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ABSTRACT: Qualitative and quantitative mass analysis of antibodies and
related macromolecular immune complexes is a prerequisite for determining
their identity, binding partners, stoichiometries, and affinities. A plethora of
bioanalytical technologies exist to determine such characteristics, typically
based on size, interaction with functionalized surfaces, light scattering, or
direct mass measurements. While these methods are highly complementary,
they also exhibit unique strengths and weaknesses. Here, we benchmark mass
photometry (MP), a recently introduced technology for mass measurement,
against native mass spectrometry (MS) and size exclusion chromatography
multi-angle light scattering (SEC-MALS). We examine samples of variable
complexity, namely, IgG4Δhinge dimerizing half-bodies, IgG-RGY hexamers,
heterogeneously glycosylated IgG:sEGFR antibody−antigen complexes, and
finally megadalton assemblies involved in complement activation. We thereby assess the ability to determine (1) binding affinities
and stoichiometries, (2) accurate masses, for extensively glycosylated species, and (3) assembly pathways of large heterogeneous
immune complexes. We find that MP provides a sensitive approach for characterizing antibodies and stable assemblies, with
dissociation correction enabling us to expand the measurable affinity range. In terms of mass resolution and accuracy, native MS
performs the best but is occasionally hampered by artifacts induced by electrospray ionization, and its resolving power diminishes
when analyzing extensively glycosylated proteins. In the latter cases, MP performs well, but single-particle charge detection MS can
also be useful in this respect, measuring masses of heterogeneous assemblies even more accurately. Both methods perform well
compared to SEC-MALS, still being the most established method in biopharma. Together, our data highlight the complementarity of
these approaches, each having its unique strengths and weaknesses.

■ INTRODUCTION

With the continued advancement of antibody-based formats as
biopharmaceuticals, analytical techniques providing robust and
accurate characterization of these products and related
macromolecular immune complexes become increasingly
important. Antibody functioning strongly depends on non-
covalent protein−protein interactions, with their unique
structural organization bridging molecular recognition with
the recruitment of effector functions.1 Structurally, standard
IgG-based antibodies are homo-heterodimers consisting of two
heavy chains (HCs) and two light chains (LCs) that are
connected through several disulfide bridges. Target recognition
is enabled by two variable antigen−binding (Fab) arms, which
engage in highly specific epitope−paratope interactions.2,3

Effector functions, on the other hand, are primarily mediated
by the constant (Fc) tail, which recruits and directs immune
cells by binding to Fc receptor proteins,4,5 but can also initiate
humoral immune responses such as the classical complement

pathway.6,7 Furthermore, the Fc tail can facilitate the formation
of functional oligomerslinked covalently in IgA and IgM or
by noncovalent interactions in surface-bound IgGs.8 The
ability to accurately characterize antibodies and their
interactions with antigens and receptors is thus of crucial
importance, both for fundamental research as well as in the
optimization of antibody engineering and drug development.
Affinities and kinetics of antibody−antigen interactions are

typically assessed by biosensors that quantify interactions with
functionalized surfaces. The most prevalent of such approaches
is surface plasmon resonance,9,10 but bio-layer interferome-
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try,11 quartz crystal microbalances,12 and Förster resonance
energy transfer microscopy13,14 provide accurate readouts
down to sub-nanomolar Kd values. However, these techniques
are generally limited to binary interactions, preventing their use
in studying oligomerization and the formation of larger
immune complexes of multiple stoichiometries and composi-
tions.
Low-resolution biophysical methods based on size, charge,

diffusion, or light scattering are widely used in academia and
industry to study antibody oligomerization and complex
formation. Oligomeric distributions and aggregation states
can be evaluated using dynamic light scattering.15−17 Analytical
ultracentrifugation, on the other hand, can provide quantitative
data at a higher resolution,18,19 allowing the technique to be
used to study protein−protein interactions as well,20 but
arduous experimental procedures make this approach
impractical for routine use.21 Moreover, also capillary electro-
phoresis-related techniques have been applied for the
characterization of antibodies and their interactions.22,23

