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    Abstract
The Product Quality Research Institute (PQRI) is a non-profit consortium of organizations working together to generate and share timely, relevant, and impactful information that advances drug product quality and development. The collaborative activities of PQRI participants have, in the case of orally inhaled and nasal drug products (OINDPs), resulted in comprehensive and widely-accepted recommendations for leachables assessments to help ensure patient safety with respect to this class of packaged drug products. These recommendations, which include scientifically justified safety thresholds for leachables, represent a significant milestone towards establishing standardized approaches for safety qualification of leachables in OINDP. To build on the success of the OINDP effort, PQRI's Parenteral and Ophthalmic Drug Products (PODP) Leachables and Extractables Working Group was formed to extrapolate the OINDP threshold concepts and best practice recommendations to other dosage forms with high concern for interaction with packaging/delivery systems. This article considers the general aspects of leachables and their safety assessment, introduces the PODP Work Plan and initial study Protocol, discusses the laboratory studies being conducted by the PODP Chemistry Team, outlines the strategy being developed by the PODP Toxicology Team for the safety qualification of PODP leachables, and considers the issues associated with application of the safety thresholds, particularly with respect to large-volume parenterals. Lastly, the unique leachables issues associated with biologics are described.

LAY ABSTRACT: The Product Quality Research Institute (PQRI) is a non-profit consortium involving industry organizations, academia, and regulatory agencies that together provide recommendations in support of regulatory guidance to advance drug product quality. The collaborative activities of the PQRI Orally Inhaled and Nasal Drug Products Leachables and Extractables Working Group resulted in a systematic and science-based approach to identify and qualify leachables, including the concept of safety thresholds. Concepts from this widely accepted approach, formally publicized in 2006, are being extrapolated to parenteral and ophthalmic drug products. This article provides an overview of extractables and leachables in drug products and biologics and discusses the PQRI Work Plan and Protocols developed by the PQRI Parenteral and Ophthalmic Drug Products Leachables and Extractables Working Group.
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Introduction

Pharmaceutical products are manufactured, stored, distributed, and/or administered in packaging systems, including bottles, bags, vials, ampules, prefilled syringes, inhalers, and others. Packaging systems are made up of components that are fabricated from materials, such as rubber, plastic, glass and metal, which contain both organic and inorganic chemical substances that are either added purposefully for functional reasons, or which are present as surface residues due to the packaging components' manufacturing. Packaging components can be in direct contact or indirect contact with the drug product formulation. During the time that the drug product and its packaging system are in contact, the two may interact. One such interaction is the migration, or leaching, of chemical substances out of the packaging system and into the drug product formulation. These chemical substances have the ability, under certain circumstances, to migrate out of the packaging system (extractables) and/or potentially affect the quality of the drug product and have an adverse effect on the patient.

Regulatory guidance documents on packaging systems, while missing sufficient guidance, have provided pharmaceutical manufacturers with a high level strategic process to assess and qualify the safety of extractables and leachables in various dosage forms using a risk-based approach and sound science. This strategic process includes identifying extractables, performing migration studies, and evaluating toxicity of extractables/leachables (1⇓⇓–4). While the guidance documents establish high-level strategies and processes, the practical implementation of this process is problematic because it suggests that all extractables and/or leachables, regardless of their accumulation levels, must be reported and undergo full toxicological safety assessments. Such an assessment would be necessary even when the concentration of the leachables in the drug product is so low that it is highly unlikely that it will adversely affect patient safety. However, some extractables may not be detected in the final drug product (i.e., they are not leachables), and some leachables may be present in the final drug product at levels so low as to be of negligible risk to human safety (5). Such a situation may be counterproductive, as regulatory and industry resources are most effectively used and ensure the greatest level of product safety when they are focused on those substances to which patients are actually exposed (i.e., leachables) and which are at levels that potentially affect patient safety. With the aim of balancing the absolute safety risk with the level of effort required to establish that risk, it is reasonable to propose that there is a dose threshold for leachables (or extractables as probable leachables) below which the vast majority of leachables (or extractables as probable leachables) will have an acceptably negligible potential safety impact.

