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Review

The global market for therapeutic proteins has been growing fast in the past decade. In 
comparison with conventional small-molecule drugs therapeutic proteins have a very 
complex chemical composition. These proteins are typically composed of dozens to 
hundreds of amino acids which are often post-translationally modified. Recombinant 
therapeutic proteins are produced by living organisms resulting in a heterogeneous 
mixture of recombinant protein species (isoforms, proteoforms). The pharmaceutical 
function and biological and toxicological properties of biologics and follow-on 
biosimilars are critically related to their exact chemical composition. Therefore, 
analytical tools capable of identifying and quantifying therapeutic protein species 
and their accompanying species, often differing in a few chemical moieties only, are 
necessary to guarantee efficacy and safety of therapeutic proteins. In this review 
we focus on the application of mass spectrometry for analyzing the exact chemical 
composition of therapeutic protein species, highlighting top-down mass spectrometry.

In this review we highlight the analysis of 
therapeutic proteins with mass spectrometric 
methods. Special focus is given to the analysis 
of therapeutic proteins with top-down mass 
spectrometry (TD-MS) or middle-down MS 
(MD-MS), implicating that intact proteins 
(TD) or large fragments of intact proteins 
(MD) are infused into the mass spectrometer 
and analyzed before and after fragmentation.

Therapeutic proteins are obtained from 
biological sources [1–4] in contrast to small 
molecule drugs, which are usually produced 
by chemical synthesis. Therapeutic proteins 
are manufactured either by recombinant 
technologies [1,2,4] or purified from sources 
such as human blood plasma [5]. As a result 
of their biological origin, large size and the 
requirement for complex processing steps, 
therapeutic proteins are not homogenous but 
are composed of many different species which 
differ in their exact chemical composition 
[1,3,6]. Heterogeneity of the chemical com-
position of recombinant therapeutic protein 
species is initially induced in host cells dur-

ing transcription, translation and protein 
synthesis. Additional heterogeneity can be 
introduced during downstream processing as 
well as during storage. In addition to changes 
in the amino acid sequence, glycosylation, 
deamidation, oxidation, racemization, con-
densation and reduction reactions can also 
occur, affecting the efficacy and safety of the 
therapeutic proteins.

Ideally a therapeutic protein species with 
a defined therapeutic action is characterized 
by its exact chemical composition including 
its full amino acid sequence (100% sequence 
coverage), all post-translational modifica-
tions (PTMs) including the positions of 
the modifications on the amino acids, the 
exact composition and position of glycans, 
position of the cysteines forming disulfide 
bonds and non-covalently bound cofactors. 
The therapeutic efficacy of a therapeutic 
protein species critically depends on its exact 
chemical composition [7]. Small changes in 
the chemical composition of a therapeutic 
protein species, forming a new species [8–10], 
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can even result in life-threatening 
side effects [11] as was observed with 
Cetuximab [12]. Here a Cetuximab 
species containing a galactose-alpha-
1,3-galactose group was respon-
sible for inducing anaphylaxis in 
patients having an IgE specific for 
galactose-alpha-1,3-galactose.

To ensure the efficacy of thera-
peutic proteins and the safety of 
patients, analytical methods for an 
unambiguous species identification 
as defined by their exact chemical 
composition as well as quantification 
are absolutely mandatory.

Monoclonal antibodies (mAbs) 
are one of the most important types 
of biopharmaceuticals. They com-
prise nearly 63% of biologics on the 
market [13]. Antibodies are glycopro-
teins composed of two heavy chains 
(HC) and two light chains (LD) 
and typically have a molecular mass 
of approximately 150  kD (Figure  1). 
Immunoglobulin G (IgG) and its 
derivatives are the most commonly 
used therapeutic mAbs [14]. The 
manufacturing and purification pro-
cess for biologics is complex [3,15,16]. 
Minor changes in the individual 
bioprocessing steps either in up- or 
down-stream processing, can result 
in changes to the exact chemi-
cal composition of the therapeutic 
protein increasing the number of 
therapeutic protein species. As a 
consequence, the newly formed spe-
cies may have a decreased efficacy or 
a total loss of activity [7,17–19]. In the 
worst case, these species can induce 

severe immunotoxic side effects [20], as mentioned 
above. Many factors can be responsible for changes 
in the exact chemical composition of the therapeutic 
protein species. In the host cell, splicing of transcripts 
can result in the generation of different amino acid 
sequences [9,21]. Changes in culturing conditions can 
change the activities of the host cell’s enzymes, which 
can add PTMs to the desired therapeutic protein [22]. 
Glycosylation steps of the therapeutic protein are 
often affected by this problem, resulting in variations 
in the glycan structure [1,23]. Host cell peptidases and 
proteases can hydrolyze the recombinant therapeutic 
protein producing truncated therapeutic protein spe-
cies [23]. Therefore, strict manufacturing control is 

mandatory to produce the therapeutic protein species 
with the desired chemical composition. In order to 
receive approval for commercial production of thera-
peutic proteins by authorities such as the US FDA and 
European Medicines Agency, the qualitative and quan-
titative composition of the therapeutic protein species 
must be determined by various analytical methods and 
their efficacy and safety must be further investigated 
by biological, toxicological and clinical tests [1,18]. 
These experiments provide a correlation between the 
exact chemical composition of the various therapeutic 
protein species and their efficacy and immunogenicity. 

Bioanalytical tools used for the comprehensive ana
lysis of therapeutic protein species are also very impor-
tant for monitoring the protein stability. Unstable 
proteins may undergo spontaneous changes to their 
chemical composition that affect their biomedical 
functions [23]. Instability can result in isomerization, 
as observed at aspartyl and asparaginyl residues, which 
can undergo autocyclization to form isoaspartate, 
lead to the oxidation of cysteine residues and result in 
aggregation or denaturation [7].

Currently, the first patents for therapeutic proteins 
are resulting in out-of-patent follow-on therapeutic 
proteins, also termed biosimilars, which are being 
increasingly released into the market. Thus a bio
similar is a copy of a defined therapeutic protein with 
a defined therapeutic application [1,3,15,24]. Since the 
exact chemical composition is critically dependent on 
many up- and downstream-processing parameters, 
biosimilars are usually not completely identical to the 
originator protein [1,3,15,24].

In order to receive FDA approval, the similarities of 
a new biosimilar and its originator therapeutic protein 
must be determined to ensure efficacy and safety of the 
biosimilar [7,24]. The comprehensive characterization 
by bioanalytical tools of the exact chemical composi-
tion and its comparison with that of the originator spe-
cies is one of the major requirements for its approval by 
the authorities.

Relevant techniques for the characterization 
of therapeutic proteins 
As described above, the production process results in 
the production of diverse, closely related species along 
with the target therapeutic protein species. Therefore, 
it is important to apply a fractionation method which 
guarantees the separation of all of these species and 
which can provide a reliable approximation of the rela-
tive quantities of the different species. Although mod-
ern mass spectrometers offer high resolution power, 
there are limitations concerning the differentiation of 
species by MS. This is especially true for large proteins 
such as mAbs whose species differ only in small modi-

Key Terms

Top-down mass spectrometry: 
Mass spectrometry analysis of 
intact proteins without previous 
proteolytical or chemical 
processing. The intact proteins 
are fragmented within the mass 
spectrometry to obtain sequence 
information. 

Middle-down mass spectrometry: 
Proteins are cleaved in a few 
large fragments and analyzed 
by mass spectrometry. To obtain 
sequence information the large 
protein fragments are dissociated 
within the mass spectrometry. 

Protein species: In this review 
the term ‘protein species’ instead 
of the term ‘isoform’ is used. 
The term was introduced by 
Jungblut et al. 1996 [201] and 
defined in detail with respect to 
the proteome by Jungblut et al. 
2008 [8]. In 2012 Neil Kelleher 
introduced the term ‘proteoform’ 
[145]. Both terms can be used 
for the description of proteins 
which are coded by one single 
gene but differ in their exact 
chemical composition. The term 
‘proteoform’ is gene-centric 
whereas the term ‘protein 
species’ is chemo-centric, thus 
it also includes man-made 
modifications introduced by 
chemical derivatization or 
biotechnological processes, as 
we describe here. 

Biologics: According to the US 
FDA, biologics include human 
blood and plasma and their 
purified components, bacterial 
and viral vaccines, proteins such 
as growth factors, monoclonal 
antibodies, somatic cells and 
gene therapy products. 
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fications, such as deamidation. In order to simplify the 
following discussions, we assume that protein species 
are separated to near homogeneity prior to their mass 
spectrometric analysis. 

