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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.
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INTRODUCTION

Impurity profiling and control is one of the most regulated areas in the pharma-

ceutical industry.[1 – 7] According to ICH Q3A (R) “Impurities in the New

Drug Substance.”[1] and ICH Q3B (R) “Impurities in the New Drug

Product”,[2] 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.[9 – 12] 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.[13–21] 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[1–3] 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),[1]

Q3B (R),[2] and Q3C[3]

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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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.[1] 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.[7,22,23] According to EMEA CHMP recommendations,[7]

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 mg/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.[2] 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 2. ICH reporting, identification and qualification threshold for organic impuri-

ties in drug substance[1]

Maximum

daily dosea
Reporting

threshold

Identification

threshold

Qualification

threshold

�2 g/day 0.05% 0.1% or 1.0 mg TDIb,

which ever is lower

0.15% or 1.0 mg TDI,

which ever is lower

.2 g/day 0.03% 0.05% 0.05%

aThe amount of drug substance administered per day.
bTDI: Total daily intake of the impurity.

Table 3. Reporting thresholds for impurities in new drug

product[2]

Maximum daily dose Reporting threshold

�1 g 0.1%

.1 g 0.05%
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Leachables are a separate class of drug product impurities, however,

control of leachbales is not covered by ICH guidance.[2] 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.[8]

The proposed Safety concern threshold (SCT) is 0.15 mg/day, and the Quali-

fication Threshold (QT) is 5 mg/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.[3] 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).[3] 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[3]

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.

Table 4. Identification thresholds for organic impurities in new drug

product[2]

Maximum daily dose Identification threshold

,1 mg 1.0% or 5mg TDI, which ever is lower

1–10 mg 0.5% or 20 mg TDI, which ever is lower

.10 mg22 g 0.2% or 2 mg TDI, which ever is lower

.2 g 0.1%
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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.[23] For example, in the

synthesis of tipranavir drug substance, the “aniline” is the intermediate in

the last step of the synthesis.[24] 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[25 – 27] 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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materials containing structural analogs, positional isomers, etc., as trace

level impurities. These impurities are difficult to separate and remove from

the starting material during its manufacturing process. When the starting

material is used for synthesis of a drug substance, these impurities will

likely form analogs or isomers of the desired drug substance. Some real

world examples of process impurities derived from impurities in starting

materials were reported by Görög et al.[28 – 30] One such example is the

presence of a 4-trifluoromethyl positional isomer in 3-trifluoromethyl-a-ethyl-

benzhydrol (flumecinol), due to the presence of 4-trifluoromethylbenzene

impurity in the starting material, 3-trifluoromethylbenzene. A second

example involves a 2-methyl analogue present as a trace impurity in tolperi-

sone, due to the presence of 2-methylpropiophenone in the starting material,

4-methylpropiophenone.

Process Impurities Originating from Chemical Reagents, Ligands and

Catalysts

Chemical reagents, ligands, and catalysts used in the synthesis of a drug

substance can be carried over to the final products as trace level impurities.

For example, carbonic acid chloromethyl tetrahydro-pyran-4-yl ester

(CCMTHP), which is used as an alkylating agent in the synthesis of a ß-

lactam drug substance, was observed in the final product as an impurity.[31]

Many chemical reactions are promoted by metal based catalysts. For

instance, a Ziegler-Natta catalyst contains titanium, Grubb’s catalyst

contains ruthenium, and Adam’s catalyst contains platinum, just to name a

few. It is expected that these heavy metals will appear in drug substances at

trace levels when such catalysts are employed. Most heavy metals have

safety concerns; therefore, specifications and analytical methods should be

in place to monitor the heavy metals involved in the process.[32,33] Garrett

et al.[34] recently reviewed the practices for meeting palladium specifications

in drug substances. In some cases, reagents or catalysts may react with

intermediates or final products to form by-products. Görög et al.[35] reported

that pyridine, a catalyst used in the course of synthesis of mazipredone,

reacts with an intermediate to form a pyridinium impurity. Figure 1 shows

a process where t-BuOK (potassium t-butyloxide) is used to extract a

proton from an intermediate and promote the coupling of two intermediates

to form a drug substance. During this process, t-butyloxyl also attacks

the cyclopentanol ester moiety of one intermediate to form an impurity

with a molecular weight of M-12 (M being molecular weight of the

intermediate).

Another example of reagent related impurities is the observation of

elemental sulfur (S8) in a batch of bulk drug. In this case, the last step of

the synthesis involves Na2S2O3 as a reducing reagent to scavenge the

residual oxidant. When Na2S2O3 is used in excessive amount, elemental
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sulfur is formed, according to the proposed mechanism:

S2O2�
3 þ Hþ�!HSO�3 þ 1=8S8 ðsolidÞ

Elemental sulfur could not be eliminated by the subsequent cleaning steps; as

a consequence, it appeared in the final product as process impurities.

Process Impurities Originating from By-Products of the Synthesis

The selectivity of a chemical reaction is rarely 100%, and side-reactions are

common during the synthesis of drug substances. By-products from the side-

reactions are among the most common process impurities in drugs. By-pro-

ducts can be formed through a variety of side reactions, such as incomplete

reaction, overreaction, isomerization, dimerization, rearrangement, or

unwanted reactions between starting materials or intermediates with

chemical reagents (e.g., as shown in Figure 1) or catalysts.[35] There are

numerous case studies in identification and control of by-product related

process impurities in the literature.[35 – 43] The following three examples

demonstrate typical formation pathways of by-products of drug substances.

Proudfoot et al.[43] reported that isomeric by-products are formed in the

course of the synthesis of nevirapine ring systems. The mechanism of

formation of these isomeric impurities is through a so called Smiles

rearrangement. Horvath et al.[44,45] reported a case where an over-reaction

product, an epimeric impurity and a dimeric impurity were formed

during the synthesis of 17a-ethinyl-17-hydroxy steroids. During

preparation of LY297802 tartrate, Olsen and Baertschi[46] observed two

by-products in the step from intermediate I to intermediate II due to

elimination of HCl and hydroxylation, as shown in Figure 2. These

by-products were able to undergo the next reaction in the synthesis in the

same way as the desired intermediate, to form process impurities,

Impurity 1 and Impurity 2.

Figure 1. Formation of a process impurity (M-12) due to the side reaction between an

intermediate and a reagent.
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Process Impurities Originating from Solvents

Residual solvents are organic volatile impurities in drug substances and drug

products which are used or produced in the manufacturing process of the drug

substance (e.g., solvents for chemical reaction, separation, and crystalliza-

tion), excipients, and drug products (e,g., solvents for wet granulation and

coating). Residual solvents are expected impurities; therefore, identification

of residual solvents is relatively straightforward. Recent progress in analysis

of residual solvents was reviewed by Camarasu et al.[15]

Impurities Originating from Degradation of the Drug Substance

Degradation of the drug substance is one of the main sources of impurities in

both bulk drug and formulated product. Degradation of the drug substance is

caused by chemical instability of the drug substance under the conditions (e.g.,

heat, humidity, solvent, pH, light, etc.) of manufacturing, isolation, purifi-

cation, drying, storage, transportation, and interactions with other chemical

entities in the formulation (e.g., excipients and coating materials). Chemical

stability is an inherent property of a drug substance and is a reflection of

the chemical properties of all functional groups in the drug molecule. In the

following sections, various impurities originating from degradations of drug

substances are discussed based on their formation mechanisms.

Impurities Formed from Hydrolysis of the Drug Substance

Hydrolysis of the drug substance is a chemical reaction between the drug

substance and water. Obviously, the presence of water is a prerequisite for

Figure 2. By-product impurities formed through side reactions during preparation of

the drug substance LY297802 (adapted from ref. 46).
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the hydrolysis of the drug substance. In a drug substance or drug product,

water can be introduced as residual water from the manufacturing process

of the drug or excipient, or absorbed from the environment. Most hydrolytic

degradations are catalyzed by both acid and base. In some cases, it can

follow other mechanisms as well. For example, it was reported that metal

ions can catalyze the hydrolysis of acrylate esters and amides.[47]

A variety of functional groups are subject to hydrolysis under acidic or

basic conditions.[50] Common functional groups that are susceptible to

hydrolysis and some real world examples are summarized in Table 5.

Depending on the structure of the drug substance, hydrolysis can either

break the drug molecule into two pieces or break a cyclic structure (e.g., in

lactones and lactams) into a linear structure. Esters and amides (including

cyclic esters and amides) are the most common functional groups in drugs

that are susceptible to hydrolysis. The hydrolysis of esters and amides is

mostly catalyzed by acid and base. In most cases, drugs with these functional

groups give the same hydrolytic degradation products under acidic or basic

conditions. Sometimes, different hydrolytic degradation pathways can be

observed. For example, penicillin undergoes different hydrolytic pathways

under acidic and basic conditions to give two different primary hydrolytic

degradation products, i.e., penicillenic acid under acidic condition, and peni-

cilloic acid under basic condition, respectively.[58] Hydrolysis of carbonyl-

containing functional groups, such as esters, amides, and carbamates, etc.,

usually takes place at the acyl-O(N) bond. Exceptions can be found where

the alkyl-O(N) bond cleaves.[78] In this hydrolytic pathway, the alkyl groups

are usually those functional groups that can stabilize the carbonium ion

formed by alkyl-O(N) cleavage, such as a tertiary carbon or a benzyl group.

Hydrolysis of the drug substance is often followed by further degradation.

