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 2 

Abstract 12 

With a dapivirine-releasing vaginal ring having successfully completed late-stage clinical 13 

testing for HIV prevention and currently undergoing regulatory review, there is now 14 

growing interest in next-generation multipurpose prevention technologies that seek to 15 

combine antiretroviral and contraceptive drugs within a single product. Here, we focus on 16 

ongoing efforts to develop a silicone elastomer vaginal ring releasing both dapivirine and 17 

levonorgestrel. Specifically, we evaluate various strategies aimed at both better 18 

understanding and reducing the tendency of levonorgestrel to bind with the elastomer, 19 

including: (i) formulation and post-manufacturing strategies aimed at reducing the extent 20 

of levonorgestrel reaction with addition-cure silicone elastomers; (ii) evaluation of a simple 21 

silicone system to model the complex elastomer; (iii) use of model compounds representing 22 

the enone and ethinyl moieties of levonorgestrel to probe the mode of addition of 23 

levonorgestrel to addition-cure silicone elastomers; and (iv) solution and solid-state 13C-24 

NMR analysis to probe the structural features of the levonorgestrel-silicone system. The 25 

results demonstrate that both the enone and ethinyl groups within levonorgestrel undergo 26 

hydrosilylation reaction with hydrosiloxane groups in the silicone elastomer leading to 27 

binding. The results also highlight potential strategies for further optimising the 28 

dapivirine+levonorgestrel silicone vaginal ring formulation to ensure that the 29 

levonorgestrel is available for release.   30 

 31 

 32 

 33 
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1. Introduction 37 

The number of new infections with human immunodeficiency virus (HIV), the causative agent 38 

of acquired immunodeficiency syndrome (AIDS), remains a major global health concern. 39 

While highly active antiretroviral therapy (HAART) has revolutionized treatment of HIV 40 

infection, treatment alone is not the solution. According to UNAIDS, although new infections 41 

have declined since 2010, the rate of decline is too slow to reduce annual new infections to 42 

500,000 by 2020 (UNAIDS Joint United Nations Programme on HIV/AIDS, 2017). Women 43 

and girls are particularly vulnerable to HIV infection due to a combination of biology and 44 

gender inequities (Dellar et al., 2015; Türmen, 2003). For example, in sub-Saharan Africa, 45 

where the HIV/AIDS epidemic is greatest, young women aged 15–24 are more than twice as 46 

likely to acquire HIV as young men (UNAIDS Joint United Nations Programme on 47 

HIV/AIDS, 2018). Therefore, for the past thirty years, we have witnessed a concerted effort 48 

to develop new biomedical options aimed specifically at protecting women from HIV 49 

infection (Baeten, 2008; Padian et al., 2008; Stein, 1990; Traore et al., 2018).  50 

 51 

Vaginal microbicides are pharmaceutical formulations administered topically inside the 52 

vagina to reduce sexual transmission of HIV (Malcolm et al., 2016; Notario-Pérez et al., 2017; 53 

Traore et al., 2018). Since the concept of these ‘topical virucides’ was first proposed back in 54 

1990 (Stein, 1990), almost three decades of extensive research effort have elapsed and a 55 

handful of lead candidate products having reached late stage clinical testing. Currently the 56 

most developmentally advanced vaginal microbicide product is a vaginal ring device 57 

containing the experimental antiretroviral agent dapivirine (DPV; formerly known as TMC-58 

120) dispersed in a silicone elastomer matrix-type ring and intended for continuous use over 59 
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28 days (Malcolm et al., 2005; McCoy et al., 2017; Nel et al., 2016a, 2016b, 2014a, 2014b, 60 

2009; Romano et al., 2009). In 2016, the results of two pivotal Phase III clinical studies were 61 

reported demonstrating that the DPV ring significantly reduced the risk of HIV-1 infection in 62 

women and was well-tolerated (Baeten et al., 2016; Nel et al., 2016b). Post-hoc analyses of 63 

the data indicated higher efficacy for older women enrolled in the studies, consistent with their 64 

increased adherence to the ring use protocol. Two open-label studies, DREAM and HOPE, 65 

were launched in July 2016 to provide the ring to former Phase III trial participants for one 66 

year and to gain insights into how women will use the ring now that they know the ring is 67 

useful in reducing HIV risk. The DPV ring is currently undergoing regulatory review at the 68 

European Medicines Agency. 69 

 70 

Since sexually active women are also exposed to the risk of unintended pregnancy and 71 

sexually transmitted infections (STIs) other than HIV, new biomedical interventions – known 72 

as 'multipurpose prevention technologies' (MPTs) – are also actively being developed that 73 

address multiple sexual and reproductive health issues within a single product (Brady and 74 

Manning, 2013; Fernández-Romero et al., 2015; Guilamo-Ramos et al., 2018; Harrison et al., 75 

2013; Malcolm et al., 2014; Malcolm and Fetherston, 2013; Woodsong et al., 2015). In 76 

particular, products that simultaneously target prevention of HIV infection and unintended 77 

pregnancy are at the forefront of current MPT strategies priorities (Boyd et al., 2016; Malcolm 78 

and Fetherston, 2013; Smith et al., 2017; Ugaonkar et al., 2015; Woodsong et al., 2014; Young 79 

Holt et al., 2018). 80 

 81 



 6 

An estimated 222 million women in developing countries would like to delay or stop 82 

childbearing (Darroch and Singh, 2013), and improved access to contraception could 83 

potentially reduce maternal mortality by 30% worldwide (Lusti-Narasimhan et al., 2014). 84 

Hormonal contraceptive drugs have been widely prioritised for the contraception indication 85 

in MPTs (Fernández-Romero et al., 2015; Friend et al., 2013; Romano et al., 2013; Thurman 86 

et al., 2011), based on the long-established safety and effectiveness of hormonal 87 

contraceptives, the successful development of different configurations of hormonal 88 

contraceptive dosage forms (oral, injectable, implantable, etc.), and the widespread use of 89 

such products in populations that may also benefit from MPTs (Croxatto, 2002; Sitruk-Ware, 90 

2006; Westhoff, 2003). The synthetic progestin levonorgestrel (LNG; Figs. 1 & 2) may be 91 

particularly useful as the contraceptive agent in an MPT product based on its long history of 92 

safety and effectiveness when administered both with and without added estrogen (Brache 93 

and Faundes, 2010; Mansour, 2012). For example, levonorgestrel is widely and safely used 94 

by women in a range of birth control products, including emergency contraceptive pills, the 95 

combination birth control pills, and long-acting intrauterine devices (Hugon-Rodin et al., 96 

2010; Rose et al., 2009; Sznajder and Jamshidi, 2016). A number of LNG-releasing MPT 97 

products, including vaginal rings, are already in development (Boyd et al., 2016; Clark et al., 98 

2014; Friend et al., 2013; Murphy et al., 2016; Ugaonkar et al., 2015; Woodsong et al., 2015; 99 

Young Holt et al., 2018).  100 

 101 

We have previously reported matrix and reservoir-type silicone elastomer vaginal rings 102 

providing sustained/controlled release of DPV and LNG as an MPT strategy (Boyd et al., 103 

2016). In that study, the matrix-type rings contained different initial loadings of DPV (100, 104 
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150 and 200 mg) combined with either 16 or 32 mg LNG in the same addition-cure silicone 105 

elastomer  system (Nusil's MED-4870; cured at 160°C for 60 sec) used to manufacture the 106 

DPV-only ring (Devlin et al., 2013; McCoy et al., 2017). In vitro release studies demonstrated 107 

that both DPV and LNG were effectively released from the matrix-type ring device over 60 108 

days, despite significant challenges with the LNG component. Specifically, we have 109 

previously reported that LNG undergoes a hydrosilylation reaction with the hydrosilane (–Si–110 