Size exclusion chromatography (SEC) remains the long-
standing industry standard for analyzing the quaternary
structure of antibody products. SEC utilizes a porous matrix
as a stationary phase to enable size-based separation, followed
by detection to provide sensitive, highly reproducible, and
quantitative data. As SEC alone does not provide an accurate
means to assess masses, it often includes average molecular
mass determination by coupling to a multi-angle light
scattering (MALS) detector, which acts by measuring the
light scattering generated by particles, being proportional to
their molar mass and concentration. This makes SEC-MALS a
very versatile tool for studying antibodies, although it is also
hampered by some issues because dilution and shear forces
during chromatographic separation can affect equilibria. The
technique also requires optimization regarding running
conditions, as protein species can adsorb to the matrix.
Direct mass measurement by native mass spectrometry

(MS)24,25 represents a relatively newer component of the
analytical toolbox for antibody analysis. Compared to the
techniques described above, native MS yields higher mass
resolution and accuracy that can be used to assess, for instance,
microheterogeneity of monoclonal antibodies26,27 and their
derivatives,28−30 the formation of antibody−antigen com-
plexes,31−33 and larger megadalton particle immune com-
plexes.34,35 As noncovalent interactions are retained, native MS
can also be used to probe binding equilibria of protein−ligand
and protein−protein interactions when instrumental parame-
ters are carefully optimized to avoid bias and artifacts.36−40

Direct online coupling of SEC or capillary zone electrophoresis
to mass spectrometers can further enable separation and
structural characterization of protein assemblies.41,42

Typically, in native MS, mass analysis relies on resolving
charge states of the same species in the m/z space of the mass
spectrum, which becomes more difficult when the analytes
become heavier and more heterogeneous. In such cases, single-
particle charge detection-MS (CD-MS)43 may be very useful.
This technique, which recently was also demonstrated on
commercial Orbitrap-based instruments,35,44 makes it possible
to directly assess the mass of single ions by measuring their m/
z in parallel with their charge z, as inferred from their single-
ion intensity value.
Mass photometry (MP) was recently introduced as a

technology that enables mass analysis of proteins and protein
complexes under native buffering conditions.45 MP makes use

of interferometric scattering microscopy to detect and quantify
light scattering caused by single particles.46−50 When particles
in solution bind nonspecifically to a glass surface, their
scattering signal interferes with the measured reflectivity of the
glass/water interface. Because the optical properties and
density of proteins are quite uniform, this reflectivity change
is proportional to the molecular mass, allowing MP to provide
a direct mass measurement for each particle.46,51 MP has
already been shown to be able to provide quantitative data,
allowing the binding affinities and kinetics of antibody−antigen
and antibody−receptor interactions to be explored.45,52,53

However, because typical experimental conditions are limited
to low nanomolar range concentrations, the methods outlined
in these studies apply only to relatively strong and slowly
dissociating protein assemblies.
Here, we compare MP side by side with native MS and SEC-

MALS, employing these techniques for the analysis of a variety
of antibody formats and heavily glycosylated macromolecular
immune complexes. We expand the affinity range of
quantitative MP experiments by modeling the dissociation of
weaker interactions, and we compare the techniques in terms
of their ability to assess a wide range of binding equilibria. We
assess the pros and cons of each of these approaches,
considering dynamic range, robustness, mass resolution, and
mass accuracy, and we highlight their strengths in resolving
extensively glycosylated species.

■ MATERIALS AND METHODS
More detailed descriptions of the methods are provided in the
Supporting Information Methods.

Protein Samples. Anti-EGFR antibodies in IgG4Δhinge,
IgG1, and IgG1-RGY format and sEGFR were recombinantly
expressed and purified by Genmab.34,40,54,55 Human C1q was
obtained from Complement Technology. Samples were buffer-
exchanged to the appropriate solution. Protein complexes were
assembled by mixing subcomponents at the desired molar
ratios, followed by incubation at room temperature for at least
30 min. For quantitative experiments, incubation after
preparing a dilution series was proceeded for at least 4 h.

