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1 Introduction 

Over the last decades dissolution testing has emerged as a critical tool for product quality and 

performance assessment of a variety of pharmaceutical delivery systems. Traditionally, dissolution 

testing is used as a quality control measure and finds application as a tool in formulation development. 

Today, with the advances in dissolution technologies and the increased understanding of the scientific 

principles dissolution testing, in many cases, also allows for a biopharmaceutical product 

characterization and plays a pivotal role in regulatory decision-making. 

1.1 Evolution of dissolution test equipment 

The history of dissolution testing reaches back into the middle of the last century. With the evolution 

of tableting technology it was first recognized that dissolution, rather than disintegration alone, is a 

prerequisite for the systemic exposure and effectiveness of the active pharmaceutical ingredient (API) 

[1, 2]. In providing assistance to establish a decision on whether the drug is available for absorption at 

the site of administration, dissolution testing soon became an important criterion for product 

performance of solid oral dosage forms. Dissolution tests were first made official by the 

Pharmacopoeia in 1970 with adoption of the Rotating Basket as the first official dissolution apparatus. 

It was not until a couple of years later that the tremendous value of dissolution testing for quality 

control (QC) had been officially recognized and dissolution testing became mandatory for many types 

of dosage forms. 

The incorporation of dissolution testing requirements in individual monographs in the United States 

Pharmacopoeia (USP) [3] in the early 1970s was followed by an ongoing phase of proliferation of 

dissolution method development and apparatus design. With the continuing efforts in achieving global 

harmonization in pharmaceutical manufacturing and quality control, standardization of dissolution 

test methodology became critical to minimize sources of variability in dissolution results inherent in 

the test method. 

Dissolution testing has initially been restricted to immediate release (conventional) and then been 

extended to controlled/modified release solid oral dosage forms. With the longest experience in 

experimental use, USP apparatus 1 and 2 (Rotating Basket and Rotating Paddle) are currently the most 

widely used dissolution apparatus throughout the world and often the apparatus of choice for solid 

oral dosage forms, which is mainly attributed to the fact that both setups are simple, robust and 

adequately standardized. Both methods require the placement of individual dosage forms into 1 L glass 

vessels containing a fixed volume of dissolution medium. However, in the last decades the variety of 

delivery systems with different routes of administration and distinct release properties has increased, 
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resulting in growing demands on dissolution test equipment. Apart from the increasing number of 

delivery systems, also the challenge of adapting test parameters to physiological conditions following 

the recognition of the need to establish IVIVC (In Vitro/In Vivo Correlation) has led to the inclusion of 

a variety of other dissolution apparatus into the United States Pharmacopoeia. To date, the USP 

describes seven dissolution apparatus that have been adopted by other Pharmacopoeia (with small 

modifications) such as the European (PhEur) [4], the British (BP) [5] and the Japanese Pharmacopoeia 

(JP) [6] (Table 1). In general, the choice of dissolution apparatus should be based on the knowledge of 

formulation design and practical aspects of the dosage form performance.  

Table 1 Dissolution apparatus classification according to the United States Pharmacopoeia  

Classification according to USP 37 (Chapters <711, 724>) Also described in 

USP apparatus 1 Rotating Basket PhEur, BP, JP 

USP apparatus 2 Rotating Paddle PhEur, BP, JP 

USP apparatus 3 Reciprocating Cylinder(Bio-Dis) PhEur, BP 

USP apparatus 4 Flow-through Cell PhEur, BP, JP 

USP apparatus 5 Paddle over Disc PhEur  

USP apparatus 6 Rotating Cylinder PhEur 

USP apparatus 7 Reciprocating Holder  

USP apparatus 3 (Reciprocating Cylinder), also referred to as the Bio-Dis, was primarily developed to 

assist in product development of oral controlled release formulations, taking into account the 

necessity of exposing products to mechanical as well as a variety of physicochemical conditions which 

may influence the release of products in the GI tract. The dosage form can easily be transported from 

one row of media to the next, thereby allowing a simulated pH media change with biorelevant agitation 

rates and retention times. The incorporation in the USP in 1991 was also a result of reported problems 

with the dissolution results from USP apparatus 1 and 2 which may be affected by physical, mechanical 

and hydrodynamic variations [7]. The design of USP apparatus 3 is based on the disintegration tester, 

but also incorporates the hydrodynamic features of the rotating bottle method (before incorporating 

the apparatus into the pharmacopoeia sustained release products were unofficially tested in the NF 

(National Formulary) Rotating Bottle apparatus [2]), creating a sound hydrodynamic system where the 

dosage form can move freely through the dissolution medium. 
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Originally designed for poorly soluble compounds, USP apparatus 4 (the Flow-through Cell) was 

officially adopted by the USP in 1990. With the dosage form being subjected to a continuous stream 

of dissolution media, the Flow-through Cell offers the advantage of unlimited media supply, allowing 

for complete flexibility in terms of media volume. Compared with other USP methods the Flow-through 

Cell is characterized by different hydrodynamic and mixing effects, eliminating coning or dead zones 

observed in USP 1 and 2. Different sample cells that have been optimized according to dosage form 

features are available which is accompanied by numerous possibilities in positioning the dosage form. 

Today, with growing acceptance in the pharmaceutical industry, the Flow-through Cell is used for a 

variety of delivery systems including tablets, capsules, semisolids, powders, granules and implants. 

USP apparatus 5 and 6 derive from the Rotating Paddle apparatus and are primarily designed for 

release testing of transdermal patches. USP 5 uses the paddle as stirring element and the transdermal 

patch is attached to a stainless steel screen and ring assembly placed on the bottom of the dissolution 

vessel. USP 6 utilizes a rotating cylinder upon which a transdermal patch is placed. The cylinder is 

available in different dimensions or, for larger patches, can be extended in length using an appropriate 

adapter. 

The USP apparatus 7 (Reciprocating Holder) was originally incorporated into the USP as the 

Reciprocating Disc apparatus, a small volume version for transdermal patches that, with the adoption 

of four additional holders for transdermal patches, capsules and osmotic pumps was later renamed. 

Similar to the Bio-Dis, the principle of the Reciprocating Holder is based on vertical sample holder 

reciprocation and the holders can be moved from one row of vessels into another. Originally, the 

Reciprocating Holder was developed to be used with 50-400 mL vessels and has been subject to 

modifications to allow for small volume testing of low dose dosage forms like subcutaneous implants 

and combination products such as drug eluting stents. Currently, apparatus 7 can accommodate a 

dissolution environment (media volume) as low as 5 mL [8]. 

1.2 Drug release testing of non-oral dosage forms 

While oral drug administration remains the most convenient and preferred way to deliver drugs, the 

importance of non-oral drug delivery has increased with the overall progress in formulation 

development. The non-oral route can not only enhance patient compliance, by reducing the frequency 

of administration, but also facilitate more effective dosing of drugs with poor oral bioavailability and 

enable targeted drug delivery. As for solid oral dosage forms, API release is often the key attribute for 

product performance and over the last decades the application of dissolution testing has thus 

broadened to a variety of non-oral delivery systems. For non-oral dosage forms the test is preferably 
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referred to as "drug release" or "in vitro release" rather than "dissolution" test. Until today, dissolution 

methodologies for solid oral dosage forms have gone a long way to harmonization across 

pharmacopoeias and regulatory requirements. Amongst the non-oral dosage forms is a variety of 

novel/special delivery systems and in many cases the dissolution methodologies are still at the very 

early stages of development and evaluation by the regulatory authorities.   

Guidelines on dissolution testing available through EMA (European Medicines Agency), FDA (U.S. Food 

and Drug Adminstration), FIP (Federation of International Pharmacists) or ICH (International 

Conference of Harmonization) are primarily focused on oral dosage forms. In 2003, the FIP Dissolution 

Working Group published a position paper on dissolution/drug release testing for special/novel dosage 

forms that represents the scientific opinion of many experts in the field at that time [9]. A revised 

version [10] is currently available which includes information from current literature, expert 

discussions and presentations from recent workshops, taking into account the rapid progress in the 

field. There is a general consensus, that due to the complexity in formulation design which leads to 

very different physicochemical and release characteristics, it is not possible to devise a single test 

system, which could be used to study the release properties of each special dosage form. Rather, 

different apparatus, procedures, and techniques are employed on a case by case basis, and the method 

might be specific to the dosage form category, formulation type, or even to a particular individual 

product [10]. When dealing with modified release systems, it is often the mechanism of release that 

should determine the test design [11]. The general principles of drug release testing for non-oral 

dosage forms, however, are the same as for solid oral dosage forms.  

Drug release testing is primarily a quality control tool, that in addition to other quality tests, enables 

manufacturers to assure consistent product quality (e.g. during batch release). In addition, drug 

release testing plays an important role during product development to guide the selection of 

appropriate formulations for in vivo studies or to identify dose dumping. From the regulatory side, 

dissolution testing is increasingly used as an in vitro surrogate for bioequivalence studies. With the 

continuing efforts in reducing unnecessary human studies, drug release testing plays an important role 

in evaluation and approval of Scale-Up and Post-Approval Changes (SUPAC), as well as in supporting 

approval of generic non-oral dosage forms. FDA’s Division of Bioequivalence (DBE) usually includes 

evaluation of drug release testing in its ANDA (Abbreviated New Drug Application) review process of 

potential generic non-oral dosage forms [12]. As for oral modified release products, dissolution testing 

can also be used to support biowaivers for lower strengths of a product. If the different strengths are 

proportionally similar, in vivo bioequivalence requirements can be waived for lower strengths based 

on comparability of dissolution profiles and an acceptable in vivo study on the higher dosage strength 

[10]. 
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Even though, compared to oral dosage forms less experience is available in this field, IVIVC has been 

successfully established for non-oral dosage form and becomes feasible when the rate-limiting step is 

the release of drug from the formulation. In this case in vitro release can be a surrogate for in vivo 

performance. 

There is a general agreement in that dissolution tests should be designed with biorelevance as the 

ultimate goal, i.e. that the in vitro test will be predictive of in vivo performance. In this regard, the 

design of physiologically based drug release tests is highly desirable. However, with the presently 

available knowledge and techniques, taking into account the diversity of non-oral dosage forms and 

possible interactions between the dosage form and the physiological environment, biorelevance is not 

always possible. It also remains challenging to develop physiologically based drug release tests that 

are simple, adequately standardized and economically acceptable. The latter aspects in some cases 

may require that different tests are used for QC purposes and to establish IVIVC. However, in the end 

also the quality control test should be able to assure the clinical outcome with respect to quality and 

safety, i.e. the test should be able to discriminate between batches with respect to manufacturing 

variables that can impact on bioavailability. 

Taken this into account, the drug-release test should, as a minimum requirement, be able to 

differentiate between acceptable and unacceptable batches, monitor product stability during shelf life, 

and predict the effect of process-parameter and formulation changes. The dissolution specification 

should be based on manufacturing experience, stability data and appropriate in vivo data from pivotal 

clinical trials [11, 13].  

In general, approaches for in vitro test method design should include identification of appropriate test 

conditions that result in reproducible release data. At this stage the in vitro test conditions should be 

adapted to reflect the physiological site of administration as close as possible. In a subsequent step 

different variants of the formulation that are expected to have different in vivo profiles are prepared 

and tested in vivo and in vitro. If the in vitro method is not discriminating, appropriate modifications 

of the in vitro test conditions are required. 

At present, only for very few non-oral delivery systems a drug release test can be found in the USP or 

other international pharmacopoeia. For individual products that do not already have a dissolution 

method in the USP the Division of Bioequivalence (Office of Generic Drugs, FDA) publishes dissolution 

methods that are currently recommended by the agency in the FDA Dissolution Method Database. If 

neither an USP, nor FDA-recommended method is available, firms are usually encouraged to develop 

a method to characterize in vitro release. Already during drug development a compendial apparatus 

should be considered as a first approach and may be replaced by an alternate apparatus, only, when 
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it has been proven that compendial equipment does not provide meaningful dissolution data. 

Consequently, drug release tests for non-oral dosage forms currently used in the pharmaceutical 

industry are either based on one of the official dissolution apparatus described in the previous section 

or utilize non-compendial equipment. The validation information of the alternative method should 

demonstrate that the new method is scientifically sound and guarantees accurate, precise and 

reproducible results. In some cases, different methods may be used for formulation development and 

quality control. A method that is used for formulation screening, i.e. to understand the release 

mechanism during the very early stages of development, may simply be impractical in a QC 

environment. 

Non-oral dosage forms include traditional delivery systems such as creams, ointments, or suppositories 

but also advanced delivery platforms that provide sustained or controlled release of the active 

pharmaceutical ingredient, including trandsdermal patches, implants or injectables to name but a few. 

For some dosage forms specific recommendations can be made regarding the in vitro release test and 

the methodologies are well on their way to harmonization through the different pharmacopoeia, for 

others more method development and refinements will be required before a final recommendation of 

a standardized drug release method can be made. The role of the in vitro release test with respect to 

its application varies between the dosage forms and the different routes of administration. 

Dissolution testing is currently not required for quality assessment of aerosol products, delivered by 

oral or nasal inhalation. Critical variables for in vivo performance of these products are aerodynamic 

particle size distribution and uniformity of dose delivery. 

For semisolid dosage forms intended for the topical route of administration, the regulatory agencies 

usually do not ask for drug release testing for batch-to-batch quality control. Due to a lack of 

correlation dissolution testing is currently also not considered as a surrogate for bioequivalence studies 

of these products and thus cannot be used to support approval of generic drugs [12]. However, 

according to FDA’s Guidance for Industry on Scale Up and Post-Approval Changes for Semisolid 

(SUPAC-SS) dosage forms in vitro release rate comparison is required for approval of SUPAC-related 

changes. In this guideline a vertical diffusion cell (Franz Cell) is suggested for in vitro release testing. In 

2012 the USP included a general chapter on in vitro release testing for semi-solid topical preparations 

(General Chapter <1724> "Semisolid Drug Products - Performance Tests") that also describes the 

Immersion Cell (Enhancer Cell) and an Insert for USP Apparatus 4 as an alternative for examining in 

vitro release from semisolid products. 
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Transdermal delivery systems often contain highly potent drugs that are released in a predetermined 

manner, and an appropriate drug release test using one of the setups described in the previous section 

(USP apparatus 5, 6 or 7) is essential for routine batch-to-batch quality control. 

For release testing of suppositories a continuous flow (dual chamber Flow-through Cell), a Paddle or 

modified Basket method are currently favored. The European Pharmacopoeia requires release testing 

of suppositories only for products with a modified release or prolonged release local action. Drug 

release from lipophilic suppositories involves multiple steps including melting, partitioning and 

distribution processes. Thus, due to the complex situation in vitro/in vivo correlations remain 

challenging and, until today, drug release testing of suppositories is primarily considered as a quality 

control test. 

Long-acting parenteral delivery systems that release the API in a sustained or controlled manner 

include liposomes, microspheres, suspensions, gels, emulsions, implants or drug-eluting stents. 

Currently, a standard drug release testing method for parenteral products is not available. Controlled 

or sustained release parenterals are often complex formulations, thereby presenting significant 

challenges in developing regulations and standards on drug-release testing [13]. In vitro release 

methods that have been accepted by the regulatory agencies to date include the Flow-through Cell 

(with or without modifications), the Paddle apparatus or the Reciprocating Holder apparatus as well 

as non-compendial methods that typically employ rotating bottles or small sample vials and vessel, 

with and without agitation. To date, IVIVC has been successfully established for a range of parenteral 

products and the application of in vitro release testing has expanded beyond quality control. The Flow-

through Cell is currently discussed to be the method of choice for in vitro release testing of long-acting 

parenterals with the rationale being the flexibility in adapting sample cell type, media volume and flow 

rate according to individual needs and also to some extent to the in vivo situation [13]. Due to the 

possibility of inserting an appropriate filter on the top of the cell, which retains all undissolved material 

and thus facilitates sample analysis by obtaining a clear solution, the benefit of the Flow-through Cell 

may be predominant for dispersed system. Moreover, the incorporation of glass beads in the flow cell 

may help to minimize agglomeration. However, there are some disadvantages associated with the 

Flow-through Cell, including filter clogging, leakage or microbial contamination that might become an 

issue when the apparatus is operated in a closed loop configuration over an extended time period, 

requiring the addition of a preservative to the test medium. Also, compared with other official 

dissolution apparatus, the Flow-through Cell is rather labor intensive, leading to the rational that for 

other parenteral products such as implants or drug-eluting stents other apparatus may be favored. A 

compendial alternative for non-disintegrating drug products is currently provided by the Reciprocating 
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Holder, which is also available as a small volume version that has been designed for release testing of 

low-dose extended release dosage forms.  

A challenge that is associated with release testing of long-acting parenterals is to assess in vitro drug 

release in a manageable time period. These dosage forms are often designed to release the active over 

an extended period of time, such as for several weeks, month or even years. For these products 

accelerated drug release tests are often performed to assist in batch release.  

1.3 Accelerated drug release testing 

Real-time drug release testing is crucial for the development of drug delivery systems in order to gain 

a mechanistic understanding of the release mechanism and be able to forecast in vivo performance. 

However, depending on the duration of the test real-time drug release testing can be unacceptable for 

quality control purposes, where the time to batch release is directly affected. For evaluation of such 

products, often two types of in vitro release tests are conducted: A long-term release test that is used 

for formulation development and to establish IVIVC and, an accelerated short-term release test that is 

used for quality control. The need for accelerated release testing for sustained release parenteral 

products has been expressed in the scientific literature [10, 11]. There is a general agreement, that 

accelerated tests should be predictive of real-time release. Ideally, accelerated and real-time release 

should follow the same release mechanism (i.e. the accelerated test should not change the mechanism 

of release but only speed up the process), with a linear correlation between the release profiles. The 

latter implies that the accelerated test is predictive of in vivo performance if biorelevance has been 

demonstrated for the real-time release test. Also, if such a correlation cannot be established, the 

accelerated release test can still prove to be useful for quality control purposes, as long as all 

formulations experience similar changes in the mechanism of release and continue to exhibit 

performance characteristics that can be differentiated from each other [11]. 

Depending on the delivery systems, one or more parameters may be altered to speed up the release 

process. These include temperature, solvent, pH, ionic strength, surfactants, enzymes and agitation 

rate, where physical integrity of polymer components and sufficient drug stability under accelerated 

test conditions are a prerequisite. Due to its capability of markedly increasing the rate of drug release 

in several long acting polymeric delivery systems, temperature is a parameter that has received special 

attention in the last years. Long-acting controlled release formulations often use polymeric systems as 

drug carriers. Temperature may affect drug release from polymer matrices in several ways: Following 

the law of Stokes-Einstein and Arrhenius, that describe the temperature dependency of diffusion 

processes in liquids and solids, respectively, an increase in temperature will enhance drug diffusion. 
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Thus, a rise in temperature will result in increased diffusion of the analyte out of the swollen or 

unswollen polymer matrix. An increase in temperature can also lead to a decrease in solvent viscosity 

and a reduction in surface tension, leading to enhanced wettability and solvent penetration into the 

pores of the matrix. An increase in temperature can also increase polymer degradation, and thus 

increase drug release from biodegradable matrices. The latter often involves polymer hydrolysis, that 

can be described as a first order reaction which is significantly speeded up at elevated temperature 

(the hydrolysis rate typically follows Arrhenius’ law). 

In the scientific literature the application of accelerated drug release testing by means of elevated 

temperature has been extensively investigated for sustained release parenteral delivery systems based 

on biodegradable polymers [14-17]. Temperature was found to accelerate drug release from polymeric 

microparticles/microspheres, i.e. PLGA (poly(lactic-co-glycolic)acid) microspheres where drug release 

is controlled by diffusion, polymer erosion and a combination thereof [14]. Microsphere formulations 

typically exhibit a tri-phasic release pattern, characterized by an initial burst and a lag phase that is 

followed by an almost constant erosion phase. For such products, accelerated tests were able to 

predict the erosion-controlled, zero-order release phase at 37 °C with a linear correlation between 

real-time and accelerated release. The temperature dependence of the zero-order release constants 

was found to be well predicted by the Arrhenius equation. For the investigated PLGA microspheres the 

increase in drug release upon exposure to elevated temperature was a result of an increase in polymer 

degradation (PLGA hydrolysis). Temperature has also been reported to increase drug diffusion from 

biodegradable polymeric systems as a result of enhanced polymer mobility [17, 18]. 

A marketed prolonged-release suspension based on biodegradable PLGA microspheres is Risperdal® 

Consta® (Janssen Cilag), an intramuscular injection of risperidone that is indicated for the treatment 

of bipolar disorder syndrom. The drug is slowly released over 4-6 weeks through a combined process 

of hydrolysis and erosion (2-3 weeks lag phase until absorption starts) [19, 20]. Based on information 

provided in the approval history of Risperdal® Consta® (Risperdal® Consta®, Clinical Pharmacology and 

Biopharmaceutics Review(s), published at FDA website, accessed June 2014 [20]) two methods are 

used for in vitro release testing of this formulation. A real-time method that is performed at 37 °C is 

used to assess the amount of drug released within the first 24 hours (which represents the initial burst) 

and the amount of drug that has been released after 15 days (which represents the lag phase). In 

parallel an accelerated method is conducted at a temperature of 45 °C. Sampling is performed at a 

time point where 50 % of the total amount of risperidone is released (t50%) and, after 8 days, where 

the former sample is representative for the erosion phase and the latter one for the endpoint of 

release. 
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The FDA currently also recommends an elevated temperature dissolution method to be performed at 

45 °C for a dexamethasone intravitreal implant that is based on the use of USP apparatus 7 

(Reciprocating Holder) (Dissolution Methods, published at FDA website, accessed June 2014 [21]). The 

brand name of this product is Ozurdex®, which is a rod-shaped implant for the treatment of diabetic 

macular edema that is based on a biodegradable PLGA matrix. Another accelerated drug release test 

to be performed at 47 °C is currently recommended for Doxorubicin-HCL liposomal injection (brand 

name Doxil®). 

