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Abstract 

For the past ten years, antiretroviral-releasing vaginal rings have been prioritized as a female-

controlled method to prevent heterosexual transmission of the human immunodeficiency 

virus (HIV). A matrix-type silicone elastomer vaginal ring developed by the International Part-

nership for Microbicides (IPM) and providing 28-day continuous release of dapivirine (DPV), 

a non-nucleoside reverse transcriptase inhibitor (NNRTI), was prequalified by the WHO in 

2020 and received a recommendation in WHO’s HIV guideline in 2021. The development of 

next-generation vaginal rings is primarily focused on so-called ‘multipurpose prevention 

technology’(MPT) products which aim to simultaneously prevent HIV-1 infection, unintended 

pregnancy and other sexually transmitted infections using a single product.  

 

It has been widely reported that bacterial vaginosis (BV), the most common lower genital 

tract disorder in reproductive age women, is associated with an increased risk of sexual ac-

quisition of HIV. BV is characterized by the replacement of a Lactobacillus-dominated micro-

biota with various anaerobic and facultative bacteria. Metronidazole (MET), a nitroimidazole 

molecule that inhibits bacterial nucleic acid synthesis, is one of the first-line drugs for treat-

ment of BV.   

 

A key aim of this PhD project was to develop a vaginal ring that can provide sustained release 

of two or more of the following actives: dapivirine (DPV, a potent experimental antiretroviral); 

metronidazole (MET, 5-nitroimidazole antibiotic drug); sucrose (selectively promotes the 

growth of lactobacilli), and boric acid (antimicrobial and anti-biofilm properties) to prevent 

HIV infection and, at the same time, treat or prevent BV. Drug-drug and drug-polymer com-

patibility of DPV, MET, sucrose, boric acid and addition-cure silicone elastomer DDU-4320 

and their thermal characteristics were analyzed by TGA and DSC. DPV and MET formed a 

eutectic system with a composition 70% MET and 30% w/w DPV and a eutectic temperature 

of 153 ˚C, both for physical mixtures of the drug substances and after incorporation of the 

drugs into the silicone elastomer. In addition, the physical binary mixtures of sucrose and 

MET with a eutectic composition 20% w/w sucrose and the ternary physical mixtures of DPV, 

MET and sucrose showed eutectic behaviours with eutectic temperatures at 157  ̊C and 152 

 ̊C, respectively. 

 

Oscillatory rheometry was then used to assess the cure characteristics of an addition-cure 

silicone elastomer containing different concentrations of MET and combinations of MET and 
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DPV, with a view to understand whether the drugs inhibited silicone cure. Ring manufacture, 

thermal analysis, mechanical testing (shore M hardness testing, 5 mm compression testing, 

1000-cycle compression testing and static 28-day deformation testing), in vitro drug release 

testing and microbiological characterization (time-kill kinetics assay against Gardnerella 

vaginalis) have been conducted for the DPV, MET and DPV + MET combination vaginal ring 

formulations.  

 

Swelling studies for different loadings of sucrose only rings were conducted. In vitro release 

studies for sucrose-only, sucrose + DPV, sucrose + MET and DPV + MET + sucrose matrix-type 

vaginal rings were conducted to explore the release profiles of sucrose from matrix-type sil-

icone elastomer vaginal rings and how the release of DPV and/or MET was influenced by the 

incorporation of sucrose in the matrix. The in vitro release of various 5-nitroimidazole com-

pounds – TNZ, ONZ, SNZ and MET from silicone elastomer vaginal rings (single active, 250 mg 

for each) was evaluated the potential for the sustained delivery for the treatment of BV.  

 

A study exploring women’s preferences around design characteristics of drug-releasing vag-

inal rings in the collaboration with Cecilia Milford from University of the Witwatersrand was 

conducted in 2021. In this study, drug-free silicone elastomer rings with different sizes, col-

ours and scents were designed and manufactured by Xinyu Zhao (Queen’s University Belfast), 

and the opinions/preferences of 16 women (eThekwini District, South Africa; 20–34 years) 

were assessed through focus group discussions and thematic analysis by Cecilia Milford (Uni-

versity of the Witwatersrand). Opinions varied on ring colour and scent, with some women 

preferring specific colours or scent intensities, while for others these attributes were unim-

portant. This study has been published in AIDS and Behavior. 

 

The experimental results obtained to date are encouraging and support the continued devel-

opment of these ring formulations as a novel and interesting MPT strategy.  
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1.1. HIV and AIDS 

Acquired immune deficiency syndrome (AIDS) is one of the most serious global public health 

diseases of the past 40 years. In 1983, the human immunodeficiency virus (HIV) was first 

identified by scientists as the retrovirus causing AIDS [1]. According to the most recent esti-

mates, in 2021 approximately 38.4 million people were living with HIV, with 1.5 million peo-

ple newly infected and 650,000 dying due to AIDS-related illnesses [2]. The development and 

widespread use of antiretroviral therapy and pre-exposure prophylaxis (PrEP) in developed 

countries has seen HIV infections reduced by 54% compared to the peak in 1996 [2]. However, 

the current situation for women – especially in developing countries – is far from ideal. In 

2021, women and girls accounted for 49% and 63% of all new infections in the world and in 

the sub-Saharan Africa, respectively [2]. In sub-Saharan Africa, girls and young women aged 

15 to 24 years are twice as likely to be living with HIV than young men [3].  

 

Antiretroviral therapy (ART) is the primary biomedical strategy for HIV treatment. It involves 

oral administration of a combination of antiretroviral (ARV) drugs with different mechanisms 

of viral inhibition. Figure 1.1 shows the HIV life cycle: (i) HIV binds to the CD4 receptor on the 

surface of certain types of immune cells; (ii) the HIV envelope fuses with the CD4 cell mem-

brane and enters the cell; (iii) the virus uses reverse transcriptase to convert its RNA into DNA; 

(iv) the HIV DNA enters the cell nucleus and integrates with the cell’s genetic material; (v) 

once DNA has been inserted, the cell replicates and produces the HIV proteins for further 

viral particles; (vi) these proteins are transported to the cell surface and formed into new 

virus particles by protease enzymes, and the infectious cycle is then continued [4]. ARV drugs 

are categorized into six groups based on which steps they target within the HIV replication 

cycle (Figure 1.1); these include: entry inhibitors (also known as coreceptor antagonists), fu-

sion inhibitors (FIs), nucleoside-analog reverse transcriptase inhibitors (NRTIs), non-nucleo-

side reverse transcriptase inhibitors (NNRTIs), integrase inhibitors (IIs), and protease inhibi-

tors (PIs) (Table 1.1) [5,6]. At the end of December 2021, 75% (28.7 million) of people living 

with HIV were accessing ARV therapy [2]. ARV therapy is effective in preventing mother-to-

child transmission of HIV-1 [7]. In 2021, 81% of HIV-positive pregnant women had access to 

ARV medicines to prevent transmission of HIV to their child [2]. However, ARV therapy alone 

will not likely eliminate the prevalence of HIV/AIDS.  
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Figure 1.1. HIV life cycle showing the sites of action of different classes of antiretroviral drugs 
[4]. 
 

Table 1.1. Classification of antiretroviral drugs [8].  

Mechanism of action Drugs 

Entry inhibitors  enfuvirtide, maraviroc 
Nucleoside reverse transcriptase in-
hibitors (NRTIs) 

tenofovir, adefovir, zidovudine, didanosine, stavu-
dine, emtricitabine, abacavir, lamivudine 

Non-nucleoside reverse transcriptase 
inhibitors (NNRTIs) 

efavirenz, riplivirine, nevirapine, dapivirine, et-
ravirine 

Integrase inhibitors (IIs) dolutegravir, ralltegravir 

Protease inhibitors (PIs) ritonavir, darunavir, saquinavir 
 

Despite years of effort, an effective vaccine against HIV is still not available. The task of de-

veloping a vaccine is hugely challenging, owing to the genomic diversity of HIV, the uncer-

tainty over identification of correlates of protection, and the difficulty of developing highly 

immunogenic antigens [4]. In the continued absence of an effective HIV vaccine, pre-expo-

sure prophylaxis (PrEP) has gained traction as a viable strategy to prevent HIV infection. PrEP 

(oral PrEP) is a method of preventing HIV infection by administering ARV drugs to HIV-nega-

tive individuals prior to potential exposure to the virus [9]. A combination of tenofovir and 

emtricitabine (also known as TDF/FTC; brand name Truvada) and a combination of tenofovir, 

alafenamide and emtricitabine (also known as F/TAF; band name Descovy) are two types of 

approved oral PrEP prescribed as daily pills. Women have the ability to reduce their risk of 

acquiring HIV by taking such antiretroviral drugs. The efficacy of PrEP has been strongly 
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associated with adherence to treatment [10]. Poor adherence is a major contributing factor 

in reduced efficacy of oral antiretroviral drugs in many PrEP clinical trials [11]. Women have 

demonstrated poor adherence and persistence to daily oral PrEP (oral TDF and oral TDF-FTC) 

across clinical trials [12,13].  

 

1.2. Vaginal microbicides 

Vaginal microbicides, also known as HIV microbicides, are vaginally administered pharma-

ceutical formulations intended to reduce or prevent sexual transmission of HIV. Two catego-

ries of HIV microbicides can be considered. Non-ARV microbicides, such as surfactants, poly-

anions, acidifiers and gp120 neutralizing monoclonal antibodies, are intended to deactivate 

and inhibit the virus in the vaginal environment before infusion of the virus into the host cells. 

After HIV has passed through the vaginal epithelium, ARV-based entry inhibitor microbicides 

prevent the virus from internalizing in cells, while reverse transcriptase inhibitors prevent 

viral replication [14]. Non-ARV microbicides have previously proven unsafe and ineffective in 

preventing HIV transmission. For example, nonoxynol-9, the first surfactant-based HIV mi-

crobicide, was not only ineffective in protecting women from HIV infection, but also caused 

mucosal lesions. The damage to the vaginal epithelium led to increased risk of HIV acquisition 

[15,16]. Also, a Phase II trial of the negatively-charged polyanion PRO 2000 molecule, which 

interacts with the positive charges of viral gp120 to block virus entry into cells, showed little 

or no efficacy in protecting women from HIV infection when administered vaginally as 0.5% 

PRO 2000 gel, despite being well-tolerated and safe in previous trials [17].  

 

The Population Council is developing a carrageenan (CG) vaginal gel containing 0.1% grif-

fithsin (GRFT) in (PC-6500) [18]. GRFT is a non-ARV lectin with potent anti-HIV activity. In a 

Phase I trial of PC-6500, HIV-negative women participants (n=13) were told to self-administer 

PC-6500 or a CG placebo gel once daily for 14 days. Clinical, laboratory, and histopathological 

assessments of the cervicovaginal mucosa did not reveal any notable adverse effects, and 

there were no anti-drug antibodies found in the serum. In vitro inhibition of HIV and HPV by 

GRFT and GRFT/CG inn cervicovaginal lavage samples was dose-dependent. The GRFT/CG gel 

is a safe and promising on-demand vaginal microbicide that warrants further investigation. 

 

A phase I trial has been reported for MB66, a monoclonal antibody film designed to be ap-

plied vaginally for prevention of HIV and HSV [19]. The vaginal microbicide film contains a 

combination of two human mAbs: VRC01, which is a potent neutralizer of HIV, and HSV8, 
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which is a potent neutralizer of HSV-1 and HSV-2. The use of MB66 film vaginally on a single 

occasion and repeatedly (continuous 7 days) was acceptable and well tolerated. The mAbs 

had much higher concentrations and ex vivo bioactivity in vaginal secretions indicating that 

the MB66 vaginal film could continue to offer protection for at least 24 hr postdose.  

 

After the failure of non-ARV microbicide candidates in early clinical trials, focus shifted to the 

development of small-molecule ARV microbicides. A summary of ARV-based vaginal micro-

bicides in development is shown in Table 1.2. A vaginal gel formulation containing 1% w/w 

tenofovir (TFV), a nucleoside reverse transcriptase inhibitor (NRTI) used as part of ART, was 

evaluated for safety and effectiveness in preventing HIV transmission in South African 

women as part of the CAPRISA 004 Phase I clinical study evaluated the of a 1% TFV gel. The 

gel showed an overall 39% reduction in HIV infection, with protection rising to 54% in women 

reporting high gel adherence [20]. The MTN-001 study compared the use of a TFV gel with 

the oral administration of this drug, and demonstrated that vaginal delivery could lead to 

higher concentrations of the drug in the vaginal tissue [21]. However, the VOICE study found 

that using a 1% TFV gel on Africa women did not appear to lower the risk of contracting HIV 

due to the low treatment adherence [12].  A recent phase III trial evaluated the efficacy of 

the TFV 1% vaginal gel for prevention of HIV-1 infection in women in South Africa. Overall, 

pericoital TFV gel did not protect South African young women at risk of HIV infection [22].  

 

Table 1.2. Vaginal microbicides containing antiretroviral drugs under development [23]. 

Active ingredients Manufacturer or Sponsor Technology Current status Reference 

Tenofovir CONRAD Vaginal gel Phase III [22] 

Tenofovir CONRAD Vaginal tablet Phase I [24] 

Tenofovir CONRAD Vaginal film Phase I [25] 

Dapivirine IPM Vaginal gel Phase II [26] 

Dapivirine IPM Vaginal film Phase I [27] 

Maraviroc IPM Vaginal gel Phase I [28] 

Tenofovir alafena-
mide fumarate 
and elvitegravir  

CONRAD Vaginal insert Phase I [29] 

DS003 IPM Vaginal tablet Phase I [30] 
Dapivirine and 
levonorgestrel 

IPM Multipurpose 
vaginal ring 

Phase I [31] 

Tenofovir and 
levonorgestrel  

CONRAD Multipurpose 
vaginal ring 

Phase I [32] 

PC-1005 Population Council Multipurpose 
vaginal gel 

Phase I [33] 
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In a Phase I study (FAME 04), a TFV fast-dissolving vaginal film was shown to be safe and well-

tolerated, and delivered TFV concentrations to mucosal tissues similarly to the gel formula-

tions [25]. A sustained-release vaginal tablet with TFV hot-melt granulation and Gelucire® is 

also being investigated at the preclinical stage. TFV is released in a sustained manner over 

126 hr and the tablet remains attached to the vaginal mucosa during this time, suggesting 

that once weekly administration might be possible [24].  

 

Dapivirine (DPV) is an experimental non-nucleoside reverse transcriptase inhibitor (NNRTI) 

that is currently the lead candidate vaginal microbicide (Figure 1.2). To date, it has been de-

veloped and tested in many different formulations, including vaginal gels, films and rings. 

Early studies demonstrated that an aqueous vaginal gel containing DPV was safe and well 

tolerated, and that DPV concentrations measured in the lower genital tract were at least 5 

logs greater than in vitro inhibitory concentrations [34,35]. The DPV vaginal film was shown 

to perform similarly to the DPV gel in relation to pharmacokinetics, antiviral activity, and 

tolerance [26]. However, microbicidal vaginal gels need to be administered either shorty be-

fore every sex act or on a daily basis in order to maintain drug concentrations at protective 

levels. By comparison, sustained or controlled release formulations of vaginal microbicides 

can potentially maintain protective drug concentrations over much longer periods of time, 

leading to increased adherence and efficacy. The DPV ring (25 mg) is the first long-acting 

vaginal microbicide product approved for HIV prevention; it was prequalified by the WHO in 

2020 and received a recommendation in WHO’s HIV guideline in 2021 (Section 1.4). 

 

 
Figure 1.2. Chemical structure of dapivirine (DPV). 
 

The vaginally administered 1% maraviroc (MVC) gel has been reported safe and well-toler-

ated by participants. However, the lack of ex vivo efficacy (cervicovaginal viral inhibition) re-

ported in the CHARM-03 study could be the result of MVC rapidly separating from the explant 

tissue [28]. A vaginal insert containing tenofovir alafenamide fumarate (TAF, 20 mg) and 

elvitegravir (EVG, 16 mg) for multipurpose prevention of HIV and herpes simplex virus type 

2 (HSV-2) was evaluated in a Phase I and open-label study [29]. The single vaginal dose of 
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TAF/EVG topical insert was found to be tolerable, safe, and effective in preventing HIV-1 and 

HSV-2 infection ex vivo.  

 

The highly hydrophobic gp120 blocker DS003 (entry inhibitor) is being developed by the IPM 

as a compressed, fast-dispersing tablet for vaginal distribution [30]. A phase I study com-

pleted in 2016 showed that the product was safe, well tolerated, and capable of reaching PK 

levels in cervicovaginal fluids sufficient to provide ex vivo antiviral efficacy.  

 

Several multipurpose prevention technologies (MPTs) are currently undergoing early clinical 

trials (Table 1.2), and more details about MPT vaginal rings are presented in the Section 1.5. 

The PC-1005 vaginal gel contains MIV-150 (NNRTI), zinc acetate dihydrate (antiviral agent), 

and carrageenan (gelling ingredient, antiviral agent) [33]. In a Phase I trial, PC1005 was well 

tolerated when used vaginally for 14 days. Anti-HIV and anti-human papillomavirus activity 

was present in post-dose cervicovaginal lavage. These findings support the need for further 

development of PC-1005 for prevention of HIV and sexually transmitted infections.  

 

1.3. Vaginal rings 

A wide range of vaginal microbicide formulations has been developed and tested during the 

past twenty years, including gels, creams, films, tablets, ovules and vaginal rings [36]. Gels 

and creams are the most common formulation platforms used for vaginally administration 

of pharmaceutical drugs. Although these semi-solid formulations are generally low cost and 

easy to manufacture, they also suffer from poor user adherence which in turn can lead to 

reduced efficacy [37]. For the past ten years, ARV-releasing vaginal rings have been priori-

tized as a female-controlled HIV prevention method.  

 

Vaginal rings are flexible, torus-shaped polymeric devices offering sustained or controlled 

release of pharmaceutical substances over many weeks or months. Both marketed vaginal 

rings and rings in clinical development are generally fabricated using silicone elastomers, poly 

(ethylene-co-vinyl acetate) copolymer (EVA), or thermoplastic polyurethanes (TPU). Many 

different types of vaginal rings have been reported over the years (Figure 1.3), including ma-

trix (drug dispersed through the polymer matrix), reservoir (drug loaded into a core that is 

encased within a non-drug polymer), multi-core reservoir (multiple segments containing in-

dividual drugs combined into the core of the reservoir ring), segmented reservoir (two res-

ervoir segments welded together), rod/tablet insert (multiple individual polymer-coated 
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drug pods/tablets embedded into the matrix of the ring), exposed-core (the drug-loaded core 

was covered by the sheath with orifices) and other geometrically complex systems [5,38,39].  

 

 
Figure 1.3. Examples of (A) matrix ring – DPV ring [40]; (B) reservoir ring – Estring® [40]; (C) multi-
core reservoir ring [41]; (D) segmented reservoir ring [42]; (E) rod-insert ring [43]; (F) exposed-
core ring [44].   
 

Seven vaginal ring products are currently marketed (Table 1.3, Figure 1.4). NuvaRing®, Orni-

bel® and Annovera® are rings for combined hormonal contraception (co-administration of a 

progestin and an estrogen). NuvaRing® was the first FDA-approved combination contracep-

tive ring, and intended to be worn for three weeks before removal for one week to initiate 

menstruation (Figure 1.4B) [5]. The subsequent cycle is initiated by inserting a fresh ring. 

NuvaRing® is fabricated using two grades of EVA copolymer – 28% vinyl acetate EVA in the 

drug-loaded core and 9% vinyl acetate EVA in the sheath. Ornibel® is similar to NuvaRing® 

and delivers the same active ingredients at the same rates; however, it has a different com-

position, comprising a TPU core and a 28% EVA sheath (Figure 1.4D) [45]. In a comparison 

study, Ornibel® and NuvaRing® were found to be bioequivalent in terms of pharmacokinetics, 

safety and efficacy [45].  
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Table 1.3. Summary characteristics of marketed vaginal rings [46]. 

Vaginal ring Developer Ring type, 
duration 
of release 

Active agent(s),  
Drug loading 

Polymers Clinical indication 

Estring ® Pharmacia 
& Upjohn 

reservoir,  
3 months 

17b-estradiol, 2 mg SE core and sheath estrogen replacement 
therapy 

NuvaRing® Organon reservoir, 
21 days 

estonogestrel, 11.7 mg 
ethinyl estradiol, 2.7 mg 

28% EVA copolymer 
and 9% EVA sheath 

contraception 

Femring® Ga-
len/Warner 
Chilcott 

reservoir,  
3 months 

17b-estradiol-3-ace-
tate, 12.4, 24.8 mg 

SE core and sheath  estrogen replacement 
therapy 

Progering® Population 
Council 

matrix,  
3 months 

progesterone, 2074 mg SE  post-partum contra-
ception in breastfeed-
ing women 

Fertiring® Population 
Council 

matrix,  
7 days 

progesterone, 1000 mg SE in vitro fertilization/ 
hormone supplemen-
tation contraception 

Ornibel® Exeltis 
Healthcare 

reservoir, 
21 days 

etonogestrel, 11.0 mg 
ethinyl estradiol, 3.47 
mg 

TPU core and 28% 
EVA copolymer 
sheath 

contraception 

Annovera® Population 
Council 

reservoir,  
1 year 

segesterone acetate, 
103mg 
ethinyl estradiol, 17.4 
mg 

SE cores and sheath contraception 

SE: silicone elastomer; EVA: ethylene vinyl acetate copolymers; TPU: polyurethane. 

 

 
Figure 1.4. Photographs showing various marketed vaginal rings: (A) Estring®, (B) NuvaRing®, (C) 
Femring®, (D) Ornibel®, (E) Annovera® [47]. Photos of the other marketed rings – Progering® and 
Fertiring® – are unavailable.  
 

Annovera® is a silicone reservoir ring intended to provide segesterone acetate (103 mg) and 

ethinyl estradiol (17.4 mg) with an average release rate of 150 mcg/day and 13 mcg/day  over 
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a full year with a cyclic use pattern of three weeks in/one week out to initiate regular men-

struation [48]. Annovera® has an outer diameter of 56 mm and a cross-sectional diameter of 

8.4 mm [49]. The ring body has two steroid-releasing channels: an 11 mm core that releases 

segesterone acetate and an 18 mm core that releases both ethinyl estradiol and segesterone 

acetate (Figure 1.5). The effectiveness, safety, and side effects of the Annovera® were as-

sessed in two phase III studies conducted in the USA and seven international sites [50,51]. In 

these studies, investigators included 2278 volunteers aged 18–40 years who had regular cy-

cles and no anatomical conditions that would limit the use of vaginal rings. They were told 

not to remove the Annverao® ring for more than 2 h. The majority of patients (57.5%) fin-

ished 13 cycles; the most common reasons of early termination were adverse events at-

tributed to the medication (12.3%) and loss to follow-up (9.4%).  

 

 
Figure 1.5. Annovera® ring with hormone cores containing segesterone acetate and ethinyl es-
tradiol [49].  
 

Estring® and Femring® are used to replace estrogen in post-menopausal women (Figure 1.4A, 

C) [52,53]. Both are silicone elastomer vaginal rings offering continuous release of estrogen 

(17β-estradiol and 17β-estradiol-3-acetate, respectively) over three months of continuous 

use. Progering® is a progestin-only contraceptive silicone elastomer ring containing 2 g pro-

gesterone and used for up to one year [54]. The ring is only for breastfeeding women within 

four weeks to one year after giving birth as a supplement to lactational amenorrhea. Fer-

tring® is similar in design to Progering® but only contains only 1 g progesterone and is used 

for both hormonal supplementation and pregnancy maintenance for patients undergoing in-

trauterine insemination after ovulation induction [5]. 
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Ovaprene® is a hormone-free monthly contraceptive ring being developed by Daré Biosci-

ences and to be commercialized by Bayer (Figure 1.6) [55]. Ovaprene® is intended to prevent 

pregnancy by releasing ascorbic acid and ferrous gluconate which act by impeding sperm 

motility. The device also physically blocks sperm from entering the cervical canal due to its 

knitted-polymer barrier component. Daré Biosciences has completed a postcoital test clinical 

trial (NCT03598088) and reported positive results in a press release [56,57].  

 

 
Figure 1.6. The photo of the non-hormonal vaginal ring – Ovaprene® currently in development. 
 

Based on the relatively high user acceptability and adherence reported with marketed ring 

products, it is predicted that ARV-releasing rings will provide similar levels of convenience 

and acceptability, particularly among women in Sub-Saharan Africa where the HIV epidemic 

is greatest. In addition to the recently approved DPV vaginal ring (Section 1.4), two polyure-

thane matrix rings containing NNRTIs IQP-0528 [58] and MIV-150 [59] have demonstrated 

encouraging results in macaques. The pod-insert design of vaginal ring has been applied to 

the delivery of non-ARV microbicides, including bnAbs, peptides, and proteins, which were 

indicated the protection against vaginal HIV-1 transmission in animal models [60,61]. There 

is now considerable interest in next-generation MPT vaginal rings (Section 1.5). 

 

Vaginal rings are also currently being developed for a wider range of reproductive health 

indications. Wang et al., reported a silicone elastomer vaginal ring device providing sustained 

release of the cervical ripening agents isosorbide mononitrate (ISMN) and misoprostol (MP), 

either alone or in combination, for the induction of labour (IOL) [44]. The novel orifice-type 

vaginal ring formulation containing 5.4 mg MP in the silicone elastomer core and 1209.8 mg 

ISMN in the sheath (with 24 orifices each of 3 mm diameter) effectively provided a constant 
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release of MP at a rate of 60 µg/mL and a declining daily release of ISMN with the range of 

295–24 mg (Day 1 – Day 11).  

 

1.4. Dapivirine ring 

A flexible silicone elastomer matrix-type vaginal ring containing 25 mg DPV, an experimental 

NNRTI, has been developed as a long-acting HIV microbicide product by the nonprofit Inter-

national Partnership for Microbicides (IPM) (Figure 1.7). The ring is designed to be self-in-

serted, used continuously over 28 days, and then removed by the woman and replaced with 

a fresh ring. The DPV ring has received positive option from European Medicines Agency 

(EMA) for use among women ages 18 and older in developing countries [62]. The DPV ring 

was also prequalified by the WHO in 2020 and received a recommendation in WHO’s HIV 

guideline in 2021. After 18 years development, the DPV ring is currently approved for use in 

Zimbabwe and is expected to roll out throughout 2022 in various other countries in eastern 

and southern Africa.  

 

 
Figure 1.7. Photograph of the 25 mg DPV vaginal ring, as used in the ASPIRE trial [63]. 
 

The DPV ring is the first vaginal ring to deliver an ARV for HIV prevention. The outer diameter 

and cross-sectional diameter of the ring are 56 mm and 7.7 mm, respectively [62], similar to 

Femring®, a marketed silicone vaginal ring designed to deliver estradiol acetate for the treat-

ment of postmenopausal symptoms. DPV (25 mg) is homogeneously dispersed in the silicone 

elastomer matrix,  and ~4 mg DPV (~16% of the original loading) are released from the ring 

over the 28-day use period [64,65]. The DPV ring releases according to root time kinetics, i.e.,  
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cumulative release versus square of time is linear [66]. As is typical of matrix-type drug de-

livery devices, there is a burst release of drug initially after inserting the ring, followed by a 

decreased drug release over the course of the remaining 28-day use. The DPV ring provided 

a high local drug concentration in the vaginal fluid, cervix and introitus with mean Cmax of 80, 

67 and 31 µg/g, respectively [67]. On the day of ring removal (day 28), the concentrations of 

DPV in the vaginal fluid still exceeded by more than 3900-fold the IC99 for DPV in a tissue 

explant infection model. Meanwhile, the systemic exposure of DPV was very low (plasma 

levels of < 1 ng/mL), reducing the potential for adverse systemic effects and development of 

resistant strains of the virus.  

 

In 2016, two pivotal phase III clinical trials – The RING STUDY and ASPIRE – were conducted 

by IPM and the Microbicide Trials Network (MTN), respectively, to assess the safety and ef-

ficacy of the monthly 25 mg DPV ring. The results demonstrated that the incidence of HIV-1 

infection was 31% and 27% lower in the DPV group compare to the placebo group, respec-

tively, when used continuously over 12 months by healthy, sexually active and HIV-negative 

women [64,68]. In the ASPIRE study, the level of protection afforded by the ring correlated 

strongly with participant age. For women aged 25 or over, the incidence reduction was 61%. 

However, among women aged under 25, the protective efficacy was just 10%. In a post hoc 

exploratory analysis of age-categorized subgroups, the lack of protection among younger 

women was correlated with lower adherence [68]. A similar, though not statistically signifi-

cant, reduction in efficacy was observed in The Ring Study – 37% vs. 15% for women over 

and under 21, respectively [64].  

 

Subsequently, HIV-1 disease progression, virologic failure, and the potential effects of the 

ring on drug resistance were assessed among women who acquired HIV-1 while participating 

in ASPIRE. The results showed no impact of the use of DPV ring at the time of HIV-1 acquisi-

tion on subsequent HIV-1 disease progression or response to ART among the participants 

infected HIV-1 in the DPV group and placebo group. Therefore, NNRTI-based antiretroviral 

therapies were shown to remain effective among women who acquired HIV-1 after receiving 

the DPV ring [69]. The phase III studies were subsequently extended to two open-label trials 

(DREAM and HOPE studies) to continue to assess the safety and user adherence to the DPV 

ring among HIV-uninfected women who participated in The Ring Study and ASPIRE [70,71]. 

Higher efficacy with the lower HIV-1 incidence (62% lower than the simulated placebo rate 

based on statistical modeling) was demonstrated in DREAM [70]. Improved adherence indi-

cated by lower levels of residual DPV in rings returned after use [72,73] supported the 
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hypothesis that efficacy will increase when women are aware of the safety and efficacy of 

the DPV ring. Increased and persistent use of DPV ring in the HOPE study also support the 

premise that the DPV ring will be a feasible and acceptable alternative for women in Africa.  

 

The MTN is conducting a safety study of the DPV ring in Africa among adolescent girls and 

young women (REACH), which could support future regulatory approvals [74]. To better un-

derstand how the ring could fit into the lives of pregnant and breastfeeding women, MTN is 

also conducting safety studies among pregnant women (DELIVER) and breastfeeding women 

(B-PROTECTED) in Africa [75,76]. IPM is also developing longer-acting rings, including a three-

month DPV ring and a three-month ring delivering both DPV and LNG to prevent HIV infection 

and unplanned pregnancy (MPT). A phase I pharmacokinetics and safety study of extended 

duration DPV vaginal rings (100 mg and 200 mg) in the United States has completed and 

showed that 82% of participants were fully adherent with the three-month rings used over 

13 weeks [77]. In comparison to the monthly DPV ring, the extended DPV rings were well 

tolerated and achieved higher DPV concentrations in plasma, cervicovaginal fluid and cervical 

tissue. These results encourage further evaluation on three-month DPV rings for HIV preven-

tion.  

 

1.5. Multipurpose prevention technology vaginal rings 

With the DPV ring now approved for use in South Africa, attention is turning to second-gen-

eration multipurpose rings that extend protection beyond HIV only. These so-called multi-

purpose prevention technology strategies (MPTs) aim to prevent HIV-1 infection, unintended 

pregnancy and other sexually transmitted infections using a single product (Figure 1.8, Figure 

1.9A) [36]. Women are generally most interested in protection against unwanted pregnancy 

compared to protection from HIV and other STIs, likely due to the generally greater conse-

quences of lack of protection [78–80]. Terris-Prestholt et al. reported that products targeted 

at multiple indications are more attractive to potential users than single-indication products 

[81]. Furthermore, MPT users who selected a product primarily on the basis of a single clinical 

indication (e.g. contraception) would automatically benefit from additional protection other 

an unrecognized risk even when their preference is focused on a single indication [82].  
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Figure 1.8. A diagram illustrating the various MPT product strategies. Some are focused on ad-
dressing two clinical indications (represented by the grey segments 1,2 and 3), while others are 
focused on addressing all three clinical indications – prevention of unintended pregnancy, sex-
ually acquired HIV infection, and other sexually transmitted infections. 
 

Currently, male and female condoms are the only approved MPTs. However, non-use, incon-

sistent use and incorrect use of condoms are a major contributor to unintended pregnancy, 

sexually transmissible infections and HIV, especially in the Sub-Saharan Africa [80,83,84]. Var-

ious innovative woman-initiated MPT devices are in development, including vaginal rings, 

gels, inserts, films, subcutaneous implants, injectables, microarray patches and oral pills (Fig-

ure 1.9B). This broad range of MPT formulations provide options to women to satisfy multi-

ple reproductive health needs and desires in varying geographical and sociocultural circum-

stances, and decrease user burden [85,86]. A study exploring 400 couples’ preferences for 

MPT to prevent both HIV and pregnancy conducted in Uganda and Zimbabwe in 2022 showed 

most couples preferred MPTs over male condoms and monthly dosing over daily [87].   

 

Current marketed vaginal rings (i) offer sustained drug administration over either one (DPV 

ring), three (Femring® and Estring®) or twelve months (Annovera®), (ii) employ different de-

signs for the loading of one or more active ingredients, (iii) have relatively large drug loading 

capacities, and (iv) are generally well accepted by women following first use. The TRIO study 

explored the acceptability and preferences of young women aged 18–30 in Kenya and South 

Africa by asking their participants for feedback on different potential MPT formulations that 

prevent pregnancy and HIV. Compared with oral tablets and injections, the increased rating 

of product use experience (enrollment vs. after one month of use) was greatest for vaginal 
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rings. A large number of MPT vaginal rings – most notably targeted at HIV and pregnancy – 

are currently in the development pipeline (Figure 1.9B) (Table 1.4). 

 

 
Figure 1.9. Current status of products in the MPT development pipeline by (A) indication and (B) 
delivery type. Figures and data are adapted from the Initiative for MPTs (IMPT) database ([88]).  
 

Table 1.4. MPT vaginal rings under development for prevention of pregnancy, HIV and other 
STIs. 

Vaginal ring 
products 

Active 
agents 

Polymers Indications Developer Stage of de-
velopment 

Refer-
ence 

TFV VR TFV Polyure-
thane 

HIV 
HSV-2 

CONRAD Clinical 
phase II 

[89] 

TFV/LNG VR 
 

TFV 
LNG 

Polyure-
thane 

HIV 
HSV-2 
pregnancy 

CONRAD Clinical 
phase II 

[42,90,9
1] 

DPV/LNG 
VR 

DPV 
LNG 

Silicone 
elastomer 

HIV 
pregnancy 

International Partner-
ships for Microbicides 
(IPM) 

Clinical 
phase I 

[31,41,9
2] 

mAb/TDF 
VR  

mAb 
TDF 

NA HIV 
pregnancy 

Oak Crest Institute of 
Science, 
Univ. of North Caro-
lina, Chapel Hill 

Early  
preclinical 

[93,94] 

mAb 
2C7/TDF VR 

mAb(2C7) 
TDF 

NA HIV 
gonorrhea 

MassBiologics, Oak 
Crest Institute of Sci-
ence, Planet Biotech-
nology, Inc., Univ. of 
Massachusetts 

Advanced 
preclinical 

[95,96] 

TDF/TFC/AC
V/ETG/EE 
pod-type VR 

TDF, FTC 
ACV, ETG 
EE 

silicone 
elastomer 

HIV 
HSV-2 
pregnancy 

Auritec Pharmaceuti-
cals 

Advanced 
preclinical 

[97] 

DTG/RPV/A
CV/ETG/EE 
pod-type VR 

DTG, RPV 
ACV, ETG 
EE 

Silicone 
elastomer 

HIV 
HSV-2 
pregnancy 

Auritec Pharmaceuti-
cals 

Advanced 
preclinical 

[98] 

EEQ pod-
type IVR 

ETG, EE 
QGriffithsin 

Silicone 
elastomer 

HIV 
pregnancy 

Population Council, 
Oak Crest Institute of 
Sciencee 

Early  
preclinical 

[99,100] 

HCA+VRC01
+N6 VR 

HCA NA HIV 
pregnancy 

Muccommune LLC Advanced 
preclinical 

[101] 
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VRC01(mAb
) 
N6(mAb) 

EFdA/ETG/E
E 3D printed 
VR 

EFdA 
ETG 
EE 
 

Silicone-
based 
resin 

HIV 
pregnancy 

University of North 
Carolina, Chapel Hill 

Early  
preclinical 

[102,10
3] 

DPV/Prite-
livir/LNG 3D 
printed VR 

DPV 
LNG 
pritelivir 

Silicone-
based 
resin 

HIV 
HSV-2 
pregnancy 

University of North 
Carolina, Chapel Hill 

Early  
preclinical 

[38] 

VR: vaginal ring; mAb: monoclonal antibodies; TDF: tenofovir disoproxil fumarate; FTC: emtricitabine; ACV: acy-

clovir; ETG: etonogestrel; EE: ethinyl estradiol; DTG: dolutegravir; RPV: rilpivirine; HCA: human contraceptive an-

tibody; VRC01: broadly neutralizing mAb (nbAb); EFdA: islatravir; NA: not available. 

 

DPV/LNG MPT vaginal ring 

A MPT vaginal ring containing levonorgestrel (LNG, a contraceptive hormone) and DPV is be-

ing developed by IPM and the Queen's University Belfast to simultaneously prevent HIV 

transmission and offer hormonal contraception [41]. The silicone elastomer matrix vaginal 

ring containing 200 mg of DPV and 320 mg of LNG is designed to provide sustained release 

over three months [41,104]. IPM, in partnership with the Microbicides Trial Network, has 

conducted two phase I clinical trials (initial 14-day continuous use and following 90-day con-

tinuous/cyclic use; MTN-030/IPM 041 and MTN-044/IPM 053/CCN019) to collect local and 

systemic pharmacokinetic data, safety information and associated vaginal bleeding experi-

ences with use of this vaginal ring [31,92]. In both trials, the MPT ring was reported safe, 

provided delivery of both drugs to maintain intended drug concentrations either with con-

tinuous or cyclic (28-days in/2-days out) use, and maintained the potency for both HIV and 

unintended pregnancy prevention.   

 

TFV and TFV/LNG polyurethane vaginal ring 

Tenofovir (TFV), its prodrug form tenofovir disoproxil fumarate (TDF), and tenofovir alafena-

mide (TAF) are candidate NRTI microbicides. The CAPRISA-004 pre-exposure prophylaxis 

(PrEP) trial showed that the 1% TFV gel has the potential activity against HSV-2 [20]. TDF is 

more potent than TFV against HIV-1 and HSV-2 infection in vitro and in animal models due to 

its greater tissue permeability and cellular uptake [105,106]. Therefore, TFV and TDF are 

good candidates for inclusion in MPT vaginal rings.  

 

A polyurethane vaginal ring has been developed by CONRAD to deliver TFV (HIV-1 and HSV-

2 prevention) alone or with LNG (contraceptive) [42]. Both TFV alone and TFV/LNG vaginal 
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rings have an outer diameter of 55 mm and a cross-sectional diameter of 5.5 mm. The TFV 

vaginal ring consist of a single segment of polyurethane hollow core filled with TFV-contain-

ing paste and provides 10 mg/day TFV release. The TFV/LNG vaginal ring is a segmented dual-

reservoir ring with the longer segment containing TFV paste and the shorter segment (20 

mm) containing LNG. It provides TFV release at 10 mg/day and LNG at 20 µg/day over 90 days 

continuous use [42,90,107]. Two randomized, placebo-controlled phase I clinical trials (15-

day and 90-day use (28-days in/3-days out); CONRAD-128 and CONRAD-138) assessing safety, 

pharmacokinetics, pharmacodynamics of TFV and TFV/LNG MPT vaginal ring have been com-

pleted. The safety and clinical effectiveness with the targeted drug pharmacokinetics and 

markers of protection against HIV-1 and pregnancy support further development of the 

TFV/LNG vaginal rings [90,91].  

 

TDF vaginal ring 

A TDF-loaded polyurethane vaginal ring was shown to provide potent and sustained protec-

tion against HIV and HSV in cell and explant models [106]. It also showed 100% efficacy in 

macaques against HIV [108] and was shown to be safe in a 14-day clinical trial in sexually 

abstinent women [109]. However, in a 3-month phase I, single-blind, randomized, placebo-

controlled clinical trial, only two participants in TDF ring group completed 3-month continu-

ous ring use; the other ten of twelve receiving TDF ring terminated the study early due to 

mucosal ulcerations (a mean of 32 days after use) near the location of ring placement [110].   

 

mAb/TDF vaginal ring 

Oak Crest Institute of Science and University of North Carolina are collaborating to develop 

a MPT vaginal ring to provide a 30-day delivery of a unique IgG-based multivalent monoclonal 

antibody (mAb) that binds with sperm and limits sperm motility in combination with the an-

tiretroviral agent TDF to prevent pregnancy and HIV infection [93,94]. A collaborative pro-

posal from UMass, Planet Biotechnology, Inc., Oak Crest Institute of Science and MassBiolog-

ics aims to develop a MPT vaginal ring to deliver mAb called 2C7 and TDF to prevent gonor-

rhea and HIV infections [95,96].  

 

Pod-IVRs 

Pod-IVRs have been developed for simultaneous delivery of multiple active ingredients to 

achieve multipurpose prevention. They have been developed in partnership between Oak 

Crest Institute of Science and Auritec Pharmaceuticals. Generally, the pod-IVR is fabricated 

to have a silicone elastomer ring body embedded with up to ten individual membrane-coated 
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drug-loaded cores which offer release by an osmotic mechanism. The release rate from each 

pod is controlled independently, according to the drug physicochemical properties of the 

active, the size and number of delivery channels, the polymer type used for coating the pods, 

and the number of pods per ring [43,111–115].  

 

Pod-IVRs containing TDF, TDF-FTC and TDF-FTC-MVC have progressed into advanced preclin-

ical and clinical development. The pharmacokinetics and preliminary local safety character-

istics of a pod-IVR delivering a combination of TDF and maraviroc (MVC) were evaluated in 

the ovine model for 28 days. The results showed a constant, controlled drug release main-

taining sufficient drug levels in cervicovaginal fluids to prevent HIV infection [116]. In a fur-

ther preclinical study, pod-IVRs demonstrated sustained release of TDF and emtricitabine 

(FTC), maintaining protective drug levels in macaques over four months of virus exposures 

[117]. The safety and pharmacokinetics of the TDF-FTC pod-IVR over 28 days are currently 

being assessed in the early phase I study [118].  

 

Auritec’s MPT vaginal ring 

Auritec Pharmaceuticals is developing a pod-type MPT vaginal ring releasing TDF and FTC for 

HIV prevention, acyclovir (ACV) for prevention and treatment of genital herpes (HSV-2), and 

the hormonal contraceptives etonogestrel and ethinyl estradiol (ETG+EE) for the prevention 

of unintended pregnancy [97]. In addition, another pod-type MPT vaginal ring aimed to load 

the combination of dolutegravir (DTG) and rilpivirine (RPV) for HIV prevention, ACV for HSV 

prevention and the combination of ETG and EE is also in development [98].  

 

EEQ vaginal ring 

A three-month pod-type vaginal ring (the EEQ IVR) containing the progestin etonogestrel 

(ETG), the estrogen ethinyl estradiol (EE) and the anti-HIV lectin QGriffithsin (QGRFT) is being 

developed by the Population Council and Oak Crest Institute of Science to prevent unin-

tended pregnancy and HIV [99,100].   

 

HCA+VRC01+N6 vaginal ring 

Mucommune LLC is developing a human monoclonal antibody (mAb)-based multipurpose 

capsule inserted vaginal ring for the non-hormonal contraception and HIV prevention. The 

vaginal ring is designed to embed polymeric capsules encapsulating human contraceptive 

antibody (HCA) and broadly neutralizing mAb (bnAb) VRC01+ N6 (Nicotiana-manufactured) 
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against HIV with the aim of keeping the actives stable and maintaining 35-day sustained re-

lease [61,101,119].  

 

CLIP 3D printed vaginal ring 

Continuous liquid interface production (CLIP™) 3D printing has been used to manufacture 

various MPT vaginal rings, including  a ring containing islatravir (EFdA), etonogestrel, and 

ethinyl estradiol for the prevention of HIV and unintended pregnancy, and another contain-

ing DPV, LNG and pritelivir for the prevention of HIV, HSV-2 and pregnancy  [102,103]. CLIP™ 

is particularly useful in achieving complex ring geometries to modulate and optimise drug 

release rates [120].   

 

The expectation is that MPTs will enhance the motivation of users and increase adherence 

[121]. MPT vaginal rings providing protection against unintended pregnancy and HIV infec-

tion may help women avoid HIV-associated stigma and increase acceptability and adherence 

to microbicides while meeting their contraceptive needs [122]. Data obtained from clinical 

trials of DPV vaginal rings showed a strong correlation between HIV protection rates and self-

reported adherence [73]. Also, for most women, the opportunity to try the ring and gain 

familiarity with it was the key to improving acceptability, underscoring the need for guidance 

in identifying the target population and understanding patient decision-making to motivate 

further investment in the development MPT vaginal rings [121,123,124].  

 

MPT vaginal rings are still in the early development stages and there are many challenges yet 

to overcome, including judicious selection of appropriate and effective APIs and better un-

derstanding of the regulatory processes. API selection should consider systemic and local side 

effects, including irritation to the vaginal mucosa and disruption on the vaginal microbiota. 

Also, the evaluation process for MPT rings is significantly more complicated compared to 

single-active / single-indication rings, with the requirement to assess drug-drug interactions, 

drug-device interactions, the impact of the active agent on the noncorresponding indications, 

interrelated drug release patterns from the same device, and the identification of an appro-

priate dose [125]. Challenges will inevitably arise in the design and implementation of pre-

clinical and clinical strategies for MPTs, and complex manufacturing and commercialization 

issues will also need to be addressed [126]. It is important to incorporate end-user prefer-

ences early in the development of MPT products. The lessons learned from the development 

of microbicidal and contraceptive vaginal ring products can provide guidance on the devel-

opment of MPT vaginal rings. Despite the challenges in the MPT landscape, the technology 
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shows promise for extending women’s options around preventative sexual and reproductive 

health care.   

 

1.6. Preference, adherence and acceptability  

The pharmaceutical development of microbicidal and MPT vaginal rings is often informed by 

end-user feedback gleaned during the early stages of the development process. Compared 

to single indication products, a majority of women of reproductive age from diverse regions 

and demographic categories prefer MPTs [85]. In a recent study of 400 heterosexual couples 

in Uganda and Zimbabwe, 91% preferred the MPT over single indication products. The most 

popular formulation was oral tablets administered daily, while one-third reported a prefer-

ence for a vaginally administered product (such as an insert, ring or film), despite having no 

experience using a vaginal contraceptives or HIV prevention methods. Less common delivery 

methods, such as the vaginal ring, were initially viewed with caution and suspicion, although 

acceptance improved with product exposure and familiarity [121,127].  

 

In a recent Phase I trial involving 25 women randomized to continuous or cyclic ring use (28 

days in/2 days out), high adherence (91%) was reported for 3-month use of an MPT DPV/LNG 

ring [31]. Phase I-II trials have been conducted in the US and Kenya to assess a 3-month MPT 

ring (LNG/TFV) [90]. During the initial 15–21 days of the study, 50 women reported high ac-

ceptability; 47 stated they never noticed the ring during their daily activities, and 48 felt the 

ring was comfortable to wear. In a Phase I placebo-controlled trial, 48 HIV-negative and sex-

ually abstinent American women between aged 18–40 were assessed for adherence and ac-

ceptability to a 28-day vaginal ring containing DPV, maraviroc, or both drugs [128]. 94% 

(45/48) of participants said they were entirely adherent during the study. The majority of 

women (93%, 42/45) said that wearing the ring in their vagina was very comfortable; 44% 

preferred continuous usage, while 51% expressed no preference over episodic use. High ad-

herence and acceptability were reported in this Phase I trial.  

