
Accepted Manuscript

Impurity Investigations by Phases of Drug and Product Development

Bernard A. Olsen, Alavattam Sreedhara, Steven W. Baertschi

PII: S0165-9936(17)30333-3

DOI: 10.1016/j.trac.2017.10.025

Reference: TRAC 15049

To appear in: Trends in Analytical Chemistry

Received Date: 1 September 2017

Revised Date: 7 October 2017

Accepted Date: 30 October 2017

Please cite this article as: B.A. Olsen, A. Sreedhara, S.W. Baertschi, Impurity Investigations by
Phases of Drug and Product Development, Trends in Analytical Chemistry (2017), doi: 10.1016/
j.trac.2017.10.025.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.trac.2017.10.025


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Impurity Investigations by Phases of Drug and Product Development 1 

 2 

Bernard A. Olsen
a
*, Alavattam Sreedhara

b
, Steven W. Baertschi

c 
3 

 4 

 5 
a
Olsen Pharmaceutical Consulting, LLC 6 

Wake Forest, NC 27587 7 

olsen.bernard@gmail.com  8 

 9 
b
Late Stage Pharmaceutical Development 10 

Genentech 11 

South San Francisco, California 94080 12 

alavattam.sreedhara@gene.com  13 

 14 
c
Baertschi Consulting, LLC 15 

Carmel, IN 46033 16 

swbaertschi@gmail.com 17 

 18 

*Corresponding author 19 

  20 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Abstract 21 

 22 

Thorough knowledge and control of impurities is an expectation for the registration of 23 

pharmaceuticals. Actual and potential impurity investigations are phased during drug 24 

development to acquire the appropriate information necessary to ensure drug safety from the 25 

standpoint of patient exposure to impurities.  Regulatory expectations and common practices 26 

for the timing of impurity investigations during development are discussed.  Investigations for 27 

synthetic drug substances include process-related impurities such as intermediates, by-28 

products, mutagenic impurities, residual solvents, and elemental impurities.  Stress or forced 29 

degradation studies are used to investigate degradation impurities for both drug substances 30 

and products. The goals of stress studies conducted at different phases of development are 31 

discussed.  Protein products have related considerations for impurity investigations, but the 32 

nature of impurities and technologies used for determining them can be quite different 33 

compared to classical synthetic molecules.  Considerations for protein product impurities are 34 

discussed with an emphasis on process impurities in monoclonal antibodies. 35 

 36 

Key words:  drug impurities; drug development; process impurities; stress studies; forced 37 

degradation; monoclonal antibody impurities; monoclonal antibody purification   38 
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1.  Introduction 39 

 40 

Regulatory expectations for control of impurities in new drugs have been established through 41 

ICH guidelines for many years [1]. The Q3 guidelines outline requirements for the registration of 42 

new drugs and therefore represent the expectations for knowledge of impurity sources and 43 

controls that should be present as development is completed.  Little guidance is given regarding 44 

expectations by phase of development other than acknowledgement that knowledge should 45 

increase and be applied to the manufacture and storage of drug substances and products.  46 

Regional guidelines supplement the ICH and sometimes offer more phase-related comments, 47 

but usually few specifics [2-4]. 48 

 49 

Drug development sponsors must determine the nature and depth of impurity investigations to 50 

conduct as the development process moves through clinical phases.  Cost can be a major factor 51 

in the timing of these efforts.  The high rate of attrition of new drug candidates entering clinical 52 

studies makes complete impurity investigations at early phases impractical.  Patient safety is 53 

the primary consideration for impurities at all phases.  All situations have specific 54 

considerations that depend on factors such as intended therapeutic use, dosage form, route of 55 

administration, duration of dosing, and patient population. 56 

 57 

Impurity control is part of an overall control strategy developed for a drug product.  Elements 58 

and development of a control strategy are described in ICH Q8, Pharmaceutical development, 59 

and related guidelines [5].  Impurities as they relate to safety are usually considered Critical 60 

Quality Attributes (CQA) of drug substances and products. It is also acknowledged in regulatory 61 

guidances that the control strategy develops over time as knowledge is gained [6].  62 