Implants are usually polymeric devices that are designed to release the API with a predetermined rate 

into the body for the time of implantation. Implants are either composed of biodegradable or non-

biodegradable polymers, in the latter case the implant has to be removed after the declared delivery 

duration. With respect to formulation type ocular or vaginal inserts, such as intrauterine devices (IUDs) 

and intravaginal rings (IVRs) may be placed into the same category as implants. However, vaginal 

inserts are typically composed of non-biodegradable polymers. Table 2 provides an overview of FDA 

approved long-acting implants and inserts (IUDs only). Examples of non-degradable polymers in these 

delivery systems are polysiloxanes and polyethylene vinyl acetate (PEVA = EVA copolymer). For some 

of the approved products (i.e. Implanon®, Mirena® and Viadur® [22]) a correlation of in vitro release 

with in vivo performance could be demonstrated. Since serum levels do not necessarily correlate with 

efficacy in these type of delivery systems, a conventional IVIVC analysis is not always possible. Often 

the evaluation of the drug-release method predictability requires alternative approaches based on 

residual drug content in the formulation after removal at specific time points (ex vivo data), in some 

cases in combination with plasma drug levels. 
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Table 2 Non-biodegradable and biodegradable* implants and inserts (currently FDA approved) 

Brand name 
(Manufacturer) 

Active agent Application Administration 
route 

Duration Materials 

Implanon® 
(Merck) 

Etonogestrel Contraception Subdermal 
implant 

3 years PEVA 

Mirena®/Skyla® 
(Bayer) 

Levonorgestrel Contraception Intrauterine 
device 

5/3 years Silicone 

Vitrasert® 
(Bausch & Lomb) 

Ganciclovir CMV retinitis Intravitreal 
implant 

5-8 
months 

PEVA/PVA 

Retisert® 
(Bausch & Lomb) 

Fluocinolone 
acetonide 

Uveitis Intravitreal 
implant 

Up to 3 
years 

Silicone/PVA 

Ozurdex® 
(Allergan) 

Dexamethasone Macular edema Intravitreal 
implant 

3-5 
months 

PLGA* 

Zoladex® 
(Astra Zeneca) 

Gosereline 
acetate 

Prostate cancer, 
Breast cancer 

Subcutaneous 
implant 

1 or 3 
months 

PLGA* 

Viadur® 
(Bayer) 

Leuprolide 
acetate 

Prostate cancer Subcutaneous/ 
intramuscular 
implant 

1 year Osmotic 
pump 

Supprelin LA®/ 
Vantas™ 
(Indevus  
Pharmaceuticals) 

Histerelin 
acetate 

Precocious 
puperty/ Prostate 
cancer 

Subcutaneous 
implant 

1 year Hydrogel® 
matrix 

Gliadel® Wafer 
(Arbor 
Pharmaceuticals) 

Camustine Malignant glioma 
Glioblastoma 

Intracranial 
implant 

> 3 weeks Polyanhydride 
copolymer* 

Publications on accelerated drug release testing that are currently accessible in the scientific literature 

are primarily focused on prolonged-release parenterals based on biodegradable polymers. For the 

evaluation of some of the approved implants and inserts based on non-biodegradable polymers in vitro 

methods are currently used (as indicated in the approval letters) that only assess drug release over an 

initial time period. This approach seems to be justified on a case by case basis, e.g. for delivery systems 

with highly predictable release properties where mathematical modeling can be used to predict real-

time release [23]. However, in general an in vitro release test for a controlled release parenteral 

delivery system should at least capture 80 % of the delivered dose [13] and accelerated drug release 

testing should therefore be considered for any controlled delivery system that releases the active 

ingredient over an extended period of time. 

Implanon® (Merck Sharp & Dohme) is a contraceptive single rod implant that releases the gestagen 

etonogestrel (ENG) over a period of three years. Implanon® consists of a PEVA core, containing the 

API, surrounded by a PEVA membrane. According to the product information the release rate is 60-

70 µg/day in week 5-6 and decreases to approximately 35-45 µg/day at the end of the second year, 

and then to approximately 25-30 µg/day, by the end of the third year. Drug release is controlled by 
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diffusion through a rate-controlling membrane. An initial burst, that is caused by a temporary higher 

release of ENG from the tips of the implant that are not covered by the rate-controlling PEVA skin, can 

be observed in the serum ENG concentrations [24]. Information from the approval documents 

indicates that the company uses an accelerated method that combines a hydro-alcoholic release 

medium (90 % Ethanol) with elevated temperature (45 °C) (Implanon®, Clinical Pharmacology and 

Biopharmaceutics Review(s), published at FDA website, accessed June 2014 [24]). A real-time method 

in water at 37 °C is utilized to assess the onset of release (sum of drug released over the first three 

days). Additional release specifications are set for the daily release rates on day 6, 12 and 18 under 

accelerated test conditions. Information that is provided to validate the accelerated method 

demonstrates that the accelerated method is capable to distinguish a batch that exhibits an abnormal 

release profile under real-time test conditions (as a result of normal manufacturing variance) from 

conforming batches. In addition, a linear correlation between the daily release rates under real-time 

and accelerated conditions could be established. 

1.4 Intravaginal rings 

IVRs are flexible, torus-shaped, silicone-elastomer or thermoplastic devices that provide long-term, 

sustained or controlled delivery of drug substances into the vagina where these may act locally or 

systemically. Developed in the 1970s, the contraceptive intravaginal ring was one of the first drug 

delivery devices that took advantage of the new mechanistic understanding of controlled drug release 

from solid implants [25]. IVRs provide several advantages for the delivery of steroid hormones by 

avoiding the hepatic first-pass-metabolism and providing constant serum steroid levels, allowing 

continuous use from a few weeks up to several months without the need for daily attention. With the 

Nuvaring®, in 2001 the first contraceptive vaginal ring was approved for use in several European 

countries and the United States. Currently, five IVR products are available commercially, the Nuvaring® 

and the Progering® for birth control, the Fertiring® for the indication of hormone supplementation and 

pregnancy maintenance during in vitro fertilization and the Estring® and Femring® for the use in 

estrogen replacement therapy in postmenopausal women with urogenital atrophy (Table 3). 
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Table 3 Marketed IVR products (approved in the United States and/or other countries) 

Brand name 
(Manufacturer) 

Active agent Application Duration Materials  
(IVR design) 

Nuvaring® 
(Merck) 

Ethinylestradiol + 
Etonogestrel 

Contraception 3 weeks PEVA (reservoir) 

Progering® 
(Silesia Laboatorios) 

Progesteron Contraception 
(lactating women) 

3 months Silicone elastomer 
(matrix) 

Fertiring® 
(Silesia Laboatorios) 

Progesteron Hormone suppl. and 
pregnancy maintenance 
during in vitro fertilization 

3 months Silicone elastomer 
(matrix) 

Femring® 
(Warner Chilcott LLC) 

Estradiol-3-
acetate 

Hormonal replacement 
therapie 

3 months Silicone elastomer 
(reservoir) 

Estring® 

(Pfizer) 

Estradiol Hormonal replacement 
therapie 

3 months Silicone elastomer 
(reservoir) 

IVRs are typically fabricated via injection molding or hot-melt-extrusion. The commerical IVRs are 

either based on silicone elastomer (poldimethylsiloxane) or PEVA. Thermoplastic polyurethanes have 

also been investigated for IVR fabrication [26]. The two major IVR designs are either matrix- or 

reservoir-type. The simplest vaginal ring design is the monolithic (matrix-type) IVR, where the drug is 

either homogeneously dispersed or dissolved in the polymer matrix. Drug release from the IVR is 

governed by permeation through the matrix, where the rate of drug release depends on several 

factors, including i) the solubility and ii) the diffusion coefficient of the drug in the elastomer iii) the 

drug loading of the device and iv) the ring surface area. Upon contact with the vaginal fluid drug near 

the surface of the ring is released first, leading to a depletion zone that moves inward with time, 

resulting in decreasing drug release rates over time. In matrix-type devices drug release is thus 

proportional to the square root of time. 
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 (a)  (b) 

 

 

 

 

Figure 1 Schematic view of a circular IVR cross-section of a matrix-type (a) and a reservoir-type (b) IVR; (a) 
Inner circle (dotted line) represents the moving diffusion front, dots inside the diffusion front 
represent undissolved drug; (b) Drug is present in the core in a supersaturated state (represented 
by dots) which is surrounded by a rate-controlling membrane 

A release model of a matrix IVR with an initial drug load that exceeds the solubility in the polymer 

matrix is depicted in Figure 1 a. An excess of undissolved drug is maintained inside the diffusion front, 

resulting in a constant dissolved drug concentration. No solid drug exists in the depleted zone which 

results in a concentration gradient and drug transport. Drug flux at the device boundary (outer radius) 

decreases with inward movement of the diffusion front [27]. 

Reservoir-type IVRs were developed to avoid the time dependence of the release rate. In the reservoir 

system a membrane mediates diffusion that encloses a core that contains the drug. The drug loading 

in the core is high enough to ensure that a saturated solution is maintained within the core for an 

extended period of time. Reservoir systems typically provide very constant (zero-order) release rates 

for as long as solid drug is present in the core (and sink conditions can be assumed in the receptor 

compartment). A schematic view of the cross-section of an IVR with a reservoir design is depicted in 

Figure 1 b. Reservoir type IVRs can provide almost constant drug release rates for several months. The 

major disadvantage of these IVRs is that, compared with the matrix IVR, they typically release a smaller 

amount of drug in a given period of time. 

The development and improvement of IVRs for the purpose of contraception and hormonal 

replacement therapy is currently pursued from several active sites including industry and public health 

organizations. The Population Council has developed a 1-year combinational contraceptive IVR that is 

currently under clinical evaluation. The device is based on a 21-day in and 7-day out dosing cycle, and 

releases Nestrone® (a synthetic progestin) and estrogen in the form of ethinylestradiol (EE). The 

combinational IVR features a reservoir design where hormones are incorporated into silicone 

elastomer rods inserted into a silicone elastomer ring body. 

With high persisting rates of HIV infections in young women in developing countries, the development 

of HIV prevention strategies continues to be one of the highest public health research priorities. Thus, 
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recently there is a renewed interest in developing long term, controlled release vaginal delivery 

systems for the targeted delivery of microbicides, a group of antiretroviral drugs delivered topically for 

HIV prophylaxis [28]. Antiretroviral drugs can be released from IVRs at concentrations that are 

expected to prevent the acquisition of HIV [29]. IVR research and development is today supported by 

several active programs through different public health organizations including CONRAD, The 

International Partnership for Microbicides, The Population Council and others [26]. 

Recent activity in IVR development has led to the development of a variety of advanced IVR platforms 

[26, 30], partially catalyzed by the challenge to develop IVRs that can deliver multiple APIs or 

macromolecular biologicals, including nucleic acids, peptides and proteins. The latter are discussed as 

potential microbicides for prevention of HIV or other sexually transmitted infections including the 

Herpes Simplex Virus and typically require unconventional IVR designs as these biological APIs often 

cannot withstand conventional IVR processing such as injection molding or hot melt extrusion. 

Examples of advanced IVR systems are Insert IVRs (tablet inserts with antiretroviral macromolecules 

or other APIs are inserted into cavities in the IVR) or Microencapsulated IVRs (the API is encapsulated 

in a secondary polymer within the primary polymer matrix). 

Several "multipurpose prevention technology" IVRs providing combined protection against 

unintended pregnancy and reproductive tract infections, including HIV are currently under 

development. These so-called dual-protection IVRs are more difficult to design, as hormonal 

contraceptives typically exhibit a narrow therapeutic window and dosing must be tightly regulated, 

whereas microbicide transcriptase inhibitors appear safe in large doses and are typically delivered in 

much higher daily rates. These aspects make formulation based on a single polymer difficult. The 

reproductive health research organization CONRAD is currently evaluating an intravaginal ring 

designed for 90 day co-delivery of the nucleotide analogue reverse transciriptase inhibitor (NRTI) 

tenofovir and the hormonal contraceptive levonorgestrel (a synthetic progesterone) that has been 

developed in cooperation with the Department of Biomedical Engineering at the University of Utah 

[31]. The formulation is based on a segmented polyurethane ring with seperate reservoirs that can 

deliver both drugs simultaneously. The IVR design uses different grades of polyurethane, tailored to 

deliver the drugs in the desired rates. The segments were individually optimized to a target delivery 

rate of 10 mg/day tenofovir and 10 or 20 µg/day levonorgestrel and joined together after fabrication.  

As for controlled drug delivery systems in general, in vitro release is a critical parameter for product 

performance of IVRs. A standardized drug release method for these formulations is currently not 

available. Methods that are commonly employed are based on swirling flasks in incubator shakers that 

are maintained at 37 °C (as recommended in the FDA dissolution database for an intravaginal ring 

formulation). Water or buffered aqueous media are typically employed as dissolution media and 
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replaced in regular intervals to maintain sink conditions. The use of hydro-alcoholic release media or 

the addition of surfactants is also described in the literature in order to achieve sink conditions for 

poorly soluble compounds [32, 33]. The use of liposomes to generate a physiologically-based sink, or 

biphasic systems, where the ring is placed in an aqueous compartment with a small media volume that 

is separated from a second compartment via a synthetic membrane that contains an hydro-alcoholic 

solution, are also described in the literature [34, 35]. Since IVRs are typically designed to deliver the 

active drug over an extended period of time the application of accelerated drug release testing should 

also be addressed for these delivery systems. 
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2 Aims of the thesis 

The objective of this thesis was to investigate the applicability of accelerated drug release testing for 

intravaginal rings and to gain a deeper understanding of the mechanisms that facilitate accelerated 

drug release from prolonged release delivery systems based on non-biodegradable polymers in which 

the mechanism of release is primarily governed by diffusion.  

Two different IVRs were subject of this study. One formulation was the commercially available 

Nuvaring®, which releases the contraceptive steroids etonogestrel and ethinylestradiol with a constant 

rate over a duration of three weeks. The second formulation was an investigational prototype of an 

IVR that is aimed to be bioequivalent to Nuvaring® and releases both gestagen and estrogen with 

release profiles that are comparable to those of Nuvaring® and result in the same targeted level of 

hormones in the body. Subject of this work was not the to-be marketed formulation but a pre-clinical 

batch with a not yet optimized release profile. The main difference between both IVRs, which should 

also facilitate a better understanding of the release-rate-controlling parameters in dependence of the 

formulation type, is, that the IVRs are based on different ring platforms. The Nuvaring® represents an 

IVR with a reservoir design, whereas the investigational formulation is a monolithic IVR.  

The influence of temperature and hydro-organic release media on the release properties was to be 

evaluated for both IVRs, since these two parameters were expected to provide a sufficient degree of 

acceleration by increasing drug diffusion. A subsequent validation step should include an evaluation of 

the ability of the accelerated methods to discriminate between formulations with different release 

characteristics. 

A valuable real-time in vitro release method is predictive of in vivo performance. The quality of the 

accelerated test will then depend on the degree of correlation between real-time and accelerated 

release profiles. In general, such a correlation is easier to attain and may be of greater value if real-

time in vitro drug release is otherwise condition independent, i.e. the release profile is not influenced 

by variations in the in vitro test conditions. Therefore, part of this work was further to elucidate the 

influence of variations in the in vitro test parameters on the release characteristics of both IVRs under 

real-time test conditions. 

Two different setups were to be employed for in vitro release experiments. Release experiments with 

entire IVRs were to be performed in an incubator shaker as currently recommended by the regulatory 

agencies for drug release testing of intravaginal rings. Moreover, the applicability of a small volume 

version of USP apparatus 7 (Reciprocating Holder) for testing drug release from the IVRs was to be 

investigated. The apparatus has been designed and optimized for drug release testing of non-oral low-
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dose extended-release delivery systems and was introduced to the market a few years ago with 

relatively little experience in experimental use. To be able to work with USP apparatus 7 the 

experimental conditions were to be downscaled to small ring segments.  

In the last years IVRs have gained noticeable attention in the scientific literature. However, literature 

that is currently available is primarily focused on drug formulation development, where in vitro release 

testing is typically employed for product characterization, but rarely explored in detail. In this context 

the present work should contribute to a better understanding of the in vitro release properties of 

intravaginal rings with a prospect on the possible application of accelerated drug release testing.  
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3 Materials and Methods 

3.1 Formulations 

3.1.1 Nuvaring® 

Nuvaring® is a combined hormonal contraceptive IVR that was developed in the 90s by the Dutch 

company Organon that was acquired by Schering Plough, which is today Merck, Sharp & Dohme, in 

2007. Nuvaring® was first approved in 2001 and is patent protected through 2018. According to FDA’s 

Paragraph IV Patent Certification Database an Abbreviated New Drug Application (ANDA) is filed for a 

first generic Nuvaring® equivalent. 

 

Figure 2: Nuvaring® image 

Nuvaring® releases a daily amount of 120 µg ENG and 15 µg EE over a period of 21 days. The ring is 

based on a reservoir design, with a core that contains the active substances, dissolved in polyethylene 

vinyl acetate copolymer (PEVA) with 28 % vinyl acetate (VA) content. The core is surrounded by a PEVA 

membrane with 9 % VA content. The steroid permeability depends on the VA content of the copolymer 

and is much higher in the core and thereby diffusion from the device is controlled by the membrane. 

The drug reservoir in the core is present in a supersaturated state (molecularly dissolved) and the 

concentration remains spatially uniform to provide a driving force for diffusion that is nearly constant 

over time, resulting in a nearly zero-order release. Nuvaring® is manufactured via hot-melt extrusion 

[36]. The core polymer, active substances and surrounding membrane polymer are melted and forced 

by twin extrusion screws to pass through a die. After leaving the die, the obtained coaxial fiber is cooled 

and cut and the end of the fragments are welded together to form rings. The drug release properties 

strongly depend on the polymeric structure which is interdependent on a number of variables, 

including polymer composition, melt spinning process variables (e.g. feeding of polymer mixture and 

spinning velocity, extrusion temperature, spinline stress, cooling rate and drawing back elongation 

force) and storage conditions. The physical-chemical characteristics of Nuvaring® are described in 

various publications by Van Laarhoven et al. [37-39]. 
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Drug release from Nuvaring® involves partitioning of the drug from the polymeric core into the 

membrane. The drug then diffuses from the inner to the outer side of the membrane as a result of a 

concentration gradient and at this stage partitions into the surrounding medium [40]. In order to 

predict the release rate (dM/dt) from a reservoir system with cylindrical geometry, the following 

equation is reported in the literature (Equation 1) [39, 41].  
















i
r

o
r

ln

CKDl2

dt

dM 
 (1) 

 

In this equation D is the diffusion coefficient of the drug in the membrane polymer (m2/s), K the 

partitioning coefficient between membrane and core (defined as the ratio between the solubility in 

the membrane and the core polymer) and ∆C the concentration gradient over the membrane in kg/m3, 

l is the length of the cylinder and ro and ri refer to the outer and inner radius of the rate-controlling 

membrane. Equation 1 applies only, if the concentration in the surrounding medium approaches zero 

(sink conditions). 

In vivo and in vitro release properties including pharmcokinetics 

Figure 3 a shows the pharmacokinetic profile of ENG and EE observed during three weeks of Nuvaring® 

use. Blood level data are provided in [42] and have been extracted and digitilized using the program 

DigitizeIt (Digital River, Köln, Germany). After vaginal administration both drugs are rapidly absorbed 

with a relative bioavailability of 100 % for ENG and 56 % for EE. In vitro release profiles for both drugs 

(Nuvaring®, Clinical Pharmacology and Biopharmaceutical Review(s), published at FDA website, 

accessed June 2014 [43]) are depicted in Figure 3 b. After an initial burst release drug release is almost 

constant, but slightly decreasing with time. The burst release is caused by steroid release from the 

membrane polymer. Even though the membrane is not loaded with polymer during production, it 

takes up a certain quantity of the compounds during storage until equilibrium between membrane and 

core is obtained. Therefore, initial drug release is higher, before after some days, the steady state 

release is achieved.  
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(a) 

 

(b) 

 

Figure 3 Pharmacokinetic profile of EE and ENG during three weeks of Nuvaring® use, adapted from [42] (a) 
and in vitro release profiles of the daily EE and ENG release, adapted from [43] (b)  

References from the scientific literature and patents ([37], W. de Graaf, patent application 

PCT/EP05/51189) indicate that the following in vitro test conditions are used for drug release testing 

of Nuvaring®. 

Table 4 FDA approved in vitro test conditions for Nuvaring® 

Apparatus Automated release control system [37] 

Release medium Water 

Volume 200 mL (replaced daily) 

Agitation 750 rpm 

Sampling Daily 

Temperature 37 °C 

Detailed information on the test apparatus are not provided in the literature. It has been noted that 

Organon has filed a patent application wherein a dissolution test apparatus for ring-shaped devices is 

described (R. Kraft, patent application PCT/EP03/50969). 

Table 5 and 6 summarizes the release characteristics of a Nuvaring® batch (information provided in 

the approval documents (Nuvaring®, Clinical Pharmacology and Biopharmaceutical Review(s), 

published at FDA website, accessed June 2014 [43]). According to the applicant information in vivo 

ENG and EE absorption rates were estimated by deconvolution of serum ENG and EE concentrations 

after intravaginal administration using the corresponding serum ENG and EE concentration after 

intravenous administration (from the information, it is not clear, if a numerical or model-dependent 

deconvolution approach was applied). In vitro release rates as well as absorption rates show a 

downward trend with time. Ex vivo analysis data indicating the amounts of ENG and EE remaining in 

the combined contraceptive vaginal ring are not provided.  
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Table 5 Release Characteristics of ENG (Mean ± SD) [43] 

 1 week 2 weeks 3 weeks 4 weeks 5 weeks 

Concentration 
(pg/mL) 

1578 ± 408 1476 ± 362 1374 ±328 1272 ± 311 1170 ± 313 

In vitro release rate 
(µg/day) 

122.4 107.6 97.6 89.4 82.3 

Absorption rate 
(µg/day) 

122.30   
± 19.04 

115.09             
± 16.2 

107.88             
± 13.78 

100.67             
± 12.03 

93,47            
 ± 11.25 

 

Table 6 Release Characteristics of EE (Mean ± SD) [43] 

 1 week 2 weeks 3 weeks 4 weeks 5 weeks 

Concentration 
(pg/mL) 

19.09 ± 4.45 18.34 ± 4.29 17.58 ± 4.34 16.83 ± 4.62 16.07 ± 5.08 

In vitro release rate 
(µg/day) 

14.3 13.3 12.6 11.9 11.8 

Absorption rate 
(µg/day) 

8.55 ± 2.50 8.38 ± 2.38 8.21 ± 2.29 8.03 ± 2.22 7.86 ± 2.19 

When a correlation between in vitro release and in vivo performance can be established waivers for 

bioavailability/bioequivalence studies can be granted. The ability to predict the plasma concentration 

time profile from in vitro data will reduce the number of in vivo studies required to approve and 

maintain a drug product on the market. IVIVC in general is possible when drug release from the 

formulation and its dissolution are the rate limiting steps. According to the SUPAC-MR guidance for 

modified release (MR) solid oral dosage forms [44], biowaivers can be granted for i.e. process changes, 

removal or replacement of nonrelease-controlling excipients. IVIVCs are also useful for setting 

meaningful dissolution specifications. 

