.6 (0.4) 

PEO  53.4 (3.4) 
0.066 

(0.002) 
1.79 (0.20) 0.86 (0.10) 3.8 (0.9) 

Active film from 

physical mixture 
52.6 (4.2) 

0.069 

(0.007) 
1.72 (0.58) 0.80 (0.25) 14.5 (2.9) 

Active film from co-

processed particles 
58.4 (5.0) 

0.081 

(0.007) 
2.09 (0.89) 0.82 (0.31) 15.4 (3.7) 

 

The physical mixture, co-processed particles and films prepared from each were 

assayed for drug content and individual films were tested for CU. The physical mixture 

drug content was determined to be 96.3% of theoretical, while the co-processed particles 

was 98.5% of theoretical. The average drug content of the films prepared using physical 

mixture and co-processed particles were comparable at 97% of theoretical, shown 

inTable 4.2. However, the variability with the films from the physical mixture was much 

greater, with CU testing indicating a RSD of 11.9% compared to 1.8% seen with the 

films prepared using co-processed particles.  

 The active films were tested for drug release. Sampling for these films 

were taken out to 30 min; however, greater than 85% release was seen by 2 min for both 
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films, indicating rapid dissolution of the dosage form. 100% release was reached by 10 

min for both films and no change was seen after reaching 100% release (Figure 4.7).  

 

Table 4.2 Physical mixture, co-processed particles, and active film drug content (n=3) 
and content uniformity of active films (n=10). 

Sample 
Drug Content, % 

theoretical (std. dev.) 

Content 

Uniformity, %RSD 

Physical mixture 96.3 (1.5) n/a 

Co-processed particles 98.5 (0.18) n/a 

Active film from physical mixture 97.1 (7.7) 11.9 

Active film from co-processed particles 97.2 (0.93) 1.8 

 

 

Figure 4.7 Drug release from films prepared using physical mixture and co-processed 
particles (n=6). 
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4.5 DISCUSSION 

The charged powders were sprayed until the deposited powder was approximately 

flush with the stencil. The coupon was then placed in an infrared oven for curing. 

Pharmaceutical powders, in general, are considered insulating materials; therefore, they 

do not readily lose charge and are able to adhere to the substrate even after removal from 

the ground, allowing for transport the oven without loss of powder (Coelho, 1985; 

Grosvenor and Staniforth, 1996). Both the PEO and active films were cured at 80°C for 

15 min; it was observed that the films were transparent after less than 5 min in the oven. 

Notably, given the time required for film formation using casting processes to allow for 

solvent evaporation, ESPD offers an advantage of significantly faster cure times, on the 

order of minutes versus hours (Abdelbary et al., 2014; Boateng et al., 2009; Koland et al., 

2010). Upon removal of the films from the oven and equilibrating to room temperature, 

the films became opaque due to recrystallization of the PEO.  The stencil was then 

removed, and the discrete films were removed from the substrate for characterization. 

The ability to produce discrete films using stencils allows for flexibility in the shape and 

size of the film, as shown in Figure 4.2, allowing for dose flexibility; the ability to make 

various shapes can also be an attractive feature for pediatric dosage forms. Specifically, 

this can be done without the need for cutting discrete films, as is often the case with 

solvent casting and HME processing of films (Low et al., 2013; Preis et al., 2014b), 

which can lead to drug product waste. As the charged powder only adheres to the 

exposed areas on the substrate, there is minimal waste.  Additionally, the use of powder 

recirculation systems have been used with electrostatic processes (Barmuta and 

Cywiński, 2001), which could potentially be adapted for use in pharmaceutical 

manufacturing, further improving yield.  
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Co-processing by HME was conducted at relatively low temperatures to avoid 

thermal oxidation of PEO (Crowley et al., 2002; Scheirs et al., 1991); these temperatures 

were well below the degradation temperature of APAP (Gilpin and Zhou, 2004). The 

process produced a transparent extrudate, which became opaque upon cooling to room 

temperature due to recrystallization of PEO. Co-processing was incorporated to prepare 

homogenous particles of APAP:PEO for use with the ESPD process; however, as can be 

seen by the PXRD profile in Figure 4.4, APAP was rendered amorphous by the HME 

process. This was expected, as various studies have shown APAP to produce an 

amorphous solid dispersion with hot-melt mixing or HME at a 10% drug load; however, 

this drug load is not considered thermodynamically stable (Suwardie et al., 2011; Yang et 

al., 2013; Yang et al., 2010; Yang et al., 2011). Yang et al. showed a 10% drug load of 

APAP in PEO would recrystallize in weeks (Yang et al., 2010), which was in agreement 

with a Flory-Huggins predicted solubility of APAP in PEO of approximately 2.3% (Yang 

et al., 2013). For the purpose of this study, long-term physical stability was not required 

to evaluate the viability of the ESPD process to make free films.  

No crystalline APAP was detected by DSC in any of the API-containing 

compositions due to the ability of the APAP to readily dissolve in the presence of molten 

PEO upon heating (Yang et al., 2010; Yang et al., 2011). The physical mixture and co-

processed particle samples did show a suppressed melt endotherm of PEO of 59.3°C and 

56.0°C, respectively, exhibiting the ability of APAP to plasticize the polymer. This melt 

suppression decreased further upon curing with the active films prepared from physical 

mixture and co-processed particles with PEO melt onset at 57.8°C and 55.96°C, 

respectively. These results show the plasticization of PEO in the presence of APAP 

increases with increased thermal exposure, as the co-processed particle samples showed a 
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greater melt depression than the physical mixture and both active film samples showed 

further suppression after curing.  

PXRD confirmed crystalline APAP in the physical mixture, as well as in the film 

prepared using the physical mixture showing that the curing process did not facilitate API 

dissolution PEO upon heating. PXRD analysis also confirmed that no crystalline APAP 

was present in co-processed particles of the film prepared using the co-processed 

particles. PXRD did not show suppression of the PEO crystalline peaks in the physical 

mixture, as this blend was not exposed to heat during this analysis as it was during DSC 

analysis. Consistent with the data from DSC, the PXRD profiles showed a suppression of 

the PEO crystalline peak intensities in the co-processed particle samples and further 

suppression in the film samples prepared using both the physical mixture and co-

processed particles.  

Dry powder curing and film formation is driven by the reduction in polymer melt 

viscosity leading to particle deformation and coalescence (Dillon et al., 1951; Grosvenor, 

1991; Kablitz and Urbanetz, 2007). Curing temperatures at or above the glass transition 

temperature (Tg) of the polymer allows for the viscous flow needed for film formation. 

As PEO is a semi-crystalline polymer, melt flow can be achieved when cured above its 

melting point.  Curing was conducted at 80°C, above PEO’s melting point of 61°C and 

well above the APAP Tg of around 25°C. Lower molecular weights of PEO, including the 

N10 grade used in this study, are considered self-plasticizing due to their excellent 

thermoplastic properties and low viscosity (Crowley et al., 2002; Prodduturi et al., 2007). 