H) groups in the poly(dimethylsiloxane-co-methylhydrosiloxane) component of addition-cure 111 

silicone elastomers, catalysed by in the presence of the platinum cure catalyst (Murphy et al., 112 

2016). The reaction leads to LNG becoming irreversibly chemically bonded to the silicone 113 

elastomer and therefore unable to be released or extracted from the silicone device (Murphy 114 

et al., 2016) (Fig. 1). Despite the very large number of steroid molecules previously 115 

formulated in silicone elastomers (Dziuk and Cook, 1966; Mashak and Rahimi, 2009; Nash 116 

et al., 2004), including LNG and other steroids having chemical functional groups similar to 117 

LNG (Koetsawang et al., 1990; Merkatz et al., 2014; Moss et al., 2013; Nash et al., 2004; 118 

Plagianos et al., 2017; Simmons et al., 2018; Sivin et al., 2005, 1997, 1981; Weisberg et al., 119 

2000), only a single 1980 US patent had previously reported the potential for covalent binding 120 

of steroids to silicone elastomers (Schopflin et al., 1980). As part of these initial studies, we 121 

considered that only the alkynyl group of LNG was reacting, supported by recent studies from 122 

our group reporting the use of solid state NMR spectroscopy to probe a similar hydrosilylation 123 

reaction between the alkynyl group of ethinyl estradiol and an addition cure silicone elastomer 124 

(McCoy et al., 2018). However, our most recent has indicated that the LNG molecule may 125 

also be undergoing the platinum-catalysed hydrosilylation reaction at its α,β-unsaturated 126 
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carbonyl functional group (also known as an 'enone') (Fig. 1), giving rise to two reactive sites 127 

within the LNG molecule.   128 

 129 

Understanding and reducing this tendency for LNG to bind with silicone materials is critical 130 

to clinical progress of the DPV+LNG vaginal ring. Here, we report a series of studies to further 131 

probe the mechanism of the LNG binding reaction, to elucidate the factors affecting the extent 132 

of binding, and to assess strategies with the potential to reduce the extent of LNG binding. In 133 

particular, we make use of model silicone elastomer systems to probe the mode of addition 134 

and the relative reactivity of the ethinyl and enone functional groups of the LNG molecule 135 

towards the poly(dimethylsiloxane-co-methylhydrosiloxane) component of the silicone 136 

elastomer system (Fig.1).  137 
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2. Materials and methods 138 

2.1. Materials 139 

DDU-4320 addition-cure silicone elastomer was supplied by NuSil Technology LLC 140 

(Carpentaria, CA, USA). It is a low temperature curing silicone elastomer that has been used 141 

extensively  in development of early prototypes of the DPV+LNG vaginal ring due to its 142 

reduced tendency to react with LNG compared with other higher temperature curing silicon 143 

elastomers  (Boyd et al., 2016; Murphy et al., 2016). Three alternative addition-cure silicone 144 

elastomers – Silbione LSR 4370, Proto BSL 086 and Proto ESL 008 – were supplied by Elkem 145 

Silicones (East Brunswick, NJ, USA) to evaluate the extent of LNG binding. Micronised LNG 146 

(mLNG) and non-micronised LNG (nmLNG) were supplied by CHEMO Group (Saronno, 147 

Italy). Micronised DPV was provided by the International Partnership for Microbicides (IPM; 148 

Silver Spring, MD, USA). Potassium dihydrogen orthophosphate (analytical reagent grade) 149 

was purchased from Davidson & Hardy Ltd. (Belfast, UK). HPLC-grade acetone and 150 

acetonitrile (ACN), zinc sulfate heptahydrate (ZnSO4.7H2O) (Ph.Eur. grade), magnesium 151 

sulfate heptahydrate (MgSO4.7H2O) (BioUltra, ≥99.5%), lactose (AnalaR grade), 152 

trimethylsilyl terminated poly(dimethylsiloxane-co-methylhydrosiloxane) (MHS), 1-153 

ethynylcyclopentanol (ECP), 3-methyl-2-cyclohexenone (CYC) and Wilmad® NMR tubes (5 154 

mm diameter) were all purchased from Sigma-Aldrich (Gillingham, UK). Phosphoric acid for 155 

HPLC, (85–90% in water) was purchased from Premier Scientific Ltd. (Belfast, UK). β-156 

cyclodextrin (≥ 97%) and calcium sulfate dihydrate (Reagent Plus, ≥ 99%) were purchased 157 

from AnaLab Scientific Laboratory Supplies Ltd. (Nottingham, UK). Sodium hydroxide 158 

pellets (98%) and platinum (0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex solution in 159 

vinyl terminated polydimethylsiloxane (Pt) were purchased from Alfa Aesar (Heysham, UK). 160 
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A Thermo Scientific BDS HypersilTM C18 HPLC column (150 mm × 4.6 mm, 3 μm particle 161 

size, 130 Å pore size) was purchased from APEX Scientific Ltd. (Kildare, Ireland). A security 162 

guard cartridge kit and a security guard standard C18 cartridge (length 4 mm, internal diameter 163 

3 mm) were purchased from Phenomenex Ltd. (Macclesfield, UK). A Millipore Direct-Q 3 164 

UV Ultrapure Water System (Watford, UK) was used to obtain deionised water (resistivity 165 

>18 mΩ/cm2).  166 

 167 

2.2. Manufacture of vaginal rings  168 

The extent of LNG binding in different addition-cure silicone elastomer systems was 169 

evaluated by manufacturing silicone elastomer matrix-type vaginal rings containing various 170 

loadings (32, 320 and 800 mg per ring) of either mLNG or nmLNG. Rings were manufactured 171 

on a laboratory-scale injection molding machine, according to well-established and previously 172 

reported manufacturing protocols (Boyd et al., 2016; Fetherston et al., 2013; McCoy et al., 173 

2017; Murphy et al., 2016). Briefly, LNG was added to both Parts A and B of the addition-174 

cure silicone elastomer system (DDU-4320, Silbione LSR 4370, Proto BSL 086 or Proto ESL 175 

008) contained in custom screw-cap polypropylene containers, and the contents of each 176 

container mixed using a dual asymmetric centrifuge mixer (SpeedMixerTM DAC 150 FVZ-K, 177 

Hauschild, Germany) for 30 s at 3000 rpm. Equal weights of Part A and Part B active premixes 178 

were then combined in a polypropylene container, hand-mixed by spatula for 20 s, speedmixed 179 

for 30 s at 3000 rpm, and then transferred to a 65 cm3 low-density polyethylene Semco 220316 180 

cartridge system (Polymer Systems Technology Ltd., Buckinghamshire, UK). The active mix 181 

was manually injected into a heated, matrix ring, stainless steel mold assembly fitted to a 182 

custom-designed laboratory-scale injection-molding machine (designed and built by  183 
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Technigal, Craigavon, UK) and heat-cured to produce matrix-type rings (7.6 mm cross-184 

sectional diameter; 55.0 mm external diameter). Curing conditions of 100C/95 s and 185 

105C/60 s were used to produce rings from DDU-4320 and Proto ESL008 silicone elastomer 186 

materials, respectively. The Proto BSL 086 elastomer system containing 4% w/w mLNG 187 

loading (equivalent to 320 mg LNG per ring) cured at ambient temperature in less than 10 min 188 

with a high LNG recovery (∼100%). Therefore, to manufacture vaginal rings using the manual 189 

injection molding machine operating under cure conditions of 70C/60 s, the Part A and Part 190 