 63 

This article will focus on the investigation of process-related impurities and degradation 64 

products for synthetic and bioproduct (specifically, monoclonal antibody) types of drugs. The 65 

investigation of impurities encompasses several interrelated topics such as identification of 66 

impurities, chemistry knowledge and analytical methodologies used for development and 67 

control, and setting specification acceptance limits for impurities.  Decisions about the extent 68 

and timing of impurity investigations are sometimes company-dependent, so literature articles 69 

about specific company strategies are not plentiful. Therefore, the discussion represents the 70 

authors’ experience and opinions in addition to publicly-available information.  Regulatory-71 

related references are provided when available. 72 

 73 

2.  Synthetic Drug Substances – Process-related impurities 74 

 75 

2.1 Related Substance Impurities 76 

 77 

A primary driver of impurity investigations throughout development is patient safety.  In early 78 

clinical phases, not everything is known about impurities but materials used for pre-clinical 79 
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toxicological safety studies are often then used for initial human trials.  In such cases, related-80 

substance type impurities (i.e., compounds, either process-related or degradation-related, that 81 

are structurally related to the drug substance) are usually either controlled to levels at which 82 

the toxicological concern is minimal or are toxicologically qualified. The short duration of early 83 

clinical studies and close monitoring of subjects and patients also reduces the risk of safety 84 

problems caused by impurities.  Specifications for impurities at early phases often reflect levels 85 

that have been observed in material used in toxicological safety studies [7].  With continued 86 

development and changes in the clinical exposures the specifications may change.  Some firms 87 

choose to apply ICH identification and qualification thresholds at early phases.  Teasdale et al. 88 

have recently proposed broader general limits for early phases with toxicological considerations 89 

based on total drug exposure to the patients [8].  An IQ Consortium working group proposed 90 

identification and qualification thresholds three-fold higher than ICH Q3 guidelines for related 91 

substances that could be applied through specifications or internal alert limits [9].  For 92 

registration and often at Phase 3, compliance with ICH limits is an expectation. 93 

 94 

Starting materials, intermediates, reagents, catalysts and solvents used in the synthesis of a 95 

drug substance are obvious potential impurities in the drug substance [10].  Distance (i.e., 96 

number of steps) from the drug substance in the synthetic route is often related to the 97 

probability that a potential impurity will be removed prior to isolation of the drug substance.  98 

After the commercial synthetic route is chosen, impurity purging and fate studies are usually 99 

conducted to determine effective control points in the process. As development progresses, the 100 

structures of unknown impurities are identified and additional methods are developed, if 101 

necessary, to determine whether potential impurities are present or not.  102 

 103 

Stereochemical control is expected at Phase 1 for single enantiomer drug substances.  The 104 

timing of investigations of stereoisomers for compounds with multiple chiral centers will often 105 

be dependent on the complexity of the synthesis and how the chiral centers are introduced. 106 

 107 

Impurities in starting materials are a regulatory concern and need to be controlled as part of 108 

the justification of establishing a regulatory starting material.  Starting materials introduced 109 

close to the final steps carry a greater risk of introducing impurities in the drug substance, so 110 

the investigation and controls needed are usually more rigorous.  The plans for impurity 111 

controls in starting materials are often the subject of discussions between FDA and the 112 

company at an end-of-phase 2 meeting.  A recent ICH Q11 working group document addresses 113 

several issues, including impurity control, related to selection and justification of starting 114 

materials [11]. 115 

 116 

Analytical methodologies need to evolve as the overall impurity control strategy develops.  117 

Methods often progress from general screening conditions (typically reversed-phase HPLC with 118 

a broad polarity gradient) to methods optimized for impurities of interest at a given synthetic 119 

step [12]. Generic HPLC methods employing mobile phases compatible with mass spectrometric 120 
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detection are often used at early phases to facilitate impurity identification and are modified, 121 

as needed, for later-phase development. Phase-appropriate validation requirements for 122 

analytical methods have also been proposed [13, 14].   123 

 124 

Considerations for the timing of specific types of other process impurity investigations are 125 

discussed below.  Investigation of extractable and leachable impurities is described in another 126 

article in this issue. 127 

 128 

2.2 Mutagenic impurities  129 

 130 

ICH M7 provides guidelines for the assessment of impurities for mutagenic potential [15].  The 131 

guideline also gives limits for known mutagenic and potentially mutagenic impurities during 132 

clinical development.  It is noted that for Phase 1 clinical trials of up to 14 days, only known 133 

carcinogens and mutagens need to be limited to acceptable levels as described in the guideline.  134 

