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ABSTRACT: Polymeric and elastomeric materials are commonly encountered in medical devices and packaging
systems used to manufacture, store, deliver, and/or administer drug products. Characterizing extractables from such
materials is a necessary step in establishing their suitability for use in these applications. In this study, five individual
materials representative of polymers and elastomers commonly used in packaging systems and devices were extracted
under conditions and with solvents that are relevant to parenteral and ophthalmic drug products (PODPs). Extraction
methods included elevated temperature sealed vessel extraction, sonication, refluxing, and Soxhlet extraction.
Extraction solvents included a low-pH (pH = 2.5) salt mixture, a high-pH (pH = 9.5) phosphate buffer, a 1/1
isopropanol/water mixture, isopropanol, and hexane. The resulting extracts were chemically characterized via
spectroscopic and chromatographic means to establish the metal/trace element and organic extractables profiles.
Additionally, the test articles themselves were tested for volatile organic substances.

The results of this testing established the extractables profiles of the test articles, which are reported herein. Trends
in the extractables, and their estimated concentrations, as a function of the extraction and testing methodologies are
considered in the context of the use of the test article in medical applications and with respect to establishing best
demonstrated practices for extractables profiling of materials used in PODP-related packaging systems and devices.

KEYWORDS: Extractables, Leachables, Plasticized poly (vinyl chloride), Polycarbonate, Low-density polyethylene,
Rubber, Cyclic olefin copolymer, Polymer analysis.

LAY ABSTRACT: Plastic and rubber materials are commonly encountered in medical devices and packaging/delivery
systems for drug products. Characterizing the extractables from these materials is an important part of determining
that they are suitable for use. In this study, five materials representative of plastics and rubbers used in packaging and
medical devices were extracted by several means, and the extracts were analytically characterized to establish each
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material’s profile of extracted organic compounds and trace element/metals. This information was utilized to make
generalizations about the appropriateness of the test methods and the appropriate use of the test materials.

Introduction

Many pharmaceutical products are manufactured, stored,
delivered, and/or administered in a packaging system
or via a medical device with polymeric and elasto-
meric components. Interactions between the product
and packaging systems or delivery devices can affect
the quality of the product or, less frequently, the
packaging system or device itself. From the perspec-
tive of the packaged drug product, interactions be-
tween the product and its packaging system (or de-
vice) are either additive (e.g., a packaging system
constituent is added to the product due to the interac-
tion) or reductive (e.g., a product constituent is re-
duced, in either level or action, due to the interaction).
The additive interaction reflects a single physicochem-
ical process; extractables (organic and/or inorganic
chemical entities) from the packaging system (or de-
vice) migrate out of the system and accumulate as
leachables in the product. It has been well established
that leachables in products can affect the product’s
safety and/or efficacy, and regulatory guidances in-
clude recommendations regarding the analysis and
toxicological safety assessment (i.e., qualification) of
such substances (1-4). To comply with regulations
and to establish the safety impact of packaging, nu-
merous medical polymers and elastomers have been
characterized for their extractable substances and
many pharmaceutical products have been character-
ized for polymer- and elastomer-related leachables.
Nevertheless, there is little consistency in the design
and execution of these various studies, and while the
studies are driven by the general principles of good
science, it is not clear what principles and practices
reflect and establish good scientific methods and pro-
cesses.

In 2006, the Product Quality Research Institute
(PQRI) issued its report Safety Thresholds and Best
Practices for Extractables and Leachables in Orally
Inhaled and Nasal Drug Products (5), which pro-
vides a scientific rationale and process to identify,
quantify, and establish the safety of leachables
and/or extractables in orally inhaled and nasal drug
products (OINDPs). This report includes best dem-
onstrated practices for performing controlled ex-
traction studies, specifically relevant to the OINDP
dosage forms. To establish thresholds and best dem-
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onstrated practices for performing controlled ex-
traction studies specifically relevant for polymers
and elastomers used in container closure systems
for parenteral and ophthalmic dosage products
(PODPs), the PQRI PODP Leachables and Extract-
ables Working Group initiated a study which con-
sidered the processes by which extracts are gener-
ated and analyzed and the means by which the test
results are evaluated and interpreted. The purpose of
this present study was to generate and interpret data
from controlled extraction studies performed on
multiple polymeric and elastomeric materials of
construction commonly encountered in PODP pack-
aging systems. These materials were subjected to
different extraction conditions and the resulting
samples (i.e., extracts) were then characterized for
extracted substances to establish how the different
experimental parameters affected the resulting ex-
tractables profiles. Thus, this study was designed
and executed to be exploratory in nature and differs
significantly, in terms of design, execution, and
interpretation, from studies whose objective is to
establish the suitability for use of marketed pack-

aging.

This report presents the test results for the five
materials of construction investigated and discusses
the results within the overall context of establishing
best demonstrated practice recommendations for ex-
tractables characterization in PODP-related packag-
ing systems, components, and materials of construc-
tion.

Experimental
Objective

The overall objective of this study was to produce
comprehensive, albeit semi-quantitative, extractables
profiles for a series of PODP-relevant materials of
construction. These profiles were generated using sol-
vents and extraction techniques relevant to typical
PODP dosage forms and formulations. To meet this
objective, five materials representative of those used
in PODP packaging were examined: poly (vinyl chlo-
ride) (PVC), brominated isobutylene-isoprene rubber,
low-density polyethylene (LDPE), polycarbonate (PC),
and a cyclic olefin copolymer (COC).
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Test Articles

Test articles were provided as resin beads, plaques, or
sheets rather than molded components. While these
materials are representative of those used in PODP
packaging, none of these raw materials are used in any
commercial packaging systems. Compositions of the
test articles were provided by each material’s supplier
and no attempt was made to definitively establish that
the supplier information was comprehensive. Thus, it
is possible that each material contained unspecified
additives and processing aids which could appear as
extractables. Test articles were used as received and
were not subjected to additional potentially chemically
modifying processing steps (e.g., sterilization by
gamma irradiation).

Extraction

All extraction and extract characterizations were con-
ducted under a protocol generated by the PQRI PODP
Working Group (6). Extraction conditions were cho-
sen to be appropriate for PODP packaging systems and
relevant to PODP formulations. Thus, overly aggres-
sive extractions that could lead to partial solubilization
of any test articles were not used in this study. How-
ever, as no single extraction technique and method can
solubilize all potentially relevant extractables, multi-
ple extraction processes (combinations of extraction
solvent, extraction method, and extraction conditions)
were used. Additionally, as no single analytical tech-
nique can identify and quantify all unknown extract-
ables, orthogonal methods were used to maximize the
likelihood that all predominant extractables were de-
tected and appropriately evaluated. Overlap between
methods produces corroborating data that demonstrate
the validity of the procedures.

Extraction Solvents and Methods: To establish best
demonstrated practices for OINDPs, the PQRI Leach-
ables and Extractables Working Group performed ex-
tractions with a particular focus on metered dose in-
halers (MDIs) whose drug product vehicle is typically
an organic solvent (5). Because many PODP dosage
forms are aqueous, this present study focused on water
as an extraction solvent. The extraction solvents used
in this current study were

e  Water at pH 2.5 (HCI/KCI] mixture); justified as

few therapeutic products are formulated at a pH
lower than 2.5. The extraction solvent contained
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0.01 M KCI and 0.003 M HCI at a typical pH of
2.5 £ 0.1.

e Water at pH 9.5 (phosphate buffer); justified as
few therapeutic products are formulated at a pH
higher than 9.5. This extraction solvent contained
0.0045 M and 0.066 M concentrations of monoba-
sic and dibasic sodium phosphate salts, respec-
tively, and was titrated to a final pH of 9.5 with 1
N NaOH.

e 1/1 (v/v) isopropanol (IPA)/water; justified as a
simulant for aqueous formulations containing sol-
ubilizing agents and also provides for trend analysis
between IPA and water alone. This solvent was pre-
pared by mixing equal volumes of IPA and water.

e Organic solvents, including hexane and IPA.

This study included extraction techniques typically
used in OINDP extractables characterization studies,
such as Soxhlet and reflux (5). However, because a
significant number of PODPs are terminally sterilized
aqueous formulations, extraction methods compatible
with aqueous extraction media (i.e., sealed vessel, soni-
cation) were also included in this study. Finally, all test
articles were thermally analyzed for volatile extractables
by gas chromatography (GC) with headspace sampling.

Not all of the above extraction methods were com-
bined with all extraction solvents. For example, com-
pletely organic solvents were not coupled with sealed
vessel or sonication extraction because PODP dosage
forms do not generally include autoclaved organic
solvents. Aqueous extraction solvents were not cou-
pled with Soxhlet or reflux extraction. Details of the
extraction study design with respect to test articles,
solvents, methods, and conditions are summarized in
Table I.

Extraction Parameters: The magnitude of this study
was such that it required the combined efforts of six
participating laboratories to fulfill its objectives. Al-
though extracts were generated and tested according to
protocol (6), minor deviations in particular method
details and extraction procedures were occasionally
made by individual participating laboratories to ac-
commodate different laboratory facilities and instru-
mentation. It is the intent of this report to summarize
the general procedures used across laboratories with-
out delving into the relatively minor differences be-
tween them.
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TABLE 1
Overview of Study Design and Extraction Parameters
Typical Sample 1 g/20 mL
Preparation 5 g test article/200 mL extraction solvent vial
Extraction Method Soxhlet Reflux Sonication Sealed Vessel
Extraction Solvent IPA Hexane IPA Hexane | IPA/W | pH 2.5 pH 9.5 pH 2.5 pH 9.5 IPA/W Headspace
Test PVC X X X X X X X X X X X
Article Rubber X X X X — X X X X X X
LDPE X X X X — X X X X X X
PC X X X X X X X X X X X
CcocC X X X X — X X X X X X
Extraction Parameters 16-24 h 2-3 h 2 h 0°C2h Autoclave at 121 55 °C 80°C2h
°C1h 3 days
Analytical | GC/FID or | X (1) X (1) X (1) X (1) X(1,2) | X(1,2) | X(1,2) | X(1,2) | X (1,2) X (1,2) —
Method GC/MS
LC/UV/MS | X (1) X (1) X (1) X (D) X X X X X X —
ICP/MS — — — — — X X X X — —
Headspace — — — — — — — — — — X
GC/MS
Notes: An “X” denotes a material/solvent/analytical method combination for which testing was performed, a “—* denotes a combination not tested.

IPA = isopropanol, IPA/W = 50/50 isopropanol/water

1. Sample processing included concentration (see text).

2. Sample processing included solvent-switching for improved compatibility between solvent and analytical method as well as analysis of TMS-derivatized and
underivatized extracts (see text).
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Test Articles:
+ Polyvinyl chioride (PVC) Thermal Analysis
+  Rubber Elastomer (RE) ——# (Headspace-GC)
+ Low Density Polyethylene (LDPE) VOLATILES
= Polycarbonate (PC)
+ Cyclic Olefin Copolymer (COC)
,—|
T
Aqueous Extract Aqueous Extract
pH25 pHY9.5 IPA/Water 50/50 IPA Extract
Sealed . Sealed o Refiux Saxhlet
=2 EE EFEE =EE ==
| o I
==
Processing gl
Back-Extraction
ing +pH 25 pH 10

Instrumental

+pHO.5-> pH2
+neutral >pH 10

) [ cae ][ e
(Metals by ICP-MS)
SEMIVOLATILES NON-VOLATILES
1) The fon standard 2-

Figure 1

Concentrate
(if appl. centrifuge/fitter)

Injection Sumga ecion
Solution # -+ ;
(underivatized) (irganax 415)

GCMS LCMS
GCIFID LCuvV
SEMIVOLATILES NON-VOLATILES

was only used by one of the participating labs for the organic extracts
2) For n-hexane, a solvent switch to methanol was performed to obtain the injection solution (GC and LC)

Flow Diagram Showing the Analysis Process for the Test Articles and their Associated Extracts. See also

Table 1.

Sample weight, extracting solvent volume, and sample
extract concentration factors were established so that
individual extractables present above a reporting thresh-
old of 10 pg/g (ppm, 0.001% by weight) could be
discovered, identified, and quantified. Toward this end,
extractions were conducted with a test article to solvent
ratio targeted at 5 g to 200 mL. Where necessary, test
articles were reduced in size by cutting them into smaller
pieces prior to extraction. Aggressive size reduction
methods such as grinding were avoided. All extractions
were conducted in duplicate and blanks (negative con-
trols) were prepared in duplicate for all solvent/method
combinations and processed in the same manner as test
articles. At the conclusion of each extraction, extracts
were cooled to room temperature, decanted from the
extracted test article, and preserved for analysis in an
appropriate vessel with minimal headspace.
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Table I summarizes key parameters for all extractions
including weights, volumes, times, and temperatures.
Note that for sealed vessel extractions, glass containers
(250 mL media bottles with polypropylene screw caps)
were used to generate extracts intended for organic anal-
ysis (i.e., chromatographic methods) while Teflon ves-
sels were utilized to generate extracts for inorganic (met-
als) analysis. Glass is a potential problem in metals
analysis, especially with solvents at higher pH, due to
potential leaching of targeted extractables from glass
(e.g., Si, B, Al, Na). Teflon vessels can create potential
problems with organic extractables due to possible ad-
sorption of the extractables.

For sonication extractions, the temperature of the bath
was maintained at approximately 0 °C (range of 0-2
°C) by continuously adding ice to the bath. This was

PDA Journal of Pharmaceutical Science and Technology
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TABLE 11

Typical Operating Parameters, GC/FID and GC/MS Analyses

Operating Parameter

Operating Value (Aqueous
Extracts)

Operating Value (Organic
Extracts)

Column

J&W (Folsom, CA) DB-5HT, 30 m X
0.25 mm, 0.1 pwm film thickness

J&W DB-5HT, 30 m X 0.25
mm, 0.25 pm film thickness

Oven Program

Start at 40°C, hold for 1 min; ramp at
10°C/min to 280°C, hold for 2 min;
ramp at 15°C/min to 310°C, hold
for 3 min

Start at 50°C, hold for 1 min;
ramp at 12 °C/min to 315 °C,
hold for 16 min

Carrier Gas

He at 1 mL/min

He at 1.2 mL/min

Injection Splitless; 2 pL Split (1:5); 1 L
Injector Temperature 300°C 300 °C

FID Detector Temperature: 350°C N/A

MS Transfer Line Temperature 310°C 180 °C

MS Detection Details

70 eV (+EI), mass range of 33-650
amu (5.0 min or 7.5 min solvent
delay used for un-derivatized or delay)
derivatized samples)

70 eV (+EI), mass range of
33-650 amu (3.0 min solvent

Instrumentation Used

software)

1. Agilent (Santa Clara, CA) 6890
GC/7683 autosampler/5973 MSD
Simultaneous FID and MS via flow
splitter (MSD Productivity
Chemstation software)

2. Agilent 6890 GC/CTC Analytics
CombiPal aitosampler/Waters
(Millford, MA) GCT Premier TOF-
MS (Waters MassLynx 4.1

Agilent 6890 GC/7683
autosampler/973 or XL5975C
MSD (MSD Productivity
Chemstation software)

intended to address concerns about the consistent ap-
plication of energy during sonication.

Extract Processing Prior to Analysis

All samples were visually inspected prior to analysis
to ensure that they were free from obvious particulate
matter. Samples containing visible particulate matter,
and portions of their associated extraction blanks,
were handled either by filtration or by allowing the
particulates to settle and carefully obtaining clear sam-
ple aliquots for testing. Samples that contained partic-
ulate matter included the reflux and Soxhlet extracts of
PVC and the pH 9.5 sealed vessel extracts of the PVC
and rubber.

In certain cases, additional processing of the extracts

was carried out prior to analysis, in order to concen-
trate extractables and create samples more compatible

Vol. 67, No. 5, September-October 2013

with a particular analytical method, for example, tri-
methylsilyl (TMS) derivatization. This was particu-
larly true in cases where aqueous extraction solvents
were analyzed by GC. Scenarios where extracts re-
quired additional processing are explicitly given in
Figure 1. Details of the processing steps are described
in the following text.

Internal Standards: In cases where extracts under-
went concentration or solvent switching (Figure 1) prior
to GC analysis, a minimum of two internal standards
were introduced. The first, a surrogate internal stan-
dard, was added to the extract prior to additional
processing (solvent switching, concentration, deriva-
tization) to monitor the performance of these proce-
dures. The surrogate internal standard compound was
4,4’-(m-phenylene-diisopropylidene)diphenol  (Bis-
phenol M), chosen because it was sufficiently stable,
soluble in all extraction solvents, amenable to back-
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TABLE III

Typical Operating Parameters, LC/UV/MS Analyses

Operating Parameter

Operating value

Column Agilent Zorbax Eclipse Plus C,5, 100 X 3.0 mm, 3.5 wm particles
Column Temperature 40-50 °C
Mobile Phase Components A = 10 mM ammonium acetate, B = acetonitrile
Mobile Phase Gradient Time (min) % B

0.0 5.0

8.4 100.0

35.0 100.0

36.0 5.0

39.0 5.0
Mobile Stage Flow Rate 0.8 mL/min
Injection Size 10-50 pL

Detection, UV

205-300 nm; spectra recorded at A = 210, 220, 230, 250, and 270 nm;
205 nm for variable wavelength detector

Detection, MS

API-ES or APCI, positive ion and negative ion (mass range 80-1500)

software.

Instrumentation Used 1. Agilent 1100 LC (vacuum degasser, binary pump, heated column
compartment)/Model ATG1315A diode array detector/1100 mass
selective detector (MSD). Agilent Chemstation rev A.10.02 software.

2. Agilent 1100 LC (vacuum degasser, binary pump, heated column
compartment, variable wavelength detector)/Applied Biosystems
(Foster City, CA) Mariner TOF-MS (APCI mode). Agilent Chemstation
rev A.10.02 and Applied Biosystems Data Explorer version 4.0.0.1

3. Agilent LCs (binary pump, autosampler, heated column compartment)/
Thermo Finnigan (Waltham, MA) LCQ Deca XP Max ion trap MS or
Thermo Finnigan LTQ FT Ultra MS or Waters Q-TOF Premier TOF-
MS. Thermo Finnigan Xcalibur and Waters MassLynx software.

