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Introduction

Controlling and understanding the protein micro-heterogene-
ity of monoclonal antibodies (mAbs) both in a qualitative and 
quantitative manner represents one of the main focuses in the 
development and manufacturing of this class of therapeutics. 
Post-translational modification (PTM) on mAbs needs to be 
minutely characterized because it may affect antibody structure, 
efficacy, and potency, and its potential antigenicity or immu-
nogenicity. The most widespread PTM occurring on mAbs 
is N-glycosylation. The nature of the glycan chains influences 
Fc-effector function and serum half-life.1,2 In particular, the lack 
of core fucosylation enhances antibody dependent cellular cyto-
toxicity (ADCC),3,4 while the presence of (α2–6)-linked sialic 
acids (N-acetylneuraminic acids) may be beneficial for anti-
inflammatory activity.5-7 mAb glycosylation can be very diverse 
in nature, leading to an extensive molecular heterogeneity of the 

Here, we describe a fast, easy-to-use, and sensitive method to profile in-depth structural micro-heterogeneity, 
including intricate N-glycosylation profiles, of monoclonal antibodies at the native intact protein level by means of mass 
spectrometry using a recently introduced modified Orbitrap Exactive Plus mass spectrometer. We demonstrate the 
versatility of our method to probe structural micro-heterogeneity by describing the analysis of three types of molecules: 
(1) a non-covalently bound IgG4 hinge deleted full-antibody in equilibrium with its half-antibody, (2) IgG4 mutants 
exhibiting highly complex glycosylation profiles, and (3) antibody-drug conjugates. Using the modified instrument, 
we obtain baseline separation and accurate mass determination of all different proteoforms that may be induced, 
for example, by glycosylation, drug loading and partial peptide backbone-truncation. We show that our method can 
handle highly complex glycosylation profiles, identifying more than 20 different glycoforms per monoclonal antibody 
preparation and more than 30 proteoforms on a single highly purified antibody. In analyzing antibody-drug conjugates, 
our method also easily identifies and quantifies more than 15 structurally different proteoforms that may result from 
the collective differences in drug loading and glycosylation. The method presented here will aid in the comprehensive 
analytical and functional characterization of protein micro-heterogeneity, which is crucial for successful development 
and manufacturing of therapeutic antibodies
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glycoprotein. Wild-type mAbs typically exist as a mixture of 3–5 
different glycoforms, with their nature and abundance highly 
dependent on the cell line and expression system used. Human 
antibodies expressed in non-human cell lines can bear non-human 
carbohydrate chains (e.g., containing N-glycolylneuraminic acid, 
the galactose(α1–3)galactose epitope or xylose) that may trigger 
undesired immunogenic responses. Therefore, regulatory author-
ities require a thorough qualitative and quantitative analysis of 
mAb glycosylation for the preparation of medicinal products.

Other modifications frequently occurring on mAbs are disul-
fide pairings, N- and C-terminal modifications such as pyroGlu, 
Lys and Gly clipping,8 which also require qualitative and quan-
titative analysis. At present, it is not possible to analyze all this 
micro-heterogeneity using a single method. For the most part, 
efforts so far have been directed toward the analysis of mAbs 
glycosylation. Several analytical approaches to characterize anti-
body N-glycosylation targeted at different molecular levels, i.e., 
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In this work, we aim for the detailed characterization of 
highly complex micro-heterogeneity, including glycosylation 
profiles, on intact native mAbs. We use the recently described 
Orbitrap Exactive Plus (ThermoFisher Scientific) that has been 
modified to perform native MS.24 We show that this instrument 
is capable, through its high sensitivity, mass accuracy and resolv-
ing power, of providing baseline separation of the different pro-
teoforms on intact half- (~75 kDa) and full-mAbs (~150 kDa). 
The analysis by native MS on the Orbitrap at the intact protein 
level provides a number of advantages. Most importantly, a single 
highly resolved profile of all protein micro-heterogeneity could be 
obtained within a few minutes using a few femto-mole of sample, 
making it a time- and cost-efficient tool for routine analysis. Very 
little sample preparation is required, as the direct injection into 
the mass spectrometer excludes the need for a chromatographic 
step prior to MS analysis. Additionally, differences in the chemi-
cal nature of the glycan chains do not substantially affect the 
ionization efficiency of the intact protein, allowing the relative 
quantification of all proteoforms/glycoforms, including highly 
sialylated glycans. The detailed qualitative and quantitative pro-
files we observe reveal, in some cases, more than 30 different pro-
teoforms of a single mAb,25 extending the depth of structural 
characterization usually obtained by current technologies.