Primary hydrolytic degradation products can further undergo dehydration,

decarboxylation, cyclization, or rearrangement, etc., to form the final degra-

dation products.[57,78]

Impurities Formed from Oxidative Degradation of the Drug Substance

In organic chemistry, oxidation is a class of chemical reactions that leads to an

increase in oxidation state of an element. In the pharmaceutical industry,

oxidative degradation is confined to chemical reactions of drug substances

that increase the oxidation state of C and, in some cases, N, S, P, etc., via

addition of oxygen or abstraction of hydrogen. Autoxidation is the reaction

of organic compounds with elemental oxygen under mild conditions (e.g.,

drug storage conditions). Autoxidation involves ground state elemental

oxygen; thus, under normal storage conditions, it is the most important

oxidative degradation pathway of drugs. Autoxidation is a free radical

reaction; typically it requires a free radical initiator to start the chain

reaction. Autoxidation initiators are often trace level impurities in the drug

substance or excipients, such as peroxide or metal ions. These impurities
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Table 5. Functional groups susceptible to hydrolysis in drugs

Functional group Basic structure Example drugs

Ester Aspirin,[48] cisatracurium besylate,[51]

nicergolin,[52] lovastatin,[53] and

atropine[68]

Lactone Lovastatin[53] and warfarin[69]

Amide Acetaminophen,[49] indinavir,[54] and

indomethacin[55]

Lactam Amoxicillin,[56,57] penicillin,[58] cepha-

losporin,[58] bromazepam,[67]

diazepam[70]

Imide Phenobarbital[59]

Imine Adinazolam,[60] famotidine,[61]

diazepam,[70]

Carbamic ester Benzimidazole anthelmintics,[62] zol-

mitriptan,[63] loratadine[77]

Phosphate Rivastigmine,[64] triamcinolone aceto-

nide 21-phosphate[74]

Ether

Thioether

Nitrile

Diphenhydramine hydrochloride,[65]

duloxetine[79]

Penicillin[58]

Danazol,[66] cimetidine[71]

Acetal/ketal Erythromycin,[72] ECyd acetal deriva-

tives,[73] triamcinolone[75]

Halides Chlorambucil[76]

Sulfonamide Sulfamethazine[78]
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can be brought into the drug product from the manufacturing process or

formed from degradation of formulation components (e.g., PEG and PVP)

in the drug product. Autoxidation can be self initiated because the ground

state oxygen molecule is a biradical; however, this reaction is expected to

be slow because the ground state of the majority of organic molecules is

singlet; thus the reaction is spin-forbidden. A typical autoxidation mechanism

is shown below:

RHþ ln†���!R† þ lnH ðIntiation StepÞ

R† þ O2���!ROOH†

ROO† þ RH���!ROOHþ R† ðPropagation StepÞ

2ROO†���!Non-radical molecule ðTermination StepÞ

ROO† þ R†���!Non-radical molecule ðTermination StepÞ

R† þ R†���!Non-radical molecule ðTermination StepÞ

The non-radical molecules formed in the propagation and termination steps are

likely to appear in the drug substance or drug product as impurities.

Autoxidation can be catalyzed by heavy metals. These metals usually

have two readily accessible oxidation states differing by one unit (e.g.,

Cu2þ/Cuþ and Fe3þ/Fe2þ). Peroxides react with both the upper and lower

oxidation states of these metals to generate more free radicals.[80] As a

result, metal ions can greatly enhance the effectiveness of peroxides as

initiators.

Fe2 þ ROOH���!FeðOHÞ2þ þ OR†

FeðOHÞ2þ þ ROOH���!Fe2þ þ HOHþ ROO†

Drug substance oxidative degradation can also occur through an electron

transfer mechanism to form reactive anions or cations. Amines, sulfides, and

phenols are susceptible for electron transfer oxidation to give N-oxides,

hydroxylamine, sulfones, sulfoxides, etc.[84] C55C double bonds may react

with hydrogen peroxide and peroxy acid to form epoxides via a similar

ionic mechanism.[81] In addition, heavy metals such as Fe3þ and Cu2þ can

also be directly involved in the oxidation of drug substances through an

electron transfer mechanism.

To some extent, the susceptibility of a drug substance to oxidative degra-

dation can be predicted from the functional groups in its chemical structure.

Functional groups with a labile hydrogen, such as benzylic carbon, allylic

carbon, tertiary carbon, or a-positions of a hetero atom[100] are often suscep-

tible to oxidation to form hydroperoxide, hydroxide, or ketone.[84] Functional

groups without a labile hydrogen, such as a tertiary amine or thioether, can

undergo oxidative degradation to form N-oxide[86] or sulfoxide.[88] Common

functional groups in drugs that are sensitive to oxidation and examples of

drugs that contain these functional groups are summarized in Table 6.
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Abstraction of protons from functional groups, such as CH2-CH2,

CH-OH, or CH-NH in the drug molecule, to form unsaturated bonds C55C,

C55O or C55N increases the oxidation state of C, and N; therefore,

dehydrogenation is also an oxidative degradation. Dehydrogenation can

occur in both solid state and in liquid phase. Typical types of dehydrogenation

include aromatization, conversion of alcohols to ketones or aldehydes,

conversion of amine to imine or nitriles, etc. For example, L-1,4-cyclohexa-

diene-1-alanine hydrate degrades to L-phenylalanine in solid state through

dehydrogenation;[101] nifedipine can convert to dehydrogenated degradation

products in solution within a few hours under photo irradiation.[102]

Impurities Formed from Photolytic Degradation of the Drug Substance

When exposed to light, many types of organic molecules can undergo photo-

chemical reactions and form photolytic degradation products.[103] There are

two main types of photochemical reactions that are relevant to degradations

of drugs. The first type is a non-oxidative photochemical reaction, which

includes light induced isomerization, cyclization, dimerization, rearrange-

ment, hydrolysis, decarboxylation, and homolytic cleavage of X-C hetero

bonds, such as halogen bond, ether bond, N-alkyl bond in amine (dealkylation

or deamination), SO2-C bond, etc. Under light irradiation, cis-/trans

Table 6. Functional groups susceptible to oxidative degradation in drugs

Functional group Basic structure Example drugs

Benzyl Ph-CH2- Tipranavir[83] methoxamine

hydrochloride,[89] impipramine

hydrochloride[90]

Allylic -CH55CH-CH2- Tetrazepam,[82] Reserpine,[85]

Tertiary C Tipranavir[83]

Olefins C55C L-tryptophan[87]

Phenol Ar-OH Epinephrine[91]

Alcohol R-OH Lovastatin[92]

Ether R-O-R0 Ragaglitazar[98]

Thioether R-S-R0 Pergolidemesylate,[93] fluphena-

zine enanthate,[94] tipredane[99]

Tertiary Amine Pipamperone[86], dibucaine

hydrochloride,[96] raloxifene

hydrochloride[97]

Primary/secondary

amine

Brinzolamide[95]
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isomerization and dimerization are very common in drug molecules that

contain a C55C double bond.[104 – 106,108] Other types of photochemical degra-

dations of drugs, such as light induced hydrolysis of halogen,[107] rearrange-

ment,[109,111] dealkylation,[110] and cyclization[112] were also reported.

Photo-oxidative degradation is the other type of photolytic degradation of

drugs. Photo-oxidative degradation products can be formed from either a

triplet oxygen (3O2) or a singlet oxygen (1O2) mechanism, depending on the

electronic state of the oxygen molecule. The former requires sensitization

and formation of a free radical of the drug molecule, which then reacts with

a triplet oxygen molecule to form a peroxide. Singlet oxygen molecules

react with unsaturated bonds such as alkenes, dienes, polynuclear aromatic

hydrocarbons, etc., to form photo-oxidative degradation products.

Depending on the structure of the drug molecule, singlet oxygen oxidation

can take place through three pathways, i.e., [2þ 2] cycloaddition, [4þ 2]

cycloaddition, and “ene” reaction, as illustrated in Figure 3. For example,

the C55C double bond in thiothixene undergoes photo-oxidative degradation

through a [2þ 2] cycloaddition mechanism.[113] Heterocyclic unsaturated

rings (e.g., thiazole, oxazole, and pyrazole, etc.) are known to be sensitive

toward light irradiation. For instance, an oxazole containing drug undergoes

photolytic degradation through a proposed [4þ 2] cycloaddition

Figure 3. Singlet O2 oxidative degradation pathways of drugs that contain unsatu-

rated bonds.
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mechanism.[114] An example of an “ene” reaction was discussed by

Boccardi.[115] Usually, the peroxides formed through these reactions are

not stable and are just intermediates to the final photolytic degradation

products.

Although rare, photolytic degradation of drugs can also take place

through a reduction mechanism. A typical example of such degradation is

the reduction of the nitro group to a nitroso group in nifedipine.[102]

Impurities Formed through Isomerization and Oligomerization of the

Drug Substance

Isomerization and oligomerization are common degradation pathways

of drugs. Formation of isomers and oligomers of a drug substance

can occur through a variety of mechanisms; therefore, it is worthwhile

to have a separate overview of the isomerization and oligomerization of

drugs.