B active mixes were pre-chilled (~4C) prior to mixing in order to produce an active mix with 191 

a prolonged pot life (≥ 25 min). For manufacture of Silbione LSR 4370 rings, two different 192 

curing conditions (140C/120 s and 160C/60 s) were used.  193 

 194 

2.3. Quantification of LNG in the rings 195 

Quantification of LNG in the vaginal rings was initiated within 15 min of ring manufacture. 196 

Three rings from each manufacturing batch were used to determine the mean LNG content. 197 

Each ring was cut into ~3 mm slices and placed in a 250 mL glass bottle (Duran GLS 80) 198 

containing 100 mL acetone. The bottles were placed in a shaking orbital incubator (Incu-199 

Shake FL16-2, SciQuip, UK) for 48 h at 37C and 60 rpm. Flasks were allowed to cool to 200 

room temperature over 60 min, and a 1 mL aliquot of the acetone extraction solution was 201 

transferred to a 25 mL volumetric flask (for 0.4% w/w LNG rings) and to a 100 mL volumetric 202 

flask (for 4.0% w/w LNG rings), followed by dilution with a 1:1 v/v acetonitrile/deionised 203 

water mixture. After 30 min at ambient temperature, the flasks were diluted to volume with 204 

acetonitrile. Samples were transferred to HPLC vials and analysed against standard solutions 205 

of known LNG concentrations. 206 



 12 

2.4. Post-manufacture heat treatments for Silbione LSR 4370 rings 207 

Additional post-manufacture heat treatments were performed with Silbione LSR 4370 rings, 208 

since it showed the greatest extent of LNG binding (Sections 3.2 and 3.3.1) and was therefore 209 

useful as a model system for investigating strategies to reduce binding. Within 5 min of 210 

manufacture of Silbione LSR 4370 rings containing 4% mLNG (320 mg), a single ring device 211 

was sectioned into six equal segments (Fig. 2). One ring segment was used as an untreated 212 

control, while all other segments underwent further heat treatments (160, 190 and 220°C for 213 

either 7 or 14 min) within the heated molds of the injection molding machine. Additional 214 

controls were prepared by heat-treating (7 or 14 min at 220°C) mLNG powder wrapped in 215 

aluminium foil. The 220 °C temperature for heat treatment was selected to be below the LNG 216 

melting point of 239.2 °C, as measured by DSC analysis. Measurement of LNG content in the 217 

ring segments was initiated within 5 min of the end of treatment, and according to the methods 218 

described (Section 2.3 and 2.11).   219 

 220 

2.5. Strategies to reduce levonorgestrel binding to an addition-cure silicone system 221 

Several different strategies were evaluated to reduce LNG reaction with the 222 

poly(dimethylsiloxane-co-methylhydrosiloxane) component of addition-cure silicone 223 

elastomers systems (Table 1). These included: (i) incorporation of hydrated pharmaceutical 224 

salts or excipients (ZnSO4.7H2O, MgSO4.7H2O, and spray-dried lactose); (ii) incorporation 225 

of β-cyclodextrin, previously reported to have an accelerating effect on platinum-catalysed 226 

hydrosilylation reactions (Lewis and Sumpter, 1996); (iii) immersion of mLNG matrix-type 227 

rings in cold water (500 mL) immediately following manufacture; (iv) immersion of rings in 228 

hot water (500 mL); (v) placement of rings in plastic weigh boats and storage in a fridge (5˚C) 229 
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or in a freezer (-20˚C) for 10 min; (vi) immersion of rings in liquid nitrogen for 30 s using 230 

long tweezers; and (vii) exposure of rings to high relative humidity and high temperature 231 

conditions (40°C/75%RH). Water is known to react with hydrosiloxane functional groups in 232 

the presence of a platinum catalyst to form relatively unreactive silanols (Barnes and 233 

Daughenbaugh, 1966a), justifying the testing of the water-liberating hydrated salts/excipients 234 

and the other water-based strategies. 1.6 g of the pharmaceutical salt or excipient was added 235 

to 40 g of the active silicone elastomer mix, hand-mixed using a spatula for 20 s, and then 236 

speedmixed for 30 s at 3000 rpm. Rings were manufactured as previously described (Section 237 

2.2). The various strategies were tested with both Silbione LSR 4370 and DDU-4320 silicone 238 

elastomer systems, and the quantification of LNG was started immediately after treatments 239 

and the LNG recovery values were used as a measure of the extent of LNG binding. 240 

 241 

2.6 Preparation and characterisation of spray dried lactose 242 

Since water is known to react with residual hydrosilane groups in addition cure silicone elastomers 243 

(REF), we hypothesised that incorporation of a spray-dried lactose material (containing a significant 244 

proportion of water) into the silicone elastomer might compete with LNG for reaction with the 245 

hydrosilane groups, thereby leading to reduced LNG binding. Spray dried lactose was prepared by 246 

dissolving 10 g of lactose in 100 mL of deionized water and then spray drying using a Mini-247 

Spray-Dryer (Büchi 190; Flawil, Switzerland). The spray drying parameters were: inlet 248 

temperature 95°C, outlet temperature 65°C, pump setting 3.0 mL/min, nitrogen flow 600–650 249 

Nl/h, aspirator power was 100% and the nozzle size was 0.5 mm. The water content of the 250 

original lactose and the spray-dried lactose was determined by thermogravimetric analysis 251 

(TGA) on a Q500 instrument (TA instruments, New Castle, PA, USA). Powder samples were 252 

heated according to two different methods: (i) from ambient temperature to 140°C at 253 
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10°C/min (Chen et al., 2012), (ii) isothermal heating for 95 s at 100°C to mimic the silicone 254 

elastomer vaginal ring cure condition. Water content values were determined by weight loss. 255 

The resulting spray-dried lactose was then incorporated into mLNG-loaded DDU-4320 rings. 256 

 257 

2.7. Model silicone elastomer system  258 

In a bid to better understand the platinum-catalysed reaction between LNG and the 259 

hydrosiloxane groups in the poly(dimethylsiloxane-co-methylhydrosiloxane) component of 260 

addition-cure silicone elastomer systems, a simple model system comprising MHS as a model 261 

hydrosiloxane molecule and an organoplatinum catalyst was considered. The chemical 262 

structures for DPV, MHS and LNG are shown in Figure 2. Stock solutions of LNG (2 mg/mL), 263 

DPV (2 mg/mL), MHS (47.5 mg/mL) and an organoplatinum catalyst (Karstedt's catalyst; 0.5 264 

mg/mL) were separately prepared in acetone. The LNG, MHS and platinum stock solutions 265 

were mixed in 4:95:1 weight ratio, respectively, and incubated at 37°C for 48 h. LNG+Pt, 266 

LNG+MHS, LNG-only, and equivalent control solutions containing DPV instead of LNG, 267 

were similarly prepared and incubated. The extent of LNG or DPV reaction in these systems 268 

was assessed at 24 and 48 h by calculating the difference between the nominal amount of 269 

LNG/DPV in the solution and the recovered amount of free LNG/DPV. For each LNG-MHS-270 

Pt mixture, 0.25 mL was sampled and diluted 100 times with ACN to achieve a detectable 271 

final LNG concentration. For all other mixtures, 0.25 mL was and diluted 400 times with 272 

ACN. The recovered amounts of both LNG and DPV were quantified, as described in section 273 

2.11.   274 

 275 

 276 
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2.8. Sample preparation for 13C NMR analysis  277 

We have previously reported solution and solid state 13C-NMR nuclear magnetic resonance 278 

(NMR) methods for detecting the reaction product of ethinyl estradiol (containing only an 279 

ethinyl functional group) with a silicone elastomer vaginal ring device (McCoy et al., 2018). 280 

Here, we sought to use similar methods to detect the products of LNG reaction with silicone. 281 

It was imperative to maximise the extent of reaction prior to extracting the non-bound LNG 282 

fraction from the samples in order to maximise the signal-to-noise ratio for NMR analysis. 283 