Sample Preparation

None, direct injection

extraction from aqueous extracts by organic solvents,
semi-volatile, amenable to all detection principles,
selectively detectable, and amenable to TMS deriva-
tization.

At the final stage of sample processing (after solvent
switching and/or concentration), an injection internal
standard was introduced to monitor instrument perfor-
mance. The injection internal standard used in this
study was 4,4’-(m-4,4’-thiobis(3-methyl-6-z-butylphe-
nol) (Irganox 415), chosen because it was sufficiently
stable, soluble in the final extract, semi-volatile, amena-
ble to all detection methods, and selectively detectable.

Although their concentrations varied across laborato-
ries, both internal standards were nominally prepared
at 50 pg/mL in methanol. In some laboratories, inter-
nal standards were also introduced prior to extraction
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(e.g., the 2-fluorobiphenyl noted in Figure 15), but
such additions went beyond the scope of the original
protocol (6).

Solvent Switching: Solvent switching was per-
formed on all aqueous extracts intended for GC
analysis. Briefly, a 50.0 mL aliquot of extract was
combined with a nominal 1.0 mL volume of surro-
gate internal standard and back-extracted twice with
25.0 mL dichloromethane (DCM). Next, the pH of
the extract was adjusted to the opposite extreme (pH
2.5 extracts were adjusted to ~10, pH 9.5 extracts
were adjusted to ~2) and back-extracted two more
times with DCM. All four resultant DCM extracts
were pooled and concentrated (see the following
text). In the case of IPA/water extracts intended for
GC analysis, the same back-extraction procedure
was followed except that the initial round of DCM

PDA Journal of Pharmaceutical Science and Technology



Downloaded from on April 10, 2024

TABLE IV
Composition of the Diluted Grob Mix used to
Assess GC System Suitability

Concentration, pg/ml
(ppm) in the System
Components of the Suitability Test
Grob Mix Sample
L(+)-2,3-Butanediol 27
n-Decane 14
2,6-Dimethylaniline 16
2,6-Dimethylphenol 16
Methyl decanoate 21
Methyl docecanoate 21
Methyl undecanoate 21
Nonanal 20
1-Octanal 18
n-Undecane 14

extraction was conducted after acidification of the
original extract.

Extract Concentration: For aqueous or mixed IPA/
water extracts switched into DCM, pooled DCM frac-
tions were dried with anhydrous sodium sulfate and
evaporatively concentrated (e.g., Turbovac) to less
than 0.5 mL. An aliquot of injection internal standard
(nominally, 0.5 mL) was then added to the concen-
trated DCM extract and the final volume adjusted to
1.0 mL. A similar concentration strategy was followed
for organic extracts without solvent switching.

TMS Derivatization: Aqueous and IPA/water ex-
tracts analyzed by gas chromatography were tested
with and without derivatization of extractables to
their TMS analogs. Derivatized samples were pre-
pared by combining 0.5 mL of concentrated extract
in DCM with 100 pL dimethylformamide in an
amber autosampler vial. Once the vial contents were
evaporated to near-dryness under flowing nitrogen,
a 100 pL aliquot of N,O-bis(trimethylsilyl)-trifluoroac-
etamide (BSTFA) containing 1% trimethylchlorosil-
ane (TMCS) (Supelco, Bellefonte, PA) was added to
the mixture, the vial capped, and the mixture was
allowed to react at 70 °C for 1 h. DCM was added
to each autosampler vial to increase the final volume
to 0.5 mL for injection.

Table I describes which combinations of extraction
solvent, extraction method, and analytical method uti-
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lized these additional processing steps. The analytical
processes used to test the extracts are delineated
graphically in Figure 1.

Instrumental Methods

Consistent with the PQRI-OINDP recommendations
(5), multiple analytical techniques were used to dis-
cover, identify, and quantify the extractables present
in each extract of PODP materials. Not all analytical
methods were used to characterize all extracts (see
Table I); for example, elemental analyses were per-
formed only on aqueous extracts.

Typical instrument parameters for extract analyses are
described as follows. Individual laboratories used the
instrumentation available to them, resulting in different
(but equivalent) equipment being used across laborato-
ries. Thus, minor variations in operating parameters for
chromatographic methods were sometimes necessary to
produce the desired chromatographic performance in
each laboratory. In all cases, however, the chromato-
graphic runs performed for this study met previously
established system suitability requirements (6).

Gas Chromatographic Methods—GC/Flame Ion-
ization Detection (GC/FID), GC/Mass Spectrome-
try (GC/MS): GC with appropriate sample processing
and detection strategies (GC/FID and GC/MS) was
used to assess volatile and semi-volatile extractables.

TABLE V
Operating Conditions, ICP-MS System for
Elemental Analysis

Parameter Setting

Forward Power 1300 watts (7500 a), 1500

watts (7500 c)

0.10 seconds per point

Acquire Integration Time

Integration Mode Auto
Replicates 1
Points per Peak 6
Rinse Time 180 s
Rinse Rate 0.5 rps
Uptake Time 35s
Uptake Rate 0.5 rps
Stabilization Time 20 s
Analysis Pump Rate 0.1 rps

Sample Introduction Polypropylene Spray Chamber,

Platinum Injector

Nebulizer Cross Flow

Nebulizer Flow rate 1.1 L/min

Other Settings Determined by tune results
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TABLE VI

Operating Parameters, Headspace GC-FID-MS Analysis for Volatiles

Operating Parameter |

Operating Value

Headspace Autosampler

Oven Temperature 80 °C

Loop Temperature 120 °C

Transfer Line Temperature 155 °C

Carrier gas He at 2.4 mL/min, constant flow
Equilibrium Time 120 min

Inject time 0.5 min

Loop equilibration time 0.30 min

Loop fill time 0.30 min

Vial pressurization time 0.30 min

Gas Chromatograph

Column

J&W DB-WAXETR, 60 m X 0.32 mm LD., 1 pm film

Oven Program

Start at 35 °C, hold for 7 min. Ramp at 1 °C/min to 40
°C, hold for 15 min. Ramp at 10 °C/min to 100 °C.
Ramp at 25 °C/min to 240 °C, hold for 5 min.

MS Ionization Mode

El+, 70 eV

MS Transfer Line Temp. 240 °C

MS Detection Mass Range 25 — 200 amu
Solvent Delay 0 min

FID Temperature 260 °C

FID Hydrogen Flow 40.0 mL/min

FID Air Flow 400.0 mL/min

FID Mode: Constant Makeup Flow
FID Makeup flow: 30.0 mL/min

FID Makeup gas: Helium

Splitter make up gas

Helium at 4.0 psi

For GC/MS analyses, no data were collected while
injection solvent was in the ion source of the mass
spectrometer. As shown in Table I, aqueous and IPA/
water extracts were solvent-switched, concentrated,
and TMS-derivatized prior to analysis. For GC/FID or
GC/MS analyses of organic extracts generated by
Soxhlet or reflux, extracts were concentrated and in-
ternal standards were used. No derivatization or sol-
vent switching was deemed necessary for these sam-
ples. Typical operating conditions and instrumentation
for all GC experiments are summarized in Table II.

High-Performance Liquid Chromatography/UV Absor-
bance/Mass Spectrometry (LC/UV/MS) Methods: Re-
versed-phase high-performance liquid chromatogra-
phy (LC) with diode array UV (LC/UV) and mass
spectrometry (LC/MS) detection was used to assess
relatively non-volatile extractables. Aqueous and IPA/
water extracts were injected neat (no additional pro-
cessing). The LC/UV/MS analyses of organic solvent
extracts (reflux and Soxhlet) were preformed on the
same fortified and concentrated samples that were
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used in the GC analyses of those extracts. As noted
previously, some extracts contained particulate matter.
The entrained particulate matter was either avoided by
allowing it to settle or eliminated by filtering the
sample prior to analysis.

General operating conditions and instrumentation for
the LC/UV/MS analyses are summarized in Table III.
In some instances, individual laboratories extended
the chromatographic gradient and increased the mass
range of the mass spectrometer to capture later-elut-
ing, higher molecular weight extractables.

System Suitability Criteria for the Chromato-
graphic Analyses: For the GC analyses, system suit-
ability involved analysis of a standard mixture of
organic compounds, known as the Grob mixture (7),
which is a suite of compounds used to establish the
performance characteristics of GC columns and meth-
ods. The commercially available Grob mixture
(Restek, Bellefonte, PA, catalog #565390) was diluted
1/20 with methylene chloride to produce the system
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TABLE VII
Extracted Trace Elements and Metals

Extracted Amount,” pg/g

PVC Rubber LDPE Polycarbonate Cyclic Olefin
Element | pH2.5 | pH9.5 | pH25 | pH 95 | pH25 | pH95 | pH25 | pH 9.5 | pH 2.5 | pH 9.5
Ca 1.5 NP* 4.07 2.07 NP* NP 6.6 0.80 0.81 1.7
Zn 1.3 0.43 2.89 0.49 0.08 NP 0.12 0.03 0.07 0.03
Br 1.3 0.08 17.5 20.5 0.40 0.08 1.1 0.07 0.54 0.02
Na 0.60 ME“ 3.05 ME“ 0.96 ME“ 1.0 ME“ 0.96 ME*
K ME“ NP ME“ 6.84 ME“ NP ME“ NP* ME“ NP
Fe 0.35 0.15 0.33 0.08" 0.12 NP* 0.71 0.06 0.24 NP
Mg 0.26 0.21 3.50 2.90 0.18 0.04° 0.24 0.17 0.16 0.15
Al 0.14 NP 0.66 3.56 0.09 NP NP NP* 0.07 NP
Cr 0.02 NP* 0.01 0.01 NP* NP* 0.07 0.02 NP* NP*
Ti NP* NP* 0.29 NP* NP* NP NP* NP* NP NP
Mn 0.02 NP 0.01 NP* 0.01 NP NP NP* NP NP
Si NP* NP 0.10 0.25 NP NP NP NP* NP NP
Sr 0.01” 0.02 0.01 0.01 0.01 NP NP* NP* NP NP
Ni NP* NP 0.01 0.01 NP NP NP NP* NP NP
Cu NP 0.01 NP NP NP NP NP NP* NP NP
Co NP* NP* NP NP* 0.01 NP NP* NP* NP NP
v 0.01 NP 0.01 0.01 NP NP NP NP* NP NP
Ba NP3 NP NP NP NP 0.01 NP NP* NP NP
As 0.01 NP* NP NP* NP* NP NP* NP* NP NP
Pb 0.01° NP NP NP* NP NP NP NP* NP NP
Sb NP 0.01 NP NP NP NP NP NP* NP NP
Mo NP* 0.01 NP NP* NP* NP NP* NP* NP NP

Notes:

“ME = this element a component of the extracting solution used and thus was not measurable as an extractable.

’Detected in only one of the two replicate extracts.

‘NP = not present in this extract in measurable quantities.
IThe reported value is the largest amount measured in either the sealed vessel or sonication extract.

suitability test mixture; see Table IV for its composi-
tion. Adequate chromatography was achieved and all
system suitability criteria were met for all analyses
performed in this study; typical system suitability
results have been previously reported (8).

For LC analyses, system suitability involved analysis of a
standard mixture of commonly encountered, chemically
diverse organic extractables. The test mixture was custom-
made by the participating laboratories from standard grade
reference materials and included the following compounds;
caprolactam, mono-(2-ethylhexyl phthalate), di-(2-ethyl-
hexyl) phthalate, and 4,4’-(1-methylethylidene)bis-phenol
(Bisphenol A, BPA) at a concentration of 1 mg/L each and
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butylatedhydroxytoluene, diphenylamine, and stearic acid
at a concentration of 5 mg/L each. For LC analyses using an
extended gradient, two additional suitability compounds,
3,5-Bis(1,1-dimethylethyl)-4-hydroxy-benzenepropanoic
acid, 1,1’-[2,2-bis[[3-[3,5-bis(1,1-dimethylethyl)-4-hydro-
xyphenyl]-1-oxopropoxy]methyl]-1,3-propanediyl]
ester (Irganox 1010) and 2,4-Bis(1,1-dimethylethyl)-
phenol, 1,1°,1°’-phosphite (Irgafos 168), were added
to the mixture at a concentration of 1 mg/L each. The
test mix was prepared by appropriate dilution of more
concentrated stock solutions, prepared using solvents
appropriate for the individual reagents. The final com-
position of the test mixture was compatible with the
mobile phase used in the LC analysis.
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Figure 2

GC/FID Chromatograms Comparing the Various Extracting Solutions, Sealed Vessel Extracts for the PVC
(underivatized sample preparation). Peaks A and B are the two internal standards (A = Irganox 415 and B =
Bisphenol M), reflecting compounds present in the extract at a concentration of approximately 1 mg/L (ppm).
The chromatograms reflect, from top to bottom, the IPA/water, pH 9.5 and pH 2.5 extracts respectively. See
Table VIII for a summary of information about the numbered peaks, all of which were ascribed to extracted

substances.

Chromatograms for the system suitability test mix-
tures were examined for the presence of peaks corre-
sponding to each analyte in the mix. Acceptance cri-
teria were as follows:

e Not all compounds were required to produce a
response in all chromatograms of a given sample
(GC: underivatized and derivatized, LC: UV and
+/— mode MS), but all compounds should produce
a response in at least one chromatogram.

e All peaks should have a response with a signal to
noise ratio (S/N) of 10 or greater.

e The closest eluting pair of peaks shall exhibit a
resolution of greater than 1.0.

e All peaks should be well-shaped, with a tailing
factor less than 2.0.

e There should be no significant differences (such as
changes in retention time, resolution, peak shape
and magnitude of response) in the chromatograms
obtained at the beginning and the end of the anal-
ysis run.

Adequate chromatography was achieved and all sys-
tem suitability criteria were met for all analyses per-
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formed in this study; typical system suitability results
have been previously reported (8).

Elemental Analysis: Inductively coupled plasma/
mass spectrometry (ICP/MS) was used to detect
target elements (i.e., metals) in the aqueous extracts
(sealed vessel and sonication extractions). The ICP
analyses were performed consistent with USP prac-
tices (9). Seventy elements were included in these
analyses; those elements present in one or more
extracts at reportable levels included Al, As, Ba, Br,
Ca, Cr, Co, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, Sb,
Si, Sr, Ti, V, and Zn. Targeted elements that were
not reproducibly extracted from any test material at
reportable levels included Ag, Au, B, Be, Bi, Cd,
Ce, Cs, Dy, Er, Eu, Ga, Gd, Ge, Hg, Hf, Ho, I, In,
Ir, La, Li, Lu, Nb, Nd, Pd, Pr, Pt, Os, Rb, Re, Rh,
Ru, Sc, Se, Sm, Sn, Ta, Tb, Te, Th, Tl, Tm, U, W,
Y, Yb, and Zr. The analysis conditions were such
that these elements could be measured at appropri-
ately low levels, typically 0.25 pwg/mL or less in the
material extracts. As the pH 2.5 and pH 9.5 extracts
contained large quantities of sodium and the pH 9.5
extracts contained large quantities of phosphorous,
these analytes were not determinable in these ex-
tracts.
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Figure 3

GC/FID Chromatograms Comparing the Various Extracting Solutions, Sealed Vessel Extracts for the PVC
(derivatized sample preparation). Peaks A and B are the two internal standards (A = Irganox 415 and B =
Bisphenol M), reflecting compounds present in the extract at a concentration of approximately 1 mg/L (ppm). The
chromatograms reflect, from top to bottom, the IPA/water, pH 9.5 and pH 2.5 extracts respectively. See Table VIII
for a summary of information about the numbered peaks, all of which were ascribed to extracted substances.

Material extracts were acidified prior to analysis via
addition of nitric acid; 0.5 mL concentrated nitric acid
was added to 10 mL of aqueous extract. The extracts
were analyzed by ICP-MS in semi-quantitative mode,
calibrated using a 10 pg/L Ce, Co, Li, Th, and Y
standard. Distilled, deionized (DI) water was analyzed
as a sample blank. The elemental results obtained for
the blank were subtracted from all sample results as
background. The method blanks were analyzed with
the samples and the average result of the method
blanks was subtracted from all sample results. A 500
counts per second (CPS) peak threshold was employed
during data processing. After the method blank result
was subtracted from the sample result, only those
elements that had values =0.1 pwg/L remaining were
reported, unless they were eliminated due to confir-
mation of poly-atomic interference as verified by iso-
topic abundance ratio template analysis. Data were
acquired on Agilent (Santa Clara, CA) models 7500C
and 7500A ICP-MS systems; instrument conditions
are listed in Table V. System suitability testing for the
ICP trace element analysis included the preparation
and testing of a system suitability test mixture that
contains all the targeted elements listed previously at
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a concentration of 0.25 mg/L. This criterion was met
for all analytical runs performed in this study.

Headspace GC/MS: Direct headspace analysis of ma-
terials was employed to detect and quantify their vol-
atile components, which may (or may not) be extract-
ables or leachables. Headspace analysis augments the
solvent extraction of materials (and the subsequent anal-
ysis of the extracts) because (a) the volatile entities may
not be captured in the solvent extract, and/or (b) the
volatile entities may not persist in the analytical methods
(including associated extract processing) used to test the
solvent extracts. The headspace methodology is intended
to uncover volatile entities that are present in the test
material; it is not intended to produce ‘“‘volatiles” by
causing the test material to thermally decompose. Thus,
the headspace “extraction” is accomplished at relatively
low temperatures (e.g., 120°C or lower).