Commonly seen isomerizations include photo-induced cis/trans isomer-

ization of drugs with a C55C double bond,[104,105] other asymmetric double

bonds (e.g., C55N-OH and C55N-NH2)[116 – 118] and racemization or epimer-

ization of drug substance with chiral centers. Drug molecules with chiral

centers can undergo racemization and epimerization under light,[119]

heat,[119] acidic,[120] and basic[121] conditions. Aso et al.[122] found that

gamma cyclodextrins can facilitate the epimerization and racemization of car-

benicillin. Rearrangement is also a source of isomeric impurities. For

example, fenoprofen calcium can degrade to a mixture of isomeric

biphenyls via a photo-Fries rearrangement.[111] In the presence of water,

FK506 can readily epimerize to form tautomeric impurities.[123]

In addition to the photo-cycloaddition of alkenes discussed above,

other types of dimerization or oligomerization can also occur. For

example, thiols can dimerize under oxidative conditions to form disul-

fides;[124] indoles can dimerize under acidic conditions;[125] nalidixic acid

dimerizes through a thermo-decarboxylation pathway,[126] and losartan

dimerization is induced by moisture and acid.[127] It was reported that for-

maldehyde, which is a potential impurity in some excipients (e.g., PEG

and PVP), can react with primary or secondary amine drug substance to

form a cross-linked dimer with an addition of CH2 group in between.[128]

The highly electrophilic carbonyl carbon of b-lactam antibiotics (e.g.,

ampicillin and ceftazidime)[129] can readily oligomerize in drug formu-

lations.[130,131] The oligomerization degradation of 5-ASA (5-aminosalicylic

acid) was studied by Jensen et al.[132] 5-ASA dimer and tetramer were

observed in an aqueous solution with the presence of Fe(II)/EDTA via

autoxidation; a trimer was formed at pH 6.5 using hypochlorite as the

oxidant; while a second trimer was the major degradation product in

distilled water.
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Impurities Formed through Interaction between Drug Substance and

Excipients or Packaging Materials

Another important source of drug product impurities is the chemical inter-

actions of formulation components. Impurities formed via drug-excipient

interactions, excipient-excipient interactions, and drug-packaging interactions

(e.g., drug-capsule shell interactions) fall into this category. Doelker et al.[133]

reviewed the shell/content interactions in gelatin capsules. In a gelatin

capsule product, migration of drug or excipient to the capsule shell or the

shell component into the fill solution causes interactions of the formulation

with the gelatin shell. A typical example of drug-capsule shell interaction is

the degradation of topotecan through interaction with ammonia in the hard

shell encapsulation.[134] Excipient-excipient interaction is the chemical

reaction between excipients in the formulation; therefore, the interaction

product is not related to the drug substance. Nonetheless, according to the

impurity definition given by ICH guidelines,[2] excipient-excipient interaction

products are drug product impurities because they are neither the drug

substance nor an excipient in the formulation. However, excipient-excipient

interaction products are not covered by ICH Q3B(R), and are usually not

required to be reported in regulatory submissions. Based on the author’s

experiences, excipient-excipient interactions could also cause formulation

stability issues; thus, they could potentially impact the quality and safety of

the drug product.

Drug-excipient interactions can occur between drug substances and exci-

pients, between drug substance related impurities/degradants and excipients,

and between drug substances and impurities in excipients. The latter case is, in

fact, the most common type of drug excipient interaction. One of the most

often occurring drug-excipient interactions in drug formulations involves

oxidative reactions induced by trace level oxidative impurities in the excipi-

ents, such as peroxides, aldehydes, and heavy metals. The origins of these

oxidative impurities are either process impurities from manufacturing of exci-

pients or oxidative degradation products of the excipients.[84] For example,

Jartauer et al.[135] observed an order of magnitude increase of the N-oxide

degradation product of raloxifene hydrochloride in drug tablets in the

presence of two excipients, povidone and crospovidone, due to the

existence of peroxide impurities in these excipients. The oxidative interactions

take place in accordance with the same mechanisms as was discussed in

the oxidative degradation section; thus, there is no need for further discussions

here.

The other common drug-excipient interaction pathway is nucleophilic

addition of primary and secondary amines to unsaturated bonds in the

excipients or impurities in the excipients. One such reaction is the so called

Maillard reaction. The Maillard reaction is a class of reactions between

amines and reducing sugars. The mechanism of the Maillard reaction

was studied and was reviewed by a number of authors.[136 – 139] The
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initial steps of the Maillard reaction involve nucleophilic attack by an

amine on the reducing sugar, followed by dehydration and Amadori

rearrangement.[139] The Maillard reaction of lactose and fluxetine HCl

produces a primary degradant, glycosylamine, and an Amadori rearrangement

product.[136a]

Formation of pyrrole derivatives through a Maillard reaction

between reducing sugars and primary amines via a dehydrated inter-

mediate of the reducing sugar, such as 3-deoxyglucosone from glucose was

reported.[136b,137] It was reported that such a reaction can also occur

between a phenyl amine and a reducing sugar, as in the case of mesalamine

(Figure 4).[138]

Primary and secondary amines can undergo similar reactions with

formaldehyde, or other aldehydes, in the drug formulation to form hemiaminal

and subsequent secondary degradation products, such as imine and dimers,

etc.[140]

The other type of nucleophilic addition is the reaction between primary or

secondary amines and activated olefins, such as a,b-unsaturated carbonyl

compounds. A classic example is the reaction between seproxetine and

maleic acid through 1,2 and 1,4 addition mechanisms (the latter is also

known as the Michael addition).[139]

Another type of drug-excipient interaction proceeds via a nucleophilic

substitution mechanism. Arguably, hydrolysis, esterification (reactions of

alcohol and acid, e.g., carboxylic acid and sulfonic acid to form an ester),

acid-base reaction (e.g., reaction between carboxylic acid and amine to

form an amide), transesterification (exchange of the alkoxy group of an

ester by another alcohol to form another ester), and acyl substitution of

amine (exchange of alkoxy group of an ester by an primary or secondary

amine to form an amide) can all be classified as nucleophilic substitution

reactions.

Hydrolysis as a source of pharmaceutical impurities has been discussed

above. Hydrolytic degradation products of drug substance in a formulation

can be considered as a drug-excipient interaction product, because water is

often an impurity in some commonly used excipients. For instance, lactose

Figure 4. Formation of a pyrrole derivative through Maillard reaction between

mesalamine and reducing sugars.
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can contain 4.5–5.5% water, and hydroxypropyl methyl cellulose can contain

up to 10% water.[50] Because ester, alcohol, carboxylic acid, and amine are

common functional groups in drug molecules and excipients, nucleophilic

substitutions other than hydrolysis are also an important source of drug-

excipient interaction products. For example, in a SEDDS (Self Emulsified

Drug Delivery System) formulation of tipranavir, tris (one of the excipients

in the formulation) interacts with the lactone moiety of a primary degradation

product of the drug molecule to form an amide impurity during storage.[141]

Another example is the reaction between duloxetine with the enteric

coatings HPMCAS (hydroxypropyl methylcellulose acetate succinate) and

HPMCP (hydroxypropyl methylcellulose phthalate) to form succinamide

and phthalamide, respectively, during stress testing or long term stability

studies.[142]

Impurities Derived from Container/Closer/Packaging Materials

Leachables are drug product impurities leached from container/closer/
packaging components. Leachables can be found in a variety of drug

products, including OINDP (Orally Inhaled and Nasal Drug Products),

injectables, solid dosage forms, etc.; they include both organic and

inorganic chemical entities.[143] Organic leachables can be monomers or

oligomers of the polymeric material, or additives, cross-linking/curing

agents, antioxidants, plasticizers, pigments, lubricants, and mould release

agents, etc., that are used in the manufacture of the container/closer/
packaging materials.[144] Labels, inks, and adhesives associated with the

drug product container/closer/packaging systems can also leach impurities

into the drug product. Identification of leachables can be a significant

analytical challenge for some dosage forms. For example, in an MDI

(metered dose inhaler), the rubber and plastic components of the metering

valve are in direct, constant contact with the formulation, which is primarily

a propellant, such as a CFC (chlorofluorocarbon) or more ozone friendly

HFA (hydrofluoroalkane), which are all good organic solvents. It is

anticipated that these plastic and rubber valve components in the MDI

will leach various organic chemical entities into the drug product.

Fortunately, information on potential leachables may be obtained from the

known ingredients of the rubber and plastic materials, as well as the fabrica-

tion process of the valve. For example, thiurams, dithiocarbamates, and mer-

captobenzothiazoles are commonly used sulfur-containing curing agents in

rubber manufacturing;[145] hence, they are potential leachables in the drug

product where sulfur cured rubber is used. PBT (polybutylene terephthalate)

is a widely used polyester plastic in medical device and MDI valve com-

ponents. PBT oligomers and other residuals or degradants (as shown in

Figure 5) can be leached from the valve components fabricated from this

material.[146]
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Contaminations

Extraneous or environmental contaminants are also sources of impurities.

Contamination can occur during manufacturing, handling, storage, and trans-

portation of the drug substance or the drug product. Although, from a regulat-

ory point of view,[1,2] contamination is a GMP issue, rather than an impurity

issue, technically, identification of a contaminant is similar to identification of

any unknown impurities. However, because of the negative nature of contami-

nation, it is rare to see a case study for identification of contaminants in

pharmaceutical products in the literature.

IDENTIFICATION OF PHARMACEUTICAL IMPURITIES:
THE STRATEGIES AND THE ROLES OF VARIOUS

ANALYTICAL TECHNIQUES

Identification of impurities is an analytical activity aiming to elucidate the

chemical structures and the possible mechanisms of formation of unknown

impurities observed during various phases of the drug development process.

Because of the complexity and diversity of the impurities in both their

origins and properties, the identification strategies are determined by the

specific situations. For ultimate efficiency, experiments at every step of the

process should be carefully designed, based on the information obtained at

the previous steps. Depending on the nature and complexity of a particular

impurity, identification of an impurity could involve just a simple retention

time matching exercise using an authentic standard, or a multidisciplinary

team effort which could last from weeks to months. The strategies in

impurity identification are also inevitably affected by the availability of

modern analytical capabilities and expertise in a specific laboratory. The

process outlined in Figure 6 illustrates the overall strategy used in the

author’s laboratory for identification of unknown impurities. This approach

emphasizes the efficient use of mass spectrometry based hyphenated

Figure 5. Examples of leachables derived from the PBT plastic component in a

metered dose inhaler.
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techniques, guided by the chemical knowledge about the impurity obtained

prior to, or during the identification process. In the following sections, basic

steps/considerations and the roles of various analytical techniques in the

process of unknown impurity identification are discussed and illustrated with

real world examples.

Detection of Unknown Impurities

Detection of an unknown impurity is the first step in impurity identification.