Additionally, APAP has been shown to act as a plasticizer, further reducing the viscosity 

of PEO (Yang et al., 2010).  From the SEM images shown in Figure 4.5, the PEO and 

films from the physical mixture produced smooth films indicating thorough coalescence 

of the deposited particles. While the film prepared form the co-processed particles is 
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mostly smooth, the edges of particles and some small voids can be seen.  Longer cure 

times and/or higher cure temperatures could be evaluated to produce a smoother final 

film using co-processed particles. The use of plasticizers has been widely studied to 

reduce the polymer Tg (Qiao et al., 2013; Smikalla et al., 2011), to produce capillary 

forces between polymer particles (Kablitz and Urbanetz, 2007; Klar and Urbanetz, 2009), 

as well as to alter the properties of the final film, i.e. flexibility. The addition of a 

plasticizer, either to the co-processed formulation or adsorbed on the particle surface, 

could be another alternative to increase film formation efficiency without increasing 

curing time or temperature.  

At this time, there are no standard test methods or acceptance criteria for 

mechanical properties of films for drug delivery. Initial test methods were adapted from 

the plastics industry, such as ASTM D882 – Tensile Properties of Thin Plastic Sheeting; 

however, more recently, puncture tests have become more widely utilized as they are less 

prone to set-up error, do not require specified shape for the test specimen, and allow for 

better handling of brittle or otherwise fragile samples (2013; Khuathan and Pongjanyakul, 

2014; Nesseem et al., 2011; Preis et al., 2014a; Sriamornsak and Kennedy, 2006). The 

force-displacement curves from puncture testing, Figure 4.6, show that the commercially 

available Listerine® strip exhibits a brittle break with a steep slope and sharp break, 

whereas the films prepared using ESPD showed more elongation and plastic deformation 

prior to puncture and a more curved profile.  The APAP-containing films, both from 

physical mixture and co-processed particles, show significantly greater plasticity, with 

around 15% elongation compared to the 4% elongation seen with the PEO film. This data 

corroborates the DSC data showing the ability of APAP to plasticize PEO.  As a 

reference, Preis et al. tested 8 commercially available oral films and reported relatively 

low percent elongations ranging from 1.0 to 4.4% for the majority of the films. The 



 103 

corresponding force-displacement curves from these marketed oral films were similar to 

the Listerine® strips, showing steep curves and little elongation, indicative of a brittle 

break (Preis et al., 2014a). The films prepared by ESPD in this study, and specifically the 

active films, exhibited excellent plasticity prior to break, which can be advantageous 

from a handling perspective both for the patient and for packaging processes.  

The average puncture force for the ESPD films were similar to or slightly lower 

than that of the Listerine® strip, as shown in Table 4.1. The calculated tensile strengths 

for the PEO film and active films from physical mixture and co-processed particles were 

0.86, 0.80, and 0.82, respectively, whereas the tensile strength for the Listerine® strip 

was calculated as 2.07. Tensile strength normalizes for film thickness and as reported in 

Table 4.1, the Listerine® strip is about 30% thinner than the PEO film resulting in higher 

tensile strength values. The average thickness of the PEO and films prepared using the 

physical mixture is comparable at 66 and 69 μm, respectively. The average thickness of 

the films using co-processed particles is slightly higher at 81 μm; this thicker value can 

be attributed to the slightly higher weights for this sample set, and possibly due to the 

incomplete coalescence and leveling of the film during curing. Overall, the ESPD films 

were easier to handle during test set-up, as they were not brittle in nature.  

In this study, two active film formulations were prepared using ESPD: one using a 

physical mixture of APAP and PEO and the other using co-processed, homogenous 

particles of APAP and PEO.  Most materials for dry powder coating are co-processed to 

form homogenous composite particles (Craven, 1982; Hogan et al., 1996; Theodore and 

Labana, 1973) which can include the film forming polymer, plasticizer, crosslinking 

agents, and/or other processing aids, as needed.  Thus, the uniformity of physical 

mixtures after electrostatic powder deposition processing has not been thoroughly 

investigated and we are the first to present such information, as it is an appropriate 
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consideration for pharmaceutical applications.  The physical mixture and co-processed 

particle assay were measured at 96.3 and 98.5%, respectively. The standard deviation for 

the co-processed particles assay was very low at 0.18, confirming the HME process 

produced homogenous particles. The assay values for the active films from the physical 

mixture and co-processed particles were comparable at around 97%; however, the content 

uniformity testing showed that the films from the physical mixture were highly variable 

with a RSD of 11.9% compared a RSD of 1.8% seen with the films prepared using co-

processed particles.  

Bailey highlighted some of the powder properties that could affect the ESPD 

process, which include particle size, shape, fluidity, and resistivity (Bailey, 1998).  The 

effect of particle size and distribution has been widely studied (Barmuta and Cywiński, 

2001; Meng et al., 2009a). Corona charging and spraying of particles can lead to 

electroseparation of particles of a wide particle size distribution. Studies by Barmuta et 

al. and Meng et al. showed the preferential deposition of the smaller particles during 

electrostatic coating.  Because of this, narrow particle size distributions are recommended 

for electrostatic coating processes. Additionally, mean particle sizes of 30-40 μm are 

recommended for coating processes. Below this size, particles are classified as fine or 

ultra-fine and have a tendency for poor fluidization, increased cohesion, and high mass-

to-charge ratios that can lead to back-ionization and decreased deposition efficiency. 

Alternatively, larger particles sizes of 80-90 μm exhibit lower mass-to-charge ratios and 

are more sensitive to charge loss, leading to poor adhesion (Bailey, 1998; Meng et al., 

2009b; Meng et al., 2009c). In this study, size fractions of 25-90 μm were collected of the 

APAP and PEO to prepare the physical mixture. The observed variability around an 

acceptable average drug content as opposed to producing only superpotent or subpotent 

films indicate that one of the components of the physical mixture was not substantially 
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smaller or larger than the other within the 25-90 μm size fraction. Therefore, 

electroseparation as a function of particle size may not the primary cause of the 

variability in this system. The disparate particle shapes of the APAP and PEO may 

contribute to the variability in ESPD; the APAP crystals have a more needle-like shape 

while the PEO particles are more spherical (Yang et al., 2010). The larger aspect ratio of 

the APAP can lead to a variable charge accumulation and fluidization behavior (Hassan 

and Lau, 2009; Karner et al., 2014) and therefore, lead to variable deposition.  Lastly, the 

resistivity of the individual components must be considered. Bailey classified powders 

with resistivity greater than 1013 Ωm as most suitable for use with electrostatic coating 

processes as they do not readily dissipate accumulated charge. This leads to good 

adhesion properties. Powders with resistivity less than 1010 Ωm are generally classified as 

low resistance materials; they can deposit to grounded substrates, but adhesion is poor as 

they quickly loose their charge. The behavior of powders within the range between 1010 -

1013 Ωm is difficult to predict (Bailey, 1998). The vendor reported values of volume 

resistivity values for APAP and PEO are >1014 Ωm and 1010-1011 Ωm, respectively.  

Although, PEO falls within the unpredictable behavior range of per Bailey’s 

classification, PEO used in this study has been shown to deposit and adhere well, as 

exhibited by the successful preparation of films by ESPD. However, the difference in the 

resistivity values may lead to some variability in deposition behavior. Again, as this was 

the first proof-of-concept study evaluating the uniformity of ESDP using a physical 

mixture containing an active component, additional studies are needed to verify the 

sources of this variability.  