 

1.7. Bacterial vaginosis 

Bacterial vaginosis (BV) is a highly prevalent dysbiosis of the vaginal microbiota in which the 

dominant Lactobacillus species (L. crispatus, L. gasseri, L. iners, L. jensenii) are replaced by 

diverse anaerobic bacteria and facultative Gram-negative rods, such as Gardnerella vaginalis, 

Atopobium vaginae, Prevotella bivia. and Sneathia spp. [129,130]. BV is the most common 
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vaginal infection among premenopausal women globally with an estimated annual economic 

cost of $4.8 billion [131]. In the US, BV affects almost one-third of women aged 14–49 years 

[132]. Researchers are still debating whether BV should be classified a sexually transmitted 

infection. The risk of contracting BV rises with increased sexual activity (multiple sex part-

ners), vaginal douching, smoking, the presence of the IUD, and antibiotic use [132,133].  

 

BV was first described in 1955 by Gardner and Dukes, who reported a relationship between 

BV and the presence of Gardnerella vaginalis [134]. Gardnerella vaginalis was reported as 

presenting in 95–100% of BV cases [135]. BV is associated with an increased risk of HIV ac-

quisition and transmission, as well as increased susceptibility to other sexually transmitted 

infections (STIs), preterm births and severe reproductive complications in women [136–138]. 

In addition, women with a variety of BV-like microbiomes are more likely to have symptoms 

of genital inflammation [139]. However, the underlying mechanisms of BV are not fully un-

derstood.  

 

In Lactobacillus-dominant female genital tracts (FGTs), lactic acid produced by lactobacilli 

maintains the physiological pH of the vagina below 4.5. This relatively low pH inhibits the 

growth of potential pathogens and inactivates HIV [140]. By comparison, genital inflamma-

tion caused by BV increases risk of HIV acquisition. Lactic acid has a suppressive effect on the 

inflammatory response [141,142]. Many lactobacilli also produce hydrogen peroxide, which 

has a viricidal effect on HIV by inhibiting viral adhesion and replication [143]. Gosmann et al. 

characterized the vaginal microbiota profile of healthy, asymptomatic South African black 

women aged 18–23 years and reported that women with diverse anaerobe-dominated mi-

crobiota had a 17-fold increase in the number of activated CD4+ T cells in the endocervix, 

which are target cells for HIV infection [137]. Thus, the relative health of the vaginal micro-

biota is closely associated with the risk of HIV acquisition.  

 

BV is known to reduce the efficacy of some forms of ARV-based pre-exposure prophylaxis. In 

clinical trials assessing the microbicidal efficacy of TFV gel, TFV reduced HIV incidence by 61% 

in Lactobacillus-dominant women but by only 18% in women with non-Lactobacillus bacteria 

[144]. The conclusion is that the condition of vaginal microbiome is an important factor in 

reducing efficacy of HIV microbicides. In a secondary analysis of a clinical trial for the DPV 

ring (25 mg), the vaginal microbiota was evaluated before and after ring use, and between 

DPV and placebo ring users among US adolescent, lactating, and postmenopausal females 
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[145]. BV prevalence was not affected by DPV ring use among the three populations, and 

there were no clinically significant changes in the microbiota.  

 

According to 2015 guidelines for the treatment of STDs published by the Centers for Disease 

Control (CDC), metronidazole and clindamycin are first-line therapies for treating BV [146]. 

Metronidazole (MET), used since the 1980s for treatment of BV [147], is a 5-nitroimidazole 

antimicrobial agent. The mechanism of action of MET involves three steps: entry of the drug 

into target cells, activation by reduction of the nitro group, and toxic effects of the reduced 

derivatives [148,149]. The recommended treatment regimens include 500 mg oral metroni-

dazole administered twice a day for 7 days, or a once-a-day 5 g application of 0.75% metro-

nidazole vaginal gel for 5 days (Table 1.5) [146]. Tinidazole is the most recent antimicrobial 

agent to be approved for treatment of BV. It is a good alternative treatment when MET and 

clindamycin are not available or are not tolerated [150]. Other antibiotics such as ornidazole, 

secnidaozle and azithromyxin have been tested as alternative BV treatments [151]. 

 

Table 1.5. Centers for Disease Control recommendations and prevention sexually transmitted 
diseases treatment guidelines for non-pregnant women with bacterial vaginosis [152]. 

Regime type Drug (dose), frequency and duration 

standard oral metronidazole (500 mg), twice daily for 7 days 

intravaginal metronidazole gel (0.75%, 5 g), once daily for 5 days 

alternative intravaginal clindamycin cream (2%, 5 g), once daily for 7 days 

oral tinidazole (2 g), once daily for 2 days 

oral tinidazole (1 g), once daily for 5 days 

oral clindamycin (300 mg), twice daily for 7 days 

intravaginal clindamycin ovules (100 mg), once daily for 3 days 
 

High recurrence rates are a major issue with current BV treatments, leading to a very signifi-

cant burden to the reproductive health of women globally. The high recurrence rates may be 

due to a number of factors, including lack of adherence to therapeutic formulations, hormo-

nal influences, biofilm formation, the ability of lactobacilli to re-colonize, and behavioural 

factors [153]. Some regimens targeted at enhancing the efficacy of treatment for recurrent 

BV have been evaluated. In an open-label treatment study testing 0.75% MET vaginal gel, 

157 eligible women with recurrent BV received twice weekly MET vaginal gel or placebo for 

16 weeks followed by 12 weeks of no treatment. Recurrent BV occurred in 13 women (25.5%) 

receiving MET and 26 (59.1%) receiving placebo, which indicated suppressive therapy with 

twice-weekly MET gel achieves a significant reduction in the recurrence rate of BV [154]. The 

treatment – 0.75% MET gel twice weekly for 4 to 6 months – reduced the rates of BV 
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recurrence by more than 50% [155]. From the perspective of sustained delivery of antimicro-

bial drugs to the vagina to reduce recurrence rate of BV, conventional vaginal formulations, 

such as gels, creams, and tablets, present some drawbacks: (i) leakage and messiness; (ii) 

difficulty on providing an exact dose for creams and gels; (iii) low retention on the vaginal 

epithelium; (iv) poor patient compliance because of long-term frequent repeated applica-

tions [156].  

 

Sucrose is a disaccharide comprising the carbohydrates glucose and fructose. A sucrose-con-

taining vaginal gel has previously been reported offering both high clinical efficacy against BV 

and recovery of the vaginal microbiota [157,158]. Further, the precise bacterial population 

shift of the vaginal microbiota after vaginal use of sucrose gel (9 %w/w, 5 g) has been inves-

tigated in the rhesus macaque model of bacterial vaginosis, demonstrating that vaginal ap-

plication of sucrose gel can restore a lactobacilli-dominated normal vaginal flora [159]. Also, 

in this study, there was no increase in other bacteria after treatment with sucrose, demon-

strating that sucrose advantageously promotes the growth of lactobacilli. Zeng et al., com-

pared the efficacy of the 9% sucrose vaginal gel and 0.75% MET vaginal gel to treat BV. The 

results suggest that sucrose gel restored normal vaginal flora more rapidly than MET gel; the 

number of lactobacilli in the sucrose gel group was significantly higher, although the numbers 

of G.vaginalis/bacteroides and Mobiluncus spp in the MET gel group were significantly lower 

[160]. Another clinical trial, conducted with 70 sexually active premenopausal women diag-

nosed with BV, compared the effects of sucrose gel and MET gel in treating women with BV 

[158]. After 14-day treatment, the differences in therapeutic response between the sucrose 

group (35 patients) and MET group (35 patients) in therapeutic response were not significant.  

 

There is general agreement that BV involves the presence of a dense, structured and polymi-

crobial biofilm, predominantly constituted by G. vaginalis that are strongly adhered to the 

vaginal epithelium [161]. Biofilm of BV tend to persist because bacteria within biofilms are 

not effectively eliminated by the immune system or fully eradicated by antibiotics, resulting 

in a high recurrence rate for BV [151]. Vaginal acidification is considered as a potential ap-

proach to treat BV. Boric acid has been used in the treatment of vaginal infection [162,163]. 

Reichman et al., reported that the use of boric acid (21 days, 600 mg/day) in combination 

with a nitroimidazole (7 days, oral) reduced BV recurrence [164]. 

 

Based on the results of these previous studies, our hypothesis is that vaginal application of 

MET in combination with sucrose (and/or boric acid) may have synergistic effect in treating 
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BV; MET is targeted at suppression of the growth of the pathogenic bacteria, while sucrose 

is targeted at promoting the growth of lactobacilli. Boric acid is aimed to disrupt the biofilm 

and enhance the antibacterial effect of MET treatment. This combination might also solve 

the problem of high recurrence of BV via recolonization of a healthy vaginal microbiome.  

 

1.8. Aim and Objectives 

In this project, the aim is to develop a new multipurpose prevention technology (MPT) vagi-

nal ring that can provide sustained release of both DPV and MET (plus other potentially ther-

apeutic substances – sucrose, boric acid) to prevent HIV infection and, at the same time, treat 

or prevent BV. 

 

The specific objectives are as follows: 

i. Examine drug-drug (DPV, MET, sucrose and boric acid) and drug-polymer (addi-

tion-cure silicone elastomer DDU-4320) compatibility by thermal analysis meth-

ods (TGA and DSC). 

ii. Assess the cure characteristics of an addition-cure silicone elastomer (DDU-4320) 

containing different concentrations of MET and combinations of DPV and MET 

by oscillatory rheometry. 

iii. Examine mechanical properties of prototype rings using various mechanical test 

methods. 

iv. Manufacture and perform 28-day in vitro release testing and content assays of 

MPT vaginal rings containing DPV, MET and the combination of DPV and MET. 

v. Design and examine the bactericidal effects of MPT vaginal rings containing DPV, 

MET and the combination of DPV and MET. 

vi. Manufacture and perform 28-day in vitro release testing of MPT vaginal rings 

containing DPV, MET and sucrose. 

vii. Manufacture, characterize and perform 28-day in vitro release testing for 5-ni-

troimidazoles (TNZ, SNZ and ONZ) silicone elastomer vaginal rings. 

viii. Design and manufacture silicone elastomer vaginal rings with different sizes, col-

ours and scents for exploring women’s preferences around design characteristics 

of vaginal rings. 



 

 

2 
Thermal analysis of DPV, MET, sucrose, 

and boric acid in physical powder mixtures 

and incorporated into silicone elastomer  

 

 

 

 

 



Chapter 2. Thermal analysis of DPV, MET, sucrose, and boric acid in physical  
powder mixtures and incorporated into silicone elastomer 

 27 

2.1. Introduction 

Characterizing the physicochemical properties of drug substances and excipients is important 

in developing new pharmaceutical products, including drug-releasing vaginal rings. For ex-

ample, both drug-polymer compatibility and drug-drug interactions should be assessed when 

incorporating two or more drug substances into a single dosage form. The potential physical 

and chemical interactions between drugs and excipients can affect polymorphic form, crys-

tallization, stability and bioavailability of drugs and, consequently, their therapeutic efficacy 

and safety [165]. 

 

Some interactions are beneficial in pharmaceutical formulations, such as those that can en-

hance the solubility of poorly water-soluble drugs. For example, the marketed combination 

contraceptive vaginal ring NuvaRing® contains two steroid drugs – etonogestrel and ethinyl 

estradiol. The solubility and release of etonogestrel are enhanced by the incorporation of 

ethinyl estradiol, due to the formation of a eutectic mixture (Figure 2.1) [166].  

 

 
Figure 2.1.  Phase diagram of etonogestrel and ethinyl estradiol [166].  
 

A eutectic composition refers to a mixture of chemical compounds that melts at a single tem-

perature that is lower than the melting point of original compounds [167] (Figure 2.1). The 

first reported eutectic pharmaceutical composition – the oral suspension of sulfathiazole and 

urea – was studied by Sekiguchi in 1961 [168]. Applications of drug–drug eutectic 
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compositions in the development of pharmaceutical dosage forms are presented in Table 

2.1. The decreased melting temperature in the eutectic system leads to increased solubility 

of each drug in the polymer and, in turn, enhanced drug release. In addition, the melting 

depression observed in eutectic systems does not cause any additional manufacturing or sta-

bility issues for pharmaceutical products in the absence of other degradable drug-drug inter-

actions [169]. 

 

Issues associated with drug-drug and drug-polymer interactions also arise in some solid dos-

age forms. For example, the corporation of DPV has been shown to affect the release of 

levonorgestrel (LNG) from matrix-type vaginal rings, due to the effects of both reduced drug 

melting temperature and the formation of pores in the matrix as drug is released [41]. Fur-

ther, both the enone and ethinyl functional groups of LNG have been reported to form react 

irreversibly via a hydrosilylation reaction with the hydrosiloxane groups of addition-cure sili-

cone elastomers, causing drug binding and significantly impacting LNG release [41,104,170]. 

 

Thermal analytical techniques – such as thermogravimetric analysis (TGA), differential scan-

ning calorimetry (DSC) and hot-stage microscopy (HSM) – have an important role to play in 

the characterization of dosage forms in the preformulation stage of development. TGA is 

used routinely to measure the mass/weight change or rate of weight change of a substance 

as a function of temperature or time. TGA measurements are primarily used to assess sorp-

tion/desorption of volatiles, decomposition reactions, oxidation /reduction processes, and 

to predict thermal stability [171]. TGA also provides information on the testing parameters 

of DSC, such as the heating temperature range.  

 

DSC is a thermal analysis technique in which the difference in the amount of heat required 

to increase the temperature of a sample and reference is measured as a function of temper-

ature [172]. DSC is commonly used to evaluate the physicochemical properties of drugs, in-

cluding quantification of melting points, glass transitions, polymorphic transitions and drug-

drug / drug-polymer compatibilities. The evaluation of compatibility is derived from the ap-

pearance, shifts or disappearances of peaks and/or variations in the corresponding enthalpy 

of transition (∆H) [173]. DSC can also be used to quantitatively measure the solubility of solid 

drugs dispersed in polymeric matrices based on the principle that the fraction of drug solu-

bilized within the matrix does not contribute to the enthalpy of melting transition of crystal-

line drug [174]. The aim of this chapter was to characterize thermal properties and examine 
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drug-drug (DPV, MET, sucrose and boric acid) and drug-polymer (addition-cure silicone elas-

tomer DDU-4320) compatibility by thermal analysis methods (TGA and DSC). 
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Table 2.1. Two component drug–drug eutectic mixtures in pharmaceutical formulations.  

Formulation Drug components 
(A, B) 

Tm (˚C) 
drug A 

Tm (˚C) 
drug B 

Eutectic 
composition 
(A:B % w/w) 

Tm (˚C) 
eutectic  

Comments Reference(s) 

Cream (EMLA®) lidocaine, prilo-
caine 

68 38 50:50 18 Increased proportion of active local anesthetic 
substance in each emulsion droplet and hence 
enhance the treatment permeation of lidocaine 

[175–177] 

Vaginal ring 
(NuvaRing®) 

etonogestrel, ethi-
nyl estradiol 

199 184 52.3:47.7 143 Increased solubility of the steroids in EVA and 
hence in altered permeability properties  

[166] 

Vaginal ring dapivirine, levo-
norgestrel 

219 238 65:35 192 Increased solubility of each drug component in 
the silicone elastomer and increase drug release 

[41] 

Oral  fenofibrate, aspirin 81 142 97.9:2.1 76 Increased dissolution rate of fenofibrate in the 
eutectic formation. 

[178] 

Oral  pyrazinamide, iso-
niazid 

190 172 47.3:52.7 142 Enhanced dissolution rate of pyrazinamide in the 
eutectic mixture. 

[179] 

Oral  simvastatin, aspirin 140 142 66.6:33.4 106 Enhanced dissolution rate of simvastatin in the 
eutectic formation. 

[180] 

– metronidazole, 
clarithromycin 

160 226 64.9:35.1 155 – [181] 

Oral  etodolac, paraceta-
mol 

150 170 65.5:34.5 133 Show good improvement in dissolution, hardness 
and suppression of inflammatory mediators for 
the eutectic formulation. 

[182] 

Oral  etodolac, propran-
olol hydrochloride 

150 165 52.6:47.4 125 Enhanced cytotoxic effects with synergistic com-
bination index and favorable does reduction in-
dex. 

[182] 

Oral  benznidazole, 
posaconazole 

192 169 20:80 154 Enhanced solubility and dissolution rate for both 
APIs. 

[183] 

Oral  hydrochlorothia-
zide, atenolol 

271 155 30:70 140 Increased solubility of hydrochlorothiazide in the 
eutectic mixture in phosphate buffer pH 7.4.  

[184] 
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Oral  levetiracetam, ibu-
profen 

116 74 35.5:64.5 46 Enhanced dissolution rate of ibuprofen in phos-
phate buffer pH 7.4.  

[185] 

Oral  levetiracetam, 
naproxen 

116 155 52.6:47.4 81 Enhanced dissolution rate of naproxen in phos-
phate buffer pH 7.4. 

[185] 

Oral  sulindac, proglu-
mide 

189 149 31.4:68.6 137 Enhanced dissolution rate of sulindac in the eu-
tectic formulation. 

[186] 

Oral  efavirenz, tenofovir 
disoproxil fumarate 
(TDF) 

138 116 50:50 100 Increased solubility and dissolution rate of efavi-
renz in water and acidic conditions when forming 
eutectic mixture with TDF. 

[187] 

Oral  meloxicam, caf-
feine 

264 237 52.5:47.5 209 Enhanced dissolution rate of meloxicam in phos-
phate buffer pH 7.2. 

[188] 

Oral  aceclofenac, caf-
feine 

154 237 64.6:35.4 115 Enhanced dissolution rate of acelofenac in phos-
phate buffer pH 6.8.  

[188]  

Oral  flubiprofen, caf-
feine 

116 237 55.7:44.3 95 Enhanced dissolution rate of flubiprofen in phos-
phate buffer pH 7.5. 

[188] 

Tm: melting temperature. 
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2.2. Materials  

Micronized DPV was supplied by the International Partnership for Microbicide (IPM, Silver 

Springs, MD, USA). Micronized MET was supplied by Farchemia Srl (Treviglio, Italy). Sucrose, 

boric acid and acetone were purchased from Sigma-Aldrich (Gillingham, UK). Silicone elasto-

mer DDU-4320 was supplied by NuSil Silicone Technology Inc. (Carpinteria, CA, USA). DSC 

standard aluminum pans and lids were purchased from TA Instruments (Hertfordshire, UK).  

 

2.3. Methods 

2.3.1. TGA analysis 

TGA analysis of micronized DPV, micronized MET, sucrose and boric acid powders was carried 

out using a Thermal Advantage Model TGA Q500 (TA instruments, UK).  Samples were heated 

at a rate of 10 ˚C/min from 25 to 300 ˚C. All samples were investigated in triplicate. The mass 

loss was then plotted as a function of change of temperature.  

 

2.3.2. DSC analysis 

Micronized sucrose was prepared by jet milling (Sturtevant Inc., USA); micronized boric acid 

was obtained by grinding with a mortar and pestle followed by sieving (< 125 µm). Samples 

of DPV, MET, sucrose, boric acid and their binary, ternary and quaternary mixtures were pre-

pared by physical mixing of the micronized drug powders; details are presented in Table 2.2. 

In addition, the binary mixtures of DPV and MET (at 10 %w/w intervals) were also prepared 

by solvent (acetone) evaporation method in which 1 mL of acetone was dropped into each 

group of physical mixtures of drug powders of DPV and MET in the glass vials and evaporated 

at room temperature overnight.   

 

Representative drug–loading matrix silicone elastomer samples (10% w/w for each single 

drug) were also prepared. For MET and sucrose, silicone elastomer samples containing dif-

ferent drug loading of drugs (1.25, 3.125, 6.25, 12.5 and 25 %w/w) were manufactured at 

100 ˚C (cure time 95 s) and solubility was measured in the silicone elastomer. 

 

Powder samples (1–5 mg) and polymer samples (5–10 mg) (n=3) were analyzed using a Ther-

mal Advantage Model DSC Q100 (TA instruments, UK) in heat ramp mode from 25–240 ˚C at 

a rate of 10 ˚C/min in sealed aluminum pans under a nitrogen atmosphere (50 mL/min). An 
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empty sealed aluminum pan and lid was used as a reference. All samples were investigated 

in triplicate.  

 

Onset temperature (˚C), peak temperature (˚C) and enthalpy（∆H，J/g）for all thermal 

transitions were recorded. DSC traces of DPV, MET, sucrose, boric acid, their mixtures in dif-

ferent combinations and their drug loading silicone elastomer samples, the eutectic phase 

diagram for DPV and MET and the estimation of the heat of fusion of eutectic composition 

versus MET concentration were graphed. 

 

Table 2.2. DSC samples of physical mixtures of micronized drug powders of MET, DPV, sucrose 
and boric acid.  

Mixtures APIs Weight percentage (% w/w) for two APIs/ Weight ratio for 
three and four APIs mixtures 

A 
MET 0 10 20 30 40 50 60 70 80 90 100 

DPV 100 90 80 70 60 50 40 30 20 10 0 

B 
MET 0 10 20 30 40 50 60 70 80 90 100 

Sucrose 100 90 80 70 60 50 40 30 20 10 0 

C 
DPV  0   20  50 80 100  

Sucrose 100 80 50 20 0  

D 
DPV 0 20 50 80 100  

Boric acid 100 80 50 20 0  

E 
MET 0 50 100 

Boric acid 100 50 0 

F 
Sucrose 0 50 100 

Boric acid 100 50 0 

G 

DPV 1 2 1 1 

MET 1 1 2 1 

Sucrose 1 1 1 2 

H 

DPV 1 

MET 1 

Sucrose 1 

Boric acid 1 
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2.4. Results and Discussion 

2.4.1. TGA analysis 

The TGA thermograms of micronized DPV, micronized MET, sucrose and boric acid are pre-

sented in Figure 2.2. The onset temperatures for thermal degradation for DPV, MET, sucrose 

and boric acid were 243 ˚C, 150 ˚C, 226 ˚C and 125 ˚C, respectively, with around 2% weight 

loss. Since the preparation of drug-loaded silicone elastomer formulations by  injection mold-

ing requires an elevated temperature to ensure rapid cure rates, the degradation tempera-

ture of APIs is an important factor in defining maximum manufacturing temperatures [189]. 

The manufacture temperature (curing temperature) was ensured to be lower than the deg-

radation temperature of active ingredients.   

 
Figure 2.2. Representative TGA thermograms of micronized DPV (A), micronized MET (B), su-
crose (C) and boric acid (D). 
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2.4.2. DSC analysis 

MET and DPV 

DSC thermograms obtained from physical mixtures of micronized DPV and MET powder are 

presented in Figure 2.3A, and the various transitions are summarized in Table 2.3. Polymor-

phic transitions and crystalline melting are defined as onset temperatures [190]. 100% mi-

cronized DPV displayed two endothermic peaks at 101˚C and 221˚C, attributed to the Form I 

– Form II polymorphic transformation and the melting of the Form II crystals, respectively 

[169]. DPV can exist in four crystalline polymorphic forms (Figure 2.4). Form I is the most 

stable form at room temperature; Form II converts to Form I instantaneously upon heating 

above 221 ˚C followed by cooling to room temperature [66]. As supplied, micronized MET 

showed a crystalline melt at 160 ˚C, which corresponds with the reported value [181]. 

 

The onset temperature (101 ˚C) of the DPV Form I–II polymorphic transformation was not 

changed when the percentage of the DPV in the mixture was varied (Figure 2.3A). However, 

the melting peak of DPV shifted to lower temperatures when the MET concentration was 

increased from 0% to 20% w/w (M20D80). Compared to pure MET, the mixture for 90% w/w 

MET and 10% w/w DPV (M90D10) also showed lower MET melting temperature. This melting 

point depression phenomenon commonly occurs when a second solid compound is added to 

a pure solid compound resulting in a lower melting point and a broader melting range of the 

pure compound [191]. 

 

A single melting peak was observed at 153 ˚C in each binary mixture of DPV+MET across the 

composition range 10% (M10D90) to 90% w/w MET (M90D10) (Figure 2.3A). This is the so-

called eutectic temperature of the binary system, and the value remains constant and inde-

pendent of the DPV/MET composition, indicative of a eutectic system in which the two com-

pounds show complete miscibility in the liquid state and negligible solid-solid solubility [192]. 

The formation of eutectic compositions in pharmaceutical systems is mainly applied to en-

hancing the solubility of poorly soluble compounds in oral pharmaceutical formulations (Ta-

ble 2.1). A recently reported multipurpose prevention technology vaginal ring device con-

taining DPV and levonorgestrel (LNG) also forms a eutectic system between the solid crystal-

line drug substances. The eutectic composition is 65:35 % w/w DPV-LNG and the eutectic 

temperature is 192 ˚C, which enhances drug solubility in silicone elastomer and, ultimately, 

drug release from the ring device [41].  
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The phase diagram based on physical mixtures of DPV and MET powders is presented in Fig-

ure 2.3B. The graph shows decreasing melting transitions for mixtures compared with the 

pure drug substances (referred to as the ‘liquidus’ curve in the plot), and a eutectic melting 

transition at 153 °C for all mixtures. A plot of eutectic heat of fusion versus MET percentage 

(wt %) in the physical mixtures is presented in Figure 2.3C. This plot is known as a Tamman 

triangle and, in the absence of some points on the liquidus curve for this mixture, allows the 

eutectic composition to be defined more accurately. The eutectic enthalpy value for the 90% 

w/w MET (M90D10) sample was not presented as the eutectic melting peak partially over-

lapped with the MET melting peak, with a combined enthalpy value 174.50 J/g as shown as 

two peaks of one melting transition for M90D10 at 153 ˚C. It is reasonable to evaluate that 

the heat of fusion of eutectic compound at 90% w/w MET is lower that of eutectic compound 

at 80% w/w MET (∆H = 163.97 J/g) (Table 2.3). The peak in the Tamman triangle, representing 

the highest value for heat of fusion in the system, was for the 70% w/w MET (M70D30) and 

this defines the eutectic composition containing no excess of DPV or MET in the system [181]. 

In summary, DSC analysis demonstrated that DPV and MET form a eutectic system with a 

eutectic composition at 70% w/w MET and a eutectic temperature of 153 ˚C. 
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Figure 2.3. (A) Representative DSC traces showing thermal behavior of micronized DPV (100% 
DPV), MET (100% MET) and their physical mixtures [10% MET/90% DPV(M10D90) – 90% MET/10% 
DPV(M90D10)]. Downward direction is selected as endothermic. (B) Eutectic phase diagram for 
DPV and MET based on the data of onset melting temperature. (C) The Tamman triangle con-
struction for estimating the eutectic composition based upon the relationship between eutectic 
heat of fusion (eutectic melting enthalpy ∆H) and the weight fraction of MET in physical binary 
mixtures of DPV and MET, in which the maximum enthalpy value found at the 70% w/w MET is 
recognised as the eutectic point [180].   
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Table 2.3. Thermal parameters for each melting transition in DSC thermograms for samples con-
sisting of DPV, MET and their physical mixtures in varying ratios (n=3, mean ± sd). 

Sample MET Eutectic compound DPV 

Onset 
Temp. 
(˚C) 

Peak 
Temp. 
(˚C) 

Enthalpy 
(∆H, J/g) 

Onset 
Temp. 
(˚C) 

Peak 
Temp. 
(˚C) 

Enthalpy 
(∆H, J/g) 

Onset 
Temp. 
(˚C) 

Peak 
Temp. 
(˚C) 

Enthalpy 
(∆H, J/g) 

DPV – – – – – – 220.81 
± 0.32 

221.85 
± 0.63 

114.04 
± 20.90 

M10D90 – – – 153.12 
± 0.03 

154.14 
± 0.09 

22.11 
± 6.31 

207.96 
± 5.05 

213.18 
± 0.88 

75.25 
± 27.04 

M20D80 – – – 153.10 
± 0.05 

154.48 
± 0.21 

47.27 
± 4.73 

194.91 
± 3.41 

199.77 
± 1.83 

35.68 
± 7.85 

M30D70 – – – 153.44 
± 0.11 

154.41 
± 0.09 

66.07 
± 7.57 

– – – 

M40D60 – – – 153.19 
± 0.29 

154.73 
± 0.08 

93.24 
± 8.05 

– – – 

M50D50 – – – 153.66 
± 0.19 

154.63 
± 0.16 

129.83 
± 26.87 

– – – 

M60D40 – – – 153.62 
± 0.53 

155.27 
± 0.66 

167.30 
± 77.21 

– – – 

M70D30 – – – 152.83 
± 0.05 

154.65 
± 0.22 

202.83 
± 13.35 

– – – 

M80D20 – – – 153.53 
± 0.11 

154.59 
± 0.14 

163.97 
± 3.46 

– – – 

M90D10 157.51 
± 1.54 

159.30 
± 0.95 

– 153.33 
± 0.05 

154.57 
± 0.34 

– – – – 

MET 160.02 
± 0.19 

160.95 
± 0.07 

196.23  
± 28.01 

– – – – – – 

 

 
Figure 2.4.  Summary of the relationships between the crystalline and amorphous polymorphic 
forms of dapivirine [66].  
 

Binary mixtures of DPV and MET were also prepared by solvent (acetone) evaporation 

method to ensure more homogeneous mixing of the drug substances. DSC thermograms 
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obtained from these mixtures are presented in Figure 2.5A, and the thermal data are sum-

marized in Table 2.4. The endothermic transitions at 101 ˚C and 221 ˚C for pure DPV and 160 

˚C for pure MET were observed as before (Figure 2.3A). A eutectic melting transition was 

always observed in samples from 10% w/w MET to 80% w/w MET at 153.6 ˚C, similar to the 

value of 153.3 ˚C obtained for the physical mixtures. Some small additional peaks were also 

observed in some samples above 180 ˚C (e.g., M30D70 and M40D60), which is likely the re-

sult of impurities in the DSC furnaces; it is necessary to ensure the cleaning of the measuring 

equipment ahead of experiments especially the DSC instrument. An endothermic peak at 159 

˚C with a left shoulder appeared in the trace of 90% w/w MET (M90D10), in which the melting 

peak of eutectic compound merged into the melting peak of MET because of high concen-

tration of MET in the mixture. Therefore, the onset temperature of this asymmetric peak was 

not integrated and recorded as the eutectic composition.  

 

The DPV-MET phase diagram and the plot of the heat of fusion versus MET concentration for 

samples prepared by the solvent evaporation method are shown in Figure 2.5B and 2.5C, 

respectively. Compared to the samples prepared by simple physical mixing, the DPV melting 

transitions were clearly discernible in samples M30D70 and M40D60 prepared by solvent 

evaporation (Figure 2.5B). The data of eutectic enthalpy of M80D20 and M90D10 samples 

were not recorded in Figure 2.5C, since the melting peaks of MET and eutectic composition 

merged into one transition. By extrapolation, the eutectic composition could be estimated 

close to 70% w/w MET composition. Therefore, the two methods of sample preparation 

(physical mixing and solvent evaporation) produced entirely similar results for determination 

of the eutectic composition and temperature.  

 

Various preparation methods have been widely reported for binary eutectic systems, includ-

ing neat grinding, liquid-assisted grinding, melting-cooling followed by grinding and solvent 

evaporation. Most reports of eutectic systems in the scientific literature relate to pharma-

ceutical tablet formulations [193]. No reports are described for the deliberate preparation of 

eutectic mixtures using physical mixing of drug powders, although eutectic formation 

through physical mixing method has previously been reported in drug-drug compatibility 

testing using DSC analysis for various vaginal ring formulations [41,166]. In general, intimate 

contact of solid states and mutual solubility of molten states is required for eutectic for-

mation, helping to explain the preference for the other methods of preparation  described 

above [194]. Moreover, no significant differences in the dissolution rate between fused mix-

tures made by melting-cooling followed by grinding method and physical mixtures have been 
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reported for two eutectic system comprising acetaminophen and caffeine [195]. Here, we 

demonstrate that simple physical mixing of micronized drug powders can provide sufficiently 

intimate contact for eutectic formation.  

 

 
Figure 2.5. (A) Representative DSC traces showing thermal behavior of micronized DPV (100% 
DPV), MET (100 % MET) and their mixtures (10% MET/90% DPV (M10D90) – 90% MET/10% DPV 
(M90D10)) through acetone evaporation, downward direction is selected as endothermic. (B) Eu-
tectic phase diagram for DPV and MET based on the data of onset melting temperature. (C) Esti-
mation of the eutectic composition from the relation between eutectic heat of fusion and the 
proportion of MET in binary mixtures of DPV and MET prepared in acetone evaporation method.  
 



Chapter 2. Thermal analysis of DPV, MET, sucrose, and boric acid in physical  
powder mixtures and incorporated into silicone elastomer 

 41 

Table 2.4. Thermal parameters for each melting transition in DSC thermograms for samples con-
sisting of DPV, MET and their mixtures (in varying ratios) prepared by acetone evaporation (n=3, 
mean ± sd). 

Sample MET/DPV Eutectic compound 

Onset  
Temp. (˚C) 

Peak 
Temp. (˚C) 

Enthalpy 
(∆H, J/g) 

Onset  
Temp. (˚C) 

Peak 
Temp. (˚C) 

Enthalpy 
(∆H, J/g) 

DPV 220.58 ± 0.09 222.34 ± 0.04 
 

85.04 ± 17.67 – – – 

M10D90 – – – 153.88 ± 0.76 155.61 ± 0.99 14.10 ± 2.72 

M20D80 – – – 153.31 ± 0.19 155.71 ± 0.54 35.14 ± 5.77 

M30D70 – – – 153.46 ± 0.02 156.23 ± 0.17 60.09 ± 4.84 

M40D60 – – – 153.63 ± 0.28 156.87 ± 0.38 87.60 ± 5.27 

M50D50 – – – 153.76 ± 0.19 157.06 ± 0.58 108.13 ± 8.89 

M60D40 – – – 153.60 ± 0.13 156.79 ± 0.27 136.50 ± 7.71 

M70D30 – – – 153.76 ± 0.25 156.62 ± 0.35 149.57 ± 12.13 

M80D20 – – – 153.75 ± 0.11 156.41 ± 0.21 – 

M90D10 – – – – – – 

MET 160.48 ± 0.30 163.88 ± 0.92 
 

161.85 ± 
10.96 

– – – 

 

Similar thermal transitions were measured by DSC for silicone elastomer samples containing 

the DPV, MET and their mixtures, demonstrating that the drugs are also present at least 

partly in the crystalline form within the silicone elastomer (Figure 2.6). The same polymor-

phic transition and crystalline melting peaks were observed for DPV incorporated in silicone 

elastomer samples prepared at 100 ˚C and cured for 95 s (Table 2.5). It is confirmed that DPV 

form I exists in silicone elastomer vaginal rings and no drug-polymer interaction occurs. The 

MET crystalline melting transition in silicone elastomer samples was the same as that meas-

ured for the pure drug powder. In addition, the melting transition associated with the eutec-

tic composition was also clearly observed at 154 ˚C in the 10% w/w mixtures of DPV and MET 

in silicone elastomer, although the respective melting peaks for DPV and MET were not dis-

cernible due to the relatively low drug concentrations in the silicone elastomer matrices. In-

terestingly, it is apparent that eutectic formation was observed after incorporating the phys-

ical mixtures of DPV and MET into the silicone elastomer and curing at 100 ˚C, a temperature 

significantly lower than the observed eutectic temperature. The curing temperature that is 

lower than the melting temperatures of the crystal drugs ensures that the drug experiences 

no or minimal physical transition during the ring manufacture.  
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Figure 2.6. DSC traces for silicone elastomer samples containing DPV (10% w/w), MET (10% 
w/w) and DPV+MET (10% w/w each). 
 

Table 2.5. Thermal parameters for the melting transitions in the DSC thermograms for micronized 
powders and silicone elastomer samples containing DPV (10% w/w), MET (10% w/w) and 
DPV+MET (10% w/w each) (n=3, mean ± sd). 

Sample Drug powders 10 %w/w drug in silicone elastomer 

Onset 
Temp.(˚C) 

Peak 
Temp.(˚C) 

Enthalpy 
(∆H, J/g) 

Onset 
Temp.(˚C) 

Peak 
Temp.(˚C) 

Enthalpy* 
(∆H, J/g) 

DPV 220.81 
± 0.32 

221.85 
± 0.63 

114.04 
± 20.90 

220.29 ± 
0.07 

221.32 ± 
0.04 

9.19 ± 
0.55 

D50M50 153.66 
± 0.19 

154.63 
± 0.16 

129.83 
± 26.87 

153.69 ± 
0.08 

156.99 ± 
0.16 

23.67 ± 
1.94 

MET 160.02 ± 
0.19 

160.95 ± 
0.07 

196.23  
± 28.01 

159.76 ± 
0.11 

160.96 ± 
0.19 

15.93 ± 
3.23 

* The g in the unit (J/g) of enthalpy indicates the whole mass of the drug and silicone elastomer ra-
ther than the drug alone. 
 

MET and sucrose 

DSC analysis was also completed for binary mixtures containing micronized MET and mi-

cronized sucrose. Vaginal application of both MET and sucrose may have a synergistic effect; 

previous clinical studies have shown the a sucrose vaginal gel was more effective than the 

gold standard MET vaginal gel in treating BV [196]. DSC thermograms obtained from physical 

mixing of micronized MET and micronized sucrose powder are presented in Figure 2.7A, and 

the corresponding DSC data are summarized in Table 2.6. Melting transitions were clearly 
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observed for MET and sucrose at 160 ˚C and 186 ˚C, respectively. A eutectic melting peak 

was always shown for binary mixtures of MET and sucrose from 90% w/w MET (M90S10) to 

10% w/w MET (M10S90) at 157 ˚C, lower than the melting points of pure MET and sucrose. 

In addition, the eutectic melting transitions occurred at similar temperatures and were unaf-

fected by the composition.  

 

The liquidus curve representing the melting depression of MET was not observed due to the 

close melting of the eutectic composition (157 ˚C) with that of MET (160 ˚C). Generally, a 

single endothermic transition occurred at 157 ̊ C even when % MET as high as 90% w/w (sam-

ple M90S10). By comparison, the melting peaks of sucrose decreased in temperature and 

broadened in shape with increasing proportion of MET in the system. The corresponding 

phase diagram of MET and sucrose and the plot of the heat of fusion versus sucrose percent-

age (wt %) in the physical mixture are presented in Figure 2.7B and 2.7C. The eutectic com-

position was estimated as 20 % w/w of sucrose and 80% w/w of MET based on of the highest 

measured value of eutectic heat of fusion (Figure 2.7C).  
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Figure 2.7. (A) Representative DSC traces showing thermal behavior of micronized MET (100% 
MET), sucrose (100%sucrose) and their physical mixtures (10% MET/90% sucrose (M10S90) – 90% 
MET/10% sucrose (M90S10)). Downward direction is selected as endothermic; (B) Eutectic phase 
diagram for sucrose and MET based on the data of onset melting temperature. (C) Estimation of 
the eutectic composition from the relation between eutectic heat of fusion and the proportion 
of sucrose in physical binary mixtures of sucrose and MET.  
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Table 2.6. Thermal parameters for each melting transition in DSC thermograms for samples con-
sisting of sucrose, MET and their physical mixtures in varying ratios. The data from M60S40 to 
M10S90 in the column of MET/sucrose are the thermal transitions of sucrose (n=3, mean ± sd). 

Sample Eutectic compound MET/Sucrose 

Onset 
Temp.(˚C) 

Peak 
Temp.(˚C) 

Enthalpy 
(∆H, J/g) 

Onset 
Temp.(˚C) 

Peak 
Temp.(˚C) 

Enthalpy 
(∆H, J/g) 

MET – – – 159.65 ± 
0.23 

160.90 ± 
0.33 

196.10 ± 
26.97 

M90S10 156.66 ± 
0.13 

159.86 ± 
0.33 

168.77 ± 
49.36 

– – – 

M80S20 157.07 ± 
0.33 

159.39 ± 
1.20 

180.30 ± 
9.18 

– – – 

M70S30 156.94 ± 
0.14 

158.83 ± 
0.46 

172.70 ± 
11.45 

– – – 

M60S40 157.30 ± 
0.33 

158.27 ± 
0.18 

135.07 ± 
11.41 

164.67 ± 
0.09 

172.49 ± 
0.64 

17.56 ± 
3.49 

M50S50 156.84 ± 
0.57 

158.21 ± 
0.18 

118.30 ± 
10.36 

166.21 ± 
0.32 

173.54 ± 
0.35 

35.66 ± 
1.08 

M40S60 156.77 ± 
0.33 

158.52 ± 
0.12 

73.88 ± 
5.87 

167.33 ± 
0.75 

175.05 ± 
0.63 

43.73 ± 
9.26 

M30S70 156.58 ± 
0.04 

158.23 ± 
0.23 

73.30 ± 
14.72 

168.98 ± 
0.04 

176.28 ± 
0.04 

79.79 ± 
20.36 

M20S80 156.57 ± 
0.06 

157.77 ± 
0.20 

39.99 ± 
11.12 

170.17 ± 
0.45 

178.11 ± 
0.87 

86.30 ± 
13.48 

M10S90 156.61 ± 
0.01 

157.63 ± 
0.06 

37.08 ± 
14.60 

172.06 ± 
1.25 

181.25 ± 
1.06 

160.00 ± 
48.59 

Sucrose – – – 186.18 ± 
0.38 

189.30 ± 
0.79 

127.60 ± 
6.43 

 

MET and sucrose, each at concentrations of 10% w/w, were incorporated in the DDU-4320 sili-

cone elastomer system and heated at 100 ̊ C for 95 s to form the fully cured elastomer. DSC traces 

for silicone elastomer samples containing sucrose (10% w/w), MET (10% w/w), or a combination 

of sucrose and MET (10% w/w each) are presented in Figure 2.8, and the summary DSC data 

presented in Table 2.7. Crystalline melting transition due to sucrose were observed in all silicone 

elastomer samples containing sucrose, demonstrating that sucrose is at least partly present in 

the crystalline form within the elastomer. Two endothermic transitions – at 159.1 ˚C and 169.6 

˚C – were observed for silicone elastomer samples containing the mixture of sucrose and MET. 

169.6 ˚C was inferred as the melting point of sucrose, despite being significantly higher than the 

166.2 ˚C melting point of sucrose measured in the drug powder mixture M50S50. As for the peak 

at 159.1 ˚C, it was assigned as the eutectic melting temperature, despite being greater than that 

of eutectic melting of the drug powder mixture (156.8 ˚C). However, the 159.1 ˚C might also be 

assigned as the depressed melting point of MET. Therefore, it is difficult to confirm the formation 

of a eutectic compound in the silicone elastomer for the MET and sucrose combination.  
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Figure 2.8. DSC traces for silicone elastomer samples containing either sucrose (10% w/w), MET 
 (10% w/w) or both sucrose and MET (10% w/w each). 

 

Table 2.7. Thermal parameters for each melting transition in DSC thermograms for micronized 
powders and silicone elastomer samples containing either sucrose (10% w/w), MET (10% w/w) 
or both sucrose and MET (10% w/w each). Peak I and II are not specific thermal transitions, but 
rather refer to the relative positions of peaks in the DSC traces (n=3, mean ± sd). SE – silicone 
elastomer. 

Sample 
 

Peak I Peak II 

Onset 
Temp.(˚C) 

Peak 
Temp.(˚C) 

Enthalpy 
(∆H, J/g) 

Onset 
Temp.(˚C) 

Peak 
Temp.(˚C) 

Enthalpy 
(∆H, J/g) 

Sucrose powders – – – 186.18 ± 
0.38 

189.30 ± 
0.79 

127.60 ± 
6.43 

Sucrose in SE  – – – 187.38 ± 
0.05 

189.29 ± 
0.07 

12.34 ± 1.22 

M50S50 powders 156.84 ± 
0.57 

158.21 ± 
0.18 

118.30 ± 
10.36 

166.21 ± 
0.32 

173.54 ± 
0.35 

35.66 ± 1.08 

M50S50 in SE 159.05 ± 
0.21 

160.70 ± 
0.71 

23.50 ± 
10.11 

169.63 ± 
0.84 

177.25 ± 
0.57 

8.69 ± 3.04 

MET powders 160.02 ± 
0.19 

160.95 ± 
0.07 

196.23  
± 28.01 

– – – 

MET in SE 159.76 ± 
0.11 

160.96 ± 
0.19 

15.93 ± 
3.23 

– – – 

 

The DSC thermograms for silicone elastomer samples containing MET and sucrose across 

various concentrations are shown in Figure 2.9, and the summary DSC data are presented in 
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Table 2.8. The melting enthalpy values of ∆H and the width of the melting peaks both in-

creased with increasing drug loading, for both MET and sucrose. The onset temperature of 

MET was not influenced by its concentration in the silicone elastomer. However, the onset 

temperature of sucrose decreased slightly with its increasing concentration in the silicone 

elastomer. Linear relationships were observed for plots of measured values of ∆H versus drug 

loadings in silicone elastomer (Figure 2.10). Estimated values for drug solubility (at the drug 

melting temperature) were extrapolated from the graphs by calculating the concentration 

when ∆H=0. The calculated solubilities were 0.57% w/w for MET and –0.22% w/w for sucrose. 

The negative value obtained for the solubility of sucrose simply indicates that sucrose is ef-

fectively insoluble in silicone elastomer, within the limits of experimental error, as might be 

anticipated based upon its hydrophilic character. This DSC method is based on the principle 

that the fraction of drug solubilized within the silicone elastomer cannot give rise to a melting 

peak with an associated enthalpy value;  therefore, the  concentration with zero enthalpy is 

assumed to represent the solubility value [174,197]. However, it should be noted that this 

DSC method for measuring drug solubility in polymers can only determine the solubility at 

the drug melting temperature, given the nature of the DSC experiment [174]. The solubility 

of drugs in the silicone elastomer vaginal rings was expected to influence the diffusion-con-

trolled drug release rate. The in vitro release testings of rings containing MET and/or sucrose 

would be conducted and discussed in chapter 4 and 7. 

 

 
Figure 2.9. DSC thermograms of silicone elastomer samples containing MET (A) or sucrose (B) 
with different drug loadings. 
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Figure 2.10. Estimation of drug solubility in silicone elastomer from the relation between heat of 
fusion of melting transitions and the MET (A)/sucrose (B) loading in silicone elastomer.  
 

Table 2.8. Thermal parameters for each melting transition in DSC thermograms for silicone elas-
tomer samples containing MET or sucrose with different drug loadings (n=3, mean ± sd). 

