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ABSTRACT

Elastomeric closures are essential primary barriers in parenteral drug packaging, ensuring the stability, efficacy, and sterility of
pharmaceutical products. This review traces the evolution of these components from early natural materials to modern synthetic
elastomers, specifically bromobutyl and chlorobutyl rubber. It evaluates material science by comparing the physicochemical properties,
advantages, and limitations of industry-standard rubbers. The multi-stage manufacturing process—including compounding, molding,
vulcanization, and sterilization—is analyzed alongside the stringent quality control and Good Manufacturing Practices (GMP) required
to prevent defects. The article addresses the critical challenge of extractables and leachables (E&L), detailing the regulatory landscape,
testing methodologies, advanced detection techniques, and toxicological risk assessments. The impact of advanced surface coatings
and future trends, such as sustainable materials, ready-to-use (RTU) systems, and thermoplastic elastomers, are also discussed.
Ultimately, this article synthesizes current knowledge to provide a holistic overview for researchers, manufacturers, and regulatory
professionals in the pharmaceutical field.
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1 Introduction

Elastomeric closures in aseptic packaging serve a critical
role in pharmaceutical packaging. The integrity of parenteral
pharmaceutical products is fundamentally dependent on the
quality and performance of their primary packaging systems [1].
Among these, elastomeric closures, such as stoppers and seals,
represent a cornerstone of modern aseptic packaging, acting as
the critical interface between the sterile drug product and the
external environment [2]. Their primary function is to provide a
robust and durable seal that maintains the sterility, chemical
stability, and therapeutic efficacy of sensitive medications,
vaccines, and biologics from the point of manufacture to the
moment of patient administration [3], [4]. An effective closure
must create an impermeable barrier, preventing the ingress of
microbial and particulate contaminants while also minimizing
the loss of solvent or the ingress of atmospheric gases like
oxygen, which can degrade sensitive drug molecules [5], [6].

2 Historical Evolution of Pharmaceutical Sealing
Technologies

The material science behind these closures has undergone a
significant evolution, driven by an ever-increasing understanding
of drug-container interactions and a progressively stringent
regulatory landscape focused on patient safety [7]. This journey
began in ancient times with rudimentary seals made from natural
materials such as cork, clay, and wax, which were often
inconsistent and prone to contamination [8]. The 19th century
saw the widespread adoption of cork stoppers, but their inherent
porosity and potential for shedding particles made them
unsuitable for the emerging field of injectable medicines [9]. The
introduction of natural rubber in the early 20th century offered a
marked improvement in flexibility and sealing capability, but it
brought with it two major challenges: the potential for causing
severe latex allergies and the risk of chemical compounds

leaching from the rubber into the drug product, thereby altering
its purity and potency [10], [11]. These concerns catalyzed the
transition to synthetic elastomers, a pivotal shift that began in the
1940s with the development of butyl rubber. This synthetic
polymer offered vastly superior chemical resistance and lower
gas permeability, laying the groundwork for the halogenated
derivatives that now dominate the market: chlorobutyl and
bromobutyl rubber [12]. Introduced in the 1960s, these materials
provided an even greater degree of chemical inertness and barrier
performance, solidifying their status as the gold standard for
high-risk parenteral applications [13]. Subsequent decades have
brought further refinements, including the use of silicone rubber
for its wide temperature tolerance, the development of advanced
fluoropolymer coatings to create an even more inert barrier, and
the advent of ready-to-use (RTU) components to streamline
aseptic manufacturing processes and reduce the risk of
contamination [14], [15]. Today, the focus continues to evolve,
with growing emphasis on developing sustainable and
biocompatible materials that meet the rigorous performance
standards of the pharmaceutical industry [16]. Fig. 1 shows the
timeline of the development of closure system.