Approximately 1 g of sample was weighed into a 20
mL headspace vial. An internal standard spiking so-
lution was added (10 pL), and the vials were capped
tightly with a crimp cap. The internal standard spiking
solution was prepared by weighing approximately 100
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TABLE VIII
Information for the GC Peaks Associated with Organic Extractables from the PVC Material
Peak # Highest Concentration in Extract
Set A“ Set B” Set C¢ Identification” CAS RN Medium Type
36 5 14 Di-(2-ethylhexyl) phthalate (DEHP)® 117-81-7 IPA Reflux
41&42 6 18 (z)-13-Docosenamide (Erucamide)® 112-84-5 Hexane Reflux
— 9 15 cis-11-Eicosenamide 10436-08-5 IPA Reflux
— 8 16 Hexadecanamide” 629-54-9 IPA Reflux
— No #¢ 8 Isopropyl palmitate® 142-91-6 Hexane Soxhlet
32 2, 10 7 Hexadecanoic (Palmitic) acid® 57-10-3 Hexane Soxhlet
34 4,11 10 Octadecanoic (Stearic) acid® 57-11-4 Hexane Soxhlet
— — 134 9-Hexadecenoic acid® 2091-29-4 IPA Reflux
27 — — Tetradecanoic (Myristic) acid” 544-63-8 IPA/Water Sealed
— — 12 Di-(isooctyl) phthalate® 27554-26-3 IPA Soxhlet
— — 14 Isopropyl stearate’ 112-10-7 IPA Soxhlet
— 1 6! Hexadecanoic acid, methyl ester’ 112-39-0 Hexane Soxhlet
— 3 — Octadecanoic acid, methyl ester” 112-61-8 IPA/Water Reflux
43 7 19 9-Octadecenamide (Oleamide)” 301-02-0 Hexane Reflux
— — 174 Octadecanoic acid, 2-hydroxy-1- 621-61-4 Hexane Reflux
(hydroxymethyl) ester®
— — 5 Benzoic acid, 2-ethylhexyl ester® 544-75-7 Hexane Reflux
— — 9 Dipropyl phthalate® 131-16-8 IPA Reflux
— — 20 Tri(2-ethylhexyl)trimelitate® 3319-31-1 Hexane Soxhlet
3 — 1 2-Ethyl-1-hexanol® 124-19-6 IPA Reflux
16 — 4 Butylated Hydroxytoluene (BHT) 128-37-0 Hexane Soxhlet
13 — 34 Phthalic anhydride® 85-44-7 Hexane/IPA Soxhlet &reflux
— — 24 Nonanal® 124-19-6 Hexane/IPA Soxhlet &reflux
33 — — Mono-(2-ethylhexyl) phthalate (MEHP)* 4376-20-9 pH 9 Sealed
26 No #¢ — Benzoic acid, 2-ethylhexyl ester’ 5444-75-7 IPA/Water Reflux
— No #¢ — Behenic amide’ 3061-75-4 IPA/Water Reflux
— No #¢ — Tetradecanoic acid, methyl ester® 124-10-7 IPA/Water Reflux
35 — — Oleonitrile® 112-91-4 IPA/Water Sealed
1 — — Phenol® 108-95-2 IPA/Water Sealed
6 — — 1-Octene-1-0l¢ 1184606-14-0 IPA/Water Sealed
17 — — Phthalimide® 85-41-6 IPA/Water Sealed
Notes:

“In the sealed vessel aqueous extracts, see Figures 2, 3. These extracts contained several extractables whose peaks are
numbered in the chromatograms but whose associated compounds were not established, including peaks 2, 4, 5, 7-12,

14, 15, 18-25, 28-31, 37-40, 44.

®In the reflux, IPA/Water extracts, see Figure 6. The first and second numbers refers to the chromatograms for the

underivatized and derivatized samples, respectively.

“In solvent extracts, Soxhlet and reflux, see Figures 8, 9.

“These peaks were present in the extract chromatogram but were not numbered in the relevant Figure.

“These identifications are classified as confirmed.
'These identifications are classified as confident.
SThese identifications are classified as tentative.

"The chromatograms also contained several peaks whose corresponding compound could not be established; these

unknown peaks are not listed in this table.

mg of 1,4-Dioxane into a 50 mL volumetric flask and
diluting with polyethylene glycol 200 (PEG 200);
thus, each sample vial contains 20 pg of 1,4-Dioxane.
Headspace GC/MS analyses were performed with an
Agilent G1888 Headspace Autosampler and an Agi-
lent 6890/5975 GC/FID/MS system equipped with an
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Agilent G3180B Splitter. The operating conditions for
the Headspace GC/MS are contained in Table VI.

A custom-made standard mixture was prepared from
standard grade reference materials. The individual
reagents, including methanol, acetic acid, cyclo-
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LC/UV/MS chromatograms of the pH 9.5 Sealed Vessel Extracts for the PVC. The chromatograms reflect, from
top to bottom, MS detection — ion mode, MS detection, + ion mode, and UV detection at 230 nm, respectively.
See Table IX for the identities, as available, for the numbered extractables.

hexanone, toluene, trimethylsilanol, and 2-ethyl-
hexanol, were diluted into PEG 200 at a target
concentration of 1 mg/mL (cyclohexanone and tol-
uene) and 2 mg/mL for all other standards. A sen-
sitivity standard was prepared by diluting the stock
standard mixture in PEG to a final concentration of
50 pg/mL for cyclohexanone and toluene. Head-
space vials were prepared by spiking 10 pL of
standard mixture or sensitivity standard into a 20
mL headspace vial and capping tightly with a crimp
cap. The final concentration for standard mixture
vials was 10 pg/vial for cyclohexanone and toluene,
and 20 pg/vial for all other standards. The final
concentration for the sensitivity solution was 0.5
pg/vial for cyclohexanone and toluene and 1 g/
vial for all other standards. The test mixture for
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headspace analysis was prepared to contain the in-
ternal standard (1,4-Dioxane).

The chromatograms for the system suitability test mix-
ture were examined for peaks corresponding to each
analyte in the mix. The system suitability criteria were
the same as those enumerated previously for the other
chromatographic analyses. Adequate chromatography
was achieved and all system suitability criteria were met
for all analyses performed in this study; typical system
suitability results have been previously reported (8).

Data Processing:

Identification of Organic Extractables: A primary ob-
jective in this study was to establish the identity of
extracted chemical entities. Although identification is
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LC/UV/MS Chromatograms of IPA/Water Sealed Vessel Extracts for the PVC. The chromatograms are, from
top to bottom, MS detection — ion mode, MS detection, + ion mode, and UV detection at 230 nm. See Table
IX for the available identities, for the numbered extractables. Note the much larger response axes (y-axis) for
these extracts versus that for the aqueous extracts (e.g., Figure 4).

a fundamental aspect of ICP-MS testing, as the ele-
ments of interest are specifically targeted and reported
based on their mass spectral properties, chromato-
graphic analyses are designed to separate and respond
to a multitude of organic compounds and compound
identities must be inferred from the available data. It is
generally the case that the accuracy of the inferred iden-
tities is based on the amount and quality of the corrob-
orating data. Thus, the inferred identities reported in this
study were graded from the perspective of the likelihood
that they are correct. The grading scale used in this study,
consistent with available best demonstrated practice rec-
ommendations (5), were as follows:

e Confirmed: corroborating data, including mass
spectrometric fragmentation pattern, confirmation of
molecular weight (or elemental composition), match
in retention time and spectrum with authentic stan-
dard were obtained.
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e Confident: sufficient data to preclude all but the
most closely related structures were obtained

e Tentative: data that are consistent with a class of
molecule only were obtained.

This study was designed to identify extracted sub-
stances at a concentration of 10 pg/g or higher. When
viable identifications could be made at lower concen-
trations, they are reported herein. However, specula-
tive identifications made for extractables at levels
lower than 10 pg/g are not reported.

Analyte Quantitation: Another study objective was to
estimate the extractables’ concentrations. Concentra-
tion estimates for individual inorganic/elemental ex-
tractables are readily obtained via the ICP/MS analy-
ses, as instrumental response was calibrated using
single point response factors obtained from external
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TABLE IX
Summary of Identified Organic Extractables from the PVC Material, LC Analysis
Peak #
Set A Set B® Set C°¢ Identification’ CAS RN
2 —° 1 Mono-(2-ethylhexyl) phthalate, MEHP 4376-20-9
4 2 — Tetradecanoic (Myristic) Acid 544-63-9
9 3 — Hexadecanoic (Palmitic) Acid 57-10-3
17 4 3 Di-(2-ethylhexyl) phthalate (DEHP) 117-81-7
15 5 — Octadecanoic (Stearic) Acid 57-11-4
18 6 — (z)-13-Docosenamide (Erucamide) 112-84-5
6,7,10-12,14 —° — Epoxidized Di- and tri-glycerides —
— — 2 Unspecified phthalate —
5 — — Pentadecanoic acid 1002-84-2
8 — — (z)-9-Octadecenamide (Oleamide) 301-02-0
11 — — cis-11-Eicosenamide 10436-08-5
Notes:

“In the sealed vessel aqueous extracts, see Figures 4, 5. The chromatograms contained additional peaks whose
associated extractables could not be identified; for example, peaks 1, 16.

’In the reflux, IPA/Water extracts, see Figure 7.

“In solvent extracts, Soxhlet and reflux, see Figure 10. The LC chromatograms also revealed numerous peaks that
were associated with fatty acid epoxides. Additional peaks in the chromatograms could not be ascribed to a specific

compound.

“The identifications for the specific compounds are either confident or confirmed.
°A peak for this compound was observed in the MS + ion chromatogram, which is not shown in this article.

standards. A similar situation is encountered for the
chromatographic analysis in cases where the identified
extractable was present in the system suitability test
mixtures. As such circumstances were unintentional
and rare, an alternate concentration estimation strategy
was employed by using internal standards. Thus, the
GC analysis included the addition of at least two
internal standards to the sample. As the concentration
of the Bisphenol M internal standard in the sample is
known and the internal standard’s response can be
measured, a response factor for the internal standard
(ratio of concentration to response) can be calculated.
Leveraging the assumption that the response factor is
more or less universal for all organic compounds
detected by a specific method, this response factor,
along with an analyte’s response, can be used to
estimate the analyte’s concentration. Such an approach
was universally applied to the GC data, as the assump-
tion of a sufficiently universal response is more readily
accepted for GC when FID or electron impact (EI)-MS
detection is used. Such an approach was not applied to
LC as the assumption of universal response is gener-
ally not applicable to UV or API (atmospheric pres-
sure ionization)-MS detection strategies.
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Lastly, the extraction procedures, analytical techniques
and methods, and analysis conditions described used in
this study were not fully and rigorously validated. All the
same, the scientific credibility of the data generated in
this study was established via the utilization of system
suitability testing with all the analysis methods and by
the analytical team’s expert review of the generated data,
consistent with PQRI OINDP recommendations (5).

Test Materials and Their Extractables Profiles

General

Due to the chemical nature of the solvents and physio-
chemical nature of the extraction processes, one antici-
pates that the extractables profiles revealed by testing the
various extracts would be quite different. This expecta-
tion is reinforced by the composition of the test articles.
It is generally the case that polymer additives are highly
nonpolar, with the individual additives having log P,
(octanol/water partition coefficients) values typically
greater than 4. This is not an unexpected circumstance,
as additives are formulated into a material with the
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Figure 6

GC/MS Chromatograms for the IPA/Water Reflux Extracts for the PVC. The upper chromatogram is for the
full scale chromatogram, the lower chromatogram is an expanded scale chromatogram showing the smaller
peaks. The major peaks in the chromatograms are extracted DEHP (19.7 min) and Bisphenol M (internal
standard, 21.7 min). The smaller peaks in the derivatized chromatogram in the elution region of 14 to 18
minutes are organic fatty acids such as myristic, palmitic and stearic acids. See Table VIII for information

related to the extractables revealed by this testing.

anticipation that they stay in the material to perform their
necessary function. Alternatively, it is reasonable to an-
ticipate that certain additives (e.g., fatty acids and their
salts) may partition favorably into an aqueous phase
under certain circumstances (e.g., at high pH). Addition-
ally, decomposition products of, and impurities in, the
additives (and the base polymer) would tend to be more
polar than the additive or base polymer itself and thus
would have an increased aqueous solubility. It is there-
fore reasonable to anticipate that the aqueous, sealed
vessel, or sonication extracts could contain extractables
that differ significantly (in identity and concentration)
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from the extractables that are contained in the organic
(i.e., reflux or Soxhlet) extracts. It is expected that the
aqueous extracts would not contain large quantities of
the additives themselves, due to solubility constraints,
but rather would contain both the additives” more water-
soluble and more polar impurities and hydrolysis prod-
ucts. Conversely, the organic extracts should predomi-
nantly contain the nonpolar additives themselves, as well
as the additive’s nonpolar impurities and reaction prod-
ucts. It is thus the combination of the information derived
from the analysis of these diverse extracts that estab-
lishes the complete extractables profile of the test article.
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LC/UV (A = 230 nm) and LC/MS (APCI ionization, negative ion mode) Chromatogram for the IPA/Water
Reflux Extract for the PVC. See Table IX for information related to the extractables revealed by this testing
(peaks labeled with numbers). The peak labeled IS is associated with one of the method’s internal standards.

As it was generally the case that the extracts produced
by sonication contained fewer organic extractables at
lesser concentrations than did the extracts produced by
sealed vessel extraction, only the results of the testing
of the sealed vessel extracts will be reported and
considered in greater detail.

Plasticized Poly(Vinyl Chloride), PVC

Introduction: Plasticized poly(vinyl chloride), PVC,
is the primary material in numerous medical devices

Vol. 67, No. 5, September-October 2013

and pharmaceutical packaging systems, including in-
travenous (IV), blood, enteral, and parenteral nutrition
and peritoneal dialysis bags and infusion tubing, na-
sogastric tubes, blister packaging and tubing used in
devices for cardiopulmonary bypass, extracorporeal
membrane oxygenation, and other applications. Its
extensive use is due to its desirable properties;
flexibility in a variety of physical forms, chemical
stability, compatibility with typical sterilization
processes, low cost, wide availability, and general
lack of significant adverse consequences during pa-
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Figure 8

GC/MS Chromatograms (underivatized) for the IPA Extracts for the PVC. The upper chromatogram is for the
reflux extraction and the lower chromatogram is for the Soxhlet extraction. Extractables associated with the
chromatographic peaks are summarized in Table VIII. The major peaks in the chromatograms are extracted
DEHP (=~ 21 min), fatty acids (17 — 20 min) and amides such as erucamide (= 23 min). The peaks labeled IS
are due to the internal standards. The chromatograms for both extraction conditions are similar and these
chromatograms for the IPA extracts are similar to those for the hexane extracts, Figure 9.

tient use. In its natural state, PVC is hard and brittle
at room temperature, and a plasticizer is added to
make it flexible, resilient, and easier to handle.
While there are more than 300 different plasticizers
described in the literature, only 50 to 100 are in
commercial use and di-(2-ethylhexyl) phthalate
(DEHP) has historically been the most widely used
plasticizer in medical PVC plastics.

In addition to the primary plasticizer, commercial
plasticized PVCs contain other additives that serve a
particular purpose. Secondary plasticizers such as ep-
oxidized oils are known as extenders and are com-
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monly encountered in medical PVCs. In addition to
promoting plasticity, these additives also serve as lu-
bricants and acid scavengers. Additionally, medical
PVCs will contain tertiary additives such as heat sta-
bilizers (e.g., metal salts of stearic acid), tinting
agents, and various processing aids.

Given its prominence as a medical plastic, plasticized
PVC has been extensively characterized with respect to
its extractables profile, and products contacting plasti-
cized PVC materials have been characterized for leached
substances (10-34). This information notwithstanding, it
is the case that there are few studies that examine how

PDA Journal of Pharmaceutical Science and Technology
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Figure 9

GC/MS Chromatograms (underivatized) for the Hexane Extracts for the PVC. The upper chromatogram is for
the reflux extraction and the lower chromatogram is for the Soxhlet extraction. Extractables associated with
the chromatographic peaks are summarized in Table VIII. The major peaks in the chromatograms are
extracted DEHP (=~ 21 min), fatty acids (17 — 20 min) and amides such as erucamide (= 23 min). The peaks
labeled IS are due to the internal standard. The chromatograms for both extraction conditions are similar and
these chromatograms for the hexane extracts are similar to those for the IPA extracts, Figure 8.

the profile of plasticized PVC extractables varies as a e Acid scavengers, calcium- and zinc-stearates,

function of the extraction conditions used.

Test Article: The test article was a representative
DEHP-plasticized PVC material, supplied as pellets,
as follows:

e PVC resin, ~60% by weight

e Primary plasticizer, DEHP, ~30% by weight

e Secondary plasticizer, epoxidized oil, =7% by
weight

Vol. 67, No. 5, September-October 2013

~(.5% each by weight
¢ Alkyl amide (e.g., Erucamide), ~1% by weight

Although the test article’s formulation is representa-
tive of plasticized PVCs used in pharmaceutical ap-
plications, this particular material is not used in com-
mercial products.

