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The chemistry we perform on biologic molecules to tailor them for our own needs gives rise 
to challenges in structural analysis that will require technology, experience, and tools to 

structurally dissect these different classes of drugs
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As the biosimilars market grows, and experiences are drawn 
from years of product development, the process of getting this 
class of drugs to market, especially in terms of testing and 
approval requirements, is being continually examined. Questions 
are being asked regarding the need for clinical trial analysis, 
and whether it is more appropriate to front-load biosimilar drug 
investigations with robust risk-based analyses of the structural 
properties of innovators compared to biosimilars in comparability 
exercises. Technological advances in the hardware and software 
required for structural analysis, such as in mass spectrometry 
(MS) and techniques for higher order structural investigations, 
mean that detailed investigations can take place covering all 
aspects of structure. These can happen at the primary, but also 
at the secondary and tertiary levels. Investigations of properties 
of the molecule, which are a function of structure, such as levels 
of aggregation, are also possible. These detailed investigations, 
as part of a comparability exercise, can give greater confidence 
in the nature of the biosimilar, providing information from which 
risk-based assessments can be made. Furthermore, since the 
regulatory guidelines invoke ICH Q6B, there is a commonality of 
analytical expectation and, therefore, subsequent investigation 
into the same molecular aspects of the biosimilar structure. 

Many biosimilars, either on the market today or in the 
pipeline, have structural features that present particular 
analytical challenges. However, with the technologies, 
knowledge, and experience available today, these challenging 
areas can be teased apart and investigated to give meaningful, 
comparative data.

Disulfide Bridges

Disulfide bridges are produced by the chemical cross-linking 
of the amino acid cysteine. Two residues are involved in 
producing the bridge via their sulfur side chains (hence the 
name). These bridges are specifically formed and provide 
rigidity, allowing the formation of correct secondary and 
tertiary structures. Incorrect bridge formation can lead to lack 
of efficacy, immunogenicity, or aggregation. Assessments 
of disulfide bridge structure are, therefore, a requirement of 
structural comparisons and specifically mentioned in ICH Q6B.

The mass spectrometric technique of peptide mapping is a 
key investigative tool used to identify which cysteine residues 
are involved in each bridge. The use of specific proteases in 
conjunction with a knowledge of the predicted amino acid 
sequence (which for biosimilars also needs to be confirmed 
experimentally), allows bridged peptides of predicted mass  
to be released from the protein or glycoprotein. The 
production and mass measurement of peptide fragment ions 
in parallel with the intact mass of the peptide itself, allows 
for unambiguous identification of the peptide and, therefore, 
identification of the bridge.

Some molecules have very complex bridges, which are not 
readily amenable to a simple peptide mapping experiment 
due to the location of the cysteine residues relative to one 
another in the protein chain. An example of such a molecule 
is insulin (and its related analogues). If we consider the six 
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cysteines spread across the A- and B-chains of insulin, there 
is potential for 12 disulfide bridge structures – assuming that 
no free thiols are present and that the A- and B-chains are 
linked by two disulfide bridges. On this basis, the potential 
disulfide bridge patterns are shown in Figure 1.

Residues 6 and 7 on the A-chain are both cysteine, meaning 
that it is not possible to proteolytically cleave between them. 
So, how do you obtain data to satisfy the regulators that, 
for example, your biosimilar insulin glargine has the same 
disulfide bridge pattern as the innovator reference product?

In these instances, specific multi-step chemical and 
biochemical procedures can be used, in conjunction with 
MS and other techniques, such as N-terminal sequencing, to 
identify these challenging bridge patterns through systematic 
dissection of the molecule or region of interest. The precise 
make up of these analytical procedures will depend on the 
molecule and bridge pattern under investigation.