The active therapeutic protein species with high effi-
cacy is defined by its exact chemical composition which 
is comprised of the complete amino acid sequence, all 
PTMs including its glycan composition, as well as 
disulfide bonds. During the development of a new 
therapeutic protein the exact chemical compositions of 
the most potent species, as well as less active accom-
panying species, are determined. These data serve as 
a reference for the identification of the product and 
its byproducts during the production process. Figure 1 
presents the important features of the chemical compo-
sition for therapeutic proteins exemplified by a scheme 
of an antibody. The labels in Figure 1 correspond to the 
subheadings in the text below and in Table 1, which lists 
structural features and the corresponding analytical 
methods for detecting these features. Under the head-
ing ‘MW’, and the following sections, the features nec-

essary for describing the exact chemical composition of 
species are briefly highlighted. 

Introduction of PTMs usually results in a change 
in the MW and/or isoelectric point (pI) of the spe-
cies. Thus isoelectric focusing (IEF) is well suited for 
the detection of species with different charges [25]. 
Techniques based on capillary electrophoresis (CE) 
are especially useful because they offer the highest 
resolution currently obtainable, including capillary IEF 
(cIEF). However, CE and cIEF are restricted to the 
separation of very small amounts, because of the small 
volume of the capillaries. Therefore, CE and cIEF are 
not suited for preparative separation of species which 
yields purified species that require further characteriza-
tion by other analytical or biological assays. For this 
aim, preparative IEF or ion exchange chromatography 
are usually applied. Cation-exchange chromatography 
was introduced to measure species with different pI, 
in particular lysine variants, by Harris in 1995 [26] and 
is now a popular and widely accepted technique in 
pharmaceutical analysis [25]. 
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Figure 1. IgG antibody. The labels can also be found in the text and in Table 1 and refer to the analytics applicable to the illustrated region 
of the antibody. A comprehensive overview of main modifications including chemical structures of modified residues is given by Bischoff and 
Schlüter [10].
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Table 1. Overview of relevant techniques for the characterization of therapeutic proteins. 

Section Characterization Techniques

MW MW LC–ESI MS, MS/MS [103,202]

MALDI MS [202]

Native MS [202] 
SEC in combination with light scattering [32]

1DE [203], SDS-PAGE, CE-SDS [100,203]

Amino acid sequence Amino acid sequence LC–MS/MS of proteolytic peptides resulting from enzymatic digestion 
of the protein species (BU) [36,73]

N/C-terminal sequencing by MALDI-TOF-TOF using ISD and T3 
sequencing [184,185]

TD-MS [144–148]

MD-MS [148,199]

N- and C-terminal 
sequence

N-terminal sequence Edman sequencing [38]

MALDI-TOF-TOF using ISD [39] and T3 sequencing [184,185]

TD-MS [144–148]

MD-MS [148,199]

N- and C-terminal 
sequence

Pyro-glutamination BU [44,47,48]

TD-MS [148]

MD-MS [200]

N- and C-terminal 
sequence

C-terminal sequence MALDI-TOF-TOF using ISD [39] and T3 sequencing [184,185]

TD-MS [144–148]

MD-MS [148,199]

Instrumentation C-terminal lysine BU [25,44,47]

Oxidation and deamidation Oxidation BU [40–43]

TD-MS [147] 
MD-MS [199,200]

Oxidation and deamidation Deamidation       BU [44–46]

Less frequent PTMs of 
therapeutic proteins

g-carboxylation [53] BU 

Less frequent PTMs of 
therapeutic proteins

b-hydroxylation [53] BU 

Less frequent PTMs of 
therapeutic proteins

Tyrosine-O-sulfatation [53] BU 

Less frequent PTMs of 
therapeutic proteins

Amidation [53] BU

Less frequent PTMs of 
therapeutic proteins

Phosphorylation [53] BU 
TD-MS [204,205]

Less frequent PTMs of 
therapeutic proteins

Succinylation [206] BU 

Less frequent PTMs of 
therapeutic proteins

Acetylation BU

Less frequent PTMs of 
therapeutic proteins

ADP ribosylation BU

Less frequent PTMs of 
therapeutic proteins

Isomerization: aspartate [46] RP-HPLC for separation of isomers followed by BU [207]

ISOQUANT detection kit (Promega, WI, USA) [208–210]

The different sections in the table correspond to the subheadings found in text and in Figure 1.
1DE: 1D native gel electrophoresis; AF4: Asymmetric flow field flow fractionation; AUC: Analytical ultracentrifugation; BU: Bottom-up; CD: Circular dichroism; 
CE: capillary electrophoresis; DLS: Dynamic light scattering; ELISA: Enzyme-linked immunosorbent assay; ESI: Electrospray ionization; HDX: Hydrogen/
deuterium exchange; HPLC: High-performance liquid chromatography; IM: Ion-mobility; ISD: In-source decay; LC: Liquid chromatography; MALDI: Matrix-
assisted laser desorption/ionization; MD: Middle-down; MS: Mass spectrometry; SDS: Sodium dodecyl sulphate; PTM: Post-translational modification; 
RP: Reversed phase; SDS-PAGE: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SEC: Size exclusion chromatography; SRM: Selected reaction 
monitoring; TD: Top-down; TOF: Time-of-flight.
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Regulatory quality demand guidelines from regula-
tory agencies, such as the FDA, European Medicines 
Agency or collectively the International Conference 
on Harmonization (ICH), require the characteriza-
tion of biopharmaceuticals by using state-of-the-
art analytics [27–29]. At the time of submission, the 
manufacturer is required to supply the in-depth 
characterization of the exact chemical composition of 
the most efficient therapeutic protein species (refer-
ence species), as well as the composition, efficacy and 
toxicology of other species which are generated dur-
ing manufacturing [29]. Reference species standards 
are important for method development and process 
control, validation, assessment of purity, definition of 
relative potency, and safety. The primary reference 
standard is commonly derived from the manufactur-
ing process established prior to the start of clinical 
trials. The primary reference standard should be 
available in sufficient quantities for usage over the 
next 10–20  years. It is also used to qualify new 

working standards. Working standards are regularly 
produced for lot release and stability testing [30].

»» MW
The MW is an important parameter toward the char-
acterization of the exact chemical composition of a 
protein species. Classical electrophoretic and chro-
matographic techniques are typically applied, such 
size exclusion chromatography (SEC), often in com-
bination with MS. Mazur et al. reported the use of a 
2D chromatography, combining SEC and reversed-
phase LC-MS (RP-LC-MS), for the characterization 
of mAb breakdown products by TD-MS [31]. 

For a fast qualitative analysis of homogeneity and 
the MW, 1D native gel electrophoresis and sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) are often used [32]. Although both 
methods are rather robust, they provide rather 
approximate information concerning homogeneity, 
MW and quantity of species. Although more labori-

Table 1. Overview of relevant techniques for the characterization of therapeutic proteins (cont.).

Section Characterization Techniques

Glycosylation N-glycans: identification of 
the amino acid positions 
derivatized with glycans

Deglycosylation with PNGase F followed by BU [211] or HPLC [301,302]

O-glycans: identification of 
the amino acid positions 
derivatized with glycans

Deglycosylation by hydrazinolysis followed by BU review [59] or HPLC [61]

Disulfide bonds Disulfide bridges BU in combination with derivatization [74–76]

MALDI-ISD [212]

IM-MS [213] 

Analysis of the 
higher-order structure

Higher order structure MS: HDX-MS [79,214,215], native MS [79], IM-MS [83] 
Chemical cross-linking [86,87]

Spectroscopy: NMR [81,82], CD [80]

x-ray crystallography, x-ray scattering

Detection of aggregates Aggregates HDX-MS [104,105]

Native MS [103]

Chemical-cross linking [89,106]

Oxidative footprinting [107–109]

DLS [97], AUC [93,95,97], AF4 [99]

SEC [90]

AUC [90]

1DE [32], SDS-PAGE [96]

CE-SDS [96]

Quantification of protein 
species

Quantification of species SRM [112,115,116], LC-MS and -MS/MS with internal standards [110]

Quantitative amino acid analysis [216]

Immunoassay: ELISA [111]

The different sections in the table correspond to the subheadings found in text and in Figure 1.
1DE: 1D native gel electrophoresis; AF4: Asymmetric flow field flow fractionation; AUC: Analytical ultracentrifugation; BU: Bottom-up; CD: Circular dichroism; 
CE: capillary electrophoresis; DLS: Dynamic light scattering; ELISA: Enzyme-linked immunosorbent assay; ESI: Electrospray ionization; HDX: Hydrogen/
deuterium exchange; HPLC: High-performance liquid chromatography; IM: Ion-mobility; ISD: In-source decay; LC: Liquid chromatography; MALDI: Matrix-
assisted laser desorption/ionization; MD: Middle-down; MS: Mass spectrometry; SDS: Sodium dodecyl sulphate; PTM: Post-translational modification; 
RP: Reversed phase; SDS-PAGE: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SEC: Size exclusion chromatography; SRM: Selected reaction 
monitoring; TD: Top-down; TOF: Time-of-flight.
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ous and time consuming, 2D elec-
trophoresis provides significantly 
more insight into the heterogeneity 
of a therapeutic protein fraction 
including the MWs of the diverse 
species, their pI and their relative 
quantities.