Typically, unknown impurities are observed during analysis of intermediates

or drug substances for process control or at release, during pharmaceutical

development (such as excipient compatibility studies), or during stress

Figure 6. Flow-chart for identification of unknown impurities in drugs.
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studies and formal stability studies of the drug substances and drug products

using various chromatographic techniques. Typically, the chromatographic

technique is TLC (Thin layer chromatography), HPLC (High performance

liquid chromatography), GC (Gas chromatography), CE (Capillary electro-

phoresis), CEC (Capillary electrochromatography), or SFC (Supercritical

fluid chromatography). If identification of the unknown could help chemists

or formulators to better understand the chemical process or the stability

of the formulation, or address a regulatory concern, a decision for identifi-

cation is made.

Situation Evaluation

Once the decision for identification is made, the nature and the origin of the

impurity should be assessed, based on when, where, and how the unknown

is initially observed. Depending on the assessment of the impurity, some or

all of the following information, such as the structure of the drug substance,

the synthetic scheme, impurities in the starting material, known process

impurities, formulation ingredients, and the analytical method that is used

for the initial detection of the unknown impurities should be obtained.

The chemical properties of the drug substance should be evaluated based

on its known structure. Chemical properties such as proton affinity,

polarity, and volatility are important information for choosing which hyphe-

nated techniques to use for the initial identification. Functional groups

present in the drug substance molecule should be reviewed, as they may

give clues to potential degradations. By evaluating the situation and

gathering all the information, a plan on how to approach the problem can

be formulated.

Identification of Impurities with Authentic Standards

The simplest situation for impurity identification is when an authentic

standard of the impurity is available. This situation is more common during

the early stage chemical development process, where starting materials,

reagents, intermediates, or expected by-products are present as impurities,

either in intermediates or in the final product. Authentic standards of these

materials should be available, either in the chemistry laboratory or in the

reference standard unit. The structural analysis laboratory should have a

database to document the structures and chromatographic properties of all

the materials used in the synthetic process and the expected by-products. If

the initial evaluation indicates that the observed impurity falls into this

category, the impurity identification turns into a confirmation practice. This

can be achieved by three runs (sample, standard, and the spiked sample)

using at least two orthogonal chromatographic and spectroscopic techniques.
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An excellent combination of such techniques is HPLC-DAD and HPLC-MS,

or GC-FID and GC-MS for volatile impurities. Taking HPLC-DAD and LC/
MS as an example, one can compare the RRT (relative retention time), UV

spectra, and mass spectra (sometimes with MS/MS or MSn). A match of

these 3 or 4 dimensional data of the sample and authentic standard can be

considered definitive for the structure confirmation.

Identification of Unknown Impurities using Hyphenated

Techniques

If the unknown does not match with any known impurities, more spectro-

scopic data are needed. Because of the complexity of pharmaceutical

samples and trace level of the impurity that needs to be identified, the most

useful analytical techniques for identification of unknown impurities are

hyphenated chromatographic and spectrometric techniques, such as HPLC-

DAD, LC-MS, LC-NMR, and GC-MS. These techniques are capable of

dealing with trace levels of impurities, at or below the ICH identification

thresholds.[1 – 3] In the pharmaceutical business, an absolute unknown

impurity is very rare. One always knows the structure and chromatographic

and spectroscopic properties of the drug substance. By comparing the chroma-

tographic and spectroscopic properties of the drug substance with those of the

unknown impurity, one can obtain a great deal of information about the

structure of the unknown. In most cases, it is possible to propose a structure

for the unknown impurity after a systematic investigation with these

hyphenated techniques.

The Role of HPLC-DAD

Although HPLC-DAD is not as informative as LC-MS or NMR in structure

elucidation, sometimes it can provide diagnostic information about the

structure of the impurity. For drug related impurities, if the UV spectrum of

an unknown is identical to that of the drug substance, it is likely that the

impurity has the same chromophore as the drug substance. In this case, the

modification in the impurity molecule could be too remote from the chromo-

phore to cause any significant impact on the UV spectrum. When the UV

spectrum of the impurity has a similar pattern, but the absorption maximum

shifted, this implies that the chromophore is probably still the same, but the

chemical environment of the chromophore has been changed, as demonstrated

by Görög et al.[147] in identifying positional isomers of norgestrel hydroxyl-

ated impurities. The UV absorbance maximum shift allowed differentiation

of the phenolic positional isomers. On the other hand, if a drug substance

related impurity has a different UV spectrum from the drug substance, it is

an indication that the chromophore has been modified in the impurity. In

some cases, the UV spectrum can also be used to differentiate target
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impurity peaks from other components in the sample. For example, during the

identification process of leachable impurities derived from PBT plastic com-

ponents in an MDI drug product, (structures of some of the leachables are

shown in Figure 5), the PBT related leachables were readily picked up from

other drug and excipient related peaks in a complicated HPLC-UV chromato-

gram of the drug product, because terephthalic acid and other terephthalic acid

derivative leachables have the same distinctive UV spectrum.[146]

The Role of LC-MS

LC-MS is the most widely used hyphenated technique for unknown impurity

identification for the following reasons: First, modern API (Atmospheric

pressure ionization) techniques allow the direct transfer of a majority of the

HPLC methods used in process analysis, impurity profiling, or stability

studies to LC-MS. Second, modern API techniques are suitable for ionization

of a majority of the pharmaceutically relevant compounds. Third, the sensi-

tivity of mass spectrometry allows direct investigation of trace level impuri-

ties, at or below the ICH identification thresholds,[1 – 3] which eliminates the

need for impurity isolation or sample enrichment of trace impurities. In

addition, an on-line PDA (photo diode array) detector can be readily inte-

grated into the LC-MS system, which enables the acquisition of both UV

and MS data in the same LC-MS run. After a step-by-step investigation

using various LC-MS techniques, it is often possible to propose a plausible

structure(s) for an unknown impurity. In the following sections, various

aspects of LC-MS techniques and their applications in unknown impurity

identification are discussed.

Compatibility of HPLC Methods with LC-MS

One of the key factors that contributes to the success of LC-MS in pharma-

ceutical analysis is that API (Atmospheric pressure ionization) techniques

can tolerate large amounts of solvent introduced into the ion source of a

mass spectrometer from the HPLC. This feature allows the direct transfer of

HPLC methods used in impurity profiling, process control, or stability

testing to LC-MS. However, one must be aware, when transferring an

HPLC method to LC-MS, that the modifiers or buffers used in the HPLC

method must be compatible with LC-MS. It has been demonstrated that non-

volatile buffers, such as phosphate, sulfate, borate, citrate, and octane

sulfonate suppress the ionization of the analyte[148] and cause maintenance

issues for the mass spectrometer, due to deposition of salts. Therefore, if the

original HPLC method uses such involatile modifiers or buffers, it must be

redeveloped using LC-MS compatible volatile modifiers. Commonly used

LC-MS compatible modifiers include formic acid, acetic acid, ammonium

formate, ammonium acetate, ammonium bicarbonate, ammonium hydroxide,

and volatile ion-pair reagents such as TFA and HFBA (Hexafluorobutyric
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acid), etc. TFA is one of the chromatographers preferred modifiers because it

has a low pKa and improves peak shapes and resolution through ion-pairing

with the analyte; however, when using TFA for LC-MS, TFA could potentially

suppress the signal of the impurity ions due to ion-pairing with basic impuri-

ties.[149] If TFA does affect the LC-MS sensitivity, a number of approaches can

be considered to alleviate the problem. One approach is to inject a so called

“TFA fix” post column.[150] Alternatively, one can use a different modifier,

such as formic acid or acetic acid, to replace TFA, or use a different ionization

technique.[148]

Ionization Techniques for LC-MS

ESI (Electrospray ionization)[151] and APCI (Atmospheric pressure chemical

ionization)[152] are the most used API techniques for LC-MS analysis of small

molecules. ESI can be used for molecules with medium polarity to ionic

compounds, while APCI is better suited for weak to medium polar

compounds. For the majority of pharmaceutical relevant compounds, ESI

and APCI are almost interchangeable. ESI and APCI are soft ionization tech-

niques and generate similar mass spectra for small molecules. In the positive

ion mode, the mass spectrum usually features a protonated molecule

[MþH]þ, and, in many cases, along with adduct ions such as [MþNa]þ,

[MþK]þ, [MþNH4]þ, or [MþHþ solvent or modifier]þ. For quantitative

applications, adduct ion formation could be viewed as a negative feature

because it can be considered as a dispersion of the analyte resulting in

lower sensitivity. For qualitative analysis, adduct ions can serve as a

confirmation of the protonated molecule because of the distinctive mass

differences between the adduct ion and the protonated molecule. Adduct

ions are particularly useful when the signal is low and there are interferences

from the background or other components in the sample. In negative

ion mode, molecules with a COOH group or other acidic groups can form

[M-H]2 ion and adduct ions. When running in negative ion mode, TFA

should not be used as a modifier because it would suppress negative ion

formation from the analyte. Even residual TFA in the system from previous

analyses can cause significant ion suppression. If needed, the system should

be flushed with a solvent containing ammonium hydroxide to facilitate the

removal of TFA.

