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Abstract
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Antibody-drug conjugates (ADCs) are becoming increasingly important in oncology. ADCs 
are inherently heterogeneous analytes. For a successful drug candidate to go through to the 
clinic, extensive characterization and evaluation of the constructs are necessary. The drug-to-
antibody ratio (DAR) directly determines the toxicity and efficacy of the product and has to be 
closely monitored during the entire process.

In this thesis, several analytical techniques suitable for DAR determination in early-stage 
development have been evaluated against two more readily available options. The main focus 
in all studies has been on cysteine-linked ADCs, due to their prevalence in successful designs 
and their higher demand on the analytical set-up.

The comparisons showed that mass spectrometry (MS) derived DAR values did conform 
well with hydrophobic interaction chromatography derived values, irrespective of which MS 
instrument was used. For MS instruments, overall the desolvation was found to have a bigger 
impact on the apparent DAR values than the resolution of the instrument and low-resolution 
instruments, such as triple quadrupoles, can be viable options for DAR determination in early-
stage development. Furthermore, it also could be concluded that MS-derived DAR values are 
susceptible to alterations in the sample preparation workflow.

Stability testing is vital to ensure a safe product. In this thesis, different compositions of 
mobile phases in size exclusion chromatographic (SEC) were tested for their ability to elute 
ADC aggregates. It was concluded that sufficient ionic strength to elute ADC aggregates from 
a SEC column purely by adding ammonium acetate cannot be achieved without exceeding salt 
concentrations compatlible with MS sources.

Finally, two new analytical workflows have been designed by applying a proteomic 
desalting protocol and supercharging reagents to mAb and ADC samples. Both techniques 
showed promise; the magnetic beads as a more flexible desalting alternative for mAbs and 
ADCs and the addition of selective supercharging reagents for improved sensitivity and peak 
shapes in MS spectra (without significant alterations of the derived DAR values).

Taken together, this thesis provides guidance on many aspects of ADC analysis from DAR 
determination to aggregate detection. The gathered knowledge can help setting up faster or 
more reliable quality checks for new candidates.
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“Now…if you trust in yourself… 
Yes? 
…and believe in your dreams… 
Yes? 
…and follow your star… 
Yes? 
… you’ll still get beaten by people who spent their time working hard  
and learning things and weren’t so lazy.” 

-Terry Pratchett 
  

Till min älskade familj
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1 Introduction 

Bio-derived drugs (commonly referred to as biotherapeutics) have been de-
veloped as treatments of different diseases for over 100 years. As the name 
suggests, biotherapeutics comprise of different types of biomolecules, which 
have been found to have therapeutic applications. Constituting mainly of 
proteins and peptides, or their derivatives, this drug class is distinguished 
from small-molecule drug pharmaceuticals by their large molecular weight 
(Mw) [1, 2]. A sub-division within biotherapeutics that has seen rapid devel-
opment over the last decades is therapeutic antibodies. Antibodies (e.g. 
Trastuzumab) are non-globular proteins made up of two light chains (LC) 
and two heavy chains (HC) covalently attached using disulfide bridges [3, 4] 
(see Figure 1). These chains can be further divided into the Fab region (con-
taining the epitope-carrying/tissue-targeting part) and the Fc region (contain-
ing the sub-class-specific portion of the antibody where the sequence is more 
or less retained for all antibodies of that sub-class). Apart from the difference 
in size, one aspect that sets therapeutic antibodies apart from small-molecule 
drugs is that, due to uncontrollable differences in the biological systems used 
for their production, some discrepancy between production-batches is una-
voidable [5]. These differences are commonly attributed predominantly to 
post-translational modifications (PTMs) and have to be closely monitored. 

This thesis focus on antibody-drug conjugates (ADCs), a sub-division of 
biotherapeutics commonly grouped within therapeutic antibodies, which has 
steadily gained popularity since their first applications in the 1970s [6–9]. In 
the literature, considerable focus has been made on furthering the construc-
tion methods of ADCs, while their characterization still is challenging. 
Hence, the main focus of this thesis lies in furthering the development of 
ADC characterization. 
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Figure 1. A generic cysteine-linked antibody-drug conjugate showcasing the major 
components. 
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2 Antibody-Drug Conjugates 

The development of ADCs stems from the ‘magic bullet’ concept coined by 
Paul Ehrlich in the early 1900’s [10]. Their main aim is to achieve targeted 
delivery of small-molecule drugs to the desired tissue, where the drug can 
sub-sequentially be released, limiting the experienced side effects on other 
parts of the body. 

ADCs are mainly being developed as intervention alternatives for cancer 
[11]. However, the concept has potential in treatment against many different 
diseases. To date, there are seven ADCs approved for clinical use by the 
FDA [12–18], all targeting cancer cells (see Table 1). Furthermore, there is 
one ADC in the accelerated-approval program and another four in phase 3 
trials, as of December 2019 [19, 20]. 

ADCs are produced by covalently attaching small-molecule drugs, com-
monly referred to as the payload/warhead in the literature, to an antibody 
through chemical linkers [21]. Since each part adds to their analytical com-
plexity, this chapter will discuss the respective parts in more detail before 
going into their characterization in the next chapter. 

2.1 The Antibody Component 
At the core of any ADC is the antibody. Antibodies can be either polyclonal 
or monoclonal, depending on how they are produced. The higher specificity 
and lower complexity of monoclonal antibodies (mAbs) make them a more 
popular choice for ADCs. Antibodies are known to selectively bind to spe-
cific epitopes on the cell surface. There are certain epitopes that are known 
to be overexpressed on specific cancer tissues, e.g. HER2 [22–24]. The anti-
body in an ADC is responsible for the recognition and delivery of the drug to 
such tissues in the body, thus minimizing any side effects in other parts of 
the body. In order for the finished product to be safe for administration, the 
antibodies need to be either humanized or of human origin to limit the im-
munogenic response. Humanized antibodies are produced from non-human 
origins and are altered during production to mimic human variants more 
closely. Most ADCs utilize humanized antibodies, with some exceptions that 
utilize human or chimeric antibodies (i.e. Adcetris®) [25]. 
  



 16 

Table 1. ADCs approved by FDA as of the start of the year 2020. 

  Adcetris ®  Mylotarg ® Kadcyla ® Besponsa ® Polivy ® Padcev ® Enhertu ® 

Approved 2011 Re 2017 2013 2017 2019 2019 2019 

Company Seattle 

Genetics 

Pfizer Genentech Pfizer Genentech 

/Roche 

Astellas 

Pharma US 

Daiichi 

Sankyo 

Generic 

name 

Brentuximab 

vedotin 

Gemtuzumab 

Ozogamicin 

ado-

Trastuzumab 

ematansine 

Inotuzumab  

Ozogamicin 

Polatuzumab  

vedotin-piiq 

Enfortumab 

vedotin-ejfv 

fam-

Trastuzumab 

deruxtecan 

Linking 

site 

Cysteine Lysine Lysine Lysine THIOMAB 

(site-specific) 

Cysteine Cysteine 

Antibody  

Sub-class 

IgG1 IgG4 IgG1 IgG4 IgG1 IgG1 IgG1 

Linker 

type 

Peptide 

(cleavable) 

Hydrazone 

(cleavable) 

Thioether 

(non-

cleavable) 

Hydrazone 

(cleavable) 

Peptide 

(cleavable) 

Peptide 

(cleavable) 

Peptide 

(cleavable) 

Payload 

class 

Auristatin 

(MMAE) 

Calicheamicin Maytansine Calicheamicin  Auristatin 

(MMAE) 

Auristatin 

(MMAE) 

Camptothe-

cin 

Drug type Anti-mitotic DNA damag-

ing 

Anti-mitotic DNA damag-

ing 

Anti-mitotic Anti-mitotic DNA damag-

ing 

Antigen CD30 CD33 HER2 CD22 CD79B Nectin-4 HER2 

Target Hodgkin 

lymphoma 

AML Breast cancer Lympho-

blastic leu-

kemia 

Hodgkin 

lymphoma 

Metastatic 

urothelial 

cancer 

Breast cancer 

When selecting an antibody for the ADC construct one possibility is to 
choose an antibody that in itself has a therapeutic effect. If the ADC is based 
on an antibody that already has clinical relevance, the Fc region of the anti-
body can engage the immune cells resulting in an improved overall efficacy 
[26]. One such example is Kadcyla®, where the antibody Trastuzumab 
(Herceptin®) in its nonconjugated form is used in treatments for breast can-
cer. As it is used in the clinic as both conjugated and nonconjugated, 
Trastuzumab is readily available and well-characterized antibody and was 
therefore chosen as the antibody basis for all in-house synthesized ADCs 
that were characterized in Paper I-VI. 
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2.2 Conjugation Sites 
When it comes to anchoring the payload to the noticeably larger antibody, 
there are two main approaches: i) to utilize the native amino acids of the 
antibody, most commonly cysteine or lysine residues; or ii) to create site-
specific ADCs by (bio)chemically modifying the antibody in order to insert 
new anchoring sites. These engineered sites may constitute anything from 
additional cysteines in the amino acid sequence, added by mutation, to novel 
constructs using even more finely tuned sequences in the antibody backbone 
[27–29]. The main gain from site-specific conjugation chemistries is the 
possibility to produce more reproducible ADCs (see Figure 2, A). However, 
this thesis will mainly focus on ADCs produced using the native cysteines 
and lysines as their increased heterogeneity make their characterization a 
bigger challenge. 

Papers II-VI have mainly focused on cysteine-linked ADCs, where the 
linkers are covalently attached to the antibody after opening up the inter-
chain disulfide bonds using a reduction agent [30]. Interchain disulfide 
bonds are present in all antibodies and depending on antibody class they may 
differ in number [31]. A majority of cysteine-linked ADCs are based on 
IgG1 mAbs which lead them to have a drug-to-antibody ratio (DAR) ≤ 8 
[32]. Depending on the equivalent amount of linker-drug added, only some 
of the reduced disulfides are conjugated, whilst others reform the disulfide 
bridges between the chains. Since the conjugation at the cysteines involves 
breaking the disulfide bridges, leaving two potential anchoring sites for each 
bridge, cysteine-linked ADCs are mainly present as even-integer-numbered 
DAR species (see Figure 2, B). 

Lysine-linked ADCs can potentially be conjugated at any sterically avail-
able lysine residue on the surface of the antibody, with a theoretical DAR of 
10 or higher. However, most lysine ADCs produced commonly have a DAR 
in the range of 0-7 [33, 34] (see Figure 2, C). It is worth noting that com-
pared to cysteine-linked ADCs, lysine-linked ADCs generally display a 
greater spread in DAR species in one batch [21, 35] and was therefore only 
used in Paper III.  
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Figure 2. Different conjugations sites used for attaching the payload to the ADC and 
the spread in DAR that may originate from each type of linking site. 

2.3 Linkers 
Conjugation of the payload onto antibodies commonly requires a linker moi-
ety to decrease the steric hindrance between drug and antibody. These link-
ers can be divided into two sub-categories: cleavable and non-cleavable [35].  

Cleavable linkers are commonly designed so that the linker detach or 
break only in the proximity to the targeted tissue. This is done in order to 
minimize the side effect of the free drug on other tissues. Cleavable linkers 
(see Figure 3, A, B and C) commonly contain hydrazones (as used in 
Mylotarg® and Besponsa®), disulfides and peptidase cleavable peptides (as 
used in Adcetris®, Polivy®, Padcev®, Enhertu® and Paper I-VI) for con-
trolled release of the drug [36]. Hydrazones are acid sensitive [37] and are 
suitable for ADCs based on two facts: i) endosomes and lysosomes are acid-
ic and the linker will break upon internalization [38] or ii) several cancerous 
tissues display a more acidic environment around their tumor cells compared 
to healthy tissue [39, 40]. Disulfides and peptide linkers generally rely on 
internalization for the cleavage of the linker (most commonly from endocy-
tosis, see Figure 4). In turn, the presence of free drug outside of the tumor 
cells is limited [21]. Hence, disulfide and peptidase linkers generally are 
more stable in circulation and in solution compared to hydrazone linkers. 
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Figure 3. Examples of some common linkers used in ADCs in the literature: A) 
disulfide, B) hydrazone, C) peptide, D) thioether and E) PEG6. 