CE methods as mentioned above, 
offer more detailed information use-

ful for the characterization of a variety of therapeutic 
protein species [33–35].

The most accurate determinations of the MWs of 
species are obtained by modern MS-based methods. 
Generally, for the analysis of intact proteins, matrix-
assisted laser desorption/ionization (MALDI) and 
electrospray ionization (ESI) are applied as desorp-
tion and ionization techniques. MS-based analytical 
methods will be discussed below in detail.

»» Amino acid sequence
For recombinant therapeutic protein species the theo-
retical amino acid sequence is given by the nucleotide 
sequence of the gene which is cloned into the vector. 
However, during gene expression alternative splicing 
events may occur or host cell peptidases and proteases 
may truncate the protein that has been synthesized at 
the ribosome, leading to deviations from the theoreti-
cal amino acid sequence. Digestion of homogenous 
therapeutic protein species with trypsin as well as 
other proteases, such as endoproteinases Lys-C, Lys-N 
Asp-N, Glu-C and chymotrypsin, yields complemen-
tary information that is required to achieve 100% 
sequence coverage (bottom-up MS approach; BU) 
[36]. The comparison of proteolytic peptide profiles of 
the reference protein species with purified protein spe-
cies from protein fractions collected at different steps 
of the up- and down-stream processing steps provides 
information concerning the quality of the therapeutic 
protein and the presence and quantity of undesired 
species characterized by changes in the exact chemical 
composition. 

If a peptide fragment spectrum measured in a BU-
approach cannot be assigned to the reference protein, 
often because of unusual modifications of the peptide 
side chains, de-novo sequencing, multiple fragmenta-
tion (MSn) by ion-trap MS and/or Edman sequencing 
should yield the necessary data for deciphering the 
chemical composition of the proteolytic peptide.

»» N- & C-terminal sequence 
The amino acids glutamate or glutamine, if located 
at the N-terminus of a protein, can spontaneously or 
enzymatically be catalyzed to convert to the cyclic 
pyroglutamate (pGlu). Many mAbs contain pGlu 

on the N-termini of the LD and HC [37]. The loss 
of a primary amine residue results in a more acidic 
protein.

N-terminal sequencing is a requirement according 
to the ICH Q6B guideline. Typically, Edman degrada-
tion [38] is used for the determination of 5–15 amino 
acid residues [39].

Truncation of C-terminal lysine is commonly 
observed in therapeutic mAbs and is a critical qual-
ity attribute. Therefore it must be monitored closely 
for product consistency. Together with lysine, arginine 
residues at the C-terminus of the HC are often absent 
in the final protein products of mammalian cells [26]. 
It is believed that carboxypeptidase activity and dif-
ferences in expression and protein synthesis, following 
changes in the production process, are responsible for 
the lysine variants [25]. 

C-terminal sequencing is possible today with MALDI 
MS/MS instruments using in-source decay (ISD) [39] 
and T3-sequencing as well as TD-MS (explained in 
detail in ‘Analysis of therapeutic proteins by TD-MS’).

»» Characterization of further PTMs
Analysis of peptide fragments of purified therapeutic 
protein species obtained by a combination of proteases 
by LC–MS/MS methods (BU-approach) can contrib-
ute valuable information about PTMs. This is espe-
cially true if the modified peptides are already known 
and characterized or the modifying group is available 
from a search engine such as MASCOT. The com-
parison of the LC–MS profiles of the reference protein 
species with that of the analyzed protein fraction can 
discern if a peptide from the therapeutic protein is 
modified with respect to the reference peptide.

BU is an important tool for PTM studies and permits 
the detection of oxidation [40–43], deamidation [44–46], and 
truncated protein species [47]. Furthermore, this method 
can be generally used for the detection of mAb variants 
such as N-terminal cyclization [44,47,48], C-terminal lysine 
processing [25,44,47] and glycosylation [49,50]. 

»» Oxidation & deamidation
Analyzing methionine oxidation and deamidation is 
a key requirement of the ICH Q6B guidelines. These 
two modifications frequently occur due to thermal 
stress during purification and storage, for example. 

Oxidation of proteins is usually observed for methi-
onine and cysteine residues [10,51] and less frequently 
in tryptophan or tyrosine residues. The addition of 
oxygen atoms results in a change of hydrophobicity 
and mass (+15.9949 Da/+31.9898 Da).

The amino acids asparagine and to a smaller 
extent glutamine are prone to deamidation, a spon-
taneous non-enzymatic reaction [52]. Deamidation 

Key Term

Bottom-up mass spectrometry: 
mass spectrometry analysis of 
proteins on the peptide level. 
Proteins are proteolytically 
cleaved and the resulting 
peptides are fragmented within 
the mass spectrometry to obtain 
sequence information.
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(+0.9840 Da) leads to a change in the pI and therefore 
the presence of charge heterogeneity. For further details 
of the chemical reactions of side chains of amino acids 
see Bischoff and Schlüter [10]. 

»» Less frequent PTMs of therapeutic proteins
Proteins can exhibit many more PTMs than the 
ones described above, but only a subset of PTMs are 
associated with therapeutic proteins. For example, 
g-carboxylation and b-hydroxylation are characteris-
tic modifications for only a few native and recombi-
nant proteins, for example, blood factor VIIa and IX 
and activated protein C [53]. Other PTMs which are 
characteristic for only a limited number of therapeu-
tic proteins are tyrosine-O-sulfatation, amidation or 
phosphorylation [53]. Acetylation is another modifica-
tion that affects protein stability by the incorporation 
of a COCH

3
 group [54]. As with phosphorylation and 

acetylation, ADP-ribosylation of proteins is involved 
in several intacellular processes and is rarely associ-
ated with therapeutic proteins. The attachment of one 
or more ADP and ribosome moieties to proteins is 
arranged by ADP-ribosyltransferase enzymes and can 
effect cell signaling and control. Zhang et al. reported 
the identification of lysine succinylation of the protein 
isocitrate dehydrogenase in Escherichia coli [55] and oth-
ers have demonstrated the broad role of this PTM in 
cellular metabolism [56,57]. Isomerization of the amino 
acid asparagine 102 has also been described as a PTM 
of recombinant antibodies resulting in a low potency 
species [46]. Most of these PTMs can be detected by 
BU if high-resolution mass spectrometers are applied. 

»» Glycosylation 
Glycosylation is an important structural feature in 
many biopharmaceuticals [53]. The ICH Q6B guide-
line requests the analysis of the carbohydrate con-
tent, carbohydrate chain structure, oligosaccharide 
pattern, and glycosylation sites. The heterogeneity 
of glycans, the similarity in their monosaccharide 
subunits and the variety of feasible linkages between 
the units, usually necessitate the application of 
more than one analytical method for carbohydrate 
characterization [58]. 

Strategies for glycoprotein analysis using HPLC
A general protocol for glycosylation analysis includes 
the release of glycoprotein-bound glycans, fluorescent 
labeling of the liberated glycans, and high-perfor-
mance liquid chromatography (HPLC) purification 
and separation with online-fluorescence detection. 

A common strategy for determining sialic acid 
residues is to first release sialic acid residues from the 
glycoprotein by acid hydrolysis, followed by fluorescent 

labeling of released sialic acids with 1,2-diamino-4, 
5-methylenoxybenzene and subsequent HPLC with 
relative quantification [59,60]. N-linked glycan profiles 
are obtained by enzymatic liberation of the glycan by 
the enzyme PNGase F. O-linked glycans are commonly 
released by mild hydrazinolysis prior to derivatization 
with 2-aminobenzamide, and separation in normal 
phase- or RP-HPLC mode. For more information, 
about O-glycosylation the review by Zauner et  al. is 
recommended [61]. For the determination of the compo-
sition and the extent of glycosylation, monosaccharide 
analysis is routinely applied. Monosaccharide residues 
are cleaved from the protein under acidic conditions, 
labeled with 2-aminobenzoic acid, and separated by 
RP-HPLC [301,302]. The obtained sample glycosylation 
profiles are compared with the reference standard pro-
files and typically relative quantification is performed. 
Alternatively, high-performance anion-exchange 
chromatography with pulsed amperometric detection 
can be performed where no prior derivatization step is 
necessary [62,63]. 

Beside anion-exchange chromatography-, normal 
phase- and RP-HPLC, hydrophilic interaction liq-
uid chromatography and hydrophobic interaction 
chromatography are powerful chromatographic tech-
niques to separate glycoproteins as well as liberated 
glycans [64,65]. 