Nuvaring® is an example of a specialized non-oral dosage form, where an IVIVC has been established 

[45, 46]. For both APIs a linear relationship exists between the in vitro release rate and the in vivo 

absorption rate. Figure 4 shows predicted versus observed in vivo concentrations of both APIs that 

were submitted to support the external validation of the IVIVC model (provided in [45]). Supportive 

data provided in [46] also demonstrates that the release of drug from Nuvaring® is independent of the 

in vitro test conditions (e.g. medium composition, pH, agitation rate) [45]. Predictability of an IVIVC is 

typically higher in the case of condition-independent dissolution. For a formulation for which in vitro 

dissolution is independent of the dissolution test conditions, results from a single formulation (one 

release rate) can be sufficient to evaluate the IVIVC, whereas condition-dependent dissolution usually 

requires evaluation of data from two or more formulations with different release rates [47].  



  Materials and Methods 

 

23 
 

  
 

Figure 4 External validation of the IVIVC model for Nuvaring® (copied from [45]) 

In vitro drug release from Nuvaring® is triggered by an initial burst release that can be associated with 

API migration to the membrane surface that occurs during curing (tempering) and storage of the 

device. In the pharmacokinetic profile, an initial rapid increase of the API concentration can only be 

observed for EE, but not for ENG. The reason for this observation is unknown, but EE exposure during 

Nuvaring® use has been reported to be significantly lower than after administration of a combined oral 

contraceptive, and the maximum serum EE level on day one remains well below plasma peak 

concentrations that can be observed after repeated oral dosing of the steroid [48]. Therefore, it can 

be assumed that the burst is clinically not relevant and thus not considered as a critical variable for 

bioequivalence assessment.  

3.1.2 Investigational IVR 

(a) 

 

(b) 

 

Figure 5 Images of the investigational prototype ETINORDIEL-VAL (upper view (a) and back view (b)) 

The investigational IVR is composed of a single EVA26 (ethylene vinyl acetate copolymer with 26 % VA) 

copolymer, which in addition contains small amounts of an API encapsulating hydrophilic polymer (7 % 

hydroxypropyl cellulose (HPC) including the APIs ENG and EE). The fabrication process includes two 

extrusion steps combined with injection molding. As a result, the steroids are homogeneously 

distributed in the matrix on a molecularly dispersed level. To control the burst release, following 

manufacture, the IVRs are extracted in a mixture of water and 4 % Tween® 80 for up to 24 hours. Two 
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prototypes with distinct release properties, one being the prototype with the intended release profile 

and the other one showing an unintended out of specification release profile, in following referred to 

as ETINORDIEL-VAL and ETINORDIEL-OOS, were subject of this work. Differences in the release 

properties of these prototypes are a result of different drug loads and extraction times. 

3.2 Materials 

All chemicals applied to prepare the release media were of analytical grade and purchased either from 

Caelo (Hilden, Germany), Sigma Aldrich (St. Louis, MO, USA) or Merck (Darmstadt, Germany). 

Etonogestrel reference standard (99.5 %, lot # rc08102010) was purchased from Ratiochem 

(Untersteinach, Germany). Ethinylestradiol reference standard (# SRP02025e) was purchased from 

Sequoia Research Products (Pangbourne, UK). HPLC grade methanol and acetonitrile were acquired 

from VWR International (Radnor, PA, USA). Ultra‐pure water was obtained using a Milli‐Q Ultrapure 

Water System (Millipore, Bedford, MA, USA). Nuvaring® (lots # 812419, 919081 and 288380-01) was 

purchased from a local pharmacy in Germany and Hungary.  

3.3 Methods 

3.3.1 Release media 

Release experiments under real-time test conditions were performed in a vaginal fluid simulant, 

acetate buffer and water. The vaginal fluid simulant (VFS) was based on a recipe provided by Owen 

and Katz [49]. The fluid is composed of salts, organic acids and proteins found in human vaginal fluid 

and intended to simulate pH, osmolarity and buffering capacity of vaginal fluid. Acetate buffer pH 4.5 

(AB) was used as a simplified release medium simulating only a pH which could be measured in the 

vagina. The detailed composition of the release media is provided in Table 7 and 8. Real-time release 

experiments were also performed in release media that provide improved steroid solubility and 

wettability. For this purpose surfactant and cyclodextrins were added to the release medium by 

dissolving either 0.3 % or 1 % (m/m) sodium dodecyl sulfate (SDS), or 0.5 % (m/m) (2-Hydroxypropyl)-

ß-cyclodextrin (HPBCD) in acetate buffer. Release experiments under accelerated test conditions were 

performed in different water:solvent mixtures. For this purpose, aqueous mixtures with ethanol 

(EtOH), isopropyl alcohol (IPA) and acetonitrile (ACN) were prepared in graduated volumetric flasks in 

concentrations of 25, 50, 75 and 90 % (V/V).  
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Table 7 Composition of vaginal fluid simulant [49] 

Component name Amount [g] 

Sodium chloride 3.51 

Potassium hydroxide 1.40 

Calcium hydroxide 0.222 

Bovine serum albumin 0.018 

Acetic acid 1.00 

Lactic acid 2.00 

Glycerol 0.16 

Urea 0.4 

Glucose 5.0 

Demineralized water ad 1000 mL 

The mixture is adjusted to pH 4.2 with HCl 

Table 8 Composition of acetate buffer, 10 mM, pH 4.5 

Component name Amount [g] 

Sodium acetate trihydrate 1.362 

Demineralized water ad 1000 mL 

The mixture is adjusted to pH 4.5 with glacial acetic acid 

 

3.3.2 Analytical quantification 

The steroid concentration in the dissolution samples was assessed by HPLC analysis using a Waters 

HPLC system consisting of a Waters 1525 binary pump, an 2707 autosampler and either an 2489 

UV/Visible detector or 2998 PDA detector (Milford, MA, USA). The Waters Breeze 2 software was 

employed to acquire and process chromatographic data. Two different methods were used, an 

isocratic method in combination with UV detection for the detection of pure ENG and a gradient 

method for the simultaneous detection of ENG and EE. 

3.3.2.1 Quantification of etonogestrel 

For the detection of pure ENG an isocratic method based on a stationary phase with an endcapped C18 

filling material was developed. A reverse-phase ZORBAX Eclipse XD C18 column (4.6 x 150 mm, 5 μm) 

was used for separation at 30 °C column temperature (Agilent Technologies, Santa Clara, CA, USA). 

Compounds were eluted isocratically using a mobile phase consisting of methanol and water (75:25, 

V:V) at a flow rate of 1 mL/min. The injection volume was 20 µL and ENG was detected at 242 nm. Prior 

to injection all samples and standard solutions were diluted volumetrically with methanol. Six 
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calibration standards in the respective sample matrix were analyzed along with the samples. A 

weighted linear regression was performed to assess the sample concentration. The calibration curves 

were linear in the range between 0.08 - 2.0 µg/mL (r2>0.999) using a weighting factor of 

1/concentration. The accuracy of quality control samples processed and analyzed in the same way as 

the samples was within ± 2.5 % of the nominal concentration. 

3.3.2.2 Simultaneous quantification of etonogestrel and ethinylestradiol 

For the simultaneous quantification of ENG and EE in dissolution samples, a separate method that has 

been developed and validated by the Research Center Pharmaceutical Engineering GmbH in Graz 

according to FDA guidelines (corresponding to ICH Q2B [50]) [51] was used. The method parameters 

are summarized in Table 9. Dissolution samples in aqueous release media were directly assayed for 

steroid content without further dilution. 10 calibration standards in the same sample matrix with 

steroid concentrations ranging from 0.36 - 5.4 µg/mL (ENG) and 0.03 - 0.45 µg/mL (EE) were analyzed 

together with the dissolution samples. Dissolution samples in hydro-organic release media were 

diluted with water in a sample to water ratio of 25:75 (V:V) before quantification. If required, 

dissolution samples were diluted with hydro-organic solvent before water was added. Stock solutions 

for the calibration standards were prepared in the hydro-organic solvent and then diluted with water 

in a ratio of 25:75 (V:V) to yield the same solvent water composition as the dissolution samples.  

Table 9 Chromatographic conditions 

Column Kromasil C4 (Akzo Nobel, Amsterdam, Netherlands)  

 2.1 x 100 mm, 3.5 µm 

Injection volume 100 µL 

Flow rate 0.5 mL/min 

Run time 19 min 

Eluents (gradient) Time (min) Aqua purificata (%) ACN (%) 

0 70 30 
11 70 30 
15 25 75 
15.1 70 30 
19 70 30 

Oven temperature 30 °C 

Detection wavelength UV 210 nm EE, 242 nm ENG 
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3.3.3 Solubility experiments 

The equilibrium solubility of ENG was determined with the shake-flask method in purified water and 

VFS at a temperature of 37 °C. Approximately 3 mL of the release media were given into a 15 mL 

Falcon® tube. A small amount of steroid was then added to obtain a supersaturated solution (an excess 

of undissolved drug that could be detected visually was allowed to sink to the bottom of the container). 

The mixture was placed in an incubator shaker (Titramax 1000 with Incubator 1000, Heidolph 

Instruments, Schwabach, Germany) at 37 °C and 300 rpm for 24 h to reach equilibrium. Three samples 

were prepared for each medium. After one day, the supernatant was filtered through a preheated 

0.45 µm pore PVDF filter (Whatman Inc., Florham Park, NJ, USA) and following appropriate dilution the 

steroid concentration was assessed via HPLC analysis. 

In addition, the solubility of both drugs (ENG and EE) was determined in acetate buffer pH 4.5 at 

different temperatures. Experiments were performed in 4 mL scintillation vials in an incubator shaker 

IKA KS 3000 i control (IKA, Staufen, Germany). The general procedure was the same as described above 

with the difference that a specified amount of either ENG or EE or a combination of both drugs (in the 

same ratio as the specified release rates for Nuvaring®) was given into the scintillation vial. The 

preheated release medium was added thereafter and the 24 h solubility was determined at 37 and 

50 °C. After filtration the samples were immediately diluted to avoid recrystallization of the steroid(s). 

3.3.4 In vitro release testing 

All experiments were performed in triplicate if not otherwise stated. Standard deviations are reported 

in the daily release profiles. In cumulative release profiles that were created from daily release profiles 

standard deviations are omitted when daily release profiles are also provided. Otherwise, uncertainties 

were assumed to be random and errors were added in quadrature according to the following equation, 

where σi is the standard deviation at each sampling time point.  

2

n

2

2

2

1ni .....  
 

Release experiments under real-time and temperature-controlled accelerated test conditions were 

performed with segments and entire IVRs. In all release experiments with segments, IVRs were 

prepared as follows: Prior to the experiments the rings were cut into segments that were 

approximately 1.7 cm long. The weight of the entire ring and each segment was recorded and the 

release from one IVR segment was later standardized to release per ring with respect to the mass ratio 

(segment/ring). To prevent uncontrolled longitudinal diffusion, the ends of the segments were sealed 

with Loctite® 4011 acrylate glue (Henkel, Düsseldorf, Germany) which is impermeable for steroids [14].  
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All dissolution samples were stored in the freezer (-20 °C) until steroid quantification via HPLC analysis 

was performed. It was verified before, that stability of the steroids under these storage conditions was 

provided for a period of at least one month. 

3.3.4.1 Real-time release experiments in the incubator shaker 

Real-time release experiments with entire rings  

Real-time release experiments with IVRs were performed in different volumes of acetate buffer in an 

incubator shaker (IKA KS 3000 i control, IKA, Staufen, Germany). The rings were placed in glass-

stoppered conical flasks with a capacity of 100 or 200 mL, containing 100 or 200 g (≈mL) release 

medium, and gently shaken at a rotational speed of 130 rpm and a temperature of 37 ± 0.15 °C. In one 

scenario the dipping speed was increased to 275 rpm. The IVRs were transferred into flasks with 

preheated fresh medium every 24 hours (with exceptions over the weekends). When the release 

medium was not replaced daily, the media volume was proportionally adapted. Since the density of 

the IVRs is slightly lower than the density of water the IVRs tend to float in aqueous release media. For 

this reason, experiments were performed in conical flasks to assure that the IVRs were completely 

covered with liquid throughout the experiments. 

Real-time release experiments with endcapped segments 

Real-time release experiments with endcapped segments were performed in 20 mL szintillation vials 

containing different release media (either 10 or 20 mL acetate buffer, VFS or acetate buffer with the 

addition of either 0.5 % HPBCD or different concentrations of SDS). In these experiments the segments 

were approximately 1.7 cm long. The release medium was maintained at 37 °C, continuously shaken 

at 130 rpm and replaced daily. To avoid floating, the segments were placed in helix wire sinkers that 

were attached to the screw cap of the vessels. 

3.3.4.2 Accelerated release experiments in hydro-organic release media 

All release experiments in hydro-organic release media were performed with entire IVRs in conical 

glass stoppered flasks. 

Screening experiments in hydro-organic release media (n=1) 

Individual IVRs were placed in 100 mL of the respective hydro-organic mixture and maintained at a 

temperature of 37 °C under continuous shaking at 130 rpm. 2 mL samples were withdrawn at 

predetermined time points and subsequently replaced with preheated fresh solvent. At the beginning 

of the experiments and prior to sampling the weight of each flask was recorded and the corresponding 
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volume of release medium was determined. Solvent loss was considered when the amount of drug 

released was calculated.  

Release experiments in hydro-organic solvents 

Two different test designs were employed for accelerated release experiments in hydro-organic 

solvents. 

In one setup the test design that was used during the screening experiments was adopted with the 

difference that sampling was performed in shorter time periods. 

The procedure was later optimized and the volume of release medium was reduced to 20 mL and 

completely replaced with sampling. At each sampling point the IVRs were transferred into flasks with 

fresh solvent. The same test design was used for release experiments in a hydro-organic solvent at a 

test-temperature of 45 °C. 

3.3.4.3 Release experiments in USP apparatus 7 

A smal volume version of USP apparatus 7 (400-DS, Agilent Technologies, Santa Clara, CA, USA) was 

utilized to determine drug release from endcapped segments under real-time and temperature-

controlled accelerated test conditions. The apparatus was equipped with 10 mL dissolution cells. The 

segments were placed in PEEK(polyether ether ketone)-basket or 50 mesh-basket holders. A schematic 

view of the apparatus, dissolution cell and the mesh basket holder is given in Figures 6 a-c.  

(a) (b) (c) 

 

 

 

 

 

Figure 6 USP apparatus 7 400-DS (a) with 10 mL sample cell (b) and mesh basket holder (c) 

The apparatus enables sample holder reciprocation through an external magnetic plate and thereby 

minimizes evaporative loss through a fully closed system. Sampling and media replacement is 
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performed automatically via a port at the bottom of the dissolution cell. A heater jacket provides 

uniform heating with a precision of ± 0.2 °C. Prior to the experiments temperature calibration was 

performed for each temperature level using an external reciprocating temperature probe. 

In all experiments with Nuvaring® segments in VFS and water under real-time and temperatur-

controlled accelerated test conditions (results presented in sections 4.2.1 and 4.3.1) sampling and 

media replacement was performed fully automated. Due to mechanical problems with the liquid 

handler, these steps had to be performed manually in subsequent experiments.  

In all experiments in the USP apparatus 7 the media volume was 10 mL and the dipping speed was set 

at 40 dpm. The release medium was completely replaced with sampling. 

Release experiments with the Nuvaring® 

Real-time release experiments were performed in either VFS with 0.1 % sodium azide (which was 

added to prevent microbial contamination) or water at 37 °C. Automated media replacement 

combined with sampling via a port at the bottom of the dissolution vessel was performed every 12 h. 

Elevated temperature experiments were performed in VFS at 44, 50 and 55 °C (due to initial problems 

with the temperature calibration exact temperatures were 43.7, 49.7 and 54.5 °C, the exact 

temperatures were considered in the Arrhenius plot depicted in section 4.3.1). Sampling and media 

replacement was performed in adjusted intervals. Due to the limited volume of the sample cells, 

sampling as well as media replacement was performed every 12 hours in order to maintain sink 

conditions. In these experiments analytical quantification was only performed for ENG. To determine 

daily ENG release and to reduce the analytical effort the two samples collected during one day were 

combined before quantification, thereby minimizing the total number of samples from 42 to 21.  

Real-time release profiles of both drugs were also determined in 10 mL acetate buffer at 37 °C. In these 

experiments sampling and media replacement was performed daily. 

Release experiments with the investigational IVR 

Real-time release experiments were performed with both prototypes of the investigational IVR 

(ETINORDIEL-VAL and ETINORDIEL-OOS) in 10 mL acetate buffer that was replaced daily. To also 

investigate the influence of media volume on the release properties, experiments were performed 

with segments of different size (approximately 0.5, 0.8, 1.7 and 3.6 cm). 

Additional experiments with both formulations were performed at elevated temperatures (45 and 

50 °C). In these experiments the size of the segments was 1.7 cm. As in the Nuvaring® experiments, 

sampling and media replacement was performed in shorter intervals.  
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3.3.5 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) measurements were performed with a Shimadzu DSC-50 

thermal analysis system (Shimadzu Scientific Instruments, Columbia, MD, USA). A small piece of 

polymer was transferred into an open aluminum pan (in the case of the Nuvaring® a small piece of 

core polymer was isolated from the membrane). The experiments were carried out between 25 and 

100 °C with a heating rate of 10 °C/min and dry nitrogen was used as purge gas. 

3.3.6 IVR swelling 

Entire IVRs or IVR segments were incubated in either 100 or 10 mL solvent for 7 days in an IKA KS 3000 

i control shaker cabinet (IKA, Staufen, Germany) set to 37 °C and 130 rpm. At predetermined time 

points rings or segments were removed and wiped clean. Masses were then recorded using a digital 

balance and samples were immediately retransferred into the solvents. The degree of swelling is 

expressed as the weight percentage increase based on the initial dry weight as: 

0
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In this equation Wi is the swollen weight at each time point and W0 the initial dry weight, respectively. 

3.3.7 Scanning electron microscopy 

Small IVR segments were sputter coated with a thin layer of gold-palladium (Mini Sputter Coater 

SC7620, Quorum Technologies, West Sussex, UK) in an argon atmosphere for 90 s. The samples were 

subsequently analyzed with a scanning electrone microscope (SEM) (Phenum, FEI Company, Hillsboro, 

USA). 
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4 Results 

4.1 Solubility 

The solubility of a drug substance in the dissolution medium is a critical variable that in accordance 

with the equation of Noyes and Whitney will affect the rate of drug release when the concentration in 

the dissolution medium approaches its saturation solubility. To assure that the dissolution process is 

not slowed down by limited drug solubility dissolution testing is often performed under sink conditions. 

According to the USP sink conditions can be assumed when the volume of dissolution medium is at 

least 3 times higher (3 fold sink conditions) than the volume at the saturation point of the drug 

contained in the delivery system being tested. In general it is recommended that the concentration of 

dissolved drug should not exceed 10 % of its saturation solubility [52]. 

Prior to performing release experiments, the solubility of both drugs was determined in different 

aqueous release media. The equilibrium solublility at 37 °C of ENG and EE in different media is given in 

Table 10. With an average solubility of 6.15 and 12.22 µg/mL for ENG and EE in acetate buffer both 

drugs are sparingly soluble. Only minor differences can be observed in the different release media. At 

50 °C the solubility in acetate buffer increased to a value of 9.46 µg/mL for ENG and 22.18 µg/mL for 

EE.   

Table 10 Solubility of ENG and EE in aqueous release media in µg/mL 

 
37 °C 50 °C 

 
VFS Water Acetate buffer Acetate buffer 

EE * * 12.22 ± 0.2 22.18 ± 0.69 

ENG 6.04 ± 0.23 6.46 ± 0.24 6.15 ± 0.53 9.46 ± 0.48 

EE(+ENG) * * 12.46 ± 0.21 * 

ENG(+EE) * * 6.35 ± 0.15 * 

* not examined 

It is described in the literature that the solubility of ENG in flat films of PEVA, as well as the release 

from coaxial fibers are influenced by the concentration of EE as a consequence of eutectic interactions 

between the steroids [37]. The lower melting point of the eutectic results in an increase in solubility 

and hence in altered release from the EVA copolymer. To investigate a possible effect of this 

phenomenon on the aqueous solubility of the two APIs, the saturation solubility of both steroids was 

also determined in the presence of the corresponding other steroid. As depicted in Table 10, the 
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aqueous solubility in a saturated solution of only one drug was in the same range as in a solution that 

was saturated with a mixture of both drugs. 

4.2 Real-time release  

4.2.1 Real-time release from the Nuvaring® 

As currently recommended by the FDA, in vitro release experiments with entire IVRs were performed 

in an aqueous release medium in stoppered flasks that were placed in an incubator shaker, slightly 

shaken and maintained at body temperature. To provide sink conditions the release medium was 

replaced together with sampling. Sampling was performed daily with exceptions. When the medium 

was not replaced for more than one day, the volume of release medium was proportionally adapted. 

Figure 7 depicts release profiles of the daily ENG and EE release from the Nuvaring®. To elucidate the 

impact of media volume, release experiments for both IVRs were performed in 100 and 200 mL acetate 

buffer. Based on the solubility in acetate buffer (Table 10) and the release rate on day one 100 mL, 

provide approximately 3 times sink conditions for ENG and more than 40 fold sink conditions for EE. 

As shown in Figure 7, daily ENG and EE release profiles from Nuvaring® are characterized by an initial 

burst release, followed by a slightly decreasing drug release profile that is almost constant with time, 

resulting in a nearly zero-order release. An increase in the media volume resulted in a slightly increased 

burst release on day one for both steroids. When the release medium was not replaced for more than 

one day the cumulative release in the subsequent sample (e.g. on day 14 and 20) was slightly lower 

than expected (not shown in the daily release profiles). 