The highest extent of LNG reaction was achieved with manufacture of Silbione LSR 4370 284 

rings (cured at 160°C for 60 s) containing 10% w/w mLNG (800 mg) and followed by 285 

additional heat treatments on ring segments. Acetone extraction was then repeated three times 286 

to ensure complete extraction of the non-bound LNG from the segments. The extent of LNG 287 

reaction was determined by calculating the difference between the nominal LNG loading in 288 

the ring segment and the amount of LNG recovered (quantified as described in Section 2.11). 289 

After the additional heat treatments, the percentage of bound LNG in each ring segment was 290 

1.4% (no treatment, control), 4.5% (220°C for 14 min) and 6.0% w/w (220°C for 35 min). 291 

Consequently, solid state 13C-NMR analysis was performed on a Silbione LSR 4370 sample 292 

with 6% bound LNG, a cured blank Silbione LSR 4370 control sample and LNG-only control. 293 

 294 

Model silicone elastomer samples were also prepared for solution-state and solid-state 13C 295 

NMR analysis. Acetone solutions of MHS, LNG and Pt were prepared and mixed in a 79:20:1 296 

w/w ratio and heated for 2 h at 110˚C. The acetone was removed by evaporation, and the non- 297 

bound LNG fraction extracted from the resulting white product and quantified as before. Solid 298 

state 13C-NMR analysis was performed on the product, which contained 12.5% w/w bound 299 
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LNG. MHS-only and MHS+Pt (79:1) samples were prepared in a similar fashion. However, 300 

by comparison, these mixtures yielded liquid samples; the MHS sample was colourless and 301 

the MHS+Pt sample was yellow.  302 

 303 

2.9. NMR analysis  304 

All samples for solution-state 13C NMR analysis were dissolved in CDCl3. Spectra were 305 

recorded using a Bruker DPX 400MHz NMR spectrometer (Bruker UK Ltd., Coventry, UK). 306 

Chemical shifts were recorded in parts per million (ppm) with the chemical shift of the internal 307 

reference set to 77.0 ppm with respect to CDCl3. A series of reference spectra for MHS, MHS-308 

Pt and LNG samples were also recorded. 309 

Solid-state NMR experiments were performed at the EPSRC National Solid-State NMR 310 

Service at Durham University. 13C NMR experiments were performed using either a Bruker 311 

Avance III HD spectrometer with a 4 mm (rotor o.d.) magic angle spinning (MAS) probe or 312 

a Varian VNMRS spectrometer with a 6 mm (o.d.) rotor operating at 100.6 MHz. Bruker 313 

Avance 13C NMR spectra were obtained using total suppression of spinning sidebands (TOSS) 314 

and cross-polarisation (CP) with a 4 or 10 s recycle delay, 1 or 4 ms contact time, ambient 315 

probe temperature (∼25°C) and a sample spin-rate of 8 kHz. Between 250 and 20,000 316 

repetitions were accumulated depending on the sample being analysed. 13C NMR reference 317 

spectra were obtained using the Varian VNMRS spectrometer with TOSS and CP, a 1 or 30 s 318 

recycle delay, 1 or 5 ms contact time, ambient probe temperature and a spin-rate of 6 kHz. 319 

The number of scans accumulated for the samples varied (72, 116 and 992 repetitions) 320 

depending on the sample being analysed.  321 
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In order to aid interpretation of the experimental NMR spectra, the Institute of Chemical 322 

Sciences and Engineering’s (ISIC) online NMR prediction software (www.nmrdb.org) was 323 

used to generate simulated NMR spectra for LNG, a model silicone system and various LNG-324 

silicone adducts. 325 

 326 

2.10. Reaction between model silicone system and enone and ethinyl model compounds 327 

LNG contains both enone and ethinyl (less commonly referred to as 'ethynyl') functional 328 

groups, both of which can potentially undergo a platinum-catalysed hydrosilylation reaction. 329 

In order to confirm the expected relative reactivity of these two functional groups, and 330 

particularly to aid characterisation of the LNG-silicone reaction by NMR, model compounds 331 

1-ethynylcyclopentanol (ECP) and 3-methyl-2-cyclohexenone (CYC) – representing the 332 

ethinyl and enone motifs, respectively, in the LNG molecule, and having the same molecular 333 

formula (C7H10O) and therefore similar molecular size – were investigated in the model 334 

silicone system (Fig. 2). Each compound was mixed with MHS in the presence of Pt in an 335 

approximate 5:5:1 weight ratio, respectively.  336 

 337 

Various ECP mixtures – ECP+Pt+MHS, ECP+Pt, ECP+MHS and ECP alone (n=4) – were 338 

prepared by directly mixing the supplied liquids in snap-top vials; no solvent was included at 339 

this stage. The vials were incubated for 24 h at 37°C and 60 rpm. Similar mixtures containing 340 

CYC were also prepared. After 24 h incubation, the vials were placed on the bench at ambient 341 

temperature to cool down for 30 min and then 5.0 mL of acetonitrile was added into each vial. 342 

All vials were again incubated for another 24 h at 37°C and 60 rpm. After this 2nd incubation 343 

step, the vials were sampled (1.0 mL), diluted with acetonitrile (19.0 mL for ECP samples and 344 
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99.0 mL for CYC samples) and the amount of ECP and CYC remaining quantified by HPLC 345 

using the methods described in the following section (Section 2.11). The extent of reactivity 346 

for ECP and CYC toward MHS in the presence of Pt was assessed by calculating the 347 

difference between the nominal amount of each in a mixture and the measured amount after 348 

incubation.  349 

  350 

2.11. Quantification of LNG, DPV, ECP and CYC using HPLC 351 

LNG and DPV were quantified using a Waters® HPLC system (Waters Limited, Herts, UK) 352 

consisting of a 1525 binary pump, In-Line degasser AF, 2487 dual wavelength detector and 353 

717 plus autosampler. The samples were analysed by injecting 25.0 L samples onto the 354 

Hypersil C18 column which was maintained at 25°C. The flow rate was 1.2 mL/min and run 355 

time was 5 min. The samples were analysed in isocratic mode using a mobile phase of 7.7 356 

mM pH 2.4 potassium phosphate buffer-acetonitrile (41.7/58.3, v/v). DPV was detected at 357 

210 nm with a 2.7 min retention time and LNG at 240 nm with a 3.7 min retention time. Linear 358 

working concentration ranges for DPV and LNG were 0.2–50 g/mL and 0.4–100 g/mL, 359 

respectively. 360 

Apart from using a buffer-acetonitrile mobile phase ratio of 40:60 v/v and a 1.0 mL/min flow 361 

rate, the same HPLC method was used to quantify both ECP and CYC. ECP was detected at 362 

210 nm with a 2.3 min retention time and CYC at 240 nm with a 2.3 min retention time. 363 

Working concentration ranges for ECP and CYC were 100–500 g/mL and 5–60 g/mL, 364 

respectively.  365 
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2.12. Statistical analyses 366 

Statistical analyses were performed using one-way ANOVA, followed by post-hoc analysis 367 

using the Tukey-Kramer multiple comparisons test. Statistical significance is defined as p < 368 

0.05. Analysis was conducted using GraphPad Prism. Asterisks are used to specify the level 369 

of significant difference between the means of groups as following; *, ** and *** denote p < 370 

0.05, < 0.01 and < 0.001, respectively.371 
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3. Results and discussion 372 

3.1. Levonorgestrel recovery for different addition cure silicone elastomer systems 373 

Percentage LNG recovery from the four different silicone elastomer systems (i.e. the fraction 374 

that has not bound with the silicone) is shown to depend upon (i) the type of silicone elastomer, 375 