3 Material Science and Comparative Analysis of
Pharmaceutical Elastomers

The selection of an appropriate elastomeric material is a
critical decision in the development of a parenteral drug product,
requiring a careful balance of chemical, physical, and functional
properties [17]. Bromobutyl rubber, a synthetic elastomer
derived from the bromination of isobutylene isoprene rubber, is
one of the most widely used materials for pharmaceutical
stoppers [18]. Its prominence is due to a favorable combination
of properties, most notably its excellent barrier performance
against moisture and atmospheric gases, which is critical for
protecting oxygen- and moisture-sensitive drugs [19].
Furthermore, it exhibits superior chemical resistance to a wide
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array of drug formulations, minimizing the risk of deleterious
interactions [20]. However, bromobutyl rubber is characterized
by its relatively higher sensitivity to heat and can have a slightly
higher potential for extractables compared to its chlorinated
counterpart, which must be carefully evaluated during product
development [21]. It is characterized by with WVTR values
typically <0.5 g/m?day and a compression set of 15-25% at
121°C. Chlorobutyl rubber, produced through the chlorination of
butyl rubber, offers an alternative with distinct advantages. It is
generally less heat-sensitive than bromobutyl, which can be
beneficial for manufacturing processes involving high
temperatures, such as steam sterilization [22]. While still
providing excellent barrier properties, it has marginally higher
gas permeability than bromobutyl, a factor that could be
significant for highly oxygen-sensitive biologics [23]. Natural
rubber, while historically important, is now rarely used for

parenteral product closures due to the significant risk of inducing
Type | hypersensitivity reactions (latex allergies) and its inferior
resistance to aging, ozone, and heat compared to synthetic
alternatives [24], [25]. Silicone rubber is another important
synthetic option, prized for its exceptional thermal stability over
a very wide temperature range and its high degree of chemical
inertness [26]. However, its relatively high gas permeability
makes it less suitable than butyl rubbers for applications where
maintaining a specific gaseous headspace or protecting against
oxygen ingress is paramount [27]. The ultimate choice of
elastomer is therefore a product-specific decision, guided by a
thorough risk assessment that considers the nature of the drug
formulation, the intended sterilization method, storage
conditions, and the required shelf life of the product [28]. Table
1 summarizes comparison between different mentioned closure
systems.

Historical Evolution of Elastomeric Closure Materials

Early 20th Century Mid 20th Century 21st Century
1920s-1940s 1940s 19605 20005 2010s-Present
>
Matural rubber Butyl rubber Halogenated butyl Fluoropolymer Ready-to-use
closures introduced rubbers coatings systems
Latex allergy Improved chemical Bromabutyl & Superior barrier Pre-sterilized
concemns emerge resistance chlorobutyl properties components

; ; H
¥ ¥ 1

Fig. 1 Historical Development of Elastomeric Closure Materials

Table 1 Comparative Analysis of Common Elastomeric Materials in Pharmaceutical Packaging*

Material Gas & Moisture Extractables & Thermal Stability Relative Cost Critical Limitations &
Permeability Leachables Profile Best Use
Bromobutyl Lowest. Excellent barrier Low. Generally preferred Moderate. More High. Due to Best for: Biologics and
(BIIR) properties; WVTR for sensitive biologics sensitive to heat than  specialized vaccines. Limit: Higher
typically <0.5 g/m?/day. | and oxygen-sensitive chlorobutyl. processing and potential for certain
drugs. bromine costs. extractables during high-
heat cycles.
Chlorobutyl Very Low. Marginally Low. Reliable profile, High. Superior Moderate. More Best for: Small molecule
(CIIR) higher gas permeability  though potential for stability during steam economical and injectables and standard
than bromobutyl. chloride ion leaching sterilization (121°C+). widely available than parenteral products.
exists. bromobutyl.
Silicone High. Significant gas and Inert. Low chemical Exceptional. High. Specialized Best for: Low-temperature
Rubber moisture transmission. interaction, but potential  Maintains application material. 'storage or applications not
for silicone oil migration. ' performance over a requiring a gas barrier.
very wide temperature
range.
Natural Variable/Inferior. Poor High. High impurity Low. Poor resistance  Low. Economical,  Best for: Non-critical
Rubber barrier performance levels and risk of Type | to aging, ozone, and  but largely phased  applications. Limit:

compared to synthetics.  hypersensitivity (latex).

heat.

out. Generally avoided for

modern parenteral products.