Drug loading 
(% w/w) 
 

MET sucrose 

Onset 
Temp.(˚C) 

Peak 
Temp.(˚C) 

Enthalpy 
(∆H, J/g) 

Onset 
Temp.(˚C) 

Peak 
Temp.(˚C) 

Enthalpy 
(∆H, J/g) 

1.25 159.71 ± 
0.01 

160.72 ± 
0.08 

1.59 ± 0.09 189.01 ± 
0.05 

190.38 ± 
0.08 

1.29 ± 0.36 

3.125 159.62 ± 
0.02 

160.87 ± 
0.09 

4.90 ± 0.17 188.95 ± 
0.09 

190.54 ± 
0.11 

4.07 ± 0.32 

6.25 159.42 ± 
0.05 

161.24 ± 
0.20 

11.32 ± 
0.11 

188.88 ± 
0.10 

190.96 ± 
0.14 

8.57 ± 0.28 

12.5 159.60 ± 
0.04 

162.22 ± 
0.32 

24.48 ± 
0.75 

188.53 ± 
0.09 

190.98 ± 
0.16 

16.39 ± 0.21 

25 159.52 ± 
0.03 

162.98 ± 
0.36 

49.24 ± 
0.16 

188.28 ± 
0.07 

191.57 ± 
0.24 

30.86 ± 1.39 

37.5 159.65 ± 
0.01 

163.74 ± 
0.10 

75.18 ± 
0.27 

– – – 

 

DPV and sucrose 

The physical mixtures of DPV and sucrose, and silicone elastomer samples containing DPV 

and/or sucrose (10% w/w), were also prepared and analyzed by DSC (Figure 2.11 and Table 

2.9). Three ratios (80:20, 50:50 and 20:80) were selected for the physical mixtures of the two 

drug compounds to assess drug-drug compatibility. The melting temperatures of sucrose and 

DPV clearly decreased with increasing proportion of the other compound (Figure 2.11A). Fur-

thermore, no additional thermal transitions were observed in the DSC traces, indicating that 

DPV and sucrose have good compatibility. Thermal data for sucrose and DPV, both in the 
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physical powder mixes and in the silicone elastomer samples, are presented in Table 2.10. In 

general, the onset temperature in silicone elastomer was slightly higher than in the drug 

powders, most likely due to the delayed heat transfer to the drug particles in the silicone 

elastomer due to it insulating properties. The difference between the onset temperature as-

sociated with sucrose melting in the D50S50 drug powder and the D50S50 silicone elastomer 

sample was ~10 ˚C (177.28 ˚C vs 187.74 ˚C). It seems that the onset temperature of sucrose 

was not affected by the presence of DPV in silicone elastomer, which is supported by the 

similar onset temperature of sucrose alone in silicone elastomer (187.74 ˚C and sucrose in 

D50S50 in silicone elastomer (187.38 ˚C). DPV, sucrose and silicone elastomer showed good 

compatibilities each other.  

 

 
Figure 2.11. (A) Representative DSC traces showing thermal behavior of micronized DPV (100% 
DPV), sucrose (100% sucrose) and their physical mixtures in varying ratios, downward direction 
is selected as endothermic. (B) DSC traces for silicone elastomer samples containing either su-
crose (10% w/w), DPV (10% w/w) or both sucrose and DPV (10% w/w each). 
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Table 2.9. Thermal parameters for each melting transition in DSC thermograms for samples con-
sisting of sucrose, DPV and their physical mixtures in varying ratios (n=3, mean ± sd). 

Sample Sucrose DPV 

Onset 
Temp.(˚C) 

Peak 
Temp.(˚C) 

Enthalpy 
(∆H, J/g) 

Onset 
Temp.(˚C) 

Peak 
Temp.(˚C) 

Enthalpy 
(∆H, J/g) 

DPV – – – 219.53 ± 
0.02 

220.35 ± 
0.09 

77.62 ± 
15.90 

D80S20 174.98 ± 
2.22 

182.89 ± 
1.06 

22.21 ± 
1.40 

215.23 ± 
0.09 

217.16 ± 
0.07 

97.76 ± 
5.09 

D50S50 177.28 ± 
2.96 

184.76 ± 
1.67 

69.86 ± 
9.50 

214.29 ± 
0.24 

216.47 ± 
0.22 

72.82 ± 
8.43 

D20S80 182.48 ± 
0.77 

187.12 ± 
0.60 

106.18 ± 
9.85 

213.55 ± 
0.14 

215.76 ± 
0.25 

28.95 ± 
1.84 

Sucrose 186.18 ± 
0.38 

189.30 ± 
0.79 

127.60 ± 
6.43 

– – – 

 

Table 2.10. Thermal parameters for each melting transition in DSC thermograms for micronized 
powders and silicone elastomer samples containing either sucrose (10% w/w), DPV (10% w/w) 
or both sucrose and DPV (10% w/w each) (n=3, mean ± sd). SE – silicone elastomer 

Sample 
 

sucrose DPV 

Onset 
Temp.(˚C) 

Peak 
Temp.(˚C) 

Enthalpy 
(∆H, J/g) 

Onset 
Temp.(˚C) 

Peak 
Temp.(˚C) 

Enthalpy 
(∆H, J/g) 

Sucrose powders 186.18 ± 
0.38 

189.30 ± 
0.79 

127.60 ± 
6.43 

– – – 

Sucrose in SE  187.38 ± 
0.05 

189.29 ± 
0.07 

12.34 ± 
1.22 

– – – 

D50S50 powders 177.28 ± 
2.96 

184.76 ± 
1.67 

69.86 ± 
9.50 

214.29 ± 
0.24 

216.47 ± 
0.22 

72.82 ± 8.43 

D50S50 in SE 187.74 ± 
0.02 

189.61 ± 
0.15 

12.80 ± 
0.30 

215.45 ± 
0.03 

217.25 ± 
0.05 

11.95 ± 
0.115 

DPV powders – – – 219.53 ± 
0.02 

220.35 ± 
0.09 

77.62 ± 
15.90 

DPV in SE – – – 220.29 ± 
0.07 

221.32 ± 
0.04 

9.19 ± 0.55 

 

MET, DPV and sucrose 

Representative DSC thermograms and summary thermal data for physical mixtures contain-

ing all three drug substances (MET, DPV and sucrose) in varying weight ratios and the corre-

sponding silicone elastomer sample containing 10% w/w each of DPV, MET and sucrose (DMS 

in SE) are presented in Figure 2.12 and Table 2.11, respectively. There are three thermal 

transitions on the DSC traces for the ternary mixture DMS, 2DMS, 2MDS and 2SDM. The pol-

ymorphic transition of DPV at 101 ˚C appeared and was not affected by the presence of MET 

and sucrose. A new endothermic transition appeared at 151.5 ˚C, a melting point lower than 
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that of pure drugs and even the eutectic melting point of DPV and MET (153 ˚C), and re-

mained unchanged by the different ratios of DPV, MET and sucrose. In addition, the melting 

transitions between 175 ˚C and 179 ˚C were contributed by the depressed melting of sucrose 

and/or DPV. The degradation of sucrose and exothermic reactions may occur above 221 ˚C, 

therefore the thermal behaviours were not shown in the DSC thermogram for the ternary 

mixtures of DPV, MET and sucrose.  

 

When comparing the melting transitions of physical mixtures and silicone elastomer samples, 

there is a small difference between the 151.84 ˚C of DMS and 153.12 ˚C of DMS in SE (Figure 

2.12B, Table 2.11). Similar to the binary mixture of sucrose and MET, the relatively higher 

melting peaks at 153.12 ̊ C in silicone elastomer samples were difficult to distinguish whether 

the thermal transition was caused by the eutectic composition of DPV and MET or another 

eutectic formation of DPV, MET and sucrose. The thermal behaviour of sucrose in silicone 

elastomer in the case of presence of other active ingredients were uncertain and may be due 

to a broad range of drug particle sizes in the sucrose samples and experimental errors in DSC 

operation. Therefore, DPV, MET and sucrose formed a eutectic mixture in physical mixtures 

of drug powders at 152 ˚C.  

 

 

Figure 2.12. (A) Representative DSC traces showing thermal behavior of micronized DPV, MET 
and sucrose and their physical mixtures in varying ratios, downward direction is selected as en-
dothermic. (DMS means DPV: MET: sucrose = 1:1:1 in weight ratio, 2DMS means DPV: MET: su-
crose = 2:1:1 in weight ratio). (B) A comparation in DSC traces for drug powders and silicone elas-
tomer samples containing three APIs DPV, MET and sucrose (10% w/w each). 
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Table 2.11. Thermal parameters for each melting transition in DSC thermograms for samples con-
sisting of DPV, MET, sucrose, their physical mixtures in varying ratios and the silicone elastomer 
(SE) sample containing DPV, MET and sucrose (1:1:1 in weight ratio, 10% w/w each). Peak I and II 
are not specific to two certain thermal transitions but to the relative positions of peaks on the 
DSC traces (n=3, mean ± sd). 

Sample Peak I Peak II 

Onset 
Temp.(˚C) 

Peak 
Temp.(˚C) 

Enthalpy 
(∆H, J/g) 

Onset 
Temp.(˚C) 

Peak 
Temp.(˚C) 

Enthalpy 
(∆H, J/g) 

MET 160.02 ± 
0.19 

160.95 ± 
0.07 

196.23  
± 28.01 

– – – 

sucrose – – – 186.18 ± 
0.38 

189.30 ± 
0.79 

127.60 ± 
6.43 

DPV – – – 219.53 ± 
0.02 

220.35 ± 
0.09 

77.62 ± 
15.90 

DMS 151.84 ± 
0.01 

153.75 ± 
0.26 

80.07 ± 
5.59 

179.10 ± 
0.08 

181.06 ± 
0.15 

32.13 ± 
2.54 

2DMS 151.46 ± 
0.04 

152.83 ± 
0.32 

61.33 ± 
3.34 

177.89 ± 
0.08 

179.76 ± 
0.20 

16.46 ± 
0.08 

2MDS 151.62 ± 
0.01 

153.06 ± 
0.16 

115.93 ± 
5.33 

176.64 ± 
0.01 

178.71 ± 
0.15 

12.15 ± 
0.20 

2SDM 151.35 ± 
0.04 

153.37 ± 
0.20 

76.11 ± 
4.10 

174.39 + 
0.07 

180.41 ± 
0.23 

70.97 ± 
0.13 

DMS in SE 153.12 ± 
0.05 

156.58 ± 
0.12 

23.57 ± 
0.622 

178.50 ± 
0.07 

180.51 ± 
0.05 

8.26 ± 
0.15 

 

Boric acid 

A fourth active ingredient, boric acid, was also selected for potential incorporation into the 

multipurpose vaginal ring device, due to its ability of facilitating removing biofilm of bacterial 

pathogens and resulting in reduced recurrence of bacterial vaginosis [164]. 

 

Compared to other active ingredients, the degradation temperature of boric acid is approxi-

mately close to the 100 ̊ C – a curing temperature of silicone elastomer DDU4320 (Figure 2.2). 

Previous studies have reported the three-step dehydration process of boric acid under heat 

ramp conditions. With increasing heat, boric acid is first transformed into metaboric acid 

(HBO2), then into tetraboric acid (H2B4O7), and finally forms boron oxide (Figure 2.13) [198–

200]. The first transformation occurs in the temperature range 90–170 ˚C [199] [201]. Here, 

in this study, the boric acid was heated at 10 ˚C/min from 25 ˚C to 240 ˚C, and a representa-

tive DSC thermogram is presented in Figure 2.14A. There are three discernible endothermic 

transitions with onset temperatures at 113 ˚C, 145 ˚C and 157 ˚C (range 108–172 ˚C) which 

are in agreement with the previously reported values [199]. 
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A custom DSC method for analysis of boric acid was developed, requiring equilibration at 20 

˚C, a temperature jump to 100 ˚C, an isothermal step for 2 min at 100 ˚C, a cooling step to 20 

˚C, and finally a ramp heat to above 200 ˚C at 10 ˚C/min. This custom method was designed 

to mimic the thermal process during injection molding manufacture of the silicone elastomer 

vaginal rings manufacture in which the uncured liquid-state silicone elastomer mix contain-

ing boric acid powder is injected quickly to a heated vaginal ring mould at 100 ˚C for 95 s and 

then cooled to the room temperature. The corresponding DSC thermogram is shown in Fig-

ure 2.14B. The shape of DSC trace is similar with that in Figure 2.14A. The onset temperatures 

for the two major peaks were 116 ˚C and 159 ˚C.  

 

The uncured silicone elastomer DDU4320 and that loaded with 50 % w/w of boric acid was 

heated at 10 ˚C/min in the DSC instrument (Figure 2.14C, D). The DSC samples were sealed 

in pans and placed in the furnaces instantaneously after mixing part A and part B with spatula 

in seconds at room temperature. A large and broad endothermic transition is observed in 

Figure 2.14C, which is due to the enthalpy changes associated with the evaporation of the 

inhibitor during the curing process of the silicone elastomer. The three-step transformation 

of boric acid has seemingly merged into a single transition with onset temperature at 162 ˚C 

(Figure 2.14D). Silicone elastomer may act as a protection against dehydration for boric acid 

due to the hydrogen bonding between boric acid and hydroxy-terminated PDMS oil – a com-

ponent in the base material of addition-cure silicone elastomer system. Therefore, boric acid 

mixed with silicone elastomer is capable of being injected in a 100 ̊ C steel mould to complete 

vaginal ring manufacture.  

 

 
Figure 2.13. The three-step dehydration process of boric acid [198].  
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Figure 2.14. (A) Representative DSC traces showing thermal behaviours of boric acid in a ramp 
heating mode. (B) Boric acid in a heat-cool-heat mode. (C) Silicone elastomer DDU4320 curing in 
a ramp heating mode. (D) Silicone elastomer DDU4320 containing 50% w/w boric acid curing in a 
ramp mode. All temperature labels in the figure represent the onset temperatures of the thermal 
transitions. 
 

DPV and boric acid  

The DSC thermograms of physical mixtures of DPV and boric acid in three ratios of two com-

pounds (80:20, 50:50 and 20:80) were shown in Figure 2.15A and corresponding data were 

summarized in Table 2.12. It is obvious that the areas of thermal transitions of boric acid 

decreased significantly as the increased proportion of DPV in the physical mixture. Three 

thermal transitions were clearly observed for boric acid, although the shapes of the endo-

thermic peaks were very different for each sample, such as between D80B20 and D50B50. 

The onset temperature of DPV was not affected by the presence and proportions of boric 

acid in the physical mixtures.  

 

Sucrose and boric acid 

The DSC thermogram of the physical mixture containing 1:1 sucrose / boric acid (S50B50) is 

shown in Figure 2.15B, and the corresponding DSC data summarized in Table 2.13. Thermal 

transitions associated with dehydration of boric acid are observed below 100 ̊ C, even though 

the integrated onset temperature was measured 106.81 ˚C for S50B50. Also, melting point 
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depression was observed for sucrose in the S50B50 sample. The upward curve after the peak 

in melting transition of sucrose was not as smooth as that of pure sucrose.  

 

MET and boric acid 

The DSC thermogram of physical mixture of MET and boric acid in the same weight ratio 

(M50B50) were shown in Figure 2.15C. A big ‘triangle’ with the rough curve was observed 

with an onset temperature at 117.19 ˚C. The specific melting transitions of MET and boric 

acid were not seen in the DSC trace for the physical mixture of MET and boric acid. It is diffi-

cult to decipher the endothermic behaviours across the 100 ˚C to 200 ˚C temperature range.  

 

MET, DPV, sucrose and boric acid 

The 1:1:1:1 (by weight) physical mixture of DPV, MET, sucrose and boric acid was prepared 

and the DSC thermogram showing a number of broad thermal transitions over the tempera-

ture range 100–200 ˚C is shown in Figure 2.15D. It is not applicable to test the compatibility 

between boric acid and compounds whose melting point sitting in the dehydration range 

(100–200 ˚C) in DSC thermograms. The limitations of the DSC technique were apparent in 

testing the compatibility of boric acid with other drug substances. Furthermore,  tempera-

tures close to 200 ˚C in DSC are not usually applied in the preparation and manufacture of 

pharmaceutical formulations [165,202]. Further consideration of the manufacturing temper-

ature and the effect of boric acid on the stability of other drug substances is needed for sili-

cone elastomer rings incorporating of boric acid, either alone or on combination with other 

drugs.  
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Figure 2.15. (A) Representative DSC traces showing thermal behavior of micronized DPV (100% 
DPV), boric acid (100% boric acid) and their physical mixtures in varying ratios, downward direc-
tion is selected as endothermic; (B) DSC traces of physical mixture of boric acid and sucrose 
(S50B50 = 50% w/w of sucrose and 50 % w/w boric acid). (C) DSC traces of physical mixture of 
MET and boric acid (M50B50 = 50% w/w of MET and 50 % w/w boric acid); (D) DSC traces of 
physical mixture of DPV, MET, sucrose and boric acid in a weight ratio of 1:1:1:1.  All temperature 
labels in the figure represent the onset temperatures of the thermal transitions. 
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Table 2.12. Thermal parameters for each melting transition in DSC thermograms for samples consisting of boric acid, DPV and their physical mixtures in varying 
ratios (n=3, mean ± sd). 

Sample Boric acid Peak I Boric acid Peak II Boric acid Peak III DPV 

Onset 
Temp. (˚C) 

Peak 
Temp. (˚C) 

Enthalpy 
(∆H, J/g) 

Onset 
Temp. (˚C) 

Peak 
Temp. (˚C) 

Enthalpy 
(∆H, J/g) 

Onset 
Temp. (˚C) 

Peak 
Temp. (˚C) 

Enthalpy 
(∆H, J/g) 

Onset 
Temp. (˚C) 

Peak 
Temp. (˚C) 

Enthalpy 
(∆H, J/g) 

DPV – – – – – – – – – 219.53 ± 
0.02 

220.35 ± 
0.09 

77.62 ± 
15.90 

D80B20 119.49 ± 
7.08 

122.60 ± 
5.35 

119.66 ± 
59.22 

128.62 ± 
3.99 

135.89 ± 
2.65 

21.56 ± 
17.74 

152.40 ± 
1.27 

162.20 ± 
0.35 

35.46 ± 
21.63 

219.41 ± 
0.11 

220.54 ± 
0.02 

151.73 ± 
68.86 

D50B50 114.27 ± 
1.30 

124.93 ± 
0.55 

461.00 ± 
19.77 

134.21 ± 
0.39 

142.08 ± 
0.50 

24.88 ± 
8.09 

154.71 ± 
0.23 

162.07 ± 
0.36  

170.23 ± 
7.05 

219.58 ± 
0.05 

220.74 ± 
0.07 

50.86 ± 
11.41 

D20B80 111.38 ± 
5.57 

140.75 ± 
2.20 

724.27 ± 
34.05 

146.77 ± 
0.42 

149.60 ± 
1.50 

2.67 ± 
0.71 

156.06 ± 
1.09 

163.67 ± 
1.28 

167.83 ± 
6.74 

218.72 ± 
0.21 

220.71 ± 
0.72 

13.11 ± 
4.21 

Boric 
acid 

113.39 ± 
0.40 

132.96 ± 
2.12 

761.87 ± 
109.65 

144.62 ± 
2.08 

148.35 ± 
1.17 

3.67 ± 
2.19 

157.44 ± 
0.35 

160.97 ± 
0.29 

232.67 ± 
34.08 – – – 

 

Table 2.13. Thermal parameters for each melting transition in DSC thermograms for samples consisting of boric acid, sucrose and their physical mixtures in 1:1 of 
weight ratio (n=1).  

Sample Boric acid Peak I Boric acid Peak II Boric acid Peak III Sucrose 

Onset 
Temp.(˚C) 

Peak 
Temp. (˚C) 

Enthalpy 
(∆H, J/g) 

Onset 
Temp. (˚C) 

Peak 
Temp. (˚C) 

Enthalpy 
(∆H, J/g) 

Onset 
Temp. (˚C) 

Peak 
Temp. (˚C) 

Enthalpy 
(∆H, J/g) 

Onset 
Temp. (˚C) 

Peak 
Temp. (˚C) 

Enthalpy 
(∆H, J/g) 

Sucrose – – – – – – – – – 186.18 189.30  127.60  

S50B50 106.81 138.83 339.13 – – – 154.41 163.72 93.77 176.38 177.26 64.41 

Boric acid 113.39  132.96  761.87   144.62   148.35  3.67  157.44  160.97 232.67 – – – 
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2.5. Conclusions 

In this chapter, the thermal analytical techniques TGA and DSC have been applied for the 

thermal characterization and evaluation of drug-drug and drug-polymer compatibilities of 

the drug substances including DPV, MET, sucrose and boric acid and addition-cured silicone 

elastomer DDU4320. DPV and MET form a eutectic system with a composition 70% w/w MET 

and 30% w/w DPV and a eutectic temperature of 153 ˚C, both for physical mixtures of the 

drug substances and after incorporation of the drugs into the silicone elastomer. In addition, 

the physical binary mixtures of sucrose and MET with a eutectic composition 20% w/w su-

crose and the ternary physical mixtures of DPV, MET and sucrose showed eutectic behaviour 

with eutectic temperatures at 157 ˚C and 152 ˚C, respectively. DPV, MET and sucrose show 

good compatibility and are also present at least partly in the crystalline form within the sili-

cone elastomer. Physical mixing and solvent evaporation methods for preparing the eutectic 

compound showed no differences in determining the eutectic composition and eutectic tem-

perature. The solubilities of MET and sucrose in silicone elastomer were calculated as 0.57% 

w/w and -0.22% w/w, respectively, through DSC measurements. Negative values of solubility 

are unrealistic; therefore it could be assumed that sucrose is insoluble in silicone elastomer. 

According to DSC analysis, the dehydration process of boric acid occurs over the temperature 

range 100–200 ˚C. The presence of boric acid in the physical mixture has no effect on the 

melting point of DPV, induces a melting depression for sucrose, and the effect on MET is not 

able to be measured. Further investigation is needed to assess the compatibility of boric acid 

with MET and the silicone elastomer.  
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3.1. Introduction 

To date, three types of polymeric materials – silicone elastomers (also known as silicone rub-

ber), ethylene vinyl acetate copolymers (EVA) and thermoplastic polyurethanes (TPU) – have 

been used for the manufacture of vaginal rings. Five of seven marketed vaginal ring products 

– Estring®, Femring®, Progering®, Fertiring® and Annovera™ – and the recently approved 

dapivirine-releasing vaginal ring are fabricated from silicone elastomers. NuvaRing® is fabri-

cated from two EVA copolymers [46,203,204]. The core and sheath of the reservoir-type vag-

inal ring Ornibel® are made from TPU and EVA, respectively.  

 

Silicone elastomer formulations contain reactive linear polymers, reinforcing agents, a cross-

linking agent and a catalyst which, when cured, result in the formation of a non-biodegrada-

ble and highly elastomeric material [5]. The most common cure chemistries for medical grade 

silicone elastomer systems involve condensation-cure and addition-cure crosslinking mech-

anisms. In tin-catalyzed condensation-cure silicone elastomer systems, the crosslinking reac-

tion occurs between hydroxy-terminated PDMS and a tetraalkoxysilane (crosslinker) at rela-

tive low curing temperatures (< 100 ˚C) (Figure 3.1) [205–207]. However, volatile alcohols 

formed as by-products of the curing reaction can dissolve any incorporated drug molecules, 

causing a relatively large drug burst release [60,207,208]. Furthermore, the tin catalyst can 

be poisoned by certain chemical functional groups in drug molecules [46]. The addition-cure 

mechanism of crosslinking involves a platinum-catalyzed hydrosilylation reaction between 

hydride-functionalized and vinyl-functionalized PDMS molecules in the silicone elastomer 

formulation (Figure 3.2). Compared to condensation-cure system, addition-cure systems 

tend to be cured at higher temperatures (120 – 180 ˚C) and there is no by-product produced 

with the reaction. The platinum catalyst is also sensitive to deactivation by various chemical 

and functional groups, including tin salts, and sulfur and amine-containing organic com-

pounds [5,209]. 

 
Figure 3.1. Curing reaction for condensation-cure silicone elastomer systems [5]. 
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Figure 3.2. Curing reaction for addition-cure silicone elastomer systems [5].  
 

Although silicone elastomers are widely regarded as highly flexible polymeric materials,  dif-

ferent physical and mechanical properties can be easily obtained by changing cure chemistry, 

cross-linking density, type, and molecular weight of the PDMS components, the content of 

fillers and other functional additives [46,203]. Dallal Bashi et al. reported that use of custom 

addition-cure silicone elastomer materials based on modifications to a healthcare grade sili-

cone formulations (Silbione™ LSR D135-QB) successfully reduced the extent of irreversible 

binding of levonorgestrel (LNG) and improved the mechanical performances of vaginal rings 

containing DPV and LNG [203].  

 

Drug-releasing silicone elastomer vaginal rings are manufactured by reaction injection mold-

ing processes, involving mixing of the silicone elastomer and the pharmaceutical ingredients, 

and injection of the mixture under pressure into a heated mold assembly to complete curing. 

Prior to injection into the mold, the silicone elastomer mix can be chilled to prolong the pot 

time, since reducing the temperature reduces the cure rate. The mold fitted to the injection 

molding machine is temperature controlled, and needs to be heated to a sufficiently high 

temperature to volatilize the cure inhibitor and accelerate the curing reaction [210]. During 

the curing process, the viscosity of the system increases until a solid highly elastic silicone 

elastomer is formed. Higher cure temperatures result in a shorter cycle time, which reduces 

risk of premature curing of silicone elastomer formulations caused by a long production time. 

The most important processing parameters for injection molding process include mold 
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temperature, curing time, shot size, injection rate and injection pressure, each of which need 

to be optimized for different grades of silicone elastomers [5,211]. 

 

Oscillatory (shear) rheometry is a technique in which a sinusoidal oscillating stress is applied 

in the sample and the resultant stress response is measured to characterize viscoelastic be-

havior of a material on a rheometer. Figure 3.3A showed a schematic diagram of parallel 

plate measuring system, one of common three geometries – cone-plate, concentric cylinders 

and plate-plate. It consists of two plates – upper plate (bob) and stationary lower plate with 

same dimensions and textures of surfaces.  The dimension of the upper plate is defined by 

the plate radius R, and d is the distance between the upper plate and lower plate [212]. The 

viscoelastic behaviour of the system is characterized by the storage modulus (G’, elastic por-

tion) and the loss modulus (G”, viscous portion), which respectively describes the solid-like 

and liquid-like behaviours of the sample. The phase angle (tan d) – the ratio between loss 

and storage modulus (G”/G’) – is also a useful parameter called loss factor to describe visco-

elastic behaviour. In practical applications, a liquid is called ideally viscous if tan d > 100:1 = 

100, while a solid material is called ideally elastic if tan d < 1:100 = 0.01. The curves of loss 

factor tan d,  storage modulus G’ and loss modulus G” are plotted in Figure 3.3B. The curves 

G’ and G’’ intercross at a point – gel point, at which polymers undergo phase transition from 

liquid to solid. The time to reach the gel point is known as the gelation time. [212].  
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Figure 3.3. (A) Schematic diagram of a controlled-stress rheometer in a parallel plate configura-
tion; (B) Schematic representation of dynamic viscoelastic properties of gelation system as a 
function of reaction time [213].  
 

Oscillatory rheometry has previously been used to characterize the curing behaviour of sili-

cone elastomers via detecting changes on viscosity and elasticity as the liquid-like silicone 

elastomer converts to elastic solids [214–216]. Harkous et al. used rheological methods to 

demonstrate the crosslinking kinetics of a two-component “SILIBONE LSR4350 HC A + B’’ with 

curing in 1:1 weight ratio [214]. Figure 3.4 shows the rheometric measurement of liquid sili-

cone rubber (LSR) crosslinking also known as the curing process. The curves of storage mod-

ulus G’ (elastic portion) and loss modulus G” (viscous portion) of a LSR increased slowly due 

to the formation of small, branched molecules and the appearance of nodes (black dots). The 

crosslinking network continues to develop as shown by the increase on both modulus and 

viscosity until the end of curing.  
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Figure 3.4. Rheometric measurement of crosslinking progress of liquid silicone rubber [214].  
 

McConville et al. analyzed and compared the cure kinetics for a range of addition-cure and 

condensation-cure silicone elastomers, and reported the effects of cure temperature, con-

tent of active agents (bovine serum albumin) and excipients (glycine) on isothermal curing. 

This study provided guidelines for selection of silicone elastomer grades, influence of drug 

loading in the silicone elastomer system and choice of temperature considering thermal sta-

bility and cycle time of manufacture [217–219]. Typically, the storage modulus (elastic por-

tion) for silicone elastomers (both without and including additional excipient or actives sub-

stances) increases with time, representing the increase in viscosity as cure progresses. Mur-

phy et al. have also demonstrated irreversible binding of levonorgestrel with an addition-

cure silicone elastomer using oscillatory rheometry; the binding caused the inhibition of sili-

cone cure. Initial decline in storage modulus (G’) at low levonorgestrel concentrations (1, 5, 

10 and 15 %w/w) compared with the silicone elastomer control showed that the cure inhibi-

tion of levonorgestrel predominated and masked any filler effect [170].    

 

This project is initially focused on developing new silicone elastomer matrix-type MPT rings 

containing both DPV (an antiretroviral drug) and MET (a nitroimidazole antibiotic) for simul-

taneous HIV prevention and treatment of bacterial vaginosis. The aim of this chapter is to 

assess the cure characteristics of an addition-cure silicone elastomer (DDU-4320) containing 

different concentrations of MET and combinations of MET and DPV by oscillatory rheometry 

to understand whether the drugs inhibited silicone cure or significantly contributed to the 
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final modulus value. It is also expected to provide  a view to better understanding the influ-

ence of these drugs on ring manufacture.  

 

3.2. Materials 

Silicone elastomer DDU-4320 was supplied by NuSil Silicone Technology Inc. (Carpinteria, CA, 

USA). Micronized DPV was supplied by the International Partnership for Microbicide (IPM, 

Silver Springs, MD, USA). Micronized MET was supplied by Farchemia Srl (Treviglio, Italy). 

 

3.3. Methods 

Oscillatory rheometry studies were performed using an AR-2000 rotational rheometer (TA 

Instruments, Leatherhead, UK). Addition-cure silicone elastomer DDU4320 was selected as a 

blank control. Different loadings of DPV alone, MET alone, and various combinations of 

DPV+MET were incorporated into silicone elastomer samples (Table 3.1). Samples (10 g for 

each formulation) were prepared by adding and mixing specified quantities of drug powders 

into Parts A and B of the DDU-4320 silicone elastomer system to form Part A and D drug 

active mixes, followed by speed-mixing of the part mixes (1:1, weight ratio) using a dual 

asymmetric centrifuge (DAC) mixer (20s, 3000 rpm; SpeedMixer™ DAC 150 FVZ-K, Hauschild, 

Germany). Samples (3 g) were immediately placed on the centre of the lower stationary plate 

of the parallel plate rheometer, and the upper plate (40 mm crosshatch plate) was lowered 

to produce a 1000 µm gap between the plates. Excess material was removed from the plates 

just before initiating the experiment. The rheometer was then equilibrated for 30 sec. Each 

sample was heated from 25 ˚C to 100 ˚C at a 30 ˚C/min temperature rate and maintained at 

100 ˚C for 10 min under an oscillation frequency of 1 Hz and an oscillatory stress of 8.5 Pa; 

these two parameters were based on prior determination of the linear viscoelastic region 

[217]. Each formulation was performed in triplicate. Storage modulus (G’), loss modulus (G”) 

and tan d values were measured as a function of time. 

 

Table 3.1. Silicone elastomer samples containing DPV only, MET only, and combinations of DPV 
and MET. 

API Concentration of APIs in silicone elastomer samples (% w/w) 
DPV 0.3125 2.5 – – – – – – – 0.3125 2.5 

MET – – 1.25 3.125 6.25 12.5 25 37.5 50 12.5 12.5 
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Statistical analysis 

The effect of DPV and/or MET loading on the rheological cure characteristics of DDU4320 

silicone elastomers were analyzed using a one-way ANOVA followed by post hoc analysis 

using the Tukey-Kramer multiple comparisons test. Analysis was conducted using Graph-Pad 

Prism software. A significance level of p value < 0.05 was accepted to denote significance in 

all cases.  

 

3.4. Results and Discussion 

The addition-cure silicone elastomer DDU-4320 kit comprises two parts (Part A and Part B) 

which are combined in a 1:1 ratio to initiate cure via the hydrosilylation addition reaction. 

Part A contains the silicone elastomer base and platinum-based hydrosilylation catalyst, 

while part B contains silicone elastomer base, hydride crosslinker and inhibitor (used to con-

trol work time) [5].   

 

In the oscillatory rheometry experiment, the sample was heating from 25 ˚C to 100 ˚C at 30 

˚C/min (the highest heating rate of the instrument) and held at 100 ˚C for 10 min. This tem-

perature profile was selected to simulate the temperature changes experienced by the DDU-

4320 silicone elastomer after injecting into a heated ring mold (100 ̊ C) and curing for 10 min. 

Representative rheograms showing three parameters – log storage modulus (Log G’), log loss 

modulus (Log G”) and tan d (G”/G’), each as a function of time – are presented in Figure 3.5A. 

As the method included two different temperature modes – ramp heating and isothermal, 

time is used as the unit for the X-axis for a better presentation of the rheograms. The time 

segments from 0 to 2.5 mins corresponded to the ramp heating from 25 ˚C to 100 ˚C, and the 

time segments from 2.5 mins to the end corresponded to holding temperature at 100 ˚C. 

Initially, the loss modulus (G”, characterizing viscous liquid-like behavior) was higher than the 

storage modulus (G’, representing elastic solid-like behaviour), corresponding to the liquid 

nature of the silicone elastomer at room temperature. There were no significant changes for 

G’ and G” during the first two minutes of the rheological experiment, which fell within the 

temperature ramp phase (~80 ̊ C at 2 min, temperature is not shown in the figure). Evidently, 

the temperature is not high enough to initiate extensive crosslinking, and the input of heat 

to the samples suffers from a time lag. After ~2 min, the values of both G’ and G” start in-

creasing, and cross at an intersection point commonly known as the 'gel point'; at the gel 

point, the value of tan d is equal to one (dashed line). After the gel point is reached, the value 
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of G’ is larger than that of G”, indicating that the system predominates in the solid elastic 

state [220]. As a result, the values of tan  d continue decreasing towards zero.  

 

 
Figure 3.5. (A) Representative oscillatory rheograms monitoring the ramping (25–100 ˚C) and 
holding (100 ̊ C) of blank and MET-loaded silicone elastomer DDU-4320 samples, and showing the 
trends in Log storage modulus (Log G’), Log loss modulus (Log G”) and tan d (= G’’/G’) as a function 
of time. (B) Oscillatory rheograms of Log storage modulus (Log G”) versus time (min) for all for-
mulations in the ramping-holding temperature mode. (C) Oscillatory rheograms (tan d versus 
time) showing the influence of MET loading on the curing characteristics of silicone elastomer 
DDU-4320 in the ramping-holding temperature mode. (D) Oscillatory rheograms (tan d versus 
time) showing the influence of combination of DPV and MET on the curing characteristics of sili-
cone elastomer DDU-4320 in the ramping-holding temperature mode. 
 

Storage modulus (G’) is associated with the energy stored in the deformed material and rep-

resents the elastic portion of the viscoelastic behavior [212]. Changes in Log G’ with this 

ramping-holding temperature mode can be used to monitor the curing process of silicone 

elastomer formulations (Figure 3.5B). All formulations showed three phases in the S-shaped 

Log vs G’ time profile: (i) an initial lag phase up until ~ 2min (T = ~80 ˚C (see dashed line), (ii) 

a phase in which the elastic modulus increased significantly to crosslink throughout the 

whole network, and (iii) a plateau region representing near or full cure. The rheograms for 

the formulations containing 37.5% and 50% w/w MET loading were distinct from the others, 

with the initial Log G’ of 50 % w/w MET almost an order of magnitude higher, most likely due 
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to the mechanical filler effect afforded by the high drug loading [39]. The final Log G’ values 

of all formulations were in the range 5–6 (Figure 3.5B).   

 

Tan d versus time plots are presented (Figure 3.5C and 3.5D) to illustrate the influence of 

drug loading on the curing of silicone elastomer and compatibility of drugs within silicone 

elastomers. The tan d values (= G”/G’) of all formulations were observed to decrease with 

time and changed towards zero indicating formation a solid elastomeric mateiral. Compared 

to other lower drug loadings of MET, 50% w/w MET showed a significant decreased initial 

tan d value because of high proportions of drug particles as mechanical fillers within the sys-

tem [217].   

 

The times required to obtain tan d values of 1 (gel point, ttan d=1) and 0.2 (an alternative meas-

ure of cure status, ttan d=0.2) are reported in Table 3.2. These two critical points were used to 

better compare the curing characteristics for silicone elastomer systems [217]. For all formu-

lations, the one-way ANOVA statistical analysis concluded that significant differences of val-

ues of ttan d=1 were shown for relatively higher drug loadings (³ 12.5 %w/w) (p<0.05). However, 

neither the relative high MET loadings (³ 12.5 %w/w) nor the coexistence of MET and DPV 

had significant impacts on values of ttan d=0.2 (p>0.05). The 100 ˚C cure temperature was suffi-

ciently high enough for practical manufacture of all vaginal ring formulations. The rheological 

results also demonstrate the compatibility of MET and DPV with the silicone elastomers (con-

sistent with the DSC results, Chapter 2), and suggest no significant drug-polymer interactions.  

 

Table 3.2. Time to tan d = 1, 0.2 for all silicone elastomer formulations, as determined from os-
cillatory rheograms (tan d versus time). Three replications for each formulation (mean ± sd). 

Silicone elastomer formulation Time to tan d = 1 (min) Time to tan d = 0.2 (min) 

Blank  3.76 ± 0.05 4.25 ± 0.04 

1.25 %w/w MET 3.66 ± 0.03 4.09 ± 0.04 

3.125 %w/w MET 3.80 ± 0.06 4.29 ± 0.07 

6.25 %w/w MET 3.77 ± 0.03 4.23 ± 0.03 

12.5 %w/w MET 3.51 ± 0.06 3.94 ± 0.08 

25 %w/w MET 3.54 ± 0.03 4.08 ± 0.04 

37.5 %w/w MET 3.51 ± 0.02 4.066 ± 0.007 

50 %w/w MET 3.36 ± 0.10 4.3 ± 0.6 

0.3125 %w/w DPV 3.67 ± 0.04 4.16 ± 0.06 

0.3125 %w/w DPV + 12.5 %w/w MET 3.47 ± 0.03 3.92 ± 0.05 

2.5 % w/w DPV  3.67 ± 0.06 4.18 ± 0.05 

2.5 % w/w DPV + 12.5 %w/w MET 3.48 ± 0.03 3.94 ± 0.03 
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3.5. Conclusions 

In this chapter, the curing characteristics of different silicone elastomer samples containing 

various drug loadings of MET (1.25–50 %w/w), DPV (0.3125 and 2.5 %w/w) and their combi-

nations (0.3125 % w/w DPV + 12.5 % w/w MET, 2.5 %w/w DPV + 12.5 %w/w MET) were 

investigated using a rotational rheometer operating in a ramp–hold mode (25–100 ˚C, 100 

˚C). The decreased viscosity (loss modulus, G”) and increased elasticity (storage modulus, G’) 

are typical kinetic characters for curing of silicone elastomer as thermosetting materials. Both 

MET and DPV acted as mechanical fillers, increasing initial values of Log G’ (storage modulus) 

and reducing initial values of tand  (G”/G’) at relatively high drug concentrations. Relative 

high drug loadings influenced ttan d=1, but not ttan d=0.2. The results demonstrated compatibility 

between drugs (DPV, MET) and the silicone elastomer, which is consistent with results ob-

tained using thermal analysis (Chapter 2). Addition-cure DDU-4320 silicone elastomer was 

successfully used for manufacture of DPV/MET/DPV+MET vaginal rings. The threshold curing 

temperature for DDU-4320 is 80 ˚C, at which Log G’ showed a significant increase in the rhe-

ogram in despite of minor errors in the kinetic temperature mode. Temperatures above 80 

˚C are available for all vaginal ring formulations manufacture. The higher the curing temper-

ature (manufacture temperature), the shorter the time required for manufacture. In the 

large-scale manufacture with babyplast™, the curing time of less than 120 s are recom-

mended. 100 ˚C with 95 s is an optimum curing condition (manufacture method) which will 

be shown in Chapter 4.  
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4.1. Introduction 

Vaginal rings are usually designed to provide sustained or controlled release of drugs over 

relatively long periods of time (typically from three weeks to twelve months) in order to 

maintain effective drug concentrations in the vagina for clinical benefit [5]. As such, in vitro 

drug release testing (IVRT) is an important product performance test in the development of 

vaginal ring products. IVRT aims to characterize the drug release from vaginal ring products, 

to give insights into drug release mechanisms, to assist in screening of formulation candi-

dates in early development, to facilitate quality control (i.e., batch-to-batch consistency) 

within a defined set of specification criteria, and to provide, where possible, an assessment 

or prediction for in vivo performance of vaginal rings [221].  

 

Currently, there are no compendial apparatus or methods for IVRT of vaginal rings. The se-

lection of apparatus, composition of release medium, agitation (flow rate), and temperature 

are essential considerations in establishing a specific IVRT method for vaginal rings [222]. The 

designs for IVRT of marketed vaginal rings and certain rings in clinical development are sum-

marized in Table 4.1. Most methods use a temperature-controlled shaking incubator using 

one of two modes of shaking – linear or orbital. Vaginal ring devices are usually fully im-

mersed in a specified volume (typically ranging from 15–500 mL) of the selected release me-

dium in sealed glass flasks [44,223], scintillation vials (usually for segments), glass-stoppered 

conical flasks [224] or polypropylene containers [39], and then the flasks placed in a shaking 

incubator. Release medium is sampled and replaced periodically (usually every 24 h) and the 

quantity of drug release measured using HPLC.   

 

A flow-through apparatus (USP apparatus 4) has also been reported for IVRT of vaginal rings. 

Two marketed matrix-type vaginal ring products, Progering® and Fertiring®, are designed to 

provide sustained release of progesterone for one year and three months, respectively. The 

in vitro release tests for Progering® (three-month IVRT, 2074 mg drug loading) and Fertiring® 

(seven-day IVRT, 1000 mg drug loading) were reported as providing ~10 mg/day progester-

one release into isotonic saline using a constant-flow release system where the vaginal ring 

device was suspended in a glass bottle containing pre-warmed (37 ̊ C) isotonic saline solution 

being drawn by a peristaltic pump (4 L/day). A specific volume of sample was collected from 

effluent and the concentration of released drug measured [225,226].  
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Other apparatus reported for IVRT of vaginal rings include a reciprocating holder apparatus 

(USP apparatus 7) and a rotating paddle apparatus (USP apparatus 2). Externbrink et al. stud-

ied accelerated drug release of NuvaRing® with a reciprocating holder apparatus in which 

segments of vaginal rings (having the ends sealed) were placed in a 5-mesh basket holder 

within a glass dissolution cell and then immersed in 10 mL of vaginal fluid simulant (VFS) with 

0.1% sodium azide at different temperature 37 , 45, 50 and 55 ˚C [227]. Another report men-

tions use of a rotating paddle dissolution apparatus (USP apparatus 2) for IVRT of drosperi-

none-releasing vaginal rings, employing a release medium of 200 mL 0.3% sodium dodecyl 

sulfate solution at 37 ˚C and 50 rpm [228].  

 

In addition to use of different apparatus, various release medium including simulated vaginal 

fluid (SVF) [66,229,230], buffer systems [42,231], various organic solvent and water mixtures 

(isopropanol/water) and aqueous surfactant solutions [41,170,230,232,233] have also been 

used in the testing of drug release from vaginal rings. 'Sink conditions' is one of the most 

important considerations in IVRT of vaginal rings. Sink conditions are maintained when the 

drug concentration(s) in the release medium do not exceed 10% of their saturation concen-

trations during the experiment. (N.B. Some authors adopt concentrations greater that 10% 

of saturation.) For example, isopropanol/water mixture (1:1, v/v) provides sink conditions for 

release of poorly water-soluble DPV (aqueous solubility 0.017 mg/mL) from vaginal rings 

[234]. Day 1 release of DPV from a matrix-type ring (which is usually the highest daily release) 

is 12.5 µg/mL, which is ~1% of saturation concentration (1200 µg/mL in 1:1 v/v isopropa-

nol/water) [66].     

 

Here, in this work, selection of apparatus, release medium, agitation (flow rate), and tem-

perature for IVRT of MPT silicone elastomer vaginal rings containing DPV and/or MET is based 

on previous extensive experience of developing IVRT methods for DPV-releasing vaginal rings 

by other researchers in our group. A matrix-type 25 mg DPV ring (Ring-004) intended for 28-

day release for HIV prevention has recently been approved by the EMA (European Medicines 

Agency) [235]. Historically, IVRT of the DPV ring has been conducted using two different re-

lease media – isopropanol/water mixture (1:1 v/v) and SVF + 0.2% Tween80 in an 60 rpm 

orbital shaking incubator; release rate were within the ranges 2600–180 µg/day and 350–

100 µg/day, respectively (Table 4.1) [65,66,236]. The simple isopropanol/water mixture is 

suitable, robust and discriminatory to reflect changes in release of different dosage forms 

and provides sufficient solvating power for DPV to maintain sink conditions 

[41,60,66,232,237]. SVF – which simulates the chemical composition, osmolarity and pH of 
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vaginal fluid – is commonly used in combination with surfactants for the purposes of DPV 

release to satisfy the preference for sink conditions [66,169,230,238,239].  Murphy et al. in-

vestigated alternative media – monophasic IPA/water mixtures with different compositions 

and biphasic aqueous buffer/octanol systems with different buffer pH with the aim of iden-

tifying a release medium to match cumulative DPV release of 25 mg DPV ring in vivo [235]. 

The 20/80 IPA/water mixture (1:4) provided a release of approximately 3.5 mg DPV over 28 

days which is similar to the ~4 mg released over 28 days in vivo. The biphasic aqueous 

buffer/octanol system, where the octanol was intended to represent the combined vaginal 

tissue + systemic compartments and aqueous buffer was to mimic the vaginal fluid, was the 

first time to be investigated for drug release testing of vaginal rings.  

 

McCoy et al. have reported in vitro DPV release using a SVF + Tween release medium [66]. 

The 25 mg DPV ring (Ring-004) produced in vitro release data corresponding closely to in vivo 

release as determined by post-use residual content analysis. Historically, previous studies in 

our group concluded that the in vitro release using 0.2% w/w Tween aqueous solution was 

entirely similar to that measured using SVF + 0.2% w/w Tween. The vaginal fluid of a healthy 

human vagina typically has a pH ~4.2 [240]. Since excluding the SVF components greatly sim-

plifies preparation of the release medium, 0.2% w/w Tween 80 solution (pH = 4.2) and the 

use of an orbital shaking incubator (25 mm orbital diameter, 60 rpm and 37 ̊ C) were selected 

for in vitro release testing of DPV, MET and combination rings in this study.  

 

The aim of this chapter is to manufacture and perform in vitro release testing and content 

assays of MPT vaginal rings containing DPV, MET and the combination of DPV and MET. 
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Table 4.1. Description of vaginal rings (both marketed products currently undergoing clinical testing) and details of in vitro testing methods [222].  