  

Figure 7 Daily release from Nuvaring® in different volumes of acetate buffer (Incubator shaker: 130 rpm, 
37 °C; Mean ± SD, n=3) 

An additional set of experiments was performed with endcapped segments. The length of the 

segments was approximately 1/10 of the ring circumference (=1.7 cm) and the media volume was 

proportionally adapted to reflect the dose to volume ratio representative of entire IVRs in 200 mL. 

Release experiments were performed in 20 mL acetate buffer, as well as in acetate buffer with the 
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addition of 0.3 % SDS and 0.5 % HPBCD (CD). Due to its ability to increase the dissolution rate of poorly 

soluble compounds by increasing wettability and solubility, the anionic SDS is widely used as a 

surfactant in dissolution media. Similar to SDS the complexation agent HPBCD increases the steroid 

solubility in the release medium due to its ability to form water-soluble inclusion complexes with many 

poorly soluble lipophilic drugs. 

  

Figure 8: Daily release from Nuvaring® segments in different solvents (Incubator shaker: 130 rpm, 37 °C; 
Mean ± SD, n=3) standardized to release per ring 

Drug release in the different media is depicted in Figure 8. The release is standardized to release per 

ring with respect to the mass ratio (segment/ring). When comparing the release of segments in 20 mL 

acetate buffer with that of entire rings in 200 mL acetate buffer, no significant difference can be 

observed between the release profiles. The daily release rates were slightly higher when the release 

medium contained either surfactant or cyclodextrins. 

Release experiments with segments were also performed in USP apparatus 7. The media volume of 

the USP apparatus 7 400-DS sample cells is limited to 10 mL. Thus, for the experiments performed in 

this apparatus, the size of segments was adapted to 0.85 cm to be able to compare the release profile 

with that of "regular" sized segments (1.7 cm) in 20 mL acetate buffer in the incubator shaker. As 

shown in Figure 9 the release profiles of segments in USP apparatus 7 are comparable with those 

obtained in the shaker cabinet (the higher standard deviations can be a result of the smaller size of the 

segments). 
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Figure 9: Daily release from Nuvaring® segments in USP apparatus 7 in acetate buffer (40 dpm, 37 °C; Mean 
± SD, n=3) standardized to release per ring 

USP apparatus 7 was utilized to perform a number of release experiments with the Nuvaring® under 

temperature-controlled accelerated test conditions (results are presented in 4.3.1) that are based on 

a test design different from that being used in the incubator shaker (described in materials and 

methods, section 3.3.4.3). The corresponding daily real-time ENG release under these testing condition 

in VFS and water is illustrated in Figure 10. To be able to work with segments of adequate size in the 

limited sample volume of 10 mL on the one hand, and to assure a sufficient degree of sink conditions 

(> 3 times) on the other hand, the release medium was completely replaced every 12 hours. In these 

experiments the segments were between 1 and 1.5 cm long. As already stated in section 3.3.4.3 the 

analytical quantification was restricted to the release of ENG.  

 

Figure 10: Daily release from Nuvaring® segments in USP apparatus 7 (40 dpm, 37 °C; Mean ± SD, n=3) 
standardized to release per ring 

Figure 10 compares ENG release profiles obtained in the USP 7 experiments in water and VFS. The 

vaginal fluid simulant mimics the composition and properties of human vaginal fluid with respect to 

pH, ionic strength and surface tension. These properties could possibly influence drug release from the 

IVR. However, in the case of Nuvaring® only a minor difference can be observed between the release 

profiles in water and the more biorelevant fluid. Therefore, it can be concluded that ENG release from 

Nuvaring® is not affected by the ionic strength or the pH of the release medium. Interestingly, drug 

release under these test conditions (segments in 10 mL water or VFS, replaced every 12 hours) was 
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somewhat lower compared to daily release from shorter segments placed in 10 mL water, replaced 

daily (Figure 9), or from entire rings in 100 or 200 mL acetate buffer (Figure 7). A number of preliminary 

screening experiments that were performed at different dipping speeds as well as with different 

holders (mesh basket holder, peek basket holder and stent holder), indicated that drug release in USP 

apparatus 7 is not affected by the agitation rate or the holder type (data not shown here). 

4.2.2 Real-time release from the investigational IVR 

Release experiments with the investigational IVR were performed with two different prototypes with 

distinct release properties. IVRs from batch ETINORDIEL-VAL were used to evaluate drug release under 

real-time test conditions and to develop and validate the accelerated methods. Subsequent 

verification of the discriminatory ability of the accelerated methods was performed with IVRs from 

batch ETINORDIEL-OOS. Both IVRs are preclinical batches with a not yet optimized release profile. 

Release experiments with entire IVRs of both batches were performed in different volumes of acetate 

buffer in the incubator shaker using the same experimental settings as for the Nuvaring®. As depicted 

in Figure 11, daily release profiles show a declining daily steroid release with time that is more 

pronounced for ENG. Drug release from both IVRs was affected by the media volume over an initial 

time period. ENG release profiles from IVRs of both batches were superimposable after approximately 

7 days. The overall difference in the release rate in dependence on the media volume appears to be 

more pronounced for EE, for this drug release profiles of both batches were superimposable after 

approximately 10 days. 

  

Figure 11: Daily release from ETINORDIEL-VAL and -OOS in different volumes of acetate buffer (Incubator 
shaker: 130 rpm, 37 °C; Mean ± SD, n=3) 

Release experiments with endcapped segments of the investigational IVRs were also performed in USP 

apparatus 7. The media volume was 10 mL and segments of different size were used to simulate the 

impact of different dose to volume ratios. To be representative of entire rings tested in 100 and 200 mL 

acetate buffer the length of the segments was adapted to approximately 1.7 and 0.85 cm, respectively. 
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The release medium was replaced daily and samples were analyzed for steroid content at appropriate 

time points. As depicted in Figure 12 the standardized release profiles of endcapped segments are 

overall in good agreement with those of entire rings in the corresponding dose to volume ratio in the 

incubator shaker (Figure 11). Slight deviations in the release rates of the smaller segments and those 

of entire IVRs in 200 mL acetate buffer, as well as the higher standard deviations may be explained by 

variations from the target size. 

  

Figure 12: Daily release from ETINORDIEL-VAL and -OOS segments of different length in 10 mL acetate buffer 
(USP apparatus 7: 40 dpm, 37 °C; Mean ± SD, n=3) standardized to release per ring 

In the previous experiments with both segments and rings, the rate of drug release during the initial 

time points was strongly influenced by the media volume (or dose to volume ratio, respectively). Since 

even in the experiments with the higher dose to volume ratio the EE concentration in the dissolution 

samples never exceeded 3 % of the saturation solubility, this observation seemed to require further 

investigation. Therefore, a set of experiments in 10 mL of acetate buffer with segments of different 

length with the purpose of simulating different degrees of sink conditions was performed in USP 

apparatus 7. The size of the segments was adapted to approximately 0.5, 0.85, 1.7 and 3.4 cm to be 

representative of entire rings tested in 50, 100, 200 and 340 mL. The results given in Figure 13 illustrate 

that the release rate in the first seven days was strongly affected by variations in the dose to volume 

ratio (the difference tends to diminish with time). Overall, the difference in the release profiles are 

more pronounced for EE. Deviations from the targeted size should be taken into account for the 

smaller segments. 

 

 

 



  Results 

 

39 
 

  

Figure 13 Daily release from ETINORDIEL-VAL segments of different length in 10 mL acetate buffer (USP 
apparatus 7: 40 dpm, 37 °C; Mean ± SD, n=3) standardized to release per ring 

Based on the saturation solubility of ENG and EE in acetate buffer (12.22 and 6.15 µg/mL) the maximum 

amount of drug that can be solubilized by the release medium was calculated per IVR and compared 

with the amount of drug that was released during the first day (which reflects the highest possible 

dose during the entire experiment). The corresponding limits for both drugs are summarized in Table 

11. The concentration of dissolved steroid in the dissolution samples was between 16 and 39 % of the 

saturation solubility for ENG and between 1 and 1.9 % for EE. Non-sink conditions (based on the 

common understanding of a sufficient sink) could therefore account for the observed variations in the 

ENG release. However, this might not be the only explanation, since the differences in the release 

profiles could also be observed for EE and were even more pronounced for this drug, even though the 

steroid is more soluble in water and released in a lower dose. 

Table 11 Relationship between release rate and saturation solubility in dissolution samples 

  
ENG EE 

Length of 
segment (cm) 

Corresponding 
volume/IVR 

Maximum 
solubility (µg) 

Detected 
amount (µg) 

Maximum 
solubility (µg) 

Detected 
amount (µg) 

3.4 50 mL 310 121 4150 42.8 

1.7 100 mL 620 190 2440 30 

0.85 200 mL 1230 269 1220 20 

0.5 340 mL 2090 338 610 11.5 

Drug release or dissolution is influenced by thermodynamic and hydrodynamic properties of the 

system, which can be illustrated by the example of dissolving particles. Dissolution of solid particles 

involves mass transport of solute molecules from the solid interface to the bulk solution. This step is 

typically controlled by diffusion and convection.  

According to the Nernst and Brunner dissolution model saturation is achieved at the solid liquid 

interface, resulting in a concentration gradient between the saturated solution in direct contact with 
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the solid surface and the concentration of the bulk. In this area mass transport is slow. For dissolving 

particles diffusion across this thin layer of fluid (termed the diffusion layer) is often the rate-controlling 

step. 

In addition to the diffusion layer solid particles are surrounded by a static or slow moving fluid layer. 

The flow velocity around suspended particles is characterized by a velocity gradient between the 

surface of the solid particles and the bulk fluid. This region is termed the hydrodynamic boundary layer. 

The diffusion controlled stagnant layer lies within this hydrodynamic boundary layer and has been 

suggested to be about 10 times smaller [53]. 

Diffusional transport through the effective hydrodynamic boundary layer depends on the boundary 

layer thickness and can therefore be affected, by the degree of agitation. 

An aqueous boundary layer will also be present at the IVR surface and the thickness of the effective 

diffusion layer may influence drug release. Preliminary release experiments with the Nuvaring® at 

different dipping speeds in the USP apparatus 7 demonstrated that drug release was not affected by 

variations in the agitation rate, where the dipping speed of the apparatus is limited to a maximum of 

40 dpm. 

To investigate, if hydrodynamic boundary layer effects can be accounted for the differences in the 

release rates of the investigational IVR in different media volumes, the experiments in the incubator 

shaker with entire rings in 100 and 200 mL acetate buffer were repeated at the highest possible 

agitation rate (275 rpm). The results of these experiments are depicted in Figure 14. 

  

Figure 14: Daily release from ETINORDIEL-VAL in different volumes of acetate buffer at 275 rpm (Incubator 
shaker: 37 °C; Mean ± SD, n=3) 

Compared with moderate shaking at 130 rpm (see Figure 11), an increase in the agitation rate to the 

upper limit did not yield significant changes in the release profiles and the release rates during the first 

seven days were equally affected by the media volume. 
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That the release rate during the initial time points was strongly influenced by the media volume (or 

dose to volume ratio) indicated that drug release correlates with steroid solubility in the release 

medium. In a subsequent set of experiments the influence of solubility enhancing agents in the release 

medium on the release properties was therefore investigated. To evaluate the impact of the media 

composition additional experiments were performed in the biorelevant vaginal fluid simulant. The 

release studies were performed with endcapped segments of ETINORDIEL-VAL in the heater cabinet. 

The length of the segments was 1.7 cm. Figure 15 illustrates that drug release in acetate buffer was on 

the same level as in corresponding experiments with entire rings or endcapped segments in USP 

apparatus 7. No difference can be detected between the release profiles in acetate buffer and the 

vaginal fluid simulant, indicating that similar to the Nuvaring® drug release is not affected by the ionic 

strength of the release medium. Acetate buffer in combination with different concentrations of SDS or 

0.5 % HPBCD yielded significantly increased release rates on day one that are decreasing with time and 

approximate the release rates in acetate buffer by day 7. Results from experiments performed in 10 

and 20 mL acetate buffer with 0.3 % SDS demonstrate that the effect of media volume on the release 

profiles diminished with the addition of surfactant. 

  

Figure 15: Daily release from ETINORDIEL-VAL segments in different release media (Incubator shaker: 
130 rpm, 37 °C; Mean ± SD, n=3) standardized to release per ring 
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4.3 Accelerated release at elevated temperature 

4.3.1 Temperature-controlled accelerated release from the Nuvaring® 

The applicability of temperature-controlled accelerated drug release testing for the Nuvaring® was 

investigated in a set of experiments performed with endcapped segments in USP apparatus 7. The 

results of these studies are published in [54]. API release from Nuvaring® is controlled by diffusion 

through a rate-controlling membrane and the rate of drug release strongly depends on the diffusivity 

of the API(s) through the rate-controlling membrane polymer (section 3.1.1). Diffusion coefficients in 

solids at different temperatures are often found to be well predicted by the Arrhenius equation [21]. 

Therefore, an increase in the release rate was expected at elevated temperature and a set of release 

experiments was performed at different temperatures, ranging from 37 to 55 °C. All experiments were 

performed in the vaginal fluid simulant. The test design is described in more detail in section 3.3.4.3 

(materials and methods) and in section 4.2.1 where the corresponding daily release profile at 37 °C is 

presented (in brief: the release medium was replaced every 12 hours and two samples were combined 

before quantification to obtain daily release rates). Elevated temperature release experiments were 

performed with shorter sampling intervals and the experiments were terminated when the cumulative 

release that corresponds to the cumulative release at 37 °C after 21 days was reached.  

The cumulative release profiles at different temperatures are presented in Figure 16. The results 

demonstrate that ENG release from Nuvaring® increased with increasing test temperature. 

 

Figure 16 Cumulative ENG release from Nuvaring® segments at different temperatures (USP apparatus 7: 
40 dpm; Mean ± SD, n=3) standardized to release per ring 

In a next step it was investigated if the increase in the release rate at different temperatures can be 

described by the Arrhenius equation. Therefore, the nearly zero-order release constants were 

calculated for each temperature from the cumulative release versus time graph. To exclude the initial 

burst release on day one from the calculations "zero" was not included when the linear fit was 

performed. The near zero-order release constants were found to be 97.4 for 37 °C, 207.2 for 44 °C, 

440.3 for 50 °C and 738.5 µg per day for 55 °C. The rate constants were then plotted according to the 
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Arrhenius Equation 2, where EA is the energy of activation in J/mol, R the universal gas constant in 

J/(mol K) and A a pre-exponentional factor in the same unit as the release rate. 

RT

EA

eAk


  (2) 

The Arrhenius plot of the nearly zero-order release constants (Figure 17) reveals a strong linear 

relationship and indicates that temperature is a valid parameter to accelerate drug release from 

Nuvaring®, whereas the release mechanism is maintained.  

 

Figure 17 Arrhenius plot of the zero-order release constants 

Correlation between accelerated and real-time release 

To further investigate the validity of the accelerated method, a correlation between real-time and 

accelerated release was established.  

Drug release from IVRs is usually expressed as daily release versus time. Provided that the release 

mechanism is maintained, elevated-temperature release experiments with suitably adapted intervals 

in which sampling and media replacement is performed will reflect daily real-time release and offer 

the possibility to monitor the changes in the daily release profile over time under accelerated test 

conditions. The required sampling interval (t) at any given temperature in the investigated range can 

be calculated from the ratio of the real-time zero-order release constant and the elevated temperature 

zero-order release constant, where the latter can be determined from the Arrhenius equation 

(Equation 2). Substitution and simplification yields Equation 3, where the energy of activation (EA) can 

be derived from the slope of the Arrhenius plot (Figure 17). 
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With Equation 3 sampling intervals of 10.7, 5.3 and 3.1 h were calculated for experiments performed 

at 44, 50 and 55 °C to be representative of daily sampling at 37 °C.  
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In a subsequent experiment at 50 °C the sampling frequencies were adjusted according to Equation 3. 

Figure 18 shows the daily ENG release at 37 °C and the ENG release at 50 °C after time scaling (SF = 

scaling factor). The release profiles were superimposable, both for the initial burst on day one and the 

post-burst release phase (day 2-21). The sampling interval was calculated based on the steady state 

release, but since the release mechanism is maintained the time-scaled ENG release at elevated 

temperature should also reflect the initial burst. After some days the steady state release is achieved. 

Results from experiments where samples were taken every couple of hours during the first day also 

showed a good agreement between real-time and elevated temperature experiments (data not 

shown).  

 

Figure 18 Daily release from Nuvaring® segments under real-time and accelerated test conditions after time 
scaling (USP apparatus 7: 40 dpm; Mean ± SD, n=3) standardized to release per ring 

At this point it should be noted that the Arrhenius plot illustrated in Figure 17 is based on rate constants 

that were determined from elevated temperature release profiles with shorter sampling points that 

did not yet reflect daily real-time release. Since the "near" zero-order rate constants were calculated 

by means of linear regression a higher quality will be obtained when the Arrhenius plot is determined 

from rate constants that are based on the already time-scaled release profiles. However, for 50 °C the 

near zero-order release constants calculated from the time-scaled cumulative release profile and the 

rate constant reported above are quiet similar (438.3 versus 440.3 µg/day) and therefore the impact 

on the Arrhenius relationship should be rather small. 

Evaluation of the discriminatory ability 

The drug release properties from Nuvaring® strongly depend on the polymeric structure which is 

interdependent on a number of variables, including polymer composition, process and storing 

conditions. An accelerated method that is used to assist in batch release should be able to differentiate 

between batches with different release profiles that can result from normal manufacturing variance. 

When an accelerated test is developed, the method should therefore be validated with samples from 

non-conforming batches that are obtained by small but deliberate variations of the critical process 

parameters. Within the scope of this work such samples were not available for the Nuvaring®. 
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Therefore, to get a general idea how sensitive the accelerated method is towards detecting changes in 

the release properties of rings that exhibit changes in polymer morphology, a commercial ring was 

stored at 70 °C for two weeks. Heat-treatment appeared an adequate means to change the release 

properties since it is known to alter the polymeric structure of PEVA due to a recrystallization process 

in the semi-crystalline EVA copolymer [37]. 

Differential scanning calorimetry measurements of the core polymer of an untreated Nuvaring® and 

the ring that was stored at 70 °C for two weeks (Figure 19) confirm that heat treatment had a significant 

impact on the polymeric structure. EVA copolymers exhibit a large distribution of crystal sizes. During 

storage at elevated temperature crystals with melting points below 70 °C are molt and partially 

recrystallized to larger crystals. 

 

Figure 19:  DSC thermogram on the core polymer of a commercial Nuvaring® before and after heat treatment 
at 70 °C for 2 weeks. 

Subsequently, the impact of heat treatment on drug release from segments that were stored at 70 °C 

for two weeks was determined under real-time test conditions (37 °C) and accelerated conditions 

(50 °C). Figures 20 a-b show the daily and cumulative real-time release profiles of the heat-treated ring 

and for comparison the release profiles of the untreated ring at 37 °C.  
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(a) 

 

(c) 

 
(b) 

 

(d) 

 

Figure 20 Daily and cumulative ENG release from ring segments of a conforming Nuvaring® batch and after 
heat treatment under real-time (a+b) and accelerated test conditions(c+d) (USP apparatus 7: 
40 dpm; Mean ± SD; n = 3 (a+c). Mean; n = 3 (b+d)) standardized to release per ring 

Exposure to elevated temperature did not only have an impact on the initial burst release but also on 

the post-burst near zero-order release phase (Figure 20 a). Only a minor difference can be observed 

between the time-scaled accelerated daily release profiles of the untreated versus heat-treated ring 

(Figure 20 c). The time-scaled daily release profiles are based on the previously determined Arrhenius 

relationship (Figure 17). Independent of the Arrhenius relationship the cumulative release profiles 

clearly illustrate that the difference in the release profiles of heat-treated and untreated Nuvaring® 

segments is less pronounced under accelerated test conditions (Figures 20 b+d). Upon exposing the 

ring to elevated temperature a somewhat higher burst release can be observed at 37 °C, but also the 

difference in the post burst release is less pronounced under accelerated test conditions. 

4.3.2 Temperature-controlled accelerated release from the investigational IVR 

Temperature was also employed to accelerate drug release from the investigational IVR. The 

accelerated release experiments were performed with endcapped segments in USP apparatus 7 at two 

different temperatures. To be able to evaluate changes in the mechanism of release under accelerated 

test conditions, the corresponding cumulative real-time release profiles at a test temperature of 37 °C 

are also presented.  
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Figure 21 depicts the cumulative release profiles of ETINORDIEL-VAL and ETINORDIEL-OOS segments 

in USP apparatus 7 in 10 mL acetate buffer, under real-time test conditions in two different dose to 

media volume ratios (representative of entire IVRs in 100 and 200 mL). The cumulative release profiles 

were calculated from the daily release profiles already presented in Figure 12. Since ENG and EE release 

was not measured for each day of incubation, the daily release rates were interpolated to create the 

cumulative release profiles using Origin Pro 8.5 data analysis and graphing software (OriginLab Corp., 

Northhampton, MA, USA).  

Additionally, drug release under real-time test conditions (acetate buffer, 37 °C) was determined for 

segments of an IVR of ETINORDIEL-VAL that was stored at elevated temperature under similar 

conditions as already reported for the Nuvaring® (2 weeks, 70 °C). Experiments were terminated after 

7 days. The cumulative release profiles in two different dose to volume ratios is given in the same 

graph (Figure 21).  

As depicted in Figure 21 the difference in the release profiles between the untreated segments and 

the heat-treated segments of ETINORDIEL-VAL is more pronounced in the smaller dose to volume ratio. 

The same tendency can be observed for the different prototypes of the investigational IVR, though the 

difference is less pronounced. 

 
 

 

Figure 21:  Cumulative release from different IVR segments of different length (USP Apparatus 7: 40 dpm, 
37 °C; 10 mL acetate buffer, Mean, n=3) standardized to release per ring 

In a first experiment at elevated temperature drug release was determined at a test temperature of 

50 °C. Figures 22 a-d show release profiles obtained under these accelerated test conditions. In these 

experiments sampling and media replacement was performed every 5 hours and 45 minutes, with 

exceptions. The dose to volume ratio was representative of entire IVRs tested in 100 mL (segment 

length = 1.7 cm). At specific time points both sampling and media replacement was omitted. During 

the respective time spans the segments were exposed to a higher dose to volume ratio which resulted 

in lower release rates (indicated by shifts in the cumulative release profiles depicted in Figures 22 c+d. 