(ii) the particle size of the LNG, and (iii) the loading of LNG (Table 2).  376 

One of the distinguishing features of the different silicone elastomers is the conditions 377 

required for cure. In general, the data shows that lower cure temperatures lead to enhanced 378 

LNG recoveries (i.e. reduced binding). For example, the Proto BSL 086 silicone elastomer 379 

shows the largest recoveries for mLNG at both drug loadings. The Silbione LSR 4370 system 380 

showed the lowest LNG recovery values, reflecting its relatively high cure temperature and 381 

long cure time (Table 2). However, this makes Silbione LSR 4370 particularly useful as a 382 

model system to further explore the LNG binding reaction.  383 

As reported previously (Murphy et al., 2016), nmLNG produces greater LNG recovery values 384 

compared with mLNG, attributed to a slower rate of dissolution of the nmLNG particles – and 385 

therefore a lower concentration of dissolved LNG – in the silicone elastomer, and in 386 

accordance with well-established dissolution principles (Bruner and Tolloczko, 1901; Noyes 387 

and Whitney, 1897). However, in general, micronised drug materials are preferred for use in 388 

pharmaceutical products, due to enhanced rate of dissolution (particularly for poorly water-389 

soluble drugs), increased supply options, and improved batch-to-batch consistency, etc. For 390 

these same reasons, micronised drug materials are generally also preferred for commercial 391 

manufacture of silicone elastomer vaginal rings.  392 

Increasing LNG loading from 32 mg to 320 mg in the rings also leads to significant increases 393 

in the percentage LNG recovery (Table 2).        394 
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3.2. Effect of additional heat treatments on LNG recovery from Silbione LSR 4370 rings  395 

Here, Silbione LSR 4370 was further investigated, since it previously produced the greatest 396 

extent of LNG binding among the silicone elastomers systems tested and was therefore most 397 

useful for studying binding. Application of additional post-manufacture heat treatments to 398 

segments of a mLNG–Silbione LSR 4370 ring revealed further reductions in the amount of 399 

LNG recovered (Table 3), indicative of further reaction between LNG and the hydrosiloxane 400 

functional groups in the silicone system and revealing that the reaction is far from complete 401 

during the initial manufacturing step. The trend in LNG recovery values correlated well with 402 

the temperature and duration of the applied heat treatments, and LNG-only controls showed 403 

no loss of LNG (Table 3).  404 

For the purpose of the 13C-NMR analyses aimed at probing the nature of LNG–silicone 405 

reaction, these data directed us to load up to 10% w/w LNG and apply additional post-406 

manufacture heat treatments to maximise the extent of LNG reaction for Silbione LSR 4370 407 

ring segments.  408 

 409 

3.3. Strategies aimed at reducing the extent of LNG reaction 410 

3.3.1. Silbione LSR 4370 rings containing 4.0% w/w mLNG (320 mg) 411 

Silbione LSR 4370 was used in this experiment as a model silicone elastomer system since it 412 

previously showed the greatest tendency to react with LNG (Table 2). Here, the mean 413 

percentage mLNG recovery value was 56.9% from the control Silbione LSR rings containing 414 

4.0% w/w mLNG and cured at 160°C for 60 sec (Table 4). Of the various methods tested to 415 

reduce LNG binding post ring manufacture, three produced LNG recovery values significantly 416 

higher than the control: (i) ring storage in fridge for 10 min, (ii) placement of ring in water at 417 
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room temperature for 10 min, and (iii) placement of ring in hot water for 10 min. In the latter 418 

two cases, it is likely that the water molecules react with residual Si–H groups in the cured 419 

silicone elastomer to form relatively unreactive silanol groups (Barnes and Daughenbaugh, 420 

1966b), thereby making them unavailable for LNG binding.  421 

Surprisingly, the incorporation of ZnSO4.7H2O, but not MgSO4.7H2O, into the ring 422 

formulation led to a significant decrease in LNG recovery compared to control (Table 4). The 423 

initial hypothesis was that these hydrated metal salts might liberate some of their water of 424 

crystallisation during the high temperature ring manufacture, and that the liberated water 425 

molecules might then competitively react with the residual Si–H groups, thereby reducing the 426 

tendency for LNG to react. Clearly, this approach was not successful. Further, the unexpected 427 

decreased recovery of LNG with ZnSO4.7H2O may be due to zinc enhancement of the 428 

performance of the platinum catalyst (Yu et al., 2007). 429 

 430 

3.3.2. DDU-4320 rings containing 0.4% w/w mLNG  431 

Since significantly less LNG binding occurs with DDU-4320 compared to Silbione LSR 4370 432 

(Table 2), experiments to reduce LNG binding were also conducted using DDU-4320 433 

containing 0.4% w/w mLNG.  Incorporation of MgSO4.7H2O (5.3%, w/w water content) into 434 

the ring formulation and placement of the ring in hot water after manufacture both resulted in 435 

small but significant increases in LNG recovery (Table 5). By comparison, incorporation of 436 

spray-dried lactose (with measured value of ~5.2 % w/w water content obtained using the 437 

ramped TGA method and ~5.0% water content for the isothermal TGA method) or β-438 

cyclodextrin into the ring formulation did not increase LNG recovery. Reviewing the data 439 

across both silicone systems and LNG loadings, it is concluded that immersion of rings in hot 440 
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water post manufacture is a reliable method for achieving small but significant increases in 441 

LNG recovery, and might be useful in certain situations for achieving the target drug recovery 442 

range (100% ± 5). 443 

 444 

3.4. A model silicone elastomer system  445 

Addition-cure silicone elastomer systems are complex multi-component mixtures of vinyl-446 

functionalised polydimethylsiloxanes, hydride-functionalised polydimethylsiloxanes, 447 

processing fluids, mechanical fillers and cure inhibitors (Malcolm et al., 2016). In order to 448 

gain further insight into the reaction of LNG with such silicone systems, we developed a 449 

simple model system comprising only MHS and Karstedt’s catalyst with which LNG can 450 

interact/react. MHS is a similar poly(dimethylsiloxane-co-methylhydrosiloxane) polymer to 451 

that included in silicone elastomer systems and Karstedt's catalyst is a platinum catalyst 452 

commonly used in hydrosilylation reactions.  Various solutions containing LNG with and 453 

without MHS and Pt were prepared (Table 6). Similar DPV solutions were prepared as 454 

controls; DPV is known not to react with the hydrosiloxane group in silicone elastomer 455 

systems (Boyd et al., 2016; Fetherston et al., 2013; McCoy et al., 2017). The data presented 456 

in Table 6 show that significant loss of LNG (only 12.7% recovered) occurs in the presence 457 

of both MHS and Pt. By comparison, 96.8% and 75.5 % LNG recovery values were previously 458 

reported for the 4% mLNG DDU-4320 and Silbione LSR 4370 silicone elastomer systems, 459 

respectively (Table 2), suggesting that this LNG+MHS+Pt model system provides 460 

intermediate LNG-binding values. In the presence of Pt only (no MHS), a smaller reduction 461 

in LNG recovery is measured (98.4%), suggesting an interaction between the LNG and the 462 
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platinum complex. In the absence of Pt, the LNG+MHS solution shows no loss of LNG. As 463 

expected, DPV was fully recovered for all solutions.  464 

It is worth noting all three components of the model system are in the dissolved state and 465 

therefore amenable to reaction. By comparison, LNG is initially incorporated into the silicone 466 

elastomer formulations in the solid crystalline state. A fraction of this solid LNG dissolves in 467 

the silicone elastomer components at room temperature, and LNG solubility will increase 468 

during the high-temperature injection molding step. These differences will affect the extent of 469 