Native MS and CD-MS. For native MS, proteins in 150
mM aqueous ammonium acetate pH 7.5 were measured by
direct infusion from a static nano-electrospray ionization (ESI)
source. Quantitative experiments were performed on a
modified LCT time-of-flight instrument (Waters), measuring
samples in triplicate. All other experiments were performed on
a Q Exactive Plus UHMR Orbitrap instrument (Thermo
Fisher Scientific). For CD-MS, dilute samples were measured
at low pressure and high resolution (1 s transient) for accurate
determination of both m/z and z of single ions.

SEC-MALS. SEC-MALS experiments were performed on a
Waters HPLC with an in-line UV detector (Waters 2487 Dual
Absorbance), a MALS detector (MiniDAWN, Wyatt Tech-
nology), and an RI detector (Optilab, Wyatt Technology).
Proteins were separated on an SRT SEC-500 column (Sepax
Technologies) using 100 mM sodium phosphate, 100 mM
sodium sulfate, and pH 6.8 as mobile phase at 0.35 mL/min.
Data were processed by ASTRA software (Wyatt) based on
MALS-RI for antibody mass determination or MALS-UV-RI
(Protein Conjugate Analysis) for the analysis of glycan
contributions and larger complexes.

Mass Photometry. MP experiments were performed by
measuring the samples in PBS on a Refeyn OneMP mass
photometer (Refeyn). Triplicate measurements of 12,000

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.1c03656
Anal. Chem. 2022, 94, 892−900

893

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c03656/suppl_file/ac1c03656_si_001.pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c03656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


frames were combined into a single mass histogram. When
measuring protein complexes, high concentration solutions
were jump-diluted to nM range measurement concentrations
in approximately 5−30 s. For quantitative experiments, a
dilution series was measured in triplicate in recordings of 6000
frames. For these experiments, dissociation upon jump dilution
was modeled to infer complex abundance in the original
solution.

■ RESULTS AND DISCUSSION

We started our MP analysis by characterizing the monomer−
dimer equil ibrium of hinge-deleted human IgG4
(IgG4Δhinge) molecules, providing a simple and small one-
component system, for which we reported earlier data from
SEC and native MS.40 Deletion of the hinge region removes
the disulfide bonds that bridge the two HCs, meaning that the
two-halves of the antibody interact solely via noncovalent
interactions. This results in an equilibrium between antibody
half molecules (HLs) and HL dimers (HL)2. Previous work
from our group assessed the effects of specific mutations in the
CH3 domain on this equilibrium by native MS and SEC,40

providing a panel of highly similar samples, with Kd values
spanning 6 orders of magnitude (10−10 to 10−4 M). Because

MP experiments are typically performed at concentrations of
only a few nM, we used jump dilution to quickly dilute
concentrated samples just before starting the measurement.
Assuming that the koff of the interaction is low enough, the
observed distribution of protein assemblies should then reflect
that of the original concentrated sample.

Jump-Diluted IgG4Δhinge Dimers Dissociate during
MP Analysis. The distinct light scattering caused by single
particles of different masses as measured by MP can be
converted into masses and shown in histograms. The mass
histograms of “wt” IgG4Δhinge jump-diluted from a 16 μM
solution to a measurement concentration of 4 nM reveal two
distinct distributions centered at the expected masses, namely,
73 kDa HL and 146 kDa (HL)2 (Figure 1A; see Table S1 for
an overview of all measured masses). The particle counts
constituted about 74% of (HL)2 dimers (mass abundance of
85%), which is lower than expected for this relatively strong
interaction (Kd = 50 nM by native MS40). Upon further
inspection, we observed that the abundance of the dimer
already decreased during the first seconds of the MP
measurement with a pattern resembling exponential decay
(Figure 1B). This indicates that the (HL)2 dimer readily starts
to dissociate upon jump dilution as the sample re-equilibrates