Dissolution testing was conducted to investigate drug release from the active 

films prepared using ESPD.  Although there is no standardized acceptance criteria for 

immediate release oral films, immediate release solid oral dosage forms target 80-85% 



 106 

release by 15 min for BCS I drug substances or rapidly dissolving drug products (1997; 

2000). Both active films showed greater than 85% release after 2 min. Although the films 

prepared using the physical mixture were characterized has containing crystalline APAP, 

while the films prepared using co-processed particles consisted of amorphous APAP 

from the HME process, this did not affect the immediate release properties of the dosage 

form. This will not always be the case and the solid-state properties and physical stability 

of the API must be considered when formulating and processing films using ESPD. In 

this study APAP was used only as a model drug to show the ability to prepare oral films 

for drug delivery using the ESPD process. The results of this study confirm that ESPD 

process was able to prepare rapidly dissolving films of APAP and PEO for oral drug 

delivery. 

 

4.6 CONCLUSION 

There is a growing interest in the use of oral films as a dosage form, particularly 

in pediatric and geriatric populations. While solvent casting and HME have been 

traditionally used for the manufacture of oral films, these methods also have 

disadvantages or challenges to their application.  Based on the results presented, it can be 

concluded that ESPD is a viable manufacturing method for preparing free films for drug 

delivery. This process allows for a high degree of flexibility in preparation of films with 

discrete shapes and sizes, without the need for cutting.  Additionally, the curing times for 

the ESPD are significantly reduced when compared to solvent casting processes, which 

can require hours for solvent evaporation.  As ESPD is already utilized in other 

industries, many formulation attributes and processing parameters have already been 

investigated and much of this knowledge can be translated or expanded for use of this 
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technique for pharmaceutical manufacturing. Continued development of this technology 

is needed to firmly establish this technique for pharmaceutical manufacturing portfolio 

and determine its range of capabilities. 
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Chapter 5: Influence of benzocaine loading on the properties and 
performance of polyethylene oxide films prepared by electrostatic 

powder deposition1 

 

5.1 ABSTRACT 

In this study, we report the use of an electrostatic dry powder process commonly 

used in the finishing industry to prepare pharmaceutical orodispersible films with 

increasing drug loadings.  Due to the inherent small size of orodispersible films for ease 

of administration and rapid dissolution, higher drug loadings are at times necessary to 

support the dose requirements of the active ingredient.  Here, we report for the first time 

that orodispersible films with drug: polymer ratios from 1:9 (10% drug loading) to 2:3 

(40% drug loading) were prepared by electrostatic powder deposition (ESPD). This novel 

ESPD technique was utilized to prepare orodispersible films of benzocaine (BNZ) for the 

treatment of oral and throat pain. Physical mixtures or composite particles of BNZ and 

polyethylene oxide (PEO) were utilized to prepare films at varying drug loads to 

investigate deposition uniformity. The electrical, solid state, and thermal properties of 

composite particles were investigated using a high resistance meter, powder x-ray 

diffraction (PXRD), differential scanning calorimetry (DSC), and rheology. The peel 

energy and mechanical properties, including percent elongation and tensile strength of the 

films, were determined using a texture analyzer. It was confirmed that composite 

particles were necessary to prepare films at all drug loadings to achieve acceptable 

potency and uniformity, as films produced with physical mixtures were superpotent due 

to segregation attributed to the particle size and electrical resistivity differences between 

                                                
1 This work has been submitted for publication. 
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BNZ and PEO. The composite particles additionally showed lower viscosity profiles with 

increasing drug loading, enabling reduced cure temperatures.  Films produced using 

composite particles exhibited low adhesion to the substrate and rapid in vitro drug 

release. The BNZ: PEO (2:3) composite particles showed a higher degree of crystalline 

BNZ content than the lower drug loads, resulting in reduced tensile strength and percent 

elongation, as well as a slightly reduced dissolution rate. 

 

5.2 INTRODUCTION 

Oral films, or orodispersible films (ODFs), have emerged as a promising dosage 

form due to their ease of administration (Hoffmann et al., 2011). These thin films 

disperse rapidly when placed in the oral cavity, negating the need for water or 

swallowing. The incidence of dysphagia or difficulty in swallowing can impact up to one 

third of the general population in their lifetime (Stegemann et al., 2012), with higher 

prevalence in geriatric populations and those affected by esophageal conditions (i.e. 

GERD) or central nervous system disorders (i.e. stoke, Parkinson’s disease, Alzheimer’s 

disease, etc.) (Bhattacharyya, 2014; Cho et al., 2015; Stegemann et al., 2010; Takizawa et 

al., 2016). The rapid disintegration of oral films, and thus reduced choking risk, also 

provides an effective dosage form for pediatric populations (Ali et al., 2014; Preis, 2015; 

Slavkova and Breitkreutz, 2015). 

ODFs are predominantly manufactured by solvent casting whereby a solution or 

suspension containing the active pharmaceutical ingredient (API), polymer, plasticizer, 

and optionally other excipients (i.e. taste masking agents, etc.) is cast or spread on a 

substrate. The cast material is then passed through an oven or other drying element to 

evaporate the solvent and produce the final dried film (Borges et al., 2015a, b; Dixit and 
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Puthli, 2009; Morales and McConville, 2011). The major limitation surrounding this 

process is the use of aqueous or organic solvent. Aqueous systems may require long 

drying times given the high heat of vaporization of water (Kianfar et al., 2012; Shen et 

al., 2013; Sievens-Figueroa et al., 2012; Visser et al., 2015). Organic solvents can 

significantly reduce drying times; however, testing is required on the final drug product 

to confirm residual solvent levels below ICH guidelines. Additionally, as most organic 

solvents are classified as flammable, processing with these solvents requires 

manufacturing facilities to be equipped with solvent handling and collection capabilities 

(Constable et al., 2007; Grodowska and Parczewski, 2010). Lastly, the use of aqueous 

and organic solvents may be detrimental to the physical or chemical stability of the API 

(Bose and Bogner, 2007). 

The desire to eliminate solvent from drug product manufacturing processes has 

yielded increased developmental efforts in dry powder coating processes, including 

electrostatic dry powder coating (Bose and Bogner, 2007; Luo et al., 2008; Qiao et al., 

2010a; Qiao et al., 2010b; Qiao et al., 2013; Sauer et al., 2013; Yang et al., 2015). 

Recently, the electrostatic dry powder coating process was modified to utilize a 

temporary, non-adhering substrate to prepare ODFs (Prasad et al., 2015). This process of 

electrostatic powder deposition (ESPD) involves (1) the charging and spraying of powder 

onto a grounded, conductive substrate; (2) the curing of the deposited powder; and (3) the 

removal of the cured film from the substrate.  