Results

Benchmarking the performance of native MS using an 
Orbitrap mass analyzer in the characterization of protein 
micro-heterogeneity of intact full-length mAbs. To test the 
performance and demonstrate the versatility of the new analysis 
workflow, we selected three different samples: (1) a full-length 
(150 kDa), hinge deleted, IgG4 that exists in equilibrium with 
its half-antibody (75 kDa); (2) IgG4 mutants exhibiting highly 
complex glycosylation profiles; and (3) an IgG1 antibody-drug 
conjugate (ADC).

We benchmarked our approach evaluating the glycosyl-
ation profile on a wild-type, hinge-deleted IgG4 antibody 
(ΔhingeIgG4). The deletion of the hinge region excludes inter-
molecular disulfide bonds between the two heavy chains, making 
the dimerization of the two half-antibodies occur solely through 
non-covalent interactions.26 The full native mass spectrum of 
the ΔhingeIgG4WT antibody is shown in Figure 1A. Notably, 
as described earlier27 this spectrum can be generated in a matter 
of a few minutes, consuming just a few femtomoles of sample. 
The native MS spectrum provides a glimpse of the equilibrium, 
caused by the deletion of the hinge region, that exists between the 
half- and full-antibody in solution at the particular concentration 
used, from which dimerization constants can be determined.26 
This feature enables the dedicated analysis of the glycosylation 
profile at both the half- and full-antibody level in a single spec-
trum. The mAb protein micro-heterogeneity caused by the 
diverse glycosylation becomes apparent when zooming-in on a 
single charge state (Fig. 1A in-sets). Multiple peaks correspond-
ing to the different glycoforms are easily baseline-resolved at high 
S/N levels, allowing very accurate mass measurement and, there-
fore, reliable proteoform assignment.

the glycan, the glycopeptide and the glycoprotein level, have 
been developed. One of the dominant approaches currently 
used is analysis at the glycan level, whereby the glycan chains 
are first enzymatically released from the protein. Subsequently, 
these glycans, eventually derivatized with a fluorescent label at 
the reducing side (reductive amination), are analyzed using chro-
matographic methods, such as normal-phase liquid chromatog-
raphy (NP-LC), hydrophilic interaction liquid chromatography 
(HILIC), and high-performance anion-exchange chromatogra-
phy (HPAEC), regularly combined with intermediate exo-glyco-
sidase digestions.9-12 Alternatively, mass spectrometry (MS) can 
also be used for the analysis at the glycan level, mostly by using 
matrix-assisted laser desorption ionization (MALDI) in combi-
nation with time of flight (TOF) analyzers. A general drawback 
of analyzing only at the glycan level is that the connectivity to 
the protein of origin is lost, which becomes a problem if the pro-
tein to be analyzed is not very pure. An additional drawback of 
using MALDI-MS for the analysis of glycans is represented by 
the relatively poor ionization efficiency, especially of sialylated 
glycans, that severely hampers their detection, and thus quantita-
tive analysis.13-15

Analysis by MS at the glycopeptide level has recently become 
more perceptible, partly to overcome some of the aforementioned 
shortcomings.16 In this sort of analysis, the connectivity issue is 
evidently solved; however, analysis on the glycopeptide level is 
still immature, needing more advanced and dedicated chromato-
graphic approaches. Moreover, in this case proteolysis (e.g., by 
trypsin) needs to be complete and reproducibly controlled, which 
typically becomes more difficult when a protein is highly gly-
cosylated. Additionally, glycopeptide fragmentation in MS has 
not always been sufficiently informative. This last issue may be 
(partly) solved as it has recently been shown that glycopeptides 
can be more efficiently fragmented and characterized using in 
series collision-induced dissociation (CID) and electron transfer 
dissociation (ETD), which target the structures of the glycans 
and peptide backbone, respectively, and can also provide infor-
mation on their structural branching.17-19