MS-based strategies for glycoprotein analysis
MALDI- and ESI-MS are helpful tools in the char-
acterization of glycosylated proteins [66,67] and many 
publications can be found, for example, for the 
glycosylation analysis of IgG antibodies [68]. 

MS-based glycosylation analyses commonly com-
prise three approaches involving intact glycoprotein 
analysis, the characterization of generated glycopep-
tides, and structural analysis of chemically or enzy-
matically released glycans [68–70]. Carbohydrates can be 
studied by analyzing the intact protein with MALDI or 
ESI due to the relatively large mass shift between vari-
ous glycoforms (mass increment of one hexose unit is 
162.0528 Da). MALDI-TOF MS is often used as a pri-
mary screening step in order to obtain an overview about 
the nature and diversity of glycans present [70]. LC-ESI 
MS/MS with low-energy collision-induced dissociation 
(CID) is frequently applied for the investigation of the 
sequence and linkage of glycans [70].

MS analysis at the glycopeptide level after proteo-
lytic digestion of the therapeutic protein or analysis 
of glycans released from the protein are currently the 
methods of choice for obtaining sensitive and compre-
hensive glycosylation information [71,72]. Glycopeptides 
are often separated by RP [69] or hydrophilic interaction 
LC [71] prior to analysis by MS.
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»» Disulfide bonds
Localization of disulfide bonds is a key part in the ICH 
Q6B guideline. 1D gel-electrophoresis under reducing 
and non-reducing conditions can be performed to 
confirm the existence of disulfide-linked subunits of a 
protein species. 

LC–MS/MS analysis of proteolytic peptides (BU-
approach) under both reducing and non-reducing con-
ditions yields the positions of the cysteines forming the 
disulfide bridge [73]. For example to determine disulfide 
linkage within a mAb requires a proteolytical digest 
under denaturating conditions including alkylation 
to prevent artificial disulfide formation [73–76]. After 
splitting the digest, one part is further reduced using 
dithiothreitol or tris(2-carboxyethyl)phosphine. The 
resulting peptide map is compared with the peptide 
map of the non-reduced part resulting in identification 
of the disulfide bonds. 

Electron capture dissociation (ECD) and elec-
tron transfer dissociation (ETD) have been intro-
duced as valuable alternatives to CID [77,78] (see also 
‘Fragmentation’ section).

»» Analysis of the higher-order structure
Information gained from analytics of the primary 
structure form the basis for the characterization of the 
higher-order structure. A mutation of an amino acid 
or the introduction of a PTM can have a significant 
effect on the higher-order structure of the protein. 
The ICH Q6B guideline recommends the analysis of 
higher-order structures, including the evaluation of 
any changes of the 3D structure. However, if exten-
sive physicochemical information is obtained, but the 
higher-order structure cannot be confirmed, the guide-
line accepts relevant biological assays as an alternative 
if combined with specific quantitative measurements. 
This demonstrates the challenge one is facing when 
characterizing the 3D shape of complex biomolecules. 
However, due to the progressive development of spe-
cialized analytical tools, one can choose from a variety 
of techniques [79].

Spectroscopic techniques such as circular dichroism 
and Fourier transform infrared are commonly used to 
assess the secondary structure of proteins [80]. Raman 
spectroscopy is occasionally applied for this purpose. 
UV/Vis absorption, fluorescence and again circular 
dichroism are powerful techniques for monitoring 
alterations in tertiary structure [80]. 

The additional use of orthogonal methods is essen-
tial to characterize the complex biological molecules in 
more detail. x-ray crystallography, NMR, and small-
angle x-ray scattering, are such orthogonal techniques. 
However, they have inherent limitations that might 
make their application to the analyses of biopharma-

ceutical products impractical. For example, for x-ray 
crystallography the protein needs to be amenable for 
crystallization, which is not always the case due to 
structural reasons, for example, because of the presence 
of PTMs. NMR has demonstrated its power especially 
in the studies of the higher-order structure of small 
biomolecules. The power of NMR was demonstrated 
for comparability studies of three non-glycosylated 
proteins spanning a MW range of 6–67 kDa [81], and 
in defining the bioactive conformational identity of 
recombinant human granulocyte macrophage-colony 
stimulation factor (MW ~14.5 kDa) [82]. Nevertheless, 
for the analysis of large biopharmaceuticals such as 
mAbs, these techniques still have limitations, that is, in 
terms of the size of mAbs, the existence of flexible/dis-
ordered regions within mAbs, the amount of material 
necessary, and the time to perform analysis [37]. There-
fore, these techniques are not used in routine analytics, 
but primarily in formulation development [80].

Recently, MS-based technologies have been devel-
oped that can successfully complement the classical bio-
physical techniques and can partially circumvent their 
current limitations, that is, native MS, ion-mobility 
MS (IM-MS), and hydrogen/deuterium exchange MS 
(HDX-MS) [79,83]. In HDX-MS, exchangeable amide 
hydrogen atoms are replaced by deuterium, resulting in 
one additional measurable mass unit per amino acid. 
The localization and degree of H/D exchanges are 
determined by LC–MS/MS [84]. The H/D exchange 
is a function of protein structure and dynamics. 
HDX-MS is also popular for the characterization of 
interactions and epitope mapping [85].

Chemical cross-linking followed by enzymatic pro-
teolysis is another method that has been combined 
with BU MS-based proteomics yielding structural 
information on the distance constraints within a mol-
ecule [86–88]. Unlike NMR or x-ray crystallography, it 
is applicable to analytes at low concentrations and it 
does not require protein crystals [89].

»» Detection of aggregates
SEC is most commonly performed for a rough estima-
tion of the MW and, more importantly, for detection 
and quantification of soluble aggregates such as dimers 
[90]. However, large aggregates may not enter the column 
and a certain degree of incomplete product recovery has 
been observed due to non-specific adsorption of the pro-
teins to the chromatographic material. Therefore, aggre-
gates might be overlooked with SEC [90,91]. Because of 
these limitations, the FDA usually requests verification 
of results obtained with SEC using orthogonal analytical 
techniques [29,92], as described as follows. 

Analytical ultracentrifugation (AUC) has been pro-
posed as a suitable alternative for SEC [93–95]. So far, 
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AUC is not used in routine product characterization 
because of the time-consuming measurement and the 
relatively high costs for the initial equipment as well 
as for operating the system [91]. At present, AUC can 
rather serve as a valuable tool for qualitative cross-
check of data obtained by SEC as claimed by regulatory 
agencies [96]. 

In addition to AUC, field-flow fractionation and 
light scattering techniques belong to the column-free 
techniques which are increasingly applied for the detec-
tion and quantification of aggregates. Light scattering 
methods are highly sensitive to detect small amounts 
of large aggregates, as the intensity of the scattered 
light is often directly proportional to the MW [97].

Features of dynamic light scattering (DLS) are 
rapid and automated measurements, no perturbation, 
or dilution effects, thus circumventing potential dis-
sociation of reversible aggregates [98]. Although the 
sensitivity of DLS for the detection of large molecules 
is excellent, quantification is not possible [96]. 

Asymmetric flow field flow fractionation (AF4) is a 
third matrix-free technique that is increasingly applied 
for aggregation analysis [99]. Similiar to AUC or DLS, 
AF4 is usually used as a support method to assure that 
the data generated by SEC are accurate. The applica-
tion of AF4 to biomolecules is rather new and often 
requires in-depth method development in order to 
obtain acceptable separation and robustness [96].

In the presence of SDS, non-covalent aggregates are 
disrupted enabling the detection of covalent aggre-
gates. Under reducing conditions, SDS-PAGE can 
discriminate between proteins aggregated by means of 
disulfide bonds and those held together by other cova-
lent bonds [96]. However, with native and SDS-PAGE, 
it is not possible to detect small amounts of aggregates, 
depending on resolution achieved and on sensitivity of 
the staining method [97]. Yet, SDS-PAGE is increas-
ingly being replaced by its modern equivalent CE in 
combination with SDS (CE-SDS) or coupled to mass 
spectrometers. CE-SDS can be automated; it offers 
great reproducibility and online-detection capability 
and is better suited for robust quantification by UV 
light absorption rather than dye-binding. A combina-
tion of SEC and SDS-PAGE or CE-SDS is usually part 
of analytics in the quality control of pharmaceutical 
companies [96,100].

MS has been applied for non-covalent structures 
of proteins [101,102]. An important difference between 
the MS-based techniques and the conventional bio
physical techniques described above is the ability of 
MS-based techniques to provide structural details by 
using fragmentation such as proteolytic digestion [73].

ESI-time-of-flight (TOF) MS is capable of accurate 
determination of the molecular mass of proteins and 

aggregates [103]. Specifically, native ESI-TOF MS has 
proven its utility in structural characterization of intact 
protein aggregates owing to the ability of preserving 
the quaternary structure of a protein and maintaining 
non-covalent protein interaction [103]. 