Figure 1. Qualitative and quantitative characterization of IgG4Δhinge mutants by MP. (A) Mass histogram showing particle counts of “wt”
IgG4Δhinge in PBS, jump-diluted from 16 μM and measured at 4 nM, with normal distributions fitted for HL (bright red, 26%) and (HL)2 (dark
red, 74%). This histogram corresponds to the first 80 s after jump dilution. Masses are indicated as the mean of a fitted normal distribution. (B)
Monomer−dimer distribution during an extended experiment in triplicate (shades of red) revealed that the abundance of “wt” (HL)2 decreased
during the analysis time window. Data were split into bins of 100 events, and an exponential decay function was fitted to the dimer abundance
within the bin to determine the koff. (C) Determined koff was used to estimate the ratio between HL and (HL)2 at the instant of jump dilution for a
dilution series of the “wt” measured in triplicate, revealing the apparent Kd of each measurement, followed by the calculation of a Kd value for the
whole dilution series. (D) Fractional dimer abundances and Kd values resulting from a dilution series of four IgG4Δhinge mutational variants,
demonstrating that MP can assess affinities over a broad dynamic range.
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to the measurement concentration, meaning that simply
summing the data of the measurement window will lead to
an underestimation of the actual dimer abundance.
Modeling for Dissociation Expands the Affinity

Range of IgG4Δhinge Mutants Assessable by MP. To
obtain a more accurate representation of the oligomer
distributions in solution before jump dilution, we adjusted
our data processing approach by modeling (HL)2 dissociation.
When the sample concentration is diluted by several orders of
magnitude, especially when [HL] ≪ Kd, we can assume that
the initial decrease in (HL)2 abundance is driven primarily by
koff. Thus, by determining koff of the interaction, we can fit an
exponential decay function to the measured [(HL)2] over time
to estimate [(HL)2] before jump dilution (see Supporting
Information Methods). We evaluated this method using a
panel of four IgG4Δhinge mutants spanning a broad affinity
range, measuring a dilution series to determine their Kd
(Figure 1C,D). Modeling for dissociation allowed us to
determine affinities well into the μM range, substantially
improving the dynamic range of quantitative MP experiments.
Still, a few issues remained. We found that the most consistent
results were obtained for relatively strong interactions with low
koff values, such as those of “wt” IgG4Δhinge (Kd = 2.3 nM).
For the even stronger interactions of the R409K mutant (Kd =
9.4 pM), the equilibrium was still mostly geared toward the
dimer at concentrations assessable by MP, reducing the
precision of Kd determination for this mutant. Weaker
interactions such as those of the D399S (Kd = 7.8 μM) and

L368A (Kd = 54 μM) mutants could also be measured,
although higher dissociation rates (0.012 and 0.029 s−1)
reduced the accuracy of the model. Nonetheless, MP
experiments led to the same affinity ranking of the mutants
as did native MS, although with some discrepancies between
the obtained absolute Kd values (Table S2). An important
difference is that native MS is performed with a volatile
buffering solution (i.e., aqueous ammonium acetate), while MP
enabled the use of PBS as a more physiological buffer.
Furthermore, standard native MS is also somewhat restrained
to high nM to low μM concentrations, reducing the accuracy
by which (sub) nM range Kd values can be assessed. MP and
native MS are highly complementary in this sense, as they each
have their own distinctive preferred concentration range.

MP Outperforms Native MS in the Mass Assessment
of Heavily Glycosylated Antibody−Antigen Assemblies.
We next characterized the interactions between antibodies and
their antigen by MP and native MS. Several therapeutic
antibodies target glycosylated receptor proteins, some of which
are notoriously hard to analyze by native MS due to their high
degree of microheterogeneity. Methods that can accurately
mass measure and quantify these antigens and their interaction
with mAbs are therefore of great use to both fundamental and
biopharmaceutical research. Here, we analyze an IgG1 mAb
targeting epidermal growth factor receptor (EGFR), whereby
we used the soluble domain (sEGFR). This protein with a
mass of 69,409 Da in its non-glycosylated form is very