Vaginal ring Vaginal ring type, 
duration of release 

Active agent(s),  
Drug loading 

Apparatus Medium, volume speed Release rate 

Estring ® reservoir, 3 months 17b-estradiol, 2 mg linear shaking water bath or 
shaking incubator 

0.9% saline, 250 
mL 

60 or  
130 rpm 

7.5 µg/mL 

NuvaRing® reservoir, 21 days estonogestrel, 11.7 mg 
ethinyl estradiol, 2.7 mg 

incubator with magnetic bar 
stirring/ring suspended in 
flask with nylon string 

water,  
200 mL 

750 rpm estonogestrel, 120 µg/mL 
ethinyl estradiol, 15 µg/mL 

Femring® reservoir, 3 months 17b-estradiol-3-acetate, 
12.4, 24.8 mg 

shaking orbital incuba-
tor/ring suspended by 
thread 

0.9% saline 0.133 
or 1.0% w/v ben-
zalkonium chlo-
ride, 500 mL 

rpm not 
specified 

50, 100 µg/day 

Progering® matrix, 3 months progestrone, 2074 mg constant-flow release sys-
tem comprising peristaltic 
pump and ring suspended in 
flask with nylon string 

isotonic saline,  
250 mL 

4 L/day ~  10 mg/day 

Fertiring® matrix, 7 days progesterone, 1000 mg same as Progering® same as Proger-
ing® 

4 L/day ~ 10 mg/day 

Ornibel® reservoir, 21 days etonogestrel, 11.0 mg 
ethinyl estradiol, 3.47 mg 

shaking incubator sodium acetate 
solution (25mM, 
pH 4.2) + 0.05% 
Solutol HS15,  
100 mL 

60 rpm etonogestrel, 120 µg/mL 
ethinyl estradiol, 15 µg/mL 

Annovera® reservoir, 1 year nestorone®, 103mg 
ethinyl estradiol, 17.4 mg 

linear shaking water bath (1 
inch)/ring suspended in flask 
with nylon string 

water, 400 mL 100 opm, 
1-inch 
stroke 
length 
 

nestorone®, 150 µg/mL 
ethinyl estradiol, 13 µg/mL 
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Dapivirine ring 
(Ring-004) (R) 

matrix, 28 days dapivirine, 25 mg orbital shaking incubator (25 
mm)/sealed glass vessels 

IPA + water  
(1:1 v/v) 
SVF + 0.2% 
Tween80,  
100 mL week-
days, 200 mL 
weekend 

60 rpm, 
25 mm 
orbital 
diameter 
 

2600-180 µg/day in IPA + 
water 
350-100 µg/day in SVF + 
Tween 

tenofovir and  
tenofovir + 
levonorgestrel 
rings (D) 

segmented dual-
reservoir, 90 days 

tenofovir, 1.2 – 1.6 g 
levonorgestrel, 6 mg 

shaking incubator/250 or 
500 mL glass flaks 

25 mM sodium 
acetate buffer,  
pH 4.2, volume 
adjusted through-
out the experi-
ment 

80 rpm tenofovir, 10 mg/day 
levonorgestrel, 20 µg/day 

combination 
MZCL ring (D) 

core-matrix,  
90 days 

MIV-150, 3 mg 
zinc acetate, 30 mg 
carrageenan, 70 mg 
levonorgestrel, 0.6 mg 

shaking incubator 25 mM acetate 
buffer, pH 4.2, 10 
mL daily 

100 rpm MIV-150, > 4 µg/day 
zinc acetate, > 50 µg/day 
carrageenan, > 100 µg/day 
levonorgestrel, > 2 µg/day 

multipurpose 
pod-intravagi-
nal ring (D) 

pod ring, 35 days tenofovir alafenamide 
hemifumarate, 45 mg 
acyclovir, 4 mg 
etonogestrel, 11 or 22 mg 
ethinyl estradiol, 11 mg 

orbital shaking incubator 25 mM acetate 
buffer, pH 4.2 + 
NaCl to 220 mOs, 
100 mL 

60 rpm tenofovir alafenamide 
hemifumarate, 400 µg/day 
acyclovir, 700 µg/day 
etonogestrel, 600 µg/day 
ethinyl estradiol, 55 
µg/day 

Abbreviations: IPA – isopropanol; opm – linear oscillations per minute; rpm – revolutions per minutes; SVF – simulated vaginal fluid. 

(R) – under review; (D) – in clinical development.
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4.2. Materials 

Silicone elastomer DDU-4320 was supplied by NuSil (Carpinteria, CA, USA). Micronized DPV 

was supplied by the International Partnership for Microbicide (IPM, Silver Springs, MD, USA). 

Micronized MET was supplied by Farchemia Srl (Treviglio, Italy). HPLC-grade water was ob-

tained using a Milipore Direct-Q 3UV Ultrapure Water System (Watford, UK). Tween 80, 

HPLC-grade acetone and acetonitrile were purchased from Sigma-Aldrich (Gillingham, UK). 

Potassium dihydrogen orthophosphate was purchased from Fisher Scientific (Leicestershire, 

UK). Phosphoric acid was purchased from Honeywell (Fluka, Germany).  

 

4.3. Methods 

4.3.1. Vaginal ring manufacture 

Matrix-type DDU-4320 vaginal rings loaded with (i) no active ingredients (blank), (ii) DPV (25 

and 200 mg), (iii) MET (100, 250, 500, 1000 and 2000 mg) and (iv) a combination of 25 mg 

DPV + 1000 mg MET was manufactured using a Babyplast™ 6/10P injection molding machine 

(Cronoplast, Barcelona, Spain) at a cure temperature of 100 ˚C and cure time of 95 s. The 

theoretical mass (mg) of drugs in each ring (assuming a vaginal ring mass of 8 g) and their 

concentration (drug loading, % w/w) are presented in Table 4.2. Part A premixes (50 g) were 

manufactured by weighing appropriate quantities of DPV and/or MET and DDU-4320 silicone 

elastomer part A in a polypropylene container and mixing at 3000 rpm for 10 s in a Speed-

Mixer™ (DAC-150 FVZ-K). Part B premixes (50 g) were manufactured using the same protocol. 

Four 50 g premix A and premix B (400 g in total) were prepared and stored at 4 ˚C for each 

ring batch. Prior to injection molding, the part A and part B premixes were sequentially added 

to an appropriately sized container. The material was handmixed for 30 s and speedmixed at 

2350 rpm for 30 s in a SpeedMixer™ (DAC 600 VAC-P). The material was transferred to a 

SEMCO cartridge which was then sealed and fitted to the Babyplast™. Rings were manufac-

tured by reaction injection molding using custom stainless steel molds (outer diameter 57.6 

cm, cross sectional diameter 7.9 cm) fitted to the Babyplast™. After manufacture, rings were 

stored in sealed plastic bags, and their weights, outer diameter and cross-sectional diameter 

were measured. 
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Table 4.2.  A series of theoretical mass (mg) of APIs in a vaginal ring (theoretical mass of one 
vaginal ring, 8 g) and corresponding concentration (drug loading, % w/w). 

Mass of APIs in vaginal ring (mg) Concentration of APIs in vaginal ring (% w/w) 

25 0.3125 

100 1.25 

200 2.5 

250 3.125 

500 6.25 

1000 12.5 

2000 25 
 

4.3.2. Content assays 

Rings (n=4 per formulation) were randomly selected from each batch for drug content assay. 

Rings were weighed, cut into small segments (~5 mm) and placed into a 250 mL DURAN flask 

with 100 mL acetone (200 mL for 3000 mg MET). Flasks were placed in a shaking incubator 

(Unitron HT Infors, 25 mm orbital throw) at 37 ̊ C, 60 rpm. After 48 h, the flasks were removed 

and cooled to room temperature. 1 mL of solution was transferred to a 100 mL volumetric 

flask and diluted to volume with acetonitrile/water (1:1, v/v). Samples were transferred to 

UPLC vials and analyzed by UPLC-UV. 

 

4.3.3. In vitro release tests 

Four rings were randomly selected from each ring batch for in vitro release testing into 0.2% 

w/w Tween 80 (pH=4.2) over 28 days. On day 0, each ring was placed into a 250 mL DURAN 

flask with 200 mL Tween medium and stored in a shaking incubator (Unitron HT Infors, 25 

mm orbital throw, Switzerland) at 37 ˚C, 60 rpm. The release medium was sampled and re-

placed with another fresh 100 mL release medium except on weekends (200 mL on Friday). 

200 mL release medium (400 mL on Friday) was used for two vaginal ring formulations – 3000 

mg MET and 200 mg DPV+1000 mg MET. The concentrations of DPV and MET were measured 

using UPLC-UV. 

 

4.3.4. Quantification of DPV and MET using UPLC 

DPV and MET were quantified using a Waters ACQUITY UPLC® system. The samples (5 µL) 

were injected onto the ACQUITY UPLC BEH C18 column (2.1 * 50 mm, 1.7 µm) connected 

with an in-line filter (0.2 µm) which was maintained at 25 ˚C. The flow rate was 0.25 mL/min 

and run time was 4 min. The mobile phase was composed by 60% 7.7 mM phosphate buffer 



Chapter 4. In vitro release testing of MPT vaginal rings containing DPV and MET 

 78 

(pH 3.0, phosphoric acid) and 40% HPLC-grade acetonitrile (ACN). DPV was detected at 210 

nm with a 2.1 min retention time and MET at 310 nm with a 0.5 min retention time. 

 

Statistical analyses 

The data for Day 1 release, Day 25 release and 28-day cumulative release were analyzed 

using a one-way ANOVA followed by post-hoc analysis using the Tukey-Kramer multiple com-

parisons test. Analysis was conducted using Graph-Pad Prism software and significance was 

noted for a p value of <0.05: * = significant (0.01 < p < 0.05), ** = very significant (0.001 < p 

< 0.01), *** = extremely significant (p < 0.001), ns = not significant (p > 0.05). 
 

4.4. Results and Discussion 

4.4.1. Vaginal ring manufacture 

The blank matrix-type vaginal rings were transparent (Figure 4.1A), while 25 mg DPV rings 

and the 100 mg and 250 mg MET rings were partially transparent due to a low drug loading 

(Figure 4.1B, D and E). 200 mg DPV rings were off-white, while 1000 and 2000 mg MET rings 

and combination rings were light yellow and opaque (Figure 4.1C, G and H). Drug loading, 

mean ring weight, outer diameter (OD) and cross-sectional diameter (CSD) for the various 

ring formulations are reported in Table 4.3. The mean ring weight was 8.0 g, the OD 57 mm, 

and the CSD 7.6 mm for all matrix-type silicone elastomer DDU-4320 rings. The measure-

ments are similar to those of the 25 mg DPV matrix-type MED-4870 silicone elastomer ring 

(8.0 g, 56.4 mm and 7.6 mm) and demonstrate reproducibility of manufacture with Baby-

plast™ injection molding machine [66]. The data also indicate that use of a different silicone 

elastomer (DDU-4320 vs. MED-4870) does not significantly impact the appearance and 

weight of the rings. 
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Figure 4.1. Representative images of matrix-type silicone elastomer (DDU-4320) vaginal rings. (A) 
blank DDU-4320 matrix ring, (B) 25 mg DPV matrix ring, (C) 200 mg DPV matrix ring, (D) 100 mg 
MET matrix ring, (E) 250 mg MET matrix ring, (F) 500 mg MET matrix ring, (G) 1000 mg MET matrix 
ring, (H) 2000 mg MET matrix ring and (I) 25 mg DPV + 1000 mg MET matrix type ring. 
 

Table 4.3. DPV and MET target loading, mean ring weight, mean outer diameter and mean 
cross-sectional diameter of each ring formulation. 

Formulation DPV loading 
(%w/w) 

MET loading 
(%w/w) 

Ring weight  
(g, mean ± sd) 

Ring OD 
(mm, mean ± sd) 

Ring CSD 
(mm, mean ± sd) 

A – – 7.65 ± 0.01 56.44 ± 0.26 7.59 ± 0.06 

B 0.31 – 7.71 ± 0.03 56.86 ± 0.36 7.60 ± 0.06 

C 2.50 – 7.80 ± 0.01 56.99 ± 0.38 7.68 ± 0.12 

D – 1.25 7.82 ± 0.00 57.15 ± 0.44 7.66 ± 0.07 

E – 3.13 7.86 ± 0.00 56.78 ± 0.18 7.64 ± 0.05 

F – 6.25 7.92 ± 0.00 56.93 ± 0.27 7.71 ± 0.09 

G – 12.5 8.06 ± 0.01 56.82 ± 0.37 7.63 ± 0.06 

H – 25.0 8.34 ± 0.01 57.38 ± 0.45 7.58 ± 0.02 

I 0.31 12.5 8.03 ± 0.09 57.17 ± 0.36 7.64 ± 0.10 
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4.4.2. Content assays 

Content assay aims to measure the amount of drug including active ingredients and excipi-

ents present in drug products. It is regulatory requirement to label the content of drug sub-

stances for each drug product in the ‘dosage forms and strengths’. Furthermore, content 

assay is usually used for the measurement of residual drug content in vaginal rings after use 

in clinical trials to determine the in vivo release rate and assess adherence to vaginal ring use 

[65,77,241].   

 

The content of DPV and MET were measured by extracting the DPV and MET from the silicone 

elastomer with acetone as a solvent. Acetone satisfies the following requirements: (i) both 

DPV and MET have good solubility in acetone, (ii) silicone elastomers swell extensively in 

acetone (but do not dissolve, since the elastomer is chemically crosslinked). The measured 

drug content and drug recovery values (%, measured/theoretical) for DPV and MET are pre-

sented in Table 4.4. Assay values for DPV and MET were within the range 93–111%. Given 

the possible experimental errors – including imprecise weighing and transferring of drug 

powders and/or silicone elastomers, heterogeneous mixing, evaporation of acetone in dilu-

tion to volume – there is no evidence of irreversible chemical binding between the drugs and 

the DDU-4320 silicone elastomer. Murphy et al. have previously reported the percentage 

recovery of micronized levonorgestrel (55%, 0.3125% w/w drug loading; 84.9%, 5% w/w drug 

loading) from matrix-type DDU-4320 silicone elastomer vaginal rings; the relatively low con-

tent values – 55% and 84.9%  were indicative of levonorgestrel having covalently bonded 

with silicone elastomer [170].  

 

Table 4.4. Theoretical and measured DPV and MET loadings per ring (n=4 rings per formulation). 

Ring formula-
tion 

 Theoretical drug load-
ing (% w/w) 

Measured drug loading 
(% w/w) (mean ± sd) 

% mean drug con-
tent  

25 mg DPV  0.313 0.349 ± 0.009 111.2 

200 mg DPV  2.500 2.327 ± 0.036 93.1 

100 mg MET  1.250 1.302 ± 0.080 104.1 

250 mg MET  3.125 3.116 ± 0.096 99.7 

500 mg MET  6.250 6.622 ± 0.235 105.9 

1000 mg MET  12.50 13.710 ± 0.478 109.7 

2000 mg MET*  25.00 27.035 ± 1.105 108.1 

3000 mg MET*  37.50 40.759 ± 3.653 108.7 

25 mg DPV + 
1000 mg MET 

DPV 0.313 0.338 ± 0.002 107.4 

MET 12.50 13.873 ± 0.187 111.0 

DPV 2.500 2.515 ± 0.053 100.6 
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200 mg DPV + 
1000 mg MET* 

MET 12.50 13.524  ± 0.539 108.2 

*2000 mg MET, 3000 mg MET and 200 mg DPV + 1000 mg MET vaginal rings were manufactured using 
a manual injection molding machine; all other vaginal ring formulations were manufactured using a 
Babyplast™ 6/10P injection molding machine. 
 

4.4.3. In vitro release tests 

Mean daily release vs. time plots and cumulative release vs. square root of time plots for DPV 

and MET release from matrix-type silicone elastomer DDU-4320 vaginal rings into 0.2 %w/w 

Tween are presented in Figure 4.2 and Figure 4.3. Daily release values for representative 

days (Day 1 and 25), 28-day cumulative release and the percentages of 28-day released drugs 

are recorded in Table 4.5 for each formulation. In addition, cumulative release was modelled 

according to Higuchi model, and the correlation coefficient (R2), release rate (mg/t1/2, slope 

of equations) for each formulation are presented in Table 4.5. For all rings, both DPV and 

MET release showed burst release on Day 1, steadily decreasing daily release with time, and 

a linear (R2=1) cumulative release vs. square root time, all consistent with a permeation-con-

trolled drug release mechanism from a polymeric matrix device containing solid drugs 

[242,243].    

 

For matrix-type rings, solid drug is homogeneously dispersed throughout the entire ring body. 

When the polymeric materials used to fabricate matrix rings are non-degradable and non-

swelling (such as the case with silicone elastomer), drug is release via a diffusion-controlled 

process (also referred to as permeation control) and release usually conforms to root time 

kinetics, in which the cumulative drug release is linearly proportional to the square root of 

time [244]. Equations [242,245] used to model in vitro release data for matrix-type drug-

releasing vaginal rings are 

!!
"
	= 	#𝐷𝐶#(2𝐶$ − 𝐶#)𝑡                  (1-a) 

!!
"
	= 	#𝐷𝐶#(2𝐶$)𝑡    (C0 >> Cs)       (1-b) 

where Mt is cumulative amount of drug released; A is surface area; D is diffusion coefficient; 

C0 is the drug loading; Cs is the solubility of drug in the polymer; t is the time.  

 

This mathematical model was introduced by Higuchi in 1961 for drug release from a planar 

matrix system under sink conditions [242,245]. When the loading of each drug in the vaginal 

ring exceeds the drug’s solubility of in the silicone elastomer matrix, the drug compounds 
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exist within the ring in two forms – a small quantity of drug is dissolved within the polymer 

matrix, and the remainder is present in the solid (and usually crystalline) state. Upon contact 

with the release medium (or vaginal fluid in vivo), dissolved drug at the surface of the ring 

diffuses into the surrounding medium. Also, solid drug particles at the surface of the ring 

device dissolve rapidly in the fluid medium, and then diffuse. Both of these processes con-

tribute to the observed ‘burst release’ [206,243]. Once the drug on the surface of ring has 

been released, other solvated drug molecules within the bulk of the ring diffuse to the sur-

face and partition into the surrounding fluid. A drug depletion zone forms, extending from 

the surface and moving inwards as release continues. This so-called moving boundary layer 

creates an increasingly longer diffusional path for drug molecules such that drug release rates 

decrease with time [232].  

 

Table 4.5. Summary of in vitro release data for matrix DDU-4320 vaginal rings containing various 
loading of DPV and MET (mean ± sd, n=4). 

Ring  
Formulation 

 Day 1 re-
lease 
(mg) 

Day 25 
release 
(mg) 

28 – day cu-
mulative re-
lease (mg) 

Percent-
age release 
after 28 
days (%) 

Mean re-
lease rate 
(mg/day1/2) 

R2 
value 

25 mg DPV   0.3 ± 
0.03 

0.1 ± 
0.007 

3.7 ± 0.12 14.9 ± 0.47 0.837 0.985 

200 mg DPV  1.1 ± 
0.03 

0.4 ± 
0.02 

11.7 ± 0.28 5.8 ± 0.14 2.502 0.984 

100 mg MET  4.5 ± 
0.32 

0.6 ± 
0.02 

30.7 ± 0.12 30.7 ± 0.12 6.122 1.000 

250 mg MET  8.1 ± 
0.62 

1.1 ± 
0.008 

54.0 ± 0.76 21.6 ± 0.31 10.68 0.998 

500 mg MET  16.7 ± 
1.42 

2.2 ± 
0.04 

109.1 ± 1.24 21.8 ± 0.25 21.58 0.998 

1000 mg MET  24.8 ± 
1.10 

3.3 ± 
0.18 

172.7 ± 1.03 17.3 ± 0.10 34.55 1.000 

2000 mg MET  45.8 ± 
3.45 

4.6 ± 
0.08 

251.0 ± 5.07 12.5 ± 0.25 48.09 0.996 

3000 mg MET  81.5 ± 
1.62 

7.6 ± 
0.12 

414.5 ± 5.90 13.8 ± 0.20 76.88 0.998 

25 mg DPV + 
1000 mg MET 

DPV 0.3 ± 
0.09 

0.1 ± 
0.003 

5.0 ± 0.06 20.2 ± 0.22 1.132 0.994 

MET 32.8 ± 
0.61 

3.2 ± 
0.05 

181.8 ± 2.50 18.2 ± 0.25 34.83 0.999 

200 mg DPV + 
1000 mg MET 

DPV 0.5 ± 
0.04 

0.2 ± 
0.01 

8.6 ± 0.18 4.3 ± 0.09 1.943 0.998 

MET 23.4 ± 
1.37 

2.0 ± 
0.05 

123.1 ± 2.24 12.3 ± 0.22 23.52 0.989 
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The daily release profile (Figure 4.2A) for the 25 mg DPV ring is similar to that for the 25 mg 

DPV matrix-type MED-4870 VR released into SVF + 0.2% w/w Tween [66]. The mean daily 

release value at Day 1 for the 25 mg DPV ring into 0.2% w/w Tween was about 300 µg and 

decreased to about 100 µg at Day 25 (Table 4.5). However, the cumulative release after 28 

days for the 25 mg DPV DDU-4320 ring is less than that from MED-4870 VR (30 days) (3700 

µg vs. the value higher than 4000 µg), perhaps due to differing solubility of DPV in DDU-4320 

compared to MED-4870, differences in the cross-linking density, or different solvating power 

of release medium (0.2% w/w Tween vs. SVF + 0.2% w/w Tween) (Table 4.5). Interestingly, 

the 28-day in vitro cumulative release of 25 mg DPV into 0.2% w/w Tween (~ 3.7 mg) was 

only slightly lower than that of 28-day in vivo cumulative release with IPM’s 25 mg DPV matrix 

ring004 (~ 4 mg), showing good in vitro and in vivo correlation [65,246]. A phase I pharmaco-

kinetic and safety study of a 200 mg DPV vaginal ring designed for sustained release over 

three months showed a mean residual DPV value of 184.3 mg after 91 days use, while the 

mean residual content for the 200 mg DPV vaginal ring after 28-day in vitro cumulative re-

lease into 0.2% w/w Tween was 188.3 mg (Table 4.5) [77].   

 

The initial burst release – observed for both DPV and MET (Figure 4.2A) – is common with 

matrix-type vaginal rings and is due to the rapid dissolution of solid drug present at or close 

to the ring surface [5]. Error bars, representing standard deviations, were relatively large for 

the Day 1 release values for most of the vaginal ring formulations, except 100, 250 and 3000 

mg MET rings (Figure 4.2A, Figure 4.3A). This variability in Day 1 burst release may be due to 

differences in drug distribution at the ring surface, sub-optimal homogeneity of mixtures of 

drug powders and silicone elastomer bases, and inconsistencies in the injection molding 

manufacturing method. The mean Day 1 burst release values for most formulations were 

higher than subsequent daily release values, except for two formulations – DPV release of 25 

mg DPV + 1000 mg MET and 200 mg DPV + 1000 mg MET (Figure 4.2A). The dissolution rate 

of MET into aqueous medium (0.2% w/w Tween) is higher than that of DPV due to the greater 

solubility (MET 8.72 mg/mL vs. DPV 29.26 µg/mL, data is from our research group). It is as-

sumed that solid MET present on the surface of rings having a higher initial loading gives rise 

to faster dissolution and the formation of aqueous pores and channels in the ring; such pores 

and channels would likely not form with a poorly water-soluble drug like DPV.  

 

Correlation coefficients (R2) of 0.999 were measured for the cumulative release versus time 

profiles for most formulations (Table 4.5) confirming a permeation-controlled drug release 

mechanism. By comparison, R2 values for the 25 mg and 200 mg DPV rings were with 0.985 
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and 0.984, respectively. For these two rings, the 100 mL release medium offered only limited 

solubility for the poorly water-soluble DPV, as reflected in the relatively large errors bars 

(Figure 4.2A). However, sink conditions were likely operating based on the release data. The 

Day 1 burst release of concentrations of DPV from the 25 mg and 200 mg DPV rings were 1.5 

µg/mL and 5.5 µg/mL, respectively, less than 2.926 µg/mL (10% of DPV saturation solubility, 

defined sink condition) and just lower than 5.852 µg/mL (20% of DPV saturation solubility, a 

more relaxed definition of sink condition), respectively (29.26 µg/mL – solubility of DPV) 

[247]. Interestingly, the blunted burst release observed for DPV in combination DPV + MET 

vaginal rings may explain the correlation coefficient (R2) closer to 1 compared with that of 

DPV in DPV–only vaginal rings (R2 of DPV in 25 mg DPV vs. 25 mg DPV + 1000 mg MET, 0.985 

vs. 0.994; R2 of DPV in 200 mg DPV vs. 200 mg DPV + 1000 mg MET, 0.984 vs. 0.998) (Table 

4.5).  

 

In this 28-day release study, cumulative release across all single-active ring formulations in-

creased as the drug loading increased (Figure 4.2B, Figure 4.3B). 28-day cumulative DPV re-

lease (µg) and DPV release rate (µg/day1/2) increased approximately three-fold comparing 

the 25 and 200mg DPV rings. Cumulative 28-day cumulative MET release and mean Day 1 

MET release for the MET-only rings showed linear correlations with initial MET loading (100–

3000 mg) (R2 = 0.9834, Figure 4.4A) (R2 = 0.9841, Figure 4.4B). 

 

MET is a hydrophilic small molecule drug (LogP = –0.02, MW = 171g/mol) (Drug bank, 2019b) 

requiring relatively large doses (e.g. 37.5 mg per application in MET vaginal gel) for therapeu-

tic effect. In general, matrix-type vaginal rings fabricated from hydrophobic silicone elasto-

mers are not particularly effective for release of hydrophilic drugs [111], due to poor solubil-

ity of the drugs in the silicone elastomer. (However, the relatively low molecular weight of 

MET bodes well for molecular diffusion of the solubilized MET molecule through the silicone 

elastomer.) To overcome this constraint, MET loadings as high as 3 g per 8 g ring were tested. 

Although the cumulative amount of MET release generally increased with higher MET load-

ings, the percentage release of MET from 1000 mg MET, 2000 mg MET and 3000 mg MET 

formulations decreased relative to the 500 mg MET ring formulation (Table 4.5), again at-

tributed to the limited solubility of MET in the silicone elastomer.  
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Figure 4.2. Mean daily release of DPV from DDU-4320 silicone elastomer matrix-type vaginal rings 
– DPV rings and DPV + MET combination rings into 0.2% w/w Tween (pH=4.2) (A). Cumulative 
release versus root time profiles for release into 0.2% w/w Tween (pH=4.2) of DPV (B). Error bars 
in A represent standard deviation of four replicates. 
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Figure 4.3. Mean daily release of MET from DDU-4320 silicone elastomer matrix-type vaginal 
rings – MET rings and DPV + MET combination rings into 0.2% w/w Tween (pH=4.2) (A). Cumula-
tive release versus root time profiles for release into 0.2% w/w Tween (pH=4.2) of MET (B). Error 
bars in A represent standard deviation of four replicates. 
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25 mg DPV vs. 25 mg DPV + 1000 mg MET 

Cumulative DPV release increased from 3.7 g to 5.0 g (35% increase) by the addition of 1000 

mg MET (25 mg DPV vs. 25 mg DPV + 1000 mg MET) (Table 4.5, Figure 4.2B). However, no 

significant difference in Day 1 release of DPV was noted for the 25 mg DPV–only ring and the 

25 mg DPV + 1000 mg MET combination ring (p = 0.99) (Figure 4.2A). The mean daily DPV 

release values for the 25 mg DPV + 1000 mg MET ring were always higher than that for the 

25 mg DPV rings, especially during the first week of release. Incorporation of MET signifi-

cantly increased the release of DPV, which is also supported by the result of DSC testing 

(chapter 2). The decreased melting temperature of DPV resulting from co-formulation with 

MET likely increases DPV solubility in the silicone elastomer, leading to increased in vitro re-

lease [248]. In addition, aqueous-filled pores and channels likely form after dissolution and 

release of the hydrophilic MET at the ring surface; in this way, the release medium may pen-

etrate into the hydrophobic silicone elastomer matrix and dissolve solid DPV located in the 

body of the ring [37,39,249].   

 

1000 mg MET vs. 25 mg DPV + 1000 mg MET 

Cumulative MET release for the 1000 mg MET formulation was significantly different from 

that provided by the combination 25 mg DPV + 1000 mg MET formulation (172.7 mg vs. 181.8 

mg) (p = 0.0006) (Figure 4.3B). The Day 1 MET release value of MET of 25 mg DPV + 1000 mg 

MET formulation was higher than that of 1000 mg MET (32.8 mg vs. 24.8 mg) (p < 0.0001). 

The daily MET release profiles (except Day 1) almost coincided for 1000 mg MET and 25 mg 

DPV + 1000 mg MET formulation (Figure 4.3A). The 8 mg of increase of Day 1 release of MET 

from combination ring (25 mg DPV + 1000 mg MET) contributed very significantly to the total 

quantity of MET released, compared with 1000 mg MET (Table 4.5). Following the previously 

observation that the MET melting temperature was similar for MET-only rings (160 ˚C) and 

combination rings (eutectic melt 153 ̊ C) (Chapter 2), it is concluded that the solubility of MET 

in the silicone elastomer was not significantly increased in the 25 mg DPV + 1000 mg MET 

formulation. Apparently, only the Day 1 burst release of MET was enhanced significantly by 

the inclusion of the relatively low 25 mg loading of DPV.   

 

200 mg DPV vs. 200 mg DPV + 1000 mg MET 

Cumulative DPV release from the 200 mg DPV ring was significantly higher than that for the 

200 mg DPV + 1000 mg MET ring (11.7 mg vs. 8.6 mg) (Table 4.2B). Day 1 DPV release for the 

DPV-only ring was nearly two-fold greater than that for the 200 mg + 1000 mg MET ring (1.1 

mg vs. 0.5 mg, p < 0.0001) (Table 4.5). The DPV burst release of DPV observed with the 200 
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mg loaded ring was suppressed in the combination formulation (200mg DPV + 1000 mg MET) 

and Day 1 release was lower than the daily release values on the following three days (Day 

2 ,3 and 4) for the combination rings (Figure 4.2A). Also, there was a significant decrease in 

daily DPV release over the Day 10 to Day 25 period compared with the 200 mg DPV-only 

formulation. The addition of 1000 mg MET decreased cumulative release of DPV with a rela-

tively high initial loading (200 mg, 2.5 %w/w). Possible explanations could be the extent of 

the depletion zone for DPV at the ring surface and/or the diffusional rate of DPV were hin-

dered by the inclusion of MET with a high loading of DPV (200 mg). No increase in DPV release 

attributable to eutectic formation was observed for the combination DPV and MET formula-

tions (25 mg DPV + 1000 mg MET and 200 mg DPV + 1000 mg MET).  

 

1000 mg MET vs. 200 mg DPV + 1000 mg MET 

Cumulative MET release for the 1000 mg MET ring was significantly higher than that for the 

200 mg DPV + 1000 mg MET ring (172.7 mg vs. 123.1 mg) (Figure 4.3B). By comparison, there 

was no statistical difference in Day 1 daily MET release values between 1000 mg MET and 

200 mg DPV + 1000 mg MET formulations (24.8 mg vs. 23.4 mg, p = 0.8688). MET daily release 

for the 1000 mg MET ring was always higher than for the 200 mg DPV + 1000 mg MET ring 

except on Day 1 (Figure 4.3A). Therefore, the addition of 200 mg DPV did not influence the 

Day 1 burst release of MET but did decrease cumulative MET release compared with the 1000 

mg MET formulation. Possible explanations were discussed previously.  

 

 
Figure 4.4. (A) 28-day mean cumulative MET release (mg) and (B) mean Day 1 MET release (mg) 
into 0.2% w/w Tween (pH=4.2) plotted vs. MET drug loading (mg) per ring (8 g per ring) with 
respective R2 = 0.9834 and R2 = 0.9841 for all MET–only vaginal ring formulations. 
 



Chapter 4. In vitro release testing of MPT vaginal rings containing DPV and MET 

 89 

Korsmeyer-Peppas model 

Korsmeyer et al. developed a semi-empirical model known as the Korsmeyer-Peppas model 

to describe drug release from a polymeric device [250,251].    

Mt / M∞ = ktn                                                 (2-a) 

log (Mt/M∞) = n log t + log k                       (2-b) 

where Mt is the amount of drug released at time t; M∞ is the amount of drug released after 

an infinite time (equivalent to the total drug loading). k is the release rate constant and n is 

the release exponent characterizing the release mechanism. Data obtained from in vitro drug 

release is plotted as log (Mt/M∞) versus log t (Mt/M∞ < 0.6) to determine n, the slope of linear 

regression. Table 4.6 summarizes the release mechanism of drug characterized by the value 

of n.  

 

Table 4.6. Interpretation of parameters derived from the Korsmeyer-Peppas equation and their 
significance for drug release mechanisms from polymeric films [250].  

Release exponent (n) Drug transport mechanism Rate as a function of time 

0.5 Fickian diffusion t-0.5 

0.5 < n < 1.0 Anomalous transport tn-1 

1.0 Case-II transport Zero order release 

Higher than 1.0 Super Case-II transport tn-1 
 

The log fraction of DPV and MET release from matrix-type vaginal rings versus log time are 

presented in Figure 4.5. A summary of the parameters derived from Korsmeyer-Peppas 

mathematical modelling of the cumulative release of DPV and MET from matrix-type silicone 

elastomer vaginal rings is presented in Table 4.7. The release of DPV and MET from all for-

mulations except DPV in 200 mg DPV + 1000 mg MET formulation showed a high correlation 

coefficient (R2 = 0.99) with the Korsmeyer-Peppas model. The release exponent n of MET 

release from both MET-only rings and DPV-MET combination rings were closer to 0.5 (0.4822 

– 0.5744), indicating the Fickian diffusion is the predominant release mechanism [251]. These 

findings are consistent with the observation that MET release obeys square root of time de-

pendency according to the Higuchi model.  

 

The release exponents n for DPV release from DPV-only rings and DPV-MET rings were ~ 0.7 

and 0.8, respectively. The Korsmeyer-Peppas model suggests that DPV followed an anoma-

lous (non-Fickian) transport, with the n value in the range between 0.5 and 1 (Table 4.7). This 

suggests that both diffusion through the silicone elastomer matrix vaginal ring and 
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dissolution into the release medium impacted DPV release, with the n value closer to 1 (n=1, 

zero-order release). In addition, solubility might play a key role in determining the value of n 

in terms of the data that solubility of MET in release medium (0.2 w/w Tween) was higher 

than that of DPV with 8.72 mg/mL vs. 29.26 µg/mL. It is also supported by a report about 

DPV in vitro release from 25 mg DPV silicone elastomer vaginal rings in the various IPA/water 

media showing that the value of n decreases towards 0.5 (true Fickian release) as the IPA 

content of the medium increases (higher DPV solubility in the release medium) with the ex-

ample that the values of n for 40/60 and 50/50 IPA/water medium were calculated as 0.562 

and 0.535, respectively [235].   
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Figure 4.5. Graphs of Korsmeyer-Peppas mathematical modelling (Log fraction of drug release 
at time t versus Log t (days) of the cumulative release of (A) DPV and (B) MET from matrix-type 
silicone elastomer vaginal rings.   
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Table 4.7. Korsmeyer-Peppas mathematical modelling of the cumulative release of DPV and 
MET from matrix-type silicone elastomer vaginal rings. 

Ring Batch  Release expo-
nent (n) 

Drug transport 
mechanism 

Rate as a func-
tion of time 

R2 value 

25 mg DPV   0.7760 Anomalous transport tn-1 0.9991 

200 mg DPV  0.7139 Anomalous transport tn-1 0.9979 

100 mg MET  0.5644 Fickian diffusion t-0.5 0.9985 

250 mg MET  0.5588 Fickian diffusion t-0.5 0.9987 

500 mg MET  0.5480 Fickian diffusion t-0.5 0.9853 

1000 mg MET  0.5744 Fickian diffusion t-0.5 0.9987 

2000 mg MET  0.5132 Fickian diffusion t-0.5 0.9999 

3000 mg MET  0.4822 Fickian diffusion t-0.5 0.9997 

25 mg DPV + 
1000 mg MET 

DPV 0.8214 Anomalous transport tn-1 0.9902 

MET 0.5144 Fickian diffusion t-0.5 0.9999 

200 mg DPV + 
1000 mg MET 

DPV 0.8221 Anomalous transport tn-1 0.9795 

MET 0.5016 Fickian diffusion t-0.5 0.9964 
 

4.5. Conclusions 

Drug content assays for rings containing DPV and MET showed values of ~100% (93 % – 111%), 

generally demonstrating good mixing of the drugs within the silicone parts and reproducible 

ring manufacture. Release of DPV and MET from single-active and combination rings showed 

a characteristic Day 1 burst followed by steadily declining drug release on subsequent days. 

Cumulative release vs root time graphs for both DPV and MET showed high correlation coef-

ficients upon modelling using the Higuchi equation, indicating a predominantly diffusion-con-

trolled release process. In vitro release data also showed how daily and cumulative release 

of DPV and MET were impacted by modulating the initial drug loadings. Eutectic formation 

between DPV and MET in the 25 mg DPV + 1000 mg MET vaginal ring formulation increased 

both release of DPV (significant 35% increase) and MET. However, this expected increase was 

not observed for the 200 mg DPV + 1000 mg MET vaginal ring formulations for DPV and MET, 

which is likely attributed to the relatively high initial loading of DPV (200 mg). Korsmeyer-

Peppas modelling indicated that MET release obeyed Fickian diffusion with n = 0.5. However, 

there were probably two mechanisms contributing to DPV release resulting in anomalous 

(non-Fickian) transport, likely attributed to the relatively low solubility of DPV in the 

0.2 %w/w Tween release medium. Overall, The MPT ring containing DPV and MET is a suita-

ble candidate for further development. In chapter 7, the incorporation of the third active 

ingredient – sucrose selectively promoting the growth of lactobacilli and expecting to 
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enhance the MET release into matrix-type DPV and MET combination ring is implemented 

and discussed. 
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5.1. Introduction 

In normal use, vaginal rings experience a range of mechanical forces, including compression, 

twist and tensile forces. For example, to insert a ring device, it is squeezed into a figure-of-

eight shape (Figure 5.1) and then inserted by the user as high as possible in the vagina. Also, 

since the vagina is an elastic muscular canal, vaginal rings may be compressed in vivo, with 

the ring pushing against the vaginal muscles. The upper third portion of the vagina is wider 

than the lower portions and is the recommended position for placement. In this location, 

users feel comfortable during use and vaginal rings are less likely to be expelled. Further, 

vaginal rings are intended to be easily hooked and pulled out of the vagina by the user’s 

finger [252,253], thereby experiencing tensile forces. Magnetic resonance imaging (MRI) has 

been used to assess the placement of NuvaRing® in vivo, demonstrating that the vaginal ring 

presents as a gentle oval shape (with the length 5–7 mm greater than the width) and is usu-

ally positioned in the transverse plane of the vagina (parallel to the ground) (Figure 5.2) [254].  

 

 
Figure 5.1. The figure-of-eight shape of vaginal rings for insertion. 
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Figure 5.2. (A) Sagittal digital MRI image of a parous user with NuvaRing® in vivo. The pelvic or-
gans are labeled. The cross-section of NuvaRing® can be seen as black circles. This image demon-
strates that the superior aspect of the ring is in the anterior cul-de-sac (above the cervix) and the 
posterior aspect of the ring is the vaginal canal. The cervix is inside the ring. The entire ring is 
above the pelvic diaphragm. (B) Digital axial MRI image of a nulliparous user post ambulation. 
NuvaRing® is compressed by the muscular tone of the potential vaginal space and is a gentle oval 
in the anteroposterior direction (5–7 mm longer than wide). The ring adjusts well with ambulation, 
moves away from introitus and posterior lip of the cervix lies within the NuvaRing®[254].  
 

Ease of ring insertion, removal and user comfort during use are likely correlated with the size 

and mechanical characteristics of the ring device, which in turn may impact user acceptability, 

adherence and therapeutic efficacy. Vaginal rings that are too stiff may be difficult to insert 

and could cause tissue irritation and inflammation [255,256], while rings that are too soft, 

and therefore highly flexible and extendable, may be involuntarily expelled from the vagina 

[257]. Involuntary ring expulsions have been reported in most clinical studies and use reports 

of marketed vaginal ring products [46]. Women who experience involuntary ring expulsions 

are often unwilling to continue use or report poor acceptability [46]. Vaginal ring dimensions, 

the type of polymeric material used in its construction, and the ring mechanical characteris-

tics are all considered important factors impacting involuntary ring expulsions (Figure 5.3).  

 

delineating the in vivo position of other contraceptive
devices [9–12]. The aim of this Phase IV study was to
evaluate the in vivo location of NuvaRingR using MRI for
the first time.

The specific aim of the study was to confirm the
position of the NuvaRingR in the female pelvis immedi-
ately after insertion and after a brief period of ambulation.
Outcomes of interest include the location of NuvaRingR
in relation to the cervix and other pelvic structures and
whether it is displaced by ambulation or compressed
in vivo.

2. Materials and methods

Study approval was obtained from our Institutional
Review Board (protocol RRU 007).

This was an open-label, single-arm study. Two women
participated in the study — one nulliparous and one parous.
Both patients were sexually active, were using reliable
contraception, had regular menstrual cycles, had a normal
Pap smear, were not allergic to the test product and had not
participated in any other investigative trial within the last
30 days. The absence of trichomonas, yeast and bacterial
vaginosis was confirmed prior to enrolment. Women who
were allergic to vinyl acetate, had contraindications for
hormonal contraception, had claustrophobia or had medical
prostheses contraindicated for MRI (pacemaker, surgical
clips, vascular filter or metallic clips) were not included in
the study.

A urine pregnancy test was performed immediately
before the MRI session. A preinsertion baseline MRI was
performed to ensure normal pelvic anatomy. NuvaRingR
was then self-inserted by each subject. A postinsertion MRI
was performed to confirm the placement of the ring in vivo.
Both women then ambulated for 15–20 min. A third MRI
was performed to assess any changes in position or
compression of NuvaRingR.

Fig. 1. NuvaRingR is a circular vaginal contraceptive ring with a diameter

of 54 mm and a thickness of 4 mm.

Fig. 2. Sagittal digital MRI image of a parous user with NuvaRingR in vivo. The pelvic organs are labeled. The cross-section of NuvaRingR can be seen as

black circles. This image demonstrates that the superior aspect of the ring is in the anterior cul-de-sac (above the cervix) and the posterior aspect of the ring is

the vaginal canal. The cervix is inside the ring. The entire ring is above the pelvic diaphragm.

K.T. Barnhart et al. / Contraception 72 (2005) 196–199 197

NuvaRingR (Organon, West Orange, NJ) is a nonbiode-
gradable, flexible, transparent, colorless combination CVR
containing 11.7 mg etonogestrel (13-ethyl-17-hydroxy-11-
methylene-18,19-dinor-17a-pregn-4-en-20-yn-3-one) and
2.7 mg ethinyl estradiol (17-nor-17a-pregna-1,3,5(10)-
trien-20-yne-3,17-diol). The ring itself is made of ethylene
vinyl acetate copolymers and magnesium stearate. It
measures 54 mm in diameter and 4 mm in cross-sectional
diameter (Fig. 1).

MRI examinations were performed without contrast with
a GE 1.5-T Signa scanner with the assistance of a phased
array surface coil centered on the pelvis to allow small fields
of view and to increase signal to noise ratio. Three-
dimensional T1 (VIBE on the Siemens scanner) was used.
No contrast was used. The MRI sequences are very similar
to those used for standard clinical purposes.

Both preinsertion and postinsertion sagittal and trans-
verse section images were taken at the level of the vaginal
fornix. Sun Ultra workstation, GE Advantage Windows 3.1
software, electronic calipers and digitally stored images
were used to measure the exact size and anatomical position
of NuvaRingR, and its relationship to adjacent pelvic
structures and after physical activity.

3. Results

Two women successfully met the entrance criteria for
this study and were enrolled. Both were Caucasians. The
first woman was 33 years old and nulliparous. The second
woman was 34 years old, multigravid with a history of one
vaginal delivery more than 2 years preceding this study.
Both women found the ring easy to insert, and no
discomfort was experienced either with insertion of the ring.

At all times, the ring was positioned in the transverse
plane of the vagina, in direct contact with vaginal walls, and
with the widest transverse diameter of the ring in the caudal–
cephalic plane. It presents as a gentle oval structure in
transverse images taken at the level of the posterior vaginal
fornix There was no apparent pressure of the device on the
urethra in either woman, either pre- or postambulation.

NuvaRingR is clearly demonstrable by MRI (Figs. 2
and 3). It is remarkably hypointense to normal anatomical
pelvic structures on both T1- and T2-weighted images
because of the relative paucity of mobile protons in the
inorganic device compared with living tissue. The image
of NuvaRingR, therefore, is darker than the surrounding
pelvic tissue and appears as a well-defined circle in cross-
section (Fig. 3).

In three of four instances, NuvaRingR was located
superior to urogenital diaphragm (UGD), surrounding the
cervix. The superior-most aspect of the ring was behind
(posterior) the cervix, at a level superior to the external os.
The inferior aspect of the ring was also in the vaginal canal
above the UGD. The entire cervix was inside the ring
(Fig. 2). Only in the preambulation image of the nulliparous
woman was the cervix not inside the ring. In this instance,

the ring appears to be slightly lower in the vaginal canal,
with the most superior aspect of the ring at the level of the
lower cervix, rather than the internal os. The lower aspect of
the ring was in the vaginal canal just below the UGD.

Ambulation leads to repositioning of the NuvaRingR
inside the vaginal canal. With 15–20 min of ambulation, the
lower aspect of the ring moved away, cephalad, from
introitus. This effect was more evident in the nulliparous
woman where the ring moved from within 31 mm of the
introitus in preambulation period to 47 mm in the
postambulation period. After this period of ambulation, it
was noted that the cervix was now resting inside of the ring.

In the parous woman, the lower aspect of the ring also
moved cephalad, farther away from the introitus. Just after
insertion, the ring was 46 mm from the introitus. After
ambulation, the ring moved to 49 mm away from the
introitus in the postambulation period. In both instances, the
cervix was inside the ring.

After insertion, the originally round shape of the
NuvaRingR lengthened along the anterior–posterior axis
to become an oval shape (Fig. 2), a finding consistent
throughout all postinsertion and ambulation images. The
greatest longitudinal dimension of NuvaRingR remained
56–57 mm in both pre- and postambulation measurements
(compared with 54-mm actual diameter of ring outside the
body). There was overall compression of the ring bilaterally,
thereby shortening the transverse diameter. With ambula-
tion, this effect was slightly more pronounced for the
nulliparous woman, whose NuvaRingR was 49 mm in

Fig. 3. Digital axial MRI image of a nulliparous user postambulation.

NuvaRingR is compressed by the muscular tone of the potential vaginal

space and is a gentle oval in the anteroposterior direction (5–7 mm longer

than wide). The ring adjusts well with ambulation, moves away from

introitus and posterior lip of the cervix lies within the NuvaRingR.

K.T. Barnhart et al. / Contraception 72 (2005) 196–199198
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Figure 5.3. (A) Dimensions (overall diameter vs. cross-sectional diameter) of vaginal rings, both 
marketed products (coloured symbols) and those previously tested in the clinic and reported in 
the scientific and patent literature (black symbols). Rings are further sub-classified according to 
polymer type – silicone elastomer (circles) and thermoplastic (squares). (B and C) Percentage of 
women in clinical studies reporting one or more ring expulsions as a function of overall ring di-
ameter and ring cross-sectional diameter, respectively. Each plot symbol represents a single clin-
ical study. The plots do not take into consideration the mechanical properties of the rings (for 
most, no data is available), which will likely vary considerably depending upon the grade of poly-
mers used. Nonetheless, the plots demonstrate a general lack of correlation between ring dimen-
sions and expulsions [46].  
 

There have been no studies reporting the impact of ring mechanical characteristics on reten-

tion and expulsion during use. Boyd et al. reviewed cases of vaginal ring expulsions and re-

movals reported in clinical studies of marketed vaginal rings and vaginal rings being devel-

oped (Figure 5.3). Although it is difficult to elucidate how ring dimensions, polymer type and 

flexibility of polymer might impact ring expulsions, it appears that relatively high ring stiffness 

and relatively large ring dimensions may be beneficial [46]. However, there are no interna-

tional standards for testing the mechanical properties of drug-releasing vaginal ring products. 