* While halogenated butyl rubbers (BIIR and CIIR) dominate the market due to their superior barrier properties, the choice between them often hinges on a trade-
off between gas impermeability and thermal resilience. Bromobutyl is frequently selected for its tighter molecular cross-linking, providing a marginally better barrier
for highly oxygen-sensitive biologics. Conversely, chlorobutyl’s superior heat stability makes it a more robust choice for formulations requiring aggressive
sterilization cycles. Silicone rubber remains a specialty choice, prioritized for its wide temperature tolerance rather than barrier performance. This critical balance of
properties—barrier integrity, thermal stability, and chemical inertness—defines the decision-making framework for modern pharmaceutical packaging.

4 Manufacturing, Processing, and Sterilization of
Elastomeric Closures

The manufacturing of pharmaceutical elastomeric closures
is a complex and highly controlled process designed to produce

components of consistently high quality that meet the stringent
requirements of the pharmaceutical industry [29]. The process
begins with the careful selection and precise weighing of raw
materials, which include the base elastomer, vulcanizing agents
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(such as sulfur or resins), activators (like zinc oxide),
accelerators, fillers (e.g., carbon black or mineral clays), and
antioxidants [30]. These ingredients are carefully mixed in a
controlled environment to create a homogeneous rubber
compound; this compounding stage is critical for ensuring the
uniformity of the final product's physical and chemical properties
[31]. Once compounded, the rubber is shaped into closures using
either compression molding or injection molding. Compression
molding involves placing a pre-measured amount of the rubber
compound into a heated mold cavity and applying pressure,
while injection molding involves injecting the heated compound
into a mold under high pressure, a method often preferred for
more complex geometries and higher production volumes [32].
Following molding, the closures undergo vulcanization, a
chemical cross-linking process that occurs under heat and
pressure. This crucial step transforms the soft, plastic-like rubber
compound into a strong, elastic material with the required
hardness, tensile strength, and low compression set necessary to
maintain a secure seal over time [33]. After vulcanization, the
closures are subjected to a series of finishing steps. This includes
trimming to remove any excess material (flash) from the molding
process, followed by a multi-stage washing process with purified
water or water-for-injection (WFI) to remove surface
contaminants and reduce particulate load [34]. Many closures
then receive a surface treatment, most commonly siliconization,
where a thin layer of medical-grade silicone oil is applied. This
treatment serves to reduce friction between the stopper and glass
vials during automated filling and capping processes and can also
prevent the stopper from adhering to the vial neck during storage
[35]. The final step is sterilization, which must render the
closures sterile without negatively impacting their physical or
chemical properties. The two most common methods are steam
sterilization (autoclaving) and gamma irradiation [36].
Autoclaving uses high-pressure saturated steam at temperatures
typically around 121°C and is effective but can be thermally
stressful for some materials [37]. Gamma irradiation, which uses
a Cobalt-60 source, is a low-temperature method that is highly
effective but can cause changes in the polymer structure,
potentially generating new extractable compounds; therefore, the
choice of sterilization method must be carefully validated for
each specific elastomer formulation and drug product [38].
Alternative methods include electron-beam (e-beam) for high-
speed throughput and ethylene oxide (EO), though EO requires
rigorous degassing to manage residual limits in elastomers.

5 Quality Control, Assurance, and Defect Management
in Accordance with Good Manufacturing Practices

Quality control (QC) is an integral and non-negotiable
aspect of pharmaceutical closure manufacturing, governed by
global Good Manufacturing Practices (GMP) and pharmacopeial
standards such as those found in the United States Pharmacopeia
(USP), European Pharmacopoeia (Ph. Eur.), and Japanese
Pharmacopoeia (JP) [39]. A robust quality assurance framework
is implemented at every stage of the process, from raw material
reception to final product release [40]. Raw materials undergo
rigorous testing for identity, purity, and compliance with pre-
defined specifications before being accepted into the production
stream [41]. During manufacturing, critical process parameters
(CPPs) such as mixing time and temperature, molding pressures,
and wvulcanization cycles are continuously monitored and
controlled using statistical process control (SPC) techniques to
ensure batch-to-batch consistency [42]. The finished closures are
then subjected to a comprehensive battery of tests to verify their
quality. Physical testing is fundamental and includes
dimensional verification to ensure a proper fit with the container,
durometer testing for hardness, and evaluation of mechanical