Antibody glycosylation can also be investigated at the intact 
protein level through a combination of chromatography and MS. 
Investigations at the intact protein level have the advantage of 
requiring less sample handling, but glycan analyses of intact pro-
teins by chromatography and MS are still in their infancy com-
pared with measurements at the peptide and glycan level. Most 
commonly, these mass spectrometric analyses are performed 
under denaturing conditions, with the protein eluted in an acidi-
fied organic and/or water mixture using LC-MS,20-22 prior to 
ionization by electrospray. Current TOF mass analyzers provide 
sufficient resolving power to resolve (less complex) glycan pro-
files on the intact proteins in a qualitative and relative quantita-
tive manner. Alternatively, mAbs can be mass analyzed by native 
MS, wherein the protein is ionized in an aqueous ammonium 
acetate buffer.23 Native MS seems to retain the protein in a more 
folded structure, whereby the proteins also become substantially 
less charged in the ionization process. This implies, however, that 
they need to be detected at high m/z values, which so far has been 
little explored on ion traps or Orbitraps.
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constant, and their glycosylation profiles.28 The change in gly-
cosylation is a surprising finding because the glycosylation site is 
quite distant from the CH3 domain. Among all samples previ-
ously analyzed with more conventional methods such as HPAEC-
PAD and MALDI-TOF, the Y407E, Y407A, Y407Q and Y407K 
mutants showed high predominance of the half-antibody form, 
as well as the most diverse glycosylation profiles.

The zero-charge convoluted spectra of Y407E, Y407A, Y407Q 
and Y407K are displayed in Figure 2. The high resolving power 
(see also Figs. S2 and S3) allows the discrimination of a plethora 
of peaks that are quite close in mass. The mass and structural 
assignment is rather straightforward, even for the lower abun-
dant species in the very congested spectra. Based on the MS 
compositional analysis in terms of hexose, N-acetylhexosamine, 
deoxyhexose and sialic acid (Table S1), more than 20 different 
complex-type N-glycan compositions could be assigned within 
a single spectrum. Our data reveals a considerable increase in 
the number of N-glycan species compared with previous stud-
ies.28 Most notably, next to the glycan structures most frequently 
observed on mAbs expressed in human cell lines, we could iden-
tify lower abundant glycans that occur less frequently, but that 
are still allowed considering the N-glycan biosynthetic pathways 
typical of the human (HEK) cells. Notably, we could even detect 
tetra-antennary and trisialylated glycan structures, these being 

First, we evaluated the micro-
heterogeneity profile on the half-
antibody (~75 kDa). Therefore, the 
spectra were convoluted to zero-
charge, taking the signals at all 
detected charge states into account, 
which facilitated mass assignment 
(Fig. 1B). The masses found experi-
mentally were in very good agree-
ment with the theoretical masses of 
the protein sequence with the addi-
tion of glycan structures typically 
observed when expressing mAbs 
in a human (HEK-293F) cell line  
(Table S1). After identification and 
assignment of the most naive glycan 
(G0F in this case), the subsequent 
peaks in the spectrum can be easily 
assigned by examination of the mass 
shifts, which correspond to the addi-
tion of single successive monosaccha-
ride residues.

Additionally, convolution to a 
zero charge mass spectrum provides 
a means to measure peak intensities, 
which are based on the sum of the 
intensities over all detected charge 
states peaks. Therefore, we also have 
quantitative information on the 
abundance of the different proteo-
forms largely caused by the micro-
heterogeneity in the glycosylation of 
the protein backbone. The likely confidence of this quantitative 
data are very high, as it may be hypothesized that different glycan 
structures have negligible influence on the ionization efficiency 
of the much larger protein backbones. We used the quantitative 
experimental information of the different glycovariants of the 
half-antibody to predict the identity and the abundance of the 
glycovariants present in the full-antibody (~150 kDa) (Fig. 1C). 
Because the full-antibody consists of a pair of two half-antibod-
ies, all glycan combinations are possible, including asymmetric 
species, i.e., full-antibodies carrying two different glycans on 
the two halves. We used a statistical model to predict the abun-
dances of all possible pair combinations based on the abundances 
of the glycans on the half-antibody. A comparison between the 
predicted and experimental glycan profiles is given in Figure S1. 
The quantitative similarity between the predicted and measured 
spectrum is excellent, providing evidence that, at the ensemble 
level, the glycan profiles are alike on both halves of the antibody.