In order to calculate the corrected (uninterrupted) cumulative release profile of ETINORDIEL-VAL 
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presented in Figure 46 in section 5.2.1 (discussion), the differential release rates between the first six 

sampling points and between selected time points thereafter (indicated by the arrows in Figure 22 

a+b) were interpolated using the Origin Pro 8 graphing software. The cumulative release profiles 

(Figure 46) were then calculated from the interpolated data. Figures 22 a-d demonstrate that the 

overall release rate of all three formulations increased at 50 °C. As observed in real-time release 

profiles, similar release rates between the different segments can be observed at later time points 

(Figures 22 a+b). However, only slight differences can be detected between the overall EE release of 

ETINORDIEL-OOS and the heat-treated segments, whereas under real-time test conditions, 

independent of the dose to volume ratio, EE release from ETINORDIEL-OOS was faster. The difference 

in the release rates between the two different prototypes of the investigational IVR was maintained 

under accelerated test conditions.  

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 22:  Differential (a+b) and cumulative (c+d) drug release profiles from IVR segments at 50 °C (USP 
apparatus 7: 40 dpm; Mean ± SD, n=3 (a+b), Mean, n=3 (c+d)) standardized to release per ring. 
Dotted lines represent the amount of drug released from ETINORDIEL-VAL segments under real-
time test conditions after 21 days in two different dose/volume rations, representative of 100 (···) 
and 200 mL (---) per IVR. 

Another set of experiments with the two different prototypes of the investigational IVR in which the 

release medium was replaced every 10 hours, was performed at a test temperature of 45 °C. Samples 

were analyzed for steroid content at specific time points. The segment size was the same as in the 
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experiments performed at a temperature of 50 °C (1.7 cm). The untransformed differential and 

cumulative drug release profiles are depicted in Figures 23 a-d. The cumulative release profiles (Figures 

23 c+d) were calculated after interpolation of the differential time-course profiles.  

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 23:  Differential (a+b) and cumulative (c+d) drug release profiles from IVR segments at 45 °C (USP 
apparatus 7: 40 dpm; Mean ± SD, n=3 (a+b), Mean, n=3 (c+d)) standardized to release per ring. 
Dotted lines represent the amount of drug released from ETINORDIEL-VAL segments under real-
time test conditions after 21 days in two different dose/volume rations, representative of 100 (···) 
and 200 (---) mL per IVR. 

For the Nuvaring® release profiles at elevated temperature were superimposable with real-time 

release after time scaling, indicating that the mechanism of release does not change under accelerated 

test conditions. The investigational IVR releases the APIs in a time-dependent manner and the rate of 

drug release during the initial time points appears to be influenced by the steroid solubility in the 

release medium. When a correlation between real-time and accelerated release is established, it is 

therefore important to take into account possible changes in the steroid solubility under accelerated 

test conditions which will directly reflect the mechanism of release. 

Media replacement at 45 °C was performed in regular, randomly selected, intervals. Under these 

conditions, the amount of drug released per time unit was lower than corresponding daily release rates 

from segments of similar size at 37 °C in the fixed media volume of 10 mL. At both temperatures media 

replacement was performed 20 times, and at 45 °C the cumulative amount released after 21 days 
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under real-time test conditions (represented by the lower dotted line in Figures 23 c+d) was not yet 

released from the segments. Thus, under accelerated test conditions the segments were exposed to a 

lower effective dose to volume ratio compared with real-time release experiments under otherwise 

comparable test conditions. At the same times the solubility is expected to be higher at 45 °C. It is 

therefore possible that the release kinetics under accelerated test conditions are more reflective of 

real-time release profiles under test conditions with a smaller dose to volume ratio. 

To be able to compare the shape of the release profiles under accelerated test conditions with real-

time release profiles, time scaling was performed on the accelerated release profiles. The scaling factor 

was then used to calculate the corresponding daily release profiles from the cumulative accelerated 

release profiles after performing a third order polynomial fit on the release data. 

In release experiments with the Nuvaring® the scaling factor was defined as the ratio between the zero 

order release constants under real-time and accelerated test conditions. For the investigational IVR, 

the rate of drug release changes with time and the scaling factor is defined as the fraction of time that 

is required under accelerated test conditions until the amount A has been released from the system 

under real-time test conditions. Amount A is given by the cumulative amount of drug released under 

real-time test conditions that is covered by the accelerated release profile. The time required until 

amount A has been released under accelerated test conditions was calculated after performing a third 

order polynomial fit on the release profile using the Origin® graphing software. 

An individual scaling factor was calculated for the accelerated release profiles to match real-time 

release in two different dose to volume ratios (0.85 and 1.7 cm segments in 10 mL) that are 

representative of entire IVRs in 200 and 100 mL. The calculated time-scaled daily release profiles of 

ETINORDIEL-VAL and ETINORDIEL-OOS (represented by continuous or dotted lines) are presented in 

Figure 24 together with the corresponding real-time release profiles, represented by single data points 

(also presented in Figure 12). Overall, accelerated release profiles appear to be more representative 

of real-time release when compared with the smaller dose to volume ratio (200 mL per IVR).  

As already demonstrated for release experiments performed at 50 °C (Figures 22 a-d) accelerated tests 

at 45 °C were able to detect the difference in the real-time release profiles between ETINORDIEL-VAL 

and -OOS. The sensitivity of the accelerated method to distinguish between conforming and non-

conforming batches with the same discriminatory ability as the real-time method, depends on the 

scaling factor between real-time and accelerated release which should be similar for conforming and 

non-conforming batches. For the release profiles where time scaling was performed on real-time 

release profiles in the smaller dose to volume ratio the scaling factors are quiet similar for ETINORDIEL-

VAL and ETINORDIEL-OOS (0.57 for ENG and 0.66 for EE versus 0.57 for ENG and 0.67 for EE). 



  Results 

 

51 
 

(a) 

 

(b) 

 

(c) 

 

(d)  

 

Figure 24: Daily real-time and accelerated time-scaled release at 45 °C from ETINORDIEL-Val (a+b) and 
ETINORDIEL-OOS (c+d) 

4.4 Accelerated release in hydro-organic solvents 

Due to the possibility that the organic solvents partially dissolve the adhesive which was required to 

seal the end of IVR segments, all experiments in hydro-organic release media were performed with 

entire rings in the incubator shaker. 

4.4.1 Accelerated release in hydro-organic release media from the Nuvaring® 

To get a general idea about the degree of acceleration of drug release in different hydro-organic 

solvents, a set of screening experiments was performed with a single IVR per solvent. For this purpose, 

IPA, EtOH and ACN were diluted with water in different ratios. The experiments were performed in 

100 mL of the respective solvent over a period of 7 days and samples were taken in regular intervals. 

Compared with aqueous solutions the steroids are highly soluble in the hydro-organic media and 

therefore the release media were not replaced together with sampling. Instead, 2 mL samples were 

withdrawn at the respective time points and replenished with fresh medium. Figures 25 a-f show the 

cumulative release in the different solvents. For comparison, the real-time release profile in 200 mL 

acetate buffer over the first seven days is plotted in the same graph. The dotted horizontal lines 
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represent the amount of drug released under real-time test conditions after 21 days in 100 and 200 mL 

acetate buffer. 

(a) 

 

(b) 

 
(c) 

 

(d) 

 
(e) 

 

(f) 

 

Figure 25:  Cumulative release from Nuvaring® in different hydro-organic media and acetate buffer (Incubator 
shaker: 130 rpm, 37 °C; n=1). Dotted lines represent the amount of drug released from Nuvaring® 
under real-time test conditions after 21 days in 100 (···) and 200 (---) mL acetate buffer. 

With all three solvents the release rate increased with increasing solvent concentration of the mixture. 

Whereas one could clearly discriminate between the release profiles obtained in 25, 50 and 75 %  EtOH 

and IPA, a minor difference can be observed in the overall release rate in 50 versus 75 % ACN solution 

(Figures 25 e+f). In all mixtures the cumulative release after 7 days was below the levels representating 

the cumulative amounts released after three weeks under real-time test conditions, and altogether 

only a moderate degree of acceleration could be achieved compared with elevated temperature 

experiments. The degree of acceleration of ENG release was similar in the aqueous mixtures of IPA and 



  Results 

 

53 
 

EtOH. However, the EE release appeared to be somewhat faster in the respective concentrations of 

IPA.  

The highest degree of acceleration of drug release could be observed in ACN. Since no significant 

increase in the release rate could be observed when the ACN fraction was increased to 75 %, 50 % ACN 

solution was selected for subsequent experiments with adjusted sampling frequencies. A 90 % EtOH 

solution was also selected for subsequent experiments. As indicated in the screening experiments, the 

release rates in the binary mixtures of EtOH and water increases proportionally with EtOH content. 

Based on these observation it was calculated that an EtOH content of approximately 90 % would be 

required to achieve a similar degree of acceleration as observed in a solution consisting of equal 

amounts of ACN and water. Swelling experiments in the different solvents (Figure 38 b), which will be 

presented in a later section of this document indicated that equilibrium swelling is not achieved after 

7 days in the binary mixtures of IPA and water. As a long time to equilibrium swelling might have a 

negative impact on the release mechanism, IPA was not selected for further experiments. 

Figure 26 depicts the cumulative release profile of the two drugs in 50 % ACN and 90 % EtOH solution. 

The experiments were performed with entire rings in the heater cabinet at 37 °C. The media volume 

was 20 mL and the medium was completely replaced together with sampling. Release profiles indicate 

that the degree of acceleration is approximately the same in both solvents (a slightly higher release 

rate can be detected for EE in 50 % ACN solution). 

  

Figure 26:  Cumulative release from Nuvaring® in different hydro-organic solvents (Incubator shaker: 130 rpm, 
37 °C; Mean ± SD, n=3). Dotted lines represent the amount of drug released from Nuvaring® under 
real-time test conditions after 21 days in 100 (···) and 200 (---) mL acetate buffer. 

After approximately 9 days the amounts of drugs that correspond to real-time release after 21 days 

were released from the IVRs. In the hydro-organic media the steroids are released with an almost 

constant rate, indicating no significant changes in the release mechanism. After time scaling the 

release profiles were compared with real-time release profiles obtained in 200 mL acetate buffer. The 

scaling factors were calculated from the ratio of the real-time and accelerated zero-order release 
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constants. Figure 27 illustrates that the release profiles are superimposable after time scaling. Also the 

burst release appears to be well reflected under accelerated test conditions. 

  

Figure 27: Drug release from Nuvaring® in AB and hydro-organic solvents after time scaling.  
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4.4.2 Accelerated release in hydro-organic release media from the 

investigational IVR 

The screening experiments in the different solvent mixtures were also performed with the prototype 

of the investigational IVR ETINORDIEL-VAL. The corresponding cumulative release profiles are depicted 

in Figures 28 a-f. 

(c) 

 

(b) 

 
(c) 

 

(d) 

 
(e) 

 

(f) 

 

Figure 28: Cumulative release from ETINORDIEL-VAL in different hydro-organic media and acetate buffer 
(Incubator shaker: 130 rpm, 37 °C; n=1). Dotted lines represent the amount of drug released from 
ETINORDIEL-VAL under real-time test conditions after 21 days in 100 (···) and 200 (---) mL acetate 
buffer. 

Compared to the Nuvaring® a much stronger degree of acceleration could be accomplished in all three 

solvents, with a comparable rank order of acceleration between the different binary mixtures. Release 

was fastest in 75 % ACN solution, but as also observed in the Nuvaring® experiments with a minor 

difference between the release profiles in the mixtures with 50 and 75 % solvent concentration. 
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Acceleration in the aqueous mixtures of EtOH and IPA was on the same level for ENG, and somewhat 

higher for EE in the cosolvent systems containing IPA. 

Overall, a satisfying degree of acceleration could be observed in all three solvents. The release behavior 

in selected solvent concentrations (75 % IPA, 75 % EtOH and 50 % ACN) was further investigated in 

experiments with adapted sampling intervals to allow for a more detailed interpretation of the release 

properties. The test design was similar to that of the screening experiments: 100 mL were used as the 

release medium with 2 mL samples taken at appropriate time points that were subsequently 

replenished with fresh solvent. As depicted in Figure 29 the highest degree of acceleration can be 

observed in 50 % ACN solution, followed by the mixtures with 75 % IPA and 50 % EtOH.  

  

Figure 29:  Cumulative release from ETINORDIEL-VAL in different hydro-organic solvents (Incubator shaker: 
130 rpm, 37°C; Mean ± SD, n=3). Dotted lines represent the amount of drug released from 
ETINORDIEL-VAL under real-time test conditions after 21 days in 100 (···) and 200 (---) mL acetate 
buffer. 

To be able to compare the mechanism of release with real-time release profiles time scaling was 

performed according to the procedure described in section 4.3.2. First, a third order polynomial fit was 

laid over the release profiles (zero was not included). For this step only the part of the release profile 

that is representative of real-time release over 21 days in 100 mL acetate buffer (indicated by lower 

vertical line) was considered since the release profiles tend to become inconsistent thereafter. The 

Origin® software was used to calculate the time value corresponding to the amount of drug released 

after 21 days under real-time test conditions from the response function.  

The time values were then used to determine the scaling factor for each solvent and steroid. The time-

scaled release profiles (fitted to real-time release profiles in 100 mL acetate buffer) are given in Figure 

30. Compared with real-time release the time-scaled accelerated release profiles are steeper in the 

beginning. The time-scaled release profiles in the different solvents, however, are almost 

superimposable, indicating that the changes in the mechanism of release are independent of the 

solvent type and the latter only determines the degree of acceleration. For all three solvents different 

scaling factors result for ENG and EE. However, time scaling was performed to match the 100 mL 
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release profiles. The time that is required until the cumulative real-time release in 200 mL is achieved 

looks quite similar for 75 % EtOH and 50 % ACN (Figure 29). It is therefore likely that the difference 

diminishes in these solvents when time scaling is performed on the 200 mL release profiles. 

  

Figure 30: Cumulative real-time and accelerated time-scaled release from ETINORDIEL-Val in different solvents 

It was realized in the previous experiments that the release profiles became somewhat inconsistent at 

later sampling points (approximately at time points when the amount of drug that corresponds to real-

time release after 21 days in 100 mL acetate buffer has been released from the IVR’s, see Figure 29). 

This observation was attributed to the fact that the amount of drug released between the later 

sampling points was approximately in the same order of magnitude as the amount of drug that has 

been removed from the systems by sampling, resulting in an increased absolute error. Evaporation and 

media loss (caused when the glass plug was removed from the completely filled flask) was another 

negative side effect that could have caused potential errors in the release profiles. 

Therefore, a different test design was chosen for subsequent validation of the accelerated method 

with ETINORDIEL-VAL and ETINORDIEL-OOS. As also had been done in the accelerated release studies 

with the Nuvaring® in these experiments 20 mL of ACN solution 50 % were used as the release medium 

and completely replaced with sampling. 

Figure 31 depicts steroid release from the different formulations in 50 % ACN. For comparison the 

cumulative real-time release profiles in 100 and 200 mL acetate buffer, that have been calculated from 

the daily release profiles presented in Figure 11, are provided in Figure 32. Results indicate that the 

accelerated method can distinguish between the two prototypes of the investigational IVR that exhibit 

different release characteristics under real-time test conditions 
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Figure 31:  Cumulative drug release from ETINORDIEL-VAL and -OOS in 50 % ACN (Incubator shaker: 130 rpm, 
37 °C; Mean, n=3, ± SD). Dotted lines represent the amount of drug released from ETINORDIEL-VAL 
under real-time test conditions after 21 days in 100 (···) and 200 (---) mL acetate buffer. 

  

Figure 32 Cumulative drug release from ETINORDIEL-VAL and -OOS under real-time test conditions in 
different media volumes of acetate buffer (Incubator shaker: 130 rpm, 37 °C; Mean, n=3) 

In Figure 33 the daily real-time release profiles are compared with the time-scaled daily release profiles 

under accelerated test conditions (time scaling was performed as described in section 4.3.2 to match 

real-time release profiles in 200 mL acetate buffer). A similar scaling factor results for ETINORDIEL-OOS 

and ETINORDIEL-VAL, indicating that the discriminatory ability under these testing conditions is 

provided. Also, the scaling factors are quite similar for both steroids. The degree of acceleration 

therefore seems to be identical for both drugs. 

  

Figure 33 Daily real-time release profiles in 200 mL acetate buffer and time-scaled accelerated daily release 
profiles in 50 % ACN of ETINORDIEL-VAL and -OOS  
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Figure 34 shows results from release experiments under the not yet optimized test conditions with 

both prototypes of the investigational IVR in 75 % EtOH solution. Even though the shape of the release 

profiles is less consistent at the later time points, the results indicate that the discriminatory ability is 

also provided in the hydro-alcoholic solvent. 

  

Figure 34 Cumulative drug release from ETINORDIEL-VAL and -OOS in 75 % EtOH (Incubator shaker: 130 rpm, 
37 °C; Mean, n=3, ± SD). Dotted lines represent the amount of drug released from ETINORDIEL-VAL 
under real-time test conditions after 21 days in 100 (···) and 200 (---) mL acetate buffer. 

4.5 Accelerated release under combined conditions 

Both temperature and hydro-organic release media could successfully be utilized to assess real-time 

release from the IVRs within shorter time spans. The degree of acceleration that can be achieved by 

altering the one or the other parameter thereby depends on the physicochemical characteristics of the 

delivery system. Temperature for example can only be increased up to a point where the physical 

integrity of the delivery system and the stability of the active ingredients are provided. Hydro-organic 

media, in turn, resulted in only a moderate increase of the overall release rate in case of the Nuvaring®. 

In a subsequent set of experiments it was therefore investigated if the test duration can be further 

reduced by combining an increase in temperature with the utilization of a hydro-organic solvent. 50 % 

ACN solution was selected as the release medium and the temperature was increased to 45 °C. In these 

experiments 20 mL were used as the release medium that was completely replaced with sampling. 

4.5.1 Nuvaring® 

Figure 35 compares release profiles from release experiments with the Nuvaring® in 50 % ACN solution 

and a test temperature of 37 °C (also presented in Figure 26) with those from experiments in the same 

solvents at a temperature of 45 °C. The release experiments were performed under comparable test 

conditions in the incubator shaker. In the experiment with a test temperature of 45 °C sampling was 

initially performed every two hours and in regular intervals thereafter. When the experiment was 

finished only half of the representative amounts of steroids had been released from the system. 

However, the results illustrate that, as expected, the release rate could be further increased by 
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increasing the test temperature. Accelerated drug release from the Nuvaring® in 50 % ACN solution at 

both temperatures resulted in very straight release profiles with zero-order release kinetics. Thus, the 

release mechanism appears to be maintained under two fold accelerated test conditions. Based on 

previous results, an increase in temperature is also not expected to change the mechanism of release. 

The release profiles were therefore extrapolated after performing a linear fit on the release data to 

reach the amount of drug released after three weeks under real-time test conditions in 100 or 200 mL 

acetate buffer (dashed lines). From the extrapolated release profiles it can be concluded that drug 

release is complete after approximately 3 days and the test duration can be reduced to approximately 

one third compared to experiments performed at a temperature of 37 °C. 

  

Figure 35 Cumulative release from Nuvaring® in 50 % ACN at different temperatures (Incubator shaker: 
130 rpm; Mean ± SD, n=3). Dotted lines represent the amount of drug released from Nuvaring® 
under real-time test conditions after 21 days in 100 (···) and 200 (---) mL acetate buffer. 

4.5.2 Investigational IVR 

As illustrated in Figure 36, an increase in the release rate in 50 % ACN solution at elevated temperature 

can also be detected for the investigational IVR. In these experiments sampling was initially performed 

every hours and in regular intervals thereafter. As described for the Nuvaring® the experiment was 

terminated before the amount of drug representative of real-time release after 3 weeks had been 

released. However, the experiment was performed with both prototypes of the investigational IVR and 

the results indicate that the test conditions can discriminate between ETINORDIEL-VAL and 

ETINORDIEL-OOS. 
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Figure 36: Cumulative release from ETINORDIEL-VAL and -OOS in 50 % ACN at different temperatures 
(Incubator shaker: 130 rpm; Mean ± SD, n=3). Dotted lines represent the amount of drug released 
from ETINORDIEL-VAL under real-time test conditions after 21 days in 100 (···) and 200 (---) mL 
acetate buffer. 

In a subsequent step the release profiles obtained under two-fold accelerated test conditions (50 % 

ACN, 45 °C) were compared with those obtained under one-fold accelerated test conditions (50 % ACN, 

37 °C) after appropriate time scaling. The scaling factor was determined according to the procedure 

described previously (section 4.3.2). 

Figure 37 depicts the release profiles under one-fold and two-fold accelerated test conditions after 

time scaling. For both batches the release profiles are almost superimposable, indicating that 

increasing the temperature to 45 °C does not change the mechanism of release of the IVRs in the 

hydro-organic mixture. Under these assumption the release profile in 50 % ACN solution at a 

temperature of 45 °C was extrapolated (based on the time-scaled time course profiles in 50 % ACN 

solution at 37 °C) to reach the amounts representative of real-time release after three weeks in 100 or 

200 mL acetate buffer, respectively (indicated by the dotted lines in Figure 36).  

The cumulative amount representative of real-time release in 200 mL is reached within less than 1.5 

days for both drugs and the test duration can be reduced by approximately one day compared with 

release experiments at a test temperature of 37 °C 

  

Figure 37 Cumulative release from ETINORDIEL-VAL and -OOS in 50 % ACN solution at 37 °C and at 45 °C after 
time scaling 
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4.6 Polymer swelling in hydro-organic solvents 

Upon contact with the release medium solvent molecules will penetrate into the polymer and to some 

extent induce polymer swelling. The degree of swelling depends on the properties of the polymer and 

the penetrating agent and will affect the rate of drug release. The impact of polymer swelling in the 

different hydro-organic media on the release properties was therefore investigated for the Nuvaring® 

and the investigational IVR (ETINORDIEL-VAL). The solvent uptake was measured after incubation at 

37 °C as a function of time over a period of 7 days via weight recording using a digital balance. These 

studies were performed with segments of IVRs that had already been used for real-time release 

experiments in acetate buffer. Mass loss as a consequence of drug release was not considered.  