properties like tensile strength and elongation [43]. One of the
most critical physical tests for elastomers is compression set,
which measures the material's ability to return to its original
thickness after being subjected to a constant compressive strain
at a specific temperature for a defined period. This testing is
standardized primarily under ASTM D395 or 1SO 815; while
USP standards (such as USP <381>) are often required for
pharmaceutical applications, they focus on the material's
physicochemical and biological suitability rather than the
mechanical procedure of the compression test itself. A low
compression set value is essential for ensuring the closure can
maintain a tight seal throughout the product's shelf life, even
under varying storage conditions [44]. Chemical testing is
equally critical, focusing on identity tests (e.g., using infrared
spectroscopy), tests for purity, and extensive analysis of potential
extractable substances [45]. Microbiological testing is
paramount for closures intended for sterile products. This
includes bioburden testing to determine the population of viable
microorganisms on the closures before sterilization and, for pre-
sterilized components, sterility testing to confirm the absence of
viable microbes. Furthermore, closures are tested for bacterial
endotoxins using the Limulus Amebocyte Lysate (LAL) test, as
endotoxins can cause pyrogenic reactions if injected into patients
[46]. A key performance attribute that is rigorously evaluated is
container closure integrity (CCI), which is the ability of the
packaging system to prevent product loss, microbial ingress, and
changes in the headspace gas composition. CCI testing can be
performed using various methods, including microbial challenge
tests, dye ingress tests, and deterministic methods such as helium
leak detection or high-voltage leak detection (HVLD), which
provide quantitative data on the integrity of the seal [47], [48].
Also, CCI testing includes deterministic methods like Vacuum
Decay (ASTM F2338), Headspace Gas Analysis (HGA), and
Helium Leak Detection for high-sensitivity quantification.
Preventing defects is a primary goal of the quality system.
Common defects such as an uneven sealing surface, cracks,
embedded foreign particles, or excess flash can compromise the
seal integrity or introduce contaminants [49]. Prevention
strategies are multi-faceted and include precision mold design
and maintenance, a controlled manufacturing environment
(cleanrooms), automated vision inspection systems to detect and
reject defective units in real-time, and a strong quality culture
supported by continuous employee training [50].

6 The Analytical and Toxicological Challenge of
Extractables and Leachables

The most significant chemical safety concern associated
with elastomeric closures is the potential for chemical
compounds to migrate from the closure into the drug product.
These migrants are broadly categorized as extractables and
leachables (E&L) [51]. The regulatory framework for E&L is
well-established, with guidance from agencies like the Food and
Drug Administration (FDA) and European Medicines Agency
(EMA), as well as standards from organizations like the Product
Quality Research Institute (PQRI) and the USP, particularly
general chapters <1663> on extractables and <1664> on
leachables [52], [53]. Extractables are defined as compounds that
can be removed from a material under aggressive laboratory
conditions (e.g., using harsh solvents, elevated temperatures, or
prolonged extraction times). An extractables study is a
systematic investigation designed to create a comprehensive
profile of all substances that could potentially migrate from the
closure material. This "worst-case” analysis is crucial for
material selection and early risk assessment during product
development [54]. Leachables, in contrast, are the specific
compounds that actually migrate from the closure into the drug
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product under normal conditions of storage and use over the
product's entire shelf life. Leachables are a subset of extractables
and represent a direct risk to the patient, as they may be co-
administered with the drug [55]. The E&L evaluation process is
a complex, multi-stage undertaking. It begins with an
extractables study, where the elastomer is exposed to a range of
solvents with varying polarities (e.g., aqueous solutions at
different pH values, and organic solvents like isopropanol or
hexane) to simulate different types of drug formulations. The
resulting extracts are then analyzed using a suite of advanced,
highly sensitive analytical techniques. Gas Chromatography-
Mass Spectrometry (GC-MS) is typically used to identify and
quantify volatile and semi-volatile organic compounds, while
Liquid Chromatography-Mass Spectrometry (LC-MS/MS) is
used for non-volatile organic compounds. Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS) is employed to detect and
quantify elemental impurities, such as heavy metals, that may
originate from pigments or catalysts used in the elastomer
formulation [56], [57]. The data from the extractables study
provides a list of potential leachables. The next step is to conduct
a leachables study on the final drug product packaged in its
intended container closure system. These studies are performed
as part of the product's formal stability program, with samples
analyzed at specific time points under both long-term (real-time)
and accelerated storage conditions [58]. The central challenge is
to detect and quantify these compounds, often present at trace
levels (parts per million or parts per billion), within the complex
matrix of the drug product itself. Once a leachable has been
identified and its concentration determined, the final and most
critical step is the toxicological risk assessment. This assessment
evaluates the potential for the leachable to cause harm to a patient
at the observed concentration. Toxicologists establish a
Permitted Daily Exposure (PDE) or Tolerable Intake (TI) value
for the leachable based on available toxicological data. The risk
is then characterized by comparing the patient's maximum
theoretical daily intake of the leachable (based on the drug's
maximum daily dose) to this safe exposure limit [59], [60]. A key
concept in this process is the Analytical Evaluation Threshold
(AET), which is a concentration threshold below which a
leachable is considered to have a negligible safety risk, and thus
does not require formal toxicological assessment. The AET is
derived from a toxicological threshold known as the Threshold
of Toxicological Concern (TTC) [61]. Fig. 2 outlines a
systematic approach for E&L assessment based on regulatory
guidance (e.g., USP <1663>/<1664>).

