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Abstract 15 

Here we report the first use of an additive manufacturing (AM) technique based on high 16 

pressure material jetting of molten thermoplastic for the fabrication of dapivirine (DPV) 17 

loaded vaginal rings (VRs). The VRs are compared to those produced conventionally using 18 

injection molding (IM). VRs (outer diameter 54.0 mm, cross-sectional diameter 4.0 mm) 19 

were manufactured by either injection molding or Arburg Plastic Freeforming (APF) – a 20 

proprietary droplet deposition modelling (DDM) process, using medical grade thermoplastic 21 

polyurethanes (TPUs) loaded with 10% w/w DPV. This unique DDM process was used to 22 

produce rings of 100, 50 and 10% matrix infill density. DDM printed VRs with 10% density 23 

(57–62 mg drug load) exhibited up to seven-fold increase in DPV release compared to 24 

injection molded rings containing 190–194 mg DPV.  This work has shown that DDM using 25 

the APF technique can be used to manufacture drug delivery devices of varying geometries, 26 

densities and surface areas to give precise levels of control over the drug release kinetics. 27 

This work presents a new opportunity to increase the release of poorly water-soluble 28 

compounds or to achieve desired dosing levels using lower drug loadings than those required 29 

using conventional thermoplastic processing techniques.   30 
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1. Introduction 31 

The concept of sustained, localised drug administration to the human vagina using a 32 

polymeric ring was first published in 1970 (Duncan, 1970; Mishell and Lumkin, 1970). 33 

Seven vaginal ring (VR) products have since been approved, each delivering one or two 34 

steroid molecules for applications in hormone replacement or contraception. Although VR 35 

design and manufacturing methods vary according to each product, they are broadly split into 36 

either matrix (monolith) or reservoir (core/sheath) types, manufactured using either injection 37 

molding, extrusion or combinations thereof (Malcolm et al., 2015). Estring®, Femring®, 38 

Progering®, Fertiring® and Annovera® are silicone elastomer based VRs while Nuvaring® 39 

and Ornibel® make use of polyurethane and/or ethylene vinyl acetate thermoplastic 40 

polymers. 41 

 42 

Additive manufacturing (AM) encompasses a wide range of processes and has been reviewed 43 

for its use in a number of pharmaceutical applications (Jonathan and Karim, 2016). Fused 44 

deposition modelling (FDM™) is the most common technique, involving the continuous 45 

extrusion of molten drug-loaded thermoplastic formulations through a digitally controlled 46 

nozzle to create three dimensional parts generated from digital data. FDM has been used to 47 

produce oral dosage forms (Goyanes et al., 2015, 2014; Maroni et al., 2017; Okwuosa et al., 48 

2018), intrauterine systems (Genina et al., 2016), implants (Espalin et al., 2010), scaffolds 49 

(Rai et al., 2005) and vaginal rings (Fu et al., 2018; Welsh et al., 2018, 2016). Droplet 50 

deposition modelling (DDM) is a type of AM that produces discrete streams of material 51 

during deposition. Its main area of application has been in inkjet systems (Scoutaris et al., 52 

2011). More viscous liquids, including thermosetting polymers such as silicones and resins, 53 

have been processed by DDM using 3D plotting, operating at material pressures of 0.8 bar, 54 

nozzle diameters of 200 µm and dispensing into a liquid medium (Landers and Mülhaupt, 55 
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2000). The first use of a hot wax, inkjet printing process was recently reported to produce 56 

tuneable drug delivery devices (Kyobula et al., 2017), though this method does not appear to 57 

be suitable for highly viscous thermoplastic melts. 58 

 59 

Arburg Plastic Freeforming (APF) (Kraibuhler et al., 2018; Kraibuhler and Duffner, 2018) 60 

refers to a thermoplastic droplet deposition modelling capable of operating at temperatures 61 

greater than 300˚C and pressures in excess of 400 bar. The technique is capable of processing 62 

the majority of granulated polymer feedstocks commonly used in injection molding processes 63 

and without requiring solvents or specialist resins. 64 

 65 

Acquired immune deficiency syndrome (AIDS) is an overarching group of potentially life-66 

threatening infections or illnesses which arise in the immune systems of people compromised 67 

by the human immunodeficiency virus (HIV). In 2016, there were 36.7 million people 68 

globally living with HIV, with 1 million deaths occurring as a result of AIDS-related illnesses 69 

(UNAIDS, 2017). In efforts to end the AIDS epidemic by the year 2030, researchers have 70 

been developing an array of preventative treatments (Abdool et al., 2010; Alexandre et al., 71 

2016; Boyd et al., 2016; Malcolm et al., 2015; Van Damme et al., 2000). A matrix-type 72 

silicone elastomer VR offering 28-day release of dapivirine (DPV) – a nonnucleoside reverse 73 

transcriptase inhibitor – has been developed by the International Partnership of Microbicides 74 