Elemental Analysis: Elements extracted into the

aqueous extracts from all test articles are summarized
in Table VII. Many of the targeted elements were not
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LC/UV (A = 220 nm) Chromatograms of IPA Reflux and Hexane Soxhlet Extracts for the PVC. See Table IX
for information related to the extractables revealed by this testing (numbered peaks). Peaks labeled as IS are
associated with the method’s internal standards. The LC/MS analysis was not able to establish the identities
of several of the major chromatographic peaks.

reproducibly extracted from the plasticized PVC in or more of the extracts included Ca, Zn, Br, Na, Fe,
reportable quantities (reporting threshold was approx- Mg, and Al. The highest levels of the extracted ele-
imately 0.01 ng/g). Major elements extracted from the ments were in the pH 2.5 extract, suggesting that ion
plasticized PVC at levels of 0.1 pg/g or greater in one exchange could be a predominant extraction mechanism.
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TABLE X

Organic Extractables Profile of the PVC Material as Established by the Testing Performed in this Study; Identified Compounds Reproducibly
Extracted from the Test Article at Levels of Approximately 1 pg/g or Greater

Concentration in Material, pg/g

Sealed Vessel Reflux Soxhlet
Chemical Molecul

Identification CAS RN Formula Weight pH 2.5 pH 9.5 IPA/W IPA/W IPA Hexane IPA Hexane
Di-(2-ethylhexyl) phthalate (DEHP)* 117-81-7 Cy4H3504 390.56 1-10 10-100 >1000 >10000 >10,000 >10,000 >10,000 >10,000
(z)-13-Docosenamide (Erucamide)® 112-84-5 CyHy3NO 337.58 — — >1000 >1000 >10,000 >10,000 >1000 >1000
cis-11-Eicosenamide” 10436-08-5 C,oH39NO 309.53 — — — 100-1000 >1000 >1000 >1000 >1000
Hexadecanamide (Palmitamide)” 629-54-9 C6H33NO 255.44 — — — 100-1000 >1000 >1000 >1000 >1000
Hexadecanoic acid, 1-methylethyl ester® 142-91-6 C9H330, 298.50 — — — 1-10 100-1000 10-100 100-1000 >1000
Hexadecanoic (Palmitic) acid® 57-10-3 C6H3,0, 256.42 — 10-100 100-1000 100-1000 100-1000 10-100 100-1000 100-1000
Octadecanoic (Stearic) acid” 57-11-4 CgH360, 284.47 — — 100-1000 100-1000 100-1000 — 100-1000 100-1000
Tetradecanoic (Myristic) acid” 544-63-8 C14Hy50, 228.57 — 10-100 100-1000 — — — — —
Hexadecanoic acid, methyl ester” 112-39-0 C7H3,0, 270.45 — 1-10 — 100-1000 10-100 10-100 10-100 100-1000
Octadecanoic acid, methyl ester” 112-61-8 C9H350, 298.50 — — — 100-1000 — — — —
(2)-9-Octadecenamide (Oleamide)” 301-02-0 CigH;35NO 281.48 — — 100-1000 10-100 10-100 100-1000 — —
9-Hexadecenoic acid® 2091-29-1 C6H3002 259.22 — — — — 100-1000 10-100 10-100 100-1000
Behenic Amide” 3061-75-4 CyHysNO 339.60 — — — 10-100 — — — —
Benzoic acid, 2-ethylhexyl ester” 5444-75-7 Cy5H,,0, 234.33 — — 10-100 10-100 — — — —
2-Ethyl-1-hexanol” 104-76-7 CgH, 30 130.23 1-10 1-10 1-10 10-100 10-100 10-100 10-100 10-100
Mono-(2-ethylhexyl) phthalate (MEHP)* 4376-20-9 Ci6H204 278.34 — 1-10 — — — — — —
Phthalic anhydride® 85-44-9 CgH405 148.12 — 1-10 10-100 — 10-100 10-100 10-100 10-100
Tetradecanoic acid, methyl ester” 124-10-7 C5H300, 242.40 — — — 1-10 — — — —

Notes:

“These identifications are classified as confirmed.
PThese identifications are classified as confident.

“These identifications are classified as tentative.
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Figure 11

GC/FID Chromatograms Comparing the Various Extracting Solutions, Sealed Vessel Extracts of the Elastomer
(underivatized sample preparation). Peaks ISTD1 and ISTD2 are the two internal standards (1 = Irganox 415
and 2 = Bisphenol M), reflecting compounds present in the extract at a concentration of approximately 1 mg/L
(ppm). The chromatograms reflect, from top to bottom, the IPA/water, pH 9.5 and pH 2.5 extracts respectively.
See Table XI for a summary of information about the numbered peaks, all of which were ascribed to extracted

substances.

Extraction of measurable quantities of Ca and Zn is
expected, as the plastic includes calcium and zinc salts as
intentional additives. Other elements, Cr, Mn, Sr, Cu, V,
As, Pb, Sb, and Mo, were present in the extracts at levels
near the detection limits and thus are trace level constit-
uents of the test article.

Volatile Components: The headspace GC/MS chro-
matograms contained several peaks related to volatile
hydrocarbons of unspecified identity, present at levels
ranging from 0.5 to 4.6 pg/g. The identity of one volatile
compound, 2-ethyl-1-hexanol, was confirmed; this com-
pound was present in the test material at a level of 3.0

ng/g.

Organic Extractables:

Sealed Vessel Extracts: Typical GC/FID chromato-
grams obtained for the sealed vessel extracts are
shown in Figures 2 and 3. Information for the ex-
that the major
chromatographic peaks is summarized in Table
VIII. LC chromatograms obtained for the sealed
vessel extracts are shown in Figures 4 and 5. Infor-
mation related to the extractables peaks in these

tractables were ascribed to
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chromatograms is summarized in Table IX. As was
anticipated, there are relatively few extracted sub-
stances at generally low levels in the aqueous pH
2.5 and pH 9.5 extracts. Most of the nonpolar ad-
ditives were not detected in these extracts, with the
exception of very low levels of DEHP. The aqueous
extracts contained larger quantities of the more sol-
uble 2-ethyl-1-hexanol, which is related to DEHP as
an impurity or decomposition product. The high-
er-pH extract also contained small quantities of
several fatty acids and mono-(2-ehtylhexyl) phtha-
late (MEHP), reflecting their increased solubility at
a pH above the acid’s pK,.

The chromatographic analyses indicated that the IPA/
water extracts contained more numerous extractables
at higher concentrations than did the aqueous extracts.
Figures 2 through 5 illustrate the effect that the extract-
ing solvent had on the extractables profile. In general, the
IPA/water extracts contained the nonpolar additives
themselves as well as the additives’ higher molecular
weight constituents, specifically phthalates related to the
DEHP plasticizer, organic acids associated with the
stearate additive, and erucamide and related compounds.

PDA Journal of Pharmaceutical Science and Technology
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GC/FID Chromatograms Comparing the Various Extracting Solutions, Sealed Vessel Extracts of the Elastomer
(derivatized sample preparation). Peaks ISTD1 and ISTD2 are the two internal standards (1 = Irganox 415 and
2 = Bisphenol M), reflecting compounds present in the extract at a concentration of approximately 1 mg/L
(ppm). The chromatograms reflect, from top to bottom, the IPA/water, pH 9.5 and pH 2.5 extracts respectively.
See Table XI for a summary of information about the numbered peaks, all of which were ascribed to extracted

substances.

Reflux and Soxhlet Extracts: Chromatograms ob-
tained for the various reflux and Soxhlet extracts are
illustrated in Figures 6 through 10. Chemical infor-
mation related to the identified extractables present
in these extracts is summarized in Tables VIII and
IX. The nonpolar additives were the prevalent ex-
tractables discovered and account for the major
peaks. In general, the extractables profile is not
greatly affected, qualitatively, by either the extrac-
tion process (Soxhlet versus reflux) or the extraction
solvent (IPA/water versus IPA versus hexane). As
the levels of the extractables in these extracts were
relatively high, it was difficult to ascertain whether
there were meaningful quantitative differences in
the extractables profile as a function of extraction
method and extraction solvent.

In addition to the extractables listed in the relevant ta-
bles, the reflux and Soxhlet extracts contained numerous
compounds whose specific identities could not be estab-
lished but which could be attributed to a compound class,
specifically epoxidized fatty acids. These substances,

Vol. 67, No. 5, September-October 2013

whose association with PVC extracts has been previ-
ously documented (16), were particularly prevalent in the
LC/MS chromatograms and represent hydrolysis prod-
ucts and related substances of the secondary plasticizer
(epoxidized linseed oil).

Summary: The extractables profile of a DEHP-plas-
ticized PVC material was established via the use of
multiple extraction processes, multiple extracting me-
dia, and multiple analytical tests. The predominant
extracted metals (Ca and Zn) were attributed to the
acid scavenger additive (calcium and zinc stearate
salts). As the highest levels of these extracted ele-
ments were obtained in the pH 2.5 extract, ion ex-
change is a believed to be the predominant extraction
mechanism. This material’s profile of organic extract-
ables is summarized in Table X. The organic extract-
ables generally fell into four classes of compounds,
roughly linked to the four major PVC additives. Thus,
the organic extractables profile includes phthalate ex-
tractables associated with the primary plasticizer
(DEHP); epoxidized fatty acids as impurities in or
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TABLE XI

Information Related to the GC Peaks Associated with Organic Extractables from the Rubber

Highest Concentration In
Peak # Extract
Set A Set B” Identification CAS RN Medium Type
28 8 Octadecanoic (Stearic) acid® 57-11-4 Hexane Soxhlet
21 5 Hexadecanoic (Palmitic) acid® 57-10-3 Hexane Soxhlet
— 3 C-21 oligomer®/ — Hexane Soxhlet
— 13 Oleamide® 301-02-0 IPA Soxhlet
24 7 Isopropyl palmitate® 142-91-6 Hexane Soxhlet
— 6" Unsaturated aliphatic hydrocarbon — Hexane Soxhlet
— 15 Octadecane? 593-45-3 IPA Soxhlet
— 16 Octacosane® 630-02-4 IPA Soxhlet
36 17 1-(4-Morpholinyl)-octanoic acid? 5299-54-7 IPA Soxhlet
— 1 Morpholine® 110-91-8 IPA Reflux
— 14 Tetracosane® 646-31-1 IPA Soxhlet
— 19 Aliphatic hydrocarbon® — IPA Soxhlet
— 12 10-Oxo-octadecanoic acid? 870-10-0 IPA Reflux
— 18 4,4’-Dioctlydiphenylamine® 101-67-7 IPA Reflux
— 2 C13-oligomer, brominated®# — IPA Reflux
— 10 Hexadecanamide® 629-54-9 IPA Reflux
— 11 Docosane? 629-97-0 TPA Reflux
20 4 Methyl-n-hexadecanoate® 112-39-0 IPA Reflux
26 9 Octadecanoic acid, methyl ester? 112-61-8 Hexane Soxhlet
33 — Nonadecanoic acid? 646-30-0 pH 9.5 Sealed
11 — Diethyl phthalate” 84-66-2 pH 2.5 Sealed
32 — 9-Oxo-octadecanoic acid, methyl ester® 1842-70-2 IPA/Water Sealed
17 — Tri-tert-butyl-di-hydroxy benzene® 24851-96-5 IPA/Water Sealed
10 — Dodecanoic acid? 143-07-7 pH 9.5 Sealed
38 — n-Decanoyl morpholine® 5299-65-0 IPA/Water Sealed
Notes:

“In the sealed vessel extracts, see Figures 11, 12. These extracts contained several extractables at levels less than 10
ng/g whose peaks are numbered in the chromatograms but whose associated compounds were not established,
specifically peaks 1, 6, 8, 9, 12, 13, 15, 16, 18, 19, 22, 23, 24, 27, 29, 30, 31, 34, 35, 37, and 39. These extracts also
contained extractables above 10 pg/g whose identities could not be established, specifically peaks 2-5, 7, 14, and 25.
’In the solvent extracts, Soxhlet and reflux, see Figures 15, 16.

“These identifications are classified as confirmed.
“These identifications are classified as confident.
‘These identifications are classified as tentative.

/1-Isopropenyl-2,2,4,4-tetramethyl-6-(2,2,4-trimethyl-pentyl-1-)-cyclohexane, C,,H,.
¢1-(1-Bromoethylethenyl)-2,2,4,4-tetramethylcyclohexane, C,;H,;Br.
"This peak was present in the extract chromatogram but was not labeled in the relevant figure.

hydrolysis products of the secondary plasticizer (ep-
oxidized linseed oil); aliphatic amides, associated with
the erucamide present in the test article; and fatty acids,
associated with either the secondary plasticizer or the
acid scavenger additive (metal salts of stearic acid).

Rubber

Introduction: The use of rubber in the medical industry
is nearly as old as the rubber industry itself, as the utility
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of rubber components of packaging and delivery devices
was recognized shortly after the discovery of the vulca-
nization process. The unique properties of processed
rubber, including elasticity, penetrability, resiliency, the
ability to act as a gas/vapor barrier, and general chemical
compatibility, were the driving forces behind its ready
adoption in early 20" century pharmaceutical applica-
tions (primarily as closures for glass vials); these prop-
erties ensure rubber’s continued use in modern pharma-
ceutical practice (closures, o-rings, plungers, seals, etc.).

PDA Journal of Pharmaceutical Science and Technology
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LC/MS TIC (Total Ion Current) Chromatograms, positive ion mode, of the Sealed Vessel Extracts for the
Elastomer. See Table XII for the identities, as available, for the numbered extractables. Peaks that are not
numbered were present in the extraction blanks and thus are not associated with extractables. The upper
chromatogram is the IPA/water extract, the middle chromatogram is the pH 9.5 extract and the lower

chromatogram is the pH 2.5 extract.

As the performance characteristics required for phar-
maceutical applications are not intrinsic to the “base”
elastomer, such materials are compounded and/or reacted
with chemical additives (e.g., curing agents, vulcanizing
agents, activators, accelerators, plasticizers, tackifiers,
colorants, fillers, antioxidants, lubricants) at elevated
temperature and pressure. These chemical additives,
their impurities, and their processing-induced reaction or
decomposition products are all probable extractables,
and therefore potential leachables.

Given its long standing and prominent use in packag-
ing, delivery, and manufacturing systems, numerous
rubber materials and components has been extensively
characterized with respect to their compatibility with
drug products, including extractables and leachables
characterizations. Compatibility investigations per-
formed prior to 1970 were largely empirical in nature,
as the analytical chemistry supporting such investiga-
tions was limited in scope and sensitivity (35-46).
The development of “modern” chromatographic and
spectroscopic methods facilitated the study of rubbers
for organic extractables, and the time between the
early 1970s and the present was one of active research
in this area (47-59). For example, a widely docu-

Vol. 67, No. 5, September-October 2013

mented incompatibility involved EPREX® (epoetinum
alfa) and its pre-filled syringe packaging system (60—
62). At some point in its market lifetime, EPREX,
containing recombinant human erythropoietin, was re-
formulated with polysorbate 80, replacing human se-
rum albumin as a stabilizer. Shortly thereafter, the
incidence of antibody-mediated pure red cell aplasis
(PCRA) in chronic renal failure patients using EPREX
increased. The occurrence of PCRA was directly
linked to the formation of neutralizing antibodies to
both recombinant and endogenous erythropoietin in
patients administered EPREX. One potential root
cause of antibody formation involved leached sub-
stances. Previously unidentified leachables were sug-
gested as new peaks in the tryptic map of EPREX, and
leaching studies established that polysorbate 80 ex-
tracted low levels of vulcanizing agents (and related
substances) from the uncoated rubber components of
the pre-filled syringe. The leaching issue was ad-
dressed by coating the rubber components with a
fluoropolymer, an effective barrier to migration,
thereby reducing leaching of the rubber’s components.
After the conversion from the uncoated to the coated
components, the incidence of PCRA returned to the
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LC/MS TIC (Total Ion Current) Chromatograms, negative ion mode, of the Sealed Vessel Extracts for the
Elastomer. See Table XII for the identities, as available, for the numbered extractables. Peaks that are not
numbered were present in the extraction blanks and thus are not associated with extractables. The upper
chromatogram is the IPA/water extract, the middle chromatogram is the pH 9.5 extract and the lower

chromatogram is the pH 2.5 extract.

baseline rate seen for all marketed epoetin products.
This was strong evidence that leaching of the vulca-
nizing agent was a root cause of the observed effect.

Additional extractables/leachables information for
rubbers can be found in recent reviews of this subject
(10, 63).

Test Article: The rubber test article consisted of a
brominated isobutylene isoprene copolymer base rubber
(57.3% by weight) and contained calcined aluminum
silicate, 38.2%; titanium dioxide, 1.2%; paraffinic oil,
1.2%; zinc oxide, 0.6%; polyethylene, 0.6%; carbon
black, 0.4%; calcined magnesium oxide, 0.3%; and 4,4’-
dithiodimorpholine (in a polyisobutylene binder master-
batch), 0.3%. Additional unspecified additives may have
been present in the test article. Although the test article’s
formulation is consistent with and representative of some
rubbers used in pharmaceutical applications, it is not
specifically used in commercial products.

Elemental Analysis: The elements that were present
in the aqueous extracts are summarized in Table VII.
Many of the targeted elements were not reproducibly
extracted from the rubber in reportable quantities,
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where the reporting threshold was approximately 0.01
pg/g. As the test article is a brominated isobutylene
isoprene copolymer, it is not unexpected that Br was
extracted from the material in measurable quantities,
approximately 20 wg/g. Other extracted elements include
the alkali and alkaline earth metals such as K (6.8 ng/g),
Ca (4.1 pg/g), Na (3.0 pg/g), and Mg (3.5 pg/g), and Si
(0.25 pg/g). Among the metals, Al was present in the pH
9.5 extracts at levels of 3.6 wg/g or lower, while Zn was
present in the pH 2.5 extracts at levels of 2.9 pg/g or
lower. Additionally, Fe and Ti were present in the pH 2.5
extracts at levels near 0.3 pg/g, and several metals (in-
cluding Ni, V, Cr, Mn, Sr) were detected in the extracts
at levels near the reporting threshold.

Volatile Components: The headspace GC/MS chro-
matograms contained several peaks related to volatiles
present in the test article at low levels, approximately
1 pg/g or less, including methylcyclopentane (1.2
reg/g), cyclohexane (0.5 pg/g), and unspecified butyl
oligomers present at levels of 0.8 and 0.5 pg/g.