Glycosylation profiles and further micro-heterogeneity 
on ΔhingeIgG4 antibody mutants. We next analyzed several 
ΔhingeIgG4 single-point mutants that are known to display more 
complex glycosylation profiles than the wild-type ΔhingeIgG4.28 
Recently, Rose et al. revealed that specific point mutations in 
the CH3 domain of ΔhingeIgG4 antibodies affect both the 
CH3-CH3 interaction strength, and therefore their dimerization 

Figure 1. Antibody glycosylation analysis at the intact protein level by native Orbitrap MS. In (A) the full 
native mass spectrum of an ΔhingeIgG4WT antibody is shown, revealing two charge-states envelopes 
originating from the half- (~m/z 4000) and full-antibody (~m/z 6000) being in equilibrium. The in-sets 
show enlarged single charge state spectra for both the half- and full-antibody, highlighting the micro-
heterogeneity caused by glycosylation. The convoluted zero-charge mass spectra and glycan assign-
ments, of the major components, are shown for the half-antibody in (B) and the full-antibody in (C). In 
case of more than one possible schematic structure for a (Neu5Aca)(Galb)MancGlcNAcdFuce composition, 
only one isoform is included; additional isomeric structures are displayed in Figure S4.
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due to the combination of glycosylation and Gly-truncation. 
Generally, the glycosylation profile was alike for the intact and 
the Gly-truncated antibody. This further demonstrates the 
advantage of the new method of analyzing intact antibodies by 
native MS on the modified Orbitrap, as all co-occurring micro-
heterogeneities are observed in a single analysis.

Next, we subjected the ΔhingeIgG4 Y407E mutant, which 
we found to be particularly rich in sialic acids, to enzymatic 
desialylation using the enzyme neuraminidase. Removal of the 
(α2–3)/(α2–6)-linked sialic acid residues could be achieved, 
resulting in a much more simplified native MS spectrum  
(Fig. S5). As a consequence of the loss of sialylated glycoforms, 
the relative abundances of the non-sialylated species do change as 
each sialylated species turns into its corresponding non-sialylated 
version. The increase of peak intensities in the desialylated sample 
was found to exactly match the intensities of their corresponding 
sialylated versions, confirming that both glycan identification 
and quantitation were correct.

Mass resolution and mass accuracy. Mass accuracy and 
resolution often decrease with increasing mass of the analyte, 

most prominent in the Y407K, Y407E and Y407Q mutants, and 
a structure with two Fuc residues that seemed to hint at the pres-
ence of an H- or Lewis-type antigen, which is not frequently 
detected in mAbs.

A glimpse of some of the most extended glycan structures 
assigned is provided in Figure 3, while a summary of all assigned 
structures is given in Figure S4. The glycan mass data were used 
to determine the stoichiometry of the Man, Gal, GlcNAc, Fuc, 
and Neu5Ac building blocks (Table S1), translated into the most 
likely N-glycan structures, based on literature data. Our analysis 
reveals even more clearly than previously reported that there is 
an intricate interplay between the mutations of Y407 in the CH3 
domain and the glycosylation at N297 distantly located in the 
CH2 domain.28 A more detailed investigation of the data dis-
closed re-occurring lower abundant satellite peaks that appeared 
at the lower mass-side of each peak and had a mass consistently 
57 Da lighter, most likely corresponding to the truncation of the 
C-terminal glycine. The amount of truncated antibody was con-
sistently 13 ± 5%. If we also take these species into account, some 
of the recorded spectra displayed more than 30 proteoforms, 