(IPM). The results of two Phase III clinical trials (ASPIRE and the Ring Study) completed in 75 

2016 showed that women across all ages using the DPV ring had a 37 and 31% reduced risk 76 

of contracting HIV respectively, (Baeten et al., 2016; Nel et al., 2016), with approximately 4 77 

mg (16% of the original 25 mg loading) of DPV released during 28 day ring use (Nel et al., 78 

2016). This relatively low percentage of dapivirine release is attributed to both its poor 79 

aqueous solubility (<1 µg/mL) and its relatively low permeation rate through the silicone 80 
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elastomer matrix. Strategies to increase the rate of dapivirine release from a VR device would 81 

therefore be useful. 82 

 83 

There is considerable interest in the use of biocompatible thermoplastics for development of 84 

microbicide-releasing VRs, particularly given the generally enhanced solubility of drugs in 85 

thermoplastics compared to silicone elastomers (Clark et al., 2012; Gupta et al., 2008; 86 

Johnson et al., 2010; Koutsamanis et al., 2019; van Laarhoven et al., 2002). For example, 87 

when encapsulated in a hydrophobic TPU up to a drug-loading of 20% w/w, dapivirine exists 88 

in the more soluble amorphous form. By comparison, in silicone elastomers, DPV exists 89 

primarily in the crystalline form (Faheem et al., 2009; Fetherston et al., 2013; Gupta et al., 90 

2008; McCoy et al., 2017).  91 

  92 

Thermoplastic, high pressure, droplet deposition modelling, as employed in this study using 93 

the Freeformer printer (Fig. 1), utilises a piezo controlled shut-off nozzle to discreetly control 94 

the exiting of material from the nozzle as a continuous strand of droplets to create individual 95 

layers, giving precise levels of control over a device’s design and morphology. Properties 96 

including geometry, density and surface area can be manipulated in ways that would be 97 

impossible using conventional thermoplastic processing techniques. While this 3D printing 98 

technique is applicable as a platform technology, in this work, it was hypothesised that 99 

increasing the exposed surface area of the ring by modulating the in-fill density via the DDM 100 

process could be used to increase the amount of poorly water-soluble DPV released from 101 

TPU based vaginal rings.  102 

  103 
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2. Materials and methods 104 

2.1. Materials 105 

Thermoplastic polyurethanes PY-PT87AE (T87) and PY-PT60DE (T60) were supplied from 106 

Lubrizol (Ohio, USA). T87 had a Shore-A hardness of 87 whilst T60 had a Shore-D value of 107 

60. Micronised dapivirine was supplied by IPM (Maryland, USA). HPLC grade isopropyl 108 

alcohol (IPA), acetonitrile (ACN), methanol and acetone were purchased from Sigma-109 

Aldrich (Gillingham, UK). Potassium phosphate monobasic, dihydrogen sodium phosphate, 110 

tween 80 and 85% phosphoric acid were also purchased from Sigma-Aldrich (Gillingham, 111 

UK). HPLC grade water was obtained using a Millipore Direct-Q 3 UV Ultrapure Water 112 

System (Watford, UK).  113 

 114 

2.2 Thermal analysis 115 

Thermogravimetric analysis (TGA) of supplied raw materials T87, T60 and DPV was 116 

performed using a Q50 instrument (TA Instruments, UK). Samples (n=3; 2–20 mg) were 117 

prepared in open aluminium pans and heated from 25 to 250˚C at 20˚C min-1. Differential 118 

scanning calorimetry (DSC; Q20 or Q100 instrument, TA Instruments, UK) analysis was 119 

carried out for raw materials and TPU/DPV polymeric blends under a nitrogen atmosphere. 120 

Samples (n=3; 2–10 mg) were weighed into aluminium pans and sealed. Samples were 121 

heated from either -90˚C, -50˚C or 25˚C to 250˚C, at 20˚C min-1. In all instances, peak mid-122 

point values were reported. Data was analysed and extrapolated using TA Universal Analysis 123 

software version 4.5A (TA Instruments, UK).  124 

 125 

 126 

 127 
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2.3. Hot Melt Extrusion  128 

Polymers were dried according to the supplier’s recommendations; 4–6 h at 60°C in a fan 129 

circulation oven (LTE OP100, LTE-Scientific Ltd., UK) prior to extrusion. Drug-loaded 130 

filaments containing TPU with up to 10% w/w DPV were compounded using a Minilab II 131 

(Thermo-Haake, UK). T87/DPV and T60/DPV blends were extruded at 185˚C and 195˚C 132 

respectively, with a screw speed of 60 rpm. The extrudate was collected, pelletised (Thermo 133 