Organic Extractables:
Sealed Vessel Extracts: Typical GC/FID chromato-
grams obtained for the sealed vessel extracts are

PDA Journal of Pharmaceutical Science and Technology
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TABLE XII
Summary of Identified Organic Extractables from the Rubber, LC Analysis
Peak
Set A Set B® Identification® CAS RN
— 1 Hexanoic acid morpholide 17598-10-6
— 28 Dihydroxy stearic acid 858802-85-4'
— 38 9,10-Epoxy stearic acid (cis/trans) 13980-07-9
— 4¢ 9,10-Epoxy stearic acid (cis/trans) 24560-98-3
— 5 3,5-Bis(1,1-dimethylethyl)-4-hydroxy-benzaldehyde® 1620-98-0
— 6% 2,6-Di-tert-butylbenzoquinone? 719-22-2
— 7 2,6-Bis-(1,1-dimethylethyl)-4-methyl-phenol, BHT* 128-37-0
7 8% Hexadecanoic (Palmitic) acid® 57-10-3
— 98 Oleamide® 301-02-0
— 10¢ Palmitic acid morpholide? 5299-68-3
12 11# Octadecanoic (Stearic) acid® 57-11-4
— 12¢ Stearic acid morpholide? 5299-54-7
— 13 3,5-Bis(1,1-dimethylethyl)-4-hydroxy-benzenepropanoic acid, 84633-54-5
1,1°-[2-[[3-[3,5-bis(1,1-dimethylethyl)-4-hydroxyphenyl]-1-
oxopropoxy]methyl]-2-(hydroxymethyl)-1,3-propanediyl]
ester®
— 14 Dioctyldiphenylamine® 101-67-7
— 15¢ Diglyceride, epoxidized N/A
— 168 Diglyceride, epoxidized N/A
— 17 3,5-Bis(1,1-dimethylethyl)-4-hydroxy-benzenepropanoic acid, 6683-19-8
1,1’-[2,2-bis[[3-[3,5-bis(1,1-dimethylethyl)-4-
hydroxyphenyl]-1-oxopropoxy]methyl]-1,3-propanediyl]
ester, Irganox 1010°
1" — Morpholine? 110-91-8
3 — Tetradecanoic (Myristic) acid® 544-63-8
5,6 — Unspecified oligomers —

Notes:

“In the sealed vessel aqueous extracts, see Figures 13, 14. The chromatograms contained additional peaks whose
associated extractables could not be identified; for example, peaks 2, 4, and §—11.

’In solvent extracts, Soxhlet and reflux, see Figure 17.

“These identifications are classified as tentative unless otherwise noted.

“These identifications are classified as confident.
“These identifications are classified as confirmed.
/— = not detected.

¢Not shown in the LC/UV chromatograms, Figure 17, but present in the LC/MS chromatograms.
"This peak was present in the extract chromatogram but was not labeled in the relevant figure.
"The listed compound is an example of the possible isomers of this extractable and may not be the exact isomer that

was encountered in this study.

shown in Figures 11 and 12. Information for the ex-
tractables that were ascribed to the major chromato-
graphic peaks is summarized in Table XI. LC chro-
matograms obtained for the sealed vessel extracts are
shown in Figures 13 and 14, which focus on the
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individual extracting media themselves. Information
related to the extractables peaks in the LC chromato-
grams is summarized in Table XII. As was anticipated,
there were a relatively few extracted substances at low
levels in the aqueous pH 2.5 and pH 9.5 extracts. Most
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GC/MS Chromatograms (underivatized) for the IPA Extracts for the Elastomer. The upper chromatogram is
for the reflux extraction and the lower chromatogram is for the Soxhlet extraction. Extractables associated with
the chromatographic peaks are summarized in Table XI. Peaks labeled IS are the internal standards, including
2-Fluorobiphenyl at 10.7 min, Irganox 415 at 22.0 min and Bisphenol M at 23.0 min. The chromatograms for
both extraction conditions are similar and these chromatograms for the IPA extracts are similar to those for

the hexane extracts, Figure 16.

of the nonpolar ingredients were not detected in these
extracts, with the exception of several fatty acids in
the pH 9.5 extracts. The pH 2.5 extracts contained
measurable quantities of morpholine, as this degrada-
tion product of the accelerator has an intrinsically high
water solubility at low pH. The aqueous extracts con-
tained trace quantities of lower molecular weight poly-
mer oligomers and similarly low levels of degradation
products that are typically associated with phenolic
antioxidants.

The chromatographic analyses indicated that the
IPA/water extracts contained more numerous ex-
tractables at higher concentrations than did the
aqueous extracts. Figures 11 through 14 illustrate
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the effect that the extracting solvent had on the
extractables profile. The IPA/water extracts contain
the same fatty acids that were present in the aqueous
extracts but at higher concentrations as well as fatty
acids (and their methyl esters) that were not present
in the aqueous extracts at detectable levels. The
IPA/water extracts contained additional degradants/
reaction products of the dithiodimorpholine accelerator
and more numerous unidentifiable polymer oligomers
than did the aqueous extracts. However, the IPA/water
extracts contained few identifiable extractables other
than those that were present in the aqueous extracts.
Thus, both the aqueous and IPA/water extracts generally
provided only limited insights into the composition of
the test material.
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Figure 16

GC/MS Chromatograms (underivatized) for the Hexane Extracts for the Elastomer. The upper chromatogram
is for the reflux extraction and the lower chromatogram is for the Soxhlet extraction. Extractables associated
with the chromatographic peaks are summarized in Table XI. The major peaks in the chromatograms are.
Peaks labeled IS are the internal standards, including 2-Fluorobiphenyl at 10.7 min, Irganox 415 at 22.0 min
and Bisphenol M at 23.0 min. The chromatograms for both extraction conditions are similar and these
chromatograms for the hexane extracts are similar to those for the IPA extracts, Figure 15.

Reflux and Soxhlet Extracts: Chromatograms for the
various reflux and Soxhlet extracts are illustrated in
Figures 15 through 17. Chemical information related
to the identified extractables is summarized in Tables
XI and XII. As was the case with the sealed vessel
extracts, fatty acids such as stearic and palmitic acids
were the predominant organic extractables in the re-
flux and Soxhlet extracts. Several specific oligomeric
hydrocarbons, including brominated compounds,
were present in these extracts at readily measurable
levels. These extracts also contained readily mea-
surable quantities of oleamide and related sub-
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stances. As oleamide was not an intentional additive
in the rubber, its source is unclear; it is possible that
it is an unintentional additive, an impurity in either
the base material or one of the intentional additives,
or a contaminant in the test article arising from its
handling. LC chromatograms revealed phenolic an-
tioxidants in the test article such as butylated hy-
droxytoluene (BHT) and Irganox 1010. In general,
the extractables profile was not greatly affected,
qualitatively, by either the extraction process
(Soxhlet versus reflux) or the extraction solvent
(IPA/water versus IPA versus hexane). As the levels
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Figure 17

LC/UV (A = 220 nm) Chromatograms of the IPA Reflux and Hexane Soxhlet Extracts for the Elastomer. The
major peaks in the UV chromatogram are associated with the internal standards, Bisphenol M at 7.5 min,
2-Fluorobiphenyl at 7.7 min and Irgnaox 415 at 8.6 min. The major peaks associated with an extractable were
antioxidant-related compounds, such as BHT and Irganox 1010 and a related degradation product (Table XII).
The chromatograms also included several peaks whose associated substance could not be identified.

of the extractables in these extracts are relatively
high, it is difficult to ascertain whether there are
meaningful quantitative differences in the extract-
ables profile as a function of extraction method and
extraction solvent.

Summary: The extractables profile of the halobutyl
elastomeric material has been established via the
use of multiple extraction processes, multiple ex-
tracting media, and multiple analytical tests. This
material’s profile of organic extractables is summa-
rized in Table XIII. These predominant organic
extractables fall into several classes of compounds,
readily linked to the specified major ingredients
and/or additives in the test material. For example,
the organic extractables profile included numerous
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hydrocarbons, which are typically associated with
the materials’ paraffinic oil and polyethylene addi-
tives, and brominated oligomers, which are well-
known byproducts of the elastomer’s polymeriza-
tion and/or curing process (for example, reference
64). A second group of extractables are decompo-
sition products of the material’s accelerator (4,4’-
dithiodimorpholine) and include morpholine itself
and various related substances, such as fatty acid—
morpholine reaction products. A third group of ex-
tractables consists of fatty acids and their associated
methyl esters, which were extracted from the test
material in relatively high quantities. Although
these fatty acids cannot be readily linked to one of
the specified additives in the test material, fatty
acids and their metal salts are commonly used in the
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TABLE XIII
Organic Extractables Profile of the Rubber Material as Established by the Testing Performed in this Study; Identified Compounds Reproducibly
Article at Levels of Approximately 1 pg/g or Greater

Extracted from the Test

Concentration in Material, pg/g
Sealed Vessel Reflux Soxhlet
Chemical Molecular
Identification CAS RN Formula Weight pH 2.5 pH 9.5 IPA/W IPA Hexane IPA Hexane
Octadecanoic (Stearic) acid 57-11-4 C5H360, 284.47 — 10-100 1001000 10-100 1001000 10-100 >1000
Hexadecanoic (Palmitic) acid® 57-10-3 C16H3,0, 256.42 — 10-00 1001000 10-100 >100 10-100 >1000
C-21 Oligomer”? — C,1Hyo 292.34 —d —d —d 100-1000 100-1000 100-1000 100-1000
Oxctadecanoic acid, methyl ester” 112-39-0 CoH330, 298.50 —d 1-10 >100 —d —d — —
Hexadecanoic acid, methyl ester” 112-61-8 C,7H3,0, 270.45 —d 1-10 >100 —d —d — —
Dimethylterephthalate 120-61-6 C1oH 004 194.06 — —d —d 100-1000 10-100 1001000
Oleamide? 301-02-0 C,gH35NO 281.27 —d —d —d 10-100 100-1000 10-100
Hexadecanoic acid, isopropyl ester” 142-91-6 CoH330, 298.50 —d —d 6 10-100 10-100 10-100
Octadecane” 593-45-3 CgHsg 254.49 —d —d —d 10-100 10-100 100-1000
Octacosane® 630-02-4 C,sHsg 394.45 —d —d —d 10-100 10-100 10-100
1-(4-Morpholinyl)-octanoic acid” 5299-54-7 C5,H3NO, 353.58 —d —d —d 10-100 10-100 10-100
Morpholine® 110-91-8 C4HoNO 87.07 P¢ —d —d 10-100 10-100 1-10
Tetracosane” 646-31-1 CayHso 338.39 —d —d —d 10-100 10-100 10-100
10-Oxo-octadecanoic acid” 870-10-0 CoH;505 312.27 —d —d 10-100 10-100 10-100 1-10
4,4’-Dioctyldiphenylamine? 101-67-7 CogHysN 393.34 — — — 10-100 10-100 10-100
Hexadecanamide® 629-54-9 C,5sH33NO 256.26 — — — 10-100 1-10 1-10
Docosane” 629-97-0 CayoHyg 310.36 —d —d —d 10-100 1-10 1-10 —
Nonadecanoic acid® 646-30-0 C1oH350, 298.50 —d 10-100 10-100 —d —d —d —d

Notes:
“These identifications are classified as confirmed.
bThese identifications are classified as confident.
“These identifications are classified as tentative.

41-Isopropenyl-2,2,4,4-tetramethyl-6-(2,2,4-trimethyl-pentyl-1-)-cyclohexane.

d

= not present in this extract at detectable levels.

“P = present in this extract but not quantified.
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GC/FID Chromatograms Comparing the Various Extracting Solutions, Sealed Vessel Extracts of the LDPE
(underivatized sample preparation). Peaks ISTD1 and ISTD2 are the two internal standards (1 = Irganox 415
and 2 = Bisphenol M), reflecting compounds present in the extract at a concentration of approximately 1 mg/L
(ppm). The chromatograms reflect, from top to bottom, the IPA/water, pH 9.5 and pH 2.5 extracts respectively.
See Table XIV for a summary of information about the numbered peaks, all of which were ascribed to

extracted substances.

manufacturing of halobutyl rubbers as process aids.
The fatty acids might also be derived as impurities
in, or hydrolysis products of, the materials’ paraf-
finic oil, although this is most likely a secondary
source of the fatty acid extractables. While ole-
amide was a major extractable in the organic ex-
tracts, it was not a specified additive in the rubber, and
its source is unknown. It is possible that it is an uninten-
tional additive, an impurity in either the base material or one
of the intentional additives, or a contaminant in the test
article arising from materials used in its handling. Finally,
the organic extracts contained readily measurable quantities
of Irganox 1010 and BHT, antioxidants that are commonly
employed in halobutyl rubbers (for example, reference 64).

Extracted metals were directly associated with ei-
ther the base material or its additives; for example,
Br, the predominant elemental extractable, is de-
rived from the brominated isobutylene isoprene co-
polymer. Other significant extracted elements, in-
cluding Ca, Na, Al, and Si, are derived from the
material’s calcined aluminum silicate. Extractable
metals associated with the calcined magnesium ox-
ide included Mg and Ca. Metals that were present in
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the test article as their respective oxides, including
Zn and Ti, were extracted from the test article in
relatively lower amounts.

Low-Density Polyethylene, LDPE

Introduction: Various grades of polyethylene are
used in a wide variety of pharmaceutical applications,
including packaging films, tubing, bottles and caps, IV
set components, and others. Polyethylene is a generic
material description that refers to several functionally
distinct materials that share a similar composition.
LDPE contains many long-chain branches along the
polymer backbone, preventing the alignment and
packing of the chains and thus forming a low-density
material. LDPE generally has a good balance of flex-
ibility, strength, barrier properties, clarity, tear and
crack resistance, and cost. It is resistant to low-dose
radiation, and this radiation resistance can be en-
hanced with appropriate additives (both stabilizers and
colorants). Given these properties, LDPE is widely
used in pharmaceutical packaging (flexible bags, fluid
bottles, single dose ampoules, caps and luers, blister
packs).

PDA Journal of Pharmaceutical Science and Technology
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GC/FID Chromatograms Comparing the Various Extracting Solutions, Sealed Vessel Extracts of the LDPE
(derivatized sample preparation). Peaks ISTD1 and ISTD2 are the two internal standards (1 = Irganox 415 and
2 = Bisphenol M), reflecting compounds present in the extract at a concentration of approximately 1 mg/L
(ppm). The chromatograms reflect, from top to bottom, the IPA/water, pH 9.5 and pH 2.5 extracts respectively.
See Table XIV for a summary of information about the numbered peaks, all of which were ascribed to

extracted substances.

PE materials used in packaging contain additives to
provide it with the desired functionality, stability, and
appearance-related properties. The European Pharma-
copeia (Ph. Eur.), section 3.1.5, specifies additives
limits for materials used in polyethylene containers for
parenteral and ophthalmic preparations, based on com-
pliance with stated formulations (65). Furthermore,
the Ph. Eur. indicates that materials with formulations
other than those described in the monograph would be
subject to additional testing and approval. Given their
wide use as pharmaceutical polymers, polyethylene
materials have been extensively characterized for their
extractables and leachables characteristics in numer-
ous applications (66-76).

Test Article: The test article film was a representative
LDPE formulation. The base resin was Dow 640-1-
LDPE, supplied as a barefoot resin with no additives.
Additives including Irganox B 215 (2:1 blend of Irgafos
168 and Irganox 1010), 1000 ppm (ng/g); BHT (2,6-
Bis(1,1-dimethylethyl)-4-methyl-phenol), 200 ppm; cal-
cium stearate, 500 ppm; erucamide ((z)-13-Docosen-
amide), 500 ppm; and Chimassorb 944 (Poly[[6-
[(1,1,3,3-tetramethylbutyl)amino]-1,3,5-triazine-2,4-

Vol. 67, No. 5, September-October 2013

diyl][(2,2,6,6-tetramethyl-4-piperidinyl)imino]-1,6-
hexanediyl[(2,2,6,6-tetramethyl-4-piperidinyl)imino]]),
2000 ppm were added to the barefoot resin. This test
article was formulated to facilitate this study and it was
not intended to be compliant with the Ph. Eur. The test
article is not used in commercial products, but is repre-
sentative of LDPE materials used in pharmaceutical ap-
plications.

Elemental Analysis: The results of the analysis of
the aqueous extracts for extracted elements are sum-
marized in Table VII. Most of the targeted elements
were not reproducibly extracted from the LDPE test
article in reportable quantities, where the reporting
threshold was approximately 0.01 pg/g, and none of
the targeted elements was extracted at levels higher
than 1 pg/g. The predominant acid-extracted ele-
ments included the alkali and alkaline earth metals
such as Na (1.0 pg/g) and Mg (0.2 pg/g). Individual
metals, such as Fe, Al, Zn, Mn, and Co, were
present in the acid extracts at levels of 0.1 png/g or
lower. Fewer elements were present at lower levels
in the high pH extracts. This suggests that the trace
elements and metals are extracted out of the LDPE
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TABLE XIV
Information Related to the GC Peaks Associated with Organic Extractables from the LDPE
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Highest Conc In
Peak # Extract
Set A“ | Set B” Identification CAS RN Medium | Type
33" 1 Irgafos 168°¢ 31570-04-4 | Hexane Soxhlet
33" 2 Irgafos 168 Oxide* 95906-11-9 | IPA Reflux
30 3 Erucamide® 112-84-5 IPA Reflux
— 4 | Irganox PS800/ 123-28-4 IPA Soxhlet
— 5 Oleamide® 301-02-0 IPA Reflux
23 6 Octadecanoic (Stearic) acid® 57-11-4 IPA Soxhlet
— 7 Aliphatic amide® — Hexane Reflux
43 8 Stearamide® 124-26-5 IPA Reflux
— 9 Hexadecanamide® 629-54-9 IPA Reflux
— 10 Di-(2-ethyhexyl) phthalate (DEHP)* 117-81-7 Hexane Soxhlet
— 11 Unknown®, Empirical formula = C,cH,,0,5 — IPA Soxhlet
18 12 Hexadecanoic (Palmitic) acid® 57-10-3 IPA Soxhlet
— 13 Aliphatic hydrocarbon®, Empirical formula = C,,H,, | — Hexane Soxhlet
— 14 Butylated hydroxytoluene (BHT)* 128-37-0 IPA Reflux
— 15 C21-oligomer®, Empirical formula = C, H,, — IPA Reflux
— 16 Unspecified Amide®; Empirical formula = C;H;;NO | — Hexane Soxhlet
— 17 Aliphatic hydrocarbon®; Empirical formula = C,,H,, | — Hexane Soxhlet
22 — Octadecanoic acid, methyl ester’ 112-61-8 IPA/Water | Sealed
15 — Hexadecanoic acid, methyl ester’ 112-39-0 IPA/Water | Sealed
1 — Nonanoic acid, methyl ester’ 1731-84-6 | IPA/Water | Sealed
10 — Tetradecanoic acid, methyl ester 124-10-7 IPA/Water | Sealed
21 — 9-Octadecenoic acid, methyl ester’ 1937-62-8 | IPA/Water | Sealed
6 — 2,4-Di-t-butylphenol® 96-76-4 IPA/Water | Sealed
Various® — Erucamide-related compounds® — IPA/Water | Sealed
2 — Nonanoic acid’ 112-05-0 pH 9.5 Sealed
11 — Tetradecanoic (Myristic) acid’ 544-63-8 pH 9.5 Sealed
34 — Chimassorb 944 Monomer 71878-19-8 | IPA/Water | Sealed
Various? — Chimassorb 944-related compound?® — pH 2.5 Sealed
31 — Docosanamide” 3061-75-4 IPA/Water | Sealed
Notes:

“In the sealed vessel extracts, see Figures 18, 19. These extracts also contained extractables whose identities could
not be established, specifically peaks 17, 19, 41, 56, 66, 68.