Specifically for non-covalent changes in protein 
structure, HDX-MS [104,105], chemical-cross-linking 
[89,106] and oxidative foot-printing [107–109] have been 
successfully performed. 

To sum up, applying SEC as the standard method 
for the characterization of protein size in combination 
with orthogonal methods, such as electrophoresis, 
AUC, DLS and/or AF4, reduces the event of missing 
important aggregation and truncation forms and is in 
accordance with the demand of regulatory agencies.

»» Quantification of protein species
It must be emphasized that most of the assays for 
quantification of therapeutic protein species require 
the protein to be purified to near homogeneity prior to 
their analysis in order to prevent false results. 

Amino acid analysis after total hydrolysis of the 
therapeutic protein is the gold standard for accurate 
quantification of proteins and peptides. It is applicable 
to complex as well as purified samples. Amino acid ana
lysis is a key requirement of the ICH Q6B guideline. 
When the molar extinction coefficient of the thera-
peutic protein is known, the protein concentration can 
be approximately determined by spectrophotometry. 
The molar extinction coefficient can be assessed by 
UV/Vis absorbance measurements in combination 
with amino acid analysis which is in agreement with 
the ICH Q6B guideline. Total nitrogen determina-
tion, such as the Kjeldahl nitrogen assay, is another 
method for determining the protein concentration 
needed for definition of the molar extinction factor. 
However, the molar extinction coefficient is usually 
determined with the reference standard and all spec-
trometric measurements should be referenced to the 
standard. Colorimetric protein assays, such as Biuret 
or Lowry, can be applied for the determination of the 
total protein concentration. 

With MS, individual protein species can be rela-
tively quantified in the presence of other species [110], 
however the quality of the MS-based quantification 
is dependent on the degree of the difference of the 
chemical structure and the resulting difference in the 
MW. Protein species differing in one moiety regard-
ing deamidation can not be separated by current 
mass spectrometers and therefore cannot be quanti-
fied sufficiently. Isotopically labeled protein species 
allow absolute quantification of species if a proteolytic 
peptide unique for the species is detectable. Thus MS 
quantification of some species in the presence of other 
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species is possible but it is recommended to separate 
the diverse species prior to quantification. 

Besides the precise quantification of the therapeutic 
protein species, process- and product-related impuri-
ties as well as contaminants need to be detected, iden-
tified and quantified. Process-related impurities are 
host cell proteins (HCPs), host cell DNA and reagents 
used in cell culture. Degradation products of the ther-
apeutic protein species occurring during manufactur-
ing or storage are termed product-related impurities. 
Usually these species formed by degradation have a 
significantly decreased efficacy and may even cause 
side effects and therefore need to be monitored and 
removed. 

The amount of contaminant HCP is usually deter-
mined using enzyme-linked immunosorbent assays 
(ELISA) [111]. Antibodies developed for immuno-
chemical detection require prior knowledge about 
HCPs. Therefore, the use of immunochemical assays 
can be limited due to the inability to develop specific 
antibodies. Generic ELISA kits commercially available 
for the detection of HCPs are less specific than a spe-
cific immunoassay, and might not detect all the HCPs 
present in a sample [112]. However, MS-based assays for 
the detection of host cells have been developed recently 
by applying high-resolution mass spectrometers such 
as orbitraps [113]. 

LC–MS/MS in selected reaction monitoring (SRM; 
also called multiple-reaction monitoring) mode offers 
an alternative to immunochemical quantification 
methods [114–116]. With SRM, proteotypic peptides 
representative for specific proteins can be quantified in 
complex mixtures with high sensitivity, reproducibility 
and specifity. A big advantage of SRM is its multiplex-
ity. Doneanu et  al. developed a SRM assay for the 
quantification of HCP over five orders of magnitude in 
concentration [112].

A MS host cell assay based on data independent 
acquisition mode can circumvent the drawbacks of 
SRM [117].

Analysis of therapeutic proteins by TD-MS
Many of the established protocols for characterization 
of therapeutic proteins by MS as described above are 
based on the BU approach, implicating the proteolytic 
digestion of the therapeutic proteins by trypsin and 
other proteases prior to their mass spectrometric ana
lysis. In the past few years the mass spectrometric char-
acterization of intact proteins has become an additional 
important tool termed TD-MS analysis [118]. TD-MS 
of proteins is aiming for the comprehensive analysis 
of protein species, ideally including not only the MW 
determination but also yielding 100% sequence cover-
age and all PTM data. This aim until now has only 

been achieved for some smaller proteins. However, 
TD-MS is especially useful, if data regarding the exact 
chemical composition of a defined therapeutic protein 
and its diverse species have already been collected by 
BU protocols. TD-MS yields not only data regarding 
the molecular mass of the diverse species but also addi-
tional information about their composition, includ-
ing partial sequence information as well as some data 
about posttranslational modifications. Furthermore in 
combination with LC, TD-MS can provide informa-
tion about the relative quantitative composition of a 
mixture of protein species within short analysis times. 
Thus TD-MS is a helpful tool for accompanying the 
production process of therapeutic proteins and for 
quality control of the purified product.

This part of the review will describe the function 
of mass analyzers, fragmentation techniques and data 
analysis software programs used for TD-MS as well as 
applications of TD-MS for characterizing therapeutic 
proteins.

»» Instrumentation
Measuring only the mass of large therapeutic proteins, 
such as mAbs, without further fragmentation state-
of-the-art mass spectrometers and mass resolutions 
higher than 10,000 provide little additional informa-
tion and are sometimes counterproductive due to loss 
in sensitivity [37,73]. Significantly more information 
can be attained by using TD-MS. Fragmentation of 
intact proteins in the mass spectrometer yields a large 
amount of highly charged and sometimes overlapping 
fragment-ions. High mass resolution is mandatory for 
resolving the fragment-ions. In order to detect large 
intact proteins, instruments with higher mass resolving 
power are required. In this section three different mass 
analyzers well suited for TD-MS are briefly described. 

TOF mass analyzer
In a TOF mass analyzer mass-to-charge ratio (m/z) is 
determined by measuring the time for ions to move 
through a field-free region between a source and a 
detector. Before entering the field-free region, ions with 
mass (m) and charge q =  z ×  e are accelerated by an 
electric field with a potential V. Thereby the potential 
energy (E

el
) of the ions in the field is converted into 

kinetic energy (E
kin

):

E m v q V z e V E
2
1

kin el
2

# # #= = = =

 Equation 1

After acceleration, ions travel through the field free 
flight tube with a constant velocity until they reach the 
detector, a distance (d) away. By knowing the distance 
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(d), the time it takes ions to reach the detector can be 
correlated with the corresponding m/z (Equations 2 & 3).
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Equation 3

The smaller ions arrive at the detector first, fol-
lowed by larger ones. The mass resolving power of a 
TOF mass analyzer depends on ion flight path length. 
Typical TOF instruments have a flight path length of 
approximately 2 m. For further details concerning the 
function and principles of the TOF mass analyzers, we 
recommend the reviews of Cotter [119] and Guilhaus [120].

Modern orthogonal acceleration quadrupole TOF 
(QTOF) mass spectrometers can achieve a mass resolu-
tion up to 60,000 on both MS and MS/MS level with 
a mass accuracy of approximately 1 ppm at a spectral 
acquisition rate of 20 Hz [121].

Fourier transform ion cyclotron mass analyzer
The function and principles of a fourier transform ion 
cyclotron resonance (FTICR)-MS are well explained 
in a number of books and reviews [122–127]. Here a 
short description is provided about the function of the 
ICR cell. Ions are trapped in the ICR cell and move 
in a static magnetic field B, with a specific cyclotron 
frequency rotation v

c
 (Hz):

v
m

e z B
2

c

# #
#
r

=

Equation 4

As shown in Equation 4, v
c
 is independent of ion 

energy and amplitude but proportional to the charge 
and inversely proportional to the mass of an ion. Ion 
cyclotron motion by itself is not detectable because the 
ion cyclotron orbit is centered along the z-axis of the cell 
and does not generate a measurable signal. To obtain 
a detectable signal, ions are resonantly excited with a 
rotating or oscillating electric field, yielding a spatially 
coherent ion packet for a given m/z. Due to the exci-
tation, ions are accelerated and their orbits increase in 
size, allowing ion cyclotron frequency detection. Ion 
cyclotron frequencies are measured non-destructively by 
passing two opposed electrodes on either side of the ion’s 
flight path acquiring a time-domain image current tran-
sient of the ions. The time-domain signal is converted by 
Fourier transformation (FT) into a frequency-domain 
signal. As shown in Equation 4, the frequency-domain 

signal can be correlated to a specific m/z. FTICR mass 
spectrometers have been shown to provide the highest 
mass accuracy (<1 ppm) [128] and mass resolution (up to 
24,000,000) to date [129]. In a 9.4 T FTICR mass spec-
trometer (ICR orbital radius at 298K r = 0.01 mm), ions 
with m/z = 1000 and v

c
 = 144.346 kHz travel at a veloc-

ity of 9070 m/s [123]. Given that FTICR resolving power 
is equal to the number of cyclotron orbits acquired, data 
acquisition for 3 s of the same ion (m/z 1000) provides 
a mass resolution of approximately 400,000 [123]. This 
example illustrates a disadvantage of FTICR instru-
ments: the acquisition time increases with the increase 
of resolution. However, Nikolaev developed a FTICR 
cell [129,130] that enables an outstanding resolving power 
(R>20,000,000) [129] and mass accuracy [131] even with 
the use of a 7 T magnet. This ParaCellTM is implemented 
in Bruker solariX XR FTICR mass spectrometer and 
provides a mass resolution of up to 700,000 with a 1 s 
scan [132]. Thus the acquisition times for high resolu-
tion measurements were significantly reduced, making 
FTICR MS suitable for coupling with LC.