Other impurities, even those with mutagenicity-alerting structures, can be treated as non-135 

mutagenic impurities because of the short duration of exposure.  The guideline acknowledges 136 

that not all impurities will have been structurally identified and assessed for mutagenicity at 137 

early stages.  At registration however, a complete assessment of the mutagenic potential of 138 

impurities and control strategy for mutagenic impurities will need to be described.  Typical 139 

approaches to mutagenic impurity control include attempting to remove them from the 140 

synthetic route, purging studies to show removal, sometimes with a higher acceptance limit at 141 

an intermediate, or establishing an M7-based acceptance limit at the drug substance.  A more 142 

complete review of recent approaches for mutagenic impurity analysis and control are 143 

described in another article in this issue. 144 

 145 

The need to control alkyl sulfonate esters is an example of a typical early phase regulatory 146 

expectation.  Despite ongoing debate about the safety liabilities of these potential impurities or 147 

the lack of probability that they would be present [16], in the authors’ experience, specification 148 

controls will be expected for these impurities, even at Phase 1. 149 

 150 

2.3 Residual solvents  151 

 152 

The solvents used in a synthesis are known and are usually specified and controlled at all 153 

phases.  Standard methodologies, such as headspace gas chromatography, facilitate 154 

determination of most solvents used in drug syntheses at levels consistent with ICH Q3C. One 155 

approach is to determine levels of all solvents used in the process in the drug substance.  156 

Another approach is to control some solvents at earlier intermediates when they are not used 157 

downstream from that point.  The approach taken can depend on complexity of the synthesis 158 

and number of solvents involved. 159 

 160 
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At later stages of development, residual solvent controls are usually needed for starting 161 

materials, especially those introduced closer to the end of the synthetic route.  Certification 162 

that no class 1 solvents are used is also usually sought from the supplier. 163 

 164 

The timing of investigations of impurities in solvents, such as benzene in toluene, may vary.  165 

Some firms may choose to perform such studies and institute controls at initial phases of 166 

development.  Others may use a risk-based approach depending on the step in the synthesis 167 

where the solvent is used and controls on supplier quality.  At registration, a control strategy 168 

will need to be in place for such impurities, whether that is by specification or by 169 

demonstration of adequate removal during the process. 170 

 171 

2.4 Elemental Impurities 172 

 173 

ICH Q3D has provided safety-based limits for elemental impurities in drug products and a risk 174 

assessment process for evaluating the potential for elemental impurities being present in the 175 

drug product.  Controls for any metal-based catalysts used in the drug substance synthesis are 176 

needed from initial phases onward.  Later in development, a risk assessment should be 177 

performed to evaluate other potential sources of elemental impurities, such as starting 178 

materials, excipients, manufacturing equipment, container/closure system, or water.  179 

Appropriate controls can be applied or data generated to support the risk assessment that 180 

specification controls are unnecessary.   As with residual solvents, standard analytical 181 

methodologies are available that some firms use for specification control or data generation to 182 

justify that specifications are not needed [17]. Explicit controls for elemental impurities are 183 

generally considered to be unnecessary for biological products [18]. A risk assessment for the 184 

potential introduction of elemental impurities in individual biologicals is still expected, 185 

however.  An FDA draft guidance includes the need to revisit elemental impurity risk 186 

assessments as part of change control for the product life cycle [19]. 187 

 188 

2.5 Manufacturing changes  189 

 190 

As the drug substance synthetic route or process changes during early phases, there is the 191 

potential for new impurities.  Different starting materials or intermediates are obvious 192 

candidates for investigation to determine whether existing analytical methods can detect them 193 

and whether they (or downstream analogs) carry through to the drug substance. Different 194 

solvents and reagents are also candidates for investigation as new impurities.  The potential for 195 

the formation of different reaction by-products should also be examined during an impurity risk 196 

assessment for a process change. This could involve the prediction of potential new by-197 

products, the potential for purging or carry-through, and the probability that the impurities 198 

method could detect them.  The choice of a commercial synthetic route is a trigger for in-depth 199 

investigations of impurities, especially if clinical development is likely to advance to phase 3.  200 

 201 
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Any post-approval changes to drug substance manufacturing should be evaluated for the 202 

potential impact on impurity profile.  This includes a wide range of possible changes in addition 203 

to changes in route or materials used.  For example, changes in manufacturing site, process set 204 

points, scale of manufacture, and sources of purchased materials should include an evaluation 205 

of impact on impurities.  An interesting example of a seemingly benign change was described 206 

by Reddy et al. who found a new impurity in repaglinide after the supplier of the 207 

dicyclohexylcarbodiimide (DCC) coupling reagent used in the process was changed [20].  208 