In vitro mechanical tests are starting to be reported in the literature, mostly to compare new 
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experimental rings with marketed vaginal ring products as part of efforts to match mechani-

cal performance specifications [39,46,66,203,223,232,233,258]. Also, mechanical integrity 

tests need to be included in vaginal ring product specifications, according to guidance from 

the Center for Drug Evaluation and Research (CDER) at the Food and Drug administration 

(FDA) for the development of vaginal microbicides for prevention of HIV infection [259].    

 

McCoy et al have recently reported a raft of mechanical testing methods for vaginal rings 

(Figure 5.6) based on ISO8009:2014 “Mechanical contraceptives – Reusable natural and sili-

cone rubber contraceptive diaphragms – Requirements and tests [260]. Some of the tests 

outlined in ISO 8009:2014 have been modified to account for differences between the design 

of vaginal rings and contraceptive diaphragms. Shore (Durometer) hardness is a measure of 

the resistance of a material to penetration, although Shore hardness is not directly translat-

able into other physical material properties such as strength, toughness or modulus. Gener-

ally, durometer hardness testing is a standard measure of the hardness of rubber and plastic 

materials (Figure 5.4). It has also been used to access the quality of silicone elastomer vaginal 

rings [44,66,111,203,260]. Type A durometer is commonly used for the hardness test of rub-

ber and provides a rapid comparison of different materials intended for vaginal ring manu-

facture and final vaginal ring products, although the indenter geometry does not conform to 

ASTM D2240 [260]. Type M durometer is intended for testing irregular shapes, where the 

thickness (or cross-sectional diameter) is 1.25 mm or greater. Shore M hardness is more ap-

propriate for hardness measurements of vaginal rings with various diameters and cross-sec-

tional diameters according to the ASTM D2240 standard (D2240-15; Standard Test Method 

for Rubber Property – Durometer Hardness). The diagram of durometer indentors of type A 

and type M is shown in Figure 5.5. 
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Figure 5.4. Durometer Shore Hardness scales [261]. 
 

 

Figure 5.5. Diagram of durometer indentors of Shore A and M durometer [262]. 
 

Compression testing is also important as a measure of the mechanical properties of vaginal 

rings [260]. A 5 mm compression test has been performed on vaginal rings for quality control 

purposes, both to assess if the silicone elastomer was cured properly [232] and to allow com-

parison with commercial vaginal ring products. Generally, vaginal rings are compressed 

through a distance of 5 mm and six cycles, and the average of the maximum force values 

reported [223,233].  

 

A 1000-cycle compression test has been developed to assess the mechanical strength and 

durability of diaphragm devices [263]. Applied to vaginal rings, a batch of devices are 
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compressed 1000 times to 25 ± 5% of the ring outer diameter (OD) and the percentage OD 

recovery measured after a specified time following the end of the test procedure [260]. John-

son et al. conducted compression testing of a segmented polyurethane ring by compressing 

to 50% of the initial OD and recording the compression/retraction process force in compari-

son with NuvaRing® [258].  

 

Static 28-day deformation testing is designed to continuously compress vaginal rings to 25 ± 

5% of their original OD for a specified period of time (usually equivalent to the intended use 

duration). Following removal of the compression force, the rings are allowed to recover for 

15–20 s and then they are placed on a custom ring gauge indicating percentage recovery 

compared to the original dimensions [203,260].   

 

Tensile elongation is also used to evaluate the mechanical characteristics of vaginal rings; this 

test is particularly useful for vaginal rings with weld joints, pods or inserts which may result 

in mechanical failure [232,258,260]. Tensile testing also reflects real world use of vaginal 

rings, since users are required to remove devices from the vagina using a single finger. As an 

aside, it should be noted that vaginal rings are widely reported by users to be easy to remove; 

they do not get stuck tightly in the vagina. Tensile testing can also be used as a quality control 

measure. For example, it is used as a low burden QC test to assess the weld joint integrity for 

NuvaRing® and to support product release [260]. In a typical tensile test, rings are generally 

stretched in at a fixed speed (e.g. 500 mm/min) until the ring breaks. Measured outputs in-

clude tensile extension at maximum load (mm) and maximum load at maximum extension 

(N). Precent elongation at break values may also be determined using an equation (% elon-

gation at break = 100 x (max. extension at max. load (mm)/ ring internal diameter (mm)) 

[203].   

 

The twisting-during-compression test recently reported for vaginal rings is based on the in-

dustry standard for diaphragm devices (intended to ensure no significant deformation of the 

diaphragm  after compression, and thereby maintaining barrier integrity) [263]. The vaginal 

ring is placed vertically in the test jig with the top of the ring firmly fixed using clamp. The 

bottom point of the ring is then able to rotate freely in a holder mounted on a low friction 

bearing. Rings are compressed through a specified distance (following the diaphragm twist-

test parameters as stated in Annex F of ISO8009:2014) and the maximum angular rotation 

value during the compression is measured [39,104,260].  
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Figure 5.6. The schematic diagram of most common mechanical tests for vaginal rings [46].  
 

The aim of this chapter is to conduct Shore M hardness testing, 5 mm compression testing, 

1000-cycle compression testing and static 28-day deformation testing to evaluate the me-

chanical performance of matrix-type DDU-4320 silicone elastomer vaginal rings containing 

DPV, MET and combination of DPV and MET.  

 

5.2. Materials 

The manufacture of matrix-type DDU-4320 silicone elastomer vaginal rings was described in 

detail in Chapter 4. Briefly, the ring formulations used in the study included blank rings, 25 

mg DPV rings, 200 mg DPV rings, 100 mg MET rings, 250 mg MET rings, 500 mg MET rings, 

1000 mg MET rings, 2000 mg MET rings, 3000 mg MET rings (the only dosage form not ap-

peared in chapter 4), 25 mg DPV + 1000 mg MET rings and 200 mg DPV + 1000 mg MET rings. 

 

5.3. Methods 

5.3.1. Shore M hardness testing 

Four rings were randomly selected from each ring batch and tested for durometer hardness 

using a Shore M hardness tester (Checkline RX-DD-M digital durometer Type M) (Figure 5.7A). 

All vaginal rings were placed in an oven (LTE Scientific OP100) at 80 ̊ C for 8 hr following initial 

ring manufacture to post-cure the rings to ensure full cure status. Ring samples were cooled 

to room temperature before measurement. Another four rings from each manufacturing 

batch were selected and tested for change of hardness with time, for which rings were stored 

at room temperature and the measured hardness values recorded every 24 (± 1) hr. The 

Shore M hardness at Day 0 was obtained at 1 hr ± 10 min after manufacture via high-
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temperature injection molding (100 ˚C, 90 s). Each vaginal ring was placed on a locating rig 

on a flat hard surface to ensure the indenter was positioned above the center of the circum-

ference of the ring. Four measurements were performed per ring and minimum 6 mm dis-

tance from each testing position should be kept. Mean ± SD values (n=4) for hardness meas-

urements made at four different locations around the ring circumference of rings were rec-

orded.  

 

5.3.2. 5 mm compression testing 

Ring samples (n=4) for all formulations were compressed by 5 mm at 2 mm/s using a Texture 

Analyser (TA-XTPLUS, Stable Microsystem, UK) fitted with a 30 Kg load cell and analysed using 

Texture Exponent (TEE32) 32 software. Custom ring holders were designed and fabricated 

for use with the TA Analyser. There are multiple rectangular grooves mounted on both upper 

and lower platforms to allow several rings to be compressed at one time. These grooves 

needed to be aligned to ensure that rings could stand vertically before compression testing 

(Figure 5.7B). Rings were initially placed in the custom ring holder such that the rings sat 

vertically in state of slight pre-compression with the outside diameter in contact with grooves 

between a fixed base and moving crosshead. Each ring was compressed six times, and the 

mean of the last five values were recorded.   

 

5.3.3. 1000-cycle compression testing 

For the 1000-cycle compression test, rings (n=4 per formulation) were compressed to 25 ± 

5% of their original outer diameter at a speed of 5 mm/s and cycled 1000 times. Vaginal rings 

in this project with 57.6 mm OD and 7.9 mm cross sectional diameter (CSD) could not be 

compressed to 25 ± 5% of their OD. Therefore, the compression distance was adjusted to 

allow the inner surfaces of the ring to touch [260]. The placement of rings was similar for 5 

mm compression testing.  After the 1000th compression cycle, the percentage recovery of 

the ring diameter was recorded using a custom ring gauge (Figure 5.7D). Measurements were 

made within 15 min of removing the rings from the compression jig.  

 

5.3.4. Static 28-day deformation testing 

The static 28-day deformation test was conducted by placing rings (n=4) in individual cham-

bers of a custom aluminum compression jig (Figure 5.7C). Rings were compressed by a screw 

to 25 ± 5% of their original outer diameter, following the industry standard for compression 
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testing of diaphragm devices [263]. The rings were compressed until the internal surfaces 

touched, since rings having 57.6 mm OD and 7.9 CSD mm could not achieve 25% compression. 

After 28 days at room temperature (20 ˚C), the rings were removed from the jig and allowed 

to recover for a period of 15–20 s, before the percentage recovery of the original ring diam-

eter was recorded using the ring gauge (Figure 5.7D).  

 

Statistical analysis 

The data for Shore M hardness testing and 5 mm compression testing were analyzed using a 

one-way ANOVA followed by post hoc analysis using the Tukey-Kramer multiple comparisons 

test. Analysis was conducted using Graph-Pad Prism software and significance was noted for 

a p value of <0.05: * = significant (0.01 < p < 0.05), ** = very significant (0.001 < p < 0.01), *** 

= extremely significant (p < 0.001), ns = not significant (p > 0.05). 

 

 

 
Figure 5.7. (A) A MET ring placed on the Shore M Hardness Durometer; (B) An uncompressed DPV 
ring on the compression jig for 5 mm compression testing and 1000-cycle compression testing; 

A B 

C D 
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(C) Compressed MET rings for 28-day compression testing; (D) A blank ring on the gauge measur-
ing for the extent of recovery of original outer diameter (57 mm) after compression. 
 

5.4. Results and Discussion 

5.4.1. Shore M hardness testing 

Changes in the Shore M hardness values following ring manufacture are presented in Figure 

5.8. All vaginal ring formulations showed that values of shore M hardness increased with 

time. For example, the mean hardness values for blank DDU-4320 rings increased from 26.2 

(Day 0) to 36.8 (Day 14), a very significant 40% increase. These rings were manufactured via 

injection molding at 100 ˚C for 90 s; this cure time provided a cure state sufficient for easy 

removal of the rings from the mold (a process referred to as ‘demolding”) and a high-quality 

smooth ring surface. However, based on the data presented in Figure 5.8, it is clear that the 

cure process is not complete, since hardness continues to increase due to post-manufacture 

crosslinking of silicone elastomer network at room temperature [211]. This observation sup-

ports our decision to apply a second heating process, called “post curing”, involving place-

ment of the vaginal ring in the oven at 80 ˚C for 8 hr; this aspect is further discussed later in 

this chapter. 

 

The Shore M hardness values for some formulations were extended out to Day 21 and Day 

100 (Figure 5.8). The trends in hardness measurements with time were similar between blank 

DDU-4320 formulation and the 25 mg DPV ring. Formulations with drug loadings ranging 

from 0.3 % w/w (25 mg DPV) to 12.8 %w/w (25 mg DPV + 1000 mg MET) showed hardness 

changes similar to the blank DDU-4320 formulation, except for the 200 mg DPV formulation 

which showed a smaller increase (29.2 to 34.9) in first two weeks. The hardness of 1000 mg 

MET formulation was always higher than that of 1000 mg MET + 25 mg DPV formulation. In 

addition, the hardness of 2000 mg MET rings and 3000 mg MET rings were higher than other 

formulations and showed a slower rate of increase of hardness with time. Shore M hardness 

measurements also demonstrated that cure was completed following post-cure at 80 ˚C for 

8 hr (Table 5.1).    

 

 The Shore M hardness value of blank DDU-4320 rings was significantly higher than all the 

drug-loaded rings except for 2000 mg MET and 3000 mg MET rings (Table 5.1). This suggests 

that the presence of MET affected the curing of the silicone elastomer, possibly inhibiting to 

some extent the crosslinking reaction between the hydride- and vinyl-functionalized 
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polydimethylsiloxane components of the silicone elastomer system. The Shore M hardness 

values for each formulation are presented graphically in Figure 5.9. For the MET VRs, Shore 

M hardness values increased (from 34.7 to 39.7) with increasing MET loading (250 mg to 

1000 mg), although there is no significant difference between the Shore M hardness values 

for the 100 mg and 250 mg MET rings (p = 0.9). The value for the 2000 mg MET (45.4) was 

higher than that of blank rings (41.9), demonstrating that a relatively high drug loading, such 

as 25 % w/w MET, may increase the hardness due to the high content of solid drugs acting 

as a reinforcing filler, and thereby masking the effect due to cure inhibition of the silicone 

elastomer. Interestingly, there is no significant difference in Shore M hardness values be-

tween the 25 mg DPV and 200 mg DPV (p = 0.7). Furthermore, the Shore M hardness value 

(38.0) measured for the 25 mg DPV + 1000 mg MET combination ring was lower than that for 

the 1000 mg MET (39.7), despite the slightly higher overall drug loading. The value (36.0) for 

the 200 mg DPV + 1000 mg MET ring (handle-injection) was lower than that for the 25 mg 

DPV + 1000 mg MET ring (p = 0.0024). When using the manual injection molding machine to 

manufacture rings, it was impossible to match the high injection pressures of the Babyplast™ 

injection machine, resulting in less silicone elastomer being pushed into the mold and form-

ing silicone elastomer vaginal rings with lower density.    

 

Shore M hardness measurements for marketed vaginal ring products – Femring®, NuvaRing® 

and Estring® were conducted and reported by McCoy et al. (Table 5.2) [260]. The mean shore 

M hardness for 25 mg DPV + 1000 mg MET combination ring and 200 mg DPV + 1000 mg MET 

ring was 38.0 and 36.0, respectively. These values are lower than that for commercially avail-

able rings tested – 59.79 for Femring®, 89.26 for NuvaRing® and 53.74 for Estring® (Table 

5.2). However, what effect these differences will have is currently unkown. Durometer test-

ing is an empirical method, and shore hardness is not correlated closely with other physical 

properties. However, lower shore hardness gives rings softer texture and higher flexibility, 

which may increase the rate of involuntary ring expulsions. Involuntary ring expulsion with-

out quick reinsertion impacts the efficacy of ring device such as contraception that is depend-

ent on maintaining systemic drug concentrations to successfully inhibit ovulation [46]. Avoid-

ing the occurrence of involuntary ring expulsion is also significant for antiretroviral-releasing 

rings for HIV prevention. It was also reported that some women found difficult to reinsert 

after expulsion due to it being too flexible in a pilot study assessing acceptability of and tol-

erance to a placebo silicone elastomer vaginal ring [264]. It is still not known to what extent 

shore hardness correlates with flexibility to impact occurrence of involuntary expulsion of 
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rings. Therefore, other silicone elastomer with higher shore M hardness will be considered 

to optimize the DPV + MET combination rings. 

 

 

 
Figure 5.8. (A) Mean Shore M hardness versus time (14 days) profiles and (B) Mean Shore M 
hardness versus time profiles (0, 7, 14, 21 and 100 days) for DDU-4320 silicone elastomer matrix-
type vaginal rings containing various loading and combinations of DPV and MET.  
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Table 5.1. Mean Shore M hardness measurements of vaginal rings completing curing at 80 ˚C for 
8 hr, mean 5 mm compressive force values and percentage recovery of 1000-cycle compression 
and 28-day static compression (same values) for matrix DDU-4320 vaginal rings containing differ-
ent amount and combinations of DPV and MET (n=4 rings per formulation). 

Formulation Mean Shore M Hardness 
(± SD) (Arb. Units) 

Mean compressive 
force (± SD) (N) 

Percentage recovery 
of the original OD 

Blank 41.9 (± 0.5) 0.383 (± 0.005) 100% 

25DPV 36.2 (± 0.9) 0.309 (± 0.008) 100% 

200DPV 36.9 (± 0.9) 0.293 (± 0.006) 100% 

100MET 34.2 (± 0.8) 0.263 (± 0.007) 100% 

250MET 34.7 (± 0.9) 0.269 (± 0.006) 100% 

500 MET 37.4 (± 1.3) 0.305 (± 0.009) 100% 

1000MET 39.7 (± 1.1) 0.347 (± 0.008) 100% 

2000MET 45.4 (± 1.2) 0.446 (± 0.016) 90% - 100% 

3000MET 46.1 (± 1.5) 0.609 (± 0.026) 90% - 100% 

25DPV + 1000MET 38.0 (± 1.4) 0.356 (± 0.026) 100% 

200DPV +1000MET 36.0 (± 0.8) 0.293 (± 0.009) 100% 
 

 
Figure 5.9. Mean Shore M hardness value (Arb units) of each ring formulation after completing 
curing at 80 ˚C for 8 h (n=4 per formulation). 
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Figure 5.10. Mean force required to compress each ring formulation for 5 mm (n=4 per formula-
tion). 
 

Table 5.2. Mean Shore M hardness measurements, percentage recovery of 1000-cycle compres-
sion and 28-day static compression for marketed vaginal ring products (n=13 rings per formula-
tion) [260].   

Ring type 
Polymer & Ring De-
sign 

Mean Shore M 
Hardness (± SD) 
(Arb. Units) 

Percentage recovery of 
the original OD (1000-
cycle compression) 

Percentage recovery of 
the original OD (28-day 
static compression) 

Femring® Condensation-cure 
SE reservoir-type 59.79 (± 0.54) 100% 100% 

NuvaRing® PEVA reservoir-type 89.26 (± 0.29) 80% 50 – 60% 

Estring® Addition-cure SE 
reservoir-type 53.74 (± 0.67) – 80 – 100% 

OD: outer diameter; SE: silicone elastomer; PEVA: polyethylene vinyl acetate. 

 

5.4.2. 5 mm compression test 

Similar trends in the mechanical behaviour of rings were observed for the 5 mm compression 

test (Figure 5.10) (Table 5.1). For DPV rings, a statistically significant (p = 0.004) decrease in 

force was noted (0.309 N to 0.293 N), despite an increased DPV loading (25 mg to 200 mg). 

For MET rings, increasing MET loading produced increased compression force. Compared to 

1000 mg MET ring, the further addition of 25 mg DPV did not significantly increase the com-

pression force (p = 0.3). The compressive force (0.383 N) required for DDU-4320 silicone elas-

tomer blank rings were still higher than most other formulations containing drugs except for 

the 2000 mg MET ring (0.446 N) and 3000 mg MET ring (0.609 N), which was similar to the 

result of Shore M hardness measurements.  
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5.4.3. 1000-cycle compression testing and static 28-day deformation  

Vaginal rings are designed to remain in vagina for 28 days or longer. A 1-year Annovera® 

contraceptive ring may require multiple removals during this one-year use. Therefore, vagi-

nal rings are aimed at retaining sufficient resilience to retain in the vagina even experiencing 

long term compression and multiple expulsions and insertions. After 1000-cycle compression 

testing, most ring formulations showed no visible signs of deformation and recovered to 100% 

of their original OD within 15 min of test completion. The 2000 mg MET ring and 3000 mg 

MET ring returned to 90–100%, which also meets acceptance criteria (at least 90%) [263]. 

Similar results were observed for the same batches of rings undergoing static 28-day com-

pression. In this case, rings recovered to at least 90% of their original outer diameter after 

removal of the compression force within 15 min.  

 

Femring® showed the 100% recovery of its original OD after 1000-cycle compression test and 

static 28-day compression test, respectively; Estring® recovered 80-100% of its original OD 

upon 28-day static compression test (Table 5.2). DPV + MET ring formulations perform simi-

larly to the marketed products Femring® and Estring®. NuvaRing®, a thermoplastic ring, re-

covered 80% after 1000-cycle compression test and 50–60% of its original OD after 28-day 

static compression test. 90% recovery is an acceptance limit for diaphragm devices and is not 

necessarily applicable to vaginal ring devices [260]. There are no reports about excessive ex-

pulsions or vaginal discomfort for marketed ring products, and the recovery values as low as 

50–60% (28-day compression test) are theoretically acceptable for clinical use [46].  

 

5.5. Conclusions 

Mechanical tests – including Shore M hardness measurements, 5 mm compression testing, 

1000-cycle testing and static 28-day compression – were conducted for DDU-4320 silicone 

elastomer blank vaginal rings and vaginal rings containing a range of DPV and MET loadings. 

The rank order of shore M hardness values and maximum forces required for 5 mm compres-

sion for these vaginal ring formulations were the same. Blank silicone elastomer rings gave 

higher shore M hardness values and required higher 5 mm-compression forces than vaginal 

rings with drug loading less than 25% w/w (2000 mg MET). The incorporation of solid drugs 

into the rings reduces the crosslinking density of the silicone elastomer network, while higher 

drug loadings like 25 % w/w acted as reinforcing fillers. However, lower percentage 
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recoveries of OD in both 1000-cycle compression and 28-day static compression were ob-

served for MET rings with higher than 25% w/w loading. It is also supplementary about a 

point that blank rings (also called drug-free rings) could not be used as a representative de-

vice to evaluate initial user acceptability for vaginal rings requiring higher drug loadings [46].   

 

The continued change in hardness of silicone elastomer vaginal rings following manufacture 

may also need to be considered further. For example, it will be important to assess how the 

time and conditions of storage vaginal rings influence their mechanical properties. Also, the 

changes in ring hardness after wearing (when a fraction of the drug will have been released 

from the device) is also worth exploring as part of future clinical studies. From the perspec-

tives of user compliance/adherence and overall acceptability of vaginal rings, it is important 

to ensure the ring is not easily expelled from the vagina and that the woman is comfortable 

with insertion, wearing and removal of the device. For these reasons, and for quality control 

purposes, it will be necessary to continue developing mechanical performance tests for vag-

inal rings. For example, 5 mm compression test would be optimized to more than one and 

longer compression distance – 10 mm, 15 mm and 20 mm, that would provide more than 

one criteria aiming to differentiate mechanical properties among formulations  and  mimic 

as closely as possible the compression distance of the vaginal ring in use. To better under-

stand the mechanical changes that might take place in vivo as a result of drug release, rings’ 

mechanical characteristics would be examined both before and after release testing.



 

  

6 
Microbiological characterization of  

matrix-type silicone elastomer vaginal 

rings containing DPV, MET and DPV+MET  
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6.1. Introduction 

Antibiotic susceptibility testing (AST) is a commonly used method for evaluating antibiotic 

resistance, specifying effective antibiotic dosage in the in vitro setting, and predicting patient 

treatment plans in clinical settings [265]. Conventional AST methods include disc diffusion, 

broth dilution, agar dilution and Epsilometer testings (Etest). The disc diffusion method in-

volves spreading bacteria with a standardized turbidity on an agar plate and placing the an-

tibiotic-treated paper disc (about 6 mm in diameter) with a desired concentration on the 

inoculated agar plate [266]. Antibiotic on the discs diffuse through the solid agar, resulting in 

the formation of an inhibition zone where no bacteria can be seen after incubation. The effi-

cacy of antibiotics and antibiotic resistance can be assessed by measuring and comparing 

diameters of the inhibition zones formed around discs loaded with antimicrobial agents.   

 

Dilution methods establish the concentration of the tested antimicrobial agent in the agar 

(agar dilution) or broth medium (macrodilution or microdilution) and are the most useful 

methods to determine minimum inhibitory concentrations (MIC) values [267]. MIC is defined 

as the lowest concentration of antimicrobial agent that inhibits the visible growth of the mi-

croorganism tested [268]. For the broth dilution method, consecutive two-fold dilutions (e.g. 

1, 2, 4, 8, and 16 µL) of antimicrobial agents are made and dispensed into tubes (2 mL for 

macrodilution) or 96-well microtitration plate (~0.1 mL for microdilution) containing bacte-

rial growth medium. Each tube or well is mixed with inoculum and incubated under suitable 

conditions. The breakpoint through the turbidity of culture media is determined as the MIC 

value. In the agar dilution method, varying desired concentrations of the antimicrobial agent 

(two-fold dilutions) are prepared in agar medium, followed by the inoculation of defined mi-

crobial inoculum to the surface of the agar plate. The MIC value is determined as the lowest 

concentration of antimicrobial agent that completely inhibits growth under suitable incuba-

tion conditions.  

 

Etest® is a commercial version of the antimicrobial gradient method. A strip impregnated 

with an increasing concentration gradient of the antibiotic is deposited on the agar surface 

where the tested microorganism was previously inoculated [269]. The MIC value is deter-

mined at the intersection of the strip and the growth inhibition ellipse.   

 

The time-kill test method determines the bactericidal or fungicidal effect and reveals a time-

dependent or a concentration-dependent antimicrobial effect through the dynamic 
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interaction between the antimicrobial agent and the microbial strain [270]. The time-kill test 

is performed in broth culture containing an initial bacterial inoculum of 5 x 105 CFU/mL (in 

the log phase of the life cycle) and antimicrobial agents with final concentrations of 0.25 x 

MIC or 1 x MIC (usually multiples of MIC) or without drugs as a growth control group. The 

tubes or flasks are incubated under suitable conditions and sampled at time intervals (usually 

0, 4, 6, 8, 10, 12 and 24 h). The survivor colony count (CFU/mL) is determined by spreading 

each sample onto an agar plate. The definition of bactericidal activity usually requires 99.9% 

killing of the starting inoculum or can be also defined by 3-log10 scale decrease in the CFU/mL 

compared with the initial bacterial inoculum [271].  

 

An active compound tested by the conventional AST methods is usually dissolved in a solu-

tion with different concentrations. For the polymer formulations, AST methods should be 

adjusted to fit the matrix of solid (or semi-solid) formulations. Several modified antimicrobial 

assays for testing of pharmaceutical formulations have been reported. The disc diffusion 

method was used to assess antimicrobial activity of metronidazole poly(e-caprolactone) (PCL) 

matrix formulations against G. vaginalis. 100 µL volumes of in vitro release medium following 

metronidazole release from poly(e-caprolactone) (PCL) matrices into simulated vaginal fluid 

(SVF) (and drug standard solutions in SVF) were placed in the disc at the centre of horse blood 

agar plates inoculating with ~100 colony forming units (CFU) of G. vaginalis. The diameter of 

the zone of inhibition surrounding the disc was measured after incubating at 37 ˚C for 48 h 

under anaerobic conditions. Metronidazole release from 5.4% drug-loaded PCL matrices re-

tained antimicrobial activity against G. vaginalis over 10 days at 88 – 97% compared to the 

non-formulated drug solutions of metronidazole having the same concentration [272,273].   

 

Biofilm formation has also been also assessed as a measure of antimicrobial activity of drug-

loaded polymer formulations. Verstraete et al. investigated the extent of Candida albicans 

(C. albicans) and S. aureus biofilm formation at the surface of lactic acid-loaded or metroni-

dazole-loaded thermoplastic polyurethane (TPU) intravaginal rings [274]. The addition of lac-

tic acid or metronidazole to the TPU matrix significantly reduced S. aureus and C. albicans 

biofilm formation compared to the drug-free TPU controls.  

 

A modified agar diffusion test was used to evaluate the antifungal effectives of clotrimazole-

loaded (CTZ) TPU intravaginal rings (IVRs) against C. albicans ATCC 10231 [275]. IVR formula-

tions were sterilized by UV irradiation for 1 h and then placed on solid Sabouraud dextrose 

agar (SDA) (solidified from 15 mL of liquid SDA) plates inoculating with 106 CFU/mL of C. 
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albicans ATCC 10231. 10 mL of inoculated liquid SDA were poured to embed the IVR. After 

incubation at 37 ˚C for 24 h, zone of growth inhibition around each IVR was measured as 

index of antimicrobial activity (Figure 6.1A). The cross-sectional diameter of the inhibition 

zone was 2 cm for the 10% CTZ formulation (compared to negligible for 2% CTZ). The 10% 

CTZ IVR formulation was then selected for modified time-kill assays to detemine the expo-

sure time required to kill a standardized C. albicans inoculum [275]. Autoclaved 10% CTZ IVRs 

were placed in sterile tubes containing 20 mL of the vaginal simulative medium (VSM, also 

known as SVF) for 0, 24 and 48 h at 37 ˚C, 100 rpm, respectively. Then, 1 mL of the inoculum 

of C. albicans ATCC 10231 (106 CFU/mL) was added to the tubes containing VSM and IVRs at 

time t=0 of time-kill assays and incubated at 37 ˚C, 100 rpm. 20 mL of VSM and one 0% CTZ-

IVR was as a growth control. 100 μL aliquots were removed at the time 24, 48, 72, 96, 120, 

144 and 168 h (up to seven days) and diluted and inoculated onto SDA agar plates for quan-

tification (Figure 6.1B). Pre-incubation for 24 h and 48 h was to simulate a possible preventive 

antifungal application. All samples containing CTZ-IVRs showed a much lower values of 

CFU/mL of C. albicans compared to the VSM control at the 24 h and displayed a complete 

growth inhibition after 5 days (Figure 6.1B). 

 

   
Figure 6.1. (A) Antifungal activity of clotrimazole-loaded TPU intravaginal rings against C. albicans 
ATCC 10231 assessed by a modified agar-diffusion method; (B) The time-kill curve of 10% CTZ-
IVRs pre-incubated in VSM for 0 h, 24 h and 48 h against C. albicans (CFU/mL) in seven days (24, 
48, 72, 96, 120, 144 and 168 h) [275].  
 

Gardnerella vaginalis (G. vaginalis) is one of the dominant anaerobic pathogenic bacteria 

implicated in bacterial vaginosis (BV). Although the etiology of BV is still unknown, G. 

vaginalis is able to reproduce in the microflora of the vagina, creating favorable conditions 

for the development of inflammatory processes in which other microorganisms such as 

Prevotella bivia and Atopobium vaginae may be involved [276–278]. G. vaginalis is an im-

portant contributor in the pathogenesis of BV and is present in 95–100% of clinically 
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diagnosed cases [135,279]. It has been demonstrated that G. vaginalis has significantly higher 

virulence potential than many other BV-related species, as defined by higher initial adhesion 

and cytotoxic effects and a greater tendency to form biofilms [280]. G. vaginalis is a Gram-

variable, facultative anaerobe that is inhibited by hydrogen peroxide, is catalase negative, 

and produces acid from glucose, maltose and starch and not from mannitol [281]. G. vaginalis 

is also the most extensively studied bacteria in in vitro assessments of antimicrobial agents 

for treatment of BV.  

 

In this chapter, standardized G. vaginalis ATCC 14018 was selected as a representative BV 

pathogen. The modified time-kill assays were conducted to assess bactericidal effects of MET 

vaginal rings and DPV + MET combination rings against G. vaginalis in the in vitro settings.  

 

6.2. Materials 

Micronized MET was supplied by Farchemia Srl (Treviglio, Italy). HPLC-grade acetonitrile, 

methanol, acetone and glycerol were purchased from Sigma-Aldrich (Gillingham, UK). Tri-

fluoroacetic acid (TFA) was purchased from Alfa Aesar (Thermo Fisher Scientific, Lancashire, 

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

(Watford, UK). The 0.20 µm syringe filters were purchased from SARSTEDT (Numbrecht, Ger-

many). BD Disposable Syringes without needles were purchased from Thermo Fisher scien-

tific (Leicestershire, UK). LYFO DISK™ of Gardnerella vaginalis ATCC® 14018 was purchased 

from Microbiologics® (Staffordshire, UK). The Columbia agar was purchased from Sigma-Al-

drich (Basingstoke, UK). Phosphate-buffered saline (PBS) tablets, Oxoid™ Brain Heart Infusion 

(BHI), Gibco™ Horse serum (HS), sterile 96-well plates (Nunclon™ Delta Surface), sterile petri 

dishes and Falcon™ 15 mL conical centrifuge tubes were purchased from Thermo Fisher sci-

entific (Leicestershire, UK). Defibrinated horse blood was purchased from TCS Bioscience 

(Buckingham, UK). The 1.5 mL Eppendorf centrifuge tubes and conical flasks were purchased 

from VWR (Lutterworth, UK). 

 

6.3. Methods 

6.3.1. Ring Manufacture 

The manufacture of matrix-type DDU-4320 silicone elastomer vaginal rings was described in 

detail in Chapter 4. The ring formulations used in the study included blank rings, 25 mg DPV 

rings, 200 mg DPV rings, 100 mg MET rings, 250 mg MET rings, 500 mg MET rings, 1000 mg 
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MET rings, 2000 mg MET rings, 3000 mg MET rings, 25 mg DPV + 1000 mg MET rings and 200 

mg DPV + 1000 mg MET rings. 

 

6.3.2. Development of UPLC method for MET in sBHI broth 

Various MET working solutions (25–750 µg/mL) were prepared in a supplemented BHI broth 

(BHI broth + 0.3% v/v horse serum) and in a sBHI broth inoculated with G. vaginalis ATCC 

14018. Prior to UPLC analysis for each MET working solution, 500 µL of a MET working solu-

tion (MET in sBHI broth/ sBHI broth inoculated with G. vaginalis) was mixed with 500 µL of 

methanol to precipitate proteins in a 1.5 ml centrifuge tube. The contents of the tube were 

vortex-mixed for 20 s and centrifuged (10,000 × g, 10 min) using a mini centrifuge (Sigma 

Laborzentrifugen GmbH, Osterode am Harz, Germany) [282]. For each sample, the superna-

tant (750 µL) was filtered with a 0.2 µm membrane filter and transferred into Waters™ UPLC 

vials. After running the UPLC analysis for these samples, the MET UPLC calibration curves 

were then generated for both sets of MET working solutions. 

 

Each MET working solution was analysed by injecting 3.0 μL onto a Waters Acquity UPLC® 

system (Waters Corporation, Dublin, Ireland) fitted with an Acquity UPLC BEK C18 column 

(2.1 mm x 50 mm, 1.7 μm particle size) and an in-line filter (0.2 µm). The column was held at 

25°C and gradient elution (Table 6.1) was performed using a mobile phase comprising A 

(0.1 %v/v TFA) and B (HPLC-grade acetonitrile). The flow rate was 0.25 mL/min and run time 

was 6 min. MET was detected at a wavelength of 320 nm with a retention time of 1.5 min 

(Figure 6.2). The chromatograms were analysed using Empower™ 3.0 software.   

 

Seven concentrations of MET in sBHI broth were prepared for the validation of the linearity 

over the range from 25 µg/mL to 1000 µg/mL in three different days (n=3). Each sample was 

analysed in triplicate and the average UPLC response (MET peak areas) of each MET working 

solution was plotted against its nominal concentration to produce a linear plot [283]. Three 

different concentrations with nine determinations (n=3) were used to assess the accuracy 

with the recovery (theoretical concentrations/concentrations calculated from the linear 

equation x 100%) in 90–110% (ICH, 2005). The repeatability was assessed by calculating the 

RSD value of UPLC response for three injections of one MET working solution in which the 

RSD value should be less than 2% [283]. The limit of detection (LOD) was calculated with the 

signal to noise (S/N) of 3. The limit of quantification (LOQ) was determined with S/N of 10.  
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Table 6.1. Gradient conditions of mobile phase in UPLC-UV method for MET in sBHI broth. 

Time (min) A% B% 

0.00 95 5 

0.80 95 5 

0.90 100 0 

2.50 100 0 

2.60 60 40 

3.80 60 40 

6.00 95 5 
 

 

Figure 6.2. UPLC chromatograph of sBHI broth (A), MET dissolved in sBHI broth (B).  
 

6.3.3. Preparation of G. vaginalis ATCC 14018 Frozen Stock 

Columbia + 0.5% defibrated horse blood agars (Columbia blood agars), BHI broth, and sterile 

flasks were aseptically prepared in preparation room at the School of Pharmacy at QUB. A 

pellet from LYFO DISK™ of Gardnerella vaginalis ATCC® 14018 was transferred aseptically 



Chapter 6. Microbiological characterization of matrix-type silicone elastomer  
vaginal rings containing DPV, MET and DPV + MET 

 118 

into 0.5 mL of sterile sBHI broth in a sterile vial. The pellet was crushed with a sterile swab 

until the suspension was homogeneous. The primary culture was inoculated by gently rolling 

the swab which has been saturated with the hydrated material over the Columbia blood agar. 

The colonies were isolated by streaking with a sterile loop. The agars were incubated for 48 

h at 37 ˚C and 5% CO2 (Sanyo MCO-17AIC InCusafe CO2 Incubator). Several colonies were 

transferred into sBHI broth (BHI broth + 0.3 %v/v horse serum) with sterile loop and incu-

bated overnight at 37 ̊ C and 5% CO2. Then, 850 µL of bacterial broth (G. vaginalis ATCC 14018) 

and 150 µL of glycerol were mixed and stored at –80 ˚C. 

 

6.3.4. Determination of Minimum Inhibitory Concentrations (MIC) and Minimum Bac-

tericidal Concentration (MBC) 

MIC and MBC testing was conducted using the modified Clinical and Laboratory Standards 

Institute (CLSI) broth microdilution method [268]. The initial inoculum of G. vaginalis was 

prepared by inoculating frozen stocks onto Columbia blood agars and incubated for 48 h at 

37 ˚C and 5% CO2. Then, one colony was picked and inoculated into 20 mL sBHI broth in an 

autoclaved 100 mL conical flask overnight at 37 ̊ C, 5% CO2 in an orbital shaker (Orbital shaker, 

Standard 1000, VWR) at 60 rpm. This overnight culture was then diluted (0.1 mL in 20 mL of 

fresh pre-warmed sBHI broth) and incubated for 3 h to obtain the log-phased culture. This 

log phase bacteria inoculum was adjusted to an optical density (OD) of 0.01 at 550 nm which 

is equivalent to 1.5 x 106 CFU/mL.  

 

A 96-well plate was filled with fresh sBHI broth (100 µL in each well). The 1127 µg/mL of MET 

stock solution was prepared and 100 µL of this MET stock solution was transferred into each 

well of column 1 and mixed by pipetting (Figure 6.3). Then, 100 µL of solutions in column 1 

was transferred into column 2 and mixed by pipetting and this procedure was repeated to 

column 11 (discard 100 µL from column 11) in which each well still containing 100 µL with 

different concentrations of MET. After that, 10 µL of the G. vaginalis inoculum (1.5 x 106 

CFU/mL) was added into each well (column 1 to 11) to obtain the final bacterial concentration 

of 1.0 x 105 CFU/mL. Wells in column 12 were filled with 110 mL fresh sBHI broth as a negative 

control for this test. Also, four wells–each contains 100 µL of fresh sBHI broth and 10 µL of G. 

vaginalis inoculum (1.5 x 106 CFU/mL) were considered as the positive control for this test. 

The final MET concentrations were 512, 256, 128, 64, 32, 16, 8, 4, 2, 1 and 0.5 µg/mL in sBHI 

broth (n = 3) (Figure 6.3). The 96-well plates were incubated for 48 h at 37 ˚C and 5% CO2 (no 

shaking). The result of MIC was determined by visualization, and the MBC was determined 
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by inoculating samples (10 µL) from all wells onto Columbia blood agar plates and by incu-

bating them at 37 ˚C and 5% CO2 to evaluate the growth of G. vaginalis after 48 h. 

 

 
Figure 6.3. The diagram of 96-well plates in MIC and MBC determination. 
 

6.3.5. Effect of UV on MET Content 

Four groups of MET powder (20 mg each group, n=3) were placed in the microbiology safety 

cabinet Bio-II-A (Telstar) with UV lamp on for 0, 1, 2 and 3 h. These powders were dissolved 

in 100 mL of water to be qualified by UPLC-UV. The recovery (%, = measured concentrations 

/ theoretical concentrations * 100) were statistically analysed by unpaired two-tailed T Test.  

 

6.3.6. Modified Time-Kill Assay  

Time-kill assays were modified according to CLSI guidelines to study the antimicrobial effect 

of MET loaded vaginal ring formulations against Gardnerella vaginalis [284]. Vaginal rings 

including blank vaginal ring controls (n = 3) and tested vaginal ring formulations (MET ring 

and DPV+MET ring, n = 3) were placed in the sterile petri dishes without lids and sterilized by 

the UV lamp of the microbiology safety cabinet Bio-II-A (Telstar) for 3 h. Rings need to be 

turned over after 1.5 h during the sterilization time. 100 mL of conical flasks with cotton plugs 

were autoclaved by the TOUCHCLAVE-R autoclave (LTE scientific).  

 

The strain of Gardnerella vaginalis ATCC 14018 was stored in sBHI broth (BHI broth + 0.3% 

v/v horse serum) with 15% (v/v) glycerol at –80˚C as described in section 6.3.3. The Gard-

nerella vaginalis ATCC 14018 was cultured by streaking a loopful of thawing bacterial culture 

on a Columbia blood agar (supplemented with 5% v/v defibrinated horse blood) and incu-

bated at 37 ˚C and 5% CO2 for 48 h. After that, 1–3 colonies were inoculated into the 20 mL 
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of sBHI liquid medium in the 100 mL conical flask for 18 h at 60 rpm, 37 ˚C and 5% CO2. 0.6 

mL of overnight culture was re-suspended in 100 mL of fresh and pre-warmed sBHI broth and 

incubated for 3 h at 60 rpm, 37 ˚C and 5% CO2 to obtain the log-phase G. vaginalis ATCC 

14018. The culture was adjusted to a bacterial concentration of 5 x 105 CFU/mL prior to im-

mersion of the IVR.  
 

Inside the microbiology safety cabinet Bio-II-A (Telstar), vaginal rings were placed in the 100 

mL conical flasks to ensure the sterilization. 20 mL of the culture of G. vaginalis ATCC 14018 

(5 x 105 CFU/mL) was transferred into 100 mL conical flaks. sBHI culture of G. vaginalis with-

out ring samples and with blank vaginal rings were prepared as positive controls (n = 3). Fresh 

sBHI broth in 100 mL conical flasks were prepared as negative controls (n = 3). All tested ring 

formulations were illustrated in Table 6.2.  

 

At each time point (t = 0, 2, 4, 6 and 24), 20 µL of culture from each conical flask was trans-

ferred into 180 µL of PBS in 96-well plates. The conical flasks were immediately placed on a 

shaker at 60 rpm and incubated at 37 ˚C and 5% CO2 after sampling. For each sample, a serial 

dilution was performed from 10-1 to 10-6. Then, 10 µL of each dilution was inoculated onto 

Columbia blood agar plate and incubated at 37 ˚C and 5% CO2. After 48 h, bacterial colonies 

were counted and multiplied by the dilution factor to obtain the viable bacterial (CFU/mL) in 

the conical flaks at each time point.  

 

At each time point (t = 0, 2, 4, 6 and 24), 250 µL from each flask was sampled and mixed/di-

luted with 750 µL methanol to determine the released MET from vaginal rings. The mixtures 

of broth samples and methanol in a 1.5 ml centrifuge tube were vortex-mixed for 20 s and 

centrifuged (10,000 × g, 10 min) with a mini centrifuge (Sigma Laborzentrifugen GmbH, Os-

terode am Harz, Germany) [282]. 750 µL of supernatant was filtered with a 0.2 µm membrane 

filter and transferred into Waters™ UPLC vials.  
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Table 6.2. The control groups and tested formulations in modified time-kill assay. Three repli-
cates were used for all test groups and controls. 

Negative control Positive control I Positive control II Tested formulations  

20 mL of fresh sBHI 
broth 

20 mL of sBHI culture 
of G. vaginalis without 
vaginal rings 

20 mL of sBHI culture 
of G. vaginalis with 
blank DDU4320 sili-
cone elastomer vagi-
nal rings 

20 mL of sBHI culture 
of G. vaginalis with:  
• 100 mg MET VR 
• 250 mg MET VR 
• 500 mg MET VR 
• 1000 mg MET VR 
• 25 mg DPV + 1000 

mg MET VR 
• 200 mg DPV + 1000 

mg MET VR 
• 2000 mg MET VR 

    
 

6.4. Results and Discussion 

6.4.1. Development of UPLC method for quantification of MET in sBHI broth 

MET calibration curves in sBHI broth and sBHI broth inoculated with G. vaginalis ATCC 14018 

are presented in Figure 6.4. These two calibration curves were similar and showed good lin-

earity (R2 = 0.99). The partial UPLC method validations for the measurement of MET in sBHI 

broth were performed. The validation parameters of UPLC-UV methods used for measuring 

MET in sBHI broth are shown in Table 6.3. Based on the results, the UPLC method was con-

sidered acceptable for quantification of MET in both sBHI broth and sBHI broth inoculated 

with G. vaginalis ATCC 14018 in the modified time-kill assay.  

 

Table 6.3. Validation parameters in UPLC-UV method for MET in sBHI broth. 

API Range  
(µg/mL) 

R2 
Value 

Recovery  
(Average %) 

RSD 
(Average %) 

LOD 
(µg/mL) 

LOQ 
(µg/mL) 

MET 25 – 750 0.99 104.40 0.55 0.11 0.36 
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Figure 6.4. Standard calibration curves (mean peak area vs. concentration in µg/mL) for MET in 
sBHI broth and sBHI broth inoculated with Gardnerella Vaginalis ATCC14018. 
 

6.4.2. Determination of MIC and MBC  

Gardnerella vaginalis appear as tiny, greyish, smooth, roundish colonies with zones of b-he-

molysis after 48 h on Columbia blood agars (Figure 6.5) [285]. MIC and MBC results for MET 

against G. vaginalis ATCC 14018 showed that the bacterial strain used in the microbiology 

test was sensitive to MET. The MIC of each antibiotic is defined as the lowest concentration 

that prevents visible growth of a microorganism under defined conditions [286]. The MBC is 

the lowest concentration of an antibacterial agent required to kill a bacterium over a fixed 

period under a specific set of conditions [284]. The experimentally determined MIC and MBC 

values for MET against G. vaginalis ATCC 14018 were 16 µg/mL and 32 µg/mL, respectively.  

 

Bacterial growth was observed in the growth control (positive control) wells (labels of “+ve” 

on the plate, Figure 6.6), as indicated by the presence of turbidity. No bacterial growth was 

observed in the negative control wells (labels of “-ve” on the plate, Figure 6.6), as indicated 

by clear broth showing no turbidity. Wells with 0.5, 1, 2, 4 and 8 µg/mL of MET were turbid 

with visible bacterial growth, but wells with 16 µg/mL and higher than 16 µg/mL of MET were 

clear, indicating that the MIC of MET against G. vaginalis ATCC 14018 is 16 µg/mL [286]. MIC 

results were in agreement with previous MIC determinations of MET against various strains 

of G. vaginalis obtained from the vaginas of women. Other studies have shown that the MIC 

of MET against G. vaginalis varied between 2 and ≥128 mg/L (mean MIC 32 mg/L) [281], 2–

128 µg/mL [287] and 4–128 µg/mL [288]. The MBC is also defined as the minimum concen-

tration of the antibiotic that can kill 99.9% of microorganism on solid plate [289]. No visible 

bacterial growth was observed on the agar plate streaked with samples from wells containing 

32 µg/mL MET. 
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Figure 6.5. Colonies of G. vaginalis ATCC 14018 on Columbia + 0.5% defibrated horse blood 
agars (Columbia blood agars).  
 

 

Figure 6.6. Photo of bottom view of 96-well plate for MIC determination with a series of concen-
trations of MET ranging from 0.5 to 512 µg/mL (red labels on each column); –ve, negative control 
– broth only; +ve, positive control – broth with G. vaginalis ATCC 14018 without MET.  
 