LNG reaction. Of course, the particle size of the LNG also plays a role in the rate of dissolution 470 

of LNG in the silicone system, as discussed previously.   471 

 472 

So far, we have demonstrated unequivocally that LNG undergoes a platinum-catalysed 473 

hydrosilylation reaction with the hydrosiloxane functional groups in silicone elastomer 474 

formulations. However, we have not yet determined which functional groups in LNG take 475 

part in that reaction. Previously, we assumed that only the ethinyl group of LNG reacted with 476 

silicones (Murphy et al., 2016), confirmed by NMR data obtained with other ethinyl-477 

containing steroids (McCoy et al., 2018). However, the α,β-unsaturated ketone moiety (known 478 

as an 'enone' group) in LNG (Fig. 2) may also undergo such hydrosilylation reactions (Johnson 479 

and Raheja, 1994).  NMR spectroscopy was used to further investigate the mode of LNG's 480 

addition reaction with hydrosiloxane functional groups in silicone elastomers. 481 

 482 

3.5. Simulated NMR spectra 483 

13C NMR modelling software predicted that when both ethinyl and enone groups of LNG 484 

underwent hydrosilylation reaction with a hydrosiloxane-containing molecule, new vinylene 485 
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(–CH=CH–) and silyl enol ether (=C–O–Si–) moieties would result, with 13C chemical shifts 486 

in the 95–120 ppm range and ~150 ppm, respectively (Fig. 3B). These new signals should be 487 

accompanied by disappearance of the ethinyl signals at ∼75 and 89 ppm and the 𝛼,β 488 

unsaturated carbonyl (O=C–CH=CH–) signals at ∼199, 124 and 142 ppm (Fig. 3A). It should 489 

be noted that these predicted chemical shifts are only intended to be indicative. 490 

 491 

3.6 13C NMR spectra of Silbione LSR 4370 silicone elastomer 492 

Reference solid-state cross-polarised magic angle spinning (CP-MAS) 13C NMR spectra were 493 

recorded for LNG and cured Silbione LSR 4370 silicone elastomer (Fig. 4A and B, 494 

respectively; spinning side bands have not been suppressed). The narrow signals observed for 495 

the LNG reference material (Fig. 4A) are typical of crystalline molecules, and chemical shift 496 

values are similar to predicted values (Fig. 3). The spectrum for the cured Silbione LSR 4370 497 

elastomer displayed a large signal at 1.4 ppm due to methylsiloxane moieties (Fig. 4B).  498 

 499 

The 13C NMR spectrum for a mLNG-loaded Silbione LSR 4370 sample which had been 500 

extracted with acetone to remove all of the non-bound LNG fraction prior to analysis (leaving 501 

6% w/w LNG bound with the silicone) is presented in Figure 4C.  The chemical shift 502 

associated with ethinyl carbon 21 is no longer observed at ∼ 75 ppm, and new peaks 503 

(corresponding with the vinylene signals; Fig. 3) are observed between 125–132 ppm, 504 

indicating hydrosilylation reaction of the ethinyl group. Furthermore, the carbonyl carbon 505 

associated with the enone group of LNG – having a chemical shift value of 202 ppm (Fig. 4A) 506 

– is absent from the spectrum of the cured LNG-Silbione LSR 4370 silicone elastomer sample 507 

(Fig. 4C), and instead a new peak is present at 139 ppm representing the bound silyl enol ether 508 
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form. Thus, there is also direct evidence for hydrosilylation reaction of the LNG's enone 509 

group. 510 

 511 

3.7. 13C NMR spectra of model silicone elastomer system 512 

13C NMR spectra representing the various components of simple model silicone elastomer 513 

system comprising MHS, Karstedt's catalyst and LNG are presented in Fig. 5. MHS shows 514 

the characteristic signal close to 0 ppm due to its methylsiloxane moieties (Fig. 5A); the 515 

relatively large triplet signal at ~77 ppm is due the chloroform solvent (labelled s). When 516 

Karstedt's catalyst is added to MHS, two additional peaks are observed at ~26 and ~63 ppm 517 

(asterisked in Fig. 5B) due to hydrosilylation reaction between the MHS and the acetone solvent; 518 

this spectrum confirms the ability of ketone moieties – which is structurally similar to the 519 

enone group found in the LNG molecule (Fig. 2) – to react with the addition-cure silicone 520 

elastomer system. Therefore, in this silicone elastomer model, the acetone solvent can be 521 

considered to function in a similar manner to that of the usual vinyl-functionalised 522 

polydimethylsiloxane component, since both undergo hydrosilylation and with which LNG 523 

competes for access to the hydrosiloxane groups. When LNG (the 13C-NMR spectrum for 524 

which is shown in Fig 5C) is added to this model silicone elastomer system, the resulting 525 

NMR spectrum shows several key features: (i) the low frequency signals (0–50 ppm) 526 

correspond to the various methyl, methylene, tertiary and quaternary carbons in the LNG 527 

molecule and the methyl groups in the MHS molecule; (ii) once again, the signals at ~26 and 528 

~63 ppm (asterisked in Fig. 5D) are evidence for the product of the hydrosilylation reaction 529 

between MHS and the acetone solvent; (iii) the downfield shift of the ethinyl carbon signals 530 

(20 and 21 in Fig. 5C) to ~90 and 120 ppm (20 and 21 in Fig. 5D) is consistent with the ethinyl 531 

group undergoing a hydrosilylation reaction with the MHS molecule; (iv) the, at least partial, 532 
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loss of the enone carbon signals (3, 4 and 5) in Fig. 5C and the appearance of new signals for 533 

these carbons (3, 4 and 5) in Fig. 5D is consistent with partial hydrosilylation of the enone 534 

functional group in LNG. Simply this means that at a certain LNG to MHS weight ratio and 535 

in the presence of Pt, not all enone groups of LNG molecules react with hydrosiloxane groups 536 

in MHS while all related ethinyl groups of these LNG molecules can react with MHS (Fig. 537 

5D). This is attributed to a faster rate of the hydrosilylation reaction for ethinyl groups relative to 538 

enone groups in this setting. 539 

 540 

3.8. Reactivity of ethinyl and enone model compounds with model silicone system 541 

Both model compounds ECP and CYC (Fig. 2) bound with MHS in the presence of platinum 542 

catalyst, as evidenced by their relatively low recoveries from reaction mixtures (Tables 7 and 543 

8). Under the specified reaction conditions (37°C/60 rpm/24 h), ECP was more reactive than 544 

CYC (recovery values of 30.7% and 52.0%, respectively). Both enone and ethinyl 545 

functionalised molecules have previously been reported to undergo hydrosilylation reaction 546 

with platinum-based catalysts (Johnson and Raheja, 1994; McCoy et al., 2018; Sanchez and 547 

Trogler, 2008). For reaction mixtures containing each model compound and platinum only, 548 

recoveries were still low (77.4 and 91.8% for ECP and CYC, respectively; Tables 7 and 8), 549 

although greater than those measured when MHS was included in the reaction mixtures. 550 

Presumably, these low recoveries are due to coordination complexation of the ethinyl and 551 

enone compounds with the platinum species, a necessary first step in the hydrosilylation 552 

reaction. When the model compounds are combined with MHS in the absence of Karstedt's 553 

catalyst, much higher recoveries are obtained (95.8 and 90.2% for ECP and CYC, 554 

respectively; Tables 7 and 8). In fact, these recovery values are indicative of no reaction, given 555 

their similarity to the values obtained for the control mixtures containing the model 556 
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compounds alone (95.1 and 90.4% for ECP and CYC, respectively; Tables 7 and 8). The 557 

inability to recover 100% of the model compounds in the controls is likely due to evaporative 558 

loss of the volatile model compounds from the reaction flasks.   559 
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4. Conclusions 560 