Non-cleavable linkers are commonly polyatomic chains (see Figure 3, D & 
E) like thioethers (as used in Kadcyla®) or different length poly-ethylene 
glycol (PEG) hydrophilic linkers. For non-cleavable linkers, the drug is 
commonly released through the decomposition of the antibody after internal-
ization (see Figure 4). Similarly, to disulfide and peptidase linkers, non-
cleavable linkers generally have a very limited side effect from the release of 
the payload outside of target cells. However, it has been shown that small 
residues of the antibody left onto the linker-drug entity for non-cleavable 
linkers may prevent the drug from diffusing back out of the cells, limiting 
the bystander effect on surrounding cells compared to the cleavable linkers 
[21, 41]. 

 
Figure 4. Internalization of an ADC through endocytosis, allowing for the release of 
payload conjugated to the ADC [42]. 
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The selected conjugation site and linking chemistry mainly impact the pay-
load that can be delivered by each antibody. This value is prevalently re-
ferred to as the DAR-value and will be discussed in more detail in chapter 
3.2. The DAR-value is important as it directly correlates to the dose of pay-
load administered to a patient. As highly potent cytotoxins are commonly 
selected as payloads and toxicity commonly is directly related to the admin-
istered dose of payload, too high DAR-values have often shown to give rise 
to increased side effects [43–46]. High DAR species are also commonly less 
stable (in solution) [47, 48] and can be more challenging to retrieve after 
synthesis. On the other hand, too low DAR-values are also not desirable as 
larger doses of the ADC are needed to obtain the desired effect. Thus, com-
mercial ADCs are often found to have an average DAR-value of around 4. 
However, the optimal DAR-value is payload dependent and there are some 
designs in the pipe-line that use DAR-values down to 1 [49] or higher than 8 
[50]. 

2.4 Payloads 
The large library available of antibodies with increased affinity to tumor 
tissues has led to cancer treatment being a primary focus for most ADCs 
developed to date [11]. Consequentially, cytotoxic drugs are the most com-
mon payload in ADCs [21]. However, ADCs are not limited only to cancer 
treatment and suggested designs targeting Alzheimer's, among others, have 
recently been proposed [51, 52]. 

Most cytotoxic payloads constitute of two types of cytotoxins with two 
distinct effects on the cancer cells; anti-mitotic (tubulin inhibitors) or DNA 
damaging payloads. Common DNA-damaging payloads used in many ADC 
constructs are PBD dimers and Calicheamicin derivates (used in Mylotarg® 
an Besponsa®) [53]. An example of a common anti-mitotic payload is 
monomethyl auristatin E (MMAE). The auristatin derivate MMAE (see Fig-
ure 5) was used in one of the first FDA-approved ADCs (Adcetris®), as well 
as in two newly approved ADCs (Polivy® and Padcev®). The MMAE pay-
load is widely commercially available covalently linked to the peptide cleav-
able to maleimidocaproyl valine-citrulline para-amino benzyloxycarbonyl 
(Mc-VC-PABC [35]) linker. vcMMAE is commonly conjugated to cysteine 
residues in the antibodies. Its high availability and use in ADC candidates 
have made vcMMAE a popular choice in model ADCs in the development 
of new analytical techniques [54–56]. The lower heterogeneity of cysteine-
linked ADCs (compared to lysine-linked ADCs such as Kadcyla®), as well 
as being one of the more well-characterized payloads, led to the selection of 
the vcMMAE payload for the in-house produced test ADCs in Paper I-VI.  
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Figure 5. Four commercially used payloads; DM1 (1), MMAE (2), Calicheamicin 
(3) and PBD dimer (4). 

Another well-characterized payload is the maytansinoid mertansine (DM1) 
(see Figure 5), which is used in Kadcyla®. DM1 is also an anti-mitotic pay-
load. DM1 payload covalently linked to succinimidyl 4-(N-
maleimidomethyl)cyclohexane-1-carboxylate (SMCC [35]) linker is com-
mercially available. The SMCC linker attaches to lysine residues on the an-
tibody. As it is used in one of the first approved ADCs, DM1 has also been 
used in model ADCs for the development of new analytical techniques [57, 
58]. DM1 was included for the comparison of behavior between cysteine-
linked ADCs and lysine-linked ADCs in Paper III. 
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3 Evaluation of Antibody-Drug Conjugates 

ADCs have shown to differ in both chemical and physical characteristics 
between distinct constructs. This discrepancy originates from the big selec-
tion of available antibodies, linking chemistries and payloads that can make 
up an ADC. New ADC constructs are constantly being developed. During 
their development, it is important to characterize each production batch 
throughout the entire development chain to ensure a safe final product. 
However, the U.S. Food and Drug Administration (FDA) and European 
Medicines Agency (EMA) have yet to establish guidelines specifically de-
signed for ADCs. Thus, at present, both guidelines for therapeutic antibodies 
and from the small-molecule drugs department have to be fulfilled for new 
ADCs [59–63]. In early-stages of ADC development, the main focus is en-
suring the success of the synthesis route and rough characterization of the 
design, while in later stages of development more in-depth characterization 
is needed to detect any discrepancies between batches. Important factors to 
be monitored in ADC production include, but are not limited to; structural 
characterization of different conjugation species [64], average DAR [65], 
degree of aggregation/stability [58] and traces of free drug (payload) [66]. In 
order to keep up with regulatory demands on quality control and characteri-
zation, it is vital to keep developing the analytical field as well as establish-
ing profound knowledge about the mechanisms and limitations of the tech-
niques available today.  

3.1 Structural Characterization 
Since the antibody makes up a large part of the ADC, many analytical tech-
niques used in ADC characterization stem from mass spectrometry (MS) 
based proteomics. Depending on the desired information, intact protein, pro-
tein fragments or peptides, may be analyzed. Peptides or larger fragments 
(e.g. LCs and HCs or enzymatic digests) are often analyzed when more de-
tailed structural characterization is desired. Peptides are commonly used in 
late-stage development when more in-depth information regiochemistry of 
the conjugation in a particular batch or detailed information about PTMs are 
desired [64, 67, 68].  
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Compared to peptides, more information about the regiochemistry of the 
ADC can be retained using free LCs and HCs or larger enzymatic digests. At 
the same time, compared to intact ADCs, the reduced mass of the fragments 
facilitates their detection with MS detectors [68–70]. However, not all tech-
niques used for ADC characterization are MS-based. Apart from MS detec-
tors, UV/Visual light detectors (UV/Vis) are commonly applied using the 
absorption signal of the peptide backbone and/or the cytotoxic drug itself 
and mainly use intact ADCs [21]. The mechanism behind these techniques 
will be discussed in more detail in chapters 5 and 6. 

3.2 Drug-to-Antibody Ratio Determination 
The DAR-value is one of the core characteristics for ADCs, as it directly 
impacts the efficacy of a given batch. The DAR-value can also impact both 
the immunogenicity and the degree of side effects experienced by the pa-
tients [71, 72]. Thus, close monitoring of DAR over the entire production 
process is necessary to guarantee a safe and sufficiently potent ADC prod-
uct.  

As briefly discussed earlier, ADC designs by covalently attaching the 
payload to native conjugation sites produce batches containing multiple spe-
cies of different conjugation degree. The DAR-value is therefore commonly 
reported as an average value over all species present in the solution. Apart 
from the average DAR, monitoring of DAR distribution in the batch is nec-
essary to ensure reproducibility over the development of a finished product. 

The DAR-value can be determined in several ways, with UV/Vis spec-
troscopy being amongst the simpler ones [21]. In UV/Vis spectroscopy the 
payload absorption maximum must be sufficiently different from the absorp-
tion maximum of the nonconjugated antibody to allow for using the two 
absorption maxima to determine the average DAR-value. 

DAR determination from a chromatogram with separated peaks for 
unique DAR species as depicted in Figure 6 (commonly separated by hydro-
phobic interaction or reversed-phase columns) [21]. It may either be deter-
mined based on the peak area percentage (Equation 1). This percentage is 
then used to calculate a weighted peak area (Equation 2), where the drug-
load of each peak is considered. The average DAR is then determined by the 
sum of the weighted peak areas, divided by 100 to convert it back from per-
centage (Equation 3). In the event that LC/HC signals are used to determine 
the DAR-value the final step is instead calculated as in Equation 4. 
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Figure 6. Depiction of the basis behind DAR calculations from chromatograms of 
intact ADC (top) or reduced ADC (bottom). 

Most analytical techniques used for DAR determination will suffer by any 
presence of non-covalently bound drug molecules (free drug). These mole-
cules may potentially detach before the ADC reaches the target tissue and 
can lead to higher side effects [73, 74]. Hence, it stands to reason that quanti-
fication of the amount of free drug present in a production batch is important 
to monitor alongside the DAR-value. 
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3.3 Stability/Storage 
Biotherapeutics, being partially hydrophobic molecules in a predominantly 
hydrophilic environment, are known to form aggregates to some extent while 
in solution. This holds true for mAbs and ADCs. Together with changes in 
the PTM profile between different batches, the formation of aggregates is 
one of the major underlying causes behind altered efficacy or increased im-
munogenicity [75]. Aggregate formation may also lead to sample losses as 
the analytes have a higher tendency to stick to storage materials or form 
particulates at the bottom of the vial before analysis. 

Compared to their mAb counterpart, ADCs often display a more pro-
nounced aggregation which can be explained by the hydrophobicity altera-
tion upon conjugation. Most payloads used to date are hydrophobic in nature 
and thus an increase in DAR often leads to increased aggregation [76]. Re-
cent years have seen an increase in hydrophilic payloads or linkers to coun-
teract this [77, 78]. However, the degree of aggregation also depends on 
electrostatic interactions between ADC molecules [79]. Hence, it is always 
important to monitor aggregate formation, not only directly after conjugation 
but also over the entire necessary shelf life. To date, aggregate monitoring is 
commonly performed using size exclusion chromatography with a light ab-
sorption based detector (SEC-UV/Vis, see chapter 5.3) [80, 81], which will 
be described in further detail later. Other techniques that can be used for the 
same purpose are Asymmetrical flow field flow fractionation and sedimenta-
tion velocity analytical ultracentrifugation and dynamic light scattering [82]. 
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4 Sample Preparation 

4.1 Purification 
As ADCs are rather complex analytes to characterize it is preferable to work 
with purified solutions containing as little of interfering substances as possi-
ble. This can be a challenge, especially in bio-analyses of in vivo samples, 
e.g. determining the amount of ADC circulating in the blood of a patient. 
The main challenge here is that as ADCs are predominantly derived from 
human or humanized antibodies, they are difficult to separate from other 
endogenous antibodies of human patients. Most techniques available today 
for such applications use antibody-based pull-down approaches with 
epitopes designed for a specific ADC with a high specificity leaving a sam-
ple containing mainly only the desired ADC [83–86].  

It is also necessary to purify the crude product after conjugation to limit 
the amount of free drug in the sample, from unreacted payload, and other 
residues. This can often be achieved using the buffer exchange set-ups de-
scribed below. Another option for mAbs and ADCs specifically is using 
separation columns or pull-down techniques using (magnetic) beads/particles 
covered with Protein A or Protein G [87–92]. Protein A options use the af-
finity between the Fc region of mAbs and immobilized Protein A [93], while 
Protein G only binds to the Fc region of IgG antibodies specifically [94].  

4.2 Buffer Exchange/Desalting 
When producing mAb/ADC-solutions it is common practice to add a physio-
logical buffer in order to retain the 3D-structure of the protein and prevent 
aggregation or degradation during storage. Many of these buffer solutions 
contain several non-volatile salts, with PBS (a mixture of sodium chloride, 
potassium chloride and phosphate buffer) being one of the more common 
choices [95, 96]. The presence of salts in electrospray ionization (ESI) spray 
sources for MS instruments can interfere with the analyses. Some problems 
that can arise, particularly from non-volatile salts, are: i) reduced ionization 
efficiency of the analytes [97]; ii) salt deposition onto the spray source 
which could lead to further complications from clogging of inlets to reduced 
ionization current [98]; and iii) increased adduct formation (with sodium and 
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potassium adducts being most common), adding to the spectral complexity 
[99, 100].  