This challenge of establishing such a threshold for the identification and qualification of leachables was addressed for orally inhaled and nasal drug products (OINDPs) by the Product Quality Research Institute (PQRI) Leachables and Extractable Working Group. PQRI is a non-profit consortium of organizations working together to generate and share timely, relevant, and impactful information that advances drug product quality and development (see pqri.org). By virtue of its diverse membership, PQRI provides a unique forum to focus critical thinking, conduct research, exchange information, and propose methodology or guidance to pharmaceutical companies, regulators, and standard-setting organizations. The PQRI OINDP Working Group considered a risk-based approach to leachables safety assessment and developed and published recommendations related to both safety thresholds for leachables and best demonstrated practices for the chemical assessment of extractables and leachables (5). The PQRI OINDP process and these recommendations are considered in greater detail in the Commentary publication preceding this article.

Although the PQRI leachables qualification concepts were developed specifically for OINDP, it is reasonable to suggest that the general outline and concepts proposed for OINDP are also applicable to other relatively high-risk drug products, such as parenteral and ophthalmic drug products (PODP), considering that OINDP and PODP products are jointly classified by the Food and Drug Administration (FDA) in the quadrant of highest/high concern with respect to the risk associated with undesirable packaging system–drug product interactions (see Table I. Packaging Concerns for Common Classes of Drug Products; 1). Nevertheless, specific differences between the OINDP and PODP dosage forms and their associated packaging systems (e.g., type of packaging material, drug formulation, drug volume administered, etc.) must be addressed if the OINDP principles are to be modified for application to PODP dosage forms. Thus, a PQRI Working Group comprised of toxicologists and chemists was tasked to extrapolate the OINDP threshold concepts and best practices recommendations to PODP based on a three-point hypothesis (6):

	Threshold concepts that have been developed for safety qualification of leachables in OINDP and the existing FDA/European Medicines Agency (EMEA) guidance documents can be extrapolated to the evaluation and safety qualification of packaging systems (such as container closure systems) for PODP.

	The good science practices that were developed for the OINDP pharmaceutical development process can be extrapolated to packaging systems for PODP.

	Threshold and best practices concepts can be integrated into a comprehensive process for characterizing packaging systems with respect to leachable substances and their associated impact on PODP safety.
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TABLE I Examples of Packaging Concerns for Common Classes of Drug Productsb




Considering the specific characteristics of PODP, the PQRI Leachables and Extractables Work Group developed a Work Plan (7) and Testing Protocols (8), taking into account

	Materials components and/or packaging systems applicable to PODP,

	Expansion of OINDP extraction solvents to include aqueous systems, and

	Extraction and/or analysis methods which have unique applicability to PODP.



The PODP Working Plan was driven by the predicate knowledge gained by the OINDP Working Group, emphasizing concepts consistent with quality by design (9), including the expectations that

	Requirements and acceptance criteria are defined early in the development process so that material use decisions can be based on an understanding of the chemistry of the material,

	Container closure materials and components are evaluated to establish control points,

	Multi-disciplinary team members communicate and collaborate early in the product development stages to establish sound methods for reducing risk,

	Good science is used to develop and define effective processes and products, and

	Proper strategies are employed to ensure that quality products are generated based on systems to identify and control critical parameters.



The PODP Work Group divided the tasks established in the Work Plan into two work streams. A Chemistry Team was charged with developing Best Practice Recommendations for conducting PODP extractables and leachables studies and producing the data necessary to support and justify such recommendations. An important aspect of this team's task was extrapolating the OINDP analytical threshold concept to PODP dosage forms. Additionally, a Toxicology Team was formed to translate the OINDP safety qualification threshold concepts to PODP dosage forms. Both teams were tasked with using a risk management scheme consistent with the appropriate references found in the FDA Container Closure Guidance (1), the PQRI OINDP Threshold and Best Practices Recommendations (5), and the FDA Guidance on Quality Systems Approach to Pharmaceutical GMPs (9).