4.6.1 Nuvaring® 

Figures 38 b-d depict the time course of the % weight increase of Nuvaring® segments in different 

cosolvent systems. Preliminary experiments demonstrated that the swelling properties of entire rings 

are comparable with that of segments (Figure 38 a). Figures 38 b-d illustrate that the degree of polymer 

swelling depends on the cosolvent system and increases with solvent content, but in all cases remains 

well below 8 % weight increase. In aqueous solvents the Nuvaring® exhibits a minimum degree of 

swelling (< 0.5 %). The binary mixtures penetrate into the segments until equilibrium is achieved. The 

highest solvent uptake after 7 days can be observed in 75 % IPA (Figure 38 b), where equilibrium 

swelling was not achieved after 7 days of incubation. The lowest degree of swelling was detected in 

the segments that have been incubated in the different mixtures with EtOH (Figure 38 c). In aqueous 

mixtures with ACN equilibrium swelling was reached much faster than in the other cosolvent systems 

(Figure 38 d). No significant difference can be observed in the % weight increase of segments incubated 

in 50 or 75 % ACN. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 38 % Weight increase of Nuvaring® upon incubation in 50 % EtOH (a) and of Nuvaring® segments after 
incubation in acetate buffer and different cosolvents (c-d) (Incubator shaker: 130 rpm, 37 °C; Mean 
± SD, n=3) 

4.6.2 Investigational IVR 

Figures 39 a-d illustrate the degree of polymer swelling of ETINORDIEL-VAL in the different hydro-

organic mixtures. In contrast to the Nuvaring® where swelling in acetate buffer was negligible, 

approximately 3 % weight increase can be observed after 7 days of incubation in the aqueous solvent. 

Increased polymer swelling was found in the different hydro-organic mixtures, whereby the swelling 

capacity increased with solvent content. Overall, swelling in EtOH (Figure 39 c) was lower than in the 

other solvent mixtures. The highest degree of swelling after 7 days of incubation can be observed in 

75 % IPA (14 % weight increase, Figure 39 b). An increase in solvent concentration from 50 to 75 % had 

a minor impact on the overall weight increase of segments that were incubated in the cosolvent 

systems with ACN (Figure 39 d). After one week of incubation equilibrium swelling was approached in 

all three solvent mixtures. Overall, the shortest time to equilibrium swelling can be observed in the 

different mixtures with ACN, but compared with the Nuvaring® the difference in the shape of the time 

course profiles between the different hydroorganic mixtures with IPA, EtOH and ACN is less 

pronounced. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 39 % Weight increase of ETINORDIEL-VAL upon incubation in 50 % EtOH (a) and ETINORDIEL-VAL 
segments after incubation in acetate buffer and different cosolvents (c-d) (Incubator shaker: 130 
rpm, 37 °C; Mean ± SD, n=3) 

It can be noted that the swelling behavior of IVRs that were exposed to elevated temperature or 

different aqueous release media including surfactants or cyclodextrins was similar to that in acetate 

buffer for both formulations. 

4.7 DSC measurements 

The semicrystalline PEVA consists of both crystalline and amorphous regions and the release 

properties strongly depend on the phase structure morphology. A couple of differential scanning 

calorimetry measurements were therefore performed with both the Nuvaring® and the investigational 

IVRs (ETINORDIEL-VAL and ETINORDIEL-OOS) to evaluate the impact of various testing conditions on 

the polymeric structure of the IVRs. In the case of the Nuvaring® the DSC measurements were 

performed with the core polymer after appropriate isolation from the membrane. Untreated (fresh) 

samples that had not been subjected to any release experiments were stored in the fridge 

(recommended storage conditions for both types of IVRs) before the DSC measurements were 

performed. 
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4.7.1 Nuvaring® 

(a) 

 

(b) 

 

Figure 40 DSC curves of the Nuvaring® (core polymer) before (a) and after exposure to various testing 
conditions (a,b) 

Figure 40 compares the DSC thermogram of the untreated Nuvaring® core polymer with thermograms 

from IVRs that had been incubated in acetate buffer either at a temperature of 37 °C for a period of 

three weeks or at a temperature of 45 °C for a corresponding time period. 

Wang et al. described the melting behavior of EVA samples with different thermal history [55]. Based 

on NMR results Wang assigned distinct crystalline phases in the EVA copolymer that are present at 

room-temperature. In the thermogram of the untreated Nuvaring® core polymer two endothermic 

peaks can be observed at approximately 42 and 75 °C that correspond to the melting of two different 

crystalline species. Figure 40 a illustrates that upon incubation at 37 °C or 45 °C during the release 

experiment the lower temperature endothermic peak disappeared. Instead, a new endothermic low 

temperature peak appeared at approximately 52 °C. When the test temperature in the in vitro release 

experiment was increased to 45 °C, the new peak appeared at a temperature of approximately 60 °C. 

Wang also observed a low temperature endothermic peak at 43.2 °C in untreated EVA samples that 

were stored at room-temperature. Similar to the observations described above, the peak disappeared 

in samples that had been heated to 60 °C. Instead a new endothermic peak appeared at a temperature 

above 60 °C that he attributed to the occurrence of another secondary crystallization due to annealing 

at 60 °C. He also reported that the disappeared low temperature endothermic peak could be partially 

recovered by room-temperature aging. 

Figure 40 b depicts DSC profiles from IVRs that had been released in hydro-organic solvents at 37 °C 

and elevated temperature. Comparison of the thermograms with those from IVRs that had been 

incubated in acetate buffer at the same temperatures (Figure 40 a), indicates no solvent-induced 

changes.  
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4.7.2 Investigational IVR 

Figures 41 a+b depict DSC curves of the investigational IVR (ETINORDIEL-VAL) after exposure to various 

testing conditions. A similar thermal history can be detected in the thermograms of an untreated IVR 

and an IVR that was subjected to release experiments performed under real-time test conditions 

(acetate buffer, 37 °C, Figure 41 a). Since the manufacturing process of the investigational IVR involves 

an extraction step in Tween® solution at a temperature of 37 °C, the similar thermal history is not 

surprising. The thermograms are also comparable to that of the Nuvaring® (core polymer) after 

incubation in acetate buffer at 37 °C (Figure 40 a). A large endothermic peak at approximately 60 °C 

can be observed in an IVR that was subjected to the release experiment performed at 50 °C. Similar to 

the Nuvaring®, solvent induced changes in the DSC curve of an IVR that has been incubated in a hydro-

organic solvent at 37 °C cannot be observed (Figure 41 b). 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 41 DSC curves of the ETINORDIEL-VAL (a+b), ETINORDIEL-OOS (c) and a heat-treated IVR (d) before 
and after exposure to various testing conditions 

Figure 41 c shows DSC profiles of ETINORDIEL-OOS, before and after incubation in acetate buffer at 

37 °C and elevated temperature. Surprisingly, real-time release experiments induced a recrystallization 

process in this IVR, indicated by an endothermic peak that is characteristic of annealing at 37 °C 

(appears around 52 °C). This peak cannot be observed in fresh samples that were expected to show a 
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similar thermal history due to the washing procedure at 37 °C. As expected, an endothermic peak can 

be observed at a temperature of approximately 60 °C after release experiments at 50 °C.  

In the DSC curve of a sample of ETINORDIEL-VAL that has been stored in a heating chamber under 

defined conditions (70 °C, 2 weeks) the higher temperature endothermic peak at approximately 80 °C 

appears as a sharp distinct peak (Figure 41). After incubation in acetate buffer at 50 °C a second low-

temperature peak can be detected at approximately 60 °C which can be attributed to the annealing 

effect of the release experiment. 

4.8 Scanning electron microscope images 

Figures 42 a+b show scanning electron (SEM) images of a Nuvaring® surface (a) and cross-section (b). 

Figure 42 b visualizes the interface between membrane and core polymer.  

(a) 

 

(b) 

 

Figure 42 Scanning electron images of Nuvaring® surface (a) and cross-section (b) 
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The surface and cross section of the investigational IVR (ETINORDIEL-VAL) are depicted in Figures 43 

a-c. Compared to the Nuvaring® the polymer network appears less compact and slightly porous.  

(a) 

 

(b) 

 

(c) 

 

Figure 43 Scanning electron images of ETINORDIEL-VAL surface (a) and cross-section (b+c) 

SEM images of IVRs that were subjected to various testing conditions (hydro-organic solvents and 

elevated temperature) did not reveal visible changes in the polymer network of both IVRs (not shown 

here). Figures 44 a+b show images of the investigational IVR after incubation in acetate buffer (a) and 

a hydro-alcoholic solvent (b) during the release experiments. In these images the polymer network 

appears slightly roughened and frayed at the outer rim of the IVR surface. 

(a) 

 

(b) 

 

Figure 44 Scanning electron images of ETINORDIEL after incubation in acetate buffer (a) and 75 % EtOH (b) 

 

 

 

 

 



  Discussion 

 

69 
 

5 Discussion 

Controlled release delivery systems release the API in a predetermined fashion and enable control of 

drug exposure over time. Since efficacy and safety of these products depend on the rate in which the 

drug is released into the body, in vitro drug release tests are essential for quality control to ensure 

product consistency during the manufacturing process. Since real-time drug release tests will directly 

affect the product shelf life for long acting non-oral controlled release formulations it is often required 

to speed up the QC in vitro drug release test. 

The scope of this work was to develop accelerated drug release methods for two intravaginal ring 

products and clarify if the accelerated tests are predictive of real-time release and provide adequate 

discriminatory ability. The IVRs that were subject of this study are representative of the two major 

types of diffusion controlled delivery systems, the reservoir device and the monolithic system. Both 

IVRs are based on different grades of PEVA. In the Nuvaring® drug release is controlled by a membrane 

containing 9 % VA content. The monolithic investigational IVR is based on PEVA with 26 % VA content 

and contains the hydrophilic polymer HPC as a functional excipient that is intended to slow down drug 

release. The addition of HPC modifies the hydrophobic properties of the EVA copolymer. Compared 

with the Nuvaring® a small degree of swelling could be observed in acetate buffer (Figure 39). In 

contrast swelling of pure PEVA has been reported to be below 0.5 % in water [56], suggesting that the 

addition of HPC increases the swelling capacity of the PEVA. Upon water uptake HPC forms a viscous 

gel which could be considered as a barrier for drug diffusion. SEM images of the investigational IVR 

reveal a less compact structure compared to a Nuvaring® cross-section with small pores that appear 

to be discontinuous (Figures 43 b+c). After release experiments an increased porosity can be observed 

near the IVR surface (Figure 44), indicating that HPC is partially washed out by the release medium 

leaving continuous pores. After hot-melt extrusion the IVR is extracted in 4 % Tween® 80 for a short 

period of time to reduce the initial burst, by removing drug from the surface and the outer layer of the 

device. This step could already initiate the superficial washout of HPC.  

In both IVRs solute diffusion is considered to occur through polymer chains. In the Nuvaring® the drug 

reservoir is surrounded by a membrane that mediates diffusion. In the monolithic IVR the drug is 

homogeneously distributed in the matrix and dissolved molecules have to diffuse through the matrix 

in order to be released. In these system drug release is initially high and decays with time as the path 

length of diffusion increases with time.  

The in vitro release method that is used during product development of the investigational IVR is based 

on an incubator shaker as currently recommended for drug release testing of vaginal ring products by 
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the FDA. The IVRs are placed in stoppered flasks containing 100 mL acetate buffer that is replaced 

daily, continuously shaken and maintained at 37 °C.  

Consequently, these testing conditions were adopted as standard conditions for both IVRs and 

modified to evaluate the impact of variations in the test parameters. The official testing conditions for 

the Nuvaring® employ 200 mL of water as the release medium which is replaced daily. Since 100 mL 

only provide about 3 times sink conditions for ENG, standard release experiments with both IVRs were 

also performed in 200 mL medium. Currently, a standardized dissolution apparatus that is suitable for 

release testing of IVRs is not available. The USP apparatus 7 400-DS is a dissolution apparatus that has 

been optimized to meet the criteria of drug release testing of low-dose extended release delivery 

systems and provides several features, including precise temperature and control of evaporative loss, 

that are a prerequisite for accelerated release experiments. Due to its dimensions the Reciprocating 

Holder is in general not suitable for IVRs. To be able to work with USP apparatus 7 the experiments 

were downscaled to small segments. Release experiments with segments in the USP apparatus 7 

yielded release profiles that were comparable to that of entire IVRs or segments in the incubator 

shaker when the release was standardized to release per ring with respect to the mass ratio. That drug 

release from segments is comparable to that from entire IVRs has already been reported in the 

literature [34]. Due to the limited media volume in USP apparatus 7 different dose to volume ratios 

were simulated by adapting the size of the segments. These results were in general in good agreement 

with release profiles of entire rings in corresponding media volumes. Since the apparatus provides 

precise temperature control and rapid uniform heating as well as automated sampling and media 

replacement, release experiments at elevated temperature were preferably performed with segments 

in USP apparatus 7. Release experiments in hydro-organic solvents were only performed in the 

incubator shaker since it could not be guaranteed that the solvents dissolves part of the adhesive that 

was used to seal the ends of the segments. 

5.1 Evaluation of real-time release 

In the release experiments under real-time test conditions in the incubator shaker drug release from 

Nuvaring® showed slight deviations in the initial burst release in dependence on the media volume 

(Figure 7), otherwise drug release profiles were comparable with published references (Figure 3 b). A 

slight increase in the overall release rate could be observed after surfactant or cyclodextrins were 

added to the release medium (Figure 8). Independent of the testing conditions, drug release from 

Nuvaring® followed the principles of the reservoir design and approached zero-order release. In 

contrast, drug release from the investigational IVR was strongly influenced by the dose to volume ratio 

(represented by entire rings in different media volumes or segments of different size in the 10 mL cell 
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in USP apparatus 7), whereby the differences in the release rates diminished with time and similar 

amounts of drug were released after approximately 7 days. In experiments with segments of different 

size representative of release testing of IVRs in 50, 100, 200 and 340 mL the initial release rates showed 

an increasing trend with decreasing dose to volume ratio (Figure 13). The additions of surfactant and 

cyclodextrins to the release medium could further increase the release rate (Figure 15) to a level where 

sufficient drug solubility and maximum release had been achieved. This assumption is based on the 

observation that an increase in the surfactant concentration from 0.3 % to 1 % yielded no further 

increase in the release rate. Additionally, no difference could be observed between release profiles in 

different volumes of release media containing surfactants. Both SDS and cyclodextrins increase the 

solubility of the steroids in the release medium and can enhance wetting, while an interaction with the 

polymer matrix is not expected. 

Figure 45 illustrates the square root of time profiles of the investigational IVR tested in 100 and 200 mL 

acetate buffer. The profiles indicate that drug release is well described by a diffusion controlled release 

kinetic after the first week. Deviations from a square root of time kinetic can be observed during the 

initial time points that are more pronounced for EE, as well as in the lower media volume. 

  

Figure 45 Higuchi plots of ETINORDIEL-VAL in different volumes of acetate buffer 

Results from release experiments with the investigational IVR indicated that drug release was 

influenced by limited drug solubility in the receptor compartment. It was also noted that the difference 

in the time course profiles in dependence on the media volume and/or dose to volume ratio appeared 

to be more pronounced for EE. 

This observation is remarkable because EE is released in a lower dose than ENG, more water soluble, 

and the concentration in the dissolution samples never exceeded 3 % of the saturation solubility in any 

of the investigated systems. It was also checked whether the aqueous solubility of the steroids is 

affected by the presence of the corresponding counterpart (Table 10), but no significant differences 

could be detected when comparing the respective results with those obtained from solubility 

experiments with EE alone. Interestingly, a similar effect could also be observed for the Nuvaring®, 
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where the differences in the release profiles were less significant but similarly pronounced for both 

drugs. 

A constant concentration gradient between the diffusion layer surrounding the IVR and the 

concentration of the bulk is expected under sink conditions. Sink conditions are generally assumed to 

be provided if the concentration of the drug in the bulk of the dissolution medium does not exceed 

10 %. Sink conditions in combination with adequate mixing are expected to minimize boundary layer 

effects. 

The thickness of the hydrodynamic stagnant layer of fluid surrounding the delivery system is inversely 

proportional to the degree in which the medium is stirred. In both setups the release rate was in 

general not sensitive towards variations in the agitation rate and the differences in the release rates 

of IVRs in 100 and 200 mL acetate buffer were equally pronounced after increasing the agitation rate 

in the incubator shaker to a maximum value (275 rpm, Figure 14). In an approach to further increase 

the agitation rate, release experiments with the Nuvaring® were also performed in a water bath with 

an external propeller stirrer (data not shown). Unfortunately, the release profiles in these setup were 

somewhat inconsistent, which was most probably a result of insufficient temperature control. 

That the release properties were affected by the solubility in the receptor medium, indicates that 

boundary layer effects which can hardly be influenced by the hydrodynamic properties of the system 

may have a distinct influence on the release characteristics during the initial time points. Under perfect 

sink conditions the drug concentration at the interface between matrix and receptor medium is 

expected to be zero. Under non-zero boundary conditions drug release will also be influenced by 

partitioning between the polymer matrix and the receptor medium [57]. It was noted that the EE 

release in 100 mL acetate buffer is almost constant (Figure 11) over time and overall the differences in 

the release profiles appear to be more pronounced for this drug. Since, partitioning will not only be 

influenced by the steroid solubility in the receptor medium but also by the steroid solubility in the 

polymer matrix, a higher solubility of EE in the release medium could partially be compensated by an 

equally higher affinity to the polymer matrix. The steroid solubility in EVA 9 and EVA 28 matrices has 

been reported to be higher for EE than for ENG [39]. 

However, the observed variations could be specific for the delivery system under investigation and 

more details of the properties of the formulation may be required to allow for a more profound 

evaluation of the mechanisms that facilitate drug release during the initial time points. 

Also it has to be taken into account, that the investigational IVR is exposed to an extraction step that 

involves incubation in 4 % Tween® solution for up to 24 hours. Surface extraction is a fairly simple 

approach to remove drug from the outer layer of the device and to reduce the undesired burst effect 
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[58]. The extraction step implies that the device has already been in contact with an aqueous release 

medium. Consequently, a homogeneous API distribution is not provided at the onset of release since 

the moving boundary layer at the diffusion front that divides the supersaturated core with no drug 

transport from the depleted zone adjacent to the boundary layer where no solid drug exists, has 

already moved inwards. 

For some of the release experiments with the Nuvaring®, a test scheme was used in which the release 

medium was replaced every 12 hours. Interestingly, the overall release rate in this setup was 

somewhat lower compared with setups where the medium was replaced every 24 hours. The reason 

for this observation is not quite clear, but the difference in the release rates was very consistent and 

also reflected in the Arrhenius plot. At this point it may be interesting that initially release studies were 

also performed in the Flow-through cell in a closed loop configuration applying flow rates between 

and 0.21 and 1 mL/min (data not shown here). In this setup the release rate was flow-rate dependent 

and remained well below corresponding release rates in the incubator shaker. 

With respect to subsequent release experiments under accelerated test conditions, the outcomes of 

the real-time release studies are crucial with respect to one important point: Drug release from the 

Nuvaring® was to some extent influenced by the test conditions, but the mechanism of release was 

not affected. In contrast, in case of the monolithic investigational IVR the changes in the release profile 

over time (the release kinetics) were condition-dependent. 

5.2 Evaluation of drug release under accelerated conditions 

To date, very little information is available on accelerated drug release testing from diffusion controlled 

delivery systems. Insight into the approval documents of several FDA-approved controlled release 

formulations indicates that an accelerated test in a hydro-organic release medium at elevated 

temperature is employed for Implanon® (a membrane based reservoir system based on PEVA, similar 

to the Nuvaring®) (Implanon®, Clinical Pharmacology and Biopharmaceutics Review(s), published at 

FDA website, accessed June 2014 [24]).  

Whereas accelerated drug release testing is well explored for biodegradable formulations (in these 

delivery systems the parameter being speeded up is primarily polymer degradation), little information 

is currently available on the principles that facilitate accelerated drug release from non-biodegradable 

polymers, where drug release is predominantly governed by drug diffusion.  

For the investigational IVR release experiments in release media containing surfactants or 

cyclodextrins yielded release profiles that are considered to be representative of the maximum 

possible release under real-time test conditions. The degree of acceleration in these solvents, 
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however, is limited as both surfactants and cyclodextrins are not able to enter the matrix or membrane 

and thus do not interact with the formulation itself. Accelerated tests should not alter the mechanism 

of release but only speed up the process. When the mechanism of release is diffusion controlled, the 

latter will be achieved by increasing the diffusivity of the APIs in the polymer matrix. For hydrophobic 

non-erodible polymer matrices this can primarily be achieved by means of two distinct parameters, 

namely by an increase in temperature and the application of organic or hydro-organic release media.  

The diffusion coefficient is a measure for the molecule’s mobility in the medium and depends primarily 

on the size of the molecule and the properties of the medium. According to the free volume theory 

the matrix is a dynamic fluctuating structure that accommodates random motion of the diffusing 

molecule [59]. Random collision with other molecules result in Brownian motion and the molecules 

move from regions of higher concentrations to regions of lower concentrations. Free volume can be 

considered as the fraction of the polymer that is not occupied by the penetrant. Each drug, solvent or 

polymer molecule is surrounded by nanovoids. Thermal motion causes the size of the voids to fluctuate 

and occasionally a void becomes large enough for a diffusing molecule to move through it. The 

diffusion coefficient thus depends on both the kinetic velocity and the probability to find enough free 

volume for hopping of the penetrant. 

A rise in temperature will increase the energy available for diffusion. Organic or hydro-organic solvents 

can swell the polymer and thereby alter the diffusion characteristic by increasing the effective 

diffusivity due to an increase in free volume. 

5.2.1 The impact of temperature 

It is common knowledge that chemical reactions occur faster at higher temperature. Quantitatively, 

the relationship of the reaction rate and its temperature can be described by the Arrhenius equation. 

Distinct from a chemical reaction, diffusion is a passive process that occurs along a concentration 

gradient. A rise in temperature increases the probability that molecules collide with each other 

resulting in a higher kinetic energy. The Arrhenius equation can also be employed to predict the 

temperature dependence of diffusion coefficients in solids. This relationship may be extended to 

include drug delivery processes. Kalachandra et al. [60] already reported that the release rate from 

cast films of PEVA at different test temperatures could be well predicted by the Arrhenius equation. 