To prevent the aforementioned complications, it is fairly common practice 
to add a desalting step before MS-analyses of mAb/ADC samples to remove 
as much as possible of PBS or other non-volatile salts. There are several 
options available for protein samples, with protein precipitation with an or-
ganic solvent [101] being one of the simpler options as no specific device is 
needed. However, whether this approach is a viable option for ADC sample 
treatment has yet to be validated. Protein precipitation is known not to be 
suitable for all proteins and the sample loss using this technique can be ex-
tensive. Other options are centrifugal based gel-filtration columns [102] (e.g. 
spintraps), centrifugal filters (e.g. spin filters) or dialysis [103], all device-
dependent. Dialysis and centrifugal filters remove salts through the use of 
porous membranes. These membranes have pre-defined pore sizes. Centrifu-
gal forces or osmotic pressure force the salts through the pores while retain-
ing proteins on the side where the sample was applied. In gel-filtration on 
the other hand, the salt molecules are small enough to penetrate deep into the 
porous particles of the device, while the significantly larger proteins will 
move through the device alongside the eluate. 

One advantage of the gel and centrifugal filter devices is their greater pos-
sibility to select approximate cut-off values for the radius of molecules that 
are allowed to pass through the device. The higher cut-off values available in 
the filtration devices allow for the separation of other unwanted remainders 
from the sample prior to analyses, e.g. free drug molecules, simultaneously 
with the salt removal. Dialysis is difficult to apply on samples with limited 
volumes, but the advantage is that the device may be re-used while filtration 
devices are commonly for single-use only. As dialysis generally is suitable 
for larger sample volumes than what is commonly needed for MS-analyses 
of ADCs, most of the literature refers to gel-filtration or centrifugal filtration 
devices for ADC desalting [104–107]. However, both gel and centrifugal 
filtration devices have been designed for endogenous proteins and the altered 
hydrophobicity of some ADCs may pose problems with recovering the 
product. 

4.3 Deglycosylation 
One PTM responsible for a noticeable portion of the observed complexity in 
mass spectra for mAbs and ADCs is the glycosylation, with N-glycan man-
nose addition on asparagine being most common [34, 108, 109]. Removing 
the glycans can help simplify the data interpretation. Another benefit of re-
moving the glycans is that it can help to increase the analyte signal as all 
glycoforms are converted back to one peak [21].  
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The removal of glycans is routinely performed using enzymes [110], which 
is commonly referred to as deglycosylation. Peptide-N-Glycosidase F 
(PNGaseF) [111], with a molecular weight of 36 kDa, is a common enzyme 
for the removal of N-glycans from IgG antibodies [112]. There are a few 
other enzymes in the literature that are also suitable for this purpose, such as 
Secreted Endo-beta-N-acetylglucosaminidase (EndoS) [113] or β1,4-
galactosidase [114]. β1,4-galactosidase only removes the terminal galactoses 
leaving part of the glycan still attached [115] (these sites may also be used 
for conjugating payload onto an antibody) [116]. EndoS and PNGaseF both 
cleave the majority of the N-glycans on IgGs, however, EndoS is slightly 
more specific to the glycans in the Fc region [113] while PNGaseF cleaves 
most N-glycans except fucose linked α(1→3) to the asparagine [111]. 

4.4 Digestion of the Antibody Backbone 
As mentioned in chapter 3, to obtain more information about large proteins 
like mAbs/ADCs in MS-analyses the intact proteins can be cleaved into 
larger fragments or peptides. Peptides can generally be generated using 
common proteases such as trypsin and endoproteinase Lys-C [117]. Howev-
er, some special care has to be made to ensure that the selected enzymes are 
not sterically hindered by the conjugated linker. ADCs with peptidase cleav-
able linkers may need some extra consideration to avoid unintentional loss of 
part of the linker-payload. Apart from in-depth characterization, peptides 
may also be used for quantification in biological samples if a sufficiently 
specific region can be identified for the ADC that is not present in any en-
dogenous antibody. 

Larger fragments may be obtained by cleavage at the hinge region result-
ing in two main fragments (Fab and Fab+Fc) either by enzymes (Gingiskhan 
[118] or IdeS [70]) or by other means [119]. Compared to the digestion of 
proteins to peptide-fragments, this approach retains more information about 
the distribution of the drug over the antibody molecule and how they con-
nect; at the same time, the smaller masses of the fragments make them easier 
to be detected with the MS detector [68–70]. 

4.5 Interchain Disulfide Bond Reduction 
To conjugate linker-payload to an antibody at the native cysteine residues, 
the interchain disulfide bonds are reduced, leaving ADCs with higher DAR-
value with a lower number of intact covalent links between the LCs and 
HCs. Without these bridges, the LCs and HCs are only kept associated 
through non-covalent interactions. Reversed-phase liquid chromatography 
(RPLC, see chapter 5) uses a gradient of an increasing amount of organic 
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solvent to elute the analyte. The increased hydrophobicity of the mobile 
phase along the gradient has the unwanted side effect that it also breaks non-
covalent interactions between the chains, causing them to dissociate on-
column, according to Figure 7. Depending on the degree of conjugation for 
each individual species, a mixture of intact ADC and free LC and HC signals 
may be observed for a batch with intermediate average DAR-values (con-
taining a mixture of different DAR species). Not only will the free chains 
and intact ADC elute at slightly overlapping times in most gradients, but 
they will also complicate the annotation of peaks to specific DAR species 
(especially for RPLC-UV/Vis). To simplify the data analyses it is, therefore, 
advisable to add a reduction agent, such as dithiothreitol (DTT) or tris(2-
carboxyethyl)phosphine (TCEP), before analyzing cysteine-linked ADCs in 
RPLC to ensure that all disulfide bonds are reduced leaving only free LCs 
and HCs of different conjugation degree in the sample when injected [120]. 

 
Figure 7. Species with different DAR and possible fragmentation pattern in case the 
non-covalent bonds are broken in a cysteine-linked ADC. 



 30 

5 Chromatography 

Chromatographic separation techniques are an essential part of many analyt-
ical protocols for ADC characterization. Hydrophobic interaction chroma-
tography (HIC), coupled to a UV/Vis detector, e.g. a photodiode array 
(PDA) detector, is established as one of the leading techniques to monitor 
DAR-values for cysteine-linked ADCs [121]. Lysine-linked ADCs generally 
have too many different DAR species in one production batch to be chroma-
tographically resolved on a HIC column and site-specific ADCs often have 
so few peaks it is hard to annotate the conjugation degree to the observed 
peaks. Instead, RPLC is commonly used when determining DAR-values for 
lysine-linked and site-specific ADCs [21]. However, the use of RPLC for the 
DAR determination of cysteine-linked ADCs has increased over the last 
couple of years. 

Size exclusion chromatography (SEC), coupled to a UV/Vis detector, is 
commonly used for determining the aggregation degree of ADCs. Further-
more, SEC has seen increased use in the DAR determination of cysteine-
linked ADCs as it is easier to hyphenate to an MS source than HIC. 

Below follows a short description of the mechanisms behind the most 
well-established chromatographic methods for ADC characterization in ear-
ly-stage development as well as some important factors to consider. 

5.1 Hydrophobic Interaction Chromatography 
As touched upon briefly in chapter 3, HIC can be used to determine the av-
erage DAR value of an ADC batch. HIC utilizes the change in hydrophobi-
city upon payload conjugation predominantly for cysteine-linked ADCs. A 
gradient of decreasing salt content, gradually lowering the hydrophobic in-
teractions between the analyte and the stationary phase (which can be either 
butyl, ether or acrylamide coated), is commonly used to separate DAR spe-
cies [122]. For ADCs with hydrophobic payloads, higher DAR species are 
generally being detained longer on the column, as depicted in Figure 8. HIC 
separation of cysteine-linked ADCs is still widely used to date. However, in 
recent years more ADCs with hydrophilic linker-payloads have been emerg-
ing, making it harder to apply HIC for the DAR determination even for some 
cysteine-linked ADCs.  
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One major advantage with HIC for DAR monitoring is the ‘mild’ condi-
tions used in the mobile phases (e.g. phosphate buffer at pH 7) and the lack 
of (or limited use of) organic solvents. Such mild conditions generally retain 
any non-covalent interactions between the LCs and HCs during the entire 
gradient, allowing the DAR to be determined from intact ADCs. However, 
there are some disadvantages to this technique, one being the high salt con-
tent needed to control the elution making it non-compatible with MS-
techniques. Thus, UV/Vis is the main detector applicable to this separation 
method. However, UV/Vis does not distinguish between the signals of dif-
ferent conjugation species and base-peak separation is necessary for accurate 
DAR determination. Depending on the number of peaks in the spectrum the 
annotation of conjugation degree to each individual peak may not always be 
straightforward. This is true both for spectra with a large number of peaks 
and a very low number of peaks. Furthermore, depending on the hydropho-
bicity increase upon conjugation, HIC may not always be able to elute all 
DAR species [122]. It is worth noting that when setting up HIC on an in-
strument, extensive cleaning may be required prior to connecting the desired 
mobile phases. This holds particularly true if a RPLC method has been run 
on the system prior to HIC as any residues of organic solvent in the tubing 
can cause the salt to fall out of solution and damage the instrument.  

 
Figure 8. HIC-UV/Vis spectrum for the ADC construct with DAR 2 with different 
DAR species assigned to each peak. 
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5.2 Reversed-Phase Liquid Chromatography 
Similar to HIC, RPLC relies on decreased hydrophobic interactions between 
the stationary phase and the analyte for elution. However, RPLC utilizes a 
gradient of increasing hydrophobicity of the mobile phase itself (from in-
creasing amount of organic solvent) combined with more hydrophobic sta-
tionary phases, e.g. carbon four (C4) or carbon 18 (C18). Carbon four col-
umns have a stationary phase with shorter carbon chains on the surface mak-
ing it amongst the lower end (in regards to hydrophobicity) RPLC stationary 
phases. Thus, C4 columns are predominantly used for intact mAbs and 
ADCs. Despite less hydrophobic than i.e. C18, C4 columns rarely produce 
just one single narrow band of intact mAb/ADC, but the elution profile ra-
ther takes on more of a tailing plateau shape [123]. This can partly be ex-
plained by the low molecular diffusion of the analytes due to their large size 
[124]. However, several studies have achieved base-peak separation of LCs 
and HCs with different conjugation degree of ADCs [125] (see Figure 9). 
Hence, RPLC is mainly used to separate free LCs and HCs and can be used 
for DAR determination either by hyphening to a UV/Vis or mass spectro-
metric detector. The elution efficiency in RPLC for proteins also relies on 
the column temperature. RPLC of biomolecules (like antibodies or ADCs) 
are commonly need elevated temperatures of 50°C or higher [126, 127] for 
efficient elution. However, high temperatures may cause the proteins to de-
grade on-column [126, 128] so care has to be taken when optimizing the set-
up.  

 
Figure 9. Example spectrum of LCs and HCs from an ADC separated by RPLC. 

The main advantage of RPLC over HIC is that it is inherently MS-
compatible as the mobile phases contain no salts and the organic solvents 
used generally are beneficial for ESI-spray formation. This allows for addi-
tional information to be gained, compared to HIC, in regards to the regio-
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chemistry of the ADC conjugation sub-species. This information can aid in 
achieving a more accurate assignment of the conjugation degree to each peak 
for improved DAR calculations. By hyphening a RPLC-column before the 
MS it is also possible to obtain some degree of on-column desalting [129], as 
a large portion of the salts elutes at the beginning of the gradient. This can be 
used to prevent unnecessary amounts of salts from entering the MS-
instrument through a timed diversion vault (solvent delay). One disad-
vantage of RPLC in ADC separation is the need for organic solvents to elute 
the ADCs from the column which means that it is not possible to analyze 
intact cysteine-linked ADCs (as discussed in chapter 4.5). Furthermore, the 
use of hydrophobic columns may lead to problems recovering really “sticky” 
ADC constructs ones injected or carry-over problems. 

5.3 Size Exclusion Chromatography 
As discussed earlier it is important to monitor the aggregation in a given 
batch of ADCs (arising from the conjugation procedure and/or from long-
time storage). Compared to other options for aggregate detection, SEC is 
easy to implement as it only requires the purchase of a column, not an entire-
ly new instrument. It is therefore still one of the most common ways of mon-
itoring aggregation in ADC samples. However, there are some studies indi-
cating the risk of on-column losses/formation of protein aggregates in SEC, 
which would lead to underestimating/overestimating the extent of aggrega-
tion present in the sample vial [81, 82]. SEC columns are made from (par-
tially) porous material with well-monitored pore sizes. Large analytes will 
pass through the column faster and only analytes that can penetrate the pores 
to some extent may be separated according to size. In conclusion, any aggre-
gates will elute before the ADC monomer. Pore size for mAb/ADC aggre-
gate analyses is normally selected to differentiate analytes with masses in the 
range of 10 to 450 kDa, as most antibodies lie around 150 kDa for the intact 
monomer (see Figure 10).  