Chemical Aspects of Safety Assessment—The Chemistry Team


Background

The level of concern for potential patient safety issues associated with packaging component–dosage form interactions is ranked highest for injections and injectable suspensions and high for ophthalmic solutions and suspensions (1). Dosage forms delivered by these routes of administration have a history of reported leachables originating from various packaging system components and materials of construction. As (i) there is an abundance of polymer types and grades that are used to manufacture components for the manufacture, packaging, storage, and delivery of pharmaceutical products, and (ii) the chemistry of a given material, its polymerization process, formulation ingredients, physical properties, and manufacturing processes are wide-ranging, a wide spectrum of chemical entities can migrate or leach into drug products. Additionally, the diversity of leachables is exacerbated by the fact that a material's extractable (i.e., potential leachables) profile can also vary between material lots and be modified by exposure to various high-stress environments in material processing, drug product manufacturing, in storage, and in distribution. Reviews of typical extractables, spanning a broad range of materials used in pharmaceutical packaging, have been published by Jenke (10⇓–12).

During the translation of OINDP principles to PODP dosage forms, it was recognized that PODP dosage forms are sufficiently different that certain allowances would have to be made. For example, translating the thresholds to large-volume parenterals (LVPs) is challenging because thresholds for products with large daily dose volumes could be so low that they are beyond the capabilities of modern analytical science (also see the Commentary). The fundamental concept of thresholds, introduced by the OINDP Leachables and Extractables Working Group, considered a safety concern threshold (SCT), that is, a value below which leachables are not considered for identification and toxicological qualification. The SCT would be used to derive an initial analytical evaluation threshold (AET) for extractables, which would lead to AETs for leachables. The AET is defined as the level at or above which a leachable and/or extractable should be reported and considered for potential toxicological assessment. The AET will vary depending on (i) the particular drug product configuration and (ii) the method(s) used to detect and quantify a leachable or extractable (5). For instance, Figure 1 contrasts the AETs between LVPs and dosage forms with small daily dose volumes based on the OINDP SCT of 0.15 μg/day. As daily dose volume increases, the value of the AET decreases. The effect of the decreasing AET is illustrated in Figure 2, which shows an extractables (or leachables) profile revealed in a chromatogram. The peaks in the chromatogram represent individual extractables and the size of the peak reflects the extractables' concentrations. The AET, shown as a line in this figure, divides the chromatographic peaks into two groups, those above the AET, which must be safety assessed, and those below the AET, which are deemed to be safe by virtue of their low concentrations and thus do not have to be assessed further. It is clear that as the AET decreases, the number of peaks that must be safety assessed increases. Not only does this circumstance increase the number of peaks that must be assessed, but it increases the level of effort required to perform the assessment as it is typically the case that the smaller the peak, the more difficult it is to do a proper chemical assessment.
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Figure 1 The effect of daily dose volume on the analytical evaluation threshold (AET). The daily dose volume varies greatly among various pharmaceutical dosage forms. Because the AET is related to the safety concern threshold (SCT), which is a fixed quantity (taken as the 0.15 μg/day OINDP SCT for this example), the value of the AET is inversely proportional to the daily dose volume. Thus an AET which is analytically achievable in a small daily dose volume (SDV) dosage form (e.g., metered dose inhaler, MDI) may not be achievable in a large daily dose volume (LDV) dosage form (e.g., large volume parenteral, LVP).
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Figure 2 The concept of a reporting threshold for extractables and leachables. Pictorially, the concept of the threshold can be envisioned through the use of a chromatogram, which is the means by which information about organic leachables or extractables is obtained. In the chromatogram, each peak corresponds to a substance that was present in the test sample, and the size of the peak (either its height or its area) is proportional to the amount of that substance that is present in the test sample. A threshold, representing that amount of any individual substance that will not produce an undesirable safety outcome, can be superimposed on the chromatogram as a straight line at its corresponding response level. Those substances whose responses are below the threshold do not have to be considered further (e.g., identified), as their dose will be too low to produce an unacceptable safety outcome. Those substances whose responses are above the threshold have the potential to produce an unacceptable safety outcome. In order to more precisely specify the actual safety risk for such substances, they must be identified so that their actual safety risk can be individually established. As the threshold decreases, the number of substances (peaks) that have to be identified increases. Furthermore, the complexity of establishing the identity increases as the peaks get smaller.




To investigate and deal with the extenuating aspects of PODP dosage forms, the PODP Chemistry Team conceived a three-phase laboratory program consisting of three specific experiments:

	1) A controlled extraction study is the initial step, designed to characterize the extractables profile of each material and, thus, inferring potential leachables. In addition to facilitating raw material and packaging component selection and providing an initial assessment of potential safety issues, such a study facilitates the development of analytical methodologies for leachables.