It is also worth noting that, as mentioned above, disulfide 
bridges help to hold a molecule in a particular 3D shape. 
As such, comparative analysis of the secondary and tertiary 
structures through, for example, circular dichroism, fourier 
transform infrared spectroscopy, or nuclear magnetic 
resonance (in a 1D and 2D sense), can generate orthogonal 
information to support the correctness of bridging through 
comparability of the higher order structural profiles (biosimilar 
to reference product). The use of orthogonal techniques 
as a means to support structural conclusions is frequently 
mentioned in the biosimilar guidelines and is an expectation 
within a biosimilar structural comparability exercise. 

Heterogeneity

Some biosimilars or generics exhibit extremely high 
heterogeneity as a result of the nature of their production. 
Two examples of these are glatiramer acetate, e.g., 
Copaxone, Brabio, and low molecular weight heparins 
(LMWHs), e.g., enoxaparin. These are not produced through 

simple transcription/translation processes of a 
single recombinant DNA sequence, with any 
associated post-translational modifications taking 
place on the protein chain, but are the result of 
chemical production processes being applied 
to biochemicals (amino acids, in the case of 
glatiramer acetate) or natural products (in the case 
of LMWHs). Both processes, being non-templated, 
result in products with high heterogeneity. 

How Can This High Heterogeneity Be Assessed?
The important point is that what is required 
for biosimilar structural investigations is a 
characterisation and comparability exercise, 
not an in-depth structural investigation per se – 
although in most cases there is a significant overlap 
between the two. Therefore, while it is important 

that investigations are detailed and thorough enough to cover 
all aspects of structure, more importance is placed on the 
degree of similarity between the innovator and biosimilar 
under that thorough analytical testing regime. For example, 
glatiramer acetate is a product composed of the condensation 
of four amino acids to an initiator diethylamine chemical unit, 
followed by acid cleavage to a smaller set of structures. The 
nature of the acid cleavage during the production process 
means that there will be a broad population of molecules all 
centred in a target range of several kDa in mass. These will 
have significant heterogeneity, not just in size, but also precise 
amino acid sequence, as well as presence or absence of the 
C-terminal diethylamido chemical initiator group. A series of 
mass spectrometric and chemical analyses designed to look 
at specific aspects of the molecular population can be used 
to show the degree or comparability of key structural features, 
such as overall mass of the population, N- and C-terminal 
amino acid profiles, and level of the C-terminal initiator 
group. When taken together, these data will give comparative 
information on the key molecular features, but will not result 
in the characterisation of a single component in the mixture. 
A similar approach can be taken for LMWHs, in that mass 
spectrometric and chromatographic profiles can be used 
comparatively, rather than as absolute means of structural 
characterisation.

PEGylation

PEGylation is the addition of one or more polyethylene glycol 
(PEG) units (or derivatives thereof) to the protein chain, 
commonly the N-terminal amino acid or the amine side 
chain of Lysine residues. The PEG units are relatively large, 
often, but not always, between 5kDa and 20kDa. PEGylation 
of proteins is a commonly employed chemical modification 
and examples currently in regular use on the market include 
PEGylated GCSF (PEGfilgrastim, Neulasta®), PEGylated hGH 
(Somavert®), and pegloticase (Krystexxa®). PEGylation is used 
to enhance product half-life and efficacy, as well as altering 
certain physicochemical properties of molecules, such as 
increasing solubility (see Figure 2 on page 30).

Figure 1: The 12 potential disulfide bridge structures of insulin
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PEGylated proteins pose several challenges from an analytical 
viewpoint due to the large size and inherent heterogeneity of 
the PEG unit, plus the non-templated nature of the PEGylation 
process itself. Therefore, analysis of the protein-PEG  
conjugate, site(s) of PEG attachment, and assessment of the 
PEG unit are very important. MS, under carefully controlled 

conditions, can be used to give high-resolution data on 
the intact mass profiles and extent of heterogeneity of the 
intact molecule and associated PEG moiety, this means that 
individual species, which exhibit mass differences of 44Da 
(the mass of the PEG repeat unit) can be observed in the 
60kDa range and above (see Figure 3).