More recently, another API technique APPI (Atmospheric pressure photo

ionization) was introduced.[152] APPI uses a Krypton lamp which emits

photons at 10.0 and 10.6 eV. These photon energies are sufficient for ioniz-

ation of most analytes, but are lower than the ionization potentials of

common reverse phase solvents such as water (12.62 eV) and methanol

(10.85 eV); consequently, the background in an APPI spectrum is significantly

reduced, compared to that in an ESI or APCI spectrum.[153] Another advantage

of APPI is that it works better for relatively non-polar compounds than ESI

and APCI. Ion formation under APPI can follow two mechanisms:
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photoionization to form radical ion (Mþ.) or photo induced chemical ioniz-

ation to form protonated molecules ([MþH]þ). To facilitate the formation

of protonated molecules, a dopant (acetone or toluene) is used. With a

dopant, an APPI mass spectrum appears similar to a typical ESI or APCI

spectrum. Occasionally, however, a unique APPI mass spectrum can be

observed from some compounds. Figure 7 shows the ESI and APPI spectra

of nifedipine, where ESI gives a typical spectrum, while APPI generates a

more complicated spectrum. The protonated molecule of nifedipine is not

the base peak in the APPI spectrum; instead, the two dominant peaks are

two photolytic degradation products of nifedipine, NDNIF (nitroso dehydro-

nifidepine) and DNIF (dehydronifedipine).[154,155] Although the details are

not clear, the formation of the two photolytic degradation products of nifedi-

pine during the APPI process may be related to the photo-instability of

nifedipine.

Formation of adduct ions of analyte with cations or anions can be con-

sidered as an ionization process and is usually referred to as cation or anion

(negative ion) attachment ionization. Among others, chloride attach-

ment[156 – 159] has been demonstrated as a useful ionization technique for

LC-MS analysis of certain non-polar or weakly polar pharmaceutical

relevant compounds, such as glycerides,[160 – 163] sugars or sugar moiety con-

taining compounds,[164,165] and compounds that contain nitro groups[166] or

boron atoms, all of which exhibit strong electron affinity. Norwood and

Qiu[166] studied the application of chloride attachment APCI LC-MS in identi-

fication of impurities in a nitroglycerin ointment. Nitroglycerin and the two

dinitroglycerin impurities are neutral compounds and do not ionize well

under either ESI or APCI conditions. Using chloride attachment, two

Figure 7. Comparison of the ESI and APPI mass spectra of nifedipine (NIF).
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dinitroglycerin impurities are effectively ionized to form [Mþ Cl]2 at m/z of

217. Nitroglycerin (the drug substance) and lactose (an excipient in the

ointment) can also form strong chloride attachment ions at m/z 262 and m/z

377, respectively.

Negative ion attachment with other chemical species has also been used

in pharmaceutical analysis. Quang et al.[167] reported the use of formate anion

attachment for detection of neutral molecules in rat plasma and demonstrated

that this technique can be validated and used for quantitation.

In the past few years, a number of new atmospheric pressure ionization

techniques were introduced. Among them, AP-MALDI (Atmospheric pressure--

matrix assisted laser desorption ionization),[168] in addition to biopolymer

applications, has been demonstrated as a useful technique in small molecule

analysis in either on-line or off-line mode.[169–173]

DESI (Desorption electrospray ionization)[174] is a new atmospheric

pressure ionization technique for analysis of surfaces. In DESI, charged

droplets from an electrospray are directed onto a sample surface and cause

desorption ionization of the analyte on the surface. Pharmaceutical samples

such as tablets[175] or impurity spots on TLC plates[176] can be analyzed

directly within a few seconds. Liquid samples, such as urine, blood, or

pharmaceutical solutions, can be deposited on a neutral surface (e.g., Teflon

or PMMA (polymethylmethacrylate)) and then analyzed using DESI.[177]

DART (Direct analysis in real time)[178] is another new atmospheric

pressure ionization technique for direct analysis of molecules from surfaces.

DART exposes the sample to a stream of electronically or vibronically

exited gas (helium or nitrogen), which cause the ionization of the analyte. It

works similarly to DESI for solid surface analysis;[179,180] however, DART

can also analyze gas and liquid samples.[178] The advantages of DESI and

DART over ESI are simplicity (no need for sample preparation) and speed

(seconds) for surface analysis, and the ability to analyze solid samples (e.g.,

tablets) directly. The disadvantage is that it is difficult to couple these tech-

niques to HPLC, although automated sampling from TLC plates has been

reported.[176]

H/D Exchange LC-MS

From a regular LC-MS experiment, the molecular weight of the unknown

impurity can be obtained from the protonated molecule [MþH]þ. When

the protic solvents (e.g., water and methanol) used in LC-MS experiments

are changed to deuterated solvents (e.g., D2O and CH3OD), the observed pro-

tonated molecule changes to a deuterated molecule [M0 þD]þ (M0 stands for

the molecular weight of the analyte after all exchangeable protons are fully

exchanged to deuterium). The difference between M and M0 indicates the

number of exchangeable protons in the analyte[181 – 183] because, during the

LC-MS experiment with deuterated solvents, these protons are exchanged to

deuteriums. The number of exchangeable protons can be readily calculated
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from the mass shift of the molecular ion (Dm) before and after the exchange:

n ¼ Dm� 1

where n is the number of the exchangeable protons, Dm ¼ m/z (deuterated

molecule) – m/z (protonated molecule)

The benefit of such experiments is obvious. Knowing the number of

exchangeable protons in an unknown impurity can be critical for elucidation

of the unknown structure. Exchangeable protons are those protons that are

attached to hetero-atoms in a molecule. Commonly seen exchangeable

protons include those in OH, NH2, NHR, COOH or SH functional groups.

When conducting an H/D exchange experiment, at least one of the solvents

in the mobile phase must be a deuterated solvent; the others must be either

deuterated or aprotic. Note that the modifiers used in the mobile phase, such

as TFA or acetic acid, usually do not need to be replaced with deuterated

analogues because their relative amounts are small.

The following example (Figure 8) demonstrates the usefulness of H/D

exchange in unknown impurity identification. The m/z of the protonated

molecule of the drug and an unknown impurity are m/z 534 and m/z 506,

respectively. The deuterated molecules, after H/D exchange, are m/z 535

and m/z 510, respectively. These results indicate that the drug substance

has no exchangeable protons, while the unknown impurity has 3 exchangeable

protons. Further examination of the isotopic pattern showed that the Br in the

drug substance is no longer present in the impurity. Through a simple calcu-

lation, it is clear that the impurity and the drug substance are related as the

following:

m=z 506 ðimpurityÞ ¼ m=z 534 ðdrug substanceÞ � 78 ðBrÞ

þ 17 ðOHÞ þ 2� 16 ðOÞ

Without further experimentation, one can conclude that this unknown is

formed through hydrolysis of Br and oxidation to form two OH groups,

which adds three exchangeable protons to the molecule.

It is worthwhile to mention that, under certain conditions, the H/D

exchange can be incomplete, which can cause confusion in calculating the

numbers of exchangeable protons. For example, if the sample is dissolved

in a protic solvent, a shortly retained impurity may not have enough time to

completely exchange on-line. This problem can be solved by using a deuter-

ated solvent to dissolve the sample. Residual water or protic solvents can be a

problem if the purity of the deuterated solvents is not high enough or the

system is not completely flushed with deuterated mobile phase prior to the

H/D exchange experiments. The exchange can also be incomplete if the des-

olvation/nebulizing gas used for API LC/MS is “wet”. This is particularly a

concern when using “house” nitrogen as the desolvation/nebulizing gas

during periods of high relative humidity. An easy solution to this problem is
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Figure 8. Mass spectra of a drug substance from regular LC-MS and H/D exchange LC-MS (top two panels), and mass spectra of an unknown

impurity from regular LC-MS and H/D exchange LC-MS (bottom two panels).
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either to install a water filter in the house nitrogen gas line before it gets to the

mass spectrometer, or simply buy a high purity N2 cylinder or liquid N2 dewar

just for H/D exchange experiments (Moisture in the desolvation/nebulizing

gas does not affect regular LC-MS).

Mass Analyzers for LC-MS

The quadrupole mass analyzer is very popular for LC-MS, due to its relative

simplicity and relatively low cost. The primary information available from a

LC-MS experiment using a single quadrupole analyzer is the molecular

weight of the unknown impurity. Molecular weight is the most important

structural information required for unknown structure elucidation. By

comparing the molecular weight of the unknown with that of the drug

substance, one can often gain some understanding of the nature of the

unknown. Many impurities can be tentatively identified just based on their

molecular weights. For example, impurities with molecular weights of

Mþ 16, Mþ 32 or M-2, where M is the molecular weight of the drug

substance, are very likely oxidative degradation products formed through

addition of one or two oxygen atoms, or by dehydrogenation. Another

important use of single quadrupole analyzer in impurity identification is as

a mass-selective triggering device coupled with a prep-HPLC system for

isolation and enrichment of unknown impurities.[184,185]

Triple quadrupole (QqQ)[186] instruments are the most widely used mass

spectrometers for small molecule LC-MS. A triple quadrupole mass spec-

trometer is comprised of two separate quadrupole mass analyzers (Q1 and

Q3) and an RF (radio frequency) only quadrupole (q2, note that newer instru-

ment may use a hexapole or octapole or other device as the collision cell, yet

the name of the triple quadrupole still remains.) which is used as a collision

cell. This type of instrument can provide, not only molecular weight, but

also structural information using MS/MS (mass spectrometry/mass spec-

trometry, also known as tandem mass spectrometry) scan modes. MS/MS

scan modes on a triple quadrupole instrument include product ion scan,

precursor ion scan and neutral loss scan. Product ion scan generates

fragments (product ions) which are crucial in structural elucidation.[141]

Precursor scan gives information on all molecules that can generate a

common fragment ion; hence, it is very useful in looking for homologs in a

complex sample. Neutral loss scan gives information on all molecules that

have a common neutral fragment. For unknown impurity elucidation, the

most useful MS/MS technique is clearly the product ion scan. The

molecular ion (e.g., [MþH]þ) of the impurity of interest can be mass

selected by the first quadrupole and then fragmented in the collision cell.

The induced fragments are then mass analyzed using the second quadrupole

analyzer. Since the structure of the drug substance is known, by comparing

the resulting CID (Collision induced dissociation) spectrum of the drug

substance with that of the impurity, one can find common ions and different
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ions from the drug substance and the impurity. The common ions indicate the

common substructure of the impurity and the drug substance, whereas the

different ions indicate the portion of the structure that is modified in the impurity.