Previously, we have demonstrated that LNG can bind irreversibly via a platinum-catalysed 561 

hydrosilylation reaction to the poly(dimethylsiloxane-co-methylhydrosiloxane) component of 562 

an addition-cure silicone elastomer (Murphy et al., 2016), and that the extent of binding was 563 

dependent on the loading and particle size of LNG, and the cure time and temperature used to 564 

manufacture the vaginal ring devices. This binding of LNG significantly affects the measured 565 

in vitro LNG release properties and the LNG assay value in a DPV+LNG MPT vaginal ring. 566 

By using model small-molecule enone and ethinyl compounds, this study has further probed 567 

the mode of addition of LNG to the poly(dimethylsiloxane-co-methylhydrosiloxane) 568 

component in the elastomer system and has demonstrated that both the enone and ethinyl 569 

moieties of LNG participate in the hydrosilylation reaction, rendering the LNG unable to be 570 

released from the ring device.  One limitation of this approach is that the model compounds 571 

have a significantly smaller molecular size compared to the LNG molecule, and may not 572 

accurately reflect the steric effects influencing the platinum-catalsyed hydrosilylation 573 

reaction. 574 

 575 

Immersion of the silicone rings in water, incorporation of MgSO4.7H2O into the DDU-4320 576 

ring formulation or placing the Silbione LSR 4370 ring in the fridge can lead to small but 577 

significant reductions in the extent of LNG binding, which may be useful for future product 578 

development. In particular, the work demonstrates the usefulness of solution and solid-state 579 

13C NMR spectroscopy in both confirming the mode of LNG addition and in establishing a 580 

simple silicone elastomer model system for investigating the binding reaction. Building on 581 

the insights offered by this study, future studies will likely focus on developing and testing 582 
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new custom formulations of silicone elastomers specifically designed to cure at low 583 

temperatures and with chemistries optimised to reduce LNG binding.  584 
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Table and figure captions 864 

Table 1. Strategies evaluated to reduce the LNG binding with vaginal rings prepared from addition-865 

cure silicone elastomer systems Silbione LSR 4370 and DDU-4320. The Silbione LSR 4370 rings 866 

contained 320 mg of mLNG with a silicone-mLNG-excipient weight mixing ratio of 24:1:1 (cured at 867 

160°C for 60 s). The DDU-4320 rings contained 32 mg of mLNG with a silicone-mLNG-excipients 868 

weight mixing ratio of 249:1:10 (cured at 100°C for 95 s). 869 

 870 

Table 2. Percentage LNG recovery from matrix-type vaginal rings prepared from different addition-871 

cure silicone elastomers. Values represent mean ± standard deviation of three replicates. 872 

 873 

Table 3. Effect of the post-cure heat treatment on percentage LNG recovery from segments of a 874 

Silbione LSR 4370 ring containing 4% mLNG (320 mg) which cured at 140°C for 2 min.  875 

 876 

Table 4. Effect of incorporating excipients and post-manufacture treatments on percentage LNG 877 

recovery from Silbione LSR 4370 rings containing 4.0% w/w mLNG (320 mg) and cured at 160°C for 878 

60 s. Silicone, LNG and excipients were mixed in 24:1:1 weight ratio. Values represent mean ± SD of 879 

three replicates. Asterisks represent the level of significant difference compared to the control. 880 

 881 

Table 5. Effect of incorporating excipients and post-manufacture treatment on percentage LNG 882 

recovery from DDU-4320 rings containing 0.4% w/w LNG (32 mg) and cured at 100°C for 95 s. 883 

LNG recovery value is the mean of three replicates and reported errors denote standard deviations. 884 

Silicone, LNG and excipients were mixed in 249:1:10 weight ratio, respectively. Asterisks represent 885 

the level of significant difference compared to the control. 886 

 887 

Table 6. Percentage LNG and DPV recovery from mixtures containing drug (LNG or DPV) and 888 

MHS in the presence of platinum catalyst following incubation at 37°C/60 rpm for two days. Each 889 

API recovery value is the mean of four replicates and reported errors denote standard deviations. 890 

 891 

Table 7. Percentage ECP recovery from mixtures containing ECP and MHS in the presence of 892 

platinum catalyst following incubation at 37°C/60 rpm for 24 h. Each ECP recovery value is the 893 

mean of four replicates (n=4) and reported errors denote standard deviations. Acetonitrile was added 894 
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to each mixture to extract the non-bound ECP. 895 

 896 

Table 8. Percentage CYC recovery from mixtures containing CYC and MHS in the presence of 897 

platinum catalyst following incubation at 37°C/60 rpm for 24 h. Each CYC recovery value is the 898 

mean of four replicates (n=4) and reported errors denote standard deviations. Acetonitrile was added 899 

to each mixture to extract the non-bound CYC. 900 

 901 

Figure 1. Schematic showing the potential modes of addition for the platinum-catalysed 902 

hydrosilylation reaction between levonorgestrel and the poly(dimethylsiloxane-co-903 

methylhydrosiloxane) component of an addition cure silicone elastomer system.    904 

 905 

Figure 2. Chemical structures of dapivirine (DPV), levonorgestrel (LNG), poly(dimethylsiloxane-906 

co-methylhydrosiloxane) (MHS), 3-methyl-2-cyclohexenone (CYC: enone model compound), and 1-907 

ethynylcyclopentanol (ECP: ethinyl model compound). 908 

 909 

Figure 3. Simulated 
13

C NMR spectra for (A) levonorgestrel and (B) platinum-catalysed  910 

hydrosilylation reaction product between LNG and a model poly(dimethylsiloxane-co-911 

methylhydrosiloxane) molecule. The signals and chemical shift values for carbon atoms 3, 4, 5, 17, 20 912 

and 21 are highlighted, since these are particularly sensitive to the LNG binding reaction.  913 

 914 

Figure 4. A – solid-state 13C NMR spectrum of LNG; B – solid-state 13C NMR spectrum of a cured 915 

blank Silbione LSR 4370 silicone elastomer sample after solvent extraction; C – solid-state 13C NMR 916 

spectrum of a cured Silbione LSR 4370 silicone elastomer containing 6% w/w bound LNG following 917 

an acetone extraction step. 918 

 919 

Figure 5. Solution state 13C NMR spectra. A – MHS-only sample after acetone evaporation; B – 920 

MHS+Pt sample after acetone evaporation; C – LNG-only; D – MHS+Pt+LNG sample (containing 921 

12.5% w/w bound LNG) after acetone evaporation and extraction of unbound LNG. 922 
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Table 1. Strategies evaluated to reduce the LNG binding with vaginal rings prepared from addition-1 

cure silicone elastomer systems Silbione LSR 4370 and DDU-4320. The Silbione LSR 4370 rings 2 

contained 320 mg of mLNG with a silicone-mLNG-excipient weight mixing ratio of 24:1:1 (cured at 3 

160°C for 60 s). The DDU-4320 rings contained 32 mg of mLNG with a silicone-mLNG-excipients 4 

weight mixing ratio of 249:1:10 (cured at 100°C for 95 s). 5 

Strategy to reduce LNG 

binding to silicone           

Silbione LSR 4370 rings 

 

DDU-4320 rings 

None control control 

Incorporating hydrated  

excipients 

MgSO4·7H2O MgSO4·7H2O 

spray dried lactose spray dried lactose 

ZnSO4.7H2O – 

Incorporating excipient to 

accelerate hydrosilylation 

reaction  

– 

 

β-cyclodextrin 

Post-manufacture  

treatments 

freezer (–20°C) for 10 min – 

liquid nitrogen for 0.5 min – 

fridge (5°C) for 10 min – 

incubator (40°C/75%RH) for 10 min – 

water (~20°C) for 1 min – 

water (~20°C) for 10 min – 

hot water (90–74°C) for 10 min hot water (90–74°C) for 10 min 

 6 



 1 

Table 2. Percentage LNG recovery from matrix-type vaginal rings prepared from different addition-1 

cure silicone elastomers. Values represent mean ± standard deviation of three replicates. 2 