Figure 2. MP and CD-MS may overcome certain limitations of native MS in the mass measurements of highly heterogeneous antibody−antigen
complexes. (A) MP provides an average mass for IgG1 (upper panel) and sEGFR (middle) and is not hampered by the high micro-heterogeneity of
the latter. When 2 μM IgG1 was incubated with 5 μM of sEGFR to form (IgG1)1:(sEGFR)1 and (IgG1)1:(sEGFR)2 complexes, jump dilution MP
could resolve these highly heterogeneous species (lower). (B) Although native MS on samples at the same concentrations provided superior mass
resolution and accuracy for free IgG1 (upper), resolving individual glycoforms (zoom), the high microheterogeneity of sEGFR, measured
separately (middle) and in antibody−antigen complexes (lower), resulted in unresolved features. In these experiments, overlapping charge states
prevented mass measurements of these species. (C) More accurate masses could be obtained by native CD-MS, measuring in two dimensions m/z
and z (insets) for sEGFR (upper) and all co-occurring species involving IgG1 and sEGFR (lower). For these experiments, the same native MS
samples were diluted 20-fold, leading to re-equilibration and thus a lower binding occupancy.
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heterogeneous, harboring 11 typical N-glycosylation motifs
that can be variably occupied.56

Starting with the IgG1 alone, although the average mass
obtained by MP was in good agreement with native MS, the
latter provided unparalleled mass accuracy and resolution,
enabling baseline resolution of individual glycoforms (Figure
2). However, native mass analysis of extensively glycosylated
sEGFR alone was difficult, being unable to resolve charge
states because of the presence of a plethora of proteoglyco-
forms. This obstacle was overcome by using charge detection
MS (CD-MS), recently developed as a methodology for
Orbitrap instruments, which provides an extra dimension of
data by measuring the charge of the ions independently. CD-
MS measured a mass of 88 kDa for sEGFR, in close agreement
with an earlier reported value derived by tandem MS
experiments.30 Similarly, MP readily provided a mass of 86
kDa, with SEC-MALS-UV-RI also measuring a mass of 91 kDa
for sEGFR (Figure S3). Next, when the anti-sEGFR mAb was
incubated together with sEGFR, MP presented further
advantages. In native MS, additional ion signals were observed
for (IgG1)1:(sEGFR)1 (m/z 7000−8500), although poor
resolution hampered mass determination, while the full
(IgG1)1:(sEGFR)2 complex (m/z 8500−10,000) could not
be resolved at all. However, both CD-MS and jump dilution
MP enabled the reliable measurement of the average masses
for all co-occurring complexes, clearly revealing the stoichi-
ometry. However, binding occupancy was somewhat lower in
CD-MS, likely because of re-equilibration upon dilution before
the somewhat longer measurements. SEC-MALS was similarly
able to discern the full (IgG1)1:(sEGFR)2 complex, although
the resolution was substantially lower (Figure S3). Combining
them, these data already show that MP and CD-MS have

advantages for mass analysis of heterogeneous antibody-
antigen complexes.

MP, SEC, and Native MS Analyses of the Monomer−
Hexamer Equilibrium of Soluble IgG1-RGY Hexamers
Produce Consistent Results. We next evaluated the
performance of MP in the characterization of larger and
more complex antibody-based systems, involved in immune
activation through the complement pathway.8,34 Target-bound
IgG can initiate complement activity by forming a hexameric
binding platform for recognition of complex C1q. Although
these IgG oligomers are thought to only form by clustering on
antigenic surfaces in vivo, this process can be mimicked in
solution using the engineered IgG-RGY platform, a triple
mutant that readily forms hexamers in equilibrium with
monomers.8,34,55

MP mass histograms and SEC-MALS chromatograms of
IgG1-RGY revealed as expected two species corresponding to
the monomer (denoted (IgG1)1) and hexamer ((IgG1)6)
(Figure 3A,B). While the MP mass of the monomer was in
good agreement with the native MS data (Figure 3C), we
noticed that the mass of the hexamer was consistently off by
about +70 kDa, possibly due to its non-globular shape as a flat
disc. In SEC-MALS, we observed peak trailing for the hexamer,
potentially driven by shear force-induced dissociation or re-
equilibration during separation. As reported previously,8,34

native mass spectra of IgG1-RGY also showed two well-
resolved distributions for (IgG1)1 and (IgG1)6, but uniquely
also intermediate oligomers at lower abundance. Possibly, the
ESI process could result in partial dissociation of the hexamers,
as this process is distinct from gas-phase-based tandem MS
(Figure S4).