Figure 2. Overview of glycosylation profiles at the intact protein level of four IgG4 half-antibody mutants. As shown previously,26 mutants at Y407 
in ΔhingeIgG4 induce a dramatic change in the half- and full-antibody equilibrium and substantially alter the glycosylation pattern. From top left to 
bottom right, the spectra obtained for Y407A, Y407K, Y407E and Y407Q are shown. Compared with the WT, these mutants display a relatively high sialic 
acid content. The schematic structures of the most abundant assigned N-glycans, taking into account the N-glycan biosynthetic pathways in human 
and the known N-glycosylation patterns of human mAbs, are displayed. In case of more than one possible schematic structure for a (Neu5Aca)(Galb)
MancGlcNAcdFuce composition, only one isoform is included; additional isomeric structures are displayed in Figure S4. *Antibody species bearing the 
glycine truncation.
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auristatin E, covalently attached via a maleimidecaproyl linker 
to cysteine residues of the IgG1 mAb that are usually involved 
in intermolecular disulfide bridges. To allow drug conjugation, 
disulfide bridges in the IgG1 are first (partially) reduced, where 
after the drug can be coupled. Because each reduced disulfide 
bridge exposes two free cysteine residues, it is expected that two 
drug molecules are conjugated per reduced disulfide bridge. 
Figure 5A depicts the native MS spectrum of the brentuximab 

impeding the analysis of intact proteins, especially when com-
pared with lower molecular weight species such as glycopep-
tides and released glycans. This may be due to the general lower 
instrumental resolution at high m/z and the incomplete desolva-
tion of the analyte in ESI caused by salt or solvent adducts. To 
probe the accuracy of our method, we assessed the mass accuracy 
for all samples analyzed. The theoretical masses are compared 
with the experimental ones in Table S1. Theoretical masses were 
obtained from the protein and glycan sequences; experimental 
masses were assessed from well-calibrated native MS spectra. A 
systematic mass error of around +3 Da was observed for the half-
antibodies, while this error doubles to 6 Da for the full-antibody 
(Fig. 4). From our experiments on the calibrant, i.e., CsI clus-
ters generated by ESI,24 we know that the instrumental mass 
accuracy is two orders of magnitude better at 6000 m/z range 
(± 0.02 Da). Therefore, the shift in the peak maximum cannot 
be correlated with instrumental mass accuracy, but it might be 
attributed to an incomplete desolvation or substitution of one or 
more protons acquired by the mAb in the ESI process by Na+ or 
K+. In its current settings, our Orbitrap cannot fully resolve such 
very small mass differences. To explore this hypothesis, we simu-
lated spectra of the wild-type ΔhingeIgG4 antibody: completely 
desolvated, or with one Na+, K+ or H

2
O adduct, taking also into 

account the natural isotopic peak widths. These simulations, as 
displayed in Figure 4, clearly reveal that the majority of mAb 
ions are completely “naked,” i.e., completely desolvated, while 
likely a very small fraction bears a single small molecule or cation 
adduct, causing a slight shift of the peak maximum (the 6 Da 
mentioned above) and a peak shoulder.

Analyzing micro-heterogeneity in antibody-drug conju-
gates. The method described here may easily be extended to study 
induced protein micro-heterogeneity caused, for instance, by 
chemically-induced modifications. To illustrate this, we analyzed 
brentuximab vedotin (ADCETRIS®). This ADC is of particular 
interest because it carries a potent cytotoxic drug, monomethyl 

Figure 3. Overview of some of the most extended glycan structures identified on the IgG4 mutant antibodies. Typical examples of (sialylated) tri- and 
tetra-antennary N-glycans are presented. The in-set shows the relationship between the structure of a tetra-sialylated tetra-antennary N-glycan and 
the used symbolic notation for such a structure, clarifying also the symbolic notation of diantennary and triantennary structures. The Δmass, i.e., the 
mass shift of the glycosylated form compared with the deglycosylated form, is also indicated. See Figure S4 for an overview of all glycan structures 
identified and structurally assigned.