	2) A simulation study is an intermediate step to more effectively delineate extractables as probable leachables. In this study, a mock, laboratory-prepared PODP packaging system was assembled, filled with extraction media relevant for PODP, and stored under accelerated use conditions. The resulting fill solutions will be characterized for extractables. The outcome of this study should provide the rationale for leachables assessment (as further discussed by Jenke, 13) and would allow the application of thresholds in cases such as LVPs.

	3) A leachables study is the final phase employing targeted validated methods to confirm the actual accumulation of target leachables in the drug product during shelf life.



According to this scheme, extraction studies are suggested as an excellent means to characterize packaging materials to develop a list of probable extractables and potential leachables. Leachable studies seek targeted leachables in actual drug product, but these studies may be challenging for LVPs owing to extremely low AETs in potentially complex media. The concept of a simulation study is to match the leaching propensity of the drug product vehicle as closely as possible with a simple solvent system. A simulation study might use accelerated (not exaggerated) conditions to mimic worst-case conditions. The output of such a study would be “extractables” with a high probably of becoming leachables.

Simulation studies ameliorate the challenge posed by LVPs in several ways. First, unlike the metered dose inhalers considered by the PQRI OINDP team (where “all extractables are leachables”), an aqueous, LVP is expected to present a subset of possible extractables as potential leachables. By using a more relevant solvent system for the simulation study, extractables with low propensity to extract into product would be eliminated from consideration, thus reducing the number of compounds under scrutiny to those most pertinent to the drug product. Second, the observed extractables will be present at more realistic concentrations, thus aiding safety assessment. Finally, use of a simulating medium less complex than the drug product formulation facilities the analytical testing and identification of those compounds above the AET.




Phase I: The Controlled Extraction Study

The objective of the Chemistry Team was to establish best demonstrated practices for the identification and safety qualification of leachables in PODP, recognizing the means by which extractables information can support and facilitate such qualifications. Relevant dosage forms within scope of the work plan included prefilled syringe (PFS), small- and large-volume parenteral (SVP and LVP), and topical ophthalmic routes of administration. These practices could also apply to materials if used for short-term or intermediate storage such as disposable systems. To accomplish their objective as it relates to extractables, the Chemistry Team acquired five materials typical of those used in packaging systems for PODP with the purpose of producing extractables data to evaluate their hypothesis. These materials, along with their typical uses, are described in Table II. An understanding of the types of materials used in packaging components and their potential leachables dictated the choice of the materials for the PODP evaluations. These five materials are among the most common and diverse classes of materials used in components of PODP packaging systems, and all five materials are known to have extractables that could become leachables in contained drug products. Considering the rubber material, for example, butyl and halobutyl rubbers (isobutylene/isoprene copolymer base) are commonly used with sterile parenteral products and migration of chemical substances can occur, including the rubber's formulation ingredients and substances or degradation products formed during molding and sterilization processes (14–15). Furthermore, the conditions of contact between the elastomeric components of packaging systems and a therapeutic product can include elevated temperatures and long contact times. Lastly, pharmaceutical products may contain solubilizing agents in their formulation that may increase the potential for leaching. Given the nature of the rubber (e.g., complex chemistry and transport properties) and the conditions of contact, consequential interactions between elastomeric parts and parenteral solutions and pharmaceutical products have been reported (16⇓⇓⇓⇓⇓⇓–23).
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TABLE II Description of the Test Materials Used in the Chemistry Team Controlled Extraction Study




Considering the other test articles, thermoplastics are another broad class of polymers commonly used in the pharmaceutical industry. Unlike conventional rubbers, they can be melted and then reformed. Polymerization mechanisms for thermoplastics typically involve an addition or condensation reaction. For example, polyvinyl chloride (PVC) is manufactured by the addition reaction of substituted ethylene compounds (24). PVC was included in the PODP protocol because it is one of the most common materials used in components (e.g., tubing) and packaging (e.g., blood bags and IV bags). The leaching of chemicals from PVC and into parenteral products is well-documented (25⇓⇓⇓⇓⇓⇓⇓–33). The potential for plasticized, PVC-related substances to leach into drug product formulations and produce adverse events in patients has been considered in studies evaluating risk for various patient populations (34).