Scientific Varicut Pelletizer, Thermo Electron Corp., Germany) to produce pellets ~2.0 mm 134 

and extruded a second time using the same conditions to ensure homogeneity of the drug. 135 

The outer diameter of the filament was controlled to 1.5 mm ± 1.0 mm by adjusting the speed 136 

of the haul off mechanism. Drug-loaded filament was finally pelletised to produce pellets 137 

~2.0 mm in length suitable for use in the DDM or IM process.  138 

 139 

2.4. Computer Aided Design 140 

Computer aided design (CAD) software (Solid Edge ST7, Siemens, Germany) was used to 141 

design 3D models representing the geometry of the drug delivery devices. Models were 142 

exported in the stereolithography (.STL) file format for use in the proprietary slicing software 143 

(Freeformer software V2.2, Arburg, Germany) for the DDM printer. Additionally, modelling 144 

of the DDM VRs mass and surface area at different densities was performed by recreating the 145 

AM, droplet-based structures using the CAD software and relative material properties of the 146 

VRs. 147 

    148 

2.5. Additive Manufacturing 149 

Prior to printing devices, materials were qualified on the 3D printer, (Freeformer, Arburg, 150 

Germany) by adjusting the processing conditions (temperature and discharge number – 151 

related to material deposition volume) until droplets of a suitable aspect ratio (width/height) 152 
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were continuously deposited. A defined cubic geometry (20 × 20 × 20 mm) was printed using 153 

layer thicknesses defined by the measured droplet height and respective aspect ratio to 154 

confirm the settings were optimised. In some instances, a scaling profile was also required to 155 

account for shrinkage, however this was dependent on the behaviour of each individual 156 

material. For the manufacture of  VRs, T87/DPV pellets were processed using the following 157 

temperature profile: discharge nozzle, 180°C; barrel zone 2, 160°C; barrel zone 1, 150°C 158 

with a discharge number of 45%, 0.20 mm layer height and an aspect ratio of 1.15. T60/DPV 159 

pellets were processed at 165°C in all three heating zones, discharge number of 40%, layer 160 

height of 0.22 mm and a droplet aspect ratio of 0.97.  161 

 162 

2.6. Injection Molding 163 

Drug-free and drug-loaded pellets were dried prior to injection molding at 60°C for 4 – 6 hr. 164 

TPU pellets (T87 and T60) were used as supplied for the manufacture of drug-free VRs 165 

(cross-sectional diameter 4.00 mm, outer diameter 54.00 mm). Drug-loaded filament (outer 166 

diameter 1.50 ± 0.1 mm) was pelletised using a Thermo Scientific Varicut Pelletizer (Thermo 167 

Electron Corp., Germany) to produce pellets ~2.0 mm in length. Matrix-type, VRs (cross-168 

sectional diameter 4.00 mm, outer diameter 54.00 mm) were manufactured using a Babyplast 169 

6/10 P horizontal injection molding machine (Molteno LC, ITA). Drug-loaded T87 pellets 170 

were melted using the following temperature profile: plastification unit, 180˚C; injection 171 

chamber, 182˚C; nozzle, 185˚C and injected at a pressure of 9000 kPa. Drug-loaded T60 172 

pellets were melted at 195˚C across all three eating zones and injected at a pressure of 9000 173 

kPa. Solidified VRs (cooling time: 15 sec) were demolded and stored at ambient temperature 174 

until future testing. 175 

 176 

2.7. Ring appearance and weight 177 
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Ring weight was recorded using a 4-point balance. Ring outer diameter (OD) and cross-178 

sectional diameter (CSD) were measured using 150 mm digital callipers (RS Components, 179 

UK).  180 

 181 

2.8. Mechanical testing 182 

TPU VRs (cross-sectional diameter 4.00 mm, outer diameter 54.00 mm) and commercial 183 

VRs, Femring and Estring, underwent compression testing using a TA.XT plus Texture 184 

Analyser (Stable Micro Systems, Surrey, UK). VRs were tested using the compression mode, 185 

with a target distance of 5.00 mm and a test speed of 2 mm/s. Six compression cycles were 186 

completed, with the maximum force value being recorded for the last five cycles and 187 

averaged.  188 

 189 

2.9. Imaging 190 

Digital images of devices were taken using either a VHX-700F digital microscope (Keyence, 191 

UK) or a 12 MP digital camera (Apple iPhone 6s Plus, F-stop f/2.2 and exposure time 1/33 192 

sec).  193 

 194 

2.10. In vitro release testing  195 

For all formulations, 0.2% Tween 80 in water was used as the dissolution media. Samples 196 

(n=6) were initially placed in glass bottles with an appropriate volume of dissolution media to 197 

ensure sink conditions were maintained (1000 mL of dissolution media for devices with 198 