To investigate the impact of temperature on the rate of drug release, release experiments with the 

Nuvaring® in USP apparatus 7 were performed at temperatures ranging from 37 through 54 °C (the 

latter representing the upper temperature limit of the apparatus). It could be shown that in the 

investigated range the temperature dependence of the zero-order release constant followed 

Arrhenius’ law (Figure 17). At a test temperature of 54 °C the time required to asses the amount that 
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is representative of real-time release after 3 weeks could be reducted to less than 3 days. Sampling 

and media replacement at elevated temperature had to be performed in shorter intervals to maintain 

sink conditions throughout the experiments. The time in which sampling and media replacement had 

to be performed to be representative of daily sampling at 37 °C was calculated from the zero-order 

release constants. Based on the Arrhenius relationship this can be done for any temperature in the 

investiated range. Time-scaled release profiles from experiments performed at 50 °C and with 

sampling intervals that were determined accordingly were superimposable with daily real-time release 

(Figure 18). Thus, it can be concluded that the mechanism of release is maintained under temperature-

controlled accelerated test conditions. The Arrhenius relationship indicates that the increase in the 

release rate is mainly attributed to an increase in drug diffusion. An increase in temperature can also 

enhance drug solubility in the core and membrane polymer and thus influence drug partitioning, but 

this effect appeared to be less pronounced. 

The main area of application for accelerated drug release tests is for QC purposes during batch release. 

In order to assure that all conforming lots are of acceptable quality, safety and efficacy the accelerated 

method should be able to differentiate between formulations with different release characteristics 

with adequate discriminatory power. When the accelerated method is developed based on an already 

existing real-time release method, it should be able to detect batches that are not within the 

specification limits under real-time test conditions.  

The ENG release properties from Nuvaring® do not only depend on the steroid and VA content but also 

on the extrusion parameters and storage conditions [38]. In the literature [37] it is described that small 

variations of the process parameters during the coextrusion process of coaxial fibers can lead to 

changes in the polymeric structure which is directly reflected in the release properties. Process 

parameters that can influence the polymeric structure include for example spinline stress during melt 

spinning of the coaxial fiber, differences in the cooling rate of the molten fiber and the annealing 

temperature.  

When an accelerated test is developed, the method should be validated with samples from non-

conforming batches that are obtained by small but deliberate variations of the critical process 

parameters. Within the scope of this work such samples were not available. Therefore, to get a general 

idea on how sensitive the accelerated method is towards detecting changes in the release properties 

of IVRs that exhibit changes in polymer morphology, a commercial ring was stored for two weeks at 

70 °C. Heat treatment is known to alter the polymeric structure of PEVA [37]. EVA copolymers exhibit 

a large distribution of crystal sizes. At elevated temperature crystals with melting points below the 

corresponding temperature are molt and partially recrystallized to larger, more perfect crystals. The 

polymeric structure of PEVA consists of a mixture of amorphous and crystalline regions and diffusion 
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takes place in the amorphous domains. Upon exposure to elevated temperature crystalline and 

amorphous domains in the EVA copolymer rearrange, and as a result, the release properties can 

change (W. de Graaf, patent application PCT/EP05/51189). DSC measurements and real-time release 

profiles demonstrated that heat treatment had the expected effect, i.e. indicated by a different 

thermal history of the heat-treated ring (Figure 19) and an overall increased drug release from the IVR 

(Figure 20 a) that can be observed when being compared with an untreated Nuvaring®.  

The influence of heat treatment after the coextrusion of coaxial fibers (the so called annealing) on the 

release properties is described in the literature. Van Laarhoven [37] reported DSC measurements of 

PEVA 28 (core polymer) stored at various temperatures for 1 day. The endothermic peak appearing 

around 75 °C in the thermogram (Figure 19) of the Nuvaring® sample that has been stored for two 

weeks at 70 °C can also be observed in thermograms of PEVA samples after 24 h of annealing at 70 °C 

reported by van Laarhoven [37], indicating that most of the recrystallization process takes place within 

the first day. The increase in the release rate with increasing annealing temperature is a result of 

enhanced permeability through the rate-controlling membrane. The permeability can be expressed as 

the product of solubility and diffusion coefficient [61], whereby the diffusion coefficient of a drug 

through the semicrystalline polymer does not only depend on the crystallinity (or volume fraction 

amorphous polymer, since diffusion takes place through the amorphous domains) but also on the 

tortuosity, which is a measure for the variation in path length of diffusion [62, 63]. Van Laarhoven 

reported that no significant changes in either crystallinity or solubility were detected in EVA 

copolymers after storage at respective temperatures and attributed the increase in permeability to a 

change in tortuosity resulting in increased drug diffusion. A recrystallization process in the 

semicrystalline EVA copolymer could also be observed during the in vitro release test as indicated by 

DSC measurements of IVRs that have been subjected to release experiments at different temperatures. 

Thermograms from IVRs that have been subjected to a test temperature of 37 °C demonstrate that 

recrystallization already occurs at body temperature. 

Compared to the real-time method the accelerated method was less sensitive in detecting the changes 

in the heat-treated ring. Upon exposing the ring to elevated temperature, a somewhat higher burst 

release could be observed at 37 °C. Prolonged exposure to elevated temperature has been reported 

to lead to uncontrolled and high burst release since drug molecules may crystallize on the surface of 

the ring (W. de Graaf, patent application PCT/EP05/51189). Since the dissolution process in this initial 

phase is not diffusion controlled, it is not surprising that the accelerated release profile does not 

adequately reflect the burst. Yet, apart from the initial burst also the difference in the post-burst 

release was less pronounced under accelerated test conditions 
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That the temperature-controlled accelerated method is less sensitive towards detecting changes in the 

release properties of IVRs that exhibit changes in polymer morphology that have been induced by 

temperature treatment may not be surprising. The Arrhenius relationship between the zero-order 

release constants at different temperatures indicates that accelerated release is governed by an 

increase in drug diffusion. Temperature induced changes in the diffusivity of the non-conforming batch 

may also result in a different temperature sensitivity, which in turn will affect the discriminatory power 

of the accelerated method. Yet, it is emphasized at this point that the changes that have been induced 

by heat-treatment at 70 °C are not necessarily representative for non-conforming batches that are a 

result of meaningful manufacturing variance. 

In subsequent elevated temperature release experiments with the investigational IVR, the accelerated 

method was able to discriminate between the two different prototypes ETINORDIEL-VAL and 

ETINORDIEL-OOS (Figure 22 and Figure 23) with a similar discriminatory ability as the real-time method 

(indicated by similar scaling factors between real-time and accelerated release for both IVRs, see Figure 

23). In comparison an IVR of ETINORDIEL-VAL, that similar to the Nuvaring® has been stored at elevated 

temperature prior to the release experiments, experienced different changes in the release properties 

in elevated temperature experiments (Figure 21 versus Figure 22).  

DSC thermograms of both, the Nuvaring® and the investigational IVR that had been exposed to 

different temperatures during the in vitro release experiments were characterized by an endothermic 

peak at a temperature that is characteristic of the particular annealing temperature. Due to the melting 

of distinct crystalline species the peak maximum is shifted to a temperature somewhat higher than the 

test temperature of the in vitro test.  

Samples of ETINORDIEL-VAL before and after incubation at 37 °C demonstrated a similar thermal 

history, both showing an endothermic peak at approximately 52°C (Figure 42 a), which can be 

attributed to the fact that the IVR is extracted in a Tween® solution at 37 °C as a part of the 

manufacturing process to reduce the initial burst. In this regard, the IVR had already experienced 

annealing at 37 °C. Interestingly, the in vitro release test at 37 °C induced a recrystallization process in 

ETINORDIEL-OOS. For this prototype the characteristic peek that appears at 52 °C can only be observed 

in the sample that has been subjected to the release experiment at 37 °C and does not appear in the 

thermogram of an untreated fresh sample (Figure 41 c). These results indicate that the two different 

batches have experienced a different thermal history. Nevertheless, the differences in the real-time 

release profiles was unequivocally detected by the accelerated method. 

ENG and EE release profiles of ETINORDIEL-VAL obtained at different temperatures are illustrated in 

Figure 46. Similar to the Nuvaring® an increase in the overall release rate can be observed at elevated 
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temperature, whereas slight deviations can be detected in the shape of the curves, as can particularly 

be seen when comparing the release profiles at 45 °C with those obtained at 37 °C and 50 °C. 

  

Figure 46 Cumulative release from ETINORDIEL-VAL segments at different temperatures in UPS apparatus 7 

Release experiments performed at 37 °C and elevated temperature were performed with segments of 

comparable size in 10 mL acetate buffer (representative of 100 mL per IVR), but at this point the 

frequencies in which sampling and media replacement was performed were not adapted to reflect 

real-time release. Consequently, compared with real-time release experiments the ring segments were 

exposed to a different dose to volume ratio, which could account for changes in the release profiles 

under accelerated testing conditions. Thus, establishing a correlation between real-time and 

accelerated release appears more sophisticated for this IVR. It also has to be taken into account that 

API solubility increases with increasing temperature. When comparing the accelerated release profiles 

at 45 °C with real-time release profiles in dose to volume ratios representative of 100 and 200 mL per 

IVR after appropriate time scaling, a good overlap can be observed with the release profiles obtained 

in 200 mL (Figure 24). Since the diffusion coefficient correlates with the size of the molecule and both 

steroids are relatively small molecules with a molecular weight of 324.5 and 296.4 g per mol for ENG 

and EE, respectively, a similar diffusion coefficient can be expected for both drugs. Thus, when 

accelerated release at elevated temperature is primarily a result of increases drug diffusion, it should 

be expected that the degree of acceleration is similar for both drugs. At 45 ° the degree of acceleration 

is slightly different for ENG and EE (evidence is provided by different scaling factors between real-time 

and accelerated release for both drugs). However, since EE release appeared to be more affected by 

variations in the dose to volume ratio, it is possible that the observed deviations can be explained by 

solubility related effects and disappear under conditions of sufficient drug solubility. 

From the Arrhenius relationship between temperature and zero-order release constants it can also be 

concluded that in vitro release from the IVRs strongly depends on the applied test temperature. Even 

at 37 °C temperature variations of ± 0.5 °C that are commonly accepted for dissolution tests (USP, 

chapter <711>) can lead to significant changes in the release rate. Figure 47 illustrates possible 
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variations in the daily ENG release rate from the Nuvaring® when a temperature precision of ± 0.5 °C 

is assumed. The limits were calculated with respect to the Arrhenius equation (Figure 17) based on 

release release profiles from Nuvaring® segments in USP apparatus 7 at a test temperature of 37 °C 

(presented in Figure 10). 

 

Figure 47 Predicted release profiles of the daily ENG from Nuvaring® segments in USP apparatus 7 at test 
temperatures of 36.5 (···) and 37.5 °C (---) 

These findings underline the importance of precise temperature control during in vitro drug release 

testing. The need for a more stringent temperature control for reproducibiliy of dissolution profiles of 

temperature-sensitive products has already been expressed elsewhere [64]. 

Release experiments with Nuvaring® segments were also performed in a setup that was based on a 

heatable magnetic stirrer (Figure 48 a). In this setup IVR segments were placed in a helix wire sinker 

that was attached to the screw cap of the reaction vessel (Figure 48 b). The magnetic stirrer was 

equipped with aluminum quarters that support optimum heat transfer. In these experiments 20 mL of 

VFS were used as the release medium. 

(a) (b)  

 
 

 

Figure 48 Test setup for drug release testing of IVR segments based on a heatable magnetic stirrer 

The release profiles obtained in these setup were comparable with those in the incubator shaker but 

in individual cases inconsistencies could be observed in the release profiles (a real-time release profile 

with a shift in the release profile after day 4 is depicted in Figure 49 a). In other experiments 
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reproducibility between consecutive experiments with the same IVR was not provided. Poor 

reproducibility and irregularities in the release profiles were most likely the result of insufficient 

temperature control. Therefore, the experiments were discontinued and transferred to the USP 

apparatus 7 that provided precise temperature control and a higher degree of standardization. At this 

point, release experiments in this setup had already been performed at different temperatures and 

the release profiles showed a similar trend with time as observed in the USP apparatus 7 (Figure 49 b). 

Release experiments at elevated temperature with adapted sampling frequencies were also in good 

agreements with real-time release profiles. 

(a) 

 

(b) 

 

Figure 49 Daily release profile (a) at 37 °C and cumulative ENG release profiles at different temperatures (b) 
from Nuvaring® segments standardized to release per ring 

5.2.2 The impact of hydro-organic solvents 

Drug release from non-porous polymer matrices will be influenced by the physical and chemical 

properties of the matrix and by the properties of the release medium. According to the solution-

diffusion model, the medium can affect drug permeation either by affecting drug partitioning or drug 

diffusion. If there is no interaction between the medium and the polymer (e.g. polymer swelling is 

negligible) the properties of the release medium will only affect drug partitioning. The latter will be 

affected by the relative affinity for the drug between two phases which includes the solubility in the 

receptor medium. When the medium contains a swelling agent, solvent molecules will penetrate into 

the matrix and alter the diffusion characteristics. 

Solvent polymer interactions have been well investigated and reported in the scientific literature. 

Lower n-alkanol or n-alkanol/water mixtures are generally poor solvents for PEVA but nevertheless 

can cause slight swelling which is important since already modest degrees of swelling have been 

reported to affect drug diffusivity [65]. Due to the potential of being used as vehicles in reservoir 

systems to enhance the solubility of poorly soluble drug candidates, some attention has been directed 
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towards understanding the impact of different cosolvent systems on drug diffusivity in cross-linked 

polymers [56, 65, 66]. 

In 1968 Yasuda et al. proposed a theory that correlates the degree of membrane swelling with drug 

diffusivity [67], which has been extended to describe the effect of swelling on drug permeability 

through cross-linked polymeric membranes by Peppas and Reinhard [68]. It is believed that due to the 

swelling effect an increase in drug diffusivity is mainly caused by an increase in free volume [66]. Chen 

et al. investigated the effect of vehicle EtOH concentration and VA content on the diffusion 

characteristics of benzocaine in PEVA membranes [56]. The authors found that the maximum flux of 

the model drug through a PEVA membrane increased with increasing EtOH concentration and VA 

content. For membranes with a given VA content, increasing EtOH concentration resulted in increased 

diffusivity due to membrane swelling caused by EtOH.  

Polar solvents can substantially alter the drug diffusion characteristic with low degree of matrix 

swelling, and can therefore also be employed for accelerating drug release during in vitro release 

testing. The impact of three different solvents (IPA, EtOH and ACN) in distinct aqueous dilutions on the 

release properties was investigated in a set of screening experiments. Since polymer swelling has been 

reported to correlate with diffusivity the degree of polymer swelling in the cosolvent systems was 

investigated via a digital balance. Screening release experiments in different binary mixtures with 

water (25, 50 and 75 % solvent concentration) demonstrated an increase in the overall release rate 

with increasing solvent content, where the rank order of acceleration was comparable for both IVRs 

(Figures 25 and 28). The increase in the amount of drug released per time unit was higher for the 

investigational IVR. This observation is in agreement with literature reports, where swelling as well as 

diffusivity in EVA copolymers increased with increasing VA content [56]. The VA content of the 

Nuvaring® rate-controlling membrane is 9 %, whereas the investigational IVR is based on PEVA with 26 

% VA content. EVA copolymers are readily available with a VA content ranging from 0-40 %, where the 

latter determines the rigidity of the copolymer and can be adapted to tailor the release properties. 

Overall, swelling in both IVRs increased with solvent concentration (Figures 38 and 39), which is also 

in agreement with literature reports. The miscibility between a polymer and a solvent can be predicted 

based on the solubility parameter concept. Based on this concept the greatest degree of polymer 

swelling is expected in solvents whose solubility parameter most closely matches that of the polymer 

[65]. Solubility parameters (cal/cm3) 1/2 of 23.5 (water), 12.9 (EtOH), 11.9 (ACN) and 11.5 (IPA) have 

been reported in the literature [65, 69]. For the binary mixtures with the highest solvent concentration 

the rank order of swelling after 7 days was EtOH < ACN < IPA for both IVRs, which is in agreement with 

the solubility parameter concept, given that the solubility parameter of PEVA is respectively smaller 

than that of the respective solvents. 
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The investigational IVR also showed a small degree of swelling in water. Since EVA copolymers are in 

general poorly swellable in water (<0.5 %), the increased swelling capacity is attributed to the 

functional excipient HPC. 

After 7 days of incubation, independent of the IVR type, the largest amount of drug was released from 

the IVRs incubated in 75 % ACN. Based on the swelling properties, however, it may have been expected 

that diffusivity and drug release is higher in the solutions with IPA.  

Models that correlated polymer swelling with diffusivity are supported by experiments where the 

experimental permeation rate is measured in a setup where a piece of membrane is already saturated 

with the respective solvent mixture, before being mounted in a side by side diffusion chamber where 

the drug flux from donator to receptor compartment is measured [56, 66].  

During in vitro release experiments the situation is more complex. The solvent has to penetrate into 

the matrix and the matrix is saturated with the respective solvent until equilibrium swelling is achieved. 

Therefore, it has to be taken into account that the rate of drug release may not only be affected by the 

degree of polymer swelling but also by the time that is required until equilibrium swelling in the 

membrane or relevant part of the matrix is achieved. For the Nuvaring® the time to equilibrium 

swelling was much shorter in ACN compared with the other two solvents and a higher degree of 

swelling during earlier time-points could account for more rapid drug release. However, this effect was 

less dominant for the investigational IVR and compared with 50 % ACN a higher swelling rate in IPA 

could be observed, also during the earlier time-points. Apart from the time until equilibrium swelling 

is achieved, the changes in drug solubility in the swollen EVA copolymer can also affect the rate of drug 

release, though it has been reported in the literature that the effect of various EtOH concentrations 

on the solubility of benzocaine in EVA copolymers was small compared to the increase in diffusivity 

[56]. 

It is also noteworthy, that a minor difference in the degree of acceleration of drug release could be 

observed between mixtures with 50 and 75 % ACN content for both IVRs. The same tendency was 

reflected in the % weight increase in these solvents. It should be noted that diffusivity correlates with 

% volume swelling, where the volume fraction of swelling agent can be approximated by the volume 

fraction of the pure solvents [66]. In order to determine % volume swelling from the mass increase, 

the density of the vehicle and the solvent have to be considered. Hence, the difference between the 

swelling properties of 50 and 75 % ACN becomes more pronounced when expressed as % volume 

swelling (the latter was not determined since the density of the Nuvaring® was unknown). 

After getting a general idea on the degree of acceleration in different binary solvent mixtures, release 

experiments were performed with selected solvents and shorter sampling frequencies. For the 
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Nuvaring® the degree of acceleration in the investigated binary mixtures was only moderate which is 

probably related to the poor swelling characteristics of the PEVA membrane with only 9 % VA content. 

However, a good correlation was obtained between accelerated release profiles and those obtained 

under real-time test conditions (Figure 27), indicating that similar to elevated temperature 

experiments, the mechanism of release is maintained in hydro-organic release media. When the 

release profiles of the investigational IVR in 75 % IPA are compared with those observed in 75 % EtOH 

and 50 % ACN (Figure 28), drug release in all three solvents is characterized by a strong initial burst 

release and decreasing thereafter. In order to evaluate the impact of the accelerating agent on the 

mechanism of release, a correlation between real-time and accelerated release has to be established. 

At this point it has to be considered that the in vitro release behavior of the investigational IVR was 

influenced by properties of the release medium that affect drug solubility. When a correlation between 

real-time and accelerated release is established it is therefore necessary to elucidate the test 

parameters under real-time test condition that are most reflective of the release properties under 

accelerated conditions.  

In a first step, the time-scaled normalized release profiles in the three different organic solvents (75 % 

IPA, 75 % EtOH and 50 % ACN) were compared, to evaluate if the mechanism of release differs between 

the three solvents. At this point, the curves were normalized to match the real-time release profiles in 

100 mL acetate buffer due to the fact that the release profiles in the hydro-organic solvents became 

inconsistent at later time points. The latter was most probably a result of the not yet optimized testing 

procedure. The results indicate that the solvent type mainly influences the degree of acceleration, 

whereas the shape of the release profile (the mechanism of release) was similar in the different solvent 

mixtures (Figure 30). Time scaling on the 100 mL real-time release profiles resulted in a poor overlap 

of real-time and accelerated release profiles since drug release at the initial time points was 

significantly higher in the hydro-organic solvents. Time-scaled daily release profiles in 50 % ACN under 

optimized test conditions also showed an insufficient overlap during the initial time points after being 

matched to the 200 mL real-time release profiles (Figure 33). In the latter experiment, the 

discriminatory ability of the accelerated method to distinguish between rings with different release 

characteristics under real-time test conditions was also evaluated. Even though the correlation 

between 200 mL real-time release and accelerated release was poor with respect to changes in the 

mechanism of release, the discriminatory ability was provided as indicated by similar scaling factors 

between real-time and accelerated release that were independently calculated for the two different 

prototypes ETINORDIEL-VAL and ETINORDIEL-OOS. 

Similar to an increase in media volume, the addition of surfactants or cyclodextrins to the release 

medium induced an increase in the release rates over the first week, whereas release profiles of IVRs 
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in 100 or 200 mL acetate buffer were approximated by the end of the first week. Apart from swelling 

the polymer and enhancing the diffusivity hydro-organic release media will also enhance the solubility 

of the steroids in the release media as well as wettability. Therefore, it is likely that the best fit will be 

obtained with real-time release profiles in release media containing surfactants which provide 

maximum drug solubility. Since an increase in the release rate during the initial time points could be 

observed with decreasing dose to volume ratio in release experiments with segments in USP apparatus 

7 (Figure 13), release profiles in surfactants are also expected to be representative of release profiles 

in acetate buffer in larger media volumes. In this work release data in release media containing 

surfactants were only recorded over the first 7 days. However, if the assumption is made that release 

in media containing surfactants approaches real-time release by the end of the first week, the release 

rates in the subsequent two weeks can be extrapolated with real-time data and thus the cumulative 

release after 21 days in surfactant can be calculated. Time scaling can then be performed on real-time 

release in media containing surfactants. Figure 50 shows the release profile of the predicted daily 

release in AB + 0.3 % SDS and the time-scaled accelerated release profile in 50 % ACN. The curves are 

in good agreement with slight deviations in the first two days. 