Polyolefin is the generic term for a family of plastics derived by addition of ethylene and/or propylene and it is used for various types of drug product contact surfaces (35). Given their wide use in the food and pharmaceutical industries, a plethora of information is available on polyolefins. Polyethylene components have been extensively characterized for extractables and leachables in numerous applications (36⇓⇓–39). The PODP Chemistry Team evaluated two types of materials from the olefins family, a low-density polyethylene (LDPE) formulation and a cyclic polyolefin copolymer (COC). Cyclic olefin polymers and copolymers have been gaining interest in the pharmaceutical industry as they are recognized as having very low levels of potential leachables (40, 41).

Polycarbonate (PC) is another material that was considered as it is frequently used in connectors and ports for large volume parenteral systems. The polymerization mechanism for PC involves condensation in which two reactive molecules join to form a new compound; common PC materials are formed from bisphenol A (BPA) and phosgene (24). PC has been extensively researched in terms of its leaching potential because concerns have been raised about the safety of BPA. In 2008, a subcommittee of the FDA's science board raised questions about whether FDA's review had adequately considered the most recent scientific information available. As recently as March 30, 2012, the FDA issued an interim update finding that BPA remains safe in food contact materials with the exception of those applications intended for pediatric use (42). The migration of BPA from food and pharmaceutical packaging has been studied (43).

Secondary components such as labels with varnishes used on packages have also been reported as sources of leachables in ophthalmic products during stability (44). In light of concerns for migration of extractables through semipermeable containers, the PODP project also considered controlled extraction studies related to secondary packaging labels (45).

Formulation information for the five PODP test articles was provided by their various suppliers. However, in addition to these anticipated extractables, unexpected extractables could be revealed by the testing performed in this study due to the materials' multifaceted supply chains. While the test articles were representative of materials used in pharmaceutical applications, the specific test articles themselves are not used in commercial packaging systems.

A semi-quantitative extractables protocol was developed by the Chemistry Team with the objective of acquiring “first pass” data to characterize representative materials used in components for packaging parenteral and ophthalmic drug products for extractables. This protocol, consistent with the predicate OINDP study, incorporated multiple solvents, extraction techniques, and analytical methods (5, 8). The extractions utilized organic and additional aqueous-based solvent systems associated with PODP formulations and involved extraction techniques relevant to the PODP dosage forms. The resultant extracts were characterized for extractables by multiple orthogonal analytical techniques, including gas chromatography/mass spectrometry (GC/MS), gas chromatography flame ionization detection/ (GC/FID), liquid chromatography/mass spectrometry (LC/MS), inductively doupled plasma/mass spectrometry (ICP /MS), and headspace GC/MS. Specific details associated with the extraction and analysis processes are contained in a companion manuscript appearing in this issue of the PDA Journal. The analytical testing was performed so that extractables with estimated concentrations of 10 μg/g or greater were targeted for identification.

The “first pass” PODP data were acquired by industry volunteer laboratories and were presented, in a preliminary manner, at the 2011 PODP Workshop on Thresholds and Best Practices for Parenteral and Ophthalmic Drug Products (46). A more extensive presentation of these study results and their implications to best demonstrated practice recommendations is contained in the companion manuscript in this current issue of the PDA Journal.




Phase 2: The Simulation Study

Adopting the three-step approach described above led to the generation and implementation of a Phase II Protocol which involves a migration, or simulation, study. This study is being conducted on a laboratory-produced “packaging system” modeled after the flexible bottle typically employed with ophthalmic products, including secondary labels. This study, whose design is indicated in the relevant PQRI Work Plan (45), is currently ongoing; results from this study and their implications with respect to best demonstrated practices and thresholds will be the subject of future communications.