Figure 3. MP enables qualitative and quantitative characterization of the monomer−hexamer equilibrium of IgG1-RGY. (A) MP mass histogram
(top) of 2 μM IgG1-RGY in PBS jump-diluted to 10 nM showing monomeric ((IgG1)1) and hexameric ((IgG1)6) species. The mass of the
hexamer was consistently measured about 70 kDa too high. The relative abundance of the IgG1-RGY hexamer was measured over a dilution series
spanning a concentration range of 0.1 to 8 μM (bottom), with error bars indicating the standard deviation over three technical replicate
measurements. (B) SEC-MALS chromatogram of the same 2 μM IgG1-RGY sample (top) and the fractional abundance of the hexamer as
measured by SEC-UV over a dilution series (bottom), revealing a similar monomer to hexamer ratio. The quantitative data in the lower panel are
adapted from the work of van Kampen et al.58 (C) Native mass spectrum (top) of 2 μM IgG1-RGY measured in 150 mM NH4OAc pH 7.5,
revealing two distinct ion series for the monomer and hexamer, with ions originating from intermediate oligomeric states observed at lower
abundance. While generally in good agreement with the other methods, hexamer abundances measured by MS (bottom) were less consistent and
higher than expected, particularly at the lowest measured concentrations.
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Quantifying the abundance of the hexamer in a dilution
series of IgG1-RGY by all three techniques resulted in highly
comparable data, although with some subtle differences. In
agreement with earlier studies,57 longer MP recordings showed
that hexamers re-equilibrate only very slowly upon jump
dilution (Figure S5), meaning that such MP experiments
should directly provide an accurate representation of the
monomer−hexamer equilibrium. To characterize the equili-
brium of IgG1-RGY by MP, we measured a dilution series and
compared results to SEC and native MS. MP measurements
proved to be quite consistent between replicates and could be
performed down to nM range concentrations that cannot be
assessed by native MS or SEC (Figure 3A). While SEC also
proved to provide very robust data, hexamer abundances were

fractionally lower, potentially due to dissociation during
separation. Finally, although native MS performed well at
higher concentrations, variability increased at lower concen-
trations. Nonetheless, each of the three techniques revealed
that about half of the IgGs are incorporated into hexamers at a
concentration of 1 μM, consistent with previously reported
data.34

Characterization of Complement Component C1q by
MP Exposes Shortcomings of Native MS and SEC-MALS.
We next characterized complement component C1q, the
recognition complex of the classical complement pathway,
revealing striking differences between the three tested
techniques. C1q is a 464 kDa 18-membered protein complex
that consists of three pairs of triple helices (A2B2C2) that are

Figure 4. MP and CD-MS successfully determine the mass and stoichiometry of highly heterogeneous (sEGFR)12:(IgG1)6:C1q immune
complexes. (A) MP measurements of IgG1-RGY incubated with C1q reveal the formation of (IgG1)6:(C1q)1 complexes, with nearly all IgG
hexamers occupied. When incubating C1q with pre-formed (IgG1)6:(sEGFR)12, MP resolves a 2.35 MDa complex, likely corresponding to
(sEGFR)12:(IgG1)6:(C1q)1. (B) SEC-MALS-UV-RI analysis similarly reveals the formation of ∼1.3 MDa (IgG1)6:(C1q)1 (with (IgG1)6 measured
as the 0.76 MDa “protein” and C1q as a 0.49 MDa “modifier”). When sEGFR was added, SEC-MALS-UV-RI revealed the formation of larger
complexes of around 1.9 MDa (1.5 MDa for (sEGFR)12:(IgG1)6 with a 0.41 MDa modifier). (C) Measurement of the same samples by native MS
reveals an accurate mass for (IgG1)6:(C1q)1, but the technique struggles with complexes involving sEGFR. Larger ion species were detected in
such experiments, but they could not be charge-resolved. (D) Single-particle measurements of the distribution around m/z 21,000 by CD-MS (top)
revealed a mass of 2.42 MDa (bottom) corresponding to the expected mass of the full (sEGFR)12:(IgG1)6:(sEGFR)12 complex (bottom).
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joined in a stem and end with six globular headpieces.59,60