Site(s) of PEG attachment must be confirmed, as well as a 
determination of the degree of PEGylation of these sites, to 
ensure there is proper control of the PEGylation process. This 
can be achieved through chemical means by replacement of 
the PEG moiety with UV responsive reporter group followed by 
on-line liquid chromatography/electrospray-MS analysis and 
relative quantitation of the UV signal with MS identification of 
the peptide.

If PEGylation is intended to take place at the N-terminus then, 
depending on the nature of the N-terminal residue, it may be 
necessary to determine if attachment is at the actual N-terminal 
amine group, or via the side chain of the N-terminal amino 
acid. In this case it may be necessary to isolate the PEGylated 
N-terminal peptide, or indeed PEGylated amino acid, for 
detailed structural investigation using, for example, NMR to 
assess the precise nature of the PEG linkage to the amino acid.

Figure 2: Benefits of PEGylation

Figure 3: Deconvoluted electrospray mass spectrum of intact Neulasta. The components detected differ in mass by 44Da, consistent with heterogeneity in the PEG chain
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Drug Conjugation

The conjugation of a payload drug to a delivery molecule 
has given rise to antibody drug conjugates (ADCs), such 
as Kadcyla®, and the more recently developing technology 
of antibody oligonucleotide conjugates. In both cases, 
the active drug is bound to a monoclonal antibody, which 
serves as the drug delivery system, targeting the site of 
action. Manufacturing this type of product requires a 
detailed and carefully controlled chemical workup of the 
basic antibody scaffold. Depending on the nature of the 
drug or oligonucleotide, specific amino acid side chains will 
be targeted as the site of drug binding as a result of their 
chemical suitability in allowing the binding reactions to 
take place, frequently through the use of a chemical 
linker unit. Production of conjugated drugs is, therefore, a 
multistage biological and chemical process, where yields 
and efficiencies of reaction will dictate the nature of the 
final product.

Structural investigations of these conjugates include, among 
other analyses, investigations into the amount of drug that has 
actually been bound, known as the drug-antibody ratio (DAR) 
(see Figure 4), and confirmation that the drug or antibody 
scaffold has not been modified as a result of the conjugation 
process. Investigations should also be made into the amount 
of unconjugated linker present, and any side reactions 
that may have taken place, which result in impurity drug/
linker products conjugated to the antibody, as well as bound 
impurities resulting from side reactions of these linkers and/
or drug.

Analysis of ADCs requires a combination of mass 
spectrometric procedures to give a mass-based assessment 
of the intact ADC and DAR determination, as well as larger 
antibody fragments. Peptide mapping investigations will 
assess the sites of drug/linker attachment, identify the 
nature of the conjugates, and assess for impurities from 
side reactions that are present. These techniques also allow 

an investigation into the protein backbone to confirm that 
no deleterious events have taken place during conjugation. 
For the production of nucleotide-based conjugates, it is also 
necessary to demonstrate the nucleotide sequence itself is 
correct and has suffered no adverse chemical modifications 
during the conjugation process.

Summary

Biopharmaceuticals take many forms, ranging from pure 
recombinant proteins and glycoproteins, through partially 
chemically modified forms, such as PEGylated products and 
conjugates, to those that are fully chemically synthesised 
such as glatiramer acetate. Some are relatively simple 
products with limited heterogeneity, such as monoclonal 
antibodies, but others are much more complex and 
heterogenous (e.g., glatiramer acetate and LMWHs). 
Biological molecules, and the chemistry we perform upon 
them to tailor them more precisely for our own needs, give 
rise to challenges in structural analysis that will frequently 
require unique solutions in order to perform meaningful 
comparability studies. The technology, experience, and tools 
are available to structurally dissect these different classes of 
drugs and provide high quality in-depth analysis for data-led  
product development and licencing decisions to be taken. 
The portfolio of analytical techniques will undoubtedly 
continue to grow as, over time, new products and chemical 
modifications make their way into the biosimilars and 
generics markets, with new analytical solutions developing to 
meet these structural challenges and provide insightful data 
for product licencing decisions.

Figure 4: DAR 0, 2, 4, 6 and 8 variants
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