Fourier transform orbitrap mass analyzer
The orbitrap mass analyzer consists of a spindle-like 
inner electrode, which is surrounded by a second outer 
barrel-like, half splitted electrode [133]. An electrostatic 
quadro-logarithmic potential field is created between 
these two electrodes [134]. Ions are tangentially injected 
into the electric field with a spatially coherent motion, 
so no further excitation is needed for their detection, as 
in the ICR cell. The electrostatic interaction between 
ions and the inner electrode is balanced by centrifugal 
forces resulting in an elliptical orbit rotation. In addi-
tion, trapped ions of a given m/z move in oscillating 
rings along the axis of the inner electrode. The axial 
oscillating frequency v

z
 (Hz) is independent of ion 

energy and amplitude. The frequency depends on the 
field curvature k and is inversely proportional to the 
square root of m/z:

v
e z

m
k

2
z

2

#

# #

r
=

c m

 
Equation 5

Signal detection is achieved by means similar to an 
ICR cell, by measuring the image current. The outer 
electrode is equipped with a differential amplifier to 
measure the axial oscillation which is acquired as a 
time-domain transient that is converted by FT into a 
frequency-domain signal. According to Equation 5, v

z
 is 

correlated to m/z of a specific ion. The image current 
can be amplified for the orbitrap in the same way as for 
FTICR resulting in comparable sensitivity and signal-
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to-noise ratio (S/N). The state-of-the-art orbitrap 
instruments can achieve mass resolution up to approxi-
mately 240,000 [135] and a mass accuracy <1 ppm for 
internal and <3 ppm for external calibration. Compared 
with FTICR instrument, they provide larger trapping 
volumes and increased space charge capacity for higher 
masses. The orbitrap provides a higher mass resolution 
for ions with a m/z above 800, as compared with a 7 
Tesla FTICR [136,137], due to the ions in the orbitrap 
having an ion cyclotron frequency that is proportional 
to (e  ×  z/m) and an axial oscillating frequency that 
is proportional to (e ×  z/m)1/2, as shown in Equations 
4 & 5. However, FTICR instruments provide higher 
mass resolving power for ions at lower m/z. 

»» Fragmentation
Since information about intact protein mass as well as 
sequence information is obtained from TD-MS, a suit-
able instrument must be able to fragment intact pro-
teins inside the MS and to determine the m/z-values 
of the fragment ions. Current TD-MS fragmentation 
techniques can be divided into CID and electron 
triggered dissociation methods.

CID is based on the collision of ions with an 
inert reagent gas (e.g., He, Ar) within a collision 
cell. During CID, kinetic energy of the ions and 
collision molecules is converted into internal energy 
resulting in vibrational excitation, where the energy 
is redistributed over the entire ion with an equal 
probability before dissociation occurs [138,139]. The 
redistribution of the energy across the proteins results 
in non-conservative cleavage sites including sequence 
specific hot-spots for fragmentation during CID. CID 
mainly produces b- and y-ions (Figure 2) and can be 
used in combination with nearly every type of mass 
spectrometer (QTOF-, FTICR- and orbitrap instru-
ments). Orbitraps provide a special form of collision-
based fragmentation termed higher-energy collisional 
dissociation (HCD, formerly high-energy C-trap dis-
sociation). HCD in comparison with CID is based on 
higher activation energy and shorter activation time. 
The HCD method produces mainly b- and y-ions 
which can be further fragmented to a-ions or even 
smaller fragments during HCD [140]. 

In contrast to CID and HCD, electron-triggered 
fragmentation methods are based on electron cap-
ture (ECD) [77] or the transfer of an electron from a 
donor molecule to the analyte ion (ETD) [141]. ECD 
produces a radical ion [M+nH]n+●. Neutralization of 
one elementary charge provides a free energy of 5–7 eV 
that is converted into internal energy and results in a 
spontaneous fragmentation without further energy 
redistribution over the whole protein. Therefore frag-
mentation is more conservative compared with CID 
with fewer structurally specific hot-spot sides under-
going fragmentation and provides a more widespread 
backbone dissociation yielding c- and z●-ions. At 
present, ECD is limited to ICR cells due to difficul-
ties in storage of thermal electrons and cations in a 
quadrupole or an ion trap.

In order to utilize electron-induced fragmentation 
for TD-MS in other instruments other than FTICRs, 
ETD was developed and coupled to QTOF and hybrid 
instruments equipped with an ion trap (orbitrap). The 
principles of ETD are similar to those of ECD yielding 
mainly c- and z●-ions as well as the widespread frag-
mentation of the protein backbone. As the dissociation 
process in ECD and ETD is almost exclusively located 
to the protein backbone, side-chain modifications 
(e.g., glycosylation, phosphorylation) are virtually 
not affected. Additionally, labile structure elements of 
a protein such as phosphorylation sites and disulfide 
bonds that can undergo rearrangement reactions dur-
ing CID are preserved in electron-triggered dissocia-
tion [142,143]. These features, together with the distinct 
backbone fragmentation, make ECD and ETD the 
method of choice for intact protein fragmentation. 

One challenge in TD-MS is the relatively low signal 
intensity of fragment ions compared with fragment 
ions yielded by BU-approaches. A peptide with a MW 
between 1000 and 2000 Da produces a relatively small 
number of fragments. In comparison, dissociation of 
a protein will result in an extremely high number of 
fragments. Since the intensity of the precursor is dis-
tributed over the number of fragment ions, TD-MS 
suffers from a relatively low sensitivity in fragment 
spectra. This challenge is enhanced during ESI due 
to the protein concentration being distributed over a 
number of different charge states. To overcome this 
problem and to enhance sequence coverage in TD-MS, 
a number of charge states are isolated for fragmenta-
tion using an expanded isolation window [144–146] or 
by the use of ISD followed by an additional fragmenta-
tion step [147,148]. Both an expanded isolation window 
and ISD in combination with another fragmentation 
process results in a higher sequence coverage. However 
both methods are susceptible to impurities or complex 
samples with a number of different proteins or pro-
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Figure 2. Fragments that occur during low energy 
dissociation of peptide and proteins according to the 
nomenclature of Roepstorff and Fohlman [217].
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tein species. Another major challenge in TD-MS is 
that proteins larger than 500 residues are difficult to 
dissociate due to their gaseous tertiary structure [149]. 
To address this problem McLafferty and colleagues 
developed a technique termed prefolding dissociation 
using low energy collisions in the 1 Torr region in 
front of the skimmer to disrupt non-covalent interac-
tion followed by high-energy collisions to fragment the 
backbone of the protein in the high-pressure region 
after the skimmer [149]. This technique has been suc-
cessfully implemented by the group of McLafferty to 
dissociate proteins with a MW larger than 200 kDa 
[149]. Another well established technique developed to 
overcome this limitation is activated ion ECD. Using 
ECD, proteins larger than 20 kDa can lead to the for-
mation of undissociated charge-reduced ions, where 
the protein is cleaved but fragments are held together 
via noncovalent hydrogen bonding or hydrophobic 
interactions [150]. To disrupt these noncovalent interac-
tions and enhance the efficiency of ECD, slow heating 
activations of protein ions are used to destroy the non-
covalent interactions. This activation can be achieved 
by collisions with background gases [151–153], IR irradia-
tion [152,154,155] or increased temperature of the ICR cell 
[153,154]. Thus activated ion ECD generates more c- and 
z●-ions and increase significantly the sequence cover-
age [151,155–158]. Ledvina, Coon and colleagues imple-
mented activated ion-ETD to a quadrupole linear ion 
trap [159] and recently in a modified collision cell on a 
hybrid LTQ-orbitrap [160].