Although each headpiece has a low affinity for the Fc of
IgGs,61,62 clustering into oligomers allows for multivalent
binding with increased avidity,63 making the six-armed C1q
complex highly compatible with IgM64 and IgG hexamers.8 As
demonstrated previously, C1q behaves anomalously in SEC,
eluting at a short retention time that suggests a mass of >1
MDa34 (Figure S6A). Because of its open structure, C1q may
have a much larger hydrodynamic radius than globular proteins
of similar mass, producing a bias in size-based separation.
Concordantly, the coupled MALS system revealed that this
elution peak did correspond to the free C1q complex with a
mass of about 444 kDa. Curiously, the native mass spectra of
C1q were consistently marked by the presence of three main
ion series corresponding to two-armed, four-armed, and
complete six-armed C1q species (Figure S6B), decreasing in
abundance with the size of the complex. Partial C1q complexes
did not display asymmetrical charge partitioning characteristic
for collisional dissociation in the gas phase, suggesting that,
similar to intermediate oligomers of IgG-RGY, smaller
complexes are formed by the electrospray process. Lastly,
MP measurements of C1q revealed predominantly particles of
the intact six-armed C1q complex (A6B6C6), with a minor
contribution being made by a two-armed A2B2C2 complex
(Figure S6C). We thus conclude that MP seems the most
unbiased tool for the analysis of C1q.
MP and CD-MS Tackle Mass Heterogeneity When

Analyzing Immune Complexes of IgG-RGY Hexamers
Bound to Highly Glycosylated Antigens and C1q.
Having demonstrated that IgG1-RGY hexamers and C1q can
be measured accurately by MP, we next sought to characterize
immune activation complexes involving antigen-bound IgG1-
RGY hexamers and C1q. When IgG1-RGY was first incubated
with C1q, MP revealed the formation of a 1.43 MDa complex
corresponding to (IgG1)6:(C1q)1 (Figure 4A). Similar to
measurements of the IgG1-RGY hexamers, this mass is about
60 kDa higher than expected, possibly due to the non-globular
shapes of both complexes. Next, we assembled larger
complement activation complexes associated with highly
heterogeneous sEGFR antigens, whereby sEGFR was in-
cubated with preformed (IgG1)6:(C1q)1 complexes (see
Figure S7 for the analysis of IgG1-RGY with sEGFR
separately). MP revealed the presence of particles with an
average mass of 2.35 MDa, likely corresponding to (sEGFR)12:
(IgG1)6:(C1q)1. However, as the resulting peak was quite
broad, we could not yet exclude the possibility of other (co-
occurring) stoichiometries. Similar to MP, SEC-MALS-UV-RI
measurement of IgG1-RGY incubated with C1q led to the
detection of (IgG1)6:(C1q)1 with a fairly adequate mass of 1.3
MDa (Figure 4B). Although larger complexes of ∼1.9 MDa
were observed upon addition of sEGFR, here, the width of this
peak and the accuracy of the mass measurement was
insufficient for determining the exact stoichiometry, possibly
also due to dissociation of sEGFR during separation. In
agreement with earlier reports,34 native MS of IgG1-RGY with
C1q alone revealed the presence of (IgG1)6:(C1q)1 com-
plexes, for which an accurate mass of 1361 kDa could be
established (Figure 4C). Contrary to MP, however, relatively
more (IgG1)6 and uniquely also (IgG1)6:(A4B4C4)1 complexes
were observed, potentially dissociation products of the full
complex formed in the MS source region. While larger but
unresolved ions could be detected by native MS after the
addition of sEGFR, an inability to resolve charge states

prevented mass determination. For these samples, CD-MS
enabled confident assignment of a mass of 2.42 MDa,
corresponding to the complete (sEGFR)12:(IgG1)6:(C1q)1
assembly (Figure 4D).