The separation in SEC is based on the hygroscopic radius of the analytes. 
To ensure that the separation is based on size alone it is vital to limit any 
interactions between the ADCs and the packing material. These unwanted 
interactions can be influenced by altering the ionic strength and hydrophobi-
city of the mobile phase [76]. The mobile phase for monomer/aggregate 
separation is commonly based on phosphate buffer at physiological pH (in 
order to retain any non-covalent interactions between ADCs in the aggre-
gates) [76]. 
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Figure 10. Example spectrum of ADC monomer and aggregates as separated on a 
SEC column. 

In recent years, SEC-MS has become a viable option for cysteine-linked 
ADCs, which keeps the non-covalent interactions between chains intact. 
However, as briefly discussed in chapter 4.2, non-volatile salts such as phos-
phate buffers should be avoided in MS-hyphenation so ammonium acetate at 
pH 6-8 is used in these applications instead. The main advantages of using 
SEC for introducing ADC samples into the MS for DAR determination are: 
i) the possibility to elute the analyte in physiological conditions without 
much organic solvent preserving the non-covalent interactions in high DAR 
cysteine-linked ADCs; and ii) the column help concentrating the sample to a 
narrow plug, improving the signal intensity in the acquired spectra, and sim-
ultaneously help to separate salt remains from the protein analytes. 
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6 Mass Spectrometry 

Mass spectrometers are becoming increasingly popular options for DAR 
determination and ADC characterization. However, to successfully detect 
large molecules, such as mAbs and ADCs, there are several factors that need 
consideration, with ionization efficiency and selection of MS instrument 
being amongst the most crucial ones. There are two main approaches to ion-
ize such large molecules as mAbs and ADCs; namely electrospray ionization 
(ESI) and matrix-assisted laser desorption/ionization (MALDI). Both ESI 
and MALDI spectra of large biomolecules will contain a myriad of peaks 
originating from different isotopes, PTMs, adduct ions and species contain-
ing one or more mutations in the amino acid sequence [130]. However, they 
may not always be clearly resolved from each other in the acquired spectra, 
depending on the resolution of the instrument used. 

6.1 Electrospray Ionization 
Large proteins, such as antibodies and ADCs, have a plethora of possible 
protonation sites. Hence, ESI spectra (run in positive mode) always display 
several ions for one given isoform of the protein, giving rise to an envelope 
of distinct mass-to-charge (m/z) values, commonly referred to as a charge 
envelope [98]. Some discrepancies in this pattern can occur from ionization 
biases for different isoforms, but generally, a “hedgehog” like pattern in the 
spectrum with a higher intensity in the middle and decreasing intensities at 
the two ends of the range (see Figure 11) can be observed. As the charge 
envelope is related to the protonation of the protein in solution, the observed 
m/z-range can be modified by controlling the pH of the solution at the source 
entrance or by adding certain additives. A higher number of charges may 
help to control the trajectory of the ions through the MS-instrument as a 
larger number of positive charges will help attract the analyte towards the 
negatively charged spray cone at the entrance of the MS and all the way to 
the detector [131]. Consequentially, early MS-based ADC analyses were 
performed used acidic pH in the spray liquid [21]. 
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Figure 11. Example of charge envelope observed from positive mode ESI from a 
mAb light chain, with the number of charges giving rise to each m/z value annotated 
for each peak. 

6.1.1 Deconvolution 
To facilitate the data evaluation of the myriad of peaks detected in a charge 
envelope for mAbs/ADCs, spectral deconvolution is commonly needed to 
convert the charge envelope to a single peak (corresponding to the mass in 
Dalton (Da) of the protein) through mathematical operations. In short, de-
convolution can be performed by annotating specific charge states to all 
peaks in a charge envelope (as observed in Figure 11). This annotation is 
then used to estimate the mass from the m/z of these peaks.  

In practice, this is generally performed using algorithms in software or add-
ons that produce a theoretical spectrum for a pre-defined mass range (by the 
user) and matching this spectrum to the experimentally acquired spectrum. 
The theoretical spectrum is then adjusted through different processes and the 
target mass is narrowed down through several iterations until a good match 
(commonly defined by the settings) is acquired. A good match should con-
tain similar PTMs, adduct masses, isotope isoforms, etc. as could be ob-
served in the original spectrum for each individually charged peak (as shown 
in Figure 12). Depending on the underlying algorithms and the user-selected 
mass range, the deconvoluted spectrum may also include some false posi-
tives. These could originate either from harmonics from the mathematical 
algorithm or from selecting an incorrectly defined mass range for a specific 
sample. There are deconvolution applications available from all manufactur-
ers of mass spectrometers. Even though all based on the same principle the 
processing of the data may be performed slightly differently depending on 
what software is used for the operation. 
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Figure 12. Visualization of typical adduct ions for a deconvoluted mAb/ADC origi-
nating from different glycoforms, deamidation or poor desolvation. 

6.1.2 Desolvation 
One common problem in ESI-MS of large proteins is the removal of loosely 
attached water molecules from the analyte ions in the spray (desolvation). 
Incomplete removal of water molecules increases the complexity in the ac-
quired mass spectrum by dividing the signal for one specific charge state 
over multiple water adducts (see Figure 12). As the difference in mass be-
tween these adducts is small they are difficult to resolve and are often only 
seen as peak broadening in the mass spectra [132]. As they increase the total 
mass of the analyte-ions, insufficient desolvation may negatively impact the 
ion transfer of the ions into the instrument, as heavier ions need more kinetic 
energy to be moved in the right trajectory. The desolvation efficiency in an 
ESI spray-source can mainly be altered by using pressure changes, gas flows 
and elevated temperature of the spray nozzle. Additionally, the amount of 
organic solvent in the spray liquid greatly impacts the desolvation process. 
Organic solvents are more volatile and have lower surface tension compared 
to water making them easier to evaporate/dissociate from the mAb/ADC. 
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6.1.3 Denaturing ESI 
As discussed above, acidic pH and the addition of organic solvent (often 
referred to as denaturing ESI) are generally beneficial for the ionization of 
large molecules, such as ADCs. However, such conditions will inevitably 
lead to some degree of denaturation of the protein structure in the source and 
may disrupt any non-covalent bonds, although most covalent bonds are not 
affected. If the right approach is selected, denaturing ESI is a good initial 
set-up for ADC characterization and DAR determination due to its easy to 
ionize proteins under these conditions. In denaturing ESI, intact antibodies 
and ADCs commonly produce ions at 2000–3000 m/z [4] (see Figure 13) or, 
if the interchain disulfide bonds are reduced to produce free LCs and HCs, 
the charge envelope of interest will shift to 800–2500 m/z. Most MS-based 
instruments have higher ionization efficiency and better ion transfer for low-
er m/z, thus lowering the m/z range of the charge envelope of interest (e.g. 
by reduction) generally leads to better transfer of analyte to the detector. 
Thus, Paper I-V all focus on MS-detection of free LCs and HCs rather than 
intact ADC. 

6.1.4 Native ESI 
A recent trend in MS-based ADCs analyses has been to shift DAR-
determination and ADC characterization towards native ESI using high-
resolving MS (HRMS) instruments [107, 133–136], instead of denaturing 
ESI, using direct injection of the sample in or on-line SEC-MS [66, 95, 137]. 
The big difference to denaturing ESI is the use of physiological pH with no 
(or very limited) addition of organic solvent in native ESI. The increase in 
pH of the spray liquid will decrease the number of charges on produced ions. 
Lowering the number of available protons in the solution will result in lower 
charge numbers for the proton ions formed in the ESI shifting the range of 
the signal from 2000-3000 m/z to 5000-6000 m/z for antibodies [135] (see 
Figure 13). This shift in charge state is one of the greater obstacles for many 
labs to implement native ESI-MS, as MS instruments with mass ranges up to 
6000 m/z or higher commonly come with a hefty price tag. 

 
Figure 13. Typical charge envelopes detected for an intact mAb/ADC in denaturing 
or native ESI-MS. 
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If a native ESI-MS method can be set-up the technique has several ad-
vantages. The main advantage with native MS for ADC analyses can be 
observed for cysteine-linked ADCs. The absence of organic solvent and 
physiological pH retains the non-covalent between conjugated chains ena-
bling the intact ADC to be detected from ESI-MS. Furthermore, the shift of 
the charge envelope to lower m/z has the advantage that the difference be-
tween two charge states increases, compared to in denaturing ESI-MS. Sepa-
rating the mass peaks leads to less overlap between different isoforms of the 
mAb/ADC and has shown to produce better quality spectra after deconvolu-
tion and improved DAR annotation, compared to denaturing MS [135]. 
However, as ions with a lower number of charges often display lower trans-
fer efficiency into the detector, native ESI commonly produce lower signal 
intensity peaks compared to denaturing ESI for the same analyte [105, 135]. 
Furthermore, lowering the number of charges on the analyte leads to a great-
er need for high desolvation efficiency to ensure the transfer of the ions into 
the instrument. If altering the gas flows and temperatures in the source are 
insufficient, choosing a suitable ion-source may help improve the desolva-
tion, as the radius of the droplets formed to some extent depends on the ori-
fice of the spray needle [19]. However, this is not possible for all instruments 
and may also prevent certain labs from using this approach. 

6.2 Matrix-Assisted Laser Desorption/Ionization 
Compared to the charge envelopes observed with ESI, in MALDI the sample 
is ionized by shooting a laser onto a matrix which generally produces pre-
dominantly singly charged ions [131]. Consequentially, the observed peaks 
in a spectrum correspond directly to the mass of the analytes. MALDI is a 
fairly simple ionization technique; however, to ensure good data it is im-
portant to optimize the sample deposition onto the plates. 

The exact mechanism behind MALDI is still not fully known, but the ion-
ization efficiency commonly depends on the matrix used and the crystal 
formation. If the number of crystals for a sample is low, or too tightly 
packed, the spectra may suffer from a larger signal-to-noise (S/N) and/or low 
analyte signal. The difficulty in accurately controlling the aforementioned 
factors make MALDI less optimal for quantitative analyses as the reproduci-
bility between replicates is generally still low [138].  

One major advantage of MALDI over ESI is that it is less sensitive to the 
presence of buffer salts like PBS [139]. MALDI, therefore, requires less 
sample clean-up and it is also quicker to acquire the data for a single batch 
than e.g. RPLC-ESI-MS. However, MALDI does not have a widespread 
usage for ADC analysis, even though there are a few studies showing the 
application on ADC constructs [140] and main uses are still limited to pay-
load characterization. 
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6.3 Types of Mass Spectrometers 
There are a plethora of different mass spectrometers available for mAbs and 
ADCs that are suitable for separation, and detection, of ions. Early ADC 
characterizations were predominantly done using time-of-flight (TOF) in-
struments [64, 120, 141]. Recent years have seen an increase in the use of 
HRMS instruments, such as Orbitrap [107, 142–145] and Fourier Transform 
Ion Cyclotron [104] mass spectrometers, for mAb and ADC characterization. 
The increased resolution in these instruments has enabled the acquisition of 
information about different PTM isoforms of intact ADCs [142, 143, 146], 
among others. However, despite the high resolution available in Orbitrap 
instruments, many studies using Orbitraps for DAR determination have lim-
ited the resolution to around 35’000 [147] (about the same as in most TOF 
instruments). In DAR determination, complete resolution of PTMs is com-
monly not necessary and the lower numbers of resolved peaks in spectra 
acquired at low resolution take less time to deconvolute. 

For free drug monitoring and quantification of payload or ADC (using se-
lected peptide sequences), it is more common to use quadrupole or ion trap 
instruments, as they are both cheaper and have a good linear correlation be-
tween concentration and detector response [148]. However, there is a small 
number of studies that have used these types of instruments to look at intact 
mAb with promising results [149–151]. In this thesis, QTOF mass analyzers 
were used in Paper I and II, Orbitrap and MALDI in Paper I and a triple 
quadrupole mass analyzer in Paper II-V.  
  



 41

7 Aims 

New ADC constructs constantly appear in the literature and for the analytical 
techniques to keep up with the quality demands from authorities it is im-
portant to establish a profound knowledge about the techniques available 
today.  