Cyclohexylamine present as an impurity in DCC from the new supplier gave rise to a new 209 

impurity in the drug substance.  This highlights the need for use-test evaluations of new 210 

suppliers in addition to checking conformance to existing specifications. 211 

 212 

3.  Degradation products in synthetic drug substances and drug products 213 

 214 

Stress testing is the main tool used to predict and develop an understanding of the stability of a 215 

particular drug substance and drug product.  Stress testing goals include investigating the likely 216 

and actual degradation products that can be formed along with developing analytical 217 

methodology(-ies) to separate, detect, and quantify degradation products.  In the last several 218 

years, several key publications have discussed various aspects of stress testing in detail, and the 219 

reader is referred to these for a more thorough discussion [21-25].   220 

 221 

As a new drug entity progresses from discovery to preclinical to clinical stages of development 222 

and eventually to the market, knowledge about its stability (and the degradation pathways and 223 

products) is expected to increase.  Thus, stress testing is typically not a “one time” event but 224 

rather something that is carried out at different stages of the “life cycle” of a drug substance 225 

and drug product, with different goals, strategies, and level of thoroughness [26]. This is 226 

especially true for the development of novel drugs where the attrition rate is typically very high 227 

(e.g., 90% or even higher); it is not cost-effective to perform the level of research needed for a 228 

marketed product for every new drug candidate.  The primary goals are to ensure efficacy and 229 

safety for the patient (throughout the clinical trials or ultimately the marketed shelf life). The 230 

shelf life of most drugs is limited not by efficacy (i.e., not by the level of the parent drug), but 231 

rather by safety (i.e., by the formation of degradation products at levels of concern). 232 

 233 

3.1 Drug Discovery Stage 234 

 235 

The goal of stress testing or stability studies at this stage is primarily to determine whether or 236 

not a compound has stability sufficient for the desired routes of administration during clinical 237 

studies.  Such studies are typically short in duration, limited in scope, and use analytical 238 

methodologies that are typically generic (i.e., with an emphasis on high throughput, not 239 

specifically designed for the individual compound).  Degradation products are typically viewed 240 

as “peaks in a chromatogram”, not as identified degradants.  It may be prudent to evaluate the 241 

theoretical potential for formation of mutagenic degradation products for particular 242 
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structures/scaffolds, since controlling degradation to the low levels required for mutagenic 243 

degradants may be very difficult, and could potentially threaten the developability of the drug 244 

[27]. Over the last 10 years, the software program Zeneth has developed into the most 245 

sophisticated tool available for in silico predictions of theoretical degradation pathways [28, 246 

29]. It is also useful at this stage to access the knowledge gained from previous studies on 247 

compounds with similar structures, from either published or company internal information. 248 

 249 

Since early batches of drug substances are typically not representative of the solid form(s) (e.g., 250 

polymorphic, salt, free base/free acid, or co-crystal form) that will be used in the clinic or on the 251 

market, solid state stress studies may not accurately reflect potential stability issues of the 252 

clinical or final marketed form.  253 

 254 

3.2 Preclinical to Phases 1/2 255 

 256 

While the reporting of stress testing studies is encouraged (but not specifically required) in 257 

Phase 1 or 2 studies [2, 3] they are expected to be carried out on the drug substance with a 258 

focus on ensuring that stability can be maintained throughout the clinical trial; stability-259 

indicating analytical methods that are specifically developed for the drug substance are 260 

expected [26].
 
 No mention is made of stress testing of the drug product.  In the early stages of 261 

development, the focus of method development is more on selectivity and less on robustness 262 

[30]. In some cases, highly resolving generic methods have also been applied at this stage, 263 

which may provide the needed selectivity for a variety of compounds [31]. Generally, 264 

identification of degradation products observed during stress testing is not critical during this 265 

stage, although there are many times when such information can be very useful to the further 266 

development of the compound; typically, structural information at this stage is limited to data 267 

obtained through LC/MS analyses (e.g., molecular weight, fragmentation, etc.) [26].  268 