An example of the application of MS/MS in unknown impurity identifi-

cation was discussed by Qiu[141] recently. By studying the MS/MS spectra of

two unknown impurities observed during the stability study of tipranavir drug

product, the following structural information was obtained: 1) the two

unknowns are isomers because their molecular weights (721) and MS/MS

spectra are identical; 2) the unknown impurities are drug related and

contain common substructures with the drug substance, because common

fragment ions were observed in the MS/MS spectrum of the drug substance

and those of the unknowns (e.g., m/z 347 and m/z 201, etc.); 3) it is likely

that the impurities are related to a formulation excipient, tris (MW ¼ 121),

because the appearance of the fragment ions at m/z 122 and m/z 104. Conse-

quently, the MS/MS data demonstrated that the unknowns are likely a pair of

isomeric drug-tris interaction products.

The quadrupole ion trap is another commonly seen tandem mass analyzer

for LC/MS.[187] There are two types of ion trap mass analyzers, termed

3D[188] and linear.[189,190] The main difference between them is that a 3D

ion trap uses a three dimensional radio-frequency quadrupolar field, while a

linear ion trap confines ions along the axis of a quadrupole analyzer using a

two dimensional radio-frequency field. Consequently, a linear ion trap has a

large trapping volume, which leads to a greater dynamic range. Ion trap instru-

ments compete with triple quadrupole instruments as the most popular LC-MS

technique for tandem mass spectrometry. The advantage of ion trap over triple

quadrupole instrument is that ion trap instrument can achieve multiple stage

tandem mass spectrometry (MSn, tandem in time), which greatly increases

the amount of structural information obtainable for a given molecule, while

a triple quadrupole instrument can only achieve MS/MS because of the

physical limitation of tandem in space mass spectrometry. The ion trap instru-

ment also has certain disadvantages. First, it is impossible to perform triple

quadrupole-type precursor ion scan and neutral loss scan experiments using

an ion trap. Second, ion trap tandem mass spectrometry has a discriminating

effect for low mass fragments (also known as the “one third rule”). Third, the

dynamic range of ion trap is not as great as that of the triple quadrupole for

quantitation applications, mainly because of space charging effects.

Quadrupoles and ion traps are low resolution analyzers. They can only

provide low mass resolution data (typically unit mass resolution), which

means only the nominal masses of the molecular or fragment ions are achiev-

able. Accurate mass measurement that leads to accurate determination of the

molecular formula of the protonated molecule or the chemical formula of

fragment ions is obviously valuable in identifying an unknown molecule.

This can be done with high resolution mass analyzers.

For decades, magnetic sector double or triple focusing mass analyzers

were the primary technique for exact mass measurement.[191 – 193] In a
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magnetic sector instrument, among others issues, high resolution comes with a

cost in sensitivity, which makes it difficult for on-line LC-MS high resolution

trace impurity analysis. Although magnetic sector instruments are still being

used for high resolution EI (electron ionization), FAB (fast atom bombard-

ment) and even GC/MS, they have rapidly lost ground in competition with

TOF (time-of-flight), FT-ICR (Fourier transform-ion cyclotron resonance)

and FT-Orbitrap for high resolution LC-MS, LC-MS/MS, and LC-MSn

analysis of trace level impurities.

Time-of-flight (TOF) is one of the most widely used mass analyzers for

accurate mass measurement using LC-MS. In a TOF analyzer, the mass of

an ion is determined based on the time it takes to reach a detector through

an evacuated flight tube; therefore, physically, there is no limit on the

molecular size. Because of this feature, TOF is an ideal mass analyzer for

large biomolecules that are ionized by MALDI (Matrix assisted laser deso-

rption ionization); however, low resolution TOF was never a real player in

small molecule analysis because it does not have any significant advantage

over the quadrupole analyzer in low resolution mass spectrometric analysis

of small molecules. In the past decade, the resolving power of the TOF

analyzer has increased dramatically from several hundred to 15,000 (FWHM),

largely because of advances in reflectron TOF technologies.[194–196] The

newer generation LC-TOF can routinely generate data with an mass accuracy

of 3 ppm or better.

Quadrupole-TOF[197 – 199] is a hybrid instrument that combines a quadru-

pole mass analyzer, a collision cell, and a high resolution TOF analyzer. On the

one hand, it is similar to a triple quadrupole instrument in the way it performs a

product ion scan; on the other hand, it is better than a triple quadrupole for

qualitative analysis because it offers accurate mass measurement of both full

scan data and MS/MS data. Quadrupole-TOF LC-MS systems provide a less

expensive alternative of FT-MS for accurate mass measurement.

At this time, FT-ICR[200] is still the mass analyzer of choice for achieving

ultimate resolving power and mass accuracy. In FT-ICR, the m/z values of

ions are obtained by Fourier-transform of the frequencies of coherent

cyclotron motion of ions undergoing RF (radio frequency) excitation in a

magnetic field. Because the frequencies are acquired with high accuracy,

the corresponding m/z values are also highly accurate. The following two

examples illustrate the usefulness of the ultra high mass resolution in small

molecule structure elucidation. In example 1, an unknown impurity was

observed partially co-eluting with the drug substance. The low resolution

ESI mass spectra of the unknown and the drug substance are shown in

Figure 9. The dominant ion in the ESI mass spectrum of the unknown has

the exact same m/z value as the sodium adduct ion of the drug substance

(m/z 797.5). Is the unknown a diastereomer of the drug substance with a pre-

ference to form a sodium adduct ion, or is it a different impurity? FT-MS data

demonstrated that the exact mass of the unknown is 797.3100, which corre-

sponds to a molecular formula C39H50N6O8SCl with 0.1 ppm error, while
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the sodium adduct of the drug substance has an accurate mass of 797.3302,

which corresponds to a molecular formula of C40H50N6O8SNa with 0.2 ppm

error. In order to separate the two ions, the following resolving power is

required:

R ¼ m=Dm ¼ 797=0:0207 ¼ 38502

Although this is a routine operating resolving power for an FT-ICR-MS mass

spectrometer, at the moment, no commercial LC-TOF or LC-Q-TOF instru-

ment can achieve this.

In the second example, the ultra high resolving power of the FT-ICR

analyzer allows separation of the isotopic peaks, 13C, 33S, and 15N, in the

ESI mass spectrum of tetramethylthiuram monosulfide (Figure 10), which

normally appear at [MþHþ 1]þ as a single peak in a low resolution or

high resolution TOF spectrum. It is impossible to obtain this kind of finger-

print information of individual elements using a TOF analyzer.

CID MS/MS or MSn experiments can be performed within the ICR cell

using Sustained off-resonance irradiation (SORI).[201] SORI experiments

involves pumping collision gas in and out of the ICR cell. Since this

process alone takes several seconds, this conventional FT-ICR technique

is not quite compatible with on-line trace impurity LC-MSn analysis. Further-

more, FT-ICR-MS is notorious for the cost of both initial purchase and

instrument maintenance. It is not surprising that this technique has not

been considered as a routine analytical technique, and was only used in a

small number of research groups until the introduction of hybrid FT-ICR

Figure 9. ESI mass spectra of a drug substance (upper panel) and an unknown impur-

ity that partially co-elutes with the drug substance at around 0.1% level (bottom panel).
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instruments[202] in 2003. The first commercially available hybrid FT-MS

consists of a linear ion trap as the front end, and a 7 Tesla FT-ICR as a

high resolution analyzer. With this arrangement, the CID and all MSn exper-

iments are done in the linear ion trap, and the FT-ICR is just used to determine

the accurate masses of molecular or product ions. The major benefits of the

hybrid configuration include that it eliminates the often tedious tuning

process of the conventional FT-ICR instrument, and makes the hybrid FT-

ICR technique much more user friendly than the conventional FT-ICR instru-

ments. As a result, accurate mass measurements of trace impurities can be

routinely achieved using hybrid FT-ICR LC-MS. More recently, other

hybrid FT-ICR instruments were introduced to the market. These instruments

combine a quadrupole and a collision cell with the FT-ICR analyzer and have

a Qq-FT-ICR configuration,[203] which is similar to a Qq-TOF instrument, but

with much higher resolving power and accuracy. Although the quadrupole

portion of the instrument cannot be operated independently, this kind of

instrument also offers ease of use and compatibility with separation techniques

in a similar way as the hybrid linear ion trap FT-MS. In summary, hybrid FT-

ICR technologies have transformed the FT-ICR into a routine analytical

tool; however, the cost of these instruments is still a limiting factor for the

spread of this technology. In 2005, a new concept FT-MS, the OrbiTrap,

was introduced.[204,205] This technology fits in between hybrid FT-ICR and

Q-TOF in terms of both cost and performance. It is anticipated that more

and more applications of OrbiTrap in unknown impurity identification will

be forthcoming.[206]

Figure 10. ESI-FT-ICR mass spectrum of tetramethylthiuram monosulfide acquired

at 250,000 resolution power (FWHM).
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The Role of LC-NMR

One of the challenges in identification of pharmaceutical impurities at levels

around the ICH identification threshold[1 – 3] is to acquire NMR data. Due to

the relatively poor mass sensitivity of NMR techniques, the unknown

impurity typically needs to be isolated for off-line NMR characterization.