The main aim of this thesis has been to evaluate and develop analytical 
workflows for DAR characterization (Paper I-V), with a focus on elucidat-
ing the impact of the analytical workflow on the reliability of the acquired 
DAR-values. Attention has also been given to investigating important factors 
in optimizing SEC-UV/Vis for stability testing (Paper VI).  

The aims of the studies presented in this thesis were as follows: 

I. Experimentally compare common analytical techniques used for 
DAR determination of cysteine-linked ADCs in regards to mass ac-
curacy and reproducibility of average DAR-values between the 
techniques. 

II. Evaluate the possible application of a triple quadrupole mass analyz-
er as an alternative technique for the DAR determination of cysteine-
linked ADCs. 

III. Investigate available sample preparation and sample handling proto-
cols in regards to how different sample preparation steps may impact 
the apparent DAR-values, as acquired by RPLC-ESI-MS, for both 
cysteine- and lysine-linked ADCs. 

IV. Develop a new desalting workflow suitable for both mAbs and 
ADCs with higher adaptability to available sample volumes while 
maintaining high sample recovery. 

V. Evaluate the effect of supercharging reagents on the charge enve-
lopes of mAbs and ADCs as possible means to enable detection of 
intact mAbs and ADCs on MS instruments with a limited mass 
range. 

VI. Investigate different MS-suitable mobile phases for SEC-based ag-
gregate detection in mAb and ADC samples with the end-goal of 
finding a mobile phase that enabled simultaneous ADC characteriza-
tion and stability testing by SEC-MS. 
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8 Results and Discussion 

The overall goal in this thesis has been to evaluate the limitations and relia-
bility of existing analytical protocols as well as develop new protocols that 
may be used for ADC characterization by applying techniques from related 
fields to ADC characterization. Paper I, II and V focus predominantly on 
the DAR analyses while Paper VI has focused on stability testing and moni-
toring aggregate formation. Paper III and IV focus predominantly on sam-
ple preparation workflows. The focus in all studies has been on techniques 
that use the intact ADCs or intact LCs and HCs of said ADC. In Paper I, III 
and VI the end-goal was furthering our understanding of possibilities and 
limitations of analytical protocols for DAR determination and stability test-
ing, while Paper II, IV and V have focused on developing new potential 
workflows for DAR determination. Furthermore, some attention has also 
been given to identifying factors in need of special consideration when de-
signing analytical strategies for ADCs.  

ADC characterization encompasses a wide range of combinations of con-
jugation sites, antibodies, payloads and linkers. Due to its prominence in 
both approved ADCs and ADCs in development this thesis has focused on 
different constructs of ADCs based on Trastuzumab. Paper I-VI has studied 
the analytical behavior of two different types of ADCs (Table 2). As cyste-
ine-linked ADCs have higher demands on the analytical chain the included 
studies predominantly used vcMMAE-trastuzumab ADCs with a variation of 
average DAR-values. A lysine-linked ADC was included in Paper III to 
allow observations of any influences of the sample treatment between ADCs 
with differing conjugation chemistry.  

Table 2. Payloads (and linkers) used in ADC constructs included in studies present-
ed in this thesis as well as the range of average DAR-values for each construct that 
has been used in Paper I-VI. 

Payload vcMMAE SMCC-DM1 

CAS nr 646502-53-6 1228105-51-8 
Payload type Auristatin Maytansinoid 

Linker type Cleavable (peptidase) Non-cleavable 

Conjugation site Cysteines Lysines 

Average DAR  0.1-7.5 1.5 

Used in Paper I-VI III 
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8.1 DAR Characterization for ADCs in Early-Stage 
Development 

In early-stage development, and in particular, in the discovery phase, the 
main focal point often lies in characterizing the average DAR-value and 
evaluating its reproducibility for a particular conjugation protocol. This is 
commonly achieved using intact ADCs or LC and HC signals. Due to their 
sensitivity to organic solvents, and commonly lower stability than lysine-
linked ADCs (e.g. Kadcyla®); cysteine-linked ADCs in particular, require 
special effort in analytical development to achieve accurate DAR determina-
tion. Several of these techniques have been evaluated to, what was then, the 
golden standard (HIC-UV/Vis), but larger comparison studies are scarce. In 
Paper I, three different MS-based analytical protocols were compared with 
HIC-UV/Vis. The MS instruments evaluated in this study included a wild-
card, MALDI-TOF-MS, which had very little precedent literature in ADC 
analysis and even less on DAR determination. The overall design of the two 
workflows in this comparison can be seen in Figure 14. Paper II also com-
pared DAR-value between HIC-UV/Vis and TOF-MS. Both techniques were 
further compared with tQ-MS, which to our knowledge had not been shown 
as a viable option for DAR determination in the literature before. 

 
Figure 14. Generic workflow used for DAR comparisons using different MS or 
HIC-UV/Vis in Paper I and II. 
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8.1.1 Monitoring batch heterogeneity 
In the preliminary trials for Paper I, an unexpected step in the establishment 
of the study had to be considered; the conjugation protocol used for the ADC 
synthesis. Early trials had used ADCs prepared by adding an excess of re-
ducing agent with the added amount of drug as the limiting factor used to 
control the average DAR-values. From this approach, there is less control of 
the resulting DAR-value and as can be seen in Figure 15, the resulting prod-
ucts can be challenging to analyze. As the ADCs were synthesized purely for 
evaluating the analytical techniques it was therefore decided to switch the 
conjugation protocol to use the reduction agent as the limiting reagent in-
stead, in the hope of acquiring a better model ADC. This discrepancy be-
tween the two conjugation protocols was not visible in RPLC-ESI-MS as the 
sample complexity did not translate to the free LC and HC spectra. As the 
divergence in regiochemistry in ADC batches of new ADC constructs are of 
great interest, the loss of this information could be a strong argument for 
using complementing analytical techniques (e.g. HIC-UV/Vis) in DAR char-
acterization, whenever available. 

 
Figure 15. HIC-UV/Vis spectrum for the ADC construct with DAR of approximate-
ly 4 in the early stages of the study in Paper I with different DAR species assigned 
to each peak where possible. As can be seen the annotation of DAR to peaks is less 
straightforward in the left chromatogram to the left than on the right. Adapted from 
Paper I with permission from the Royal Chemical Society. 

Another option to monitor the sample complexity would be native ESI-MS, 
as it also allows for the detection of intact DAR species (as discussed earli-
er). This has been one of the driving forces behind the increased popularity 
of native MS in ADC characterization. Unfortunately, native MS is highly 
dependent on the ion source and ion transfer of an instrument and often re-
quires specially designed and comparatively expensive MS instruments, for 
such large biomolecules. To focus on analytical techniques available to a 
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broader range of actors in the field, it was decided to focus on denaturing 
MS options in Paper I and II, where (up to the time of the studies) DAR 
determination had mainly been performed using TOF-MS or Orbitrap MS 
instruments. 

8.1.2 MALDI-TOF-MS for DAR characterization 
As briefly mentioned in chapter 6.2, MALDI-TOF-MS has mainly been used 
for payload analyses in the ADC field. Compared to conventional choices 
for DAR determination (i.e. ESI-TOF-MS), MALDI-TOF-MS has no need 
for deconvolution of the obtained spectra before DAR determination. Its 
speed in detection (as no chromatographic separation is needed), high toler-
ance to salts and ability to quickly screen multiple samples made MALDI an 
interesting alternative in DAR analysis. The ESI-MS protocols compared in 
Paper I had a mass accuracy below 80 Da from the theoretical masses for all 
detected LCs or HCs over the entire range of ADCs with distinct DAR-
values included in the study (Figure 16). MALDI-TOF-MS did, however, 
show the biggest discrepancy from the theoretical values (as seen in Figure 
16). As shown in Paper I, the MALDI spectra did indeed suffer from broad-
er peaks in the mass spectrum, as was expected as the TOF detector is 
known to display broader peaks for higher mass analytes [152]. 

 
Figure 16. The difference in experimentally derived Mw by different MS instru-
ments in Paper I to theoretical masses [153]. The depicted values are the largest 
deviation for any LC or HC over all ADCs tested with one instrument, as well as the 
median discrepancy observed. 
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The Orbitrap instrument used in the study suffered ever so slightly from 
incomplete desolvation even at the optimized conditions, which might ex-
plain the relatively large mass error compared to the ESI-TOF-MS. The dis-
crepancy can also be partially explained by the noisy background in the Or-
bitrap spectra related to the higher sensitivity of the instrument. However, as 
our main interest was to determine which technique would give more relia-
ble average DAR-values for the entire range of ADCs investigated, MALDI-
TOF-MS may still be a viable option, especially in the early-stage discovery 
phase. 

To compare the different techniques in regard to apparent DAR-values, a 
reference had to be selected. HIC-UV/Vis may suffer from the overestima-
tion of DAR-values from increased peak areas for higher conjugation species 
if the payload has a signal at the selected wavelength. Furthermore, it can be 
hard to assign DAR-values to peaks if a limited range of DAR species is 
present in a sample. However, HIC-UV/Vis was for a long time considered 
the golden standard for DAR determination of cysteine-linked ADCs and is 
free from ionization bias that may differ between instrumentations and was 
therefore selected as the reference in both Paper I and II.  

Table 3. The difference in average DAR acquired by different MS instruments to 
that of HIC showing the largest and smallest, as well as average, discrepancy for the 
ADC batches investigated in Paper I.  

 
Maximum 
difference 

Minimum 
difference 

Average 
difference 

MALDI- TOF 0.6 0.1 0.3 
ESI-QTOF 0.8 0.2 0.4 
ESI-Orbitrap 0.6 0.2 0.3 

It could be concluded from Table 3 that the discrepancy of DAR-values did 
not correlate to the mass accuracy of the measured peaks as all MS instru-
ments had similar deviations from the HIC-derived DAR-values. It has 
therefore been clearly shown that accurate DAR characterization is not de-
pendent on achieving a high mass accuracy for all conjugate species in a 
sample. MALDI-TOF-MS can, therefore, be considered an interesting com-
plement to ESI-MS based techniques for simpler and faster data evaluation. 

8.1.3 Quadrupole MS for DAR characterization 
Paper I showed that low-resolution MS instruments had great potential in 
DAR determination, especially in the discovery phase of ADC development. 
Thus, it was decided to test another low-resolution MS instrument with no 
preceding literature for this application (quadrupole MS). There were a few 
publications on intact mAb analysis performed on triple quadrupole (tQ) 
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instruments with good results, yet no literature indicated its use in DAR de-
termination for ADCs. A study was set up to evaluate how well this instru-
ment could perform, in relation to previous findings. 

Since quadrupole MS is predominantly used for quantification of small-
molecule drugs, due to their good linear range, most instruments have a 
shorter mass range than QTOF and Orbitrap instruments. While many 
HRMS instruments have a mass range between 4000-6000 m/z, quadrupole 
MS instruments are often sold with a range of 2000-4000 m/z. However, as 
can be observed in Figure 17, if working with mAb/ADC samples in which 
the disulfide bonds have been reduced, a majority of the charge envelope can 
fit within the range of most tQ instruments as well. 

 
Figure 17. The mass range of different MS instruments commonly deplored in DAR 
determination as compared to tQ MS instruments. The mass ranges are compared to 
the range of the charge envelope for intact and reduced mAb/ADC in ESI-MS. 
Adapted from Paper II with permission from Springer. 

In Paper II a tQ MS with a mass range capped at 2040 m/z was tested on 
mAb and several cysteine-linked ADCs with average DAR-values ranging 
from 0.2 to 7.5. As shown in Figure 18, the resolution in a modern tQ in-
strument was sufficient to resolve most of the LC and HC peaks, despite 
their overlapping charge envelopes. The tQ MS run at unit resolution (0.75 
FWMH) gave molecular weights for all chains that only deviated by 8 Da 
from the theoretical values (see Figure 19). Furthermore, the resolution on 
the tQ instrument in question could also be confirmed to be sufficient to 
resolve different glycoforms and was more than sufficient to annotate DAR-
values to the acquired peaks in order to calculate the average DAR-value of 
each batch. We therefore proceeded to evaluate the deviation in DAR-values 
between the tQ to the more traditional HIC-UV/Vis and ESI-QTOF-MS. 
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Figure 18. Zoomed in m/z spectra centered around the most abundant peaks of the 
overall spectra from the triple quadrupole MS (a) and TOF MS (b) of an ADC with 
an average DAR of 7 in Paper II. Peaks originating to both nonconjugated and 
conjugated LC and HC can be observed clearly in both spectra although the TOF 
spectrum display sharper and better-resolved peaks. Reprinted with permission from 
Springer. 