The analytical evaluation of E&L is hindered by the inherent
limitations of current mass spectrometry techniques, which must
navigate the technical gap between descriptive detection and
critical quantification. While GC-MS, LC-MS/MS, and ICP-MS
provide high sensitivity for known compounds, they face
significant challenges in identifying "unknown unknowns"—
migrants that lack corresponding entries in commercial spectral
libraries or possess novel chemical structures generated during
vulcanization or sterilization. Furthermore, the complexity of the
drug product's matrix often triggers significant "matrix effects,"
where active pharmaceutical ingredients or excipients suppress
the ionization of trace-level leachables, complicating their
accurate quantification at the parts-per-billion level. These
analytical hurdles, combined with the difficulty of distinguishing
true leachables from baseline matrix noise, necessitate a more
rigorous approach to method validation and toxicological risk
assessment to ensure patient safety in the presence of analytical
uncertainty.

Leachables Studies

Fig. 2 Systematic Approach to Extractables and Leachables
Assessment

7 Advanced Surface Treatments, and Future Trends

To further mitigate the risks of drug-container interactions
and improve the performance of elastomeric closures, various
surface treatments and coatings have been developed. As
previously mentioned, siliconization is a common treatment, but
while it improves lubricity, the silicone oil itself can be a source
of subvisible particles in the drug product and may interact with
certain sensitive molecules [62]. An increasingly adopted
alternative is the use of fluoropolymer barrier films, such as those
made from ethylene tetrafluoroethylene (ETFE) or
perfluoroalkoxy alkanes (PFA), which are laminated onto the
drug-contacting surface of the stopper. These inert films create a
highly effective barrier that significantly reduces the migration
of extractables from the rubber into the drug product and also
prevents the drug product from adsorbing onto or absorbing into
the elastomer [63]. These coated closures are particularly
valuable for sensitive biologics, protein-based therapies, and
potent small molecules that are susceptible to interaction with
standard elastomers. Looking to the future, the field of
pharmaceutical closures is advancing on several fronts. There is
a strong industry push towards ready-to-use (RTU) components,
which are delivered to the pharmaceutical manufacturer pre-
washed, pre-sterilized, and ready for aseptic filling. This
approach simplifies the supply chain, reduces the validation
burden on the drug manufacturer, and minimizes the risk of
contamination  associated  with  in-house  processing.
Sustainability is another key driver of innovation, with research
focused on developing new elastomeric materials from
renewable sources or those that are more readily recyclable,
without compromising the stringent safety and performance
requirements of the industry [64]. Analysis of advanced features
in modern elastomeric closure systems is grouped in Table 2. In
the same line, Table 3 summarizes major proposed and expected
comparison between different coating technologies.
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Table 2 Innovations and Advanced Features in Elastomeric
Closure Systems.