 269 

3.3 Phase 3 to NDA Regulatory Submission 270 

 271 

Stress testing studies, with a full understanding of the “inherent stability of the drug substance, 272 

potential degradation pathways, and the capability and suitability of the proposed analytical 273 

procedures” are expected to be completed by or during Phase 3, and certainly for the 274 

marketing application.  The goals of stress testing at this stage are to understand all potential 275 

stability issues related to degradation product formation including storage, distribution, short-276 

term temperature excursions, formulation, and even potential patient “in-use” stability issues, 277 

as well as to provide a thorough foundation for validation of stability-indicating analytical 278 

methods for the marketed life of the compound. A complete understanding of potential 279 

degradation products and pathways (including mass balance understanding) should be 280 

developed, with a perspective that this information will form “an integral part of the 281 

information provided to regulatory authorities” in the marketing authorization submission. ICH 282 
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Q3A and Q3B reporting, identification, and qualification thresholds are typically fully applied at 283 

this stage of development for formal stability studies. 284 

 285 

It is worth noting here that any degradation products for which structures (potential or actual) 286 

have been elucidated should be assessed for mutagenic potential, per the ICH M7 guidance on 287 

mutagenic impurities [15]. Several researchers have published articles to help companies 288 

navigate the degradation product implications of ICH M7 [32-34].  289 

 290 

3.4 Line Extensions (New formulations, new dosage forms, new dosage strengths, etc.), 291 

Currently Marketed Products, and Generics 292 

 293 

After registration, changes to the drug substance or drug product manufacturing process are 294 

often desired for cost reduction, quality or reliability increases, or environmental impact 295 

reduction. Manufacturing site and scale changes are also common. Risk-based guidances, such 296 

as ICH Q9, can aid in assessing the significance of a process or formulation change which may 297 

require stability studies to be conducted to demonstrate that the proposed changes do not 298 

adversely impact the already established stability characteristics (e.g., degradation rate or 299 

profile) of the product. A rapid stability assessment, i.e., one that requires a much shorter time 300 

than typical accelerated or long-term studies, is desired.  A rapid stability assessment is also 301 

desired for line-extensions involving new formulations or different strengths of an existing 302 

product. Olsen et al. have described the use of “highly accelerated” conditions for comparative 303 

stability studies or for developing stability models useful for a broad range of conditions [35].  304 

In this mode, elevated temperatures and/or humidities beyond the ICH accelerated stability 305 

conditions are used to compare the stabilities of products made in different ways or to develop 306 

predictive models. Such highly accelerated or stress studies can be useful in evaluating process 307 

changes where a baseline of knowledge about the degradation pathways and rates of 308 

degradation of the compound already exists. Information about the stability of new 309 

formulations of existing active components can also be obtained quickly using highly 310 

accelerated conditions. Waterman has developed an approach using a humidity-corrected 311 

Arrhenius equation with elevated temperatures to develop product-specific models that can be 312 

used for accurate chemical stability and shelf-life predictions, usually from data collected over a 313 

2-week period [36]. Such accelerated studies may reveal stability issues much more rapidly than 314 

traditional methods and lead to more efficient and effective drug development.   315 

 316 

Another important consideration during the lifecycle of a drug is the development of new 317 

dosage strengths, new dosage forms, new formulations, and alternate routes of administration. 318 

Each new development will require new or modified stress testing and/or accelerated stability 319 

studies, as it cannot be assumed that degradation rates and pathways will remain the same as 320 

those in the original product. New or modified analytical methodologies may also be required, 321 

and therefore, new or revised accelerated stability studies will need to be performed as part of 322 

the stability-indicating method development process.  New or modified analytical 323 
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methodologies can also lead to the discovery of new impurities (in line-extensions and even in 324 

existing products) that were not detected with previous methods. 325 

 326 

At the time of patent expiry, publicly available data on stress degradation studies is often 327 

limited, that is, either not published or held as proprietary by regulatory authorities. 328 

Additionally, the compendia (e.g., USP, PhEur or JP) often do not have monograph methods 329 

established, and if they do, even if such methods are purported to be stability-indicating, the 330 

information in the established method may not be sufficient to discern this. Therefore, non-331 

innovator companies will likely need to conduct their own set of stress/accelerated stability 332 

studies to (a) establish a thorough understanding of potential degradation products for the 333 

drug substance and drug product, (b) demonstrate for the new source of drug substance or 334 

drug product that the synthetic pathway or process (for drug substance) and formulation and 335 

process (for the drug product) can be adequately characterized with appropriate test methods, 336 

and (c) guide the development and scale-up for the drug substance and drug product 337 

manufacture.  338 

 339 

4. Impurities in Protein Therapeutics 340 

 341 

Traditional small-molecule pharmaceuticals and precursor intermediates usually undergo 342 

purification by isolation as crystalline solids during the synthesis. The manufacturing steps 343 

introduce impurities that need to be carefully assessed and removed during these purification 344 

steps. In contrast to small-molecule drug substances, protein therapeutics are made by living 345 

cells. With the advent of recombinant DNA technologies, it is now possible to engineer and 346 

express various proteins in bacterial (e.g. E. coli) or mammalian cell lines (e.g. Chinese hamster 347 

ovary, CHO cells). While the therapeutic proteins of interest are produced in larger quantities, 348 

the cells also co-produce other biologics (proteins, DNA, etc.) that are considered as impurities. 349 