By yet again comparing the acquired average DAR-values the two MS in-
struments to HIC-UV/Vis, it can be observed in Table 4 that ESI-tQ-MS 
gave values that conformed slightly better to the HIC-derived values than the 
ESI-QTOF-MS. One underlying factor of this observation may be that the tQ 
instrument in Paper II had an ion source with the ability to go to higher gas 
temperature and gas flow-rate than the QTOF instrument. It is therefore 
highly likely that better desolvation has a bigger impact on the accuracy of 
the derived DAR-values than mass resolution. This theory was also support-
ed by the relatively lower signal for HCs in the QTOF instrument compared 
to the tQ instrument. As the HCs have higher mass, they are slightly more 
prone to suffer from insufficient desolvation in the ion source than the LCs 
as there are more possible interaction sites available for the water molecules 
the larger the protein. 
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Table 4. The difference in average DAR acquired by different MS instruments to 
that of HIC showing the largest and smallest, as well as average, discrepancy for the 
ADC batches investigated in Paper II.  

 
Maximum 
difference 

Minimum 
difference 

Average 
difference 

QTOF 1.3 0.0 0.5 

tQ 0.7 0.0 0.3 

Although the acquired DAR-values on average differed no more than 0.3-0.5 
DAR units between the MS-derived and HIC-derived values, there was a 
tendency for the MS values towards being slightly underestimated in both 
studies. This could be due to the bias in ionization efficiency in higher con-
jugation species, as have been discussed in the literature [106, 154]. 

 
Figure 19. The difference in experimentally derived Mw by different MS instru-
ments in Paper II to theoretical masses [153]. The depicted values are the largest 
deviation for any LC or HC over all ADCs tested with one instrument, as well as the 
median discrepancy observed. 

Additionally, as quadrupole instruments are known for their good linear 
response, the linearity of the response for reduced mAb and ADC samples 
was briefly investigated in Paper II. Damen et.al. had previously shown that 
quantification of intact mAbs could be done on a tQ MS [150]. In our study, 
it could be further concluded that, although the dissociation of antibodies 
into light and HCs made the data more complex, it was possible to correlate 
the signal response factor to the injected amount of sample to some extent 
also for reduced samples. 
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Overall, it was found that not only did the tQ instrument used in Paper II 
allow for higher sensitivity, from improved ionization efficiency, as the 
number of acquired data-points were generally lower on this instrument, the 
data evaluation was also quicker than for the QTOF instruments. As accura-
cy within 1 DAR unit can often be sufficient at the early-stage ADC devel-
opment, we proceeded using tQ MS as the only mean of determining the 
DAR in Paper III-V and it was concluded that HIC-UV/Vis was to be used 
only in case of any unclear data. 

8.2 Tailoring Sample Preparation to ADC Samples  
Sample preparation workflows for MS-based ADC characterization have 
been given very little attention in the literature to date, with most protocols 
being adapted from mAb analysis with minimal adjustments. However, eve-
rything that a sample is subjected to prior to analysis may affect the final 
outcome and has to be given proper consideration when designing a study. 
Furthermore, the change in hydrophobicity upon conjugation in ADC will 
result in changes in differences in physicochemical characteristics which 
may put different limitations in suitable sample preparation for a particular 
ADC. 

This thesis has focused on cysteine-linked ADCs and in the DAR deter-
mination of such ADCs by RPLC-ESI-MS where the sample preparation 
generally encompasses three steps (as shown in Figure 20). The principles 
behind both deglycosylation and disulfide reduction have been described 
more in detail in chapter 4. The addition of organic solvent at the end of the 
protocol is technically not necessary but helps ensure that the sample matrix 
is similar to the initial mobile phase composition, for improved chromato-
graphic performance. The addition of acid after the reduction step is used to 
quench the reduction and help charge the proteins but is not always used in 
literature. For native ESI-MS, the reduction step is generally replaced with a 
desalting/buffer exchange step to remove non-volatile salts. Furthermore, as 
to retain physiological conditions, no acid would be added to the samples. 

 
Figure 20. Generic sample preparation workflow for denaturing RPLC-ESI-MS 
DAR determination, e.g. as used in [65, 120]. 
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8.2.1 Adding a desalting step 
As discussed in chapter 4.2, desalting of mAb/ADC samples is predominant-
ly done using centrifugal filtration devices, when working with small sample 
volumes. Desalting is not commonly performed prior to RPLC-ESI-MS but 
could be added after reduction to remove salts and other residues from the 
sample preparation that may interfere with the ESI-MS.  

As protein precipitation would be a more readily available and inexpen-
sive option to centrifugal devices it was included in the pretrial of Paper III. 
As cysteine-linked ADCs were included in the study, it was decided to re-
duce all samples prior to the desalting to be able to observe any loss of spe-
cific conjugation species from introducing this step. The results were com-
pared with reduced mAb and as shown in Figure 21, the recovery of mAb 
was successful. Unfortunately, for cysteine-linked ADCs, the protein pre-
cipitation led to the complete loss of any HC, irrespective of conjugation 
degree. Thus, protein precipitation cannot be recommended for ADC clean-
up and was excluded from the final study. 

 
Figure 21. Deconvoluted mass spectra for trastuzumab (top) and vcMMAE-
trastuzumab ADC (bottom) for samples without a desalting step (left) and after pro-
tein precipitation (right). Preliminary findings from Paper III. See Appendix for 
experimental details. 

Shifting the main focus in Paper III was on centrifugal filtration devices, it 
was decided to try two different options; gel-filtration (spintrap) and mem-
brane filters (spin filter). Both devices are often successfully used for the 
desalting of ADC samples prior to MS analysis. However, these devices 
have been developed to ensure the recovery of endogenous proteins, which 
are generally less hydrophobic than many ADCs. As different payloads may 
alter the physicochemical properties of ADCs differently, two ADCs with 
different payloads were selected for this study. As they are more common in 
literature, both ADCs were made using hydrophobic payloads (vcMMAE 
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and DM1). Preliminary tests indicated that recovery might be slightly prob-
lematic, however, the final data showed only minor differences in recoveries 
between both ADCs to the nonconjugated mAb.  

In parallel to Paper III, another study investigating alternative desalting 
methods such as magnetic beads (carboxylated) was initiated. These beads 
had proven successful in buffer exchange of protein in proteomic samples 
[155–158], removing non-volatile salts from the solutions. A study was de-
signed to test their adaption on mAb and a cysteine-linked ADC sample (av-
erage DAR of 1) with the final results presented in Paper IV. As the added 
amount of beads can easily be adapted to the sample volume, the hope was 
to find an option that, similar to protein precipitation allowed for easy scala-
bility of the desalting to adapt to desired sample volumes, compared to cen-
trifugal filtration devices. 

There are a few studies of intact protein clean-up using magnetic beads 
with a carboxylate surface coating [156–158]. The exact mechanism behind 
this method is not yet known, but it is suggested to work similar to hydro-
philic interaction liquid chromatography. In other words, the hydrophilic 
groups on the surface of the beads would capture a water layer in the initial 
step that will later help retain the proteins until they are eluted. The previous 
studies showed that elution could be performed by changing the pH in a 
water-rich solution to disrupt the binding of the proteins to the beads and 
force them into solution (see Figure 22).  

 
Figure 22. Workflow for protein clean-up using magnetic beads. 
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It became obvious early on when working on Paper IV that the selected pH 
of the elution solution was the step that required most optimization when 
adapting this workflow to a new protein sample. The suitable pH appeared to 
partially depend on the pI of the protein analyte. Initial tests using the same 
elution solvent as in the published protocol were successful in eluting bovine 
serum albumin, which has a pI of 4.7 [159]. However, when transferring the 
same protocol to trastuzumab, which has a pI of 8.7 for the main charge iso-
form [160], the recovery of the analyte was poor. The optimized protocol 
had to rely on acidic solutions, containing formic acid or acetic acid. At low 
pH, the carboxylate coating of the beads will also be protonated which aids 
in the elution of the protein as the interactions between the beads and the 
protein are lowered even further. When shifting the pH to around 2, analyte 
recovery of up to 90% could be observed. This can be compared to an aver-
age recovery of 80-90% of ADC using the centrifugal filtration devices in 
Paper III. In a quick test, playing with the elution buffers and the pI-values 
of the proteins, we were able to elute albumin and mAb in separate fractions. 
With further optimization, this has the potential to be used in cleaning up 
antibodies in biological fluids as blood/plasma. 

As mentioned earlier, desalting is predominantly applied before native 
ESI-MS, as many denaturing ESI-MS protocols rely on the on-column de-
salting that can be achieved on RPLC-columns. However, Paper I and II 
both indicated that the ionization efficiency is of importance. Thus, Paper 
III focused on elucidating if the introduction of a desalting step influenced 
the final DAR-values, which had not been discussed in literature before. 
Desalting was thus performed on ADC either prior to or after the reduction 
step in the sample workflow. The two sets of samples were run on RPLC-
ESI-MS to determine the DAR-values. As the desalting protocols lead to the 
samples differing ever so slightly in dilution degree, an additional test to 
verify how both desalted and non-desalted samples were affected by further 
dilution prior to the analysis was also performed. Furthermore, the ADC 
samples desalted with the carboxylate magnetic bead protocol were also run 
on RPLC-ESI-MS and a summary of the results from Paper III and IV are 
presented in Table 5. 
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Table 5. Summary of how desalting and dilution of samples before RPLC-MS im-
pacted the apparent average DAR-values for the ADCs investigated in Paper III 
and IV. Desalting was tested at two different timings, either before or after the re-
duction step in the workflow presented in Figure 20. The changes in DAR-values 
are reported in comparison with reference samples, which underwent the same sam-
ple preparation leaving out the desalting step. 

 Reduction 
timing 

vcMMAE- 
trastuzumab 

DM1- 
trastuzumab 

Paper 

Spin filter Before ↑ ↑ 

III 
After ↑ ↓ 

Spintrap Before ↓ ↑ 

After ↓ ↓ 

Magnetic beads Before ↓ - 
IV 

After ↓ - 

Dilution Before ↑*|↔ ↓ III 

*Spin filter desalted samples only 

As discussed in chapter 3.2, DAR-values are determined by measuring the 
relative response of different conjugation species in a sample. If the sample 
preparation protocol shows a preferential promotion of certain DAR species 
compared to what can be found in the untreated sample, the apparent DAR 
may be misguiding. From Table 5, it could be concluded that the desalting 
did have a slight impact on the apparent DAR-values acquired by RPLC-
ESI-MS. For cysteine-linked ADCs the observed change in apparent DAR-
value was not dependent on when the desalting was done in relation to the 
reduction step in the sample preparation workflow. However, as lysine-
linked ADCs have all disulfide bonds intact prior to the reduction step, there 
was a clear difference in the impact of the desalting if done prior or after the 
reduction step. As the DAR was significantly lower for the lysine-linked 
ADC (1.5 vs 4 for the cysteine-linked ADC in Paper III) it was no surprise 
that the dilution of that sample inadvertently led to the loss of the signal of 
the highest conjugation peaks, lowering the apparent DAR-value. Surpris-
ingly, cysteine-linked ADC that had been desalted using spin filters also 
seemed to have an apparent DAR-value susceptible to change upon dilution, 
with lower concentration increasing the DAR, possibly from less ion sup-
pression effects in the ion source. As ADCs are very heterogenous com-
pounds further tests with a broader range of payloads and DAR-values are 
however needed to draw any final conclusions as to how big changes can be 
expected from desalting your ADC samples. 
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8.2.2 Interchain Disulfide Reduction time 
As discussed earlier, the papers included in this thesis predominantly used 
vcMMAE cysteine-linked ADC samples. Thus, to enable DAR determina-
tion by RPLC-ESI-MS, the inclusion of a disulfide bond reduction step in 
the sample preparation procedure was needed. Due to its high efficiency and 
common use, DTT was selected as the reduction agent to cleave any remain-
ing interchain bonds in the ADC samples leaving only free LC and HC. 