Figure 4. Limitations in accurate mass measurements in native Orbitrap 
MS of intact proteins. Comparison of the theoretical (blue line) and the 
experimental (red line) peak signal at a single charge state peak. The 
simulated peak of the ΔhingeIgG4WT antibody is displayed in solid blue 
when the ions are entirely desolvated (theoretical isotope distribution). 
Modeling into this peak the partial presence of a single water molecule, 
sodium (Na+) or potassium (K+) ion broadens the signal, leading to an 
increase in the experimentally measured mass.
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focus here primarily on protein glycosylation. Our investigation 
on mass accuracy revealed that a large majority of the ions gen-
erated in the electrospray source reach the detector completely 
“naked” and, thus provide clear evidence that complete desolva-
tion is feasible in the native state for 150 kDa protein assemblies. 
As a result, experimental mass measurements were found to be in 
agreement with the theoretical masses obtained from the mAb 
primary sequence and glycan structures. Incomplete desolvation 
and salt adducts (e.g., Na+ and K+) have always been a limita-
tion in the analysis of intact proteins, especially in native MS 
where aqueous buffers are used. Water molecules and salt adducts 
cause broadening of the peaks and the shift of the peak maxi-
mum, both of which typically hamper exact mass measurements 
on larger proteins.31 As argued before, we hypothesize that the 
slightly harsher conditions in the source region of the Exactive 
Plus instrument ensure more efficient desolvation,24 thereby still 
retaining non-covalent protein-protein interactions.

The improved instrumentation performances led to an 
increase of the number of identified species, with special regard 
to the low abundant ones. In particular, referring to the analysis 
performed by Rose et al., we were now able to detect, besides 
other glycoforms, low abundant trisialylated glycoforms in 
mutant ΔhingeIgG4-Y407A and ΔhingeIgG4-Y407K, which 
were not observed previously. Glycosylation studies of highly 
sialylated antibodies using MS can be rather challenging, espe-
cially when the analysis is performed on released glycans, because 
the presence of a negatively charged carboxyl group severely 
affects their ionization efficiency. This issue is solved when the 
analysis is performed at the intact protein level. Efficient ioniza-
tion is ensured by the protonation of basic residues of the protein, 
while the glycan chains remain neutral. This is confirmed by the 
fact that a native mass spectrum of a glycosylated antibody and 
a deglycosylated antibody show alike charge-state distributions. 
More importantly, because the electrospray-induced charging 
process primarily involves the protein backbone, which is identi-
cal in all components (or very similar in case of sequence vari-
ants), the ionization efficiency is not substantially affected by the 
differences in the glycan chains. This aspect is crucial to obtain 
(semi-) quantitative data.

A thorough characterization of glycosylation, both qualita-
tively and quantitatively, is imperative, especially for therapeu-
tic antibodies. Such characterization may help in the analysis of 
batch-to-batch variability, and in biosimilar / reference product 
comparability exercises.32 The data acquired enable relative quan-
titation,33 directly from the native MS spectra.

As previously demonstrated by Rose et al.28 and confirmed by 
our analysis, the IgG4 glycosylation profile is highly influenced 
by a single point mutation in the CH3 domain, even though the 
glycosylation site is located in the CH2 domain. We previously 
showed using HD exchange MS that single mutations can sig-
nificantly alter the tertiary structure, which may be a cause for 
the observed change in glycosylation.28

Some obvious advantages of performing protein micro-het-
erogeneity analysis by using native MS are the ease of sample 
preparation and the overall analysis speed. After antibody puri-
fication, just a buffer exchange step is required prior to mass 

vedotin ADC following deglycosylation by PNGase-F. The peaks 
arising originate from the intact mAb (150 kDa), but clearly show 
a diverse conjugation profile of the drug molecules. Species origi-
nating from the different drug-loads are clearly baseline resolved. 
Binding of the drug induces a mass shift of 2636 Da, correspond-
ing to the binding of two drug molecules (one to each available 
cysteine residue). These spectra clearly indicate that the ADC 
product is not homogeneous in terms of drug-load, and antibod-
ies carrying 0, 2, 4, 6, and 8 drug molecules co-exist. The aver-
age load could be semi-quantified as ~4.4, which is in agreement 
with previous findings.29,30 To examine whether deglycosylation 
by PGNase-F was really indispensable to characterization of the 
ADC, we also recorded the native MS spectrum of the unpro-
cessed ADC (Fig. 5B). These spectra clearly demonstrate that 
the glycosylation-induced protein micro-heterogeneity profile of 
this ADC can be monitored in parallel with the drug-load in a 
single analysis.