Bruker developed a special fragmentation technique 
called T3-sequencing for TD-MS using a MALDI-
TOF/TOF mass spectrometer [161]. This technique is 
a pseudo MS3. First, ions are dissociated by MALDI-
ISD [162] and the resulting fragments are selected for a 
further MS/MS analysis. In MALDI-ISD mainly c-, 
y- and (z+2)-ions are generated [163]. The fragmenta-
tion process is still not completely understood but it has 
been shown that the MALDI matrix plays an impor-
tant role in the formation of ISD ions. Due to excita-
tion by photon absorption, hydrogen radicals are gen-
erated photochemically, originating from the matrix. 
An intermolecular transfer to the peptide backbone 
then takes place resulting in the formation of peptide 
radicals and thus generating ISD ions [164–166]. Using 
the T3-sequencing approach to analyze intact pro-
teins, MALDI-ISD produces c- and y-ions of both the 
C- and N-termini of the protein. These ISD-ions are 
further analyzed by MS/MS yielding b- and y-ions, that 
confirm the N- and C-terminal sequence of the protein.

»» Data analysis software
ESI, commonly used for TD-MS, produces multiple 
charged ions of intact proteins resulting in complex 

spectra, especially if there are different proteins or 
protein species with overlapping isotopic envelopes. A 
major challenge is the annotation of the monoisotopic 
peak, which provides information concerning the cor-
rect mass of the corresponding molecule. For large 
proteins the monoisotopic peak is often not experi-
mentally observed because of its relative low intensity 
and S/N. In order to avoid tedious manual spectra 
interpretation, deconvolution algorithms were devel-
oped to reduce spectra complexity and to determine 
the monoisotopic mass of a protein [167–172]. In 2000 
Horn et  al. developed the first fully automated algo-
rithm for charge state determination, deconvolution 
and peak picking on both precursor ion and product 
ion level [172]. This algorithm is still today a benchmark 
for data processing in TD-MS [146] and implemented 
in a numerous data analysis and identification tools, 
including ProSight [173]. 

Next to raw data processing algorithms, three dif-
ferent search engines for TD-MS are currently avail-
able (MascotTB [174], PIITA [175] and ProSight [173]). 
The standard Mascot [176] search engine is limited to 
a precursor MW of 16 kDa. MascotTB was developed 
for intact protein identification supporting a precursor 
MW up to 110 kDa. MascotTB enables identification 
of different protein species including PTMs as well 
as amino acid sequence alterations. Unfortunately 
the supported mass range is still beneath the MW of 
intact antibodies which represent the major form of 
industrially produced biologics today. 

PIITA (precursor ion independent TD algorithm) 
uses fragment ion information to identify a protein 
from a predicted gene. Following a gene match, the 
experimental precursor mass is compared with the 
MW information provided by the gene. Differences 
between observed and predicted masses are used to 
detect possible modifications or sequence alterations. 

The third search engine, ProSight, developed by 
Meng et  al. in 2001 [173] was the first search engine 
for TD-MS and is still the most flexible one today. 
ProSight uses the THRASH algorithm for raw data 
processing and searches with both precursor ion and 
product ion information against a database [177]. 
With ProSight it is possible to identify expected and 
unexpected PTMs as well as sequence alterations and 
truncations of the measured protein. 

During the last years, MS companies have devel-
oped vendor-specific software solutions for TD-MS 
tailored for biopharmaceuticals. For example, 
Bruker Daltonics offers BioPharmaCompass, a fully 
automated solution for characterization and quality 
control of pharmaceutical proteins including a data 
analysis software package [178,179]. Bruker is apply-
ing a maximum entropy algorithm [180] to determine 
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charge and deconvolute spectra in combination with 
a custom algorithm, that accurately determines 
and extracts monoisotopic mass information from 
high-resolution MS [144]. 

Thermo has developed Protein Deconvolution  2.0 
[181], a raw data processing tool that includes two algo-
rithms for deconvolution and peak picking. Xtract 
[135,182] is used to manipulate isotopically resolved 
proteins and ReSpect [181,183] has been designed for the 
manipulation of isotopically unresolved proteins. Addi-
tionally, Thermo implemented ProSight (ProSightPC 
2.0 Software) [135,182] into their data analysis pipeline 
for protein identification and included THRASH as a 
third raw data processing algorithm. 

»» Analysis of therapeutic proteins smaller 
than 100 kDa by TD-MS
Suckau and Resemann showed that MALDI-TD-MS 
using T3-sequencing can be used to characterize both 
the N- and C-termini of proteins covering a range from 
6 to 67 kDa yielding up to 70 N-terminal and up to 50 
C-terminal residues with an analysis time less than 1 h/
protein [184,185]. Furthermore they were able to sequence 
an entire camelid single HC antibody (124  residues, 
13.6 kDa) de novo using the T3-approach [186]. The suc-
cess of MALDI-TD-MS is highly dependent on sample 
quality. If the protein species of interest was purified and 
effectively desorbed and ionized under MALDI condi-
tions, a protein amount between 10 and 50 pmol per 
sample preparation should be sufficient to characterize 
the N- and C-termini, yielding identification and local-
ization of possible modification sites. This approach is 
well suited for rapid routine quality checks during both 
the development and production process of therapeutic 
proteins, and is capable of yielding results in less than 
1 h and in some cases within minutes. 

Using TD-MS in combination with ESI, Moreno-
Gordaliza et  al. investigated the interaction between 
the antitumor drug cisplatin and insulin-identifying 
Pt binding sites [187]. Analysis was performed on a 
LTQ XL linear ion trap in zoom-scan mode in which 
the instruments resolving power was sufficient to 
resolve insulin molecules. TD-MS in combination 
with FTICRs and orbitraps provide a reliable method 
for the routine analysis of proteins with a MW less 
than 25  kDa [124,186,188–191] and has the potential to 
be routinely applied to proteins up to 60 kDa in the 
near future [177,192]. This method will provide a fast 
and effective method for analyzing small therapeutic 
proteins such as insulin or erythropoetin.

»» Analysis of mAbs by TD-MS
In recent years TD-MS was used to analyze mAbs. 
Zhang et al. from Amgen reported the implementa-

tion of TD-MS towards characterizing the variable 
regions of mAbs. In 2007 Zhang et al. used a LTQ-
orbitrap to characterize the variable region of IgG1 
and IgG2 antibodies [147]. They used ISD to fragment 
all charge states of a protein simultaneously which 
greatly improved the sensitivity of the fragment 
spectra. Furthermore they reported an enhancement 
of fragmentation efficiency due to protein dissocia-
tion before gaseous tertiary structure formation took 
place. ISD of mAbs generated a series of b- and y-ions 
corresponding to the LD and HC, with an abundance 
of a series of b-ions corresponding to the entire vari-
able region of both chains. For further characteriza-
tion of the variable regions, these b-ions were isolated 
and fragmented by using CID. These studies yielded 
a large number of product ions (~15% sequence cov-
erage), and clearly identified the location of oxidized 
methionines. Bondarenko et al. used the combination 
of ISD and CID with a LTQ-orbitrap to characterize 
disulfide species of an IgG2 antibody that had been 
separated by online reversed-phase chromatography 
[148]. Using ISD, 12  kDa fragments containing the 
N-Terminus were generated and further analyzed by 
CID allowing the differentiation between N-terminal 
glutamine and pGlu variants of the HC. Bondarenko, 
Ren and colleagues also successfully applied a LC-
ESI-QTOF (LCT Premier, Micromass, Waters) to 
TD N-terminal sequencing of IgG LD and HCs [193]. 
They employed an ion guide voltage of 100 V in order 
to achieve a CID-like fragmentation. This resulted 
in the production of b-ion series which permitted 
N-terminal sequencing of the first seven residues. A 
group from Amgen highlighted the use of TD-MS by 
performing a rapid characterization of mAbs variable 
regions. Compared with classical BU-approaches, 
sample preparation is minimized thus reducing arti-
ficial modifications. Furthermore the required time 
for analysis is significantly decreased in comparison 
to BU. Tsybin and colleagues investigated the use 
of ETD for antibody characterization using both a 
state of the art QTOF [144] and a LTQ-orbitrap velo 
[145]. Using the QTOF and a m/z-isolation window of 
100 Da, covering three charge states (49+, 50+, 51+), a 
sequence coverage of 21% was achieved. An orbitrap 
was used to achieve an overall sequence coverage of 
32.7% by combining the fragmentation results of 
a narrow and a wide isolation window. The narrow 
isolation window included charge state 53+, 54+ and 
55+ and generated 162 unique backbone cleavages 
covering 214 residues and 451 residues of the LD 
and the HCs, respectively. This corresponded to a 
sequence-coverage of approximately 24%. Although 
most of the backbone cleavages occurred in the disul-
fide-bond-free region, in total 32 cleavage sites were 
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assigned in the disulfide-protected region of the anti-
body. Using a wide isolation window (600 m/z units, 
covering charge states 47+–57+) 180 unique cleavage 
sites were generated yielding a sequence coverage of 
approximately 27%. By combining the results of the 
narrow and wide isolation window the total number 
of unique cleavage sites was increased to 217. This 
corresponds to a sequence-coverage of 32.7%. One 
of the main limitations in LC-based TD-MS is the 
insufficient S/N. This is due to rapid protein elution 
and results in a limited number of acquired scans 
available to be averaged. To overcome this problem 
and enhance S/N for product ions, Tsybin and col-
leagues summed up the orbitrap MS/MS transients 
coming from a number of distinct LC-MS/MS-runs 
before performing time-to-frequency conversion by 
FT [145]. Recently the Marshall group investigated the 
performance of ECD for analyzing intact antibodies 
using a 9.4 Tesla FTICR [146]. By isolating a single 
charge state, 162 unique cleavage sites were generated 
(~25% sequence coverage). Using a simultaneous 
fragmentation of all charge states yielded 228 unique 
cleavage sites pushing the sequence coverage forward 
to 34.4% compared with the work of Tsybin and 
colleagues [145]. These results demonstrate the supe-
rior fragmentation efficiency of ECD and ETD, as 
compared with CID, which results in higher sequence 
coverage in the application of TD-MS to therapeutic 
antibodies. 