Proteomic sample preparation workflows commonly include an alkylation 
step to prevent the reformation of disulfide bridges after the removal of 
DTT. However, in ADC analyses it is common practice to leave the DTT in 
the samples that are injected into the ESI-MS. Out of curiosity, a comparison 
of deconvoluted spectra for mAb and vcMMAE-trastuzumab was done com-
paring the spectra with or without an alkylation step included in the sample 
preparation. As could be observed in Figure 23, alkylation increased the 
spectrum complexity for the ADC sample; in particular, as the HC signals 
had a lot of additional peaks compared to if the alkylation step was excluded. 
Alkylating samples to stop the reduction reaction is thus not to recommend. 
It might still be beneficial to have exact control over how long the reduction 
agent is active in the solution. As shown in [161], disulfide reduction by 
DTT is pH-dependent and halted in acidic solutions. Acid might be added to 
protein samples prior to ESI-MS to help protonation of the samples, so it 
was decided to investigate if this addition could be used to de facto quench 
the DTT. 

 
Figure 23. Deconvoluted HC from vcMMAE-trastuzumab without the addition of 
alkylation agent iodoacetamide (top) and after adding alkylation agent (bottom) after 
interchain disulfide reduction by dithiothreitol to prevent reformation of the disul-
fide bridges. 
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As can be observed in Table 6, the cysteine-linked ADC showed little to no 
subjection to postponing the addition of acid. This could either indicate that 
DTT has little effect on the DAR of this ADC or that the added acid amount 
was not sufficient in halting the reduction, with the first one being more 
probable (as the ADC was subjected to DTT reduction ones already during 
conjugation). Interestingly, for the lysine-linked ADC, there was a clear shift 
in charge envelop towards lower m/z for both LCs and HCs, which influ-
enced the apparent DAR-value. The literature only occasionally mentions 
acid being added inbetween disulfide reduction and the analysis. As MS-runs 
can take several hours and the clear evidence that exposing your sample to 
DTT for over 30 minutes may impact your acquired DAR values, our con-
clusions are to recommend acid addition to any that are left with DTT, to get 
more reliable DAR-values from RPLC-ESI-MS. 

Table 6. Average DAR-values of ADCs subjected to reduction for 30 minutes, 60 
minutes, 2 hours and 4 hours, acquired by RPLC-MS from triplicate injections from 
Paper III. 

 cysteine-linked ADC lysine-linked ADC 

Reduction time DAR S.D DAR S.D 

30 minutes 4.3 0.10 0.9 0.02 

60 minutes 4.2 0.17 0.7 0.10 

2 hours 4.2 0.02 0.6 0.05 

4 hours 4.1 0.19 0.6 0.01 

8.3 Altering the Charge Envelope in ESI-MS 
As could be observed in Paper III, ADC charge envelopes are susceptible to 
the sample environment and may move towards lower m/z. To further test 
the limitations of ESI-MS for DAR determination, supercharging (SC) rea-
gents were added to mAb and cysteine-linked ADC samples in Paper V. 
Supercharging reagents have been applied successfully on several proteins 
[162–165], but no studies on their effect on antibodies could be found. 

The addition of supercharging agents had two purposes: i) to increase the 
charges of the ions to facilitate their transfer into the MS; and ii) to move the 
charge envelope of intact ADC samples to lower m/z range with the hope 
that a big enough portion can be detected on the triple quadrupole (tQ) MS 
with an upper limit of 2040 m/z (to allow for DAR determination using in-
tact ADC on the tQ.) To shorten the total run time and ensure that the super-
charging agents did not negatively impact the C4-column used in previous 
studies, it was instead opted for using direct-injection of the sample in this 
study. The plug-injection was compared to syringe injection, with no obvi-
ous discrepancy between the two datasets. Thus, plug-injection using an 
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HPLC-system was selected for this study to allow for automated sample 
injection. 

The addition of SC reagent to the sample did shift the charge envelope 
towards lower m/z-values, which was most clearly observed for the HC 
charge envelope. The shift in charge states was limited; most likely due to 
antibodies having a 3D-structure that cannot unfold that much, which is sug-
gested to be one of the mechanisms behind increased charge states in ESI 
[132, 166]. The largest shift observed was from propylene carbonate addi-
tion where the highest charge state of the LC charge envelope was shifted 
from +19 to +21 and the shift for the HC was from +37 to +43, see Figure 
24.  

 
Figure 24. Mass spectra for a vcMMAE-trastuzumab cysteine-linked ADC with an 
average DAR of 1, from Paper V. The spectra where acquired either without any 
supercharging reagent or with 15% propylene carbonate (PC) or 3% 2-nitroanisole 
(o-NA) added to the sample prior to RPLC-ESI-MS. 

As we had hoped, Table 7 shows that the addition of the SC reagents had no 
significant impact on the apparent DAR-values for any of the investigated 
reagents (p < 0.05, one-way ANOVA statistical test). It can, therefore, be 
concluded that SC reagents can be used in DAR determination without com-
promising the results. Several SC reagents did also show an improvement in 
the spectral quality by improved S/N values and improved peak shapes. 
Hence, it may be interesting to consider using SC reagents to help improve 
the ionization of ADCs in ESI-MS. 

Table 7. Average DAR-values obtained for tested SC reagents on DAR determina-
tion of a vcMMAE-ADC sample, N=3. One-way ANOVA showed the difference in 
DAR to be insignificant (p > 0.05) for all values presented in this table. 

Reagent DAR 
No supercharging 0.6 ±0.05 

3 % 3 – nitrobenzyl alcohol 0.5 ±0.05 
10 % ethylene carbonate 0.6 ±0.07 

15 % propylene carbonate 0.6 ±0.04 
10 % sulfolane 0.5 ±0.02 

3% 2-nitroanisole 0.6 ±0.01 
± indicate the standard deviation of the triplicate injections 
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8.4 Minimizing analyte-to-stationary phase interactions 
in size-exclusion chromatography of ADC 
aggregates 

The change in hydrophobicity from attaching the payload when making 
ADCs can impact their tendency to aggregate in solution [167]. Aggregation 
may cause problems in sample preparation by lowering the surface accessi-
bility for reagents such as PNGaseF and should preferably be kept low also 
from an analytical perspective. As mentioned in chapter 5.3, SEC-UV/Vis is 
the predominant technique for aggregate monitoring. An essential factor in 
SEC separation of proteins is to minimize any interaction between the pro-
tein (in these cases mAbs/ADCs) and the packing material of the column to 
allow for separation purely based on hygroscopic radius. These interactions 
are heavily influenced by the ionic strength and hydrophobicity of the mo-
bile phase.  

Even though the principle behind SEC is relatively simple, the choice of 
buffers shown to be suitable for ADC aggregate monitoring in literature are 
slim and predominantly depend on non-volatile salts, such as phosphate 
buffers [76, 80]. In Paper VI, cysteine-linked ADCs with an average DAR 
approximately 4 was used to test different mobile phases for ADC aggregate 
detection that was based on more volatile buffer salts. The hope was to, in 
the future; enable SEC-MS detection of aggregates and DAR determination 
in a single run, which at the point of the study was not yet possible.  

Phosphate salts are known to be incompatible with MS detectors due to 
their non-volatility, meaning that they lead to severe ion suppression and 
contamination of the ion source. To allow an on-line coupling of SEC to MS 
detectors, ammonium acetate-based mobile phases have emerged for SEC-
MS of ADC monomer. Still, to avoid unnecessary contamination of the ion 
source of the MS, in Paper VI the majority of the work was instead run on 
an ultra-pressure liquid chromatography (UPLC) system coupled to a photo-
diode array (PDA) UV/Vis detector (of the same model as coupled to the 
MS). Another advantage of using a UV/Vis detector was the elimination of 
having to optimize the ionization settings for each new spray condition as 
UV/Vis was guaranteed to display a signal for any eluting protein as long as 
the mobile phase was selected as to not interfere with the selected wave-
length. However, as the study relied on a UV/Vis detector, the size determi-
nation in SEC had to be performed based on comparing retention times be-
tween the observed peaks of the sample with those of reference samples with 
a known size. In Paper VI, the Mw was determined by comparison to a 
mixed protein standard Mw in the range of 76-660 kDa. This protein mixture 
was also used to ascertain that the mass separation was retained before ana-
lyzing the heat-stressed ADC. However, the proteins in such mixtures com-
monly have globular 3D-structures, while mAbs and ADCs are non-globular. 
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The size-to-retention time translation is thus not completely accurate for 
antibody-based analytes, as can be observed in Figure 25. An accurate mass 
is not necessary to determine the degree of aggregation, as long as the reten-
tion time is reproducible, and UV/Vis was sufficient for the tests performed 
in this study. 

 
Figure 25. Elution profile of protein calibration solution (top) and heat-stressed 
ADC (bottom) in SEC-UV/Vis at isocratic elution using phosphate buffer from 
Paper VI. 

When it comes to on-line hyphening SEC to MS instrument, SEC-MS with 
ammonium acetate has been successfully for DAR determination of cyste-
ine-linked ADCs and elution of the monomer could be obtained with mobile 
phases containing 10-400mM of ammonium acetate [65, 135, 141, 168, 
169]. Initial tests with ammonium acetate in Paper VI matched the concen-
tration of the salt to what had been used in the phosphate buffer and not the 
ionic strength of the solution. When not considering the ionic strength of the 
mobile phase, heat-stressed ADC run on the SEC-UV displayed only a peak 
for the monomer species in SEC-UV/Vis (see Figure 26 A). Ionic strength 
impacts the elution-efficiency as a higher ionic strength can prevent unwant-
ed interactions with the column material [80]. According to the Hofmeister 
series, ions in a phosphate buffer have a relatively higher ionic strength to 
ions in ammonium acetate solution [170]. Thus, the ionic strength of the 
ammonium acetate mobile phase was consequentially matched to that of the 
phosphate buffer which led to the re-appearance of the aggregate peak (see 
Figure 26 B). However, the phosphate buffer still resulted in a higher elution 



 60 

efficiency, with higher peak intensity and lower S/N compared to the ammo-
nium acetate mobile phase (see Figure 26 C), even when matching the ionic 
strength. Yet, ammonium acetate salt alone did suffice to elute both dimers 
and higher multimers of the ADC. 

 
Figure 26. Chromatogram for temperature stressed ADC in the mobile phase con-
taining 200 mM ammonium acetate (A), 700 mM ammonium acetate (B), phosphate 
buffer (C) and 200 mM ammonium acetate and 167 mM ammonium borate (D) from 
Paper VI.  

The ability to elute ADC aggregates with ammonium acetate-based mobile 
phases had been ascertained. However, the needed concentration of 700 mM 
of salt would lead to salt deposits on an MS inlet even for ammonium ace-
tate. The highest concentration of ammonium acetate used for SEC-MS of 
ADCs in literature was 400 mM [135]. Thus, in order to find a more MS 
friendly mobile phase composition, other ammonium-based salts were tested 
alone and in combination with ammonium acetate while retaining a similar 
ionic strength kept as possible. Although giving the lowest peak-to-peak 
separation for the calibration protein mixture, the addition of ammonium 
biborate to the mobile phase showed the highest improvement of the S/N for 
the heat-stressed ADC sample (see Figure 26 D). However, ammonium bi-
borate is less volatile than ammonium acetate, and its concentration should 
be therefore be kept as low as possible to avoid salt depositions in MS-spray 
sources. 

When monitoring aggregate formation in protein samples using SEC, the 
organic solvent content is commonly kept to a minimum. The addition of 
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organic solvent may disrupt any non-covalent bonds present in the aggre-
gates to cause on-column dissociation. However, small amounts of organic 
solvent may be beneficial in regard to help prevent some of the unwanted 
interactions between the ADCs and the stationary phase. Thus, it was con-
cluded to test eluting temperature stressed ADCs using up to 10% acetoni-
trile to the mobile phase containing ammonium acetate and biborate. To our 
surprise, the addition of organic solvent rather initially led to a slight in-
crease in the aggregate peak rather than a decrease of the signal. The exact 
reason for this has yet to be investigated but considering the increased hy-
drophobicity in the vcMMAE ADC used in the study, a possible explanation 
may lie in the reduced interactions with the column leading to a more com-
plete elution of aggregate from the column compared to the mobile phase 
with no organic content. Another possibility could be that some on-column 
aggregation takes place promoted by the presence of some organic solvent 
(since organic solvent can lead to aggregation at high concentration in solu-
tion). However, as can be observed in Table 8, the aggregation degree did 
decrease slightly when adding 10 % acetonitrile. Thus, it was concluded that 
the percentage of organic solvent should be kept at 5 %. Acetonitrile was 
later replaced with iso-propanol to help elute even stickier ADCs in Paper 
III. 