6.4.3. UV Stability Test for MET  

The UV sterilization was intended to sterilize IVR surface used in time-kill tests. MET content 

was determined following the exposure of MET powders to UV for 1, 2 and 3 h. Unpaired 

two-tailed T test showed that there was no significant difference between MET without UV 

exposure and MET under 3-h UV exposure (p = 0.7844). The recovery (%, = measured 
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concentrations / theoretical concentrations * 100) of MET measured with UPLC-UV under 

four periods of UV irradiation (0, 1, 2, and 3 h) were shown in Table 6.4. The RSD of the 

recoveries of MET without UV exposure (0 h) and MET under 3-h UV exposure showed no 

difference (RSD=0.51). 3 h was selected as time of UV sterilization for vaginal rings used in 

time-kill assays.  

 

Table 6.4. Recovery (%) values for MET powder under 0, 1, 2 and 3 h of UV irradiation.  

Recovery (%) 0h UV exposure 1h UV exposure 2h exposure 3h exposure 

Replication 1 100.0 99.6 101.1 100.3 

Replication 2 100.0 99.8 101.1 100.2 

Replication 3 99.8 99.6 100.0 98.9 

Mean 99.9 99.7 100.7 99.8 

RSD  0.18 0.56 0.51 
RSD was used to compare the difference between the MET without UV exposure and MET under the 

1, 2 and 3h UV exposure (RSD < 3, no difference). 

 

6.4.4. Modified Time-Kill assay 

The in vitro bactericidal activities of blank (no active ingredients), MET and DPV + MET sili-

cone elastomer vaginal rings against G. vaginalis ATCC 14018 were evaluated. The results of 

time-kill curves of IVRs against G. vaginalis ATCC 14018 at 37 ˚C, 60 rpm and 5% CO2 in 24 h 

are shown in Figure 6.7. G. vaginalis is a fastidious bacterium and was inoculated in BHI broth 

with 0.3% v/v horse serum which encourages planktonic growth [288]. There was an increase 

of about 1.2 Log10 CFU/mL at 6 h and 3.2 Log10 CFU/mL at 24 h for G. vaginalis a positive 

control compared to initial inoculum. Blank silicone elastomer rings without DPV or MET, 25 

mg DPV and 200 mg DPV rings showed a reduction of 1.0 log10 CFU/mL of G. vaginalis in 

viable count compared to positive control (G. vaginalis alone) without any ring formulations 

at 24 h (Figure 6.7). The presence of blank silicone elastomer vaginal rings in conical flasks 

might disrupt the laminar flow of liquid sBHI broth and influence the gas exchange resulting 

in inhibition of planktonic bacteria growth. The growth of G. vaginalis was not affected by 

the release of DPV.  

 

The definition of bactericidal activity usually requires ³ 99.9% killing of the initial inoculum 

and MBC can also be determined as ³ 3 log10 CFU/mL reduction in viable count compared 

with the control [284]. The time-kill curves showed that 100 mg MET and 250 mg MET rings 

made G. vaginalis grow slowly at first 6 hours and showed bactericidal effects at 24 h with 
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reduction of 5.0 and 4.8 of Log10 CFU/mL since MET released from vaginal ring formulations 

into sBHI broth at 37˚C, 60 rpm (Figure 6.7). The condition is same with that in in vitro release 

testing (chapter 4). The shaking of 60 rpm on conical flaks provided G. vaginalis enough ex-

posure to nutrition and gas exchange and suitable conditions for MET release from rings.     

 

 
Figure 6.7. Graph of Log CFU/mL of G. vaginalis ATCC 14018 treated with blank vaginal rings, DPV 
rings, MET rings and DPV + MET versus time at 37 ˚C, 60 rpm and 5% CO2 in 24 hours (n=3). 
Experiments were performed in duplicate. Results shown are from one representative experi-
ment.  
 

500 mg MET, 1000 mg MET, 1000 mg MET + 25 mg DPV, 1000 mg MET + 200 mg DPV and 

2000 mg MET rings showed inhibition of G. vaginalis growth at 6 h and bactericidal effects 

for G. vaginalis at 24 h (Figure 6.7). The MET (concentration, µg/mL) released from tested 

MET ring formulations and DPV + MET ring formulations into 20 mL sBHI broth inoculated G. 

vaginalis ATCC 14018 versus time (n = 3) (right Y axis) and the change of log CFU/mL of G. 

vaginalis ATCC 14018 treated with these vaginal ring formulations versus time (n = 3) (left Y 

axis) at 60 rpm, 37 ˚C and 5% CO2 were plotted in Figure 6.8. MET and DPV + MET vaginal 

ring formulations against G. vaginalis cannot be considered as simple concentration-depend-

ent or time-dependent killing patterns in this time-kill kinetic assay. Both the concentration 

of MET released from ring devices in conical flasks and the exposure time between MET and 

G. vaginalis were dynamic. The concentration of MET measured at 2 h for all formulations 

loaded with MET were higher than 32 µg/mL MBC of MET against G. vaginalis, but reaction 

time was not long enough to kill all bacteria completely in two hours (Figure 6.8). The 
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concentrations of MET in conical flasks containing 100 mg MET rings and 250 mg MET rings 

at 24 h were 226 µg/mL and 345 µg/mL, respectively (Figure 6.8A and B).  For ring formula-

tions loaded with higher than or equal to 500 mg MET, the concentrations at 24 h were rang-

ing from 620 µg/mL to 1280 µg/mL (Figure 6.8C, D, E, F and G).  

 

Cumulative release versus square root of time plots for MET release from MET and DPV + 

MET silicone elastomer DDU-4320 vaginal rings into 20mL sBHI broth in 24 h of time-kill as-

says are presented in Figure 6.9. Cumulative MET release from all ring formulations versus 

root of time showed high correlation coefficients (R2 = 0.9835 – 0.9986) upon modelling using 

the Higuchi model, indicating a predominantly diffusion-controlled release process. Cumula-

tive release of MET from MET ring formulations increased as the drug loading increased. MET 

release from 1000 mg MET rings were higher than that from 1000 mg MET + 25 mg DPV and 

1000 mg MET + 200 mg DPV rings, although these three formulations exhibited similar bac-

tericidal effects on G. vaginalis (Figure 6.9).  

 

Compared to 100 mg MET and 250 mg MET rings, formulations with higher MET loadings 

showed increased extent of bactericidal activity against G. vaginalis, evidenced by trends in 

living bacteria count after 24 h of exposure (Figure 6.7). The in vitro modified time-kill kinetic 

study on G. vaginalis ATCC 14018 provided more dynamic means of comparing different vag-

inal ring formulations and suggested that MET and DPV + MET silicone elastomer vaginal 

rings are potential MET formulations for the treatment of BV.  
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Figure 6.8. The concentration of MET releasing from (A) 100 mg MET VR, (B) 250 mg MET VR, (C) 
500 mg MET VR, (D) 1000 mg MET VR, (E) 1000 mg MET + 25 mg DPV VR, (F) 1000 mg MET + 200 
mg DPV VR and (G) 2000 mg MET VR into 20 mL sBHI broth inoculated G. vaginalis ATCC 14018 
versus time (n = 3) (right Y axis); the change of log CFU/mL of G. vaginalis ATCC 14018 treated 
with these vaginal ring formulations versus time (n = 3) (left Y axis) at 60 rpm, 37 ˚C and 5% CO2. 



Chapter 6. Microbiological characterization of matrix-type silicone elastomer  
vaginal rings containing DPV, MET and DPV + MET 

 128 

 

 
Figure 6.9. Cumulative MET release from MET and DPV + MET silicone elastomer DDU-4320 vag-
inal rings into 20mL sBHI broth at 37˚C and 60 rpm over 24 h. Error bars represent standard de-
viation of three replicates. 
 

6.5. Conclusions 

In this chapter, a broth microdilution assay was performed to determine the MIC (16 µg/mL) 

and MBC (32 µg/mL) of MET against G. vaginalis ATCC 14018. This is the first time such mod-

ified in vitro bactericidal studies have been conducted from standard time-kill assays for vag-

inal ring formulations against G. vaginalis, taking into account the dynamic release of MET 

from vaginal rings (rather than using pre-defined concentrations of MET). High amounts of 

MET release from vaginal rings into sBHI broth were measured. All MET ring formulations 

(100 mg, 250 mg, 500 mg, 1000 mg and 2000 mg) and DPV + MET combination rings (1000 

mg MET + 25 mg DPV, 1000 mg MET + 200 mg DPV) showed bactericidal effects against G. 

vaginalis ATCC 14018. These data support further development of vaginal rings offering sus-

tained release of MET for treatment of BV.  
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7.1. Introduction 

Vaginal ring devices are principally designed to provide release of small molecular weight 

(typically < 500 g/mol-1) lipophilic actives (LogP >2), as illustrated by the cluster of molecules 

designated by the dashed box in Figure 7.1. In fact, most marketed vaginal rings provide con-

trolled release of highly potent steroid molecules for contraception and estrogen replace-

ment therapy, often requiring daily microgram dosing over several weeks or months. This 

controlled release is achieved via a permeation-controlled mechanism, involving the dissolu-

tion of hydrophobic drug in the hydrophobic ring polymer followed by molecular diffusion 

[222]. By comparison, MET is a relatively hydrophilic active with a LogP value of -0.46. As a 

consequence, it is expected to have relatively poor release from silicone elastomer vaginal 

rings due to its poor solubility in the hydrophobic polymer. For this reason, relatively high 

MET loadings – such as 1000 mg (12.5 %w/w) or 2000 mg (25% w/w) per ring (each ring 

weighs ~ 8g) – are required to compensate for this poor solubility. Previous studies have 

reported that incorporation of hydrophilic excipients into hydrophobic polymers, and espe-

cially silicone elastomers, can significantly enhance the release of hydrophilic or macromo-

lecular actives (Table 7.1). The inclusion of water-soluble excipients permits aqueous me-

dium uptake into the device, resulting in dissolution and release of the hydrophilic actives 

through the water-filled channels in the hydrophobic matrix [290]. This process is further 

intensified when the hydrophilic excipients are at high contents or with high osmotic pres-

sure, such as inorganic salts in the form of particles [291–293]. The microscopic cracks in 

hydrophobic matrix are formed and interconnected due to the osmotically induced aqueous 

medium, leading to intense acceleration on the release of hydrophilic actives and strong de-

viations from diffusion-controlled release kinetics. 

 

 There is also considerable interest in developing new vaginal ring designs and alternative 

polymer materials to obtain effective release of relatively hydrophilic small molecules such 

as drugs that fall outside the dashed box in Figure 7.1. A 20 weight percent (wt%) tenofovir 

(TFV) hydrophilic polyether urethane (HPU) matrix VRs was formulated and shown to in-

crease TFV release (greater than 2mg/day for 90 days) in the comparison to the hydrophobic 

elastomeric polymer VRs [294]. Johnson et al. designed a reservoir-type 35-wt% swelling HPU 

ring with the core – 65:33:2 wt% TFA/glycerol/water mixture and the rate-controlling mem-

brane (1.6 g of TFV in each ring), showing at least 10 mg/day of TFV in vitro for 90 days [295]. 

Polycaprolactone (PCL) was ever used to fabricate matrix-type vaginal ring loaded with 
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hydrophilic TFV up to 12% w/w, resulting in high TFV delivery efficiency of 85% – 99% in 

simulated vaginal fluid (SVF) over 30 days [296].  

 

Baum et al. fabricated a pod-insert vaginal ring with 10 individual cores embedded in the 

matrix-type ring to provide simultaneous delivery of TFV and acyclovir (ACV). Drug powder 

of TFV and ACV was compressed into cylindrical pellets and then coated with two layers of 

polylactic acid (PLA), respectively. TFV and ACV pods were inserted into the pores in matrix-

type silicone vaginal rings and were shown with the linear daily release rates and no initial 

burst release [111,297]. The pod-intravaginal ring capable providing delivery of multiple 

drugs was used to delivery tenofovir disoproxil fumarate (TDF) and/or maraviroc (MVC) for 

HIV prevention. 6 pods of TDF mixed with 0.5% wt magnesium stearate and 4 pods of MVC 

powders were coated with PVA and placed in the corresponding cavities [116,229]. McBride 

et al. designed a novel ‘exposed-core’ vaginal ring that provides sustained release of the pro-

tein microbicide candidate 5P12-RANTES for HIV prevention. The ring contained two 1/4 -

length excipient-modified silicone elastomer cores – each containing lyophilized 5P12-

RANTES (8.58% w/w) mixed with hydrophilic excipient – hydroxypropyl methyl-cellulose 

(HPMC) (17.2% w/w) and the silicone elastomer sheath with two large window orifices. This 

two-windows ring could provide 921 µg of 5P12-RANTES release in the 28-day in vitro release 

testing [39].  

 

 
Figure 7.1. Plot of log partition coefficient (log P; experimental or calculated values) vs. molecular 
weight (g/mol) for drug molecules in marketed vaginal rings or having previously been considered 
for formulation in vaginal rings. Plot symbols inside the dashed box include estradiol, ethinyl es-
tradiol, etonogestrel, estradiol-3- acetate, dapivirine, progesterone, levonorgestrel, maraviroc, 
MIV-150, oxybutynin, segesterone acetate (Nestorone®), norethindrone acetate, ulipristal 
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acetate, medroxyprogesterone acetate, UC781, danazol, MC1220, CMPD-167, drosperinone, 
nomegestol acetate, and vicriviroc [39]. 
 

Table 7.1. Silicone elastomer drug delivery systems for which hydrophilic excipients are incorpo-
rated to modify/enhance the release of actives. 

Dosage form Polymer Active 
agents 

Hydrophilic 
excipients 

Results Ref-
er-
ences 

Implantable 
PDMS beads 

PDMS tobramycin glycerol The addition of glycerol (5, 10 
and 20 % w/w) increased the 
release rate of tobramycin. 

[298] 

IFN-silicone 
formulation 
(cylinders) 

MDX4-
4210 / Q7-
4750 sili-
cone elas-
tomer 

interferon 
(IFN) 

glycine The release rate of IFN in-
creased with increased 
amount of glycine in silicone 
formulations.  

[299] 

Reservoir-
type silicone 
elastomer 
vaginal ring  

MED-
6382 
Silicone 
elastomer 

TMC120 
(dapivirine) 

lactose 
monohy-
drate 

The presence of lactose in-
creased the steady-state daily 
release of TMC120 in a con-
centration-dependent man-
ner. 

[37] 

Single-layer 
PDMS film 

PDMS 
(RTV 615) 

proxyphyl-
line 

NaCl, 
CsNO3, CsCl 

Higher release rates of proxy-
phylline were achieved by in-
creasing the amount of salt 
and followed the order NaCl > 
CsNO3 > CsCl.  

[300] 
 

Silicone rod 
of Insert vag-
inal ring 
(InVR*) 

LSR9-
9508-30 
silicone 
elastomer 

BSA (model 
protein) 

glycine/ su-
crose/ 
HPMC  

The rate of BSA release de-
pends on both the type of ex-
cipient (sucrose > glycine > 
HPMC) and initial loading 
(50% > 30% > 10% > 0%) in the 
rod insert. 

[290] 

Mixed ma-
trix PDMS 
membranes 

Sylgard 
184 sili-
cone elas-
tomer 

gemfibrozil NaX zeolite Increased zeolite content (5 
wt % to 12 wt %) increased the 
release rate of gemfibrozil in 
the PDMS membrane. 

[301] 

Matrix-type/ 
Orifice-type 
silicone elas-
tomer vagi-
nal ring 

DDU-4320 
silicone 
elastomer 

isosorbide 
mono-
nitrate 
(ISMN), 
misoprostol 
(MP) 

lactose The presence of the lactose 
significantly increased the re-
lease rate of ISMN from the 
rings (176.0 vs. 121.8 
mg/day0.5). 

[44] 

*InVR: Pharmaceutical agents are loaded into one or more discrete solid dosage units which are subsequently 

inserted into the ring body. BSA, bovine serum albumin; HPMC, hydroxypropyl methylcellulose; PDMS, polydime-

thylsiloxane.  

 

Sucrose is a hydrophilic small molecule (LogP = –3.76, MW = 342.30 g/mol). The incorpora-

tion of sucrose in the silicone elastomer containing DPV, MET, or a combination of DPV + 

MET vaginal rings is expected to both enhance the release of DPV/MET and may also promote 
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the growth of lactobacilli with the goal of helping restore a healthy vaginal microbiota for 

women with BV. A sucrose-containing vaginal gel has previously been reported offering both 

high clinical efficacy against BV and recovery of the vaginal microbiota [157,158]. A combi-

nation of sucrose and MET might provide better clinical outcomes, and particularly reduce 

the high recurrence rate for BV; MET would suppress growth of the pathogenic bacteria, 

while sucrose would promote growth of lactobacilli. The efficiency of a multipurpose combi-

nation vaginal rings loaded with three actives – DPV, MET and sucrose might be optimized 

compared to the DPV and MET combination rings.  A combination DPV + sucrose vaginal ring 

might achieve effective treatment/prevention of BV and HIV prevention assuming sufficient 

release of sucrose. 

 

High-performance liquid chromatography (HPLC) with evaporative light scattering detection 

(ELSD) is a useful analytical technique for separation, detection and quantification of non-

chromophoric molecules, such as carbohydrates, phospholipids, small peptides, and syn-

thetic polymers. ELSD detection is based on the ability of particles to cause photon scattering, 

and can detect most compounds less volatile than the mobile phase [302]. The principles of 

ELSD detection are illustrated in Figure 7.2. In the nebulization step, the effluent from the 

chromatographic column enters the nebulizer and is transformed into an aerosol under the 

high flow of nitrogen. Next, the size of the aerosol droplets is reduced through evaporation 

of the mobile phase at a specified temperature in a heated drift tube. Finally, the aerosol – 

comprising solid particles of the analytes – enters the optical cell, where the scattering light 

produced is measured by a photomultiplier (PMT) and transferred to the output signal [303].  

 
Figure 7.2. Diagram illustrating the principles of ELSD detection [304].   
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In this chapter, the aim is to manufacture and characterize in vitro release profiles of MPT 

vaginal rings containing DPV, MET and sucrose. The objectives include manufacturing (i) dif-

ferent loadings of sucrose only, (ii) sucrose + DPV, (iii) sucrose + MET, and (iv) DPV + MET + 

sucrose; developing and validating a HPLC-ELSD method for quantification of sucrose; con-

duting swelling studies for sucrose-only vaginal rings and conducting in vitro release tests for 

sucrose-only, combination rings of sucrose + DPV, sucrose + MET, and DPV + MET + sucrose. 

 

7.2. Materials 

Micronized DPV was supplied by the International Partnership for Microbicide (IPM, Silver 

Springs, MD, USA). Micronized MET was supplied by Farchemia Srl (Treviglio, Italy). HPLC-

grade water was obtained using a Millipore Direct-Q 3UV Ultrapure Water System (Watford, 

UK). Sucrose, tween 80, HPLC-grade methanol and HPLC-grade acetonitrile were purchased 

from Sigma-Aldrich (Gillingham, UK). Potassium dihydrogen orthophosphate was purchased 

from Fisher Scientific (Leicestershire, UK). Phosphoric acid was purchased from Honeywell 

(Fluka, Germany).  

 

7.3. Methods 

7.3.1. Vaginal ring manufacture 

Micronized sucrose (particle size fraction 90–125 µm) was obtained by grinding with the pes-

tle and mortar and sieving. Matrix-type DDU-4320 vaginal rings loaded with sucrose-only, a 

combination of sucrose + MET, and a combination of sucrose + DPV were manufactured using 

a manual injection molding machine fitted with custom stainless steel vaginal ring molds 

(cross-sectional diameter 7.6 mm, outer diameter 56.4 mm). The ring formulations manufac-

tured in this chapter are summarized in Table 7.2. Part A and B premixes were prepared by 

weighing appropriate quantities of active ingredients and silicone elastomer part A or B in 

individual containers and mixing at 3000 rpm for 10 s in a SpeedMixer (DAC-150 FVZ-K). Pre-

mixes A and B were then hand-mixed for 30 s and then mixed at 3000 rpm for 30 s with the 

SpeedMixer. The material was transferred to a SEMCO cartridge and the mixture injected 

manually into the heated mold assembly (95 s at 100 ̊ C). The cured rings were removed from 

the molds and sealed in labelled plastic bags.  
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Table 7.2. Descriptions of vaginal ring formulations (theoretical mass, drug loading) used in the 
swelling and in vitro release tests. 

Tests Ring Formulation Theoretical mass of APIs in 
a vaginal ring (mg) 

Drug loading (% w/w) 

Swelling study 

100SU 100 (SU) 1.25 (SU) 

250SU 250 (SU) 3.125 (SU) 

500SU 500 (SU) 6.25 (SU) 

1000SU 1000 (SU) 12.5 (SU) 

2000SU 2000 (SU) 25 (SU) 

In vitro release 
test 

500SU 25DPV 500 (SU) + 25 (DPV) 6.25 (SU) + 0.3125 (DPV) 

500SU 200DPV 500 (SU) + 200 (DPV) 6.25 (SU) + 2.5 (DPV) 

1000SU 25DPV 1000 (SU) + 25 (DPV) 12.5 (SU) + 0.3125 DPV) 

1000SU 200DPV 1000 (SU) + 200 (DPV) 12.5 (SU) + 2.5 (DPV) 

500SU 1000MET 500 (SU) + 1000 (MET) 6.25 (SU) + 12.5 (MET) 

1000SU 1000MET 1000 (SU) + 1000 (MET) 12.5 (SU) + 12.5 (MET) 

25DPV 25 (DPV) 0.3125 (DPV) 

200DPV 200 (DPV) 2.5 (DPV) 

1000MET 1000 (MET) 12.5 (MET) 

 DMS 200 (DPV) + 1000 (MET) + 
2000 (SU) 

2.5 (DPV) + 12.5 (MET) + 
25 (SU) 

SU: sucrose. 

 

7.3.2. Swelling test 

In order to characterize swelling behaviours of vaginal rings after loading the hydrophilic su-

crose (LogP = –3.76) that is significantly different from hydrophobic actives ever loaded in 

the silicone elastomer, a 28-day preliminary swelling test was conducted for sucrose and 

blank DDU-4320 silicone elastomer vaginal ring formulations. Four rings of each formulation 

(Table 7.1) were placed into 30 mL of 0.2% w/w Tween 80 (pH 4.2) in 250 mL Duran flasks 

and stored in a shaking incubator at 37 ˚C and 60 rpm. Vaginal rings were removed from the 

aqueous medium and wiped with tissue paper to remove excess solvent. The weights, outer 

diameters (OD) and cross-sectional diameters (CSD) of each ring were measured and rec-

orded. 30 mL of fresh medium was replaced daily except weekends. 

  

7.3.3. Development of HPLC-ELSD method for quantification of sucrose 

Chromatographic analysis of sucrose was performed using a Waters HPLC system consisting 

of a 1525 binary HPLC pump, a 717 plus autosampler, an in-line degasser unit and a 2420 ELS 

detector. Separation of sucrose and Tween 80 was achieved on a reverse-phase C18 column 

(Phenomenex® Luna 5µm C18(2), 100Å, 150 x 4.6 mm) with a gradient method involving a 
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mobile phase of methanol (A) and water (B) (Table 7.3). The column temperature was main-

tained at 25 ˚C, the injection run time 12 min, and the injection volume 25 µL. The ELSD 

parameters are presented in Table 7.4. Data were collected and analysed using the Empower 

3 software. 

 

Table 7.3. Gradient conditions for HPLC mobile phase (A, methanol; B, water) for quantification 
of sucrose in the medium of 0.2% w/w Tween 80 (pH = 4.2). 

Time (min) A (%) B (%) Flow rate (mL/min) 

0.00 30.0 70.0 1.00 

3.00 30.0 70.0 1.00 

4.00 80.0 20.0 1.00 

8.00 80.0 20.0 1.00 

9.00 30.0 70.0 1.00 

12.00 30.0 70.0 1.00 
 

Table 7.4. ELSD parameters for quantification of sucrose in the medium of 0.2% w/w Tween 80 
(pH = 4.2). 

ELSD setting Value 

Gain 500 

Gas 50 psi 

Drift tube temperature 75 ˚C 

Nebulizer mode Heating 60% 
 

7.3.4. In vitro release tests 

Four rings were randomly selected from each ring batch for in vitro release testing into 0.2% 

w/w Tween 80 (pH 4.2) over 28 days. On day 0, each ring was placed into a 250 mL DURAN 

flask with 100 mL aqueous Tween 80 solution (0.2% w/v) and stored in a shaking incubator 

(Unitron HT Infors) at 37 ˚C and 60 rpm. The release medium was sampled daily with com-

plete replacement of the release medium, except at weekends (200 mL medium was added 

on Fridays). DPV and MET in the samples were quantified by a Waters™ Acquity H-class UPLC 

(Herts, UK) with the UPLC column (ACQUITY UPLC BEH C18 2.1 × 50 mm), according to the 

UPLC-UV method described in chapter 4. Sucrose in the samples was quantified using HPLC-

ELSD. 
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7.4. Results and Discussion 

7.4.1. Vaginal ring manufacture 

2000 mg sucrose rings (2000SU), 1000 mg sucrose (1000SU), 1000 mg sucrose + 25 mg DPV 

(1000SU25DPV), 1000 mg sucrose + 200 mg DPV (1000SU200DPV), 1000 mg sucrose + 1000 

mg MET (1000SU1000MET), 500 mg sucrose (500SU), 500 mg sucrose + 25 mg DPV 

(500SU25DPV), 500 mg sucrose + 200 mg DPV (500SU200DPV), 500 mg sucrose + 1000 mg 

MET (500SU1000MET) were white and opaque, while 250 and 100 mg sucrose (250SU, 100SU) 

were partially transparent due to the relatively low total drug loadings (Figure 7.3). The mean 

weight, OD and CSD of rings loaded with higher than 1000 mg were ~8.0 g, 56 mm and 7.6 

mm, respectively; the mean weight, OD and CSD of rings loaded with less than 500 mg total 

drug loading and blank rings were about ~7.0 g, 56 mm and 7.2 mm. The differences are due 

to the injection method, with lower injection pressures on the manual machine resulting in 

less silicone elastomer mix injected into the mold compared with manufacture using the 

Babyplast™ (chapter 4). Ring weights increased with higher drug loading due to increased 

drug powder in the active mixes. 

 

 
Figure 7.3. Representative images of matrix-type DDU-4320 silicone elastomer vaginal rings 
containing sucrose alone and combination of sucrose with DPV/MET. All rings were of a similar 
size. Note the more transparent nature of the 250SU and 100SU rings.  
 

7.4.2. Swelling study 

Swelling studies on blank (control) and sucrose loaded DDU-4320 silicone elastomer vaginal 

rings were performed in 0.2% w/w Tween 80 (pH 4.2) (in vitro release medium). The change 
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of weight, OD and CSD of sucrose rings were plotted versus time in Figure 7.4. Silicone elas-

tomer is a hydrophobic polymer and there was no obvious change in weight for the blank 

rings in the aqueous medium in 28 days. Ring weight, OD, and CSD increased with time for 

all sucrose vaginal ring formulations (Figure 7.4). 2000 mg sucrose and 1000 mg sucrose rings 

showed significant degrees of swelling compared with formulations loaded with less than 

1000 mg of sucrose.  

 

The equation for determining the swelling ratio is presented in Equation 1, where W1 is the 

weight of the swollen ring at Day 7, 14, 21 and 28, W0 is the initial weight of the dry rings.  

Swelling ratio = (&'(&$)
&$

× 	100      (Equation 1) 

A plot of mean swelling ratio (%) versus drug loading (% w/w) for the sucrose-only vaginal 

rings showed a linear relationship (R2 = 0.9965) (Figure 7.5). 

 

The weights of vaginal rings (W1) at Days 7, 14, 21 and 28 corresponds to the original weight 

of the ring plus the weight of aqueous medium absorbed minus the weight of sucrose re-

leased from the ring. The rate at which the aqueous medium entered the ring might be higher 

than the rate at which sucrose diffused and released from the device. The swelling ratio of 

sucrose vaginal rings at Day 7, 14, 21 and 28 is proportional to the concentration (drug load-

ing) of hydrophilic ingredients (sucrose) in matrix-type silicone elastomer vaginal rings (Fig-

ure 7.5). The coefficients of correlation (R2) for the four plots (Day 7, 14, 21 and 28) ranged 

from 0.9883 to 0.9971 (Table 7.5).  

 

These preliminary swelling data show how the incorporation of the hydrophilic sucrose mol-

ecule in the silicone elastomer matrix allows significant swelling, up to 50% of the initial 

weight for the highest loading concentration (25% w/w). This swelling behaviour should be 

further investigated in terms of mechanical properties of the ring, as well as for potential 

damage of the vaginal epithelium in vivo.  
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Figure 7.4. The changes of weight (A), OD (B) and CSD (C) of silicone elastomer DDU-4320 sucrose 
vaginal rings and blank rings in 0.2% w/w Tween 80 (pH 4.2) in the 28-day swelling studies.  
 

 
Figure 7.5. Linear relationship between swelling ratio (%) and sucrose loading in the silicone elas-
tomer vaginal rings.  
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Table 7.5. Equations and coefficients of correlation (R2) obtained from linear regression analysis 
of the swelling ratio (%) versus sucrose loading (% w/w) in the silicone elastomer vaginal rings. 

Linear plot Equation R2 value 

Day 7 Y = 0.8814*X + 3.484 0.9883 

Day 14 Y = 1.809*X + 3.262 0.9965 

Day 21 Y = 2.216*X + 3.843 0.9967 

Day 28 Y = 2.618*X + 4.304 0.9971 
 

7.4.3. Development of HPLC-ELSD method for sucrose 

A representative chromatogram of sucrose in the 0.2% w/w Tween 80 in vitro release me-

dium (pH 4.2) is presented in Figure 7.6. The retention times for sucrose and Tween 80 were 

1.75 and 7.71 min, respectively. Eight concentrations (8–300 µg/mL) of sucrose dissolved in 

0.2 % w/w Tween 80 solutions were analyzed in triplicate on three different days.  

 

 
Figure 7.6. A representative chromatogram of sucrose in the 0.2% w/w Tween 80 in vitro release 
medium (pH 4.2). 
 

A nonlinear response is generally observed in ELSD, since the analyte concentration influ-

ences the average particle size of nebulized droplets. Second and third order polynomial re-

gressions are generally applied to achieve a correlation between the area of the chromato-

graphic peak (A) and the analyte mass (m): 

A = am2 + bm + c [305] 

A = am3 + bm2 + cm + d [306] 

A linear calibration curve can be constructed using double logarithmic coordinates: 

log A = b log m + log a [303] 
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where a, b and c are coefficients.  

 

The calibration curves – obtained by plotting the mean peak area versus concentration and 

by plotting the logarithmic mean of peak areas versus logarithmic concentration – are shown 

in Figure 7.7. The calibration curves for sucrose using the HPLC-ELSD method were fitted with 

both a second order polynomial equation Y = 76.874X2 + 14497X – 176968 (R2 = 0.9989) and 

a double logarithmic equation Y = 1.606X + 3.670 (R2 = 0.9989). The LOD and LOQ were cal-

culated as 2.07 µg/mL and 6.91 µg/mL, respectively. The results of intra-day and inter-day 

precision (% RSD) and accuracy (% recovery) for the sucrose are presented in Table 7.6. The 

intra- and inter-day precision (% RSD) values were ranged from 0.04% to 5.38%, and accuracy 

(% recovery) values were ranged from 98.71% to 104.72%. This HPLC-ELSD method will be 

used to quantify sucrose in the in vitro release testing of vaginal ring formulations containing 

sucrose. 

 

 

Figure 7.7. Calibration curves for sucrose in 0.2% w/w Tween 80 (pH 4.2) using the HPLC-ELSD 
analytical method. A – second order polynomial calibration curve; B – double-logarithmic calibra-
tion curve.  
 

Table 7.6. Intra-day and inter-day precision and accuracy for quantification of sucrose in the 0.2% 
w/w Tween 80 in vitro release medium (pH 4.2) using the HPLC-ELSD analytical method.  

 Intra-day  Inter-day  

Spiked 
conc. 
(µg/mL) 

Calculated 
conc. 
(µg/mL) 

Precision 
(% RSD) 

Accuracy (% 
recovery) 

Calculated 
conc. 
(µg/mL) 

Precision 
(% RSD) 

Accuracy (% 
recovery) 

10 10.47 5.38 104.72 10.47 1.76 104.71 

100 103.72 0.04 103.72 104.23 1.82 104.24 

300 296.13 4.65 98.71 298.75 1.35 99.58 
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7.4.4. In vitro release testing 

Mean daily release vs. time plots and cumulative release vs. time plots for matrix-type sili-

cone elastomer DDU-4320 vaginal rings containing sucrose, sucrose + DPV, and sucrose + 

MET into 0.2 %w/w Tween 80 are presented in Figure 7.8. For all rings, a sucrose burst re-

lease was observed on Day 1 followed by decreasing daily release with time (Figure 7.8A). 

For sucrose only rings, release rates were dependent on the initial sucrose loading in the 

rings, with Day 1 values of from 42.4 mg (2000SU), 10.2 mg (1000SU) and 2.3 mg (500SU), 

equivalent to 2.12%, 1.03% and 0.44% of the initial loadings. Smaller release quantities were 

observed on the Day – 7.7 mg (2000SU), 1.9 mg (1000SU) and 0.6 mg (500SU), respectively. 

Daily sucrose release was relatively constant over the second week (from Day 8–15). Daily 

release of sucrose from 500SU on Day 9 was lower than the LOQ of the HPLC method. The 

increasing cumulative release profiles from Day 8 turned to more gently for all formulations 

(Figure 7.8B). 15-day cumulative release for 2000SU was significantly higher than for 1000SU, 

with 71.7 mg (2000SU) vs. 21.3 mg (1000SU) (Figure 7.8B).  

 

Sucrose is a hydrophilic small molecule (LogP = –3.76, MW = 342.30 g/mol) [307]. The solu-

bility of sucrose in the silicone elastomer was measured as -0.22% w/w, which was obtained 

by the Y-intercept value from plotting the enthalpy (DSC) versus sucrose loading in the sili-

cone elastomer (chapter 2). Thus, sucrose is effectively insoluble in silicone elastomer within 

the limits of experimental error. The sharp melting transitions in the DSC traces indicate that 

sucrose is present in the silicone elastomer rings in the crystalline state. Upon contact with 

the release medium, sucrose at the surface of the ring dissolves into the surrounding medium 

(leading to a burst release), producing pores and micro-cracks at the ring surface. The aque-

ous release medium then enters the ring through these ruptures, leading to further dissolu-

tion of sucrose solids in the interior of ring device, swelling of the rings, and sucrose release. 

As more release medium is absorbed into the ring bulk, interconnected aqueous channels 

are formed, which permit further release of sucrose [290,291,308].  

 

Increasing sucrose loading in the rings (e.g., 2000SU) led to greater sucrose release on Day 1 

compared with 1000SU and 500SU formulations, although the increase was not proportional 

to the loading (%) (Figure 7.8B). Incorporation of 25 mg DPV, 200 mg DPV and 1000 mg MET 

into the 500SU formulation did not significantly influence the release of sucrose relative to 

sucrose-only ring (500SU). However, incorporation 25/200 mg DPV and 1000 MET decreased 

sucrose release for the 1000 mg formulation (1000SU) (Figure 7.8B), although the difference 
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was mainly due to the burst release – 10.3 mg of 1000SU vs. 6.2 mg of 1000SU1000MET; 5.1 

mg of 1000SU25DPV and 5.4 mg of 1000SU200DPV.  

 

The in vitro Day 1 release of 42.4 mg from ring formulation 2000SU was close to the 45 mg 

dose administered in a phase III clinical trial comparing the efficacy of metronidazole gel and 

a 9% w/w sucrose gel (5 g application) sucrose gel for the treatment of BV [309]. However, 

unlike this sucrose gel formulation, we do not anticipate loss of dose with ring use due to 

leakage of the formulation from the vagina. 

 

 
Figure 7.8. Mean daily release (A) and cumulative release (B) of sucrose from DDU-4320 silicone 
elastomer matrix-type vaginal rings – sucrose rings, DPV + sucrose combination rings and MET + 
sucrose combination rings into 0.2% w/w Tween 80 (pH 4.2). Error bars in A represent standard 
deviation of four replicates. 
 

Daily release vs. time plots and cumulative release vs. square root time plots for DPV and 

MET release from matrix-type silicone elastomer DDU-4320 combination (DPV + sucrose, 

MET + sucrose) vaginal rings into 0.2 %w/w Tween 80 are presented in Figure 7.9. Cumulative 

release data were modelled according to Higuchi model, and the correlation coefficient (R2), 

release rate (mg/t1/2, slope of equations) for each formulation are presented in Table 7.7. For 

all rings, both DPV and MET release showed burst release on Day 1, steadily decreasing daily 

release with time, and a linear (R2 = 0.98 – 1.00, 0.94 for MET from 1000SU 1000MET) cumu-

lative release vs. square root time, all consistent with a permeation-controlled drug release 

mechanism from a polymeric matrix device containing dispersed solid drug.  

 

Compared to the 200 mg DPV (200DPV) ring, a much lower Day 1 burst release was observed 

for the 500SU 200DPV and 1000SU 200DPV formulations (Figure 7.9A); addition of sucrose 

effectively blunts the release. Subsequent daily DPV release from 500SU 200DPV and 1000SU 
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200DPV formulations was lower than that for 200DPV. The swelling behaviors attributed to 

the presence of sucrose (1000 mg or 500 mg) produced the barrier for diffusion controlled 

DPV release through silicone elastomer network. Although DPV might release though the 

aqueous channels formed by dissolving solid sucrose particles. For the 25 mg DPV (25DPV) 

ring, cumulative DPV release was lower than that from combination ring formulations – 

500SU 25DPV and 1000SU 25DPV formulations (Figure 7.9B). For both 200DPV and 25DPV 

formulations, the patterns of release of DPV (linear cumulative release vs. root time) was not 

altered by the addition of up to 1000 mg sucrose (Table 7.7). The DPV release rate was mod-

ified from 2.50 (200DPV) to 1.72 (500SU 200DPV) and 1.79 (1000SU 200DPV) mg/day½ and 

from 0.84 (25 DPV) to 0.66 (500SU 25DPV, 1000SU 25DPV) mg/day½, respectively.  

 

Cumulative MET release over 28 days from matrix-type silicone elastomer rings containing 

sucrose and MET obeyed root time (t1/2) kinetics, as evidenced by the linear release profiles 

(Figure 7.10B). Increasing the sucrose loading from 500 mg to 1000 mg significantly increased 

the MET release rate from 34.55 (1000MET) to 39.80 (1000MET 500SU) and 69.69 (1000MET 

1000SU) mg/day½ (Table 7.7). MET (Log P = –0.46) [310] is much more hydrophilic compared 

to DPV (Log P = 5.35) [235]. Incorporation of sucrose significantly increased the release of 

MET, which we attribute to the aqueous channels inside the silicone elastomer to promote 

MET solubility and diffusion. The linear pattern of cumulative release of MET was influenced 

by the additional release channels (aqueous routes) with the lower value of R2 (0.94) of the 

1000MET 1000SU formulation, in the comparison of the 1.00 of R2 of 1000MET and 1000MET 

500SU (Table 7.7).  

 

 
Figure 7.9. Mean daily release of DPV from DDU-4320 silicone elastomer matrix-type vaginal rings 
– DPV rings and DPV + sucrose combination rings into 0.2% w/w Tween 80 (pH 4.2) (A). Cumula-
tive release vs. root time profiles for release into 0.2% w/w Tween 80 (pH 4.2) of DPV (B). Error 
bars in A represent standard deviation of four replicates. 
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Figure 7.10. Mean daily release of MET from DDU-4320 silicone elastomer matrix-type vaginal 
rings – MET rings and MET + sucrose combination rings into 0.2% w/w Tween 80 (pH 4.2) (A). 
Cumulative release vs. root time profiles for release into 0.2% w/w Tween 80 (pH 4.2) of MET (B). 
Error bars in A represent standard deviation of four replicates. 
 

Table 7.7. Release rates and coefficients of correlation (R2) obtained from linear regression anal-
ysis of the cumulative DPV/MET release versus root time plots. 

Ring formulation Release rate (mg/day ½) R2 value 

200DPV 2.50 0.98 

500SU 200DPV 1.72 0.99 

1000SU 200DPV 1.79 0.98 

25DPV 0.84 0.99 

500SU 25DPV 0.66 0.99 

1000SU 25DPV 0.66 0.98 

1000MET 34.55 1.00 

1000MET 500SU 39.80 1.00 

1000MET 1000SU 60.69 0.94 

 

Applying the Korsmeyer-Peppas model, data obtained from in vitro drug release of DPV and 

MET were plotted as log (Mt/M∞) versus log t (Mt/M∞ < 0.6) to determine n, the slope of 

linear regression [250,251]. Table 7.8 summarizes the release mechanism of drug character-

ized by the value of n. 
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Table 7.8. Interpretation of parameters derived from the Korsmeyer-Peppas equation and their 
significance for drug release mechanisms from polymeric films [250].  

Release exponent (n) Drug transport mechanism Rate as a function of time 

0.5 Fickian diffusion t-0.5 

0.5 < n < 1.0 Anomalous transport tn-1 

1.0 Case-II transport Zero order release 

Higher than 1.0 Super Case-II transport tn-1 
 

Log fraction DPV and MET release vs log time for matrix-type combination (DPV + sucrose, 

MET + sucrose) vaginal rings are presented in Figure 7.11. A summary of the parameters 

derived from Korsmeyer-Peppas modelling of the cumulative release of DPV and MET from 

matrix-type combination (DPV + sucrose, MET + sucrose) silicone elastomer vaginal rings is 

presented in Table 7.9. The release of DPV and MET from all formulations showed a high 

correlation coefficient (R2 = 0.99–1.00) with the Korsmeyer-Peppas model. The release expo-

nent n for MET release from 1000MET (0.57) was ~ 0.5, indicating the Fickian diffusion is the 

predominant release mechanism [235]. It is interesting to observe that the values of n for 

1000MET 500SU and 1000MET 1000SU combination rings are 0.63 and 0.57, which is con-

trary to the findings of R2 of Higuchi model – 1.00 for 1000MET 500SU and 0.94 for 1000MET 

1000SU rings.  

 

The release exponent n for DPV release from 200DPV rings and 25DPV rings were 0.71 and 

0.78, respectively (Table 7.9). For 200DPV, the incorporation of sucrose increased the values 

of n to ~0.8. For 25 DPV, the additive sucrose decreased the values of n to ~0.7. These data 

suggest that DPV followed an anomalous (non-Fickian) transport, with n values in the range 

between 0.5–1 (Table 7.8). In addition, sucrose in the release medium might influence the 

solubility of DPV. This suggests that both diffusion through the silicone elastomer matrix vag-

inal ring and dissolution into the release medium impacted DPV release, with the n value 

closer to 1 (representing zero-order release).  
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Figure 7.11. Korsmeyer-Peppas graphs (Log fraction of drug release versus Log time) for release 
of (A) DPV and (B) MET from matrix-type DPV + sucrose and MET + sucrose silicone elastomer 
vaginal rings. Mt is the amount of drug released at time t; M∞ is the amount of drug released 
after an infinite time (equivalent to the total drug loading). 
 

Table 7.9. Korsmeyer-Peppas mathematical modelling of the DPV and MET release from matrix-
type silicone elastomer vaginal rings containing various combinations of DPV, MET and sucrose. 

Ring Batch Release expo-
nent (n) 

Drug transport 
mechanism 

Rate as a func-
tion of time 

R2 value 

200DPV 0.71 Anomalous transport tn-1 1.00 

500SU 200DPV 0.84 Anomalous transport tn-1 0.99 

1000SU 200DPV 0.82 Anomalous transport tn-1 1.00 

25DPV 0.78 Anomalous transport tn-1 1.00 

500SU 25DPV 0.69 Anomalous transport tn-1 0.99 

1000SU 25DPV 0.68 Anomalous transport tn-1 0.99 

1000MET 0.57 Fickian diffusion t-0.5 1.00 



Chapter 7. In vitro release testing of MPT vaginal rings containing DPV, MET and sucrose 

 148 

1000MET 500SU 0.63 Anomalous transport tn-1 1.00 

1000MET 1000SU 0.57 Fickian diffusion t-0.5 1.00 
 

Mean daily release vs. time plots and cumulative release vs. time plots for matrix-type DMS 

combination vaginal rings (200 mg DPV + 1000 mg MET + 2000 mg sucrose) into 0.2 %w/w 

Tween are presented in Figure 7.12. The 15-day release profiles of 2000 mg of sucrose rings 

was added in the graph for comparison. The swelling behaviour was observed for the DMS 

formulation after 28-day release in 0.2 %w/w Tween. For the DMS rings, sucrose showed a 

burst release (127 mg) on Day 1, much higher than that from 2000SU (42 mg) (Figure 7.12A). 

The subsequent daily sucrose release values from DMS formulation – which decreased with 

time – were always higher than that from the corresponding sucrose-only ring formulation 

(2000SU). Daily sucrose release was relatively constant over the later three weeks (~11 

mg/day). The increasing cumulative release profiles from Day 8 turned to more gently for 

DMS formulation (Figure 7.12B). 15-day cumulative release of DMS were significantly higher 

than that of 2000SU, with 457 mg (DMS) vs. 71 mg (2000SU). The combination with 1200 mg 

of active ingredients increased the release of sucrose from silicone elastomer vaginal rings.  

 

 
Figure 7.12. Mean daily release (A) and cumulative release (B) of sucrose from matrix-type DMS 
combination vaginal rings (200 mg DPV + 1000 mg MET + 2000 mg sucrose) into 0.2% w/w Tween 
(pH 4.2). Error bars in A represent standard deviation of four replicates. 
 

28-day daily release vs. time plots and cumulative release vs. square root of time plots for 

DPV and MET release from matrix-type DMS (200 mg DPV + 1000 mg MET + 2000 mg sucrose) 

combination vaginal rings into 0.2 %w/w Tween are presented in Figure 7.13 and Figure 7.14. 

In addition, cumulative release was modelled according to Higuchi model, and the correlation 
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coefficient (R2), release rate (mg/t1/2, slope of equations) for both DPV and MET are pre-

sented in Table 7.10. Compared to the Day 1 burst release of the 200DPV ring, DPV release 

of Day 1 (0.23 mg) from the DMS formulation was lower than the following three days – 0.79 

mg of Day 2, 1.40 mg of Day 3, and 1.93 mg of Day 4 (Figure 7.13A). The subsequent daily 

release (Days 8–25) for DPV from the DMS formulation were lower than that from the 

200DPV formulation. A linear (R2 = 0.99) cumulative release vs. square root time was ob-

tained for DPV from the DMS formulation (Table 7.10). There is no significant difference on 

the cumulative DPV release between the DMS ring and the 200DPV 1000MET ring (P = 0.56). 

The additional 2000 mg sucrose decreased the burst release of DPV but increased the daily 

release of the last two weeks due to the loose network of silicone elastomer and aqueous 

channels of the bulk.  

 

MET release from the DMS ring showed a burst on Day 1 (75.83 mg) followed by steadily 

decreasing daily release with time (Figure 7.14). The incorporation of 2000 mg sucrose in-

creased dramatically the release of MET compared to that from both the 1000MET formula-

tion and the 200DPV 1000MET formulation with 122.1 vs. 34.55 and 23.52 mg/day1/2 (Table 

7.10). A linear cumulative release vs. square root time (R2 = 1.00) was still obtained for MET 

released from the DMS formulation, indicating a permeation-controlled drug release mech-

anism consisting of two pathways – silicone elastomer matrix and aqueous channels inside 

the ring.   