Table 3 Characteristics of Advanced Surface Coatings

Coating Application  Thickness  Advantages Limitations
Innovation Specific Primary Benefits  D€velopment Type* Method Range
Category  Technologies y Status
Bio-based Sustainability; Silicone Oil Spray coating 0.5-2.0 um  Excellent Potential for
| reduced carbon R&D phase lubricity, droplet
Elastomers footprint proven formation,
o technology particulates
.. Significantly - : . -
Nanocomposite h d Silicone Immersion 0.8-2.5um  More uniform Higher
. Materials (e.g., en a_lnc.e_ gas . Emulsion coating coverage, extractables
Mz'aterlal Graphene- barrier; '|mpr0ved Pilot scale / R&D reduced potential
Science doped) mechanical migration
strength Plasma Gasplasma  0.01-0.1 um No chemical high capital
. High purity; Treatment additives, cost or
Thermoplastic recyclability: Commercial clean process  sensitivity to
Elastomers A ) . defects
elimination of implementation e
(TPEs) lcanization limited
vu 1zatl barrier
Minimizes E&L properties
Fluoropolymer = . . . — - -
Barrier Films migration and WIdE§pread Fluoropol- Lamination ~ 10-25um  Superior Higher cost,
(ETFE/PFA) drug-closure adoption ymer Film barrier, processing
Structural adsorption minimal challenges
. . extractables
Design Dual-layer /  Targeted barrier Fvbrid Multior . —_~ |
Multi- properties; Limited yori ultiple -15 pm Customizable  Complex
- . Systems processes properties validation
component specialized drug- commercial use requirements
Stoppers contact surfaces *References [77]-[80]
Supply chain -
RFID & NFC tracking; digital Commercial 8 Conclusion
Connectivity S implementation
authentication . . .
Smart Visual evid ; In conclusion, elastomeric closures are not merely passive
Integration | Visualevigence ot ) components of a drug package but are highly engineered, critical
Color-changing  tampering or Limited systems that play a vital role in ensuring the safety and efficac
Indicators temperature commercial use Y play a v . g Y y
excursions of parenteral medicines. Their development and manufacture

Pre-sterilized;
eliminates in-
house processing
and contamination
risk

Component ' Ready-to-Use
Readiness | (RTU) Systems

Widespread
adoption

*References [61]-[77]

Few points remain to be considered. Recent studies have
demonstrated that incorporating graphene nanoplatelets (GNPSs)
into fluoroelastomers (FKM) significantly enhances their gas
barrier properties, making them ideal for high-performance
sealing applications in harsh, corrosive environments [81]. These
studies indicate that GNPs, owing to their 2D geometry, high
aspect ratio, and high surface area, create a "tortuous path" that
hinders gas migration through the polymer matrix. On the other
hand, deterministic leak tests often diverge from theoretical
predictions, especially when accounting for surface lubrication,
because standard models tend to overlook the multi-scale nature
of surface topography and its dynamic interaction with fluid
films. Multiscale contact mechanics (MCM)—such as Persson
theory—reveals that sealing occurs through the suppression of
micro-channels across many decades of length scales, a process
profoundly altered by the presence of a lubricant [82],[83].
Finally, thermoplastic elastomers (TPES) represent a modern
class of sealing materials that combine the processing advantages
of thermoplastics with the performance characteristics of
vulcanized rubbers.

Unlike thermoset rubber (e.g., butyl rubber), which requires
energy-intensive vulcanization and cannot be reshaped, TPEs
can be molded, extruded, and recycled, offering significant
manufacturing flexibility and sustainability advantages [84]-
[88]. In the context of modern packaging and closures, TPEs are
increasingly used for sealing rings, bottle cap liners, and
pharmaceutical closures, offering a high-purity alternative to
traditional materials.

require a deep, interdisciplinary understanding of material
science, polymer chemistry, precision engineering, and
microbiology. The rigorous quality control, comprehensive E&L
evaluation, and robust toxicological assessments that underpin
their use are crucial steps to ensure the commitment to patient
safety. As pharmaceutical science continues to advance with the
development of increasingly complex and sensitive biologic
drugs, the demands on these essential components will only
intensify, ensuring that the field of pharmaceutical closures
remains a dynamic and critical area of innovation.
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