’In the solvent extracts, Soxhlet and Reflux, see Figures 22 and 23.
“Although the compounds associated with some peaks could not be identified, it was established that they were
erucamide-related. Such peaks included 24, 26, 27, 28, and 36.
4Although the compounds associated with some peaks could not be identified, it was established that such peaks were
related to Chimassorb 944. Such peaks included 32, 37 and 47.
“These identifications are classified as confirmed.

'These identifications are classified as confident.
8These identifications are classified as tentative.

"The oxide is the earlier eluting peak in the IPA/Water chromatogram shown in Figure 19.
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Figure 20

LC/MS TIC (Total Ion Current) Chromatograms, positive ion mode, of the Sealed Vessel Extracts for the
LPDE. See Table XV for the identities, as available, for the numbered extractables. Peaks that are not
numbered were present in the extraction blanks and thus are not associated with extractables. The lower
chromatogram is the IPA/water extract, the middle chromatogram is the pH 9.5 extract and the upper

chromatogram is the pH 2.5 extract.

from undetermined sources. As the extracts did not
contain measureable quantities of Ca, even though
the material contained calcium stearate, it is likely
that the major extraction process is not ion exchange
with constituent salts.

Volatile Components: A headspace GC/MS chro-
matograms contained several peaks generally asso-
ciated with hydrocarbons, including butylated oli-
gomers, at low levels, approximately 1 pwg/g or less.

Organic Extractables:

Sealed Vessel Extracts: Typical GC/FID chromato-
grams obtained for the sealed vessel extracts are
shown in Figures 18 and 19. Information for the ex-
tractables that were ascribed to the major chromato-
graphic peaks is summarized in Table XIV. LC chro-
matograms obtained for the sealed glass vessel extracts
are shown in Figures 20 and 21. Information related to
the extractables peaks in the LC chromatograms is
summarized in Table XV. The extractables profiles of
the aqueous extracts reflect the pH of the extracts and
the varying nature of the LDPE ingredients. For ex-

Vol. 67, No. 5, September-October 2013

ample, the low-pH extracts were dominated by amine-
type compounds associated with the Chimasorb 944
additive. Alternatively, the high-pH extracts were
dominated by extracted fatty acids that are most likely
associated with the calcium stearate. Few other sub-
stances were detected in these extracts, with the ex-
ception of very low levels of relatively polar degra-
dation products of the antioxidants.

The chromatographic analyses indicated that the IPA/
water extracts contained more numerous extractables
at higher concentrations than did the aqueous extracts.
Figures 18 through 21 clearly illustrate the effect that
the extracting solvent had on the extractables profile.
The IPA/water extracts contain the same fatty acids
that were present in the aqueous extracts but at higher
concentrations, as well as additional fatty acids (and
their methyl esters) which were not present in the
aqueous extracts at detectable levels. The IPA/water
extracts contained the same Chimassorb 944 —related
substances that were present in the low-pH aqueous
extracts. More significantly, however, the IPA/water
extracts contained relatively large quantities of several
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Figure 21

LC/MS TIC (Total Ion Current) Chromatograms, negative ion mode, of the Sealed Vessel Extracts for the
LPDE. See Table XV for the identities, as available, for the numbered extractables. Peaks that are not
numbered were present in the extraction blanks and thus are not associated with extractables. The lower
chromatogram is the IPA/water extract, the middle chromatogram is the pH 9.5 extract and the upper

chromatogram is the pH 2.5 extract.

of the LDPE’s additives and their associated related
substances. For example, erucamide was a predom-
inant extractable in the IPA/water sealed vessel
extracts, which also contained lower quantities of
other fatty acid amides. Irgafos 168 and its related
oxidation products were also present in the IPA/
water extracts at relatively larger levels. Addition-
ally, the IPA/water extracts contained numerous
other additive-derived substances, such as decom-
position products or impurities.

Reflux and Soxhlet Extracts: Chromatograms ob-
tained for the reflux and Soxhlet extracts are illus-
trated in Figures 22 through 24. Chemical informa-
tion for the identified extractables is summarized in
Tables XIV and XV. The reflux and Soxhlet extracts
generally contained the same extractables as did the
IPA/water sealed vessel extracts but at higher lev-
els. The Irgafos 168 additive and erucamide were
almost completely extracted from the LDPE, as their
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levels in the extracts are nearly equal to their levels
in the LDPE itself. While the other additives were
present in the extracts in measurable quantities,
their level in the extracts were lower than their total
pool in the test article. For example, LC chromato-
grams revealed phenolic antioxidants in the ex-
tracts, specifically BHT and Irganox 1010. The
chromatograms obtained for the solvent-based ex-
tracts clearly establish how extractables profiles can
become complex due to impurities in, and degrada-
tion products of, the intended additives. For exam-
ple, the extracts contained measurable quantities of
oleamide and other amide-related substances in ad-
dition to extracted erucamide, a known additive.
Finally, chromatographic analysis of the organic
solvent extracts revealed an additive, Irganox
PS800 (3,3’-Thiobis-propanoic acid, 1,1’-didodecyl
ester), which was not specified in the test article’s
composition list.

PDA Journal of Pharmaceutical Science and Technology
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TABLE XV
Summary of Identified Organic Extractables from the LDPE, LC Analysis
Peak #
Set A Set B® Identification CAS RN
12 5 Irgafos 168° 31570-04-4
— 4 Irgafos 168 oxide® 95906-11-9
— 3 Irganox 1010° 6683-19-8
5 1 Chimassorb 944 monomer? —
— 2 Butylated hydroxytoluene (BHT) 128-37-0
4 — Tetradecanamide 638-58-4
11 — Tetradecanoic (myristic) acid® 544-63-8
16 — Hexadecanoic (palmitic) acid® 57-10-3
20 — Octadecanoic (stearic) acid® 57-11-4
21 — Erucamide® 112-84-5
18 — Oleic acid® 112-80-1
13 — Palmitoleic acid? 373-49-9
1,17 — Erucamide-related substances ¢ —
2 — Chimassorb degradation product? —

Notes:

“In the sealed vessel extracts, see Figures 20 and 21. These extracts also contained extractables whose identities could
not be established, specifically peaks 3, 6, 8, 9, 14, 15, and 19.
“In the solvent extracts, Soxhlet and reflux, see Figure 24. The chromatogram also contained peaks whose associated

substance could not be identified.

“These identifications are classified as either confident or confirmed.

4Tentative identification.

“This peak was present in the extract chromatogram but was not labeled in the relevant figure.

Summary: The extractables profile of the LDPE mate-
rial was established via multiple extraction processes,
multiple extracting media, and multiple analytical tests.
This material’s profile of organic extractables is summa-
rized in Table XVI. These predominant organic extract-
ables generally fall into classes of compounds readily
linked to the specified major ingredients and/or additives
in the test material. For example, the organic extractables
profile includes erucamide (and other related amides),
Irgafos 168, Irganox 1010, and BHT (and their related
oxidation products), fatty acids (associated with stearate
salts), and substances related to the material’s light sta-
bilizer, Chimassorb 944.

The few metals that were extracted from the test
article were present in the acid extract at very low
levels; while Na and Mg were extracted at levels
between 0.1 and 1 pwg/g, metals, such as Fe, Al, Zn,
Mn, and Co, were extracted in amounts less than 0.1
png/g. The source and extraction mechanism for these
metals were not established.
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Polycarbonate, PC

Introduction: Polycarbonate based on Bisphenol A
(BPA) has been commercially available since the
1960s and has been utilized in packaging and device
applications since that time. Polycarbonate pos-
sesses several properties that make it a suitable
replacement for glass or metal, including strength,
rigidity, toughness, clarity, and general biocompat-
ibility. Medical applications of polycarbonates in-
clude their use as components in injection systems,
packaging systems, devices (as connectors and
housings), and in surgical instruments. Despite its
use in or as packaging components, polycarbonate is
rarely used as a primary material in pharmaceutical
packaging.

Polycarbonates are produced by polymerization of a
monomer containing hydroxyl end groups (aliphatic
diols or aromatic phenols) and phosgene. The most
common and well-known PC is produced by the
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Figure 22

GC/MS Chromatograms (underivatized) for the IPA Extracts for the LDPE. The upper chromatogram is for
the reflux extraction and the lower chromatogram is for the Soxhlet extraction. Extractables associated with
the chromatographic peaks are summarized in Table XIV. The peaks labeled IS are the internal standards.
Internal standards producing peaks in these chromatograms include 2-Fluorobiphenyl at 10.7 min, Irganox 415
at 22.0 min and Bisphenol M at 23.0 min. The chromatograms for both extraction conditions are similar and
these chromatograms for the IPA extracts are similar to those for the hexane extracts, Figure 23.

reaction of BPA and phosgene. More recently, com- zation and property enhancement. While polycar-
mercialized PCs are produced using other mono- bonates are relatively resistant, they degrade and
mers from the bisphenol family. Polycarbonates discolor under certain conditions, especially expo-
typically contain one or more additives for stabili- sure to radiation; thus the PC polymer is stabilized
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GC/MS Chromatograms (underivatized) for the Hexane Extracts for the LDPE. The upper chromatogram is
for the reflux extraction and the lower chromatogram is for the Soxhlet extraction. Extractables associated with
the chromatographic peaks are summarized in Table XIV. The peaks labeled IS are the internal standards.
Internal standards producing peaks in these chromatograms include 2-Fluorobiphenyl at 10.7 min, Irganox 415
at 22.0 min and Bisphenol M at 23.0 min. The chromatograms for both extraction conditions are similar and
these chromatograms for the hexane extracts are similar to those for the IPA extracts, Figure 22.

by the addition of free radical and/or acid scaven- applications, it may contain process residuals such
gers. Additionally, discoloration caused by degra- as mold release agents. Additional extractables from
dation may be masked by colorants. As PC is PC includes its monomers and shorter chain oligom-
molded into parts for medical and pharmaceutical ers. Polycarbonate has been extensively character-
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LC/UV (N = 220 nm) Chromatograms of Reflux Extracts for the LDPE. The peaks associated with the internal
standards, Bisphenol M at 7.5 min, 2-Fluorobiphenyl at 7.7 min and Irganox 415 at 8.6 min, are labeled as IS.
The major peaks associated with an extractables were antioxidants, such as Irganox 1010 and Irgafos 168, and
their associated decomposition products (Table XV). The chromatograms also included several peaks whose

associated substance could not be identified.

ized in terms of its leaching characteristics in non-
pharmaceutical applications, given its extensive use
in, for example, the food industry. References 10,
11, 63, and 77-82 are more specifically focused on
polycarbonate used in pharmaceutical applications.

Test Article: The PC test material was BPA-based
and was supplied as injection molded plaques. This
material contained 0.05 phr (parts per hundred)
Irganox 1076 (3,5-Bis(1,1-dimethylethyl)-4-hy-

488

droxy-benzenepropanoic acid, octadecyl ester) and
0.1 phr Irgafos 168 and could also have contained
molding residuals. Although this test article is rep-
resentative of materials used in pharmaceutical ap-
plications, it is not specifically used in commercial
products.

Elemental Analysis: The levels of extracted elements in
the aqueous extracts are summarized in Table VII. Most of
the targeted elements were not reproducibly extracted from

PDA Journal of Pharmaceutical Science and Technology
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Figure 25

GC/FID Chromatograms Comparing the Various Extracting Solutions, Sealed Vessel Extracts of the Polycar-
bonate, PC (underivatized sample preparation). Peaks ISTD1 and ISTD2 are the two internal standards (1 =
Irganox 415 and 2 = Bisphenol M), reflecting compounds present in the extract at a concentration of
approximately 1 mg/L. (ppm). The chromatograms reflect, from top to bottom, the IPA/water, pH 9.5 and pH
2.5 extracts respectively. See Table XVII for a summary of information about the numbered peaks, all of which

were ascribed to extracted substances.

the PC in reportable quantities, where the reporting thresh-
old was approximately 0.01 pg/g. The levels of extracted
metals are greatest in the low pH extracts, suggesting that
the extraction mechanism could be ion exchange. The
predominant extracted elements include the alkali and
alkaline earth metals such as Ca (6.6 pg/g), Na (1.0
png/g), and Mg (0.2 wg/g). Bromine (Br) was present
in the pH 2.5 extracts at a level of approximately 1
peg/g. Among the metals, iron was present in the pH
2.5 extracts at levels of 0.7 pg/g or less, while Zn and
Cr were present in the pH 2.5 extracts at levels of 0.1
png/g or less.

Volatile Components: The headspace GC/MS chro-
matograms contained a few peaks related to volatiles
present in the test article at low levels, including
nonanal (0.12 pg/g), acetone (0.09 pg/g), and methyl
isocyanide (0.08 pwg/g).

Organic Extractables:

Sealed Vessel Extracts: Typical GC/FID chromato-
grams obtained for the sealed vessel extracts are
shown in Figures 25 and 26. Information for the ex-

490

tractables that were ascribed to the major chromato-
graphic peaks is summarized in Table XVII. LC chro-
matograms obtained for the sealed vessel extracts are
shown in Figure 27. As was anticipated, there were
relatively few extracted substances at relatively low
levels in either the aqueous pH 2.5 and pH 9.5 extracts
or the IPA/water extract. While BPA was extracted at
high pH at readily measurable levels (approximately
70 wg/g), all other extractables, including several fatty
acids and their methyl esters, were present in primarily
the IPA/water extract at very low levels, less than 5
prg/g. The sealed vessels extracts contained trace levels
of extractables that could be linked to the PC’s antioxi-
dant additives, such as 4-tert-butyl phenol and 2-tert-
butyl-6-methylphenol.

Reflux and Soxhlet Extracts: Chromatograms obtained
for the reflux and Soxhlet extracts are illustrated in
Figures 28 through 30. Chemical information related to
the identified extractables present in these extracts is
summarized in Tables XVII and XVIII. The predominant
organic extractables in the reflux and Soxhlet extracts
were the antioxidant additives themselves (Irganox 1076

PDA Journal of Pharmaceutical Science and Technology
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Figure 26

GC/FID Chromatograms Comparing the Various Extracting Solutions, Sealed Vessel Extracts of the Polycar-
bonate, PC (derivatized sample preparation). Peaks ISTD1 and ISTD2 are the two internal standards (1 =
Irganox 415 and 2 = Bisphenol M), reflecting compounds present in the extract at a concentration of
approximately 1 mg/L (ppm). The chromatograms reflect, from top to bottom, the IPA/water, pH 9.5 and pH
2.5 extracts respectively. See Table XVII for a summary of information about the numbered peaks, all of which

were ascribed to extracted substances.

and Irgafos 168) and their associated related substances
(decomposition products). Several fatty acids were pres-
ent in these extracts at readily measurable levels. These
extracts contained small but measurable quantities of
BPA and dimethylterephthalate.

Summary: The extractables profile of the polycarbon-
ate material has been established via multiple extrac-
tion processes and multiple extracting media. The
polycarbonate’s profile of organic extractables is sum-
marized in Table XIX. The qualitative and quantitative
nature of the extractables profile differed greatly as a
function of extraction solvent polarity. Except in the
case of BPA, the highest amounts of these extractables
were present in the organic extracts; BPA was present
at the highest level in the aqueous pH 9.5 extract. This
suggests that the BPA does not arise from extraction
of residual monomer but rather that the PC depolymer-
izes at the higher pH. The differences in extractables
profiles, polar versus nonpolar extracting media, are
consistent with both the nature of the extracting media
and the nature of the extractables, as reflected in their
octanol/water partition coefficients (P,,,). Thus, the
relatively nonpolar PC additives are only extracted, to

Vol. 67, No. 5, September-October 2013

an appreciable extent, by the nonpolar organic sol-
vents.

The polycarbonate’s extracted trace elements and
metals consist primarily of alkali and alkaline earth
metals such as Ca, Na, and Mg. Among the metals,
Fe and Zn were extracted in measurable quantities
while Al was detected at levels near the reporting
threshold. These species were extracted at low pH,
suggesting that the extraction mechanism could be
ion exchange.