 

 
Figure 7.13. In vitro DPV release data from matrix-type rings – DMS (200 mg DPV + 1000 mg MET 
+ 2000 mg sucrose), 200DPV + 1000MET, and 200DPV – into 0.2% w/w Tween (pH 4.2). A – daily 
release vs. time profiles; B – cumulative release vs. root time profiles. Error bars in A represent 
standard deviation of four replicates. 
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Figure 7.14. In vitro DPV release data from matrix-type rings – DMS (200 mg DPV + 1000 mg MET 
+ 2000 mg sucrose), 200DPV + 1000MET, and 1000DPV – into 0.2% w/w Tween (pH 4.2). A – daily 
release vs. time profiles; B – cumulative release vs. root time profiles. Error bars in A represent 
standard deviation of four replicates. 
 

Table 7.10. Release rates and coefficients of correlation (R2) obtained from linear regression anal-
ysis of the cumulative DPV/MET release from matrix-type DMS vaginal ring versus root time plots. 

Ring formulation Release rate (mg/day ½) R2value 

200DPV in DMS 1.95 0.99 

200DPV in 200DPV 1000MET 1.94 1.00 

200DPV 2.50 0.98 

1000MET in DMS 122.1 1.00 

1000MET in 200DPV 1000MET 23.52 0.99 

1000MET 34.55 1.00 
 

Graphs showing log fraction of DPV and MET release from matrix-type DMS (200 mg DPV + 

1000 mg MET + 2000 mg sucrose) vaginal rings vs. log time are presented in Figure 7.15. The 

parameters derived from Korsmeyer-Peppas modelling of the cumulative release of DPV and 

MET are presented in Table 7.11. The release exponent n for DPV release from DMS (0.97) 

were closer to 1, indicating zero-order release. Cumulative MET release over 28 days was 59% 

of the initial drug loading (1000 mg). The release exponents n for MET release was 0.61. The 

Korsmeyer-Peppas model suggests that MET followed an anomalous (non-Fickian) transport, 

with the n value in the range between 0.5 and 1. 
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Figure 7.15. Graphs of Korsmeyer-Peppas mathematical modelling (Log fraction of drug release 
at time t versus Log t (days) of the cumulative release of DPV and MET from matrix-type DMS 
(200 mg DPV + 1000 mg MET + 2000 mg sucrose) combination vaginal rings.  Mt is the amount of 
drug released at time t; M∞ is the amount of drug released after an infinite time (equivalent to 
the total drug loading). 
 

Table 7.11. Korsmeyer-Peppas mathematical modelling of the cumulative release of DPV and 
MET from matrix-type DMS (200 mg DPV + 1000 mg MET + 2000 mg sucrose) combination silicone 
elastomer vaginal rings. 

Ring Batch Release expo-
nent (n) 

Drug transport 
mechanism 

Rate as a func-
tion of time 

R2 value 

200DPV in DMS 0.97 Anomalous transport tn-1 0.97 

1000MET in DMS 0.61 Anomalous transport tn-1 1.00 
 

7.5. Conclusions 

Sucrose-only matrix-type silicone elastomer vaginal rings swelled when placed in the 0.2% 

Tween 80 aqueous medium (pH 4.2) over 28 days, as evidenced by increased weight, OD and 

CSD. 50% weight increases were measured for the ring containing the highest sucrose loading 

(2000 mg, 25% w/w). The swelling ratio of sucrose vaginal rings was proportional to the con-

centration (drug loading). Sucrose release from silicone elastomer vaginal rings was not per-

meation-controlled, was dependent on the concentration – higher loading of sucrose pro-

duced more microcracks at the ring surface and absorbed more aqueous medium inside the 

bulk of rings to solubilize more sucrose. In the sucrose rings containing two actives, addition 

of 25 mg DPV/ 200 mg DPV/ 1000 mg MET decreased the sucrose release compared with the 

1000 mg sucrose (1000SU), but decreased the release relative to the 500 mg sucrose ring 

(500SU).  
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The presence of sucrose (1000 mg, 500 mg) suppressed the burst release and decreased DPV 

release compared with the 200 mg DPV formulation, but did not significantly affect DPV re-

lease compared with the 25 mg DPV formulation. The swelling behavior attributed to sucrose 

prolonged the diffusion routes for diffusion controlled DPV release through the silicone elas-

tomer network but the linear pattern of cumulative DPV release vs. root time was not altered 

by the addition of sucrose.  

 

Sucrose significantly increased the release of MET from combination MET + sucrose 

(1000MET 500SU, 1000MET 1000SU) rings. The hydrophilic sucrose acts as a pore-forming 

substance, created aqueous channels after dissolution of its particles, thereby enhancing the 

influx of the release medium into the ring body and subsequent dissolution and release of 

MET. The linearity of cumulative MET release vs. root time profiles were not influenced by 

the addition of sucrose, except for formulation 1000MET 1000SU. Compared to single active 

formulation with same loadings, the triple-active DMS ring (200 mg DPV + 1000 mg MET + 

2000 mg sucrose) showed increased release of sucrose and MET but decreased release of 

DPV.  

 

While the incorporation of sucrose is useful in modulating the rate of release of DPV and MET 

from silicone elastomer vaginal rings, it is limited by causing swelling of the ring device 

through the absorption of in vitro release medium (and presumably vaginal fluid too). It may 

be possible to arrive at a compromise through careful selection of the sucrose loading. As-

sessment of mechanical properties, especially after drug release, or the design of other types 

of vaginal ring – such as core-exposed or pod-insert vaginal rings – may need to be considered 

for future development.  



 

 

8 
Matrix-type silicone elastomer vaginal  

rings for release 5-nitroimidazoles  
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8.1. Introduction 

Bacterial vaginosis (BV) is a common vaginal disorder, characterized by a shift in vaginal mi-

crobiota from Lactobacillus dominance to a high diversity microbiome with increased Gard-

nerella vaginalis, Atopobium vaginae and other anaerobic microorganisms [311]. The Cen-

ters for Disease Control and Prevention (CDC) recommend various first-line treatments for 

bacterial vaginosis (BV) in nonpregnant women, including oral metronidazole (MET) 500 mg 

tablet twice daily for seven days, clindamycin vaginal cream 2% once daily for seven days, 

and MET vaginal gel 0.75% twice daily for five days [155]. MET vaginal gel and clindamycin 

vaginal cream have been shown to achieve similar cure rates and clinical responses for the 

treatment of BV [312,313]. Austin et al. reported that the 5-nitroimidazole compounds MET 

and tinidazole (TNZ) have no in vitro activity against lactobacilli recovered from the vagina 

[314], while clindamycin does have activity against these beneficial microorganisms [315–

317]. Secnidazole (SNZ), like MET and TNZ, was also reported to have limited activity against 

Lactobacillus species, a preferred characteristic for an antibiotic used in topical vaginal ther-

apies [315].   

 

In addition to MET, tinidazole (TNZ), secnidazole (SNZ), and ornidazole (ONZ) also belong to 

the second-generation of 5-nitroimidazole compounds and are either being used or consid-

ered as new therapeutic strategies to treat BV, particularly recurrent BV which is associated 

with clinical resistance to MET [318]. 5-nitroimidazole drugs have similar chemical structures, 

each containing a nitro group at position 5 on the imidazole ring (Figure 8.1). These drugs 

share a common spectrum of activity against anaerobic microorganisms associated with BV 

and have similar efficacy in their treatment of BV [315,319]. All of these 5-nitroimidazole 

drugs are prodrugs that are activated by reduction of the nitro group in the target microbe 

followed by covalent binding to DNA with subsequent disruption the helical structure, 

thereby inhibiting the bacterial nucleic acid synthesis and causing cell death [320]. Marketed 

pharmaceutical products containing 5-nitroimidazoles for the treatment of BV and other 

pharmaceutical formulations in development are summarized in Table 8.1.  
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Figure 8.1. Chemical structures of the 5-nitroimidazole drugs metronidazole (MET), ornidazole 
(ONZ), tinidazole (TNZ) and secnidazole (SNZ). 
 

Table 8.1. Summary of marketed pharmaceutical products and pharmaceutical formulations in 
the development of 5-nitroimidazole for the treatment of BV.  

5-nitroimidazole Dosage form Dosage Administration Reference 

metronidazole  oral tablet 
(Flagyl®) 

400 mg/ 
500 mg 

twice daily for 7 days [155] 

metronidazole  oral tablet 2 g single dose [321] 

metronidazole  vaginal gel 
(MetroGel®) 

0.75% w/w 
gel (5 g) 

5 g once or twice a day for 5 
days 

[155] 

metronidazole Vaginal gel 
(Nuvessa®) 

1.3% w/w 
gel (5 g) 

single dose [322] 

ornidazole Vaginal tablet 
(Neotrizol®) 

500 mg one at night for 8 days [323] 

ornidazole oral tablet 500 mg 2 tablets for 5 days [324] 

ornidazole vaginal tablet 500 mg 1 tablet for 5 days [324] 

tinidazole oral tablet 
(Tindamax®) 

250 mg/ 
500 mg 

2 g oral dose once daily for 2 
days or a 1 g oral dose once 
daily for 5 days 

[325] 

tinidazole vaginal ovule 
(Gynomax® XL) 

300 mg  once daily for 3 days [326] 

secnidazole oral granules 
(Solosec®) 

2 g  a single 2-gram packet of 
granules 

[327] 
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Five-day treatment with MET vaginal gel (0.75%) is the most common regimen for treatment 

of BV. A clinical study compared the efficiency, safety and patient acceptability between MET 

gel 1.3% (75 mg) administered once daily for 1, 3 or 5 days and MET gel 0.75% (37.5 mg) once 

daily for 5 days for women with a clinical diagnosis of BV [328]. The cure rates were not 

statistically significant between these four regimens;1-day application of 1.3% MET gel was 

the most satisfactory regimen and achieved the highest patient acceptability based on ease 

of application, convenience, and satisfaction with treatment. Further, there were no clinical 

differences in the incidence of adverse events occurring across the four treatment groups. 

The 5-day MET gel 1.3% had the lowest rate of symptom return at the transition of care visit 

between days 21 and 31. Therefore, higher drug content (75 mg vs. 37.5 mg) and reduced 

frequency (1 day vs. 5 days) provide patients with higher acceptability without compromising 

efficacy or incidence of return of symptoms.  

 

Sustained-release MET vaginal rings have the potential to further enhance patient accepta-

bility and decrease the recurrence rate of BV. However, the silicone elastomers commonly 

used to fabricate vaginal rings are very different from the hydrophilic gel formulations cur-

rently marketed, and the relatively water-soluble 5-nitroimidazles drugs used to treat BV are 

very different from the hydrophobic drugs most commonly formulated in silicone elastomer 

vagina rings.  

 

Vaginal MET gels usually contain 37.5 mg or 75 mg per application. By comparison, much 

larger doses – 500 mg ONZ vaginal tablet and 300 mg TNZ vaginal ovule – are often required 

for other 5-nitrolimidazole drugs for vaginal treatment of BV (Table 8.1). A study comparing 

the efficacy of 500 mg ONZ vaginal ovules versus 50 mg ONZ vaginal tablets showed that 

these two formulations had similar cure rates (94% vs. 92%) according to Nugent’s criteria 

and no safety concerns [329]. A multi-center, open-label study by Regidor and Sailer explored 

the efficacy and safety of a vaginal suppository (vaginal ovulum, Gynomax XL®) containing 

300 mg TNZ, 200 mg tioconazole and 100 mg lidocaine in the treatment of BV, vaginal can-

dida albicans, and combined infections. 67 patients diagnosed with a vaginal infection were 

treated once daily for three consecutive days with the Gynomax XL®. 80.6% and 86.6% pa-

tients achieved complete clinical recovery at day 10 and day 30, respectively. This formula-

tion with 300 mg TNZ showed high efficiency and safety in the therapy of vulvovaginal can-

didiasis and BV [330].  
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In this study, we sought to evaluate the potential of silicone elastomer vaginal rings for the 

sustained delivery of various 5-nitroimidazole compounds – TNZ, ONZ, SNZ, MET – for the 

treatment of BV. Given that these drugs have different physicochemical properties, it will be 

interesting to assess how these properties influence the performance of the rings, and par-

ticular in vitro release. Specifically, compatibility between TNZ, ONZ, SNZ and silicone elasto-

mers was assessed using DSC analysis. Matrix-type silicone elastomer vaginal rings containing 

250 mg (3.125 %w/w) of TNZ, ONZ, SNZ and MET were manufactured and tested for 28-day 

in vitro release. Also, UPLC-UV methods were developed and validated for the quantification 

of each of TNZ, ONZ and SNZ. 

 

8.2. Materials 

Silicone elastomer DDU-4320 was supplied by NuSil (Carpinteria, CA, USA). Ornidazole (ONZ), 

secnidazole (SNZ) and tinidazole (TNZ) were purchased from TCI (Oxford, UK). Micronized 

MET was supplied by Farchemia Srl (Treviglio, Italy). HPLC-grade water was obtained using a 

Milipore Direct-Q 3UV Ultrapure Water System (Watford, UK). Tween 80, HPLC-grade ace-

tone and acetonitrile were purchased from Sigma-Aldrich (Gillingham, UK). Potassium dihy-

drogen orthophosphate was purchased from Fisher Scientific (Leicestershire, UK). Phos-

phoric acid was purchased from Honeywell (Fluka, Germany).  

 

8.3. Methods 

8.3.1. Vaginal ring manufacture 

Matrix-type DDU-4320 vaginal rings loaded with 10% SNZ, ONZ, TNZ and MET were manu-

factured using a manual injection molding machine fitted with custom stainless steel vaginal 

ring molds (cross-sectional diameter 7.6 mm, outer diameter 56.4 mm). The ring manufac-

turing parameters are summarized in Table 8.2. Part A and B premixes were prepared by 

weighing appropriate quantities of active ingredients and Parts A and B silicone elastomer in 

individual containers and mixing at 3000 rpm for 10 s in a SpeedMixer (DAC-150 FVZ-K). Pre-

mixes A and B were hand-mixed for 30 s and then mixed at 3000 rpm for 30 s with the Speed-

Mixer. The material was transferred to a SEMCO cartridge and the mixtures injected manu-

ally into the heated ring mold assembly. The cured rings were removed from the molds and 

sealed in labelled plastic bags.  

 



Chapter 8. Matrix-type silicone elastomer vaginal rings for release 5-nitroimidazoles 

 158 

Table 8.2. The curing temperature and time for 3.125% w/w SNZ, ONZ, TNZ and MET vaginal ring 
manufacture (mass of each ring = ~8 g). 

Ring formulation Curing temperature (˚C) Curing time (min) 

SNZ (250 mg, 3.125 % w/w) 50 10 

ONZ (250 mg, 3.125 % w/w) 60 10 

TNZ (250 mg, 3.125 % w/w) 90 2 

MET (250 mg, 3.125 % w/w) 100 1.5 
 

8.3.2. DSC analysis 

Powder samples (1–5 mg) and silicone elastomer samples (10 %w/w; 5–10 mg) (n=3) of TNZ, 

SNZ and ONZ were analyzed using a Thermal Advantage Model DSC Q100 (TA instruments, 

UK) in heat ramp mode from 25–180 ˚C at a rate of 10 ˚C/min in sealed aluminum pans under 

a nitrogen atmosphere (50 mL/min). SNZ powders were also analyzed in an alternative test-

ing mode – ramp heating from 25 ˚C to 90 ˚C at 10 ˚C/min, ramp cooling to 0˚C and ramp 

heating to 90 ̊ C at 10 ̊ C/min. An empty sealed aluminum pan and lid was used as a reference. 

All samples were investigated in triplicate. DSC traces of TNZ, SNZ and ONZ and their drug 

loading silicone elastomer samples were graphed, and onset temperature (˚C), peak temper-

ature (˚C) and enthalpy (∆H, J/g) for all thermal transitions were recorded.  

 

8.3.3. UPLC method development 

A series of working solutions containing SNZ, ONZ and TNZ ranging from 0.5 µg/mL to 200 

µg/mL were prepared with water, and calibration curves produced. 5 μL of samples were 

injected onto a Waters Acquity UPLC® system (Waters Corporation, Dublin, Ireland) fitted 

with an Acquity UPLC BEK C18 column (2.1 mm x 50 mm, 1.7 μm particle size) and an in-line 

filter (0.2 µm). The column temperature, the flow rate of mobile phase and the running time 

were at 25 °C, 0.25 mL/min and 3 min, respectively. The mobile phase, wavelength of detec-

tion, retention time of SNZ, ONZ and TNZ are presented in Table 8.3. The chromatograms 

were analyzed using Empower™ 3.0 software.   

 

Table 8.3. UPLC parameters for quantification of SNZ, ONZ and TNZ. 

API Mobile phase Wavelength 
(nm) 

Retention time 
(min) 

SNZ 85% TFA (1% v/v), 15% ACN 320 0.97 

ONZ 80% TFA (1% v/v), 20% ACN 320 1.22 

TNZ 70% phosphate buffer (7.7mM), 30% ACN  310 1.25 
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A series of concentrations of ONZ, SNZ and TNZ were prepared for validation of linearity over 

the range 25–1000 µg/mL across three different days (n=3). Three injections were performed 

for each sample. The average of areas of MET peaks of these injections were plotted against 

concentrations to produce a linear plot. Three different concentrations with nine determina-

tions (n=3) were used to access the accuracy of recovery (theoretical concentrations/con-

centrations calculated from the linear equation x 100%) in 90–110% (ICH, 2005). Repeatabil-

ity was accessed by calculating RSD% of three injections of the same concentrations in accu-

racy determination [283]. Limit of detection (LOD) was calculated with the signal to noise 

(S/N) of 3. Limit of quantification (LOQ) was determined with S/N of 10.  

 

8.3.4. In vitro release tests 

Four rings were randomly selected from each ring batch for in vitro release testing into 0.2% 

w/w Tween 80 (pH 4.2) over 28 days. On day 0, each ring was placed into a 250 mL DURAN 

flask with 200 mL Tween medium and stored in a shaking incubator (Unitron HT Infors, 25 

mm orbital throw, Switzerland) at 37 ˚C, 60 rpm. The release medium was sampled and re-

placed with another fresh 100 mL release medium except on weekends (200 mL on Friday). 

SNZ, TNZ and ONZ release was measured using UPLC-UV.  

 

8.4. Results and Discussion 

8.4.1. Vaginal ring manufacture 

The 250 mg SNZ, ONZ, TNZ and MET matrix rings were white and partially transparent due 

to the relatively low drug loading (3.125 %w/w) (Figure 8.2).The mean weight of SNZ, ONZ 

and TNZ rings were 7.43, 7.42, 7.34 and 7.32 mg, respectively. The SNZ and ONZ rings were 

shinier than the TNZ and MET rings, likely due to the physical properties of the SNZ and ONZ 

crystalline powders. The surface of SNZ rings were sticky due to incomplete cure of the sili-

cone elastomer at the relatively low manufacturing temperature (50 ˚C), required due to 

SNZ’s low melting point (74 ˚C) and the preference to manufacture rings without drug melt-

ing occurring. The ONZ, TNZ and MET rings were easy to demold and cured well to form a 

smooth ring surface. 
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Figure 8.2. Representative photographs of matrix-type silicone elastomer (DDU-4320) vaginal 
rings: (A) 250 mg SNZ matrix ring, (B) 250 mg ONZ matrix ring, (C) 250 mg TNZ matrix ring, (D) 250 
mg MET matrix ring.  
 

8.4.2. DSC analysis 

DSC thermograms of ONZ, TNZ and SNZ and corresponding prepared drug loading (10% w/w) 

silicone elastomer samples are presented in Figure 8.3, and the various transitions are sum-

marized in Table 8.4. ONZ and TNZ displayed a melting peak at 87 ˚C and 126 ˚C, which cor-

respond to the melting points of 85–90 ˚C and 127–128 ˚C, respectively, reported in the lit-

erature (Figure 8.3A, B) [331,332]. Similar thermal transitions were measured by DSC for cor-

responding silicone elastomer samples containing 10% w/w of ONZ and TNZ, demonstrating 

that the drugs are also present at least partly in the crystalline form within the silicone elas-

tomer. For the 10% w/w ONZ-loaded silicone elastomer sample, the enthalpy value of 102 

J/g was less than that of pure ONZ powders (107.26 J/g), indicating that ONZ was partially 

dissolved in silicone elastomer (Table 8.4). For the 10 %w/w TNZ-loaded silicone elastomer, 

the enthalpy value of (126.2 J/g) was similar to that of pure TNZ powders (126.33 J/g), indi-

cating that TNZ had not dissolved in the silicone elastomer to any appreciable extent, and 

the drug existed in the crystalline state within in silicone elastomer matrix (Table 8.4). These 

observations correlated with the drugs’ Log P values (ONZ 0.37; TNZ –0.35).  

 

SNZ displayed two endothermic peaks at 69˚C and 77˚C, attributed to the dehydration of the 

SNZ hemihydrate (loss of water from the crystal form) and the melting of the anhydrous SNZ, 

respectively (Figure 8.3C) [333]. SNZ has been reported to exist in the hemihydrate form, 
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which is stable at room temperature [333]. The enthalpy of melting is significantly reduced 

for the anhydrous SNZ in the silicone elastomer sample, compared to the DSC trace of the 

drug alone, which might be attributed at least partly dissolving of the anhydrous SNZ in the 

silicone elastomer (Table 8.4). A heat-cool-heat DSC experiment was conducted on the SNZ 

powder to glean further thermal information, and three representative DSC traces are pre-

sented in Figure 8.3D. The dehydration of SNZ hemihydrate and melting of anhydrous SNZ 

were observed at 69 ˚C and 77 ˚C, respectively. Subsequent cooling at 10 ˚C/min showed no 

further thermal transitions. Upon second heating, an exothermic transition attributed to re-

crystallization of SNZ was observed, indicating that SNZ formed an amorphous phase after 

cooling to 0˚C and then crystalized at 30 ˚C. SNZ in the second heating showed a crystalline 

melt at 76 ˚C, close to the 77 ˚C melting point in the first heating, indicating the formation of 

existing polymorph after recrystallization (Table 8.4). The recrystallization at 30 ˚C mostly 

resulted in the anhydrous phase. A mild and unsignificant endothermic transition was ob-

served just before the melting peak in the second heating, probably attributed to the exist-

ence of a small quantity of SNZ hemihydrate.  

 

SNZ rings were manufactured at 50 ˚C, 10 min, significantly below the dehydration and melt-

ing temperatures during ring manufacture. As a result, the SNZ rings were only partly cured. 

Based on TGA information reported by Bezerra et al., SNZ hemihydrate starts losing water 

close to 45 ˚C and is complete by 75 ˚C [333]. Therefore, SNZ likely exists in different forms 

within these silicone elastomer rings: (i) dissolved SNZ hemihydrate, (ii) crystalline SNZ hem-

ihydrate, (iii) dissolved anhydrous SNZ, (iv) crystalline anhydrous SNZ. Had the SNZ rings been 

manufactured at a higher cure temperature (e.g., 80 °C) to obtain better curing and mechan-

ical properties, the SNZ hemihydrate would lose water and melt. Upon cooling of the rings, 

SNZ was assumed be retained in the amorphous state. Interestingly, SNZ rings in vivo or in 

vitro at 37 ̊ C would be above the recrystallization temperature of 30 ̊ C, such that amorphous 

SNZ would likely recrystallize within the ring to some extent. It would be a challenge to man-

ufacture SNZ silicone elastomer rings with acceptable mechanical properties and high con-

sistency and stability.  
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Figure 8.3. Representative DSC traces showing thermal behavior of (A) ONZ powders and ONZ 
(10% w/w) silicone elastomer samples, (B) TNZ powders and TNZ (10% w/w) silicone elastomer 
samples, (C) SNZ powders and SNZ (10% w/w) silicone elastomer samples in a ramp heating mode; 
(D) SNZ powders in a heat-cool-heat mode. Downward direction is endothermic.  
 

Table 8.4. Thermal parameters (mean, n = 3) for each thermal transition in DSC thermograms for 
samples – ONZ, TNZ, SNZ and corresponding silicone elastomer (SE) sample (10% w/w). Peak I 
and II are not specific to two certain thermal transitions but to the relative positions of peaks on 
the DSC traces. 

Sample Peak I Peak II 

Onset 
Temp.(˚C) 

Peak 
Temp.(˚C) 

Enthalpy 
(∆H, J/g) 

Onset 
Temp.(˚C) 

Peak 
Temp.(˚C) 

Enthalpy 
(∆H, J/g) 

ONZ 86.92 ± 
0.04 

89.33 ± 
0.13 

107.26 ± 
6.47 

– – – 

ONZ SE 87.03 ± 
0.15 

89.48 ± 
0.11 

10.20 ± 
0.43 

– – – 

TNZ 125.76 ± 
0.36 

127.03 ± 
0.39 

126.33 ± 
5.64 

– – – 

TNZ SE 125.34 ± 
0.05 

126.53 ± 
0.18 

12.62 ± 
1.58 

– – – 

SNZ 68.82 ± 
0.12 

70.19 ± 
0.14 

8.84 ± 
3.79 

76.70 ± 
0.31 

78.03 ± 
0.14 

99.92 ± 
8.09 
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SNZ SE 68.59 ± 
0.16 

69.94 ± 
0.32 

5.85 ± 
1.45 

76.31 ± 
0.20 

77.91 ± 
0.19 

3.60 ± 
0.65 

SNZ 1st heating 68.54 ± 
0.35 

69.95 ± 
0.79 

16.03 ± 
2.21 

76.59 ± 
0.11 

78.11 ± 
0.36 

85.85 ± 
16.28 

SNZ 2nd heating 30.15 ± 
0.48 

36.64 ± 
0.66 

50.54 ± 
15.96 

75.57 ± 
0.15 

77.32 ± 
0.24 

93.59 ± 
20.34 

 

8.4.3. UPLC method development 

A series of concentrations of SNZ, ONZ and TNZ dissolved in water were analyzed in triplicate 

on three different days. The results of linear range, the value of R2, inter-day precision (% 

RSD) and accuracy (% recovery), LOD and LOQ for the SNZ, ONZ and TNZ are presented in 

Table 8.5. These UPLC-UV methods will be applied in the following quantification of SNZ, ONZ 

and TNZ in the in vitro release testing of vaginal ring formulations – 250 mg SNZ, 250 mg ONZ 

and 250 mg TNZ. 

 

Table 8.5. Validation parameters in UPLC-UV method for SNZ, ONZ and TNZ in water. 

API Range 
(µg/mL) 

R2 
Value 

Recovery 
(Average %) 

RSD  
(Average %) 

LOD 
(µg/mL) 

LOQ 
(µg/mL) 

SNZ 2–200 1.00 103.86 2.03 0.0275 0.057 

ONZ 0.5–200 1.00 107.68 0.80 0.0009 0.003 

TNZ 1–100 1.00 82.84 0.52 0.0008 0.003 
 

8.4.4. In vitro release tests 

Mean daily release vs. time plots and cumulative release vs. root time plots for matrix-type 

silicone elastomer DDU-4320 vaginal rings containing 250 mg SNZ, ONZ, TNZ and MET into 

0.2 %w/w Tween (pH 4.2) are presented in Figure 8.4. In addition, cumulative release was 

modelled according to the Higuchi model; correlation coefficients (R2) and release rates 

(mg/t1/2) for each formulation are presented in Table 8.6.  

 

For all 5-nitroimidzole ring formulations, a burst release was observed on Day 1, followed by 

steadily decreasing daily release with time, and linear (R2 = 0.997–0.999) cumulative release 

vs. square root time profiles, all consistent with a permeation-controlled drug release mech-

anism from a polymeric matrix device containing solid drugs [242,243].  

 

The Day 1 burst release was highest for SNZ (23.7 mg), followed by ONZ (16.5 mg), MET (8.6 

mg) and TNZ (4.0 mg) (Figure 8.4A). For all rings, daily release from Day 8–25 showed was 

relatively steady, following the order SNZ > ONZ >> MET > TNZ. After 28 days, cumulative 
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release values were SNZ (132.5 mg) > ONZ (108.5 mg) >> MET (48.3 mg) > TNZ (30.5 mg) 

(Figure 8.4B). Release rates – obtained via modelling using the Higuchi equation – followed 

the order: SNZ (25.30 mg/t1/2) > ONZ (21.78 mg/t1/2) >> MET (9.43 mg/t1/2) > TNZ (6.25 mg/t1/2) 

(Table 8.6).  

 

When drug loading in a vaginal ring exceeds the drug’s solubility in the silicone elastomer 

matrix, the drug exists within the ring in two forms – a small quantity of drug is dissolved 

within the polymer matrix, and the remainder is present in the solid (crystalline) state. Upon 

contact with the release medium, dissolved drug at the surface of the ring diffuses into the 

surrounding medium. Also, solid drug particles at the surface of the ring device dissolve rap-

idly in the fluid medium, and then diffuse. Both of these processes contribute to the observed 

‘burst release’ [206,243]. Once the drug on the surface of ring has been released, other solv-

ated drug molecules within the bulk of the ring diffuse to the surface and partition into the 

surrounding fluid.  

 

The release rate of drug molecules from silicone elastomer matrix-type vaginal rings is de-

pendent upon the drug solubility in the silicone elastomer, the diffusivity of the drug through 

the silicone elastomer, the drug loading and the ring surface area [5]. Here, the 5-nitroimid-

azole rings were manufactured to have the same dimension and contain the same drug load-

ing, although there was a small difference of 0.1 mg in ring weights due to the lower injection 

pressure for ring manufactured via hand-injection. Therefore, the silicone solubility and sili-

cone diffusivity are the major parameters influencing the permeation of drugs through sili-

cone elastomers [248]. A plot of log partition coefficient (a measure of lipophilicity or hydro-

phobicity) vs. molecular weight (g/mol) for SNZ, ONZ, MET and TNZ is presented in Figure 8.5. 

The higher the value of Log P, the higher the solubility of drugs in hydrophobic silicone elas-

tomer [5]. The order of solubility in silicone elastomer is ONZ (Log P = 0.37) > SNZ (Log P = 

0.25) > MET (Log P = –0.02) > TNZ (Log P = –0.35) (Figure 8.5). The smaller the drug molecular 

weight, the higher the diffusivity of drugs through silicone elastomer [248]. The order of dif-

fusivity through silicone elastomer is MET (MW = 171.2 g/mol) > SNZ (MW = 185.2 g/mol) > 

ONZ (MW = 219.6 g/mol) > TNZ (MW = 247.3 g/mol).  

 

Comparing the SNZ rings and ONZ rings, the higher diffusivity of SNZ likely contributed sig-

nificantly to its faster release rate, although solubility of ONZ in silicone elastomer is higher 

than that of SNZ. Also, the poor curing of SNZ rings likely reduced the crosslinking density of 
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silicone elastomer network, resulting in more influx of release medium and leading to dis-

solving increasing release of SNZ, especially during the Day 1 burst.  

 

Despite the higher diffusivity of MET, the higher solubility of ONZ in silicone elastomer dom-

inated on the higher release rate, probably due to the difference between the positive value 

and negative value of Log P. It would be necessary to measure the silicone elastomer solubil-

ity for further insight. TNZ is released at the slowest rate from the rings, likely reflecting its 

poor solubility (as indicated by low Log P value) and poor diffusivity (as indicated by large 

relative molecular weight) in the silicone elastomer. The second generation 5-nitroimidaz-

oles SNZ and ONZ showed greater release from rings compared to MET (Figure 8.4). Petrina 

et al. reported that SNZ showed similar extent of in vitro activity against BV-associated bac-

teria compared to MET and TNZ (MICs > 128 µg/mL), but were not detrimental to the bene-

ficial lactobacilli [315]. As such, SNZ may be a more preferred antibiotic for vaginal treatment 

of BV.  

 

 
Figure 8.4. Mean daily release vs. time profiles (A) and cumulative release vs. root time profiles 
(B) for release into 0.2% w/w Tween 80 (pH 4.2) of 250 mg MET, SNZ, ONZ and TNZ silicone elas-
tomer DDU-4320 matrix-type vaginal rings (MET, ONZ, TNZ n=4; SNZ n=2). 
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Table 8.6. Release rates and coefficients of correlation (R2) obtained from linear regression anal-
ysis of the cumulative release versus root time plots measured for 250 mg SNZ, ONZ, MET and 
TNZ vaginal rings. 

Ring formulation Release rate (mg/day ½) R2 value 

SNZ 25.30 0.997 

ONZ 21.78 0.998 

MET 9.43 0.999 

TNZ 6.25 0.998 
 

 
Figure 8.5. Plot of log partition coefficient (log P; experimental or calculated values) vs. molecular 
weight (g/mol) for secnidazole (SNZ), ornidazole (ONZ), metronidazole (MET) and tinidazole (TNZ) 
[310,332,334,335].  
 

Data obtained from in vitro drug release experiments testing rings containing SNZ, ONZ, MET 

and TNZ are plotted as log (Mt/M∞) versus log t (Mt/M∞ < 0.6) (Korsmeyer-Peppas model) to 

determine n, the slope of linear regression [250,251]. Table 8.7 summarizes the release 

mechanism of drug characterized by the value of n. 

 

Table 8.7. Interpretation of parameters derived from the Korsmeyer-Peppas equation and their 
significance for drug release mechanisms from polymeric films [250].  

Release exponent (n) Drug transport mechanism Rate as a function of time 

0.5 Fickian diffusion t-0.5 

0.5 < n < 1.0 Anomalous transport tn-1 

1.0 Case-II transport Zero order release 

Higher than 1.0 Super Case-II transport tn-1 
 

Log fractional release vs log time plots are presented in Figure 8.6 for each 250 mg matrix 

ring. A summary of the parameters derived from Korsmeyer-Peppas mathematical modelling 
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of the data is presented in Table 8.8. High correlation coefficients (R2 = 1.00) were obtained 

for all four 5-nitroimidazoles. The release exponents (n) for MET and SNZ were close to 0.5, 

indicating that Fickian diffusion is the predominant release mechanism [235]. Further, nearly 

60% SNZ was released from the rings during the 28-day release experiment. The n values for 

ONZ and TNZ rings were 0.56 and 0.61, respectively, indicating anomalous transport rather 

than Fickian diffusion. The threshold n value used to determine Fickian diffusion may be af-

fected by the geometry of polymeric formulations.   

 

 
Figure 8.6. Graphs of Korsmeyer-Peppas mathematical modelling (Log fractional drug release ver-
sus Log t (days) of the cumulative release of SNZ, ONZ, MET and TNZ from matrix-type silicone 
elastomer vaginal rings. Mt is the amount of drug released at time t; M∞ is the amount of drug 
released after an infinite time (equivalent to the total drug loading). 
 

Table 8.8. Korsmeyer-Peppas mathematical modelling of the cumulative release of SNZ, ONZ, 
MET and TNZ from matrix-type silicone elastomer vaginal rings (250 mg, 3.125 %w/w).  

Ring formulation Release expo-
nent (n) 

Drug transport 
mechanism 

Rate as a func-
tion of time 

R2 value 

SNZ 0.51 Fickian diffusion t-0.5 1.00 

ONZ 0.56 Anomalous transport tn-1 1.00 

MET 0.53 Fickian diffusion t-0.5 1.00 

TNZ 0.61 Anomalous transport tn-1 1.00 

 

8.5. Conclusions 

SNZ, TNZ and ONZ showed good compatibility with the DDU-4320 silicone elastomer. The 

curing temperatures used during ring manufacture were lower than the melting points of the 

drugs, such that the drugs existed in both the dissolved and solid (crystalline) state. However, 
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the 50 ̊ C cure temperature used to manufacture SNZ rings was too low to obtain a fully cured 

vaginal ring with good mechanical properties; therefore, the manufacturing method for SNZ 

rings would need to be further optimized. The release rates of the four 5-nitroimidazole 

drugs followed the rank order SNZ > ONZ > MET > TNZ. The diffusion-controlled release of 

small molecules with the relatively low hydrophobicity from hydrophobic matrix-type sili-

cone elastomer vaginal rings were influenced by both solubility and diffusivity in silicone elas-

tomer matrix.  For the treatment of BV, ONZ is a suitable 5-nitroimidazole candidate loaded 

into silicone elastomer rings. It has appropriate mechanical properties and has a higher 28-

day cumulative release than MET.
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9 
Colour, scent and size: Exploring women’s 

preferences around design characteristics 

of drug-releasing vaginal rings  
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9.1. Introduction 

The concept of a polymeric vaginal ring device for use in sustaining drug administration to 

the human vagina was first described in the late 1960s [336]. Since then, seven ring prod-

ucts—mostly for hormonal contraception and estrogen replacement therapy—have reached 

market (Estring®, Progering® Fertiring®, Femring®, AnnoveraTM, NuvaRing® and Ornibel®), 

and many other devices, including various generics and a dapivirine-releasing ring for HIV 

prevention, have been approved, are progressing through preclinical/ clinical testing, or are 

undergoing regulatory review for market approval [46,337,338]. In July, 2020, the European 

Medicines Agency (EMA) announced a positive regulatory opinion on the Dapivirine Vaginal 

Ring as an HIV prevention option for cisgender women aged 18 and older [339], and in March 

2022 the ring received regulatory approval for use in South Africa. 

 

Despite considerable variation in baseline vaginal dimensions [252], all marketed drug-re-

leasing vaginal rings are designed, manufactured and supplied as one-size-fits-all devices. 

Drug-releasing vaginal ring devices with external diameters ranging between 38 and 80 mm 

have previously been tested in women, although marketed devices are mostly limited to one 

of three external diameters—54, 55 or 56 mm—irrespective of the polymer type used to con- 

struct the ring (Figure 9.1) [46]. There is greater variation in ring cross-sectional diameters 

(4–9 mm), with silicone elastomer rings falling within the upper end of the range (7.6–9.0 

mm) and thermoplastic rings (such as NuvaRing® and Ornibel®) fixed at~4 mm (Figure 9.1). 

 

 
Figure 9.1. Dimensions (overall diameter vs. cross-sectional diameter) of vaginal rings, both mar-
keted products (blue circles and orange squares) and those previously tested in the clinic and 
reported in the scientific and patent literature (black circles and squares). Note that rings are 
further sub-classified according to polymer type – silicone elastomer (circles) and thermoplastic 
(squares). Large white circles represent the drug-free rings used in this study. 



Chapter 9. Colour, scent and size: Exploring women's preferences around  
design characteristics of drug-releasing vaginal rings 

 171 

 

In general, it is well established that the colour of any product—including drug products and 

medical devices—can induce emotional and psychological responses, with preferences vary-

ing across age, time, culture and product type [340–343]. Within the pharmaceutical industry, 

colour may be useful in avoiding medication/dosing errors for products that might otherwise 

look similar. Historically, many medical devices and pharmaceutical products have been col-

oured white, widely considered to signify cleanliness and purity. However, from the perspec-

tive of chromology (the study of colour psychology), white products are also considered weak 

and may also reinforce the negative stereotype and impersonal perception associated with 

medical and drug products [340]. To date, this traditional colour strategy has also been ap-

plied to all marketed and experimental drug-releasing rings, which are either opaque white 

or transparent and colourless in appearance (Figure 9.2). This contrasts strongly with oral 

dosage forms which often contain highly coloured film coatings to improve product appear-

ance and identification, and provide opportunities for enhanced branding and trademarking 

[340,344,345]. Ring-shaped vaginal pessaries for treating pelvic organ prolapse—in addition 

to being available in a very wide range of sizes (overall diameter 38 to 127 mm [46])—are 

also supplied in a selection of colours, including white, pink, orange and blue [346]. Discol-

ouration of white-coloured rings—both drug-releasing vaginal rings and ring pessaries—dur-

ing use has also been reported [204,241,347]. This discolouration is attributed to adherence 

of components of cervicovaginal fluid and menstrual blood to the ring surface, although it is 

considered not to affect clinical outcomes. 
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Figure 9.2. (A) Examples of marketed vaginal rings, showing conventional white or transpar-
ent/colourless appearance. (B) Examples of coloured products administered vaginally – Caya® 
and Singa® diaphragms, and menstrual cups. 
 

To date, there has been only limited clinical evaluation of ring size [348–352], despite the 

likelihood that providing options to women around these product attributes could signifi-

cantly enhance user acceptability and, in turn, product adherence and efficacy [121,128]. A 

small number of studies have reported women’s perceived preferences for ring size, but no 

study has presented women with different colour and scent options for assessment. In one 

randomized controlled trial and in two observational studies, 61.4–85.7% of users reported 

that a vaginal ring diameter of 56 to 58 mm and a cross sectional diameter of 7.7 to 8.4 mm 

were acceptable [121,353,354]. Some women have stated they would prefer the ring to be 

thinner, and a few would prefer the ring to be more flexible [128]. Size preference may be 

related to women and their partners feeling the ring during sex: studies report that 70–90% 

of users and 48–97% of partners felt the ring during sex [127]. Acceptability of most ring 

attributes increases in with duration of use [121,127]. 
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Studies show that consumers—including patients using pharmaceutical products—form an 

emotional link with colour, either associated with the product itself or its packaging [355–

360]. Despite this, most drug dosage forms are white. The TRIO study aimed to determine 

ratings and preferences of three (placebo) delivery forms (oral tablet, intravaginal ring, and 

intramuscular injection) among young women in two sub-Saharan African communities. It 

found that two-thirds of women reported the white placebo vaginal ring looked acceptable 

[121]. In another study, participants had different perspectives on perceived ring colour [128], 

with some liking the white ring colour, because it was seen as simple, plain, or looked “med-

ical grade.” Others preferred coloured rings (e.g., purple, pink, blue, multicolour, glow-in the-

dark, “fun colours”) to make the ring look more fun, less sterile, more natural, or more fem-

inine. However, some women were concerned that use of a dye to give the ring colour may 

affect health. Colour was less important for some participants as the ring was not seen once 

inserted [350].  

 

Generic products that incorporate innovative branding strategies, such as colour, often have 

higher market share than plain white tablets (e.g. Quetiapine 25 mg, Levetiracetam 750 mg) 

[361]. Many approved and marketed vaginal products are now available in a colour option 

including menstrual cups, female condoms and a vaginal diaphragm [362]. In a study that 

assessed choice of female condom colour when offered a choice of plain/unscented, and two 

coloured/scented options, almost all women chose the coloured/scented condoms [363].  

 

In this study, and as part of our efforts to develop new multipurpose prevention rings, we 

explore women’s preferences around three product attributes of vaginal rings considered 

important for increasing user acceptability—size/dimensions, colour, and scent. My work fo-

cused on designing and manufacturing drug-free silicone elastomer vaginal rings having dif-

ferent sizes, colours and scents. Cecilia Milford (University of the Witwatersrand) et al. con-

ducted three focus group discussions (FGDs) with women in eThekwini District, KwaZulu-Na-

tal, South Africa, to explore preferences and attitudes to different vaginal product attributes 

(size, colour and scent), with a specific focus on vaginal rings. This chapter has been published 

in the AIDS and Behavior in 2022: 

Zhao, X., Milford, C., Smit, J. et al. Colour, Scent and Size: Exploring Women's Preferences 

Around Design Characteristics of Drug-Releasing Vaginal Rings. AIDS Behav 26, 2954–2968 

(2022). 
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9.2. Materials 

Medical grade addition-cure silicone elastomer MED-4870 and various colour masterbatches 

for liquid silicone elastomers (consisting of pigments dispersed in a vinyldimethyl- termi-

nated polydimethylsiloxane polymer; MED-4900-3— red; MED-4900-4—orange; MED-4900-

5—yellow; MED2-4900-6—light green; MED1-4900-7—blue) were obtained from NuSil Sili-

cone Technology Inc. (Carpinteria, CA, USA). Silbione® Biomedical LSR D1XX-TB silicone elas-

tomer (Batch No. 07117-15) was obtained by Elkem Silicones (South Carolina, USA). Titanium 

dioxide was obtained from Sigma-Aldrich (Gillingham, UK). Essential oils for ring scent (Lav-

ender True 102; Lemon Organic 103; Grapefruit Organic 115; Camphor White 133; Spearmint 

Organic 165), were obtained from Naissance (Neath, UK). 

 

9.3. Methods 

9.3.1. Manufacture of silicone elastomer vaginal rings having different colours 

Non-medicated vaginal rings having six different colours—white, mellow yellow, light pink, 

pastel orange, pastel green and mauve (Figure 9.3)—were manufactured using a BabyplastTM 

6/10P injection molding machine (Chronoplast, Spain) fitted with custom 57.6 × 7.9 mm ring 

molds. Briefly, titanium dioxide (a non-active, pharmaceutical grade excipient to simulate the 

white colour typical of pharmaceutical drugs) and various medical grade colour mas-

terbatches were mixed with Parts A and B of MED-4870 silicone elastomer at specified con-

centrations (Table 9.1) using a DAC-150 FVZ-K SpeedmixerTM (Hauschild, Germany; 3000 rpm 

for 30 s). Part A and B mixes were sequentially added to a large plastic polypropylene Speed-

mixer container until ~ 400 g in total had been transferred. The contents were mixed with a 

spatula (10 s) and then using a DAC-600 SpeedmixerTM (Hauschild, Germany; 1500 rpm for 

30 s). The contents were then transferred into a modified E1000 cartridge (Fiscbach, Ger-

many). The cartridge was inserted into a cartridge holder, the assembly fitted in the Baby-

plastTM machine, and rings manufactured at 160 °C for 90 s using predefined injection mold-

ing parameters optimized for this elastomer: shot size (7.70 g); first and second injection 

pressures 50 and 15 bar, respectively; clamping pressure 100 bar. Vaginal rings were then 

demolded and heat-sealed in aluminium foil pouches.  
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Figure 9.3. Ring colours from top row left to right – white, pastel orange, light pink; bottom row 
– pastel green, mellow yellow and mauve. See also Table 2. 
 

Table 9.1. Silicone elastomer vaginal rings (dimensions 57.6 mm overall diameter and 7.9 mm 
cross-sectional diameter) having different colours were obtained by incorporating various con-
centrations of titanium dioxide and colour masterbatches into MED-4870 silicone elastomer. 
		

Ring colour Titanium dioxide concen-
tration (% w/w) 

Concentration of colour masterbatches     
(% w/w) 

White 0.4 – 

Pastel orange 0.4 0.02 MED-4900-4 

Light pink 0.4 0.05 MED-4900-3 

Pastel green 0.4 0.10 MED2-4900-6 

Mellow yellow 0.4 0.01 MED-4900-4 + 0.02 MED-4900-5 

Mauve 0.3 0.02 MED-4900-3 + 0.04 MED1-4900-7 
 

9.3.2. Manufacture of silicone elastomer vaginal rings incorporating scents 

Careful selection of scents for incorporation into rings is necessary, given (i) the propensity 

of certain functional groups within chemical substances to react with silicone elastomer ma-

terials [104,170,203], (ii) the potential for evaporation of volatile organic scent molecules 

during high-temperature manufacture of the rings; and (iii) the risk of mucosal irritation with 

certain scent substances [364]. Scents are already added to certain marketed condoms and 

vaginal wash products. For the purposes of this study, we selected Silbione® Biomedical LSR 

D1XX-TB silicone elastomer and five essential oils for incorporation at very low concentra-

tions into rings during manufacture (Table 9.2). The final oil concentrations were selected 

based on manufacture and testing of prototype rings having a broad range of concentrations. 

Rings were manufactured by injection molding (curing conditions: 112 °C for 100 s) using a 

method similar to that described in Section 9.3.1. 
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Table 9.2. Silicone elastomer vaginal rings (dimensions 57.6 mm overall diameter and 7.9 mm 
cross-sectional diameter) having different fragrances were obtained by incorporating various es-
sential oils into Silbione® Biomedical LSR D1XX-TB.  

