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Identification of Pharmaceutical Impurities
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Abstract: Identification of pharmaceutical impurities is a critical analytical activity in
the drug development process whose goal is to fully elucidate the chemical structures
of unknown pharmaceutical impurities present in either drug substances or drug
products above a particular threshold. Knowledge of the chemical structure of an
impurity is essential to assess its toxicological implications and to gain an understand-
ing of its formation mechanism. Knowledge of the formation mechanism is critical for
improving the synthetic chemical processes and optimizing the drug formulation to
reduce or eliminate the impurity. This article reviews the current regulatory require-
ments for impurity identification and the chemical origins of various impurities, par-
ticularly those derived from degradation of drugs. Strategies for identification of
pharmaceutical impurities are discussed followed by an overview of the critical
steps and the roles of various analytical techniques, such as HPLC-DAD, LC-MS,
LC-NMR, GC-MS, and NMR, in pharmaceutical impurity identification, with an
emphasis on applications of mass spectrometry based hyphenated techniques.
Carefully selected examples are included to demonstrate key points in impurity
formation and the appropriate application of various analytical techniques.

Keywords: Pharmaceutical impurities, Hyphenated techniques, Impurity identification

INTRODUCTION

Impurity profiling and control is one of the most regulated areas in the pharma-
ceutical industry.'' =" According to ICH Q3A (R) “Impurities in the New
Drug Substance.”'™ and ICH Q3B (R) “Impurities in the New Drug
Product”,'”” a drug substance impurity is “any component of the new drug
substance that is not the chemical entity defined as the new drug
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substance,” and a drug product impurity is “any component of the new drug
product that is not the drug substance or an excipient in the drug product.”
In a pharmaceutical product, an impurity is first and foremost a quality
issue, since it could potentially compromise the efficacy of the drug
product. Secondly, impurities also cause safety concerns.!”~'*' Hence, any
impurity present in a drug product must be fully understood, both qualitatively
(chemically) and quantitatively, and qualified, if necessary, through toxico-
logical assessment. From a chemical perspective, pharmaceutical impurities
are inevitable because no chemical reaction has 100% selectivity and no
chemical compound is “rock” stable. Nonetheless, it is possible to reduce
impurities via synthetic process improvement and appropriate preformulation/
formulation studies. Knowing the structure of an impurity is essential for
allowing assessment of its toxicological implications and for understanding its
formation mechanisms, which is critical knowledge for improving the
synthetic chemical process and optimizing the formulation. Impurity identifi-
cation is a specialized field in the pharmaceutical industry which requires
specialized analytical facilities and expertise.''>~2!! The goal of this review is
to provide an overview of the current regulatory requirements on impurity
identification, the chemical origins of various impurities, and the strategies
and roles of various analytical techniques in pharmaceutical impurity identifi-
cation, with an emphasis on mass spectrometry based hyphenated techniques.
The examples presented in this review are used to illustrate key points in
impurity formation chemistry and applications of various analytical techniques,
particularly mass spectrometry based hyphenated techniques.

REGULATORY REQUIREMENTS FOR PHARMACEUTICAL
IMPURITY IDENTIFICATION

ICH guidelines'' ~*' classify impurities into three categories: organic impurities,
inorganic impurities, and residual solvents. These impurities can be from a
variety of sources, as given in Table 1. Organic impurities are derived from
drug substance synthetic processes and degradation reactions in drug substances

Table 1. Impurity classification based on ICH guidelines Q3A(R),™
Q3B (R),”” and Q3C"!

Organic impurities Starting materials
Intermediates
By-products
Degradation products
Reagents, ligands and catalysts
Inorganic impurities Reagents, ligands and catalysts
Heavy metals or other residual metals
Inorganic salts
Residual solvents Inorganic or organic liquids
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Table 2. 1CH reporting, identification and qualification threshold for organic impuri-
ties in drug substance!!!

Maximum Reporting Identification Qualification

daily dose” threshold threshold threshold

<2 g/day 0.05% 0.1% or 1.0 mg TDI?, 0.15% or 1.0 mg TDI,
which ever is lower which ever is lower

>2 g/day 0.03% 0.05% 0.05%

“The amount of drug substance administered per day.
®TDI: Total daily intake of the impurity.

and drug products. Synthetic process related impurities can be derived from
starting materials, intermediates, reagents, ligands, and catalysts used in the
chemical synthesis, as well as by-products from the side-reactions of the
chemical synthesis. Degradation products are derived from the chemical degra-
dation of drug substances and drug products under storage or stress conditions.

Control of the organic impurities in new drug substances is based on the
Maximum Daily Dose and total daily intake (TDI) of the impurities. Table 2
provides the ICH threshold for control of the organic impurities in new drug
substances.'"! Depending on whether the Maximum Daily Dose higher or
lower than 2 g, organic impurities in a new drug substance at (or greater than)
0.05% or 0.1% require identification. Note that these thresholds do not apply
to toxic impurities.”?*?*! According to EMEA CHMP recommendations,”!
genotoxic impurities should be controlled based on compound-specific risk
assessment. For an unstudied impurity (such risk assessment data do not
exist), a threshold of toxicology concern (TTC) of 1.5 pg/day can be applied,
with exceptions for aflatoxin-like, N-nitroso- and azoxy-compounds, which
should be assessed based on compound-specific toxicity data.