Host cell proteins (HCPs) are encoded by the organisms and unrelated to the intended 350 

recombinant product and must be removed during downstream purification since these could 351 

potentially induce immunogenic responses in patients.  352 

 353 

Monoclonal antibodies (mAbs) are a significant portion of marketed biologics in the US and 354 

Europe with over 64 products approved and more than 200 molecules in clinical development. 355 

Many biotechnology companies are focused on different forms of antibodies or antibody 356 

fragments for clinical development and have embarked on a platform approach for purification 357 

to get to clinical studies as fast as possible. Most mAbs are produced in mammalian cell lines, 358 

like CHO cells, and are typically purified using a combination of a Protein A affinity step 359 

followed by two or three polishing steps. Each of these steps is useful in removing certain types 360 

of impurities from the cell culture mixture and will be the topic of discussion in the next few 361 

sections.  Monoclonal antibodies undergo chemical and physical changes during production, 362 

processing and storage. Chemical modifications such as isomerization/deamidation or oxidation 363 

may lead to changes in the charge profile of the mAb and are typically not considered process 364 
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related impurities. Product impurities including chemical modifications or high molecular 365 

weight species (e.g. aggregates) are somewhat expected for liquid drug products. However, 366 

there is an expectation that a thorough risk analysis and extended characterization study be 367 

performed to understand the various degradation pathways for the protein during normal 368 

processing and storage in line with the ICH Q6B guideline [37]. Similarly, post-translational 369 

modifications that arise during cellular expression including modifications such as glycosylation 370 

or disulfide bond isoforms are not necessarily considered product or process related impurities, 371 

but need to be thoroughly characterized. This review deals mainly with risk assessment and 372 

characterization studies that are performed or necessary for impurities that are co-purified 373 

during mAb production. The reader is referred to a critical review of in vivo and in vitro mAb 374 

modifications and characterization by Liu et al. [38] and an article in this issue on trends in 375 

research on impurities in biopharmaceuticals. 376 

 377 

4.1 Typical purification steps for monoclonal antibodies and their associated clearance 378 

capabilities 379 

 380 

Protein A chromatography is typically used as the first step in an antibody purification process  381 

due to its capacity for extensive removal of process-related impurities such as HCPs, nucleic 382 

acids, cell culture media components and various virus particles. Protein A has several Ig-383 

binding domains and binds to the Fc region of several IgG formats with high affinity (in the 384 

order of 108 M
-1

). This property is of significant value during purification of the IgG therapeutic 385 

from harvest cell culture fluid (HCCF) and is routinely used for affinity purification of the 386 

antibodies. A histidine residue on protein A (His137) is known to interact with another histidine 387 

residue on the IgG antibody (His435) through electrostatic interactions. The protein A bound 388 

antibody is eluted at low pH wherein both the histidines are positively charged resulting in 389 

electrostatic repulsions.  390 

 391 

Strong attractions between the HCPs and the therapeutic IgG are possible that could potentially 392 

make it difficult to purify during a protein A purification step.  Levy et al. have recently shown 393 

that product fractions of protein A affinity purifications contain more HCP than those fractions 394 

without the mAb [39]. Another possible pathway to introduce HCPs into the final pool is when 395 

the HCP species bind to either the chromatographic ligand or the resin backbone (e.g. protein A 396 

in this case). In either case, some amounts of impurities typically are retained in the protein A 397 

pool and further purification is deemed necessary. Since the protein A resin is recycled over 200 398 

times, it is imperative to understand its impact on the performance of the protein A purification 399 

step. Carter-Franklin et al. have shown that intact Protein A leaches into the purified antibody 400 

or the HCCF [40]. This and other impurities necessitate the use of other chromatographic steps 401 

for further purification.  402 

 403 

Most companies use IEX as a polishing step in antibody purification wherein it is ideal for 404 

reducing high molecular weight aggregates, charge-variants, residual DNA, some host cell 405 
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proteins, leached Protein A and any remaining viral particles. Specifically, anion exchange (AEX) 406 

chromatography uses a weakly basic or positively charged resin (e.g., diethylaminoethyl 407 

cellulose (DEAE)) to remove HCPs, DNA, endotoxin and leached Protein A. Additionally AEX can 408 

also help with product-related impurities such as dimer/aggregate, endogenous retrovirus and 409 

adventitious viruses. Cation exchange (CEX) chromatography utilizes either strong (e.g. 410 

sulfopropyl) or weakly acidic (e.g. carboxylic) groups on a resin to purify the antibody pool. 411 