Discussion

Here, we describe a method to minutely characterize at the intact 
protein level micro-heterogeneity originating from complex 
N-glycosylation, truncations and chemically- or biologically-
induced modifications on mAbs. Performing native MS using 
an Orbitrap Exactive Plus instrument (ThermoFisher Scientific), 
we were able to identify, assign and quantify up to 25 different 
glycan structures present on IgG4 antibodies produced in human 
(HEK-293F) cells. We recently described the modifications made 
on the Orbitrap Exactive Plus instrument making it amendable 
for native MS.24,27 The high sensitivity, resolving power and mass 
accuracy make this instrument particularly interesting for the 
characterization of protein micro-heterogeneities. Hence, we 

Figure 5. Analysis of the antibody-drug conjugate brentuximab vedotin 
(ADCETRIS®) at the intact protein level by native Orbitrap MS. Native 
spectra of the (A) deglycosylated and (B) glycosylated ADC. The dif-
ferentially colored charge-state envelopes correspond to the different 
amount of drug molecules loaded onto the antibody. The drug loading 
clearly increases in steps of two, linked to the two accessible cysteine 
amino acids when a disulfide bridge is reduced.
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desialylation of the ΔhingeIgG4Y407E sample was performed 
using the neuraminidase (sialidase) enzyme (Roche). After diges-
tion, the desialylated sample was buffer-exchanged prior to mass 
spectrometric analysis. Brentuximab vedotin (Seattle Genetics) 
was dissolved in sterile water. Twenty-five micrograms were buf-
fer-exchanged and analyzed as described.

Native MS. After buffer exchange, approximately 1 μL 
of 3 μM sample (antibody tetramer equivalent) was directly 
injected into the mass spectrometer using a gold-coated boro-
silicate capillary made in-house using a Sutter P-97 puller 
(Sutter Instrument Co) and an Edwards Scancoat six sputter-
coater (Edwards Laboratories). All samples were analyzed using 
a slightly modified Exactive Plus instrument (ThermoFisher 
Scientific). Modifications and main settings were previously 
described.24 In particular, ions were trapped in the HCD cell 
filled with nitrogen at a pressure of 5 e−10 mbar. Resolution was 
set at 35 000, scans were acquired for a few minutes, combining 
10 microscans.

Data analysis. Protein Deconvolution V2.0 (ThermoFisher 
Scientific) was used to convolute raw spectra and for mass assign-
ment and relative quantitation.
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spectrometric analysis. This normally requires only a couple of 
minutes per sample.31,34 Moreover, by using native MS, non-cova-
lently assembled proteins, such as ΔhingeIgG4 antibodies and 
cysteine-conjugated ADCs (brentuximab vedotin in our case), 
can be still be maintained and analyzed in their native quater-
nary state. This allows the assessment of the drug-antibody ratio 
(DAR) for cysteine-linked ADCs.29,35

An obvious remaining limitation is represented by the inabil-
ity to deduce monosaccharide stereoisomers, linkages, anomeric 
configurations, and glycan branching, which would still require 
dedicated glycan analysis by MS/MS or, for instance, NMR spec-
troscopy or LC combined with exo-glycosidases and methylation 
analysis.9,17,36-38

In conclusion, the results described here show the amount of 
information that can be obtained from a single native mass spec-
trum on the modified Orbitrap mass analyzer. A detailed pic-
ture of the most complex antibody glycosylation profiles can be 
drawn, but the presence of sequence variants can also be detected. 
In addition, quantitative data of all species identified can be eas-
ily obtained from peak intensities. In our opinion, biotechnology 
and biopharmaceutical companies working on therapeutic anti-
bodies or other types of biotherapeutics can benefit substantially 
from the accuracy and the speed of this method. This kind of 
analysis can also be seen as a high-resolution fingerprint that can 
be used, for instance, for batch-to-batch comparisons or for com-
parability studies between biosimilar antibodies and their refer-
ence products.

Materials and Methods

Sample preparation. A ΔhingeIgG4WT antibody and 
related mutants ΔhingeIgG4Y407A, ΔhingeIgG4Y407E, 
ΔhingeIgG4Y407Q and ΔhingeIgG4Y407K were expressed in 
HEK-293F cells and purified as previously described.28 After 
purification, 25 μg of each sample were buffer-exchanged into 
150 mM ammonium acetate pH 7.5, using 10 kDa MWCO 
centrifugal filter units (Amicon® Ultra, Millipore). Enzymatic 
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