Silicone elastomer Cure conditions 
LNG loading  

(% w/w) 

% LNG recovery  

micronized  
non-

micronized  

DDU-4320 100°C for 95 s 
0.4 62.6 ± 0.9  – 

4.0 96.8 ± 0.7 97.6 ± 0.8 

     

Silbione LSR 4370 140°C for 120 s 
0.4 0.24 ± 0.01 – 

4.0 75.5 ± 0.5 – 

     

Proto BSL 086*  70°C for 60 s 
0.4 70.1 ± 0.9 90.1 ± 1.1 

4.0 98.9 ± 0.9 – 

     

Proto ESL 008 105°C for 60 s 
0.4 55.3 ± 0.3 – 

4.0 91.4 ± 1.4 – 

* Both part A and part B of Proto BSL 086 silicone system were pre-chilled before use.  3 

 4 



 1 

Table 3. Effect of the post-cure heat treatment on percentage LNG recovery from segments of a 1 

Silbione LSR 4370 ring containing 4% mLNG which was initially cured at 140˚C for 2 min. Some 2 

values represent mean ± SD of three replicates.  3 

Type of sample Sample code Heat treatment % LNG recovery 

Ring segment 

(n=1) 

1 None 77.1 

2 160°C / 7 min 32.9 

3 190°C / 7 min 6.8 

4 190°C / 14 min 5.5 

5 220°C / 7 min 1.7 

6 220°C / 14 min 0.2 

LNG alone  

(n=3) 

7 220°C / 7 min 99.7 ± 0.5 

8 220°C / 14 min 99.5 ± 0.5 

 4 



 1 

Table 4. Effect of incorporating excipients and post-manufacture treatments on percentage LNG 1 

recovery from Silbione LSR 4370 rings containing 4.0% w/w mLNG (320 mg) and cured at 160°C for 2 

60 s. Silicone, LNG and excipients were mixed in 24:1:1 weight ratio. Values represent mean ± SD of 3 

three replicates. Asterisks represent the level of significant difference compared to the control (see 4 

Section 2.12 for details). 5 

Excipients / Treatments % LNG recovery 

none (control) 57.2 ± 0.7  

freezer (- 20°C) for 10 min 56.9 ± 2.9 

liquid nitrogen for 0.5 min 59.0 ± 1.3 

fridge (~5°C) for 10 min 60.7 ± 0.4 ** 

incubator (40°C/75%RH) for 10 min 59.1 ± 0.6 

water (~20°C) for 1 min 58.4 ± 0.2 

water (~20°C) for 10 min 63.5 ± 0.3 ** 

hot water (90°C–74°C) for 10 min 64.9 ± 1.4 *** 

MgSO4.7H2O 56.8 ± 0.5  

ZnSO4.7H2O 48.1 ± 4.6 *** 

 6 
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Table 5. Effect of incorporating excipients and post-manufacture treatment on percentage LNG 1 

recovery from DDU-4320 rings containing 0.4% w/w LNG (32 mg) and cured at 100°C for 95 s. LNG 2 

recovery value is the mean (± SD) of three replicates. Silicone, LNG and excipients were mixed in 3 

249:1:10 weight ratio, respectively. Asterisks represent the level of significant difference compared to 4 

the control (see Section 2.12 for details). 5 

Excipients / Treatments % LNG recovery 

none (control) 56.9 ± 0.8  

MgSO4.7H2O 62.8 ± 0.3** 

spray dried lactose 57.8 ± 0.9  

β-cyclodextrin 57.3 ± 0.7  

immersion in hot water (92°C–73°C) for 10 min 61.8  ± 1.9* 

 6 
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Table 6. Percentage LNG and DPV recovery from mixtures containing drug (LNG or DPV) and MHS 1 

in the presence of platinum catalyst following incubation at 37ºC/60 rpm for two days. Each API 2 

recovery value is the mean of four replicates and reported errors denote standard deviations. 3 

API 

Mixtures composition 

(weight ratio) 
% drug recovery 

API : MHS : Pt After 24 h After 48 h 

LNG 

4 : 95 : 1 12.7 ± 1.3 0.0 ± 0.0 

4 : 0 : 1 98.4 ± 1.2 98.7 ± 0.4 

4 : 95 : 0 100.8 ± 0.4 100.8 ± 0.2 

4 : 0 : 0 100.5 ± 0.6 100.6 ± 0.6 
    

DPV 

4 : 95 : 1 100.6 ± 1.0 100.7 ± 0.8 

4 : 0 : 1 100.5 ± 0.8 100.8 ± 0.8 

4 : 95 : 0 100.2 ± 0.4 101.3 ± 0.8 

4 : 0 : 0 100.7 ± 1.0 101.1 ± 0.3 

 4 
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Table 7. Percentage ECP recovery from mixtures containing ECP and MHS in the presence of 1 

platinum catalyst following incubation at 37°C/60 rpm for 24 h. Each ECP recovery value is the mean 2 

of four replicates (n=4) and reported errors denote standard deviations. Acetonitrile was added to each 3 

mixture to extract the non-bound ECP. 4 

Mixture 
Mixtures composition 

(mg) 

%ECP 

recovery 

 ECP : MHS : Pt Mean ± SD 

ECP+Pt+MHS 

26.3 : 28.4 : 5.1 

30.7 ± 4.8 
28.6 : 28.5 : 5.0 

19.6 : 18.2 : 5.2 

26.0 : 27.0 : 4.9 
   

ECP+Pt 

29.5 : 0.0 : 5.0 

77.4 ± 2.2 
27.7 : 0.0 : 5.2 

21.0 : 0.0 : 5.0 

28.8 : 0.0 : 5.1 
   

ECP+MHS 

19.1 : 18.8 : 0.0 

95.8 ± 0.3 
29.0 : 22.9 : 0.0 

22.0 : 32.9 : 0.0 

31.5 : 33.2 : 0.0 
   

ECP alone 

26.6 : 0.0 : 0.0 

95.1 ± 0.4 
22.9 : 0.0 : 0.0 
23.0 : 0.0 : 0.0 

36.4 : 0.0 : 0.0 

 5 
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Table 8. Percentage CYC recovery from mixtures containing CYC and MHS in the presence of 1 

platinum catalyst following incubation at 37°C/60 rpm for 24 h. Each CYC recovery value is the mean 2 

of four replicates (n=4) and reported errors denote standard deviations. Acetonitrile was added to each 3 

mixture to extract the non-bound CYC. 4 

Mixture 

Mixtures 

composition 

(mg) 

%CYC 

recovery 

 CYC : MHS : Pt Mean ± SD 

CYC+Pt+MHS 

13.9 : 13.5 : 5.2 

52.0 ± 5.3 
35.5 : 34.0 : 5.0 

22.5 : 21.2 : 5.2 

21.1 : 23.1 : 5.2 
   

CYC+Pt 

18.7 : 0.0 : 5.0 

91.8 ± 0.2 
21.6 : 0.0 : 5.2 

22.6 : 0.0 : 4.9 

18.6 : 0.0 : 5.1 
   

CYC+MHS 

29.2 : 22.9 : 0.0 

90.2 ± 0.8 
20.0 : 18.2 : 0.0 

16.8 : 15.4 : 0.0 

18.5 : 21.4 : 0.0 
   

CYC alone 

18.0 : 0.0 : 0.0 

90.4 ± 1.6 
18.8 : 0.0 : 0.0 

22.3 : 0.0 : 0.0 

19.2 : 0.0 : 0.0 

 5 
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