Although the small size of ODFs promotes to its ease of administration and rapid 

disintegration, it can also limit the incorporated dose (Boateng et al., 2010; Borges et al., 

2015b). Increasing drug loading in solvent cast films can lead to aggregation of API in 

solution or upon drying, resulting in non-uniform films (Morales and McConville, 2011; 

Perumal et al., 2008). To reduce this aggregation propensity, additional excipients are 
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typically added to the casting solution, such as stabilizing surfactants or viscosity 

increasing agents (Bhakay et al., 2016; Bodmeier and Paeratakul, 1989; Morales and 

McConville, 2011). These excipients can require processing changes, such as the need for 

longer drying times or higher drying temperatures, which can negatively impact the 

stability of the API (Myers, 2008). We hypothesize that uniform ODFs of increasing drug 

loading can be prepared using composite particles of API and polyethylene oxide (PEO) 

with the ESPD process.  

The objective of the present study was to investigate the influence of drug loading 

on the preparation of benzocaine (BNZ) and PEO oral films, as well as on the film 

mechanical and drug release properties. BNZ was chosen as a model compound due to its 

indication as a local anesthetic of oral and pharyngeal mucous membranes, such as for 

sore throat pain, making it attractive for an ODF dosage form. Low molecular weight 

PEO (MW 100,000) was chosen as the carrier polymer due its hydrophilic properties and 

low glass transition temperature (-50 to -57 °C), which promotes a self-plasticizing 

behavior. The specific aims were to study the impact of drug load on: (i) film drug 

content uniformity using physical mixtures versus composite particles, (ii) electrical, 

solid state, and thermal properties of the composite particles, (iii) peel energy to remove 

the film from the substrate, (iv) mechanical properties of the film, and (v) the drug 

release from the films.   

 

5.3 MATERIALS AND METHODS 

5.3.1 Materials 

POLYOXTM WSR N10 NF was generously donated by Colorcon® (West Point, 

PA, USA). Benzocaine USP was purchased from Spectrum Chemicals (New Brunswick, 
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NJ, USA).  High-performance liquid chromatography-grade solvents were purchased 

from Fisher Scientific (Pittsburgh, PA, USA). 

 

5.3.2 Blend Preparation 

Appropriate amounts of API and polymer were weighed into bottles, manually 

mixed for 30 s, and passed through a 30 mesh (595 μm opening) sieve for 

deagglomeration. Screened materials were then blended for 15 min using a Turbula® 

T2F blender (Clifton, NJ, USA). Bulk API and polymer were sieved and material 

between 25 μm (500 mesh) and 90 μm (170 mesh) was collected prior to blend 

preparation for physical mixtures. 

 

5.3.3 Hot Melt Extrusion (HME) 

A co-rotating, twin-screw Leistritz Nano 16 extruder (Sommerville, NJ, USA) 

was used to prepare composite particles. The screw design consisted of a combination of 

conveying and kneading elements were used in order from feed zone to the die: 

3!×!GRA3-20-30, 4!×!GFA3-15-30, 3!×!GFA3-10-30, 2!×!KB73-15-30°, 1!×!GRA3-20-30, 

1!×!GFA3-15-30, 1!×!GFA3-10-30. The screw speed was maintained at 100 rpm and a 

temperature profile of 70°C-90°C-95°C-100°C for zone 1-zone 2- zone 3-die was used. 

The feed rate was approximately 3 g/min using a volumetric feeder, Brabender MT-1 

(Duisburg, Germany). The resulting extrudate was cut using a Randcastle Extrusion 

Systems pelletizer (Cedar Grove, NJ, USA). 

The pellets were further milled using a cryogenic mill, Spex SamplePrep 6870 

Freezer/Mill (Metuchen, NJ, USA). Pellets were placed into polycarbonate vials with a 

magnetically driven impactor. Samples were immersed in liquid nitrogen, pre-cooled for 
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5 min, milled for 5 min at a frequency of 10 cycles per second (cps), with a pause of 

2 min between cycles to prevent the magnetic coil and sample overheating. The co-

processed material was milled for a total of 30 min. Milled materials were sieved and 

material between 25 μm (500 mesh) and 90 μm (170 mesh) was collected for use with 

ESPD.  

 

5.3.4 Particle Size Distribution 

Sympatec HELOS (Pennington, NJ, USA) particle analysis was performed with 

an R3 lens (0.5/0.9–175 μm). The powders were dry dispersed at a pressure of 3.0 bar 

using a Rodos T4 disperser (Pennington, NJ, USA). Each measurement was performed in 

triplicate and the instrument’s statistical software was used to calculate the average 

particle size distribution. The evaluation software was WINDOX 5.6.0.0 and the high-

resolution laser diffractions (HRLD) method was selected as the evaluation method. 

 

5.3.5 Electrical Resistance Measurement 

Compacts for analysis were prepared by weighing approximately 500 mg of 

material and compressing into a compact using a 13mm flat faced die. Compacts were 

compressed using a hydraulic press with 3000 lbs of force. Resistance measurements 

were performed using a custom resistivity cell coupled with a Hewlett Packard HP 

4329A High Resistance Meter (Palo Alto, CA, USA).  

 

5.3.6 Differential Scanning Calorimetry (DSC) 

A TA Instruments Model Auto Q20 DSC (New Castle, DE, USA) was used to 

characterize raw materials, blends and composite samples. Samples were evaluated by 



 121 

first equilibrating samples at 20°C followed by heating to 100°C at a ramp rate of 

10°C/min. During analyses, high purity nitrogen flowed through the sample chamber at a 

rate of 50 mL/min Data was analyzed using TA Universal Analysis 2000 software. 

 

5.3.7 Powder X-ray Diffraction (PXRD) 

PXRD analyses were conducted using a Rigaku MiniFlex 600  (Tokyo, Japan) 

operated at 40 kV and 15 mA using a variable + fixed slit condition. Data was collected 

in a continuous scan mode with a step size of 0.02° and step speed of 2°/min over a of 2θ 

range of 5° to 60°.  

 

5.3.8 Rheology 

Compacts for analysis were prepared by weighing approximately 1 g of material 

and compressing into a slug using a 25 mm flat faced die. As described previously (Gupta 

et al., 2014), slugs were compressed using a hydraulic press with 5000 lbs of force for 

5 s. Rheology experiments were performed with a TA Discovery Hybrid Rheometer 3 

(New Castle, DE). The sample was placed between two parallel 25 mm plates after zero 

gap calibration. Samples were conditioned for 60 s at 30 °C, followed by a temperature 

sweep from 30 °C to 100 °C at 5 °C increments. Complex viscosity measurements were 

made using an oscillation of 0.1 rad/s, while maintaining an axial force at 0.1- 0.3 N.  

 

5.3.9 Electrostatic Powder Deposition (ESPD) 

A schematic of the electrostatic powder deposition process is shown in Figure 5.1. 

Powder was fed to a Nordson Vantage® Manual corona gun (Westlake, OH, USA) and 

sprayed using compressed air using 0.5 bar fluidizing/atomizing pressure, with a charging 
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voltage of 60kV. Stainless steel 316 (SS 316), 0.060” (1.524 mm) thickness, was used as 

the grounded substrate. The bulk composition of the unpolished SS 316 was reported as 

follows: (wt. %): C (0.28) Cr (16.58), Ni (10.08), Mo (2.04), Mn (1.46), Si (0.29), P 

(0.03), S (≤ 0.01) and Fe (balance). The gun-to-substrate distance was ~20 cm (4 inches) 

and the relative humidity was 45 %RH (+/- 3 %RH). The gun-to-substrate distance was 

~30 cm (8 inches) for the deposition uniformity sample preparation, as a larger substrate 

was used. After powder deposition, the substrate was placed in an infrared oven to cure. 