Cyclic Olefin Copolymer, COC

Introduction: COCs are recent additions to medical
plastics. These amorphous, transparent copolymers
of cycloolefins and linear olefins are manufactured
by the polymerization of a cyclic olefin (for exam-
ple, cyclopentene, norborene) with an olefin such as
ethylene or propylene. The catalyzed ring opening
polymerization of a COC results in a material that is
highly transparent, impact-resistant, shatter-resis-
tant, and a good moisture barrier. Although COCs
generally have few additives, they can be com-
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TABLE XVII
Information Related to the GC Peaks Associated with Organic Extractables from the PC
Highest
Concentration In
Peak # Extract
Set A“ Set B” Identification® CAS RN Medium Type
13 4 Bisphenol A 80-05-7 IPA Reflux
2 1 4-Tert-butylphenol 98-54-4 IPA Reflux
— 3 2,4-Di-t-butylphenol 96-76-4 IPA Reflux
— 6 Irgafos 168 31570-04-4 IPA Reflux
— 5 Unknown? — IPA Soxhlet
— 2 Dimethylterephthalate 120-61-6 Hexane Soxhlet
— 7 Irgafos 168 oxide 95906-11-9 IPA Reflux
— 8 Irganox 1076 2082-79-3 IPA Reflux
8,9, 11, 12 — Fatty acids and their methyl esters — IPA/Water Sealed
Notes:

“In the sealed vessel extracts, see Figures 25, 26. These extracts also contained extractables whose identities could
not be confidently established based on their low concentration, specifically peaks 1, 3-7, 10, 14, 15, and 16.
’In the solvent extracts, Soxhlet and reflux, see Figures 28, 29.

“These identifications are classified as confirmed.

4Unknowns are compounds whose identities could not be established by the methods used in this study.

pounded with pigments, lubricants, flame retardants,
fillers, and the like. Nevertheless, COCs are often
described as having very low levels of extractables
(for example, references 83—86). As a class, COCs
are used in pharmaceutical applications that have
traditionally been dominated by glass, such as vials,
syringes, and others. Because it can be extruded as
a film, COC may be used in flexible packaging (e.g.,
bags) and blister packs.

Test Article: The COC test article plaques contained
Irganox 1010 and Ultramarine Blue in unspecified
quantities and could also contain molding residuals.
Although the test article can be considered to be
representative of materials used in pharmaceutical ap-
plications, it is not specifically used in commercial
products.

Elemental Analysis: The results for the aqueous
extracts for extracted elements are summarized in
Table VII. Most of the targeted elements were not
reproducibly extracted from the COC in reportable
quantities, where the reporting threshold was ap-
proximately 0.01 wg/g. The levels of extracted met-
als are greatest in the low pH extracts, suggesting
that the extraction mechanism is ion exchange. The
predominant extracted elements include the alkali
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and alkaline earth metals such as Ca (1.7 pg/g), Na
(1.0 pg/g), and Mg (0.2 wg/g). Bromine (Br) was
present in the pH 2.5 extracts at a level of approx-
imately 0.5 pg/g. Among the other metals, Fe was
present in the pH 2.5 extracts at levels of 0.3 pg/g,
while Zn and Al were detected in the pH 2.5 extracts
at levels near the reporting threshold.

Volatile Components: The headspace GC/MS chro-
matograms contained several small peaks related to
unidentified volatiles at low levels, approximately 0.1
pg/g or less. The only identifiable volatile compound
was cis-decahydronapthalene, which was present in the
COC at approximately 0.03 pg/g.

Organic Extractables:

Sealed Vessel Extracts: Typical GC/FID chromato-
grams obtained for the sealed vessel extracts are
shown in Figures 31 and 32. LC chromatograms
obtained for the sealed vessel extracts did not reveal
any identifiable organic extractables in the COC, as
all extractables-related peaks were very small. As
was anticipated earlier, there were few identifiable
organic extractables in the aqueous pH 2.5 and pH
9.5 extracts. Even the IPA/water extracts contained
only very low levels of organic extractables; while
several extractables were revealed by the chromato-

PDA Journal of Pharmaceutical Science and Technology
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PC-2.5Test-2

PC-9.5-Test-2

PC-W-Test-2

LC/UV Chromatograms (A = 230 nm) for the Sealed Vessel Polycarbonate Extracts. Bisphenol A (BPA) was
present in the pH 9.5 extracts at an estimated concentration of 0.83 mg/L. The lower chromatogram is the
IPA/water extract, the middle chromatogram is the pH 9.5 extract and the upper chromatogram is the pH 2.5

extract.

graphic analyses, in most cases the chromatographic
responses were too small to allow for their identi-
fication. In aggregate, the total amount of such
unknown extractables was low, less than 35 pg/g.
Although the exact identity of these extractables
could not be established, the mass spectral data
suggested that several of the extractables contained
silicon. While the IPA/water extracts did contain
identifiable organic extractables, the amount of each
individual extractable was low, less than 5 pg/g,
and the aggregate concentration of the identified
extractables was less than 20 pg/g. Tentatively
identified organic extractables included fatty acids
and several cyclic organosiloxanes. Thus, both the
aqueous and IPA/water extracts generally provided
only limited insights into the composition of the test
material.

Vol. 67, No. 5, September-October 2013

Reflux and Soxhlet Extracts: GC and LC chromato-
grams obtained for the various reflux and Soxhlet
extracts are illustrated in Figures 33 through 35.
Chemical information related to the identified ex-
tractables present in these extracts is summarized in
Table XX (GC). Two features of the chromato-
graphic data for the organic extracts are noteworthy.
First, while the COC may be low in extractables it
is not without extractables, as several extractables
were present in the reflux and Soxhlet organic ex-
tracts. These extractables included isomers of deca-
hydronaphthalene, phthalates (both mono- and di-
(2-ethylhexyl)phthalate were detected), oleamide,
and either Irganox 1010 or its related degradation
products. The discovery of extracted phthalates is
unique to this test article, as extractable phthalates
are not typically associated with COC materials.
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Figure 28

GC/MS Chromatograms (underivatized) for the IPA Extracts for the Polycarbonate. The upper chromatogram
is for the Reflux extraction and the lower chromatogram is for the Soxhlet extraction. Internal standards (IS)
producing peaks in these chromatograms include 2-Fluorobiphenyl at 10.7 min, Irganox 415 at 22.0 min and
Bisphenol M at 23.0 min. Extractables associated with the chromatographic peaks are summarized in Table
XVII. The major peaks in the chromatograms include the PC’s monomer and either its antioxidants or their
degradation products. The extractables profile revealed by GC analysis is much more extensive with IPA,
versus hexane, as the extracting solvent (for example, comparing Figures 28 and 29).

Second, the extractables profiles were different as a
function of the extracting solvent. Specifically, the
IPA extract essentially contained only one extract-
able in readily measurable quantities, mono-(2-eth-
ylhexyl) phthalate. Alternatively, the hexane ex-
tracts contained all the other reported extractables,
such as the napthalenes, oleamide, and Irganox 1010
(and related substances). In general, the extractables
profile was not qualitatively affected by the extrac-
tion process (Soxhlet versus reflux).

Summary: The cyclic olefin’s profile of organic
extractables is summarized in Table XXI. These
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predominant organic extractables included isomers
of decahydronapthalene, phthalates, oleamide, and
the material’s known antioxidant, Irganox 1010.
The qualitative and quantitative nature of the ex-
tractables profile differed greatly as a function of
the polarity of the extracting solvent. The aqueous
extracts contained no organic extractables at readily
measurable levels. Sealed vessel extracts using a
mixed organic/water extracting solvent contained
only small amounts of fatty acids and organosilox-
anes. The major extractables were only present in
the organic solvent extracts. This difference in ex-
tractables profiles, polar versus nonpolar extracting

PDA Journal of Pharmaceutical Science and Technology
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Figure 29

GC/MS Chromatograms (underivatized) for the Hexane Extracts for the Polycarbonate. The upper chromato-
gram is for the Reflux extraction and the lower chromatogram is for the Soxhlet extraction. Internal standards
(IS) producing peaks in these chromatograms include 2-Fluorobiphenyl at 10.7 min, Irganox 415 at 22.0 min
and Bisphenol M at 23.0 min. Extractables associated with the chromatographic peaks are summarized in
Table XVII. The extractables profile revealed by GC analysis is much more extensive with IPA, versus hexane,
as the extracting solvent (e.g., comparing Figures 28 and 29).

media, is consistent with not only the nature of the
extracting media but also the nature of the extract-
ables, as reflected in their octanol/water partition
coefficients (P_,,).

The COC'’s extracted trace elements and metals con-
sist primarily of alkali and alkaline earth metals such
as Ca, Na, and Mg. Among the metals, Fe was ex-
tracted in measurable quantities, while Al and Zn were
detected at levels near the reporting threshold. These
species were extracted in the low-pH extracting me-
dium, suggesting that the extraction mechanism could
be ion exchange.

Vol. 67, No. 5, September-October 2013

Discussion

Studies designed to assess recovery (i.e., mass balance)
for individual extractables relative to the known chemi-
cal additives in the various test articles, or to assess the
reproducibility of extractables profiles for multiple
“batches” of any particular test article were not within
the scope of this study. Nevertheless, the resulting ex-
tractables profiles were qualitatively reconciled with the
known composition of the test articles, suggesting that
these extractables studies provide useful information for
both materials characterization and forecasting potential
leachables for various PODPs.

495



Downloaded from on April 10, 2024

IPA/Reflux

Hexane/Soxhlet

w

15 20 min

Figure 30

LC/UV Chromatograms (A = 220 nm) of Selected Extracts for the Polycarbonate. The major peaks in the UV
chromatogram are associated with the internal standards (IS), Bisphenol M at 7.5 min, 2-Fluorobiphenyl at 7.7
min and Irganox 415 at 8.6 min. The major peaks associated with extractables were antioxidant-related
compounds and Bisphenol A (Table XVIII). The chromatograms also included several peaks whose associated

substance could not be identified.

The organic extractables profiles for all the test mate-
rials differed significantly as a function of the nature
(polarity and pH) of the extracting solvent in terms of
both the number of extractables and their concentra-
tions. As the test materials’ additives were primarily
nonpolar substances, the extractables profile revealed
by aqueous extraction media did not generally include
the additives themselves but rather consisted of the
additives’ more polar impurities and related sub-
stances and/or the additive’s associated hydrolysis or
oxidation products. Conversely, the extractables pro-
file revealed by the organic extracting solvents effec-
tively reflected the materials’ additive packages and,
for some materials, included oligomeric by-products
of the test material’s polymerization process. The dif-
ferences in extractables profiles, polar versus nonpolar
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extracting media, are consistent with not only the
nature of the extracting media but also the nature of
the extractables, as reflected in their octanol/water
partition coefficients (P, ). Examples of this trend in
extractables profile versus the nature of the extracting
solution are as follows:

e Plasticized PVC: Relatively large quantities of the
primary additives, including the primary and sec-
ondary plasticizers (DEHP and epoxidized oil, re-
spectively) and the slip agent (erucamide), were
extracted by the organic solvents. The aqueous
extracts contained only relatively minor amounts
of these substances. Alternatively, the high-pH
aqueous extracts contained levels of soluble fatty
acids that were comparable to the levels of the

PDA Journal of Pharmaceutical Science and Technology



Downloaded from on April 10, 2024

TABLE XVIII

Summary of Identified Organic Extractables,
Polycarbonate, LC Analysis, IPA, and Hexane
Extracts via Reflux and Soxhlet. See Figure 30

10-100
1-10
10-100
1-10
1-10
1-10
10-100

Hexane

Soxhlet

Peak # Identification” CAS RN

1-10
1-10
1-10
1-10
1-10
1-10

IPA
1-1

1 Bisphenol A° 80-05-7
2,4-Di-t-butylphenol 96-76-4
Di-(2-ethylhexyl) phthalate 84633-54-5
Irgafos 168 oxide 95906-11-9
Irganox 1076 2082-79-3
Irgafos 168 31570-04-4

10-100
10-100
10-100
10-100
10-100
1-10
10-100

Hexane

a|lw]|s]w|w

Notes:

“The various LC chromatograms also contained sev-
eral peaks whose associated substance could not be
identified.

®These identifications are classified as either confident
or confirmed.

“Bisphenol A was also present in the pH 9.5 extracts,
see Figure 27.

Reflux

10-100
10-100
10-100
10-100
10-100
10-100
10-100

Concentration in Material, pg/g
IPA

IPA/W
_ b

10-100
1-10

Sealed Vessel
pH 9.5

acids measured in the organic solvents. Addition-
ally, MEHP, a base-catalyzed hydrolysis product
of DEHP, was present in the highest quantities in
the high-pH aqueous extract. Finally, the levels of
2-ethly-1-hexanol, a highly water-soluble degrada-
tion product of DEHP, were highest in the aqueous
extracts.

pH 2.5
1-10
1-10

Weight
228.29
150.22
206.32
646.92
662.69
530.86
194.18

e Rubber: The organic extracts contained numerous
nonpolar extractables at relatively high levels,
including fatty acids, hydrocarbon oligomers,
amides, antioxidants, and substances related to the
accelerator. With the exception of the fatty acids,
which were present in the high-pH aqueous ex-
tracts in readily measurable amounts and morpho-
line, which is an acid-catalyzed decomposition
product of the accelerator that has an increased
solubility at low pH, none of the compounds
present in the organic extracts were present in
the aqueous extractables in quantities consis-
tently above the reporting threshold.

CoH 140
Ci4H20
CypHg305P
Cy4oHe304P
C |()H |()O

h
Formula

ClSthOZ
C35Hg05

CAS RN
80-05-7
98-54-4
96-76-4
31570-04-4
95906-11-9
2082-79-3
120-61-6

e Polyethylene (PE): Those substances that were
extracted by the organic solvents were a clear
reflection of this material’s additive package, as
the additives themselves were the major substances
present in the organic extracts. With the exception of
the fatty acids, which were present in the high-pH
aqueous extracts in readily measurable amounts and
an acid hydrolysis product of Chimassorb 944, pres-
ent in the low-pH extracts, none of the compounds

Identification”

not present in this extract at detectable levels.

Bisphenol A (4,4’-(1-methylethylidene)bis-phenol)

2,4-Di-tert-butylphenol

Irgafos 168
Dimethylterephthalate

4-Tert-butylphenol

Irgafos 168 oxide

Irganox 1076
Notes:

Organic Extractables Profile of the Polycarbonate Material as Established by the Testing Performed in this Study; Identified Compounds

Reproducibly Extracted from the Test Article at Levels of Approximately 1 pg/g or Greater
“These identifications are classified as confirmed.

b

TABLE XIX
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Figure 31

GC/FID Chromatograms Comparing the Various Extracting Solutions, Sealed Vessel Extracts of the Cyclic
Olefin Copolymer (COC), underivatized sample preparation. Peaks ISTD1 and ISTD2 are the two internal
standards (1 = Irganox 415 ~ 25 mg/L and 2 = Bisphenol M ~ 1 mg/L). The chromatograms reflect, from top
to bottom, the IPA/water, pH 9.5 and pH 2.5 extracts respectively. While the numbered peaks in the
chromatograms could be ascribed to extractables, the peaks were lower than the reporting threshold. Thus, in
many cases, the identitity of the extractables associated with apeak could not be ascertained and in those cases
where an identity could be proposed, the identity was considered to be speculative and is not reported herein.

present in the organic extracts were present in the
aqueous extractables in quantities consistently above
the reporting threshold.

e Polycarbonate (PC): The organic extracts of the
PC material contained readily measureable quan-
tities of its two phenolic antioxidants, which were
not present in the aqueous extracts in quantities
consistently above the reporting threshold. Alter-
natively, BPA was the predominant organic ex-
tractable in the high-pH aqueous extracts, as it is
produced by essentially depolymerizing the PC via
base-catalyzed hydrolysis.

¢ Cyclic Olefin Copolymer (COC): The nonpolar ex-
tractables that were present in the organic extracts
were not present in the aqueous extracts in quantities
consistently above the reporting threshold.

In general, the organic extractables profiles obtained
with the organic solvents were not qualitatively af-
fected by the extraction solvent itself (IPA versus
hexane versus IPA/water) or the extraction process
(sealed vessel, reflux, or Soxhlet). Although quantita-
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tive differences might exist in the profiles revealed by
the various organic extracting solvents and/or the ex-
traction methods, such differences could not reproduc-
ibly be discerned in this study. However, there were
two notable exceptions to this generalization:

e Although the COC’s organic extractables profiles
obtained with the organic solvents were not qual-
itatively affected by the extraction process (for
example, reflux or Soxhlet), the extractables pro-
files were greatly different when comparing IPA
versus hexane as the extraction solvent. While all
the major organic extractables were present in the
hexane extracts, the IPA extracts essentially con-
tained only phthalates.

e The PC’s organic extractables profile obtained
with the organic solvents was discernibly affected
by the extraction solvent itself (IPA versus hexane
versus IPA/water) and, to a lesser extent, the ex-
traction process (sealed vessel, reflux, or Soxhlet).
In general, IPA as an extracting solvent and reflux
as an extraction method produced the most exten-
sive extractables profiles for the PC material.

PDA Journal of Pharmaceutical Science and Technology
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Figure 32

GC/FID Chromatograms Comparing the Various Extracting Solutions, Sealed Vessel Extracts of the Cyclic
Olefin Copolymer (COC), derivatized sample preparation. Peaks ISTD1 and ISTD2 are the two internal
standards (1 = Irganox 415 ~ 25 mg/L and 2 = Bisphenol M ~ 1 mg/L). The chromatograms reflect, from top
to bottom, the IPA/water, pH 9.5 and pH 2.5 extracts respectively. While the numbered peaks in the
chromatograms could be ascribed to extractables, the peaks were lower than the reporting threshold. Thus, in
many cases, the identitity of the extractables associated with a peak could not be ascertained and in those cases
where an identity could be proposed, the identity was considered to be speculative and is not reported herein.