100% infill density, and 500 mL for those with 50 and 10% infill density). Samples were 199 

stored in an orbital shaking incubator (Infors HT AGCH-4103) at 37˚C, 60 rpm and 25 mm 200 

orbital throw. Daily samples (1 mL) were taken followed by total volume replacement of the 201 

release media. From Day 1 until the end of the study, 500 mL was used for 100% infill 202 
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density samples and 250 mL for 50 and 10% infill density samples, except on Fridays where 203 

1000 mL and 500 mL, respectively, were used as daily sampling did not occur over 204 

weekends. Drug release was quantified using HPLC analysis.  205 

 206 

2.11. HPLC analysis 207 

DPV was quantified using HPLC (Alliance, Waters e2695 Separation Module, w2489 UV 208 

detector) with UV detection at 210 nm. Isocratic separation was achieved using a 209 

Phenomenex C18 (5 µm pore size, 150 × 4.60 mm) analytical column with a fitted guard 210 

cartridge. HPLC was performed using a mobile phase of 7.7 mM potassium phosphate 211 

monobasic, pH adjusted to 3.0 using phosphoric acid, and HPLC grade ACN (55:45) at a 212 

flow rate of 1.0 mL/min for 10 min with an injection volume of 25 µL. The column 213 

temperature was set to 35 ± 5˚C. 214 

 215 

2.12. Content Assay 216 

Pellets of the extrudate were assayed for drug content, while IM and DDM-printed VR 217 

samples were radially cut into segments ~2 mm in length using a scalpel. Samples (n=4) were 218 

placed in 100 mL glass bottles with a suitable volume (100 mL) of extraction media (acetone) 219 

and stored in an orbital shaking incubator (Infors HT AGCH-4103) at 37˚C, 60 rpm and 25 220 

mm orbital throw. After 24 h, DPV solutions were sampled (1 mL) and diluted (1 in 100) in 221 

50% ACN in water. The solution was then sampled (1 mL) for subsequent HPLC analysis. 222 

 223 

2.13. Statistical Analysis 224 

Statistical analysis was carried out on in-vitro release data using one-way analysis of variance 225 

(ANOVA) (GraphPad Prism version 6 for Windows, GraphPad Software, San Diego, CA). 226 
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Post-hoc comparisons were performed using Tukey’s Multiple Comparisons test. A 227 

significant level of p < 0.05 was accepted to denote significance in all cases.  228 
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3. Results and Discussion 229 

3.1. Thermal analysis 230 

TPU grades T87 and T60 showed weight loss less than 0.70% at the maximum processing 231 

temperature of 195˚C, indicating thermal stability under IM and DDM processing conditions 232 

(Fig. 2). Weight loss (%) up to 100˚C was attributed to the loss of absorbed water. The DSC 233 

thermal trace for DPV shows two endotherms occurring at 104˚C and 223˚C (Fig. 3). The 234 

first endotherm represents a polymorphic transition from crystalline DPV form I to form II, 235 

whilst the second endotherm is the DPV melt endotherm (McCoy et al., 2017; Murphy et al., 236 

2014). Thermal analysis of drug-loaded TPU formulations showed that the DPV melt 237 

endotherm was absent, indicating that DPV was either in the amorphous state or fully 238 

solubilised within the TPU at the experimental conditions (Fig. 3). This result was in 239 

agreement with previous studies demonstrating complete solubilisation of DPV in TPU 240 

matrices up to drug-loadings of 20% w/w (Gupta et al., 2008). 241 

 242 

3.2. Manufacture 243 

Filament blends (TPU with 10% w/w DPV) were successfully extruded with a diameter of 244 

1.50 ± 0.10 mm. Pelletised material from T87/DPV extrudate exhibited greater tack adhesion 245 

to itself compared to the T60/DPV granulate, likely due to a decrease in the proportion of 246 

hard to soft segments between the 60D and T87 TPU grades, though no bridging issues were 247 

observed in the feed hoppers of the injection molder or Freeformer printer during ring 248 

manufacture (Sánchez-Adsuar, 2000). VRs were successfully fabricated from T87/DPV and 249 

T60/DPV granulates using both injection molding or APF DDM. 250 

 251 

3.3. Mechanical Testing 252 
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Drug-free and 10% DPV-loaded TPU based VRs (OD: 54.00 mm, CSD: 4.00 mm) were 253 

manufactured using a Babyplast 6/10 P horizontal injection molding machine (Chronoplast 254 

SL, ESP). The maximum force to compress drug-free T87 and T60 VRs (n=10) by a target 255 

distance of 5.00 mm was 0.71 and 6.12 N, respectively (Fig. 4), determined to be a 256 

statistically significant difference (p > 0.05). Drug-loaded T87 and T60 VRs required a 257 

maximum force of 0.16 to 0.80 N and 0.73 to 5.85 N respectively to compress VRs by a 258 

target distance of 5.00 mm as the ring density was increased from 10 to 100% (Fig. 4).  259 