The resulting films were peeled from the substrate and film weight and thickness were 

measured. Thickness was measured using a Mitutoyo digital micrometer (Mitutoyo, 

Kawasaki, Japan).  

 

 

Figure 11.   Schematic of electrostatic powder deposition using corona gun and 
grounded conductive substrate. 

 

5.3.10 Adhesive Strength Testing 

Samples for adhesion testing were equilibrated for at least 24 hours at room 

temperature. Adhesive testing was carried out using a 90° peel test fixture (TA-305A) on 
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a Stable Micro Systems TA-XT (Godalming, Surrey, UK) equipped with a 5 kg load cell. 

The test was conducted with a crosshead speed of 0.2 mm/s. Exponent software 

(Godalming, Surrey, UK) was used to process data. The peel energy was calculated by 

equation 5.1. 

 

!! =
!!"#
! 1− cos!      (5.1) 

 

where Favg is the average force of removal, b is the width of the sample, and θ is the angle 

of peel force. θ=90° for the test fixture used in this study. 

 

5.3.11 Mechanical Strength Testing 

Mechanical properties of films were tested on a Stable Micro Systems TA-XTplus 

(Godalming, Surrey, UK) using 5 kg load cell. Samples were mounted on a Texture 

Technologies TA-108s-5 fixture (Hamilton, MA, USA) and punctured using a ¼” 

spherical probe moving at 1 mm/s. Exponent software (Godalming, Surrey, UK) was 

used to process data. Tensile strength and percent elongation were calculated as shown in 

equations 5.2 and 5.3, respectively, as defined by Radebaugh et al. (Radebaugh et al., 

1988). 

 
!!" = ! !!!"      (5.2) 

 

where F is the force at rupture (N) and Acs is the cross sectional area of the film in the 

film holder (mm2). 
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! ×!100%    (5.3) 

 

 

where r is the radius of the film exposed to the probe in the same holder and D is the 

displacement of the probe from the point of contact with the film until rupture. 

 

5.3.12 Assay and Content Uniformity Testing 

Aliquots of blends, physical mixture, and composite particles were weighed and 

accurately transferred into volumetric flasks and dissolved in mobile phase (see HPLC 

section). Film assay samples were prepared by accurately weighing and transferring the 

film into a volumetric flask and dissolved in mobile phase. The resulting solutions were 

then filtered through 0.2 μm PVDF filters and immediately transferred to 2-mL HPLC 

vials for analysis. Blend, physical mixture, and co-processed particles were analyzed in 

triplicate; films were analyzed using n=10 samples. 

 

5.3.13 High Performance Liquid Chromatography (HPLC) 

Benzocaine content was analyzed with a Thermo Scientific Dionex UltiMate 3000 

HPLC system (Sunnyvale, CA, USA). An Ultimate 3000 Autosampler was utilized to 

inject 10 μL samples. The HPLC system also included dual UltiMate 3000 Pumps and an 

UltiMate RS Variable Wavelength Detector. The system was operated under isocratic 

conditions with 0.05% phosphoric acid: acetonitrile (1:1) mobile phase, using a flow rate 

of 1.0 mL/min. Injections were passed through a Phenomenex Luna® 5 μm C18(2) 

reverse phase column, 250 x 4.6mm (Torrence, CA, USA) and absorbance at a 
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wavelength of 285 nm was measured. Chromeleon Version 6.80 software (Sunnyvale, 

CA, USA) was used to process all chromatography data.  

 

5.3.14 Dissolution Testing 

In vitro drug release testing was conducted using a USP dissolution apparatus 5 

(paddle over disk method). Testing was conducted using a rotation speed of 100 rpm with 

500 ml of Sørensen’s buffer, pH 6.8 held at 37°C. Films were cut such that each sample 

contained an equivalent 12mg dose of BNZ. Films were placed in mesh sample holders 

(16 mesh) before being immersed in the dissolution vessel. Samples were taken at 1, 3, 5, 

10, 15, and 30 min and the dissolution medium was replenished to maintain constant 

volume. Samples were analyzed for drug content using the HPLC method described 

above.  

 

5.4 RESULTS 

The physical mixture and sieve cut of composite particles were assayed for drug 

content and used to normalize the film assay values. The physical mixture potency ranged 

from 101.8-111.1%, while the composite particles ranged from 99.8-105.5%. The 

normalized drug content of the films prepared using physical mixtures and composite 

particles are shown in Figure 5.2. The films prepared using composite particles showed 

acceptable potency values ranging from 95.3-106.0%, while the films prepared using 

physical mixtures were all significantly super potent with values ranging from 127.3-

169.2%. The films prepared from physical mixtures also showed significantly higher 

variability with standard deviations up to 27%.  
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Figure 5.12.  Normalized drug content of films (n=10) prepared using composite particles 
(CP) and physical mixture (PM) of BNZ: PEO at 1:9, 1:3, and 2:3 ratios.  
Values indicate average drug content (standard deviation). 

 

The particle size distributions of the PEO and BNZ sieve cuts are shown in Figure 

5.3. The BNZ showed a smaller and broader particle size distribution than the PEO. The 

particle size distribution of the BNZ was d10 = 6.49, d50 = 24.09, d90 = 69.04 with a span 

of 2.6. The particle size distribution of the PEO was d10 = 12.07, d50 = 46.90, d90 = 90.94 

with a span of 1.7. 
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Figure 5.3.  Particle size distributions of PEO and BNZ collected from sieve cut between 
25 μm (500 mesh) and 90 μm (170 mesh). 

 

The measured resistance of the BNZ, PEO, and composite particles are shown in 

Figure 5.4. The electrical resistance of BNZ was measured at 0.8 x 1014 Ω while that of 

PEO was significantly lower at 1.8 x 108 Ω. The electrical resistance of the composite 

particles did not vary significantly with measured values at 0.4 x 108, 0.2 x 108, and 0.6 x 

108 Ω, for the 1:9, 1:3, and 2:3 ratios, respectively. 
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Figure 5.4.   Average electrical resistance (n=3) for BNZ, PEO and composite particles 
of BNZ: PEO at 1:9, 1:3, and 2:3 ratios. Error bars are non-distinguishable. 

 

The PXRD diffractograms are shown in Figure 5.5.  PEO is a semi-crystalline 

polymer showing distinct diffraction peaks at 2θ angles around 19° and 23°. BNZ is a 

crystalline API exhibiting high intensity diffraction peaks at 2θ angles around 17° and 

20°, as well a series of smaller peaks. The BNZ: PEO (1:9) blend diffraction profile 

shows that crystalline BNZ is detectable at the lower drug loading, showing BNZ peaks 

around 17° and 20°. The composite particles of BNZ:PEO (1:9) do not exhibit crystalline 

drug peaks, indicating the BNZ is in its amorphous state at this drug loading. Broad and 

low intensity BNZ peaks can be seen in the (1:3) particles and with increased intensity in 

the (2:3) particles, indicating the presence of crystalline BNZ in these higher drug load 
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composite particles. PEO diffraction peaks were seen in all the processed particles, but 

they exhibited less intensity than the bulk material. 