Table 8. Temperature stressed ADC analyzed using different concentrations of the 
organic solvent acetonitrile (ACN) in the mobile phase. The aggregates initially 
increased upon the addition of ACN but appeared to start to break when acetonitrile 
concentration was as high as 10% in the mobile phase. Reprinted with permission 
from the Royal Chemical Society. 

ACN % 
Average aggregate  

% (n=3) 
Relative increase  
in aggregate % 

RSD for Aggregate  
% 

0 27.5 - 7.4 

5 33.9 23.1 3.5 

10 32.7 18.8 4.6 
'n' is the number of replicate measurements. 

When transferring the selected mobile phase combination to an MS-system, 
the lack of organic solvent and the low number of charges on the analyte at 
neutral pH did not allow the transfer of the ADC (monomer or dimer) into 
the MS instrument, with the available ion source. The on-line PDA detector 
had clear signals for both monomer and aggregate. This led to the conclusion 
that the allowed temperatures and gas flows of the QTOF-MS ion source 
were insufficient to desolvate the analytes at the applicable solvent flow 
rates. This was verified further by setting up a method that used the same 
column and a mobile phase containing 15% acetonitrile and formic acid 
instead, which resulted in a peak corresponding to the weight of half of the 
ADC (confirmed by deconvolution). Different mixtures of ACN and ammo-
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nium acetate salts were also tested but capping the salt concentration and 
organic solvent content to as low as possible, as to not cause salt deposition 
or disrupt the aggregates on-column, no ADC peaks could be observed. As 
touched upon in chapter 8.1, the available QTOF instruments had ion-
sources with sub-optimal desolvation in denaturing conditions, so ionizing 
intact ADC in neutral pH may have been too challenging. 

8.5 Storing your samples  
In developing new drugs, it is essential to verify the shelf-life of the product 
(how long it can be stored under specific conditions and still meet the quality 
requirements). ADC stability has been extensively investigated to ensure that 
the final products are stored [58, 171–173], with the final goal to ascertain a 
safe product to be administered to the patient.  

From an analytical point of view, proteins are known to be problematic in 
regard to their stability over long time storage and fresh analytes are used as 
much as possible. However, under certain circumstances, analyses may al-
ways be delayed, in worst-case scenarios up to a couple of months. When it 
comes to recommendations in regard to the correlation between data reliabil-
ity and the freshness of the analyte for ADCs, but the available literature is 
scarce [169]. To complete the recommendations on limitations in conven-
tional DAR characterization workflows, it was decided to look into the effect 
of storing the samples on the acquired data. 

In Paper III, two different ADCs (one cysteine-linked (vcMMAE) and 
one lysine-linked (DM1)) were stored at two different temperatures (4°C and 
-20°C). SEC-UV/Vis was used to monitor aggregate formation and fragmen-
tation of samples stored over a month. Comparing the different conditions, it 
could be concluded that the lysine-linked ADC could be stored at either 
temperature with little change in the monomer. Considering that the con-
struct used had a non-cleavable linker and intact disulfide bonds between the 
chains, the relatively higher stability compared to the vcMMAE ADC was to 
be expected. The higher stability could also be observed when measuring the 
apparent average DAR-value of both ADCs at three different time points 
(see Figure 27). SEC-data indicated that vcMMAE ADC suffered less from 
fragmentation when stored at -20°C.  

From Figure 27 it could further be confirmed that storing vcMMAE ADC 
at -20°C could be beneficial in regard to the reliability of the apparent DAR-
value reported for a given batch as well. Freezing protein samples can some-
times be discouraged as freeze-thawing has shown to induce aggregation at 
certain conditions. However, from Paper III it was concluded that to enable 
ADC samples to be analyzed at a later date, without compromising the data 
quality, it is advisable to freeze the samples (if storing them for more than 
one week). 
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Figure 27. How the apparent DAR-value for a single ADC batch change over time 
when stored at two distinct temperatures in PBS at a protein concentration of 1 
mg/mL, from Paper III. 
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9 Conclusions and Future Perspective 

ADCs are known to be heterogonous compounds that can be challenging 
from an analytical perspective. The conjugated linker and payload common-
ly alter chemical and/or physical characteristics, compared to the nonconju-
gated antibody. Considering that the final product will be administered to 
humans the demands are extensive on a reliable characterization of each new 
ADC before they can enter into clinical trials. The need for adaption of the 
available analytical techniques for each new ADC construct has resulted in 
the characterization step still being one of the bottlenecks in the development 
process of new ADC constructs.  

This thesis has addressed several factors that could influence the accuracy 
of acquired DAR-values. The main focus was on RPLC-ESI-MS and HIC-
UV/Vis for DAR determination of cysteine-linked ADCs, but attention was 
also given to one type off lysine-linked ADCs. From Paper I and II it can 
be concluded that depending on the type of MS instrument used for DAR 
determination the acquired value might differ slightly. Furthermore, it was 
clear that high resolution was not necessary for reliable DAR-values. Thus, 
MALDI might be an interesting contender for quick DAR determination if 
screening a lot of different constructs. However, to be a reliable option better 
ionization efficiency of such high-mass analytes is needed, maybe from im-
proved matrixes and automated sample application onto the target to im-
prove spectral reproducibility. Quadrupole instruments are surprisingly reli-
able, fast and inexpensive options for DAR determination and have been 
favored in the later studies in this thesis. Future studies into the possibility of 
using single quadrupoles for this application could allow for even more read-
ily available options for MS-based DAR determination. Especially if it can 
be adapted to single quadrupoles with a mass range limited to 1000 m/z, as 
Paper II showed that not the entire charge envelope needs to be detected for 
accurate DAR-values. Further development on the applicability of MALDI 
and tQ instruments in DAR characterization could enable quicker DAR 
characterization on instruments that are available to a wider audience. 

Paper III and IV have shown that the sample preparation can have a 
slight impact on the apparent DAR-values acquired. Depending on DAR-
value and ADC construct different aspects may have a larger impact than 
others. What has been made clear is that sample preparation workflows for 
ADC analysis need more focus in the literature to develop more robust ana-
lytical protocols. Paper IV showed that carboxylated beads might be a fu-
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ture option for desalting ADC samples. Recoveries of 90% could be repeat-
edly achieved with the established protocol. However, the current protocol 
did slightly impact the DAR-value of the batch and further development is 
needed before it can be applied. It also still needs to be tested head-to-head 
with other desalting protocols using the same batch of ADC. 

By adding supercharging reagents to reduced ADC samples in Paper V, 
it was possible to slightly move the charge envelope to lower m/z. Nonethe-
less, the desired outcome of lowering the charge envelope to fit withing 500-
2000 m/z for intact mAb could not be achieved. However, it could be ob-
served that some of the tested reagents improved the S/N ratio. As the DAR 
determination was not affected by the addition of these reagents, it could be 
interesting to test if adding these supercharging reagents to samples could 
help improve the signal for instruments with sub-optimal desolvation. As 
some studies suggest supercharging agents may be used in native ESI-MS it 
would be interesting to test the ability of any of the reagents found in this 
study in regards to improving desolvation in e.g. SEC-MS DAR determina-
tion. 

Biotherapeutics and especially ADCs have a tendency to aggregate. Thus, 
there is a need for suitable analytical techniques to analyze its occurrence. 
To date, the common choice for this analysis has been SEC-UV/Vis. As 
shown in Paper VI SEC-UV/Vis depends on the ionic strength and type of 
salt selected for the mobile phase to ensure elution of both aggregates and 
monomers of the ADC and it is advised to test several types of salts for the 
mobile phase when setting up a method for a new ADC. Among the investi-
gated volatile salts, a combination of ammonium acetate and ammonium 
borate showed the biggest promise for ADC aggregate detection in SEC-MS. 
However, the application of the ammonium acetate and borate mobile phase 
for SEC-MS detection of aggregates was unsuccessful in our study. Notwith-
standing, as ion sources are developed to give improved desolvation in ab-
sence of organic solvents and for neutral mobile phases, it may still be pos-
sible to implicate this approach for simultaneous determination of DAR-
values and aggregation extent of an ADC sample. 

Finally, it can be concluded that ADC analyses are indeed challenging 
and still in need of further development. A lot of inspiration can be obtained 
from proteomics, but it has to be kept in mind that ADCs are predominantly 
heterogeneous analytes and analytical workflows should always be evaluated 
thoroughly for each given payload-antibody combination to ensure good 
quality data. 
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10 Populärvetenskaplig sammanfattning 

Det finns en ständigt växande marknad för protein-baserade läkemedel. Ett 
exempel på vanligt förekommande proteinläkemedel är insulin. Det utveck-
las också flera proteinläkemedel mot cancer som baseras på antikroppar. 
Antikroppar är proteiner som har en region som binder till specifika mål på 
t.ex. cellmembran. Man har hittat att vissa av dessa målmolekyler finns i 
större mängd på ytan av särskilda cancerceller (t.ex. bröstcancerceller av 
typen HER2). En vidareutveckling på dessa antikroppsläkemedel är s.k. an-
tikroppskonjugat som förkortas till ADC:er (från engelskans antibody-drug 
conjugates).  

 
Figur 1. Schematisk bild över de olika delarna i en ADC 

Forskningen på ADC:er har stadigt ökat sedan 70-talet, men idéen bakom 
dem lades fram redan vid 1900-talets början. Den främsta fördelen med 
ADC:er över vanliga antikroppar är att utöver den målsökande egenskapen 
som antikroppen ger så har man även kemiskt bundit småmolekylära läke-
medel till antikroppen (Figur 1). De småmolekylära läkemedlen är ofta base-
rade på cancerläkemedelskandidater (cytofarmaka), som inte nått marknaden 
tidigare då de var för starka och därmed hade för många biverkningar. Ge-
nom att kemiskt binda dessa till en antikropp så kan man transportera dem i 
kroppen fram till cancervävnad, där de släpps fria beroende på hur den ke-
miska länken har designats (Figur 2). Cytofarmakan är inaktiv så länge den 
är bunden till antikroppen och man kan därmed minska risken för biverk-
ningar på andra organ genom att administrera läkemedlet som en ADC istäl-
let för i fri form. 
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Figur 2. Förenklatt förlopp för hur frisläppningen av läkemedel kan se ut när de nått 
till cancervävnaden för många ADC:er. ADC:en binder först till målmolekylen på 
cellmembranet, för att sedan omslutas och transporteras in i cellen. Väl inne i cellen 
frigörs cytofarmakan via olika mekanismer beroende på val av länk och typ av bind-
ning till antikroppen. 

ADC:er är oftast en blandning med varierande mängd läkemedel bundna till 
varje antikropp. Måttet på hur många läkemedel man har per antikropp kal-
las för drug-to-antibody ratio (DAR) och är en central enhet i produktut-
vecklingen av ADC:er. I takt med att marknaden utvecklas dyker det även 
upp behov av nya tekniker för att analysera ADC:erna. Många och ingående 
analyser behöver göras under de olika stegen av utvecklingen för att säker-
ställa en säker slutprodukt som kan ges till patienter. 

Det finns flera olika analysmetoder för att mäta DAR-värden och stabili-
teten hos olika ADC:er, men då molekylerna är så olikartade över lag så 
finns det inte en enskild analysmetod som garanterat fungerar för alla typer 
av ADC:er. Traditionella tekniker använder separationsmetoder som kro-
matografi för att mäta DAR, medan nyare tekniker använder masspektrome-
tri, en slags våg för molekyler, för detta ändamål. I denna avhandling har nya 
metoder för masspektrometrisk bestämning av DAR hos ADC:er utvärderats 
(Publikation I och II). Vidare har förvaring, stabilitet och provupparbetning 
studerats (Publikation III och VI). Slutligen så tittade vi på möjligheten att 
applicera delar av metoder som används för analyser av andra typer av prote-
iner till att analysera ADC:er (Publikation IV och V).  

Sammanfattningsvis så visar dessa arbeten att ADC:er är komplexa till sin 
natur och krävande att analysera. Resultaten är lovande och metoderna som 
presenteras banar väg för mer robusta analysmetoder än de som är i bruk 
idag. Detta är ett viktigt steg för utveckling och kvalitetssäkring av nya tera-
peutiska möjligheter för cancerbehandling.  
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