 260 

The maximum compressive force required for 5.00 mm compression of T87 rings was similar 261 

to the commercial VR, Femring (maximum compression force of 0.78 N) (Fig. 4). It was 262 

decided that T87 and T60 would be suitable for the development of drug-loaded VRs 263 

manufactured by DDM and IM as the maximum compression force required for a 5.00 mm 264 

compression did not exceed that of commercial VRs (Estring®, Femring® and Nuvaring®) 265 

which required up to ~9.0 N to compress rings through a specified distance (Promadej-Lanier 266 

et al., 2009). 267 

 268 

3.4. Ring appearance and weight 269 

T87/DPV and T60/DPV IM rings were yellow and translucent in appearance (Fig. 6). 270 

T87/DPV and T60/DPV rings fabricated by APF DDM, were whiter, with a yellow tinge and 271 

less translucent (Fig. 5). All TPU/DPV rings manufactured by IM and DDM were considered 272 

to be dimensionally accurate as they were within the specified acceptance criteria (OD: 54.00 273 

± 2.70 mm, CSD: 4.00 ± 0.20 mm) (Table 1). The uniform, porous structure created by APF 274 

DDM at lower densities of printing was readily observable in the 10 and 50% dense VRs 275 

(Fig. 5). There was significant visual contrast between all DDM VR outer surfaces and those 276 

produced via IM (Fig. 6). 277 
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 278 

3.5. Microscopy 279 

Representative microscopy images showing differences in surface morphology as a function 280 

of the corresponding infill density (%) used to print the sample are presented in Fig. 5. VRs 281 

manufactured by DDM had a rougher surface finish than IM VRs, with individual droplets 282 

clearly being discerned. IM VRs were manufactured by injecting the entire volume of molten 283 

polymeric material into the mold in a couple of seconds, producing a higher rate of shear than 284 

DDM and typically yielding a smoother surface finish– afforded by the low surface 285 

roughness of the mold tool itself (Fig. 6).   286 

 287 

3.6. Bulk density calculations 288 

IM samples for each formulation had a bulk and true density of 0.94 g/cm3 and zero porosity. 289 

Bulk density and porosity of VRs manufactured by DDM with an infill density of 10, 50 or 290 

100% were calculated for the infilled portions of the ring device. The outer walls of the DDM 291 

VRs were all printed at maximum density regardless of the infill density and this was 292 

accounted for in the porosity calculations. Linear regression analysis confirmed a correlation 293 

between decreasing ring infill density (%) and increasing porosity for DDM printed rings 294 

manufactured using T87/DPV and T60/DPV (r2 = 0.99 for both) (Fig. 7). 295 

 296 

3.7. Drug Content  297 

Drug content assays indicated no significant change to DPV loading (%w/w), following 298 

repeated thermal cycles during processing irrespective of formulation or manufacturing 299 

process. DPV content in T87 extrudate and VRs (DDM and IM) was 10.0 ± 0.02, 10.0 ± 0.1 300 

and 9.6 ± 01% respectively. whilst for T60, content was 10.5 ± 0.1, 10.2 ± 0.2 and 9.8 ± 0.1% 301 

respectively.  302 
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 303 

3.8. In vitro release 304 

Daily DPV release from TPU/DPV rings ranged between 333–8666 µg on day 1 and 193–305 

992 µg on day 29, with T60/DPV formulations showing a reduced maximum DPV release at 306 

most timepoints compared to T87 (Fig. 8). T87 and T60 DDM printed VRs with 10% infill 307 

density (62 or 57 mg DPV load) exhibited either a seven or four-fold increase in DPV release 308 

rate respectively compared to injection molded rings containing 190–194 mg DPV. For DDM 309 

printed rings, there was very significant correlation between decreasing ring density and 310 

increasing DPV release rate as a percentage of total drug loading. On day 1, there was no 311 

statistically significant difference (P > 0.05) in DPV release from VRs with a 10% and 50% 312 

infill density or between VRs with a 100% infill density manufactured by DDM and IM. By 313 

day 15, the only groups which exhibited no statistically significant difference (P > 0.05) in 314 

terms of DPV release were VRs manufactured by DDM at 100% infill density and IM. This 315 

result indicates that VRs manufactured using the same formulation, but via IM or DDM at 316 

full density, can produce similar daily release profiles for up to 29 days, and highlight the 317 

potential for prototyping of drug delivery devices using the APF printing process. The total 318 

cumulative release across all rings with an infill density of 100% manufactured by IM or 319 