 

 

Figure 5.5.   PXRD diffractograms of BNZ, PEO, BNZ: PEO (1:9) blend, and composite 
particles of BNZ: PEO at 1:9, 1:3, and 2:3 ratios. 

 

The DSC profiles of the raw materials and composite particles of BNZ and PEO 

are shown in Figure 5.6. The melting point of BNZ and PEO N10 were measured at 

89.65 °C and 61.20 °C, respectively, consistent with values reported in the literature 

(Fulias et al., 2013; Gobble et al., 2013; Prasad et al., 2015). The melting point of PEO 

was suppressed upon processing with BNZ, with melting points of 54.12 °C, 38.16 °C, 

and 37.49 °C measured for BNZ: PEO (1:9), (1:3), and (2:3), respectively. No crystalline 

BNZ was detected in the thermograms of the composite particles. 
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Figure 5.6.   DSC thermograms of BNZ, PEO, and composite particles of BNZ: PEO at 
1:9, 1:3, and 2:3 ratios. 

 

The complex viscosity as a function of temperature for PEO and composite 

particles of BNZ: PEO at 1:9, 1:3, and 2:3 ratios are shown in Figure 5.7. The highlighted 

area indicate the complex viscosity range of temperatures shown to promote film 

formation in a previous study (Prasad et al., 2016a), specifically between 80 °C and 90 

°C. The addition of BNZ resulted in a significant plasticization effect where lower 

complex viscosities were seen with higher drug loading. The temperatures needed to 

achieve complex viscosities comparable to those shown to promote film formation with 
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PEO are significantly lower with BNZ: PEO formulations. For example, PEO achieves a 

complex viscosity of approximately 45000 Pa s at 90 °C. The composite particles achieve 

comparable complex viscosities at approximately 60 °C, 55 °C, and 45 °C for the 1:9, 

1:3, and 2:3 BNZ: PEO ratios, respectively. 

 

 

Figure 5.7.  Average complex viscosity (n=3) as a function of temperature for PEO and 
composite particles of BNZ: PEO at 1:9, 1:3, and 2:3 ratios. Highlighted 
region indicates complex viscosity range of temperatures shown to promote 
film formation with PEO determined by Prasad et al. (Prasad et al., 2016a). 

 

The peel energies to remove the cured films are shown in Figure 5.8. The samples 

exhibited an increase in the peel force required to remove films from substrates with 
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increasing drug loading. The average peel energies to remove the BNZ: PEO (1:9), (1:3), 

and (2:3) were 6.1, 21.9, and 46.1 J/m2, respectively. The BNZ: PEO (2:3) also showed a 

propensity to tear towards the end of the peel test.   

 

 

Figure 5.8.   Average peel energies (n=3) to remove films from substrate for films 
prepared using composite particles of BNZ: PEO at 1:9, 1:3, and 2:3 ratios 

 

The tensile strength and percent elongation for the films of each drug load are 

shown in Figure 5.9. The films show an increase in tensile strength from 0.89 to 1.6 MPa 

and an increase in percent elongation from 14.5 to 24.0% with an increase in drug 

loading from (1:9) to (1:3). However, both tensile strength and percent elongation 

significantly decrease for the BNZ: PEO (2:3) films, with mean values of 0.4 MPa and 

5.1%, respectively. 
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Figure 5.9.   Average tensile strength (bars) and percent elongation (points) (n=3) of 
films prepared using composite particles of BNZ: PEO at 1:9, 1:3, and 2:3 
ratios 

 

In-vitro drug release testing was conducted using films prepared with composite 

particles and resulting drug release profiles are shown in Figure 5.10. Rapid drug release 

was seen with all the BNZ: PEO films with greater than 85% drug release by 10 minutes. 

The BNZ: PEO (1:9) films showed 87% release by 3 minutes and 100% by 5 minutes. 

The BNZ:PEO (1:3) films showed a faster release profile with 96% release by 1 minute 

and 100% by 3 minutes. The BNZ: PEO (2:3) films showed a slightly slower release with 

97% release by 10 minutes and 100% by 15 minutes.  
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Figure 5.10.   Drug release of films (n=3) prepared using composite particles of BNZ: 
PEO at 1:9, 1:3, and 2:3 ratios. 

 

5.5 DISCUSSION 

5.5.1 Impact of drug load on film drug content uniformity using physical mixtures 
versus composite particles 

The average drug content of films prepared using composite particles, reported in 

Figure 5.2, was between 95-106% whereas that measured for physical mixtures was 

superpotent with values of 127-169%. Additionally, no clear trend was seen with 

increasing drug load. The standard deviations are significantly higher when processing 
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with physical mixtures. The authors previously showed the ability to obtain comparable 

average drug content when preparing films using a physical mixture of acetaminophen 

(APAP) and PEO at a 1:9 ratio, but also reported a significantly higher variability when 

using the physical mixture with 11.9% RSD compared to 1.8% RSD with composite 

particles (Prasad et al., 2015).  

Physical mixtures of BNZ and PEO were prepared with sieve cuts of each bulk 

material, as described in the methods section. However, Figure 5.3 shows that the BNZ 

sieve cut material showed a smaller and broader particle size distribution than that of the 

PEO sieve cut. Smaller particles are able to accumulate more charge during electrostatic 

charging due to their higher surface area (Bailey, 1998; Mazumder et al., 1997; Prasad et 

al., 2016b; Ratanatriwong and Barringer, 2007). These particles with greater charging 

efficiency can preferentially deposit on the grounded substrate (Amefia et al., 2006; 

Meng et al., 2009). Additionally, the electrical resistance of the BNZ, 1014 Ω, was 

significantly higher that that of the PEO, 108 Ω. Particles with higher resistance values 

tend to accumulate and retain more charge than those with lower resistance (Bailey, 

1998). The higher resistivity and smaller particle size distribution of the BNZ contributed 

to the preferential deposition of BNZ from the physical mixture, resulting in superpotent 

films.  

These results are in line with electrostatic coating guidelines from the finishing 

industry, including the manufacture of composite coating materials and milling particles 

to a small and narrow particle size distribution (Harmuth, 1982; Hogan et al., 2002; 

Noonan, 1977; Wicks et al., 2007). Composite particles enable uniform deposition of 

components that may not exhibit ideal resistivity for processing, as well as ensure 

uniform distribution of API or functional additives such as liquid plasticizers and 

antistatic agents. The manufacture of films by ESPD using composite particles of API 
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and polymer enable the preparation of films with increasing drug load with a higher 

degree of control for maintaining dose uniformity.  The remainder of this work is focused 

only on films prepared using composite particles.  