While process-related impurities such as DNA, some host cell protein, leached Protein A and 412 

endotoxin are removed in the load and wash fraction, CEX specifically helps in purifying 413 

antibody by products such as deamidated products, oxidized species, N-terminal truncated 414 

forms, and high molecular weight species.  415 

 416 

Complementary techniques such as hydrophobic interaction chromatography (HIC) can also be 417 

used in addition to Protein A and IEX methods to further separate proteins and impurities 418 

based on their hydrophobicity. HIC in flow-through mode is efficient in removing a large 419 

percentage of aggregates with a relatively high yield while in a bind-and-elute mode it is used 420 

to remove process-related and product-related impurities from the antibody product. The 421 

majority of HCPs, DNA and aggregates can be removed from the antibody product through 422 

selection of a suitable salt concentration in the elution buffer or use of a gradient elution 423 

method.  424 

 425 

4.2 Impurity characterization  426 

 427 

Resins containing Staphylococcal Protein A are typically used during purification of mAbs during 428 

process development. It is possible that trace levels of Protein A leach into the final formulated 429 

drug substance. Many companies use an ELISA that utilizes anti-protein A antibodies for 430 

detection and quantitation [41]. These studies are typically done prior to any clinical use and 431 

typically even prior the Phase 1 studies.  Since there is a possibility that the formulation 432 

components may interfere with the ELISA format, optimization for leached Protein A removal is 433 

done on a continuous basis throughout the program. Similarly, host cell DNA could potentially 434 

contaminate the purified drug substance. Several analytical methods have been qualified for 435 

use to help detect trace amounts of host cell DNA. Most commonly used are the Pico green 436 

assay, hybridization assays, qPCR or rtPCR and threshold assays. Amongst the tested assays, the 437 

inter and intra-lab assay variability for the qPCR was much lower [42].  438 

 439 

Similar to any immunogenicity risks from Protein A and host cell DNA , source materials and 440 

adventitious viruses introduced during protein production present viral contamination risks. 441 

Source materials can include human plasma, cell lines, and human/animal tissue. The risk of 442 

viral contamination is higher for human- and animal-derived source materials than for non-443 

biological materials and therefore viral inactivation processes are very important during 444 

development. Low pH (typically pH < 3.6) has been shown to inactivate enveloped viruses. 445 

Robust process development including validating hold times for viral inactivation is a 446 
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mandatory step during process development. Processes that include virus-reduction filters 447 

typically remove non-enveloped viruses. Many chromatographic steps including IEX provide 448 

two to three logs of virus removal and many manufacturers use qualified or validated steps 449 

early on in process development in order to de-risk viral contaminations from biotechnology 450 

products.   451 

 452 

In addition to host cell DNA, leached protein A or virus particles, the protein drug substance 453 

could potentially have other impurities such as host cell proteins.  Most companies utilize an 454 

ELISA method to characterize HCPs throughout all phases of development. In the initial phases 455 

of development (preclinical tox studies to Phase 1 or Phase 2), the biotechnology industry 456 

typically uses commercially available ELISA kits. Some companies may also utilize specialized or 457 

customized ELISA kits depending on the specific organisms or cell culture systems they use to 458 

produce most of their antibody products [43, 44]. While commercial kits may have significant 459 

advantages in terms of resources and development, more customized assays may be necessary 460 

as the program proceeds from early to late development and into the commercial realm. A 461 

platform-based approach may be suitable if the company uses the same expression system for 462 

producing a variety of therapeutic candidates since the proteome and the HCPs would likely be 463 

similar.  464 

 465 

While not considered as a part of process impurities as discussed above, chemical and physical 466 

modifications of mAbs may occur during production, processing or long-term storage that are 467 

considered as product-related impurities. Chemical and physical degradation pathways are 468 

considered as a part of the product microheterogeneity and a thorough analytical 469 

characterization in line with ICH Q6B guidelines is expected. Typically charge changes via 470 

deamidation are analyzed using ion-exchange chromatography or imaged capillary isoelectric 471 

focusing (iCIEF) or mass spectroscopic methods.  Physical degradation pathways, including 472 

formation of high molecular weight species (or aggregates) are typically characterized by size 473 

exclusion chromatography, though orthogonal methods such as analytical ultracentrifugation 474 