DDM was up to 4 or 10% of the total drug-loading respectively, while rings printed with an 320 

infill density of 50 or 10% (DDM) released up to 56 or 79% of the total DPV loading after 29 321 

days. None of the VRs in the study experienced drug exhaustion, suggesting that DPV release 322 

could be extended beyond 29 days. For both TPU systems and all ring types, cumulative 323 

release vs. root time profiles were linear, with the T87/DPV system (Fig. 9) representative of 324 

the trend seen in the T60/DPV rings. Coefficient of variation (R2) values were close to unity 325 

(0.97 to 0.99), indicating a permeation-controlled release mechanism for DPV from these 326 

rings. The diffusion-controlled nature of the dapivirine release and the fact that each device is 327 
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manufactured using an identical formulation, suggests that the significant differences in 328 

release kinetics are most likely the result of the differences in surface area of the devices that 329 

are in contact with the in vitro release media. CAD modelling of the ring geometries (Fig. 10) 330 

indicates that IM rings have the lowest surface area, 1974 mm2, with DDM printed samples 331 

having higher contact surface areas, with 100%, 10% and 50% densities correlating with 332 

areas of 2788, 11,435 and 19,152 mm2 respectively. These areas correlate with the increases 333 

in total cumulative masses of DPV released during the in-vitro studies (Fig. 8, B and E). 334 

Biofilms, including microbial aggregates and floccules that occur within implanted medical 335 

and drug delivery devices porous morphologies, have been well documented (Donlan and 336 

Costerton, 2002). Due to the porous morphologies of DDM VRs, important next steps will 337 

include assessment of the inherent nature of biofilm formation.  338 

 339 

Daily DPV release from T87 VRs was up to 3-fold higher than from equivalent T60 VRs. 340 

Rings manufactured with the same infill density had similar calculated porosity and surface 341 

morphology, suggesting that differences in the daily release rate were inherent to the 342 

polymeric material used for drug encapsulation, specifically, differences in the polymers’ 343 

chemical structures. T60 had a Shore durometer hardness of 60D and flexural modulus of 344 

3.2x105 kPa, compared to T87’s 78A durometer and modulus of 2.2×104 kPa. T60 has a 345 

higher proportion of hard segments than T87 and higher degree of crystallinity, potentially 346 

explaining the differences observed in daily DPV release across formulations. It serves to 347 

highlight the critical role of polymer selection drug delivery device design (Karavelidis et al., 348 

2011; Shoaib et al., 2017).  349 

 350 

4. Conclusions 351 
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For the first time, Arburg Plastic Freeforming has been used to create drug delivery devices 352 

with a range of infill densities and correlating surface areas. The manufacturing time (up to 353 

17 min) for DDM VRs (OD: 54.00 mm, CSD: 4.00 mm), could be reduced through 354 

optimisation but the method presents additional challenges for large production scale batches 355 

compared to conventional injection molding or hot melt extrusion. In order to be feasible for 356 

additive manufacture, drug delivery devices would have to provide superior therapeutic 357 

effects than those produced using well established techniques. Arburg Plastic Freeforming 358 

offers a new additive manufacturing technique to either tune the release rate from 359 

thermoplastic based drug delivery devices or to reduce the drug loading required to maintain 360 

a desired dosage level compared to conventional thermoplastic processing techniques. 361 

Although the dosage form reported in this work is a vaginal ring manufactured from a 362 

flexible polyurethane, the technique may be useful for manufacture of a variety of tailored 363 

geometries using polymer materials commonly used for injection molding.  364 
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Figure and Table Captions 549 

 550 

Figure 1. Diagram of the Arburg Freeformer internal components.  551 

 552 

Figure 2. TGA thermal trace for raw materials: T87 and T60 TPU polymers and powdered 553 
DPV drug (n=3, representative data shown). Samples underwent a heating ramp from 25°C to 554 
250°C at a rate of 20°C min-1.  555 

 556 

Figure 3. DSC thermal trace for model drug (DPV), T87/DPV and T60/DPV (n=3, 557 
representative data shown). Drug-loaded samples were heated from either -90°C (Q100), -558 
50°C or 25˚C (Q20) to 250°C at a rate of 20°C min-1. 559 