 

5.5.2 Impact of drug loading on electrical, solid state, and thermal properties of 
the composite particles 

The BNZ: PEO composite particles exhibited electrical resistance close to that of 

the PEO, as shown in Figure 5.4. Mixtures of materials with varying resistance (or 

conversely of varying conductivity) usually exhibit negligible changes in electrical 

properties until a critical concentration is reached. Above this critical concentration, 

sometimes referred to as a percolation threshold, there is a steep change, usually orders of 

magnitude, in electrical resistance (Arenhart et al., 2016; Landauer, 1978; Sun et al., 

2009). In the BNZ: PEO composite particles, the BNZ content is the minor and more 

resistant species; thus the electrical conductivity and overall resistance of the composite 

system is driven by the bulk PEO. The comparable electrical properties of the BNZ: PEO 

composite particles suggest that the particle charging and deposition behavior should not 

vary with drug loading within the ranges used in this study. This is additionally 

advantageous as the high resistivity of the BNZ particles is undesirable for processing. 

High resistivity particles promote higher charge accumulation and thus a higher incidence 

of back-ionization (Prasad et al., 2016b).  

The PXRD diffractograms show that the BNZ in the BNZ: PEO (1:9) and (1:3) 

composite particles are mostly amorphous. The low intensity BNZ peaks in the 1:3 

particles and the increased intensity seen in the 2:3 particles indicate a limit to the 

miscibility of BNZ in PEO, resulting in particles containing both amorphous and 

crystalline BNZ. The DSC thermograms of the composite particles indicate a significant 
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depression and broadening of the PEO melt endotherm with increasing drug load. The 

depression of the PEO melting point indicates that the BNZ is either partially miscible or 

intimately mixed with the amorphous regions of the PEO. No BNZ melt endotherm is 

seen any of the composite particle thermograms, indicating the crystalline BNZ detected 

via PXRD at the higher drug loadings is either not detectable at the levels present via 

DSC and/or is miscible with PEO in the molten state at elevated temperatures.  

The rheological properties of PEO and the BNZ: PEO composite particles were 

assessed to provide guidance on the curing temperature. PEO is an advantageous polymer 

for thermal processing due to its low melting point, enabling melt flow at relatively low 

temperatures. The DSC summarized above shows that BNZ acts as a plasticizer, further 

reducing the melting point of the BNZ: PEO system. This suggests that lower 

temperatures may be able to achieve viscosities necessary for film formation. Film 

formation of powder particles is driven by the deformation and coalescence of 

neighboring particles, followed by the reduction of void space and leveling of the final 

film (Andrei et al., 2000; Sauer et al., 2013). Following the Frenkel theory of viscous 

spheres under surface tension, the time for film formation is driven directly by polymer 

viscosity and particle size and indirectly by surface tension (Keddie and Routh, 2010).  

The authors previously showed that film formation with PEO alone was achieved 

at 80 °C and 90 °C by 30 minutes (Prasad et al., 2016a). The complex viscosities 

associated with PEO at this temperature range are highlighted in Figure 5.7, 

encompassing 45,000 to 80,000 Pa s. The composite particles show significantly lower 

complex viscosity curves than the neat PEO, with viscosities within the highlighted range 

at lower temperatures with increasing drug load. Based on the rheology data, the 

following temperatures (and corresponding average complex viscosity) were selected for 

each formulation: 60 °C (47000 Pa s), 55 °C (37000 Pa s), and 45 °C (48000 Pa s) for the 



 138 

1:9, 1:3, and 2:3 ratios of BNZ: PEO. Although the 2:3 ratio showed a similar onset of 

melt as the 1:3 ratio using DSC analysis, the viscosity profile indicated a further 

plasticization effect. This effect can be attributed to the crystalline BNZ acting as an 

impurity or dispersed additive in the polymer affecting its melt behavior and facilitating a 

further decrease in the required cure temperature. This phenomenon is analogous to the 

addition of dispersed additives in the plastics industry to improve processability, among 

other attributes. Owusu‐Nkwantabisah et al. showed the addition of 5% dispersed calcium 

stearate to polyethersulfone resulted in a 40% reduction in viscosity, enabling lower melt 

extrusion processing temperatures (Owusu‐Nkwantabisah et al., 2016). Note that if there 

are strong interactions between the dispersed particles and the polymer, the additive 

could produce an increase in viscosity. For example, a study conducted with PEO and 

doped with carbon black showed strong interactions lead to increased melt viscosity and 

subsequent onset of polymer degradation (Malik et al., 2006). 

 

5.5.3 Impact of drug loading on peel energy required to remove film from the 
substrate 

As shown in Figure 5.8, the average peel energy to remove the BNZ: PEO film 

increased with increasing drug load. This increase of 6.1, 21.9, to 46.1 J/m2 for BNZ: 

PEO (1:9), (1:3), and (2:3), respectively, were all still relatively low. Adhesives, such as 

tape, typically require peel energies of 100-1000 J/m2 to remove (Gay, 2002); thus, 

energies below 100 J/m2 are considered to exhibit a low degree of adhesion.  

This trend of increased adhesion is analogous to the phenomenon of “sticking” 

during tablet compression. Sticking occurs when powder adhesion to tablet tooling 

(punches or die) becomes greater than the compact cohesion leading to powder transfer 

or sticking to the tooling surface (Mollereau et al., 2013). The sticking phenomenon is 
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mainly attributed to the adhesion of API to steel surfaces, such as SS316 commonly used 

in pharmaceutical processing, particularly in high drug load formulations. The 

mechanism of this adhesion tends to be attributed to weak van der Waals forces between 

the API and the tablet punch steel surface and can be greater when the metal is oxidized 

(i.e. rust) (Waknis et al., 2014). Waknis et al. also showed an increase in adhesion or 

tendency to stick to steel when using API polymorphs with higher surface energy and 

surface polarity. This was attributed to interactions between polar functional groups of 

the API and the Lewis-base character of the stainless steel (Podczeck, 1999). However, 

the sticking behavior in tablet compression is much more complex, with factors including 

API morphology, moisture content, lubricant distribution, compression dwell time, 

tooling geometry, as well as other formulation aspects and processing parameters (Sakata 

and Yamaguchi, 2011; Tousey, 2003).  

BNZ is slightly hydrophobic with a Poct/water coefficient of 37.8 (de Matos Alves 

Pinto et al., 2000), lipophilic with a log P of 1.9 (Clarke et al., 2004), exhibits a relatively 

high surface energy of 67.1 mJ/m2 (Zografi and Tam, 1976), and has low polar surface 

area (Peña et al., 2006). However, as shown in Figure 5.5, the bulk of the BNZ in the 

films is present in the amorphous form with partial crystallinity seen in the BNZ: PEO 

(1:3) and (2:3) formulations. Notably, the amorphous form of a solid can exhibit higher 

surface energy and polarity than its crystalline counterpart (Newell et al., 2001; Puri et 

al., 2010; Zhang et al., 2006). The polarity and surface energy of the BNZ increase the 

interactions and overall work of adhesion between the film and the oxide layer of the 

passivated stainless steel substrate (Flint et al., 2000; Good, 1992; Podczeck, 1999; 

Waknis et al., 2014). Thus, the increased adhesion between the BNZ: PEO films with 

increased drug loading can be directly attributed to the increased interfacial contact 
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between the BNZ, especially the amorphous BNZ, and the passivated stainless steel 

surface.  

 

5.5.4 Impact of drug loading on mechanical properties of the film 

The tensile strength BNZ: PEO films increased from 0.89 to 1.58 MPa when the 

drug: polymer ratio was increased from 1:9 to 1:3, respectively, as shown in Figure 5.9. 