Toxicological Aspects of Safety Assessment—The Toxicology Team

The PQRI OINDP Leachables and Extractables Working Group developed the concept of the analytical evaluation threshold (AET), which is to be applied to data from controlled extraction or leachable studies; this threshold is a benchmark to allow for a preliminary determination of which extractables should be identified and quantified (5). This benchmark is derived from the SCT relative to doses per day and doses per container where the SCT is defined as the threshold in which a leachable would have a dose so low as to present negligible safety concern from carcinogenic and noncarcinogenic effects. This SCT differs from the threshold of toxicological concern (TTC) (47, 48), as it is used as a benchmark for identification purposes, not as a safety control limit. A similar concept is reflected in the qualification threshold (QT), where the QT is a threshold below which a given non-carcinogenic leachable is not considered for safety qualification (toxicological assessments) unless the leachable presents a structural–activity relationship.

Building on the threshold concepts developed for OINDP, specifically the SCT and QT, the Toxicology Team considered the unique circumstances of PODP dosage forms and packaging systems to establish comparable thresholds for PODP products. Specifically, proposed toxicological thresholds were developed for PODP, based on a classification strategy and an additional uncertainty factor to account for dose administration differences. The developed qualification classification included a risk assessment model and decision trees, as appropriate, to account for the PODP routes of administration, dose, duration, local vs systemic exposure, and patient population. The Toxicology Team evaluated the use of existing standards and best practices—environmental pollutants, indirect food additive regulations, International Conference on Harmonisation (ICH), USP monographs, ISO standards, EMEA guidance on genotoxic impurities—for application to PODP.

This classification process proceeded as follows. The Toxicology Team, together with the Chemistry Team, compiled a list of ∼600 potential chemicals associated with leachables and/or extractables to explore a classification scheme for leachables in PODP. The list of leachable and extractable chemicals was initially sorted via ToxTree (49) into Cramer classes as follows (50):

	Class 1: substances of simple chemical structure with known metabolic pathways and innocuous end products which suggest a low order of oral toxicity.

	Class 2: substances that are intermediate; possess structures that are less innocuous than those in Class 1 but they do not contain structural features that are suggestive of toxicity like those in Class 3.

	Class 3: substances with chemical structures that permit no initial presumption of safety and may even suggest significant toxicity.



In addition to the traditional three Cramer classes that sort chemicals into categories from least toxic to most toxic (1800 to 90 μg/day), a fourth class was added to capture chemicals of known or suspect genotoxic potential using Deductive Estimation of Risk using Existing Knowledge (DEREK) software (51). Additional safety factors to account for body weight (BW) and route of administration differences (oral vs parenteral) were considered to add orders of magnitude to the already conservative estimates established by Cramer and refined by Munro (51). The sorting produced a recognizable and actionable distribution of compounds among the four classes. As was anticipated, the sorting indicated that approximately 10% of the Class 3 chemicals sorted by ToxTree are known human carcinogens and/or known mutagens (e.g., polynuclear aromatic hydrocarbons (PNAs), nitrosamines).

With the four categories fully populated, the Toxicology Team considered appropriate thresholds for each class. Consistent with the sorted data and with current thinking on genotoxic impurities with regard to compounds of concern, the daily limit for exposure to a Class 4 chemical was initially set at 0.15 μg/day as the starting point for PODP safety assessment. This train of thought led to an initial classification proposal, as indicated in Table III. In considering thresholds for the other classes, the Toxicology Team recognized that the degree of risk associated with a Class 3 chemical may not significantly differ from that for a Class 1 chemical, suggesting that only three classes instead of five classes were relevant. The Team validated the need for three distinct classes by evaluating twenty-five Class 3 chemicals for acute and repeat dose toxicology, developmental and reproductive toxicology, genetic toxicology, carcinogenicity, and any other pertinent information related to risk. With three exceptions, the evaluation demonstrated that, where data were available, there was at least a 100 fold margin from the No Observed Adverse Effect Level in an animal study when compared to the dose of the chemical in a 50 kg human. None of the 25 chemicals had published study results suggesting genotoxicity or carcinogenicity. Based on the risk assessments of the 25 Class 3 chemicals and discussions with regulators around the acceptable level for genotoxicants (1.5 μg/day) in PODP, the classification was modified to produce 3 classes with the proposed thresholds as noted in Table III. When compared to Cramer, the PQRI Class 1 level of 150 μg/day is similar to a Cramer class 3 (90 μg/day) chemical (52). In other words, the overall approach in sorting known chemicals that have extracted or leached from packaging components puts them into a single class that establishes a conservative estimate of risk. Note that the lowest threshold of concern for genotoxicants was raised to 1.5 μg/day versus the OINDP SCT of 0.15 μg/day. The OINDP SCT was derived assuming a 10-6 lifetime risk of carcinogenicity. This conservative value was chosen because of the chemical nature of likely extractables and leachables from metered dose inhaler (MDI) packaging systems, the strong solvents present in MDI formulations that significantly enhance the likelihood of leaching, and the fact that the dose is delivered directly to the diseased organs of a sensitive patient population. The higher working value for PODP (1.5 μg/day) is less conservative than the OINDP SCT and is strongly influenced by the nature of PODP vehicles (primarily aqueous) and packaging systems such that the team determined that a less conservative threshold was logical for PODP.
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An additional safety endpoint that the Toxicology Team considered was irritation and sensitization. The PQRI OINDP best practices recommendation provided a rationale that the qualification threshold for chemicals with known or suspect sensitization or irritation potential is 5 μg/day (46). No additional data were found to suggest that the qualification threshold should be any different for PODP and thus this value was preserved for PODP. Ultimately, this thought process led to the current proposed PQRI classification shown in Table III.