This process is often labor intensive and time consuming. The combination

of HPLC with NMR resembles the idea of other hyphenated techniques

such as HPLC-DAD or HPLC-MS; therefore, the potential application of

LC-NMR for unknown impurity identification is obvious. However, because

of the low sensitivity of NMR, it is not as straightforward to perform an

LC-NMR experiment as it is to perform an LC-MS experiment. One of the

hurdles to overcome is the HPLC method compatibility with NMR. Protic

solvents such as water and alcohol need to be replaced with deuterated

solvents to avoid solvent suppression. Unlike for LC-MS, mineral acid

buffers are preferred for LC-NMR, and organic modifiers need to be

avoided.[207] To deal with the sensitivity issue of online LC-NMR, stop-

flow or loop-collection approaches are used to increase the observation time

for the trace impurity peak of interest.[208] In recent years, improvements

have been made in many areas of the LC-NMR technique, such as better

RF systems for multiple solvent suppression, new coil designs, and

reduction in flow-cell volume to increase on-line sensitivity, as well as avail-

ability of high field NMR for LC-NMR. Feinberg[218] demonstrated that it is

possible to obtain 1D proton NMR for an impurity at 0.1% level using LC-

NMR. Although there are still difficulties to performing on-line 13C

analysis, LC-NMR has been playing an increasing role in unknown

impurity identification.[209 – 217]

The Role of GC-MS

In pharmaceutical impurity analysis, HPLC based techniques (e.g., HPLC-

DAD and HPLC-MS) can analyze the majority (at least 80%, based on the

author’s experience) of relevant organic compounds. GC based techniques

(e.g., GC-FID or GC-MS)[219 – 224] play a major role in analysis of the

remaining 20% of organic compounds. These compounds are either not

suitable for HPLC analysis (e.g., volatile compounds), or not suitable for ion-

ization by API techniques (e.g., non-polar compounds). Electron ionization

(EI) is a better ionization technique for non-polar compounds. EI uses an

electron beam produced through thermionic emission from a heated wire

filament. The electrons are accelerated through an ionization chamber in the

ion source towards an anode and impact analyte molecules in the gas phase,

which causes the analyte to ionize and cleave to form a radical ion (e.g.,

molecular ion Mþ.) and fragment ions. EI is a “hard” ionization technique;

subsequently, an EI spectrum can contain many fragment ions. Because of
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this inherent feature, it is usually not necessary to acquire MS/MS data with

EI, although GC-MS tandem mass spectrometers do exist. On the other hand,

extensive fragmentation in EI often results in the absence of the molecular ion

in the EI spectrum, which adds difficulty to the determination of the molecular

weight of the unknown. For this reason, CI (Chemical ionization) and other so

called soft ionization techniques have been developed. Under CI, the analyte is

ionized by chemical ion-molecule reactions during collisions in the source.

This is a less energetic procedure than electron ionization and the ions

produced are protonated molecules [MþH]þ. These ions are often relatively

stable, tending not to fragment as readily as ions produced by electron ioniz-

ation. CI is still being used in many areas;[225] however, the importance of CI

GC-MS in pharmaceutical impurity identification has decreased significantly

due to the routine availability of API based LC-MS techniques.

As previously discussed, residual solvents are expected impurities. Identi-

fication and quantitation of residual solvents and other organic volatile impu-

rities are usually accomplished by GC-FID or GC-MS methods. Applications

of HS (headspace) GC-FID or GC-MS have become routine practice in many

laboratories.[226] GC-FID and GC-MS, with on-line sample preparation, are

also applied to residual solvent identification and quantitation, such as

PAM-GC-MS (Purge and membrane).[227] SPME (Solid phase micro extrac-

tion)-GC-FID or GC-MS,[224,228] and TD (Thermo desorption)-GC-

MS.[229,230] One of the advantages of EI-MS is that the appearance of the

EI (70eV) mass spectrum is not instrument dependent. This feature makes it

possible to compile the EI mass spectra of known structures into a searchable

spectral library. Currently, EI spectral libraries with over 200,000 EI spectra

are commercially available. Identification through library matching has

been demonstrated to be valid and has been recognized by pharmaceutical

regulatory agencies such as the FDA.[231]

Other Hyphenated Techniques

Besides the hyphenated techniques discussed above, there are other hyphe-

nated techniques that have been demonstrated to be useful in impurity

profiling and identification, but have not been widely applied. These techniques

include: CE-MS (Capillary electrophoresis-mass spectrometry),[231– 234]

CEC-MS (Capillary electrochromatography-mass spectrometry),[235– 237]

SFC-MS (Supercritical fluid chromatography-mass spectrometry),[238,239] and

GC-FTIR.[240,241]

CE-MS, CEC-MS, and SFC-MS combine unique features in separation

mechanism of CE, CEC, and SFC with the mass spectrometry; therefore,

they are excellent complimentary hyphenated techniques to GC-MS and

HPLC-MS. For more details on these techniques and their application in

impurity profiling and identification, readers are directed to review articles

in these areas.[232,236,242,243]
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Confirmation of the Hypothesis when a Standard can be Obtained

A tentative structure proposal based on LC-MS data eventually requires con-

firmation with an orthogonal spectroscopic technique. Once a proposed

structure is achieved, the feasibility of obtaining a standard should be

evaluated. If a standard can be obtained through chemical synthesis or

commercial sources, a confirmation can be achieved by the procedure

discussed in the section IDENTIFICATION OF IMPURITIES WITH AN

AUTHENTIC STANDARD. Besides the process impurities mentioned in

that section, identification of leachables is another case where authentic

standards can be readily available because leachables are typically small

molecule ingredients used in the manufacturing of the packaging/
container/closure systems (e.g., rubber or plastic). Sometimes, authentic

standards can be purchased from commercial sources. This process can be

demonstrated using the example given in Figure 11. In this case, an

unknown impurity was observed in the mesalamine tablet drug product.

Figure 11. HPLC-UV chromatograms of mesalamine drug product (C), Placebo (B),

and a phthalic acid standard (A).
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Since it is also observed in the placebo, this impurity is not related to the drug

substance. LC-MS results demonstrated that it is likely one of the 1,2, 1,3, and

1,4-phthalic acid isomers. Based on the preliminary results, three standards

were purchased. Among them, the 1,2-phthalic acid isomer standard

matches the RRT, UV spectrum, and LC-MS data of the unknown. Conse-

quently, the unknown is identified as 1,2-phthalic acid.[146]

If a standard is not available through commercial sources, and if the diffi-

culty to synthesize the impurity outweighs the challenge to isolate it either

from the bulk drug or a stressed sample, a preparative isolation method

needs to be developed. The subsequent isolate then needs to be fully charac-

terized using NMR.

Isolation of the Impurity for NMR Characterization

Preparing a suitable sample for NMR characterization (mg level with high

purity) is often the most laborious and time consuming part of the whole

process of unknown impurity structure elucidation. This is mainly because

the level of the target impurity in the pharmaceutical product could be very

low (0.1% or lower) and the matrix could be complex (e.g., crude synthetic

mixture or a drug formulation). Thus, if it is feasible, efforts should always

be made to enrich the unknown impurity and simplify the matrix before

starting the isolation.

For process related impurities, one should always check if this is a starting

material, intermediate, or any reagent used in the synthetic process and, if it is,

then the identification turns into a confirmation of known impunity. Such con-

formation can be readily achieved by retention time and mass spectral

matching, as described above. Side-reactions are expected from any

chemical process; thus, a process impurity can also be a by-product from a

side-reaction. If the impurity is tentatively identified by LC-MS and a

mechanism of formation is proposed, it is often possible for the chemist to

find a way to chemically synthesize the by-product. In this case, a chemical

approach (synthesis) may be more favorable than an analytical approach

(isolation). For example, when the unknown impurity (M-12) shown in

Figure 1 was tentatively identified using LC-MS, the impurity was then syn-

thesized followed by retention time matching and NMR confirmation using

the synthesized material.[146] If there is not an easy way to synthesize the

unknown, then isolation may be the only viable alternative.

For identification of degradation products, forced degradation is a very

useful tool. By stressing the drug at various conditions, one can not only

obtain information about the formation mechanism of the unknown, but

also an enriched sample for isolation and identification. If the degradation

chemistry (plausible structure, mechanism of formation, etc.) is established,

a preparative forced degradation should be conducted[141] to further enrich

the sample for isolation. Preparative forced degradation is a study that aims
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at maximizing the yield of the unknown degradation product for preparative

isolation. In comparison, regular forced degradation is usually conducted at

generic conditions and with a reasonable degradation rate (normally around

10% of the drug substance.[244] Figure 12 presents an example where a

photolytic degradation product was observed in a regular light stress study.

Based on the LC-MS results, it was proposed that this photolytic degradation

product would be formed through singlet oxygen [2þ 2] cycloaddition. A pre-

parative forced degradation study was then performed using Rose Bengal as a

sensitizer to facilitate the singlet oxygen oxidation under light irradiation. As a

result, the yield of the desired impurity increased from less than 1% of the drug

substance in the regular light stress study to 65%.[141]

Leachables are also drug product impurities. For obvious reasons, it

is very undesirable to isolate leachables directly from a drug product

formulation. When dealing with leachables, the best practice is to correlate

the leachables to the so-called extractables. Extractables are chemical

entities that can be extracted in the laboratory from the same materials used

for drug product packaging/container/closer systems. Therefore, extractables

are potential leachables. If a leachable impurity is identified as the same as an

extractable peak, efforts should be made to isolate the extractable derived

from the packaging/container/closer material. It is important to mention

that leachables are usually related to the formulation of the packaging/
container/closer material (e.g., plasticizers, curing agents, anti-oxidants, or

Figure 12. HPLC-UV chromatograms of a drug substance after normal photo stress

study (A) and after preparative forced degradation study (B).
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monomers and oligomers of the polymeric material); consequently, there is a

good chance that leachables are known compounds.