Furthermore the group of Gross recently (2013) 
used a combination of IM-MS and ECD-FTICR for 
analyzing differences in antibody conformation based 
on disulfide alterations [143]. From IM-MS, informa-
tion about conformational changes, based on differ-
ent gas phase collision cross-sections, were derived, 
showing different isomers of the wild type antibody. 
From the ECD-FTICR-MS more site-specific infor-
mation concerning the conformational changes were 
derived.

TD-MS is an attractive tool to quantify the relative 
abundances of the diverse therapeutic protein species 
along with the main species. The influence of groups 
modifying the physicochemical properties of protein 
species originated by the same gene are significantly 
lower as compared with peptides [194–196]. With the 
protein-ion-ratio method developed by the Kelleher 
group, the relative amount of the diverse protein spe-
cies can be calculated [196]. Together with information 
provided by BU-approaches, TD-MS can be used to 
quickly identify and quantify modified species of ther-
apeutic proteins during both the development process 
and the industrial processing. 

Further improvements to TD-MS for the analysis 
of therapeutic proteins was developed by Marshall and 

Nikolaev. The Marshall group achieved a unit mass 
baseline resolution for an intact therapeutic mAb with 
a MW of 148 kDa by using a 9.4 Tesla FTICR, which 
utilized a ICR-transient time of 20 s and a mass resolv-
ing power of approximately 420,000 [197]. Nikolaev 
was able to resolve the isotopic patterns from a num-
ber of large proteins using a 7 Tesla FTICR equipped 
with his ICR cell [198]. The 66  kDa protein, bovine 
serum albumin, was isotopically resolved with a mass 
resolving power of 1,500,000 (ICR-transient: 24 s) as 
well as the 93 kDa yeast enolase dimer (R = 800,000; 
ICR-transient: 40  s). Furthermore Nikolaev was able 
to resolve the isotopic patterns of both an alcohol 
dehydrogenas tetramer (147 kDa; R = 500,000; ICR-
transient: 30  s) and IgG1 (147  kDa, R  =  500,000; 
ICR-transient: 28 s). These results, together with the 
high resolving power achieved for large proteins up to 
148 kDa, have the potential to revolutionize the use 
of TD-MS for analyzing large therapeutic proteins 
such as mAbs. Up to now, due to the large unresolved 
isotopic envelope of mAbs (~25 Da), it has not been 
possible to detect modifications smaller than 20  Da 
such as oxidation (+15.9949 Da), pGlu formation from 
glutamine (-17.0265 Da) or deamidation (+0.9840 Da) 
on intact protein level. Recent developments suggest 
that these measurements could be possible in the near 
future.

»» Analysis of large therapeutic proteins by 
MD-MS 
Characterization of mAbs by TD-MS is almost 
entirely limited to the variable regions. To obtain 
further information about the primary structure 
and to enhance the sequence coverage, mAbs can be 
analyzed by a MD approach. In this approach mAbs 
are cleaved to a few larger fragments by a limited 
LysC-digest, the reduction of disulfide-bonds or by 
using both which yields three fragments of about 
25 kDa, namely Fab HC, single chain Fc and LD 
[73,148,199]. The resulting sizes of the fragments, being 
much smaller than that of the intact therapeutic 
protein species, are well suited for LC–MS/MS-ana
lysis using state-of-the-art QTOF, orbitrap or FTICR 
mass spectrometers given that the resolving power 
of these instruments is high enough to distinguish 
the isotopic patterns of both precursor and fragment 
ions. The reduction of disulfide bonds leads to a 
higher sequence coverage compared with TD-MS-
analysis of intact mAbs because cleavage sites are 
obtained during fragmentation that were otherwise 
protected by the disulfide bond region [148,149,200]. 
Compared to TD-MS more sample preparation steps 
are necessary but it requires less time and protein 
than BU-approaches. 
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Conclusion
TD-MS is an attractive tool for analyzing and moni-
toring therapeutic proteins during their development 
and industrial processing, especially if data about the 
chemical composition of a defined therapeutic protein 
species and its accompanying species have already been 
collected by BU-approaches. For example, it would be 
advantageous to have a rapid method to characterize 
the variable regions of mAbs, because these regions 
determine their activity and even a small modification 
can have an impact on it. As described above, TD-MS 
is capable of sequencing the variable regions of mAbs 
thus identifying and localizing possible modifica-
tion sites. This quality control measurement can be 
made in less than one hour utilizing minimal sample 
preparation steps minimizing artificial modifications. 
Even by using multiple LC–MS/MS runs as described 
above [145] the analysis results are obtained within 
a few hours, which is still less time than normal BU 
procedures require [37]. 

TD-MS of large proteins such as mAbs still pres-
ents a challenge. It is difficult for the most advanced 
instruments to resolve the isotopic pattern of the intact 
protein precursor ion and to obtain sufficient signal 
intensities on the fragment ion level. Here the MD 
approach presents a powerful alternative presently 
implemented in many biopharmaceutical laboratories. 
Nevertheless, recent and ongoing developments in 
instrumentation, fragmentation methods and proce-

dures as well as algorithms for data processing make 
TD-MS of large proteins increasingly attractive for the 
analysis of therapeutic proteins.

Future perspective
In the past few years there have been impressive 
improvements according MS technologies. This prog-
ress has enabled TD-MS of therapeutic protein spe-
cies. However, today TD-MS is still difficult regarding 
larger proteins like antibodies. In 5–10  years limita-
tions of TD-MS presumably will be overcome because 
it can be assumed that the progress in the development 
of mass spectrometers will continue regarding increases 
in resolution and mass accuracy, improved orthogonal 
fragmentation techniques yielding complementary 
fragment ion series and because of progress in the field 
of data processing and interpretation of MS data; thus, 
making time-consuming BU approaches needless, at 
least for monitoring up- and down-stream-processing.
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Executive summary

Background
»» During manufacturing of therapeutic proteins not only the desired therapeutic protein species but many other 

closely related species are generated which differ more or less in their chemical composition. 
»» Minor changes in the chemical composition of therapeutic protein species can have a great impact on the 

efficiacy, stability and immunogeneity. 
»» Thus a comprehensive qualitative and quantitative analysis of the therapeutic protein species is necessary.

Relevant techniques for the characterization of therapeutic proteins 
»» Today many different methods for the analysis are allowing the determination of the exact chemical 

composition of closely related species. Many of these methods are based on the MS analysis of proteolytic 
peptides obtained from therapeutic protein species by incubation with proteases such as trypsin. A 
combination of this bottom-up approach usually yields all necessary information. 

Analysis of therapeutic proteins by top-down-MS
»» Applying a combination of bottom-up approaches is time consuming. Here top-down MS (TD-MS) – the MS 

analysis of intact therapeutic protein species – is an alternative which requires significantly less time per 
sample but offers information about important features of the chemical composition of a species.

Future perspective
»» In the past few years there have been impressive improvements in MS technologies. This progress has 

enabled TD-MS analysis of therapeutic protein species. However, today TD-MS still encounters difficulties 
with regards to larger proteins such as antibodies. It is expected that in 5–10 years, limitations of TD-MS 
will be presumably overcome because it can be assumed that the progress in the development of MS 
will continue; regarding increases in resolution and mass accuracy, improved orthogonal fragmentation 
techniques yielding complementary fragment ion-series and because of progress in the field of data 
processing and interpretation of MS data; thus making time-consuming bottom-up approaches needless, at 
least for monitoring upstream- and downstream-processing.
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