  
  

Figure 50 Daily release in AB + 0.3 % SDS from ETINORDIEL-Val segments standardized to release per ring 
and time-scaled accelerated release in 50 % ACN (a+b). 

Drug release from the investigational IVR can be described by a diffusion-controlled square root of 

time kinetic. The Higuchi plots of real-time release profiles in acetate buffer showed a good linear 

correlation but slight deviations could be observed during the initial time points. Figure 51 

demonstrates that the quality of the fit increases when based on the extrapolated release profiles in 

surfactant. Also under accelerated test conditions, a diffusion-controlled mechanism appears to be 

provided. 
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Figure 51 Higuchi plots of accelerated release for EITNORDIEL-VAL in 50 % ACN and and ETINORDIEL-VAL 
segments in AB + 0.3 % SDS standardized to release per ring 

The degree of acceleration that can be achieved by an increase in temperature or the application of 

hydro-organic release media depends on the accelerating agent (i.e. the magnitude of temperature 

change or the type of solvent or solvent/water mixture) and the physical chemical properties of the 

delivery system. Temperature can only be increased to a point where sufficient drug stability and 

physical integrity of the delivery system are provided (the melting point of EVA 28 is slightly above 

80 °C). The solvent type or water content of aqueous mixtures may be adapted to achieve sufficient 

acceleration, but in general swelling should be kept at a low level, since excessive swelling could alter 

other parameters (e.g. the dimensions of the IVR). If so, the release properties will also be altered since 

drug release can be affected by increasing IVR radius or membrane thickness.  

However, since the parameters temperature and hydro-organic solvent increase diffusivity in distinct 

ways, it should be possible to further increase the degree of acceleration by combining both 

parameters. Release experiments in 50 % ACN that were performed at a temperature of 45 °C could 

reduce the time required to asses drug release from Nuvaring® from approximately 9 days in 50 % ACN 

at 37 °C to approximately 3 days (Figure 35). A similar effect could be observed for the investigational 

IVR where the discriminatory ability to differentiate between the two different batches of ETINORDIEL-

VAL and ETINORDIEL-OOS was maintained. For this IVR the time required to assess real-time release 

after 21 days (in 200 mL acetate buffer) could be further reduced from approximately 2.3 days in 50 % 

ACN at 37 °C to approximately 1.3 days (Figure 36). In these experiments the test was terminated 

before the cumulative amount representative of real-time release after 21 days was reached, but for 

both IVRs the corresponding sections of the release profiles indicated no changes in the mechanism of 

release when compared with release profiles in 50 % ACN. This observation seems reasonable since an 

increase in temperature is not expected to affect the mechanism of release. 
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5.3 Evaluation of in vitro test equipment 

Dissolution methods for QC should be standardized and, as possible, fulfill the criteria set by 

international pharmacopoeia or regulatory agencies. Due to the lack of an appropriate official 

dissolution apparatus, in vitro drug release testing of IVRs is currently recommended to be performed 

in incubator shakers. Standardization of dissolution test equipment and procedures is in general 

desirable to avoid variations in the dissolution results that can be reduced to the test method. The USP 

apparatus 7 400-DS provides distinct features such as precise temperature control, control of 

evaporative loss and automated sampling and media replacement that match the requirements for in 

vitro release testing of IVRs under real-time and accelerated test conditions in many aspects. A 

standard test apparatus that can accommodate entire IVRs and provides similar features is therefore 

desirable.  

Sufficient capacity of the dissolution vessels with respect to media volume should be provided, where 

sink conditions may be facilitated by the addition of surfactants and/or the frequency of media 

replacements. With respect to hydrodynamics drug release was surprisingly very robust within the 

different setups. Drug release profiles with segments in USP apparatus 7 and the incubator shaker 

were in general comparable and not affected by hydrodynamic variations. In the incubator shaker drug 

release was also not affected by the position of the IVR in the stoppered flask, i.e. whether the IVR was 

attached to a sinker or freely floating in the release medium. Thus, the observed boundary layer effects 

can not necessarily be influenced by hydrodynamic variations and the hydrodynamic requirements 

regarding positioning of the IVR and agitation rate may be less demanding. Overall, this observation 

should be further investigated with higher agitation rates and other vaginal ring products. 

5.4 Biorelevant aspects of the in vitro methods 

In controlled release delivery systems where drug release is predominantly governed by diffusion, the 

latter is often highly predictable and in many cases mathematical modeling allows for a precise 

quantitative prediction of the release kinetics. As for any other delivery system, evaluation of the in 

vitro release properties under conditions that reflect the physiological site of administration is crucial 

to predict in vivo performance. However, due to the nature of these systems in vivo release may be 

less dependent on the environmental conditions compared with other delivery systems. This is 

especially true for delivery systems with in vitro release properties that are merely influenced by the 

in vitro test conditions. 

The gold standard of any in vitro release test is biorelevance. The biorelevant test allows to predict in 

vivo performance and can therefore not only guide product development but additionally has 
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substantial value during drug approval and post approval phases since the biorelevant test can be used 

as a surrogate for bioequivalence studies. Real-time release tests are generally required to establish 

an in vitro/in vivo correlation. When biorelevance has been demonstrated for the real-time test, the 

accelerated test may be of similar value when the biorelevant aspect is maintained under accelerated 

test conditions. The latter implies two major prerequisites (i) the mechanism of release does not 

change under accelerated test conditions and (ii) the discriminatory ability of the accelerated method 

is comparable to that of the real-time method. 

For the Nuvaring® IVIVC has been established and accepted by the FDA [45], but limited information is 

available that allows for a detailed evaluation of the correlation. The Nuvaring® is an example of a 

delivery system where biorelevance could be established based on tests conditions that are per se not 

reflective of the in vivo situation. According to literature references, the IVIVC was supported by in 

vitro data demonstrating that drug release from Nuvaring® is independent of the in vitro test 

conditions, including media volume composition (i.e. the addition of surfactants), pH and agitation 

rate. Demonstration of condition-independent dissolution can facilitate the development of an IVIVC, 

since the predictability is expected to be higher when in vitro release is not influenced by variations in 

the test conditions. 

In release experiments performed with the Nuvaring® under various testing conditions it was found 

that drug release to some extent depended on the test parameters. The overall release rate was 

particularly influenced by the frequency of media replacement. The reason for this observation is not 

quite clear. Yet, the influence of variations in the media volume and surfactants in the release medium 

were comparatively small. Therefore, under prevailing test conditions (i.e. fixed time points for media 

replacement), drug release from Nuvaring® may be considered as independent of variations in the test 

parameters. The official test method employs an agitation rate of 750 rpm, which is exceptionally high. 

It is possible that these extreme conditions further minimize the influence of surfactants and media 

volume. In other words, vigorous agitation may obscure the sensitivity of the in vitro method towards 

distinct external influences and thus ensure the desired robustness of the in vitro method. However, 

the latter would imply that hydrodynamic boundary layer effects can be accounted for the differences 

in the release rate, which is not quiet in agreement with observations that we have made in our lab, 

where drug release was not sensitive towards variations in the agitation rate.  

Compared to the observations made for the Nuvaring® in vitro release from the investigational IVR 

prototypes was more sensitive towards variations in the in vitro test conditions. Especially parameters 

that were related to affect the solubility in the receptor medium, had a distinct influence on the release 

properties during the first week of drug release. Since the overall delivery duration of this product is 
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limited to three weeks, the observed differences had thus a prevailing effect on the overall release 

kinetics.  

The investigational IVR is still in preclinical evaluation and the formulation has yet to be optimized. The 

role of the in vitro test during the optimization process, however, is crucial because the in vitro release 

profiles of both drugs have to match those of the Nuvaring® and with a different sensitivity towards 

variations in the in vitro test conditions, equivalence in vitro does not necessarily guarantee 

bioequivalence in vivo. 

At this point, it is not the primary goal to postulate which test conditions will be most predictive of the 

in vivo behavior of this formulation. In vivo, the IVR is in contact with vaginal fluid and a certain degree 

of sink is provided by direct diffusion into the vaginal tissue and uptake into the systemic circulation, 

but it remains to be elucidated by appropriate in vivo data which test conditions with respect to media 

volume (and/or composition) will be most reflective of in vivo performance. At this point, the primary 

intention was to characterize the in vitro release behavior of the IVR and understand the parameters 

that will affect the release rate in vitro. The latter is considered as a prerequisite for developing and 

understanding accelerated release tests.  

5.5 Evaluation of the validity of the accelerated methods 

The main attribute of an accelerated release method is adequate discriminatory ability. As a quality 

control tool, the accelerated test should be able to discriminate between batches with respect to 

manufacturing variables that can impact on bioavailability. If the real-time method is predictive of in 

vivo behavior, the mechanism of release should be maintained under accelerated test conditions.  

An increase in temperature or the application of hydro-organic release media resulted in accelerated 

drug release from the Nuvaring®, whereas the mechanism of release was maintained. With respect to 

the investigational IVR, the situation is more complex, since the release kinetics under real-time test 

conditions are condition-dependent, as both, an increase in the media volume as well as the addition 

of surfactant yielded significantly higher release rates during the first week resulting in distinct time 

course profiles. In order for temperature-controlled accelerated release profiles to being predictive of 

real-time release under defined test conditions, it will therefore be required to take into account 

changes in steroid solubility at elevated temperature. Appropriate adaption of the frequency in which 

media replacement is performed is also crucial (but more difficult to attain), since this will affect the 

effective API solubility (or dose to volume ratio). In order to compare the release kinetics at elevated 

temperature and to evaluate, if Arrhenius behavior is provided release experiments under both real-

time and accelerated conditions should be performed in release media containing surfactants to 
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eliminate solubility-related variations. That the release mechanism is maintained under conditions 

when sufficient drug solubility in the receptor compartment is provided is indicated by the fact that a 

good correlation was found between release profiles in 50 % ACN at 37 and 45 °C. 

Hydro-organic release media will not only enhance diffusivity but also increase steroid solubility in the 

release medium and eliminate boundary-layer effects. Hence, a correlation with real-time release 

profiles will most likely exist under conditions of maximum drug solubility in the receptor 

compartment. For the investigational IVR the latter was provided in media containing surfactants and 

may also be achieved in acetate buffer in larger media volumes. As demonstrated in Figure 50, the best 

overlap of real-time and accelerated release profiles was found when the release profiles in hydro-

organic media were matched with real-time release profiles obtained in surfactants.  

Provided that release profiles in smaller media volumes will be representative of in vivo release, the 

accelerated method in hydro-organic solvents will consequently alter the mechanism of release. Thus, 

when the release kinetics under real-time test conditions depend on the test parameters (i.e. solubility 

in the release medium), that will inevitably be altered under accelerated conditions, certain changes 

in the mechanism of release should be taken into account. 

However, with respect to its application as a quality control tool the main attribute of the accelerated 

test is the ability to differentiate between good and bad batches. The latter will be provided, as long 

as all formulations experience similar changes in the release profile under accelerated test conditions, 

and thus can be differentiated from each other. In the present work, the accelerated tests in hydro-

organic solvents and/or at elevated temperature were able to detect changes in the release profiles of 

two different prototypes of the investigational IVR that exhibited differences in the real-time release 

profiles as a consequence of different drug loads, with a discriminatory ability similar to that of the 

real-time test. 

Results from this work also demonstrated that the temperature-controlled accelerated method was 

less sensitive to detect changes in the release characteristics of a Nuvaring® that have been induced 

by preliminary heat-treatment, indicating that the temperature-controlled accelerated method may 

fail to detect changes in the release properties that are a result of excessive physical aging (a process 

that can be accelerated by heat-treatment). In general, the quality control in vitro method should also 

be able to assure the stability of the product with regard to the established shelf life. Stability studies 

are often conducted under accelerated conditions that involve exposure to elevated temperature. 

Common accelerated storage conditions according to the ICH and FDA guidance document Q1A(R2) 

[70] are (40 °C ± 2 °C/75 % RH ± 5 % RH). The excessive heat treatment at a temperature of 70 °C and 

subsequent changes in the polymer and release properties are not necessarily reflective of accelerated 



Discussion   

 

90 
 

storing conditions or meaningful manufacturing variances. Nevertheless, the results should highlight 

the importance of appropriate validation of the accelerated method. When the aim is to set dissolution 

specifications that are relevant for the acceptance or rejection of a batch, the accelerated test should 

be validated with samples from non-conforming batches that are out of specification under real-time 

test condition and have been obtained by small but deliberate variations in the critical process 

parameters. When the accelerated method is based on an increase in temperature, the validation 

procedure should also include batches from stability studies. 

It is noted that accelerated drug release tests that are currently employed by the pharmaceutical 

industry for approved drug products do not exceed a test temperature of 45 °C. Based on these 

observations, also taking into account limited drug stability and physical integrity of the delivery 

system at elevated temperature as well as other possible implications, a too strong rise in the test 

temperature is in general not recommended. 

To allow for adequate assessment of the initial burst release, the accelerated test is often used in 

conjunction with a real-time test that is performed over an initial time period. An initial burst release 

can often be observed in controlled release formulations and may not be adequately reflected by the 

accelerated method, since in this phase drug release may be controlled by distinct mechanisms. 

Similar to an initial burst (even though technically different in the time-scale of release) the variations 

in the real-time release profile of the investigational IVR can only be observed during an initial time 

period. Since the entire delivery duration of the IVR is limited to 3 weeks, the impact on the overall 

release profile is significant. For long acting formulations (e.g. Implanon® that releases ENG over a 

period of three years) with similar characteristics the effect on the overall release profile would be less 

dominant and an accelerated test could be used for reliable prediction of long-term release, whereas 

a real-time test would be helpful to assess the onset of drug release. 
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6 Summary 

Accelerated drug release tests are essential for quality control of long acting (non-oral) sustained or 

controlled release formulations. Real-time release experiments are usually required for product 

development, to understand the mechanism of release and to establish a correlation with in vivo 

release. In parallel, an accelerated method should be developed for quality control purposes, since the 

duration of the drug release test will directly affect the time to batch release. If the accelerated test is 

developed based on a real-time method that is predictive of in vivo performance, the accelerated test 

should maintain the biorelevant aspect of the in vitro method, which implies that the mechanism of 

release should not change under accelerated test conditions. At the same time adequate 

discriminatory ability is a prerequisite as the accelerated test should be able to discriminate between 

batches with respect to manufacturing variables that can impact on bioavailability. 

The objective of this thesis was to develop accelerated drug release tests for intravaginal rings (IVRs) 

and to gain a mechanistic understanding of the principles that facilitate in vitro drug release under 

accelerated test conditions. A detailed evaluation of the in vitro release characteristics of the 

formulations under real-time test conditions was considered as a prerequisite for developing 

predictive accelerated tests. Two formulations were subject of this study that should also be 

representative of other controlled release devices that are based on dense (non-porous) polymer 

matrices, in which the mechanism of release is primarily governed by drug diffusion (e.g. implants). 

One formulation was the commercially available Nuvaring®, a combined hormonal contraceptive IVR 

that releases etonogestrel and ethinylestradiol with a constant rate over a duration of three weeks. 

The second formulation was an investigational IVR that is supposed to be bioequivalent to the 

marketed formulation and releases both gestagen and estrogen in a rate that will result in the same 

targeted level of hormones in the body. Subject of this study was a preclinical prototype with a not yet 

optimized release profile.  

The Nuvaring® provides an example of a reservoir system in which a membrane mediates diffusion 

resulting in release rates that are almost constant with time, whereas the investigational IVR is a 

monolithic IVR (matrix-type). In matrix-type devices drug release is driven by Fickian diffusion through 

a homogeneous matrix and decays with time. The IVRs are based on different grades of polyethylene 

vinyl acetate (PEVA). The rate-controlling membrane of the Nuvaring® is based on PEVA with 9 % vinyl 

acetate content, whereas the monolithic investigational IVR is based on PEVA with 26 % vinyl acetate 

content in addition with small amounts of a hydrophilic polymer. 

An increase in the release rate was expected at elevated temperature and in hydro-organic solvents 

since these two parameters were supposed to increase drug diffusivity through the semicrystalline 
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EVA copolymer. Release experiments with the IVRs were performed in two different setups. As 

currently recommended by the FDA, an incubator shaker was used for release experiments with either 

IVRs or endcapped segments. The devices were placed in stoppered flasks containing an adequate 

release medium that was continuously shaken, maintained at body temperature and completely 

replaced at predetermined time points. Release experiments with endcapped segments were also 

performed in a small volume version of UPS apparatus 7 (the Reciprocating Holder). Results from 

release experiments in these two setups were in general comparable when the release from segments 

was standardized to release per ring with respect to the mass ratio (segment/IVR). Utilization of USP 

apparatus 7 enabled to work with a compendial apparatus that provided a high degree of 

standardization and reproducibility of the resulting release profiles. Real-time drug release in an 

aqueous release medium at a temperature of 37 °C from the Nuvaring® was slightly affected by 

variations in the in vitro test conditions, i.e. media volume, composition (addition of surfactants) and 

the frequency in which the release medium was replaced. Variations in the in vitro test conditions, 

however, did not affect the release kinetics that continued to be zero-order with exception of the initial 

burst. In contrast, real-time drug release from the monolithic IVR was affected by variations in the 

media volume and reached a maximum in release media containing solubility enhancing agents, such 

as surfactants or cyclodextrins. Since the difference in the release profiles diminished after 

approximately 7 days, the mechanism of release depends on the in vitro test conditions. Since drug 

release was influenced by the steroid solubility in the receptor medium boundary layer effects were 

discussed to account for this observations. In the presence of an aqueous boundary layer at the 

interface between IVR surface and matrix, drug partitioning between matrix and the release medium 

may have a distinct influence on the release properties. In well agitated release media boundary layer 

effects are expected to be minimized if sink conditions can be assumed. Interestingly, the observed 

variations in the release properties were not affected by the agitation rate. Moreover, the differences 

were slightly more pronounced for ethinylestradiol, the steroid that is conversely more soluble in 

water and released in a lower dose. For this drug, the media volume in the receptor compartment had 

a distinct influence on the release rate under conditions that are commonly assumed to provide sink 

conditions. Even under experimental conditions that provided minimum drug solubility, the 

concentration of ethinylestradiol in the receptor medium never exceeded 3 % of the saturation 

solubility.  

Accelerated drug release from both IVRs could be observed after exposure to elevated temperature 

and/or hydro-organic release media. Overall, increased drug release in different hydro-organic media 

correlated with polymer swelling. The higher swelling capacity of the investigational IVR, when 

compared with the Nuvaring®, was accounted for a stronger degree of acceleration in different hydro-

organic release media. These observations were in agreement with literature sources that report that 
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swelling as well as diffusivity in EVA copolymers increases with increasing vinyl acetate content, which 

is lower in the rate-controlling membrane of the Nuvaring®.  

In general a correlation between real-time and accelerated release will be easier to attain if the 

mechanism of release under real-time test conditions is independent of the test parameters. As the 

release kinetics of the investigational IVR were influenced by the steroid solubility in the release 

medium, establishing a correlation between real-time and accelerated release was more sophisticated 

for this IVR. A good correlation could be observed between real-time and accelerated release in hydro-

organic media based on real-time release profiles that have been obtained under conditions that 

provide maximum drug solubility and thus eliminate boundary layer effects. This observation appears 

reasonable since hydro-alcoholic release media also enhance steroid solubility in the receptor 

compartment. When elevated temperature release profiles were matched with real-time release 

profiles under conditions that did not provide maximum drug solubility in the release medium, slight 

deviations could be observed between the time-scaled release profiles. This deviations could be 

explained by an increase in solubility under accelerated test condition due to the temperature effect 

and/or differences in the frequency in which media replacement was performed.  

In the Nuvaring® variations in the in vitro test parameters under real-time test conditions did not affect 

the release kinetics. For this IVR, the mechanism of release was also maintained in hydro-organic 

release media and at elevated temperature. The quantitative relationship between the zero-order 

release constants and the test temperature could be described by the Arrhenius equation, indicating 

that accelerated release is governed by an increase in drug diffusion. 

Validation of the accelerated method with a prototype of the investigational IVR with a different drug 

load demonstrated that the accelerated methods were able to detect formulation changes with similar 

discriminatory ability as the real-time test. The temperature-controlled accelerated method was less 

sensitive to detect changes in the release characteristics of a Nuvaring® that have been induced by 

preliminary heat-treatment (which induces a recrystallization process in the EVA copolymer), 

indicating that the temperature-controlled accelerated method may fail to detect changes in the 

release properties of IVRs that are a result of excessive physical aging. The induced changes in the 

polymer morphology are not necessarily expected in non-conforming batches that are result of normal 

manufacturing variance. Nevertheless, as the release properties of PEVA strongly depend on the 

polymer properties, it should be taken into account that changes in polymer morphology could alter 

the temperature sensitivity which will be reflected in the discriminatory ability of the accelerated test. 

Therefore, when the aim is to develop an accelerated method for batch release it is crucial to assure 

that the accelerated method is able to detect meaningful manufacturing variance. For this purpose the 
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accelerated method should be validated with samples from non-conforming batches that are out of 

specification under real-time test conditions and have been obtained by small but deliberate variations 

in the critical process parameters. 

In both formulations the degree of acceleration could be further increased by combining the effect of 

hydro-organic release media with an increase in temperature. Under these test conditions the ability 

to differentiate between the different prototypes of the investigational IVR was maintained. 

Moreover, in both IVRs the mechanism of release was not affected by an additional increase in 

temperature when compared with release profiles in hydro-organic solvents.  

In conclusion, both temperature and hydro-organic solvents, or a combination of both parameters, 

facilitated accelerated drug release from the investigated formulations. Similar effects can be expected 

in other diffusion controlled delivery systems based on non-biodegradable, inert polymer matrices. 

Results from this study indicate that both parameters primarily enhance drug diffusion and that the 

mechanism of release is maintained under accelerated test conditions. Establishing a correlation 

between real-time and accelerated release will be facilitated if the mechanism of release under real-

time test conditions is not affected by variations in the test parameters. The degree of acceleration 

will depend on the magnitude of temperature increase, the properties of the solvent and the 

physicochemical characteristics of the delivery system. Which parameter is most appropriate has to 

be decided on a case by case basis and validation of the discriminatory ability of the accelerated 

method with appropriate batches is crucial to assure the outcome of the test with respect to quality 

and safety. 
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