After a suitable sample is prepared for isolation, an isolation technique

needs to be selected. Commonly used preparative isolation techniques

include TLC (Thin layer chromatography),[245] Flash Chromatography,[246]

SPE (Solid phase extraction),[247] LLE (Liquid-liquid extraction),[248] ASE

(Accelerated solvent extraction),[249] preparative HPLC,[250] and preparative

SFC (Supercritical fluid chromatography).[251] LC and flash chromatography

are simple to use and cost effective. SPE and LLE can be used either as a

sample enrichment tool or an isolation tool. It is also very common to use

either LLC or SPE to purify the isolate generated from other isolation tech-

niques, e.g., desalting. LLC and ASE are often used for preparation of

leachable/extractable impurities. LLC can be facilitated by sonication or

reflux. ASE is programmable and, therefore, is good for automation and

batch processing. While every technique has its pros and cons, the choice of

the method is often determined by the availability of the technique and

analyst’s personal experience and expertise. These techniques can either be

used separately or combined. For example, during preparative forced degra-

dation and isolation of the tipranavir alcohol and tris adducts, unknown 1

and unknown 2, we found that, after complete degradation of tipranavir

alcohol, only about 10% of the total degradation products were unknown 1

and unknown 2; the majority of the degradation products were a series of

dehydration and decarboxylation isomers. We also found that it is not pro-

ductive to isolate the unknowns directly from the crude mixture of degradation

products using preparative HPLC. Hence, a two-step isolation approach was

developed. In the first step, flash chromatography was used to separate the

dehydration and decarboxylation isomers from the unknown isomers.

Figure 13 shows the extracted ion chromatogram at m/z 722 ([MþH]þ of

the unknowns) of the 4th fraction from the flash chromatography, compared

to that of a stability sample. LC-MS demonstrated that this flash chromato-

graphic fraction contained only the isomers of the target unknown impurities.

In the second step, a preparative HPLC method was developed based on the

drug product impurity method. About 5 mg of the unknown 1 and 2 mixture

was isolated at about 85% purity. With this sample, NMR was able to

elucidate the unknown structures as a pair of E/Z isomers.[141] We found

later that other isomer peaks shown in Figure 13 are also E/Z isomers with

the double bonds in different side chains.

The Role of NMR in Identification of Unknown Impurities

NMR (Nuclear magnetic resonance) is probably the most powerful analytical

tool for small molecule structure elucidation and confirmation, provided that a

sufficient amount of high purity sample is available (mg level). The aim of this

section is to provide a brief overview of the role of NMR in the overall strategy
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for impurity identification outlined in Figure 6. For details on theoretical and

practical aspects of NMR, the readers are directed to more dedicated review

articles and book chapters in this area.[252,253]

In principle, the total connectivity of all H and C atoms in the molecule

can be established through a series of NMR experiments. The most

common and useful NMR experiments in unknown impurity elucidation

include 1-D (one-dimensional) and 2-D (two-dimensional) 1H (homonuclear),

and 1-D and 2-D 13C (heteronuclear) experiments. In some special

cases, 15N,[254 – 256] 19F[257 – 259] 2H[260,261] and 31P[262] can also be useful.

1-D 1H experiments can reveal a proton’s chemical environments through

chemical shifts, the relative number of protons through integrals, the relation-

ship of protons to neighboring protons through peak splitting patterns, and

information on proton exchange in the molecule. 2-D 1H NMR reveals con-

nectivity between protons. The simplest 2-D 1H experiment is COSY (Corre-

lation spectroscopy).[263] COSY experiments provide connectivity

information on neighboring protons through chemical bonds. In the COSY

spectrum of nifedipine (A portion is shown Figure 14), the four aromatic

protons H2, H3, H4, and H5 are correlated to each other through bond to

form symmetric off-diagonal signals. Among them, the three groups of

strong cross peak signals are caused by the J couplings of the neighboring

(3 bonds coupling) protons, H2-H3, H3-H4, and H4-H5, respectively, as

indicated by the three boxes in Figure 14. Note that the distance (i.e., the

numbers of bonds) between two coupling protons that gives the strongest J

coupling varies in different molecules. TOCSY (Total correlation spec-

troscopy)[264] is a similar experiment to COSY, but it also gives information

on long range proton connectivity (over 4 bonds) to show individual spin

systems. In addition to cross bond connectivity provided by COSY and

TOCSY, spatial proton-proton correlation information can be acquired by

Figure 13. Extracted ion chromatograms of m/z 722 of a tipranavir drug product

sample (A) and Fraction VI of synthetic mixtures by flush chromatography (B).
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NOESY (Nuclear overhauser enhancement spectroscopy)[265] and ROESY

(Rotating-frame nuclear overhauser enhancement spectroscopy)[266] exper-

iments. Protons within 4 angstroms through space in a molecule can

correlate to each other and give cross peak signals in the NOESY spectrum.

This feature allows the assignment of protons that are close in space and,

therefore, is very useful for elucidation of isomeric impurities.

Proton NMR is significantly more sensitive than carbon NMR, so NMR

characterization always starts with proton experiments. When proton data

are not sufficient, 13C experiments are needed. A 1H decoupled 1-D 13C

spectrum shows a peak for every unique carbon atom in the molecule. Like

the 1-D proton spectrum, symmetric carbons give a single peak. The

chemical shifts of carbon atoms follow similar rules as for proton chemical

shifts, except these are usually 15–20 times greater than the corresponding

proton chemical shifts. A 13C spectrum is not quantitative; however, it

usually contains clues about the numbers of carbons. For example, a signal

Figure 14. Chemical structure and a COSY spectrum of nifedipine.
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that contains two symmetric carbons usually appears larger than a single

carbon signal. Extra structural information can be obtained through some

modified 1-D 13C experiments. These techniques include APT (Attached

proton test),[267] DEPT (Distortionless enhancement by polarization

transfer),[268] and INEPT (Insensitive nuclear enhancement by polarization

transfer).[269] One of the features of these experiments is that they are phase

sensitive, i.e., methyl and methine carbons give positive signals, while

methylene carbons give negative signals (note that phase assignment is

arbitrary). In an APT spectrum, the quaternary carbon gives a negative

signal as do methylene carbons. In INEPT and DEPT spectra, the quaternary

carbon signal is suppressed. Connectivity between heteronuclears (e.g.,

between carbon and proton) can be achieved using 2-D heteronuclear

experiments. Among them, HMQC (Heteronuclear multiple quantum

coherence)[270] and HMBC (Heteronuclear multiple bond correlation)[271]

are the most useful for small molecule structure elucidation. HMQC

provides connectivity information between a carbon and the protons directly

attached to it (1 bond correlation), while HMBC provides correlation infor-

mation between a carbon and protons that are not directly attached to it.

Usually, only the 1H-13C correlations within 2 to 4 bonds are observed in

an HMBC experiment. The correlation intensity generally follows the order
3JC-H . 2JC-H . 4JC-H. This technique is very useful for assignment of qua-

ternary carbons. Taking the quaternary carbons C12/15 of nifedipine as an

example, C12/15 is 3 bonds away from H16/17, two bonds away from H7,

and four bonds away from H8 and H13/14, consequently, a strong HMBC

signal was observed between C12/15 and H16/17(3JC-H), and weaker

signals were observed between C12/15 and other proton groups respectively

(2JC-H and 4JC-H), as shown in Figure 15. C12/15 is five bonds or more from

those aromatic protons; therefore, no HMBC signals between them were

observed.

By assigning all protons and carbons using various NMR techniques, a

structure, or at least a candidate structure, can be proposed. If this is consistent

with the tentative structures proposed based on the results of the on-line tech-

niques, the unknown can be considered identified. If the NMR results are

inconsistent with the mass spectral results, an investigation should be

conducted. Potential factors that could affect the tests results of both tech-

niques should be considered, such as sample preparation, sample purity and

quantity, contamination, chemical stability, solvent effects, etc.

Although it is rare, unsuccessful elucidation of an unknown impurity with

both mass spectrometry and NMR data can happen. When this happens, one

should look into whether other orthogonal techniques can provide any

useful information. For example, FTIR is not routinely used in unknown

identification; however, sometimes it may provide useful information, as

demonstrated by Alsante and colleagues.[272] Single crystal analysis is

mostly used for stereochemistry confirmation of drug substance, but it can

be used for structure elucidation of an impurity if a single crystal of
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the impurity is obtained. This approach was used by Vasu Dev et al.[273] in

identification of one of the docetaxel impurities. Note that regulatory

agencies do allow unsuccessful identification in a new drug application

(NDA) if efforts have been made to the identification, as stated in ICH Q3A

(R) “When identification of an impurity is not feasible, a summary of the

laboratory studies demonstrating the unsuccessful efforts should be included

in the application.”[2]

CONCLUSIONS

Identification of unknown pharmaceutical impurities is a critical analytical

activity in the drug development process. The goal of this activity is to

elucidate the chemical structures and mechanisms of formation of unknown

impurities observed at various pharmaceutical developmental stages. For

early development projects, this information is essential in assessing the toxi-

cological implications of the impurity and improving the chemical and

pharmaceutical development process to minimize or eliminate the impurity.

For late phase product that is intended for marketing application, identification

of unknown impurities, at or above the identification thresholds, is a regulat-

ory requirement. As described in this review, the origin and formation mech-

anisms of pharmaceutical impurities are complex; thus, an understanding of

the chemistry of impurity formation is critical for a successful identification.

The strategies for identification of unknown impurities are determined by the

specific situation and the availability of modern analytical techniques and

expertise in a structural analytical laboratory. While every analytical

Figure 15. An HMBC spectrum of nifedipine.
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technique mentioned in this article can play an important role in

identification of a specific unknown impurity, in general, mass spectrometry

based hyphenated techniques have been the most widely used and most

powerful techniques. NMR is the most definitive analytical tool for

structure elucidation and, in many cases, it is required for definitive

structure elucidation. Due to the sensitivity issue of NMR, isolation of the

unknown impurity for NMR characterization remains a vital part of the

overall identification strategy.
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(ed.), Elsevier: Amsterdam, 2000; 323.

243. Gyllenhaal, O. Supercritical fluid chromatography in determination of drug

related impurities by capillary electrophoresis. In Identification and Determi-
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