A challenge recognized by the Toxicology Team is whether or not all PODP dosage forms have the same safety concerns. For example, parenteral dosage forms can reasonably be assessed for their systemic safety impact. As with OINDP, cancer risk serves as a conservative endpoint in those cases. On the other hand, ophthalmic solutions and suspensions are applied locally as topicals and ocular irritation is commonly regarded as a key endpoint. These differences between parenteral and ophthalmic dosage forms may drive separate strategies. By way of example, the FDA assesses drug product leachables against a set of concentration-based thresholds: Reported at above 1 ppm; Identified at 10 ppm, and Qualified at 20 ppm (53). This is a different paradigm than the exposure-based thresholds typically applied in the evaluation of systemic toxicology. As a result, ophthalmics may be best served by the development of a threshold for ocular irritation. Moreover, on-eye concentration may be more relevant for ocular irritation than daily exposure (the FDA approach serves as a precedent for this idea). The strategy for ophthalmic solutions and suspensions is still evolving.

Lastly, the PQRI Toxicology Team recognizes that the subject of thresholds for potentially genotoxic substances in marketed drug products continues to be a matter for international discussion (ICH M7, Step 2, 2012) (54) and the acceptable limit for a genotoxic impurity may be higher based on multiple factors. As noted in the original PODP hypothesis, although the individual threshold values may differ from OINDP, the threshold concepts remain the same. Thus, the PODP thresholds serve as reporting or identification thresholds and not as TTC-like control thresholds or limits.



Safety and Compatability Considerations for Leachables and Extractables in Biologics

The PODP Working Group recognizes that, in addition to primary safety issues (i.e., safety issues due to the intrinsic toxicity of the leachable), leachables can also exert an undesired effect to product quality thereby altering physico-chemical, biological (i.e., potency), and/or stability properties of the active pharmaceutical ingredient. Some of the plausible mechanisms by which leachables interact with therapeutic proteins include a direct effect on the recombinant therapeutic protein catalyzing oxidation, aggregation, truncation, formation of protein adducts; or indirect effects, via interaction with formulation excipients inducing formation of particulates; or by affecting the upstream steps of production causing altered protein translation or post-translational events during fermentation (55⇓–57). Potential leachables (e.g., silicon oil, monoethylhexylphthalate, (di-2-ethylhexyl phthalate polycyclic aromatic hydrocarbons, alkyl phenols, metals, etc.) from various sources have similarly been implicated to act as adjuvants (e.g., inducing antibody response) and/or as general immune-modulators (e.g., causing up- or down-regulation of specific cytokines) in animal studies thus providing further support for immunogenicity as a plausible mechanism of leachable action (58⇓⇓⇓⇓⇓⇓⇓⇓⇓–68).