 560 

Figure 4. Mean max. force required to compress drug-loaded (n=6) and commercial VRs 561 
(n=13) by a target distance of 5 mm. 562 
 563 
Figure 5. Digital microscopy images showing the base of T87/DPV VRs (outer diameter 564 
54.00 mm, cross-sectional diameter 4.00 mm) with a (A) 10%, (B) 50 % and (C) 100% infill 565 
density fabricated by DDM 566 
 567 
Figure 6. Digital microscopy images of (A) T87/DPV and (B) T60/DPV VRs (outer diameter 568 
54.00 mm, cross-sectional diameter 4.00 mm) fabricated by IM. 569 
 570 
Figure 7. Relationship between the % infill densities of VRs manufactured by DDM and 571 
porosity 572 
 573 
Figure 8. Daily release (mean ± SD, n=6) of DPV from T87/DPV rings (A) and T60/DPV 574 
rings (D), cumulative release (n=6) of DPV from T87/DPV rings (B) and T60/DPV rings (E) 575 
and percentage cumulative release (n=6) of DPV from T87/DPV (C) and T60/DPV rings (F), 576 
fabricated by IM or APF DDM using infill densities of 10 (R10), 50 (R50) or 100% (R100) 577 
into 0.2% Tween solution. 578 
 579 
Figure 9.  Cumulative release (mean ± SD, n=6) of DPV versus root time for T87/DPV rings 580 
fabricated by IM or APF DDM using infill densities of 10 (R10), 50 (R50) or 100% (R100) 581 
into 0.2% Tween solution. 582 
 583 
Figure 10. Vaginal ring segments modelled in CAD software with associated fluid accessible 584 
surface area values for the whole ring device. Digital microscopy (×100) was taken of 585 
equivalent physical samples of T87/DPV rings fabricated by (A) IM, and DDM using print 586 
densities of (B) 100%, (C) 50% and (D) 10%. 587 
 588 
 589 
Table 1. Dimensional analysis of IM and DDM VRs (n=6) manufactured using T87/DPV or 590 

T60/DPV pellets. 591 
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5. Fig. 2 and 3 may be combined. And the same symbols should be usded for the same samples.  
 
Response – Fig 2 is a TGA trace indicating mass loss of sample with increasing temperature. Fig 3 is 
a DSC trace showing the enthalpy of the samples with increasing temperature – the two data sets are 
completely unrelated and could not be plotted on the same graph? 
 
6. Section 2.2 should follow Section 2.6. In this section, what's the "drug-loaded polymeric blends"?  
 
Response – Thermal analysis of raw materials was performed prior to ring manufacture and therefore 
was reported in the first instance. We have indicated the rationale for the inclusion of the thermal 
characterisation in the response to your comment 7 below. 
 
Drug-loaded polymeric blends was replaced by TPU/DPV polymeric blends in Section 2.2. Ln 119. 
 
7. I don't know why Section 3.1. Thermal analysis is stated at the first in Results and discussion. 
Thermal analysis is generally done after preparation of formulations. In this section, the title and 
content are unclear. What do the authors want to show? Effect of high temperature on the preparation 
process? The authors must indicate the aim and conclusion in the section title and content. Moreover, 
the same samples are suggested in TGA and DSC. In Fig. 2, the reason for a small peak around 175 
oC? In Fig. 3, the investigation in the range of the temperature under 0 oC seems no sense. The 
preparation of vaginal rings was done under 195 oC that was lower than the melting point of 
dapivirine so that the crystallines of dapivirine may exist in the drug polymer blends if no drugs were 
dissolved in the melted TPU. It is necessary to identify the state of dapivirine in the rings. Scanning 
electron microscopy or other physicochemical methods are suggested to show the possibly present 
small crystalline of dapivirine in the ring. Moreover, SEM can be also used for the samples after 
dissolution to show the state of rings after a certain time. 
 
Response – We appreciate the referee’s comments and suggestions. TGA analysis was performed 
prior to thermal processing to determine whether DPV was thermally stable at the maximum 



processing temperature, and therefore was reported in this order in the manuscript as we done in a 
number of published, peer reviewed articles. This is why the DSC was also reported at this point for 
continuity and flow of the MS.  
In Figure 2 the small dip is part of the overall degradation experienced by the DPV. Degradation of 
DPV up to 240˚C has been reported previously by other authors, including in the McCoy 2014 
reference included in the manuscript. Ln233. 
The negative temperature at the start of the DSC experiment, Fig 3, was used to see if it was possible 
to identify the glass transition temperature of the TPU material and if the DPV had any effect on this.  
We are not clear around your comments regarding the solubilisation of DPV – the DSC technique was 
used to attempt to identify if any crystalline DPV was present in the blends after HME. Ln234-238. 
SEM whilst a useful technique to identify the possible presence of crystallised drug on the surface of 
the device, is not a quantitative technique.  
 
 
8. The required reference format of Int J Pharm must be used. 
 
Response – We are grateful for highlighting this error. The manuscript was drafted using the wrong 
reference format within the reference management software. It has now been corrected to the 
appropriate format for IJP. 
 
_________________________________________________________________________________ 
 
Reviewer #4 
 
  
General Comments 
 
Welsh et al have reported a droplet deposition modelling manufacture process, commonly used in 
inkjet printing, that has the capacity to produce medical devices that demonstrate controlled drug 
release kinetics. 
 
In this particular study they used an anti-HIV drug, the NNRTI dapivirine which was poorly soluble and 
was used in its crystalline form during the deposition process. The release of the drug from the device 
was assessed over time and the drug, which had undergone a high temperature and pressure molten 
jetting to form the vaginal ring was measured by HPLC. 
 