The observed effect that extraction solvent had on the
organic extractables profile is significant to the process
of characterizing the test article in two respects. First,
if the sole and exclusive intent of an extraction study
is to characterize a test article by establishing its
composition (e.g., additives), specifically for the pur-
pose of establishing the material’s suitability for use,
then it is clear that the extracting medium should
mirror the additives in terms of their essential chem-
ical properties, such as polarity, consistent with the
adage “likes dissolve likes”. In the case of a material
that contains primarily nonpolar additives, nonpolar
extracting solvents should be used to reveal the addi-
tives, although in the case of fatty acid additives a
high-pH extracting medium might be more effective.
Analysis of the nonpolar extracts will certainly facil-
itate the identification of the additives and will provide
an estimate of their relative abundance in the test
article. However, if the amount of the additive in a
material is high enough that it exceeds the additive’s
solubility in the extracting medium, then multiple
extractions will be necessary to establish the test ar-

Vol. 67, No. 5, September-October 2013

ticle’s additives level. For example, while the levels of
DEHP in the organic extracts of the PVC material
were relatively high (up to approximately 0.04 g/g),
this is actually a small portion of the total DEHP in the
test article (approximately 0.3 g/g). While the use of
multiple extractions to achieve complete or asymptotic
extraction was not a design feature of this study, such
a strategy might be necessary to establish the total
amount of an additive in a test material, if so doing is
necessary to establish the material’s suitability for its
intended use.

Alternatively, if the intent of the controlled extraction
study is to make inferences about drug product leach-
ables (for example, considering extractables as prob-
able leachables), then the inferences are most relevant,
accurate, and useful if the controlled extraction study
uses extraction conditions, including the composition
of the extracting solvent, that are comparable to the
clinical use conditions for the drug product. For ex-
ample, using an extractables profile based on aqueous
extracts to assess the leachables profile of a drug
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Figure 33

GC/MS Chromatograms (underivatized) for the IPA Extracts for the Cyclic Olefin Copolymer. The upper
chromatogram is for the reflux extraction and the lower chromatogram is for the Soxhlet extraction. Internal
standards (IS) producing peaks in these chromatograms include 2-Fluorobiphenyl at 10.7 min, Irganox 415 at
22.0 min and Bisphenol M at 23.0 min. Extractables associated with the chromatographic peaks are summa-
rized in Table XX. While the chromatograms for both extraction conditions are similar, the extractables profile
revealed by GC analysis is much more extensive with hexane, versus IPA, as the extracting solvent (e.g.,

comparing Figures 33 and 34).

product formulated in a solvent medium could produce
a flawed assessment by both failing to reveal relevant
leachables and potentially underestimating the con-
centration of those leachables that were revealed as
extractables. As an example, the aqueous extracts of
the elastomer did not reveal several of the more pre-
dominant nonpolar extractables. If the aqueous ex-
tractables data were used to establish target leachables
to be measured in a nonpolar drug product, it is clear
that the most potentially significant leachables would
be missed. Conversely, using an extractables profile
based on organic solvent extracts to assess the leach-
ables profile for an aqueous drug product would pro-
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duce a flawed assessment by considering extractables
that could not possibly accumulate in the aqueous
product as leachables and by potentially overestimat-
ing the concentration of the leachables in the drug
product. Thus the most appropriate extraction solvent
for an extractables study intended to make inferences
about leachables is one that closely matches the chem-
ical properties (e.g., polarity and pH) of the drug
product for which the assessment is being performed.

Because the process of developing and qualifying a
packaging system is a multifaceted endeavor, it is
logical to expect that multiple types of controlled

PDA Journal of Pharmaceutical Science and Technology
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Figure 34

GC/MS Chromatograms (underivatized) for the Hexane Extracts for the Cyclic Olefin Copolymer. The upper
chromatogram is for the reflux extraction and the lower chromatogram is for the Soxhlet extraction. Internal
standards (IS) producing peaks in these chromatograms include 2-Fluorobiphenyl at 10.7 min, Irganox 415 at
22.0 min and Bisphenol M at 23.0 min. Extractables associated with the chromatographic peaks are summa-
rized in Table XX. While the chromatograms for both extraction conditions are similar, the GC extractables
profile is more extensive with hexane, versus IPA, as the extracting solvent (for example, comparing Figures

33 and 34).

extractions might be performed to support the devel-
opment, qualification, and registration process. Con-
sidering the two previous examples, one can envision
a packaging system development and commercializa-
tion process that includes both controlled extraction
studies that characterize candidate materials so that
appropriate candidates can be identified (screening
and selection) and controlled extraction studies de-
signed to assess extractables as probable leachables,
facilitating the process of safety qualification.

It is expected that a material’s extractables profile can
establish the proper use of that material in pharmaceu-

Vol. 67, No. 5, September-October 2013

tical applications if the extractables profile is based on
extractions that encompass an appropriately wide
range of experimental conditions, such as identity of
the extraction medium and nature of the extraction
process. Thus this study, which included both polar
and nonpolar extracting media and several extraction
processes, could establish the test materials’ compat-
ibility with certain drug products. Although compati-
bility in specific product applications is most appro-
priately addressed on a case-by-case basis and would
strongly depend on the conditions of contact between
the drug product and the material in question, certain
generalizations about compatibility can be made from
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Figure 35

LC/UV Chromatograms (A = 220 nm) of Selected Extracts for the Cyclic Olefin Copolymer. The major peaks
in the UV chromatogram are associated with the internal standards (IS), Bisphenol M at 7.6 min, 2-Fluoro-
biphenyl at 7.8 min and Irganox 415 at 8.7 min. A small amount of DEHP (peak 1, CAS RN 117-81-7) was
present in both extracts. The major difference in the chromatograms for the two extracting solvents is the
presence of an Irganox 1010 (peak #2, CAS RN 6683-19-8) in the hexane extracts which was not present in the
IPA extracts. The various LC chromatograms also included several peaks whose associated substance could not

be identified.

this study. For example, the aqueous extractables
profiles suggest that the levels of leachables in
aqueous drug products could be sufficiently low that
the risk of the leachables adversely affecting patient
safety would be low. Exceptions to this statement
might include aqueous drug products formulated at
high pH, which could, for example, leach poten-
tially meaningful amounts of extractables from PVC
(MEHP), PC (BPA), and all the materials except the
COC (fatty acids). Additionally, the more extensive
solvent extractables profiles suggest that several of
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the materials examined in this study could be in-
compatible with drug products formulated in or-
ganic solvents or formulated to contain organic sol-
ubilizing agents. Additional studies, outside the
scope of this article, would logically be required to
establish whether such incompatibilities would be
encountered with a specific drug product.

In their recommendations, the PQRI OINDP Ex-

tractables and Leachables Working Group enumerated
certain best demonstrated practices for conducting

PDA Journal of Pharmaceutical Science and Technology
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TABLE XX

Information Related to the GC Peaks Associated with Organic Extractables from the COC

Highest Conc In
_ Peak # Extract
Set A“ | Set B” Identification® CAS RN | Medium | Type
— 2 cis-Decahydronaphthalene 493-01-6 Hexane | Reflux
— 1 trans-Decahydronaphthalene 493-02-7 Hexane | Reflux
— 7 Mono-(2-ethyhexyl) phthalate 4376-20-9 IPA Soxhlet
— 6 Oleamide 301-02-0 Hexane | Reflux
— 3 Dimethylterephthalate 120-61-6 IPA Soxhlet
— 4 3,5-Bis(1,1-dimethylethyl)-4-hydroxy-benzenepropanoic | 6386-38-5 Hexane | Soxhlet
acid, methyl ester
— 5 3,5-Bis(1,1-dimethylethyl)-4-hydroxy-benzenepropanoic | 20170-32-5 | Hexane | Soxhlet
acid

Notes:

“In the sealed vessel extracts, see Figures 31 and 32. While these chromatograms included peaks that could be
assigned to specific compounds, the levels of all these compounds were less than the reporting threshold of 10 pg/g
and thus the identities were speculative and not reported herein. Thus, none of the peaks numbered in Figures 31 and

32 were identified.

’In the solvent extracts, Soxhlet and reflux, see Figures 33, 34.

“These identifications are classified as confirmed.

controlled extraction studies, where a controlled ex-
traction study was defined as a laboratory investiga-
tion into the qualitative and quantitative nature of
extractables profiles of critical components of an
OINDP container/closure system (5). It was a reason-
able supposition of the PQRI PODP Extractables and
Leachables Working Group that the science-based best
demonstrated practices established for the OINDP
drug products could be extrapolated to PODP con-
tainer closure systems. The work summarized in this
paper is one vehicle for making and justifying such an
extrapolation of certain of the OINDP recommenda-
tions. For example, it was recommended that con-
trolled extraction studies for OINDP should

e Employ vigorous extraction with multiple solvents
of varying polarity

e Incorporate multiple extraction techniques

e Include careful sample preparation based on a
knowledge of the analytical techniques used

e Employ multiple analytical techniques

e Include a defined and systematic process for the
identification of individual extractables

Vol. 67, No. 5, September-October 2013

e Include a re-examination of supplier information
describing component formulation

It is relevant and appropriate to note that the data
generated and experiences gained in this study, which
was performed on materials relevant for PODP prod-
ucts and with methods appropriate for PODP dosage
forms, support the spirit, if not the exact letter, of all
these recommendations as they are applied to the
PODP situation. For example, the recommendation to
re-examine supplier information is borne out in the
several materials that had extractables which could not
be correlated with the material’s reported additives.
While this activity was beyond the scope of this study,
a complete and rigorous extractables assessment
would include an investigation as to the source and
genesis of these uncorrelated extractables. Further-
more, it is implied in the OINDP recommendations
and further enumerated in the OINDP document that
supplier information be consulted during the design
and implementation of the controlled extraction study,
as such information can influence study design and
facilitate data interpretation. The wisdom of this as-
pect of the OINDP recommendation was borne out in
this study, as reflected in the strong correlation that
could be established between the major extractables
and the materials’ specified additives.
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TABLE XXI

Organic Extractables Profile of the Cyclic Olefin Copolymer Material as Established by the Testing Performed in This Study; Identified

Compounds Reproducibly Extracted from the Test Article at Levels of Approximately 1 pg/g or Greater

Concentration in Material, png/g

Sealed Vessel Reflux Soxhlet
Chemical Molecular

Identification CAS RN Formula Weight pH 2.5 pH 9.5 IPA/W IPA Hexane IPA Hexane
cis-Decahydronaphthalene 493-01-6 CioHyg 138.25 b — — 1-10 10-100 1-10 10-100
trans-Decahydronaphthalene 493-02-7 CioHjg 138.25 — — — 1-10 10-100 1-10 10-100
Di-(2-ethyhexyl) phthalate related? 117-81-7 Cy4H3504 390.56 — — 1-10 10-100 1-10 10-100 10-100
Oleamide 301-02-0 CgH35NO 281.48 — — — 1-10 10-100 1-10 10-100
Dimethylterephthalate 120-61-6 CyoH;oO0y4 194.18 — — — 1-10 1-10 1-10 10-100
3,5-Bis(1,1-dimethylethyl)-4-hydroxy-benzenepropanoic acid 20170-32-5 C17H603 278.39 — — — 1-10 1-10 1-10 10-100
3,5-Bis(1,1-dimethylethyl)-4-hydroxy-benzenepropanoic 6386-38-5 Ci3Hy503 292.41 — — — 1-10 1-10 1-10 10-100

acid, methyl ester

Hexadecanoic (palmitic) acid 57-10-3 Ci6H3,0, 256.42 — — 1-10 — — — —
Irganox 1010 6683-19-8 Cy3H;03012 1177.63 — — — pe pe pe pe

Notes:

“These identifications are classified as confirmed.

b

“9Total including both DEHP and MEHP.

— = not present in this extract at detectable levels.
“Present in the extracts based on the LC analyses but not quantitated.
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Considering the analytical aspects, the OINDP recom-
mendation to employ multiple analytical techniques is
supported by the difference in organic extractables
revealed by the two chromatographic procedures used
in this study (LC and GC). It is clear that neither
methodology has the intrinsic capability to reveal,
identify, and quantify all the potential extractables
relevant for PODP applications. It is equally clear that
both these approaches have their place in effective
extractables characterizations, and it is logical to ex-
pect that the relative importance of the two methods
will vary from situation to situation, depending on the
specifics of each situation. Considering the OINDP
recommendation that careful sample preparation based
on knowledge of the analytical technique be used, the
experience gained with respect to derivatized and un-
derivatized GC analysis is relevant. Specifically, it
was clear from the vendor information that several test
materials contained extractable fatty acids. Knowl-
edge of the chemical properties of the fatty acids
(specifically the relationship between their solubility
and the pH of an aqueous extraction solvent) suggests
that they could be extracted in measurable quantities
by the high-pH aqueous extracting medium. This
would mean that the analytical strategy employed
would need to be responsive to fatty acids. As the
shape of fatty acids peaks in GC chromatograms is
generally poor, GC’s effectiveness for fatty acids is
limited unless the fatty acids are converted (deriva-
tized) into a form that is more conducive to GC
analysis. Finally, considering the recommendation that
there be a defined and systematic process for the
identification of individual extractables, it is noted that
many of the identifications reported in this study were
termed tentative. While such a level of identification
(or lack of identification) may be appropriate for some
extractables (particularly those present in the extracts
below the analytical evaluation threshold, AET), more
rigorous identifications could be required to toxico-
logically assess the extractables. Such firmer identifi-
cations should be obtained via a defined and system-
atic process. As this study was not driven by an AET
and the results were not to be toxicologically assessed,
no significant attempts were made to improve the
quality of all the identifications contained in this doc-
ument.

The two remaining OINDP recommendations deal
with generating the extract. In the case of these rec-
ommendations, it is appropriate to consider their spirit
as opposed to their specific language. The spirit of the
OINDP recommendations is that the extractables pro-
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file one obtains can be a function of the extraction
solvent and conditions used. Thus in order to produce
a complete extractables profile, one would need to use
a combination of multiple solvents and/or extraction
techniques. As this study clearly established that the
extraction solvent significantly affected the nature of
the extractables profile, the essential spirit of the rec-
ommendation is corroborated. However, the language
of the OINDP recommendation is modified for PODP
applications in recognition of the wide variety of
dosage forms and packaging systems that fall within
the category and in recognition of the fact that con-
trolled extraction studies may be performed for differ-
ent purposes. Specifically, a recommendation for
PODP might be worded as follows: Controlled extrac-
tions studies should use a combination of multiple
extraction solvents and extraction techniques as ap-
propriate for, and consistent with, the intent and pur-
pose of the controlled extraction study.

To understand the reasons for this language, consider
three of the several potential applications of a con-
trolled extraction study:

1. Material characterization (i.e., identify and quan-
tify the additives and ingredients in a material, as
ingredients and additives may be used to forecast
extractables)

2. Clinical product assessment (i.e., identify extract-
ables as a means of forecasting leachables in a
specific dosage form)

3. Quality control (QC) (i.e., exercise control over
the quality of incoming materials of construction
for a packaging system)

Clearly these three controlled extraction studies differ
in scope and intent and therefore could differ in terms
of their key design parameters (extraction solvent and
extraction conditions). For application 1, the ideal
extraction could be one which liberates the total pool
of all additives from the test material. One envisions
that a successful extraction in this case might include
a vigorous, multi-step process that uses strong extract-
ing solvents to fully solubilize the additives without
dissolving the bulk polymer. In order to effectively
utilize extractables information to screen for probable
leachables (application 2), the extraction conditions
would model (and accelerate) the product contact con-
ditions and would use extracting solvent(s) that have a
similar propensity to leach as the drug product. Given

505



Downloaded from on April 10, 2024

the diversity in PODP drug products and their clinical
use contact conditions, one envisions that controlled
extraction studies designed to forecast leachables
would vary greatly in design between various drug
products. Finally, extraction methods that support on-
going QC control of extractables via the testing of
incoming materials have dimensions of performance
(e.g., precision, ruggedness, longevity) that are not
typically relevant for other types of controlled extrac-
tion studies and which may dictate the nature of the
extraction process utilized.

The significant point at the foundation of both the
PODP recommendation and the OINDP recommenda-
tions for generating the extract is that the conditions
for extract generation must be consistent with, and
driven by, the intent of the study in which the con-
trolled extractions is being performed. In the case of
OINDPs, recommendations such as vigorous extrac-
tion, multiple solvents, and multiple extractions tech-
niques were consistent with the chemical nature of
those dosage forms, the chemical and physical prop-
erties of the polymers involved with this dosage form,
and the conditions of contact. Such recommendations
are not necessarily directly transferable to PODP, de-
pending on the purpose of the controlled extraction
study. Thus the PODP language offers the means of
vigorous extractions, use of multiple solvents, and use
of multiple methods as a way to accomplish the ob-
jective of customizing controlled extraction studies to
meet the purposes and circumstances that the studies
intend to address. Such language is consistent with the
observation that the extraction conditions for a con-
trolled extraction study designed to establish a mate-
rial’s composition can appropriately and necessarily
be different from the extraction conditions used in a
controlled extraction study designed to establish a
packaging system’s extractables as probable leach-
ables. Additionally, such language properly indicates
that while the general concepts of multiple and rele-
vant extraction solvents and extraction procedures are
applicable to all dosage forms and all situations, the
exaction solvents and techniques that are most appro-
priate for a specific circumstance will depend on that
circumstance and logically will vary somewhat from
circumstance to circumstance.

It is noted that the PQRI OINDP document contained
other best demonstrated practice recommendations.
These recommendations are not discussed in this article,
as the data generated and experiences gained in this
study are not directly relevant to those recommendations.

506

In closing, it is appropriate to review what the present
study did and did not accomplish. As noted previ-
ously, the present study established the test articles’
semi-quantitative extractables profiles and revealed
how those profiles varied as a function of the chemical
nature of the extracting solution, the physical nature of
the extracting process, and the method of analysis.
While such information is useful in designing and
justifying an extraction study that could, for example,
be used to facilitate material selection, this present
study did not produce information that could be used
to definitively assess the potential impact of using the
test articles in actual drug product packaging systems.
This present study was not designed to be sufficiently
quantitative for that purpose, did not definitively es-
tablish the identities of all observed extractables, did
not extensively investigate perceived anomalies in the
data, and did not include a consideration of factors
such as lot-to-lot compositional variation. Thus the
methodology used in the present study is not meant to
be prescriptive or universally applied but rather to
reflect a credible, rigorous, and science-based effort
to establish a test article’s extractables profile and to
produce information that can suggest and support best
demonstrated practice recommendations.
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