Control of organic impurities in new drug products are outlined in Table 3
and Table 4. Note that these thresholds are not the same as those for impu-
rities in new drug substances given in Table 2. Based on the Maximum Daily
Dose, the identification thresholds for organic impurities in new drug products
are divided into 4 groups to give more consideration to low dose drug
products. For most new drug products, the Maximum Daily Dose is
between 10 mg—2 g/day, therefore, any impurities at 0.2% or greater would
have to be identified.

Table 3. Reporting thresholds for impurities in new drug

product!?

Maximum daily dose Reporting threshold
<lg 0.1%

>lg 0.05%
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Table 4. ldentification thresholds for organic impurities in new drug

product'?

Maximum daily dose Identification threshold

<1 mg 1.0% or Spg TDI, which ever is lower
1-10 mg 0.5% or 20 g TDI, which ever is lower
>10mg—2¢ 0.2% or 2 mg TDI, which ever is lower
>2g 0.1%

Leachables are a separate class of drug product impurities, however,
control of leachbales is not covered by ICH guidance.”' Recently, the PQRI
(Product Quality Research Institute) Leachables and Extractables Working
Group proposed safety and qualification thresholds for leachables in OINDP
(Orally Inhaled and Nasal Drug Products) to the regulatory authorities.'™
The proposed Safety concern threshold (SCT) is 0.15 pg/day, and the Quali-
fication Threshold (QT) is 5 pg/day for an individual leachable in an OINDP.
Note that proposed safety thresholds only apply to OINDP and not other drug
product type (e.g., injectables, ophthalmic, etc.)

Inorganic impurities are, in most cases, introduced from the synthetic
process of the drug substance (e.g., catalyst), or as impurities present in exci-
pients. Analysis and control of inorganic impurities usually follows pharma-
copoeial monographs or other appropriate procedures and will not be
discussed further in this review.

Residual solvents are defined as organic volatile chemicals that are used
or produced in the manufacture of drug substances or excipients, or in the
preparation of drug products.” Residual solvents are divided by a risk assess-
ment approach into three classes.

Class 1 solvents are known human carcinogens, strongly suspected human
carcinogens, and environmental hazards; therefore, these solvents should be
avoided in the production of drug substance, excipients, or drug products,
unless their use can be strongly justified in a risk-benefit assessment. If unavoid-
able, the level of an individual Class 1 residual solvent should be strictly
controlled below the concentration limits (for example the limit for benzene is
2 ppm).1*! Class 2 solvents are non-genotoxic animal carcinogens or possible
causative agents of other irreversible toxicity such as neurotoxicity or teratogeni-
city. Class 2 solvents are controlled according to the PDEs (Permitted Daily
Exposure) and Maximum Daily Dose (Option 1 and Option 2). ICH Q3C!
provides PDEs of all Class 2 solvents. Class 3 solvents are solvents with low
toxic potential to man. It is recommended that amounts of these residual
solvents of 50 mg per day or less would be acceptable without justification.

For solvents for which no adequate toxicological data are available, man-
ufacturers should supply justification for residual levels of these solvents in
pharmaceutical products.
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ORIGINS OF PHARMACEUTICAL IMPURITIES

Organic impurities can be originated from a variety of sources in both drug
substances and drug products. Generally, the origins of impurities can be
categorized into the following sources: synthetic process of the drug
substance, degradation of the drug substance, container/closer and packing
materials, and extraneous contaminants.

Impurities Originating from Drug Substance Synthetic Processes

Most small molecule drug substances are chemically synthesized. Chemical
entities, other than the drug substance, that are involved or produced in the
synthetic process can be carried over to the final drug substance as trace
level impurities. These chemical entities include raw materials, intermediates,
solvents, chemical reagents, catalysts, by-products, impurities present in the
starting materials, and chemical entities formed from those starting material
impurities (particularly those involved in the last steps of the synthesis).
These impurities are usually referred to as process impurities. The goal of
process impurity identification is to determine the structures and origins of
these impurities. This knowledge is critical for improving the synthetic
chemical process, in order to eliminate or minimize process impurities.

Process Impurities Originating from Starting Materials and
Intermediates

Starting materials and intermediates are the chemical building blocks used to
construct the final form of a drug substance molecule. Unreacted starting
materials and intermediates, particularly those involved in the last a few
steps of the synthesis, can potentially survive the synthetic and purification
process and appear in the final product as impurities.'**! For example, in the
synthesis of tipranavir drug substance, the “aniline” is the intermediate in
the last step of the synthesis.”** Because the similarity between the structures
of the “aniline” and the final product, it is difficult to totally eliminate it in the
subsequent purification step. Consequently, it appears in the drug substance at
around 0.1%.

Process Impurities Originating from Impurities in the Starting Materials

Impurities present in the staring materials'®~?"! could follow the same
reaction pathways as the starting material itself, and the reaction products
could carry over to the final product as process impurities. Knowledge of
the impurities in starting materials helps to identify related impurities in
the final product, and to understand the formation mechanisms of these
related process impurities. An often encountered scenario involves starting
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