The paper is well-written and the data clearly presented. This technique has the advantage over 
traditional techniques in that the nature of the device can be altered in terms of surface area and thus 
infill densities. The authors prepared dapivirine vaginal rings with the additive manufacturing or 
injection molding methods and the properties of them were explored. This study is interesting and 
sufficient scientific data are provided. The following comments are provided. 
 
Actionable comments 
 
1. My major concern relates to the activity of the drug after going through the DDM process. Does the 
dapivirine retain anti-HIV activity after the high-temperature and pressure step? Would this be a 
common issue for any drug delivered by this process. This should at least be discussed and 
addressed by the authors in the discussion. 
 
Response – We thank the reviewer for this insightful comment. DPV is a small molecule antiretroviral 
drug, which when chemically intact with offer therapeutic activity against HIV. Our validated HPLC 
methods (related substances assay) shows that the drug released from the rings is chemically intact. 
Furthermore, we would point to the thermal stability of the DPV based on TGA data that shows 
negligible mass loss up to the processing temperatures used in this study. We have unpublished 
NMR data that also confirms that the DPV is released intact from thermoplastic rings. The clinical 
DPV ring used in the two recent clinical trials that demonstrated efficacy were manufactured at 
temperatures of 185˚C for 60s. There is also a significant body of published evidence that DPV 
remains chemically intact and retains its antiviral activity after processing at temperatures and 
pressures in polymeric systems. ((Gupta et al., 2008; Kaur et al., 2011; Major et al., 2013) 
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Monday 29 July 2019 
 
 
Prof. Jürgen Siepmann 
Editor-in-Chief 
International Journal of Pharmaceutics 
 
Dear Professor Siepmann, 
 
Could you please consider our revised manuscript, entitled “Dapivirine-releasing vaginal rings 
produced by plastic freeforming additive manufacturing”, for publication as an original 
research article in IJP, the International Journal of Pharmaceutics. 
 
My name is Peter Boyd, Senior Lecturer in Pharmaceutical Engineering at the Queen's University 
Belfast. Research in my laboratories is focused on different aspects of controlled release drug 
delivery devices fabricated using polymeric excipients via injection molding and additive 
manufacturing and we work closely with Prof Karl Malcolm’s group in the area of vaginal drug 
delivery. 
 
We thank the reviewers for their helpful comments and have made a number of changes based 
on their suggestions.  
 
In this manuscript, we describe for the first time, the use of an additive manufacturing (AM) 
technique based on high pressure material jetting of molten thermoplastic for the fabrication of 
dapivirine loaded vaginal rings. This research has the potential for significant impact in the field of 
pharmaceutical manufacturing and presents a new opportunity to produce drug delivery devices 
of varying geometries, densities and surface areas to give precise levels of control over the drug 
release kinetics using commonly available, injection molding grade thermoplastic materials. More 
specifically for HIV microbicides, it provides a new opportunity to increase the release of poorly 
water-soluble compounds in vaginal environments or to achieve desired dosing levels using lower 
drug loadings than those required using conventional thermoplastic processing techniques 
 
We confirm that this manuscript has not been published elsewhere and is not under consideration 
by another journal. All authors have approved the manuscript for submission to IJP. 
 
Sincerely, 
 

 
 
Peter Boyd 
Senior Lecturer in Pharmaceutical Engineering 
School of Pharmacy 
Queen's University of Belfast 
97 Lisburn Road 
Belfast BT9 7BL 
Northern Ireland, UK 
T: +44 (0)28 9097 2623 
E: p.boyd@qub.ac.uk 
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Table 1. Dimensional analysis of IM and DDM VRs (n=6) manufactured using T87/DPV or 

T60/DPV pellets. 

Sample (n=6) Manufacturing 
technique 

Mass (g) Cross-sectional 
diameter (mm) 

Outer diameter 
(mm) 

T87/DPV IM 1.98 ± 0.00 3.97 ± 0.09  53.08 ± 0.56 
T60/DPV IM 1.98 ± 0.02 3.92 ± 0.06 53.30 ± 0.33 
T87/DPV R10 DDM 0.62 ± 0.02 4.12 ± 0.25 53.62 ± 1.11 
T87/DPV R50 DDM 1.11 ± 0.03 3.99 ± 0.07 53.70 ± 0.49 
T87/DPV R100 DDM 1.81 ± 0.04 4.00 ± 0.06 53.57 ± 0.34 
T60/DPV R10 DDM 0.56 ± 0.03 4.02 ± 0.06 53.40 ± 0.21 
T60/DPV R50 DDM 1.09 ± 0.03 4.00 ± 0.05 53.59 ± 0.20 
T60/DPV R100 DDM 2.03 ± 0.03 3.99 ±  0.03 53.57 ± 0.19 
 

Table 1
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