A corresponding increase in percent elongation was also seen from 14.5% to 24.0%. 

Prasad et al. reported tensile strength of 0.86 MPa and percent elongation of 3.8% for a 

PEO films prepared using ESPD containing no API (Prasad et al., 2015), confirming 

BNZ acts as a plasticizer to increase the overall strength and plasticity of the final PEO 

film. However, a significant drop in tensile strength and percent elongation was seen with 

the BNZ: PEO (2:3) film with average values of 0.41 MPa and 5.1%, respectively. This 

decrease in strength and plasticity can be attributed to the presence of crystalline BNZ 

dispersed throughout the film at this higher drug load. The reduction in film strength and 

elongation due to dispersed solid particles has been reported for various film coating 

systems using insoluble pigments and opacifiers such as titanium dioxide (Aulton et al., 

1984; Okhamafe and York, 1984; Rowe, 1983). Crowley et al. also reported an inverse 

relationship between these mechanical properties and drug loading when preparing films 

containing guaifenesin and a higher molecular weight grade of PEO, with PXRD analysis 

and SEM images confirming that the guaifenesin was dispersed as crystalline particles 

throughout the film (Crowley et al., 2004). This mechanism around this reduction 

involves localized cracking and crack propagation around the solid inclusions leading to 

more brittle break behavior (Rowe and Roberts, 1992).  
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5.5.5 Impact of drug loading on drug release from the films 

The BNZ: PEO films exhibited rapid drug release, as shown in Figure 5.10. The 

faster drug release profile of the BNZ: PEO (1:3) films versus the (1:9) films can be 

attributed to the smaller size of the BNZ: PEO (1:3) film due to the higher drug loading. 

The PXRD analysis showed that the BNZ: PEO (1:9) and (1:3) composite particles 

consisted of mostly amorphous BNZ, thus the rapid hydration of the PEO-based films 

lead to the rapid dissolution rate of the incorporated amorphous API (Abu‐Diak et al., 

2012). The PXRD analysis showed that the BNZ: PEO (2:3) composite particles 

consisted of a higher degree of crystalline BNZ. The presence of crystalline BNZ led to a 

slower dissolution rate from the BNZ: PEO (2:3) films, that from the films that contained 

mostly amorphous BNZ. 

 

5.6 CONCLUSION 

In this study, we investigated the influence of drug loading on (i) film drug 

content uniformity using physical mixtures versus composite particles, (ii) electrical, 

solid state, and thermal properties of composite particles, (iii) peel energy to remove the 

film from the substrate, (iv) mechanical properties of the film, and (v) the drug release 

from BNZ: PEO films. Physical mixtures produced superpotent films due greater charge 

accumulation and preferential deposition driven by the smaller particle size and higher 

resistivity of the BNZ particles. Uniform ODFs of increasing drug loading were prepared 

using composite particles of BNZ and PEO. This finding indicates that films prepared 

using composite particles by ESPD can enable greater control of film homogeneity than 

seen with conventional solvent casting methods. Additionally, the BNZ containing 

composite particles exhibited lower viscosities at lower temperatures, enabling reduced 

cure temperatures and reduced thermal exposure to the incorporated API. The electrical 
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resistance of the composite particles was dictated by that of bulk PEO; this property can 

promote robust charging and deposition behavior with varying drug load, as well as 

reduce the impact of the high resistivity and corresponding high charge accumulation of 

the BNZ. Films of all drug loadings exhibited low degree of adhesion to the substrate. 

The increase in BNZ content initially showed a positive impact on tensile strength and 

percent elongation; however, the presence of crystalline BNZ dispersed in the BNZ: PEO 

(2:3) composition promoted cracks and crack propagation leading to a drop in mechanical 

strength. This crystalline content also resulted in a slightly slowed drug release profile, 

when compared to the rapid drug release of greater than 85% drug release by 3 minutes 

for the BNZ: PEO (1:9) and (1:3) films.  
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Chapter 6:  Summary and Conclusions 

 

6.1 SUMMARY OF RESULTS 

In this work, the application of electrostatic powder deposition to prepare 

orodispersible films was investigated as an alternative, solvent-free manufacturing 

method. The influence of process parameters, drug content, and drug loading on the 

performance and properties of polyethylene oxide based films were investigated. The 

results indicate that films prepared using this process exhibit favorable mechanical 

properties with rapid disintegration and drug release. Additionally, deposition of 

composite particles is advantageous as they exhibit desirable electrical properties, ensure 

film drug content uniformity, and enable reduced cure temperatures. 

 

6.1.1 Influence of Process Parameters and Substrate Properties on the Properties 
of Films Prepared by Electrostatic Powder Deposition 

The results of this study demonstrate that electrostatic powder deposition can be 

utilized to produce non-adhering, free films by utilizing a substrate that will not readily 

adhere with the powder. Low humidity conditions resulted in self-limiting deposition 

behavior due to the onset of back ionization, whereas increased humidity levels enabled 

increased deposition efficiency with decreasing gun tip to substrate distance and 

increasing voltage (up to 60kV). All cured films were readily removed from the SS316 

substrates, even with increased surface roughness, due to the hydrophobic nature and low 

surface energy of the substrate. The ESPD process was able to produce films with 

favorable mechanical properties and rapid disintegration. 
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6.1.2 Impact of Acetaminophen on the Properties and Performance of 
Polyethylene Oxide Orodispersible Films Prepared by Electrostatic Powder 
Deposition 

The results of this study show that uniform active films can be prepared using 

electrostatic powder deposition. However, films prepared using a physical mixture of the 

acetaminophen and polyethylene with electrostatic powder deposition showed greater 

drug content variability with a relative standard deviation of 11.9% compared to 1.8% 

from films prepared using composite particles. The active films exhibited favorable 

mechanical properties as the acetaminophen exhibited a plasticizing effect on the 

polyethylene oxide. The active films exhibited greater than 85% drug release in two 

minutes, demonstrating satisfactory performance as an orodispersible dosage form.  

 

6.1.3 Influence of Benzocaine Loading on the Properties and Performance of 
Polyethylene Oxide Orodispersible Films Prepared by Electrostatic Powder 
Deposition 

The results of this study further confirmed the advantage of preparing films using 

electrostatic powder deposition using composite particles versus physical mixtures. 

Physical mixtures of benzocaine and polyethylene oxide produced superpotent films 

attributed to greater charge accumulation and preferential deposition driven by the 

smaller particle size and higher resistivity of the benzocaine particles. Films prepared 

using composite particles of increasing drug load were confirmed to have uniform drug 

content, indicating films prepared using composite particles by electrostatic powder 

deposition can enable greater control of film homogeneity than seen with conventional 

solvent casting methods. Composite particles also exhibited lower viscosity temperature 

profiles, enabling reduced cure temperatures. The electrical resistance of the composite 

particles, for the drug loading range studied, was driven by that of polyethylene oxide. 
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The composite particles of the highest drug load showed greater crystalline benzocaine 

content than the lower drug loads, resulting in a decrease in mechanical properties and a 

slightly reduced dissolution rate.  
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