The nature of biologic therapeutics may render them especially susceptible to the impact of leachables due to their

	Large size (e.g., recombinant human erythropoietin is ∼30 kD and an average antibody molecule is ∼150 kD);

	Complex structure (e.g., secondary, tertiary, and quaternary) whereby changes in protein configurations via random unfolding or other possible conformational changes may lead to a loss of protein structure and/or function, which may lead to adverse safety outcomes due to exposure of immunogenic epitopes that were originally buried in the protein interior;

	Extensive surface area providing numerous reactive sites, which may serve as nucleation zones for structural and chemical modifications including those that have been previously discussed in this paper (e.g., aggregation, degradation, oxidation, etc); and

	Amphiphilic nature whereby proteins possess both hydrophilic and hydrophobic sites possibly making them more effective solubilizers of leachables compared to small-molecule compounds.



Additional risks for leachables may not be limited to biologics, but contribute to the overall risk assessment including

	Systemic administration allowing 100% bioavailability and access to critical tissues;

	Administration at relatively high volumes,

	Administration with high frequency (in many cases).



For these and other possible reasons, special consideration may need to be given to therapeutic biologic molecules when designing production, quality, and packaging components in order to minimize undesirable product quality and safety outcomes. For the purpose of the PODP Work Plan, thresholds are being considered for identification of chemical constituents based on the safety aspect with the understanding that other thresholds may be applicable to address quality and efficacy concerns.



Conclusions

The PQRI PODP Leachables and Extractables Working Group started with the hypothesis that safety thresholds for leachables and best demonstrated practices for performing controlled extraction studies, developed for OINDP dosage forms, could be extrapolated to the PODP dosages forms; taking into account the clear differences between OINDP and PODP drug products and their associated packaging systems. To facilitate the extrapolation, the PODP Chemistry Team devised a three-phase laboratory investigation, designed to address SVP, LVP, PFS, and ophthalmic solution and suspension dosage forms. Phase 1 of the investigation involved characterizing five materials typically used in PODP packaging systems for extractables; the design of this study and the results obtained are considered in greater detail in a companion manuscript in this issue of the PDA Journal. Phase 2 of the investigation, the migration or simulation study, involves the accelerated aging of a mock packaging system filled with simulating solvents, and is currently ongoing. Data obtained from this second-phase study will guide the design of the third phase of the investigation, which will involve leachables testing of one or more laboratory-generated drug products (or simulants) stored in the mock packaging system. Ultimately such experimental data will be instrumental in establishing and justifying best demonstrated practice recommendations for performing extractables and leachables studies for PODP.

Additionally, the PODP Toxicology Team has proposed a three-tier classification scheme for leachables, proposing safety thresholds for the three categories of leachables. The classification scheme, based on structure activity relationships analysis of a database of approximately 600 known extractables/leachables and rigorous safety assessment of a smaller subset of these chemicals and designed to be consistent with relevant related regulatory guidance, assigns a SCT of 1.5 μg/day for genotoxicants, a threshold of 5 μg/day for sensitizers/irritants, and a QT of 150 μg/day for compounds that exhibit general toxicity. It is important to note that these thresholds apply to parenteral products with systemic dosing; a strategy for topical ophthalmics is still developing.

Lastly, the Chemistry and Toxicology Teams continue to collaborate to establish means by which the best demonstrated practices and safety thresholds can be applied to dosage forms with large daily dose volumes so as to provide for effective and efficient safety assessments for such dosage forms.

Invaluable contributions from industry subject matter experts, national and international regulators, and volunteer laboratories and suppliers led to a well-defined process for understanding the science of packaging component materials of construction in relation to extractables, and correlation to leachables in support of drug product quality. Sound science is demonstrated based on the PQRI PODP Work Plan and Protocols that will lead to recommendations to augment guidance to pharmaceutical manufacturers and enable appropriate selection and qualification of packaging systems early in the drug development process.

The ongoing efforts to develop best practices for secondary components, specifically the ongoing simulation studies, will be completed in 2013, at which time the teams will finalize their recommendations and build consensus with input from U.S. FDA and Health Canada regulators. In addition, reviews from Medicines and Healthcare products Regulatory Agency (MHRA) and other industry organization will be conducted prior to submitting the PODP recommendations to the PQRI steering committee and subsequent submission to the FDA. All research work is supported under the direction of the PQRI organization; the leachable and extractable activities, work plan and protocols are publically available for both OINDP and PODP on the PQRI website (www.PQRI.org). The PQRI Working Group gratefully acknowledges participation by the following industry experts, regulators, laboratories, and suppliers.
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