(AUC) are also recommended. While product stability may limit shelf life, heterogeneity in the 475 

mixture may impact pharmacokinetics (PK) or cause immunogenicity risks. Khawli et al. have 476 

shown that mAb charge heterogeneity generated during routine manufacturing had minimal 477 

effect on various biological assays, such as FcRn binding, potency or PK properties of an IgG1 in 478 

healthy rats [45].  While immunogenicity of protein aggregates and subvisible particles has 479 

been an active area of research, recent data suggests that only subvisible particles that have 480 

extensive chemical modifications within the primary amino acid structure could break immune 481 

tolerance in the human IgG1 transgenic mouse model [46]. A thorough risk assessment and 482 

characterization of aggregates, subvisible particles and immunogenicity risks associated with 483 

them is out of scope for this review and the reader is directed to other articles [47, 48]. Risk 484 

based approaches for process-related impurities are described below.  485 

 486 

4.3 Risk-based approaches for process-related impurities 487 
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 488 

While ELISAs are efficient methods for assaying holistic information about the HCP population, 489 

characterization of specific HCPs cannot be made by ELISA alone.  Characterization of specific 490 

HCP species and demonstration of suitability of the ELISA for a given process and product must 491 

therefore employ orthogonal techniques such as western blots and/or proteomic tools such as 492 

2D gel electrophoresis and mass spectrometric analysis of the impurities. A product specific 493 

HCP ELISA or orthogonal method is more resource intensive and may be expensive if applied for 494 

each product early on, especially since many candidates will fail early on in development. Given 495 

this situation, it makes more sense to spend time and resources during later stages of 496 

development (e.g. Phase 3 and/or commercial scale).  497 

 498 

One needs to consider that polyclonal antibodies used in the ELISA kit depend on the antibody 499 

serum developed against HCPs and may not represent all the HCPs equally in an ELISA 500 

response. A response indicates that the HCP components are equally weighted and similarly, a 501 

negative result indicates that no HCP in the mixture could potentially cause immunogenic 502 

effects. Overall, this is the limitation of using ELISA kits and sensitivity of the assay, its degree of 503 

coverage of the HCP, and risk-based approaches are needed.  A risk-based approach needs to 504 

have a strong scientific basis to estimate and understand the impact of types and 505 

concentrations of HCPs that will not have adverse impact on the product quality of the 506 

therapeutic. Wang et al. have recently reported a risk-based approach for HCPs in biological 507 

products [49]. Champion et al. also reported recently that most HCP impurities in FDA approved 508 

products are < 100 ppm [50]. This level of impurity has turned out to act as a guidance to the 509 

biotechnology industry to set HCP levels in their products, though this value does not take into 510 

account specific considerations around different HCP species, patient population, or dosing 511 

regimens.  Therefore, acceptable levels of HCPs in a given product are typically approved on a 512 

case-by-case basis by the health authorities. The ultimate suitability and acceptability of the 513 

HCP test methods are based on the results that the sponsor companies obtain both in detecting 514 

and quantifying the residual HCP levels in registration batches that are usually made at the 515 

commercial scale. It is rather difficult to fully understand the immunogenic impact of individual 516 

HCPs in a particular patient population. Using a variety of in vitro and in silico tools Jawa et al. 517 

have recently reported that HCPs typically found in biotechnology products and that would 518 

follow ICH Q6B [37] have low to no impact on immunogenicity [51]. While potentially good 519 

news for various biological products produced using platform purification processes, this also 520 

necessitates continuous improvement to understand HCPs. Novel orthogonal methods to 521 

accurately estimate and determine HCPs and understand their potential impact to patient 522 

safety are needed. To this end the use of LC-MS has been shown recently to be the workhorse 523 

for HCP identification [52, 53], though the use of other in silico analysis is also growing [54]. 524 

 525 
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Highlights 

 

• Impurity investigations increase in scope and depth as development progresses 

• Common practices for impurity investigations by phase of development are described 

• Stress study depth and goals by development phase are described 

• Purification and determination of process impurities in mAbs are described 

• Considerations for determination of host cell proteins in mAbs during development are 

discussed 