Ring fragrance Essential oil concentration   
(% w/w) 

Lemon 5.0 

Grapefruit 3.0 

Spearmint 2.0 

Camphor 1.0 

Lavender 0.50 
 

9.3.3. Manufacture of silicone elastomer vaginal rings having different sizes 

Vaginal rings having four different dimensions (A—57.7 × 5.6 mm; B—57.6 × 6.2 mm; C—

57.6 × 7.9 mm; D—55 0.0 × 9.0 mm; Figure 9.4) were manufactured from medical grade 

addition cure silicone elastomer MED-4780, using custom ring molds fitted to an electrically 

heated, laboratory-scale injection molding machine. Part A and Part B MED-4780 silicone 

elastomer premixes containing titanium dioxide were prepared using the method described 

in Section 9.3.1. The mixtures of A and B were then transferred to a SEMCO 2.5 oz HD. 

 

 

 
Figure 9.4. Dimensions (cross-sectional and external diameters; drawn to scale) and photographs 
of the four different ring designs used in this study. See Figure 9.1 for comparison of ring dimen-
sions with those of marketed and experimental rings.  
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9.3.4. Focus group discussions 

We conducted qualitative research via focus group discussions (FGDs) to explore women’s 

preferences and attitudes to different vaginal product attributes (size, colour and scent), with 

a particular focus on silicone elastomer vaginal rings. The study was conducted in the 

eThekwini District, KwaZulu-Natal, South Africa, during March 2021. 

 

Three FGDs were conducted with women aged 18–35 years. Women who had previously 

participated in research studies/clinical trials at the study site, and who had consented to 

future contact, were purposively selected and invited to participate in a single FGD. Selection 

included a range of women with and without vaginal product experience, and this infor-

mation was used for setting up the three groups as follows: (1) women who had experience 

with vaginal products, (2) women who were naive to vaginal products, and (3) women with 

varied vaginal product experience (both experienced and naive product users). 

Basic demographic information was collected from participants prior to the discussion. The 

specially manufactured vaginal rings of varying colours, dimensions and scents, described 

above, were made available in the groups for women to visualize, handle and smell. Other 

marketed vaginal products (diaphragms, cervical cups, coloured/scented female con-

doms/menstrual cups and tampons) were also made available to facilitate size, colour and 

scent comparisons. Rings and other products were not inserted or used. 

 

All three FGDs were conducted in isiZulu, the preferred local language. The discussions were 

audio recorded with the consent of the participants, transcribed, and translated from isiZulu 

into English. Qualitative data analysis software (NVivo v12, QSR International) was used to 

organize, code, and analyse the data. Based on inductive and deductive coding, the FGD data 

were thematically analysed. Demographic data from participants was captured on REDCap 

[365] and descriptive analyses were conducted. 

 

The study was approved by the Human Research Ethics Committee (HREC) of the University 

of the Witwatersrand (M200968). All women provided written informed consent prior to 

participation, with separate consent for the audio recording of the discussion. Consenting 

was conducted in isiZulu or English according to participant preference. 
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9.4. Results  

9.4.1. Participant characteristics 

A total of 16 women participated in the three FGDs. At project inception, it was anticipated 

that up to 10 women would participate in each FGD. However, due to COVID-19 social dis-

tancing restrictions, each group was limited to five or six women. Participant socio-demo-

graphic information and previous vaginal product use experience is shown in Table 9.3. 

Women had a mean age of 26.8 years. The most commonly reported source of household 

income was through the South African (SA) government grant (n = 15), followed by some 

income from various levels of employment (n = 11). Women had a range of experience with 

vaginal products, mostly in research studies in which they had previously participated. All 

participants with vaginal product experience had used at least one of these products in a 

clinical trial. No woman had used a menstrual cup. 

 

All participants in FGD Group 1 had personally used one or more vaginal products, and had 

experience using a placebo vaginal ring in the Quatro study, which determined ratings and 

preference for four (placebo) vaginal delivery forms (tablet, intravaginal ring, film and gel) 

[366]. Although all participants in FGD Group 2 were recruited on the basis of having reported 

no previous vaginal product experience, two of the six participants in the group had previ-

ously tried to use a tampon but had not continued to use them, while one woman had tried 

unsuccessfully to use a female condom. These three women only mentioned their unsuccess-

ful attempts to use these vaginal products when the FGD was in progress. Similarly, in the 

mixed experience group (Group 3), two of the women who had been recruited as inexperi-

enced vaginal product users had also previously tried to use a female condom but had not 

used it during sex. Two women in the mixed experience group had used the placebo vaginal 

ring in the Quatro study [366].  
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Table 9.3. Demographic characteristics of focus group participants. 

Demographics (N=16) 

Age (mean, range) 26.9 (20–34) 

Ever pregnant %, N 75.0 (12) 

Number of pregnancies (mean, range) 1.8 (0–5) 

Source of household income %, N*  

Employment (full/part time/casual) 
Government grant 
Financial support from outside household 

68.8 (11) 
93.8 (15) 
18.8 (3) 

Education (grade) %, N  

Secondary incomplete 12.5 (2) 

Completed secondary 
Tertiary 

68.8 (11) 
18.8 (3) 

Current relationship %, N  

Regular partner, not living together  
Regular partner, living together 
No current relationship 

75.0 (12)  
18.8 (3) 
6.3 (1) 

Vaginal product experience* %, N 
Vaginal ring 
Female condom 
Vaginal applicator 
Tampon 
Vaginal tablet 
Vaginal film  
Diaphragm 
Menstrual cup 

 
50.0 (8) 
43.8 (7) 
43.8 (7) 
37.5 (6) 
37.5 (6) 
31.3 (5) 
6.3 (1) 
0.0 (0) 

*multiple choice options	

 

9.4.2. Thematic results 

The thematic findings results are presented according to preferences and attitudes for vagi-

nal product attributes, specifically: colour, scent and size. In addition, vaginal ring use and 

virginity testing practices are discussed. Where quotations are provided, P refers to a partic-

ipant and F to the facilitator. 

 

Colour preference for vaginal products  

There was agreement across FGDs that (i) product colour choice was an individual decision, 

(ii) some people prefer coloured products while others prefer white/transparent products, 

and (iii) in some cases offering a choice of various colours is preferable. 
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“I think women would prefer colours, but also have products without colour because 

we are not the same as women, there are those who are out there, who may tell you 

that they prefer the coloured ones, like [other participant] has mentioned. I think if 

that happens, we should have all of them mixed, so they can choose.” (Group 1, Par-

ticipant 1, product experienced group)  

 

“I think colours are very attractive. If you are told that this product is for women, I 

think the first thing that attracts you is colour before you even learn how it works. 

Even if you get inside the shop, you might just feel it, even if you do not plan to buy 

it. You just look at this thing with a beautiful colour and you start asking about it if 

you do not know about it, and they explain it to you and then you buy it, but the 

colour is very attractive.” (Group 2, Participant 2, product inexperienced group) 

 

Participants in Group 2 noted that the efficacy, safety and comfort of the product was more 

important to them than the colour. 

 

“Ehh, honestly, I do not have problem with colour, even if it is white, transparent or 

black. [...] The effects and how they are used only that are important to me. I do not 

have a problem with the colour.” (Group 2, Participant 6, product inexperienced 

group) 

 

“Just to add, colour is not important more than safety and comfortability. [...] as long 

as there is safety and I am comfortable, I think that is enough for me.” (Group 2, 

Participant 2, product inexperienced group) 

 

Some participants had concerns that colour could cause vaginal irritation, and for this reason 

they preferred products without colour. 

 

“I do not have a problem with colour, as long as they do not have any chemicals.” 

(Group 3, Participant 2, mixed experience group) 

 

“I also prefer colourless. [...] My reason is that in most cases when the product is 

made... [...] There are things that are added, that may cause another per- son to have 

allergies when using them and things like those. So, I prefer them to, even though 

they add some things, to make sure everything is hygienic. But I am sure there are 



Chapter 9. Colour, scent and size: Exploring women's preferences around  
design characteristics of drug-releasing vaginal rings 

 181 

things that are added, but they should not cause infection.” (Group 3, Participant 4, 

mixed experience group) 

 

Participants also described varied preferences for their male partners when it came to colour 

of products. Some felt their partners would prefer products without colour, although some 

said their partners preferred coloured products, for example condoms. 

 

“I think men would prefer the ones without colour. [...] Men like simple things than 

colours. Some of them do not like colours, they might think it has some flavours.” 

(Group 1, Participant 4, product experienced group)  

 

“I have noticed that a lot of times they [men] like the coloured ones [referring to 

condoms].” (Group 1, Participant 2, product experienced group) 

 

A few participants felt that their male partners would be suspicious of products with colour 

and described concerns of witchcraft. 

 

“Another thing is that since it is coloured, maybe it might happen that it might be 

visible or maybe you can tell your partner that you use things like these. He might 

ask if these colours do not have, there are people who believe that people use be-

witching medicines and they are always vigilant of those bad things, he might ask 

what you have put here for him, what are these colours for. So, it is alright in a white 

colour because even if he sees it, he will not be surprised that much.” (Group 1, Par-

ticipant 5, product experienced group)  

 

P: “You see, honestly, men, oh my, they are not educated. He would say, ‘What do 

you have on now? Take this thing off’. Honestly, my partner would not like any of 

them, I am just talking about my partner, he would ask, ‘What have you inserted?’.” 

F: “Okay, so, there is not one he would like from these colours? Even if it is a colour 

that is not included here?”  

P: “I am telling you that anything he would see inserted in my vagina. The other fear 

they have is that they just wonder what you have inserted.” (Group 2, Participant 1, 

product inexperienced group) 

 

Ranking of vaginal ring colours  
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Participants were shown six vaginal rings of different colours/shades (including white, mel-

low yellow, light pink, pastel orange, pastel green and mauve) and asked which colour they 

preferred (Figure 9.3). Group 1 participants largely preferred the white vaginal ring, one sug-

gesting that the white colour would enable her to detect any discharge/disease. Although 

some participants in the group noted that different people would have different preferences, 

and suggested individuals should be able to choose their preferred option. 

 

“Because white might help me to see if there is some dirt in my vagina, be able to 

spot discharge, but the coloured ones, no. I like it like this.” (Group 1, Participant 1, 

product experienced group) 

 

“I think all the colours that are here are not a problem. I like all of them, and then 

have a person choose which one they like. There is no need to add more, the ones 

that are available are fine. A person can decide which colour they like.” (Group 1, 

Participant 2, product experienced group) 

 

Participants from Groups 2 and 3 chose a range of colours related to individual preference. 

 

F: “Okay, number 1 chose mauve, 2 and 3 chose peach [referring to pastel orange], 

4 chose white and 5 and 6 chose...” 

Note-taker: “Lime (pastel green).” (Group 2, product inexperienced group) 

 

Furthermore, some participants suggested a few additional colours be added to the options 

including yellow, pink, black and red. Although yellow (mellow yellow) and pink (light pink) 

rings were included in the study, yellow and pink may have been mentioned as additional 

colours as the intensity of the study colours was not very strong. 

 

P: “I think black as well, people like colour black.”  

F: “You think people like black and you think they can use black?” 

P: “Uhm hum. I think they can love it.” 

F: “Okay. Can you tell me why you think people might like black?” 

P: “Uhm, black is calm, so, ya.” (Group 1, Participant 3, product experienced group) 

 

Preferred intensity of colours  
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Participants in all groups felt that the pale colours of the sample vaginal rings were accepta-

ble for various reasons, including that their partner may not be able to see it, it was perceived 

as safer (fewer chemicals added), and for personal preference. 

 

“So, we do not like, women like me, do not like the intense colours, sweet [bright] 

pink would feel like it is for young people because young people like sweet colours, 

you see that things that are going to be attracted to. Unlike us, matured women, you 

know that you prefer a calm colour.” (Group 2, Participant 1, product inexperienced 

group) 

 

P: “Ay, the colours are alright like this.” 

F: “They are good as light as they are. What makes you like the light colours number 

2.” 

P: “Because once it is dim, it might look as though something is added.” 

F: “Something like what?” 

P: “Something like chemicals.” (Group 3, Participant 2, mixed experience group) 

 

“Okay, if the rings are light, it will not be easy for him to notice that I have something 

on [...] Whereas, if it is intense, it is out of the original colour of your vagina, it will 

be visible and that can make him uncomfortable, even if he is aware that you have it 

on neh, but when he sees it and see where it is sitting, it would be uncomfortable for 

him to penetrate without him feeling like he is going to hurt you, you see.” (Group 3, 

Participant ?, mixed experience group) 

 

However, some participants in Group 2 felt that brighter, more intense colours would be 

preferable for some people. 

 

“I like sweet [bright] pink, I like the intense colours, there is no place written that 

sweet colours are for kids. [Some participants are laughing] Because I have a sweet-

pink jacket, I have a sweet-pink clothes, so now I cannot wear them? [Laughing].” 

(Group 2, Participant 6, product inexperienced group) 

 

The same participant felt that light-coloured vaginal rings could become darker over time, 

and the darker colour could be used as an indicator to detect ring safety issues: 
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“The way I see it is that the reason they are light, you insert this ring and remove it 

after some time, right? [...] Maybe when it is not right, it becomes darker, when it is 

expiring. That is the way you are able to see, that it becomes darker.” (Group 2, Par-

ticipant 6, product inexperienced group) 

 

Preference for scented versus non-scented vaginal products  

Participants had a range of preferences regarding scented/unscented vaginal products, with 

some not liking to use scented products. 

 

“Ey, I do not like them [referring to the SA government coloured/ scented male con-

doms], others have scents and I do not like scents, and I end up not enjoying sex 

because of the smell.” (Group 1, Participant 4, product experienced group) 

 

Others described that they preferred products with scents. Many of them felt that the 

scented products masked the smell of sex or the smell of the vagina. 

 

“I like the coloured ones [referring to the SA government coloured/scented male 

condoms] because they cover the sex smell, you just smell strawberry or banana, but 

the non-coloured ones, you can smell sex as it is.” (Group 1, Participant 1, product 

experienced group) 

 

“Do you know when you are busy having sex, SEX, [Participants laughing], there is 

that smell, the vagina has its own smell, sex on its own has its smell, so, I think, as I 

said that these, as I explained that since lemon is this strong and nice. Even a person 

coming in the room after you had sex, they will not feel that you were having sex, 

they will not feel that smell, that sense of saying, “Eish there was sex happening 

here”, there are people who have smelly vaginas, you see. But if lemon flavoured 

ring is inserted, when the partner penetrates you, he will just smell lemon. He knows 

that my vagina smells lemon, you see. [Participants laughing]. It smells like spearmint, 

you see. It is not that spearmint flavour will be the same as Chappies (bubblegum), a 

strong Chappies, because I think they would not create something for us to insert 

that is going to be strong as Chappies inside our vaginas. It is just that flavour, that 

smell of that certain flavour.” (Group 2, Participant 1, product inexperienced group) 
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Some participants suggested that people should have a choice of whether a product has a 

scent or not. 

 

“I would prefer to have both, flavoured and non-flavoured [meaning scented and 

non-scented], so that a person can take their choice.” (Group 3, Participant 2, mixed 

experience group) 

 

Participants in all groups suggested that their concerns around product scent were related 

to whether the scent could cause vaginal irritation: 

 

“I also do not see the need for the scent because some of women are sensitive in 

their vaginal areas, these scents are very strong. I might insert the lemon scented 

one and it does not like me, and maybe give me rash, so, I would just add colour, but 

not the scent.” (Group 1, Participant 1, product experienced group) 

 

When asked whether their male partners would prefer products with a scent or not, re-

sponses also varied. Some also suggested that their partners preferred using scented prod-

ucts to cover the smell of sex. 

 

“I can say my partner likes us to use the ones with colour [referring to the SA govern-

ment coloured/scented male condoms] and I do not like them, but he says it is be-

cause of the room, it does not smell, there is that smell that says you are having sex. 

[...] But if we use the coloured one, that smell is not there, it just smells nice, but for 

me, I do not prefer it, it does not smell good for me.” (Group 3, Participant 1, mixed 

experience group) 

 

One participant was also concerned that the scent may also irritate/have health implications 

for her male partner. 

 

“I also wanted to say something like that and what I also wanted to add is that maybe 

the scent might not give me any problems and does not give me rash, like they have 

mentioned, but my partner might have problems. That is what I think.” (Group 1, 

Participant 5, product experienced group) 

 

Ranking of sample scents  
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Participants were provided with sample vaginal rings with different scents—lavender, grape-

fruit, lemon, spearmint, camphor (Table 9.2)—and were asked which ones they preferred. 

Participants in the different groups ranked products differently. Group 1 preferred lavender 

and grapefruit, as they felt the scents weren’t as strong. Overall, in Groups 2 and 3, lemon 

and spearmint were preferred, with some participants also suggesting a preference for lav-

ender. Preferences appeared to be related to personal associations with the scents. 

 

P1: “Ehh, for lavender, let us start with lavender, it is like you cleaning the house. 

[Participant laughing]. We would be busy having sex and the scent of cleaning a 

house is around us, no. [Participant laughing]. And then...grapefruit, I also did not 

like it because it has that orangey flavour to it. Ehm, what else? Camphor, awe! He is 

going to ask me if I use camphor because it smells exactly like camphor, a body lotion. 

I do not use camphor and now he finds it in my vagina, no. [...]” P4: “I like lemon and 

lavender, the lavender for me smells like perfume. I did not feel like it is a cleaning 

product. [...] I do not like camphor.” (Group 2, product inexperienced group) 

 

“I also like lemon. It smelled nice; it has that refreshment to it. Ay, when I smelled 

spearmint, Ha! It is too strong. I know Chappies [bubblegum] smells like this, not if it 

is going to be my vagina smelling like this, it is too much, it is too much for me. [...] 

Ya, spear- mint is too much for me, it is very strong, but lemon also strong but it is 

nice, it has that refreshment to it.” (Group 2, Participant 6, product inexperienced 

group) 

 

 

Some participants had concerns that some of the stronger scents would cause vaginal irrita-

tion, so didn’t rank them as highly: 

 

“[S]pearmint and camphor, have a stinging feeling to them even with the smell, you 

know when you eat something that is spearmint flavoured, it stings. So, I would pre-

fer lemon.” (Group 3, Participant 3, mixed experience group) 

 

Preferred intensity for scents  

Participants had varied opinions about the intensity of the sample scents. Some (in Group 1) 

felt that the sample scents were too strong: 
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“[T]hey are very, very, very strong. [...] Too strong, yes.” (Group 1, Participant 3, 

product experienced group) 

 

Others felt some of the sample scents were too strong, and other scents were very weak: 

 

P: “Ehh, the lemon one is quite strong, when I opened it, the scent overcame me, so 

I am imagining opening it in the house and you are having sex, now the whole house 

smells like lemon.” 

F: “So, you do not like lemon?” 

P: “No, I like it, I am just saying it is too strong to the point that it is great because 

the house will smell more like it.” 

F: “So, you like how strong it is?” 

P: “Yes, I like its strong scent as well as the spearmint. [...] Ya, it also smells good, it 

has enough scent. And then camphor and lavender I think they have a weak scent, 

yes and [grapefruit] I only smell a little bit of it, I do not smell them they do not attract 

me but the other lemon and spearmint, I like best.” (Group 2, Participant 2, product 

inexperienced group) 

 

Duration of scent  

Participants from all groups felt that it would be best if the product scent did not fade with 

use or over time. This was largely related to concerns about vaginal hygiene and masking of 

the vaginal smell. 

 

“I think...it would be better to have the scent even on removal because if the scent 

is gone when removing it, you would ask yourself where it went and you would think 

it stays inside you, you see. It is better to have it throughout, until you remove it.” 

(Group 1, Participant 2, product experienced group) 

 

“I think if we had scent throughout... [...] And then it depends on how hygienic a 

woman is. Let us say she is dirty, and she inserts this product, and the scent is there 

throughout, the scent might cover the unhygienic smell from her, but when it is re-

moved, that unhygienic smell from a woman comes back and covers the scent from 

the ring. So, I feel that even if it have scent, it would depend on how clean the woman 

is, if she is clean, the scent can stay until the ring is removed, but if she is not hygienic, 
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the scent may not last and when the ring is removed, it comes out dirty because of 

the lack of hygiene.” (Group 3, Participant 1, mixed experience group) 

 

One participant in Group 3 felt that it would be best for the scent to only be there on insertion, 

firstly so that the scent did not cause vaginal irritation, but secondly so that the partner did 

not smell it, in the case of covert product usage. 

 

“I would prefer it to have scent when it is inserted only because I do not know if it is 

going to harm me if the scent stays inside me, you see. [...] Also, some people, they 

might insert the ring, and not tell their partner that they have it on and they remove 

it. Say now the boyfriend comes and sucks you and tastes this scent, coming from 

inside you. [....] So, it is better to have it scented only when inserted and have the 

scent disap- pear inside you and not have scent when removed.” (Group 3, Partici-

pant 2, mixed experience group) 

 

Ranking and preference of vaginal ring sizes 

Participants were shown four vaginal rings of different dimensions (Figure 9.4). Overall, par-

ticipants from all groups stated that they preferred the size of vaginal ring A. They felt that it 

would be easier to insert, and more comfortable to wear. 

 

“I also feel that A is perfect because can you see it, it is wide and small compared to 

D, D. It’s (referring to D) scary, even looking at it is scary, it might go and sit in the 

wrong places and maybe end up not coming out or do harm. [...] You know, so really, 

like A is perfect.” (Group 3, Participant 1, mixed experience group) 

 

Some participants expressed preference for other vaginal ring sizes: 

 

“Okay, I chose B, the reason why I chose B is that... okay, the size is almost the same 

as A. [...] But what I like about it is that it is not wide, you cannot just insert something 

big in my vagina. I can be able to pinch in and it will not open wide your vagina. Now 

A makes me feel like it is too wide. [All Laughing] It is too wide, you see. Whereas, C 

and D are hard, I would not be comfortable. So, I think B is soft and it will not open 

my vagina that wide.” (Group 2, Participant 1, product inexperienced group) 
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However, one participant did note that it was difficult to choose without actually having tried 

to insert/use the different vaginal rings: 

 

“The problem is that we do not know, because we have never used them and we do 

not have experience, but A is right.” (Group 3, Participant 1, mixed experience group) 

 

Participants were also asked which vaginal ring size option they thought that their male part-

ners would prefer. Preference was related to impact the vaginal ring would have on sex—

whether it fit onto their partner’s penis or not (possibly related to a misconception that the 

penis should fit through the vaginal ring), or if ring use widened or tightened the vagina. Ring 

size preference varied, participants largely felt their partner would prefer ring size A or D. 

 

“I think he might like D. [...] D is not as wide, I am still standing on that, even if he 

inserts his penis, it would move just a bit, but with this, he might say, ‘No baby, this 

is a canoe’ (meaning that the inside of the vagina is even bigger now that the ring 

has been inserted).” [Participants laughing] (Group 2, Participant 1, product inexpe-

rienced group) 

 

P: “I like A and I see that I can be comfortable because even if it sits like this inside, 

you see, but when it comes to sex, no, it is big, I choose D.” 

F: “Okay, let me ask one question. Let us say, he would not feel it. If once it is inserted 

and positioned correctly, and your partner does not feel it because I, personally do 

not know, you see, but if you cannot feel it, which one would you be comfortable 

with?” 

P: “I would be comfortable with A, if he cannot feel it and if it sits in a correct place 

and my vagina is not affected, where the penis enters, then, I would choose A.” 

F: “Which one do you think your partner would like?” P: “If he will not feel it?” 

F: “If he does not feel it, as much as he would know that it is there but does not feel 

it.” 

P: “It is A.” 

F: “He would choose A as well?” 

P: “If it not going to affect my vagina, but if it makes my vagina stretch, then, it is D.” 

(Group 2, Participant 6, product inexperienced group) 
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“I just think that it depends on a man’s manhood size. Maybe for one might say D is 

right and the other one might say B is right.” (Group 3, Participant 1, mixed experi-

ence group) 

 

Insertion and removal, comfort during use  

Participants talked about challenges/ease with vaginal ring insertion and removal when dis-

cussing vaginal ring size preference. 

 

“[Y]ou see, this is too big (referring to C), I foresee problem when trying to insert this 

one. Seriously, it would be a problem. [...] We are not used to this size and now if we 

have to insert this size, I would honestly never insert it.” (Group 1, Participant 2, 

product experienced group) 

 

“Okay, I chose B, the reason why I chose B is that... okay, the size is almost the same 

as A. [...] But what I like about it is that it is not wide, you cannot just insert something 

big in my vagina. I can be able to pinch in and it will not open wide your vagina. Now 

A makes me feel like it is too wide.” (Group 2, Participant 1, product inexperienced 

group) 

 

Preference for the vaginal ring sizes was also related to perceived comfort during use: 

 

“You can see that A is not the same size as the rest of the rings, others are a bit bigger 

than A. So, A was created so that when it is inserted it sits well and you feel comfort-

able.” (Group 1, Participant 2, product experienced group) 

 

Vaginal ring dimensions and properties: width/thickness, diameter and flexibility  

Smaller rings were preferable because they were perceived to be easier to insert. 

 

“[B]ut A, it most people’s preference because it is small and flexible, so I think they 

decided to choose something that the majority of people might like at that time.” 

(Group 3, Participant 3, mixed experience group) 

 

Thicker rings were perceived as less comfortable, and more difficult to insert. 
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“[T]alking from experience, I have tried to insert the female condom, you know guys, 

size D, it is really difficult to insert this as thick as it is, but A is simple, you are able to 

push it. Imagine inserting the D and it gets stuck in the vagina before you can even 

push it to reach the top, because you have to push it, I think you have to push it until 

it reaches the top, like a tampon. How is this thick thing going to be inserted?” (Group 

2, Participant 6, product inexperienced group) 

 

“You see the D size one... [...] When we got the ring, we were told how it is inserted, 

you need to pull and hold it like this, you see when I do this, it is hard for it to fold, 

which might happen that after inserting it, it goes and sits in a wrong way. [...] I am 

talking about its flexibility. [...] I wish it could be like this one. [...] It is A.” (Group 3, 

Participant 4, mixed experience group) 

 

Some participants preferred covert ring use and were worried their partners would feel the 

thicker rings during sex. 

 

“A is alright all the way. It is thin and wide, but C and D are thick and tight. Like I have 

mentioned earlier on that we hid from our partners that we were using the ring [in 

the Quatro study], it was not easy for him to feel A, but C and D he could have felt 

because they are thick.” (Group 1, Participant 1, product experienced group) 

 

Participants felt that the more flexible rings would be easier to insert and more comfortable 

to use. 

 

“Ahh, [Ring A] it is soft. I think it will be flexible to turn it when you insert it, maybe 

it could be easy, and it is stays in your uterus, it will not be as hard and tense to the 

point that you cannot even do anything, yes, it looks comfortable.” (Group 2, Partic-

ipant 6, product inexperienced group) 

 

Although, one person felt that the vaginal ring could possibly be too flexible: 

 

“I would say B (is preferable) because A is too thin and too flexible, I would prefer it 

to be B because it can bend and is a bit thick, you see, ya.” (Group 3, Participant 3, 

mixed experience group) 
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One participant thought perhaps the thicker rings had been designed so that sperm could 

not pass through: 

 

“I am looking at its thickness, maybe it is made so that the sperm does not enter 

where the eggs are. Is that not why?” (Group 2, Participant 4, product inexperienced 

group) 

 

Vaginal ring use and virginity testing 

Some participants described that the practice of virginity testing was still being conducted in 

their areas. They noted that product insertions, such as vaginal ring or menstrual cup use, 

could tamper with the hymen and impact the virginity testing process. However, some did 

say that virginity testing should be a reflection of intercourse, and not product use. 

 

I think these products touch there, because a virgin has to always be tight, right? I 

know that you lose your virginity once the penis enters your vagina. Does these prod-

ucts not affect ones virginity. Some of these things poke, you see. Does it not open 

you there, the inside of the vagina hole? (meaning does it affect your virginity) That 

is my concern that, I have a daughter who is about to go on her periods, imagine me 

telling her to use these cups (referring to menstrual cups). Will they not touch the 

hymen that determines her virginity and ruins it every time? (Group 2, Participant 1, 

product inexperienced group) 

 

No, I do not think she would have a problem (with virginity testing) because she 

knows that a penis has never penetrated her. What she is using is something to pre-

vent her from getting HIV [...] So, she knows that she has never been, even though 

there is that logic that these things affect it. [...] But deep inside she knows that she 

has never been penetrated. (Group 2, Participant 1, product inexperienced group) 

 

9.5. Discussion 

Participants had a range of vaginal product experiences, primarily from previous participa-

tion in research studies/trials at the research site. For this study, each participant was given 

a set of vaginal rings of the different colours, sizes and scents, plus a range of other vaginal 

products in white/transparent and coloured versions of the products. Women were able to 
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handle and look at these products during the FGD discussions. They did not use or insert the 

products. 

 

Similar to other research, opinions on vaginal ring colour were varied with some women 

clearly preferring coloured products while for others this was not an important attribute 

[128]. Some women raised safety concerns related to colour in vaginal products possibly 

causing vaginal irritation. There was an assumption that the colours may contain chemicals 

and women felt that there should be reassurance that insertion of coloured products into 

the vagina would be safe. Safety, comfort and efficacy was seen by some women as more 

important. In a study on vaginal applicators, similar differences in opinion related to applica-

tor colour were reported, with different colours being linked to personal preferences and 

associations and perceptions of the colour relating to other personal experiences [367]. 

 

Preferences for the individual colours of the rings shown to participants also varied and ad-

ditional colours were suggested. All example rings were pale in colour, and women generally 

liked the low intensity of the ring colours, perceiving the lighter shades to be indicative of 

lower chemical content. However, some women suggested other possible ring colours, in-

cluding options of more intense colour varieties of what was presented to them (pink, yellow) 

in the FGDs. 

 

Similarly, women felt their male partners may have different preferences for colour. Some 

particular concerns women mentioned were that men might not accept products that were 

not white, as that is what they may be used to, and coloured vaginal products could raise 

suspicion of possible bewitching. In contrast, other participants highlighted male partner 

preferences to coloured male condoms. This may be related to the currently available South 

African public sector male condom, which is available for free. It was recently rebranded from 

“Choice” to “Max”, based on market research that confirmed that potential condom users 

wanted something new and more desirable [368]. Launched in 2015, the Max male condom 

is currently available in four colour/ scent combinations—red/strawberry scent in a red 

packet, yellow/banana scent in a yellow packet, purple/grape scent in a purple packet and 

plain latex colour/unscented in a blue packet [369]. The South African public sector female 

condom has undergone similar rebranding and is currently available as “Maxima” in three 

colour/scent combinations—red/straw- berry scent in a red packet, yellow/vanilla scent in a 

yellow packet and plain unscented in a blue packet. A recent national survey has confirmed 

that these new brands are well liked and accepted [363]. 
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Similar to colour, preferences for scented vaginal products varied. Some women did not want 

to use products that contained scents, and these concerns were largely linked to perceptions 

that chemicals in the scents could cause vaginal irritation for themselves and their male part-

ners [364]. Preference for intensity of scent was also related to perceptions as to whether 

more intense scents had higher chemical compounds and more likelihood of being unsafe. 

Other participants had positive attitudes towards scented products because they believed 

they would mask the “smell” of sex. Several participants used the example of the South Afri-

can government coloured and scented Max male condoms, and how they improved the smell 

of the environment during and after sex. This was also reported in a recent National Condom 

Survey in South Africa [369]. 

 

Preferences of the individual scents of the study rings differed across and between the three 

groups. Participants had strong opinions for which scents they preferred, and for scents that 

they disliked, often related to personal experiences and preferences. 

 

Regarding the duration of scent, many participants felt that it should be retained over time, 

over a longer duration beyond the insertion. However, others raised concerns that the scent 

might be noticed by partners during sex, in particular if they had not told their male partner(s) 

that they were using the ring. Vaginal irritation was also mentioned as a concern if the scent 

remained over time. To further address the potential for scent retention within a vaginal ring 

device over time, it is necessary to understand the chemical composition of scents and the 

physicochemical processes underpinning molecular diffusion. Essential oils often comprise 

several hundred different chemical substances, mostly monoterpenes, sesquiterpenes and 

various oxygen-containing organic molecules (such as alcohols, phenols, aldehydes, ketones 

and esters). Generally, only a very small number of substances are present at concentrations 

above 5% within each oil, with most at significantly less than 1%. For example, the major 

chemical components of lavender essential oil are 1,5-dimethyl-1-vinyl-4-hexenylbutyrate 

(44%; 224.3 g/ mol), 2,6-dimethyl-1,5,7-octatriene (25%; 136.2 g/mol), eucalyptol (7%; 154.3 

g/mol) and camphor (4%; 152.2 g/ mol) [370]. Chemical compounds must be sufficiently vol- 

atile to impart a smell or scent, since they must diffuse through the air to the olfactory system 

in the upper part of the nose. Therefore, essential oil components generally have low melting 

points (and commonly exist as liquids at room temperature) and lower relative molecular 

masses/volumes compared to drug substances (typically less than 250 g/mol, as illustrated 

in brackets above for lavender essential oil). By comparison, most steroid and antiretroviral 
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drugs incorporated into vaginal rings for therapy are crystalline solids at room temperature 

and have relative molecular masses in excess of 250 g/mol (e.g., dapivirine 329.4 g/mol; ethi-

nyl estradiol 296.4 g/mol; progesterone 314.5 g/mol). As such, it would prove challenging to 

maintain sustained or controlled release of scent components from a ring device; their high 

volatility and diffusivity would lead to rapid depletion from the device. 

 

There was more agreement between women about preferred size/dimension of the vaginal 

ring. Participants generally preferred the “A” ring (Figure 9.4) which—although having a 

slightly larger external diameter (59.6 mm) compared to B, C and D—had the smallest cross-

sectional diameter (5.6 mm) of all the rings. However, several participants cautioned that 

their opinion may change if they were able to actually try the different sizes for fit and com-

fort. Differences in initial perceptions of size and actual fitting and use was reported by van 

der Straten, where women described the initial reaction to the dapivirine vaginal ring (size 

56 mm external and 7.7 mm cross-sectional diameter) as intimidating [371]. However, after 

fitting the ring, almost all women were pleasantly surprised that they did not have a problem 

with insertion and did not feel the ring once fitted [128]. Flexibility of the ring was an im-

portant consideration in these discussions, with thicker rings perceived as less flexible and 

more difficult to insert. Participants who had used female condoms, made comparisons to 

the female condom internal ring that is used to insert the condom. Considerations of size and 

flexibility have been reported previously in vaginal acceptability studies [349,362] with some 

women reporting they would prefer a smaller more flexible ring [128]. Although previous 

research has shown that women have been concerned that a ring could cause a blockage, 

e.g., during menses [372], this concern was not raised by participants in this study. 

 

Participants also expressed opinions on partner preferences related to how size/dimension 

of the ring would impact on his sexual experience, and this has also been reported elsewhere 

[362]. There was some concern that the ring may directly impact on the size/tightness of the 

vagina, and if the partners penis would pass through the ring causing discomfort. Similar to 

participants own preference, size “A” or “D” were felt to be better for male partners.  

 

Women participating in vaginal ring HIV prevention studies have frequently mentioned a 

preference for using a device without partner knowledge [127], although in a study with male 

partners they felt that men should be engaged in ring use decisions in order to facilitate trust 

and open communication in relationships [373]. Some participants in our study also dis-

cussed covert use in relation to all three ring attributes, with particular concerns about which 
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sizes may be more noticeable during sex than others. Vaginal ring studies to date have only 

included white unscented products, and so the size of the ring has been the main concern 

related to ability to use covertly. In our groups, although scent was seen to be positive attrib-

ute by many women, some felt that if a scent continued during sex, this could be noticed by 

a partner and make it less likely to be covertly used. Similarly, women suggested a coloured 

ring may raise more partner concern than a plain white ring, especially concerns of bewitch-

ing. 

 

A wide range of preference was voiced for colour and scent with some participants preferring 

products without any colour or scent for themselves and their partners. Providing women 

and men choice in options for sexual and reproductive health products such as contraception 

has shown that increased choice increases overall uptake [374]. However, the range of op-

tions for a product such as the vaginal ring may be restricted by logistics and cost. Currently 

male condoms in the South African government public health sector include four options, 

including one male condom that has no colour or scent, acknowledging that some people 

prefer unscented and uncoloured products [369]. 

 

Other research notes the importance of understanding the socio-cultural context which may 

influence the uptake and use of products such as vaginal rings [375]. In this study, partici-

pants described that their male partners may be concerned about witchcraft if they were to 

see them using coloured vaginal rings, similar to another study where male partners were 

initially concerned that the vaginal ring was a potion or magic snake [373]. Furthermore, par-

ticipants in this study discussed the impact of vaginal ring use on virginity testing practices. 

Socio-cultural factors such as these influence women’s (and their male partner’s) preferences 

across and between communities. This highlights the importance of providing users with op-

tions and a range of products to cater for diversity within South Africa and sub-Saharan Africa 

more broadly, so that they can make choices to suit their individual circumstances. 

 

9.6. Conclusions 

In general, women’s preferences for ring colour and scent were more diverse than for ring 

size. With respect to ring size, women were primarily concerned with rings being too large, 

both for personal fit and comfort and their partner feeling the ring during intercourse. 
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For some women, ring colours (aside from white) and scents were associated with chemicals, 

raising concerns of potential irritation for themselves or male partners. Conversely those that 

liked colour and/or scent expressed strong personal preferences for the different coloured 

and scented rings presented in the FGDs. 

 

What is clear from the data is that women’s preferences around vaginal ring size, colour and 

scent are personal and diverse. More research is needed to better understand these product 

attributes and, ultimately, offer women greater choice and options in the design of sexual 

and reproductive health products with a view to facilitating increased uptake, acceptability, 

and adherence. 
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10 
Conclusions and Opportunities  

for future work 
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10.1. Conclusions  

This PhD project was focused on the development of a multipurpose prevention technology 

(MPT) vaginal ring that can provide sustained release of two or more of the following actives: 

DPV (a potent experimental antiretroviral); MET (a 5-nitroimidazole antibiotic drug); sucrose 

(selectively promotes the growth of lactobacilli), and boric acid (antimicrobial and anti-bio-

film properties) to prevent HIV infection and, at the same time, treat or prevent BV. The MPT 

vaginal ring formulation was developed based on the approved one-month 25 mg DPV ring 

(the first long-acting vaginal microbicide product).   

 

Initially, drug-drug and drug-polymer compatibilities of the drug substances including DPV, 

MET, sucrose and boric acid and addition-cured silicone elastomer DDU-4320 were assessed 

by DSC analysis (Chapter 2). Due to the heat-injection molding used for fabricating silicone 

elastomer vaginal rings, the thermal behaviours of the drugs and drugs incorporated into 

silicone elastomers were also characterized by TGA and DSC. DPV and MET formed a eutectic 

system with a composition 70% w/w MET and 30% w/w DPV and a eutectic temperature of 

153  ̊C, both for physical mixtures of the drug substances and after incorporation of the drugs 

into the silicone elastomer. In addition, the physical binary mixtures of sucrose and MET with 

a eutectic composition 20% w/w sucrose and the ternary physical mixtures of DPV, MET and 

sucrose showed the eutectic behaviours with eutectic temperatures at 157  ̊C and 152  ̊C, 

respectively. DPV, MET and sucrose showed a good compatibility for each other and were 

also present at least partly in the crystalline form within the silicone elastomer. The dehydra-

tion process of boric acid occurred over the temperature range 100–200  ̊C. A lower curing 

temperature (< 100 ˚C) needs to be considered when incorporating boric acid into silicone 

elastomer rings.  

 

The design of the DPV ring – a matrix-type silicone elastomer ring was used as the primary 

vaginal ring formulation in the project. The development of the MPT ring started with the 

basic two-active formulation – DPV and MET combination rings. 25 mg and 200 mg (drug 

loading for the three-month DPV ring in the clinical study) were selected for DPV in the DPV 

+ MET combination ring. A series of drug loading including 100 mg, 250 mg, 500 mg, 1000 

mg, 2000 mg and 3000 mg for MET was considered to manufacture MET rings and perform 

in vitro release. Prior to manufacture, oscillatory rheometry was used to characterize the 

curing behaviour of silicone elastomers loaded with DPV, MET and the combinations of DPV 

and MET (Chapter 3). The decreased viscosity (loss modulus, G”) and increased elasticity 
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(storage modulus, G’) were typical kinetic characters for curing of silicone elastomer as ther-

mosetting materials. Both MET and DPV acted as mechanical fillers, increasing initial values 

of Log G’ (storage modulus). Addition-cure DDU-4320 silicone elastomer was successfully 

used for manufacture of DPV/MET/DPV+MET vaginal rings. 100  ̊C was an optimum temper-

ature for all vaginal ring formulations manufacture. 

 

In Chapter 4, ring manufacture, content assays, in vitro release testing and UPLC method for 

the quantification of DPV and MET were conducted. Considering the sufficient release of MET 

and the feasibility of the ring manufacture, 25 mg DPV + 1000 mg MET and 200 mg DPV + 

1000 mg MET combination rings were manufactured. Drug content assays for rings contain-

ing DPV and MET showed values of ~100% (93 % – 111%), generally demonstrating good 

mixing of the drugs within the silicone parts and reproducible ring manufacture. In vitro re-

lease data also showed how daily and cumulative release of DPV and MET were impacted by 

modulating the initial drug loadings. Cumulative release vs root time graphs for both DPV 

and MET showed high correlation coefficients upon modelling using the Higuchi equation, 

indicating a predominantly diffusion-controlled release process. Eutectic formation between 

DPV and MET in the 25 mg DPV + 1000 mg MET vaginal ring formulation increased both re-

lease of DPV (significant 35% increase) and MET.    

 

In Chapter 5, mechanical tests – including Shore M hardness measurements, 5 mm compres-

sion testing, 1000-cycle testing and static 28-day compression – were conducted for DDU-

4320 silicone elastomer blank vaginal rings and vaginal rings containing a range of DPV and 

MET loadings. The mechanical performance tests need to be developed further for quality 

control purposes and practical considerations. From the perspectives of user compliance/ad-

herence and overall acceptability of vaginal rings, it is important to ensure the ring is not 

easily expelled from the vagina and that the woman is comfortable with insertion, wearing 

and removal of the device.  

 

In Chapter 6, the modified time-kill assays were conducted for vaginal ring formulations 

against G. vaginalis ATCC 14018, taking into account the dynamic release of MET from vaginal 

rings (rather than using pre-defined concentrations of MET). High amounts of MET release 

from vaginal rings into sBHI broth were measured. All MET ring formulations (100 mg, 250 

mg, 500 mg, 1000 mg and 2000 mg) and DPV + MET combination rings (1000 mg MET + 25 

mg DPV, 1000 mg MET + 200 mg DPV) showed bactericidal effects against G. vaginalis ATCC 
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14018. These data support further development of vaginal rings offering sustained release 

of MET for treatment of BV. 

 

In Chapter 7, sucrose was loaded with DPV/MET/DPV+MET in the matrix-type DDU-4320 sil-

icone elastomer vaginal rings. Swelling studies for sucrose-only vaginal rings showed the 

swelling ratio of sucrose vaginal rings was proportional to the concentration (drug loading). 

Sucrose release from silicone elastomer vaginal rings was not permeation-controlled, was 

dependent on the concentration – higher loading of sucrose produced more microcracks at 

the ring surface and absorbed more aqueous medium inside the bulk of rings to solubilize 

more sucrose. While the incorporation of sucrose is useful in modulating the rate of release 

of DPV and MET from silicone elastomer vaginal rings, it is limited by causing swelling of the 

ring device through the absorption of in vitro release medium (and presumably vaginal fluid 

too). 

 

In Chapter 8, the potential of silicone elastomer vaginal rings providing sustained release of 

other 5-nitroimidazole compounds – TNZ, ONZ, SNZ was evaluated. SNZ, TNZ and ONZ 

showed good compatibility with the DDU-4320 silicone elastomer. The release rates of the 

four 5-nitroimidazole drugs followed the rank order SNZ > ONZ > MET > TNZ. An extra project 

in Chapter 9 explored women’s preferences around three product attributes of vaginal rings 

– size/dimensions, colour, and scent, that are considered important for increasing user ac-

ceptability as part of efforts to develop new multipurpose prevention rings. Drug-free sili-

cone elastomer vaginal rings having different sizes, colours and scents were designed and 

manufactured. Milford et al., conducted three focus group discussions (FGDs) with women 

in eThekwini District, KwaZulu-Natal, South Africa. Opinions varied on ring colour and scent, 

with some women preferring specific colours or scent intensities, while for others these at-

tributes were unimportant. 

 

10.2. Opportunities for future work 

Overall, this PhD project has provided the prototype formulations of matrix-type silicone 

elastomer MPT vaginal rings for HIV prevention and treatment/prevention of BV. Vaginal ring 

formulations contain DPV alone, MET alone, sucrose alone and other 5-nitroimidazoles – 

TNZ/SNZ/ONZ alone rings with a series of drug loadings, two-actives combination rings – DPV 

+ MET, DPV + sucrose and MET + sucrose, and three-actives combination rings – DPV + MET 
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+ sucrose (200 mg, 1000 mg and 2000 mg). The incorporation of boric acid into the silicone 

elastomer rings with other active substances was discontinued due to the limited time.  

 

For the development of boric acid rings and the combination rings containing boric acid, fur-

ther investigation is needed to assess the compatibility of boric acid with MET and the sili-

cone elastomer. Considering the dehydration of boric acid above 100 °C, consistent manu-

facture, and appropriate mechanical properties, future studies should focus on the addition-

cure silicone elastomer DDU-4320 at a lower curing temperature (< 100 ˚C) and longer curing 

time (> 95 s). Daily pH measurement study for boric acid rings is an appropriate in vitro test 

to explore, compare and optimize formulations.  

 

For the matrix-type silicone elastomer rings loaded with hydrophilic substances – sucrose 

and boric acid, it may be possible to arrive at a compromise between swelling behaviours 

and sufficient release through careful selection of the drug loading. Assessment of mechani-

cal properties, especially ring formulations experiencing swelling behaviours of rings and 

drug release (after in vitro release) is necessary in optimizing ring formulations. Designing 

other types of vaginal ring – such as core-exposed or pod-insert vaginal rings – not only avoids 

excessive swelling behaviours but also achieves the desired drug release.  

 

The modified time-kill assays should be conducted on the sucrose rings and combination 

rings of DPV + MET + sucrose for the bactericidal tests of vaginal ring formulations against G. 

vaginalis. The representative lactobacillus bacteria should also be considered in the modified 

time-kill assays to evaluate how these ring formulations affect the growth of the beneficial 

bacteria in the vagina in the in vitro settings. It is valuable to assess the effect of sustained 

release of MET from the vaginal rings on the biofilm of G.vaginalis. 

 

Furthermore, the vaginal ring formulations of 2000 mg MET, 1000 mg MET + 200 mg DPV, 

1000 mg MET + 1000 mg sucrose, and 200 mg DPV + 1000 mg MET + 1000 mg sucrose were 

suggested for testing in the pharmacokinetics (PK) studies and the efficacy evaluation for HIV 

prevention and BV treatments in the macaque models. The dosing strategies of MET rings 

and MET + sucrose rings for the treatment of BV and prevention of recurrence of BV are also 

desired to be assessed, and then combined with DPV for the assessment of HIV and BV infec-

tion. ONZ may be a suitable 5-nitroimidazole candidate replacing MET loaded into silicone 

elastomer rings for the treatment and prevention of BV. More research is needed to better 

understand products attributes and, ultimately, offer women greater choice and options in 
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the design of vaginal ring products with a view to facilitating increased uptake, acceptability, 

and adherence. 
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