Comparing Advantages and Disadvantages Reveals
That MP, Native MS, and SEC-MALS Are Highly
Complementary. Reflecting on the analyses performed in
this study on a wide variety of systems, we can compare the
advantages and disadvantages of the approaches (see Table S1
for an overview of all the measured masses and Table S3 for a
qualitative comparison between the techniques). Analytical
SEC-MALS is the most established method, providing
reproducible, robust, and quantitative measurements. While
accurate for smaller proteins, masses of larger multicomponent
systems were underestimated, often by as much as 10−20%,
making SEC-MALS suboptimal for large complexes that may
dissociate by shear stress or dilution effects during column
separation. MP represents a relatively new approach that is a
fast and comparatively straightforward technique to measure
more accurate masses in native-like buffering solutions,
enabling it to tackle multicomponent systems more effectively
than SEC-MALS. Still, mass resolution limits the technology
mostly to antibody−protein interactions, as mass differences
induced by small molecule or peptide binding are mostly too
small to resolve. Sample consumption is low, however, and
unlike conventional native MS, the technique is not hampered
by extensive protein glycosylation. While MP could reliably
measure molecular masses and quantify strongly interacting
and slowly dissociating protein complexes, jump dilution to
nM range concentrations induced dissociation of weaker
interactions. Another consideration for using MP is that mass
measurements may be affected by the shape of the particles, as
we consistently measured a higher-than-expected mass for
IgG1-RGY hexamers. Native MS provided superior mass
resolution and accuracy, resolving individual proteoglycoforms
in samples of moderate complexity and uniquely providing
unambiguous stoichiometries for protein complexes. After
careful optimization of instrumental parameters, reliable
quantification could be achieved when measuring at conven-
tionally used concentrations (around 10−6 M). Certain protein
complexes, however, proved to be sensitive to dissociation
induced in solution by the ESI process, and performance of
conventional native MS deteriorated when analyzing exten-
sively glycosylated proteins. However, when charge states
could not be resolved in the m/z domain, this challenge was
effectively overcome by CD-MS, providing unparalleled mass
accuracy for highly heterogeneous protein assemblies.

■ CONCLUSIONS
Here, we compared MP with native MS and SEC-MALS for
the qualitative and quantitative analysis of antibodies and
related immune complexes. Single-molecule and solution-
based MP provides a relatively straightforward way to assess
protein complexes and can fill gaps between the two other
techniques in terms of mass accuracy and resolution, while also
being able to quantitatively assess strong and stable protein−
protein interactions. Among the main benefits of MP are its
high sensitivity (nM) and ability to measure in-solution using a
wide variety of buffer solutions. However, here we show that
the mass resolving power of MP is still somewhat limited and
that some protein complexes may dissociate due to dilution
required for measurements. Among the main benefits of native
MS are its comparatively very high mass resolution, but only
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when charge states can be resolved. When high heterogeneity
makes this impossible, single-molecule CD-MS can be used to
infer charge states in an alternative manner, providing lower
resolving power than conventional native MS, but generally
still higher than MP. Native MS is, however, a gas-phase
technique that requires volatile buffers and has a low tolerance
for salts and detergents. SEC and SEC-MALS are well-
established technologies for mass assessment of proteins within
the biopharmaceutical laboratories, benefiting from their
proven robustness and ease of use. However, for assessing
protein assemblies, the resolving power of SEC-MALS is
relatively low, and quantification may be somewhat hampered
by dilution of the sample during separation. Overall, our data
show that the tested approaches are highly complementary,
each having its unique preferred use cases. With robust
commercial instruments now becoming available, these newer
techniques may become more accepted. Furthermore,
combining techniques, such as SEC coupled to native MS,
may overcome some of their weaknesses, while taking
advantage of their strengths.
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