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REPORT

Generation of robust bispecific antibodies through fusion of single-domain 
antibodies on IgG scaffolds: a comprehensive comparison of formats
Andreas V. Madsen a, Peter Kristensen b, Alexander K. Buell a, and Steffen Goletz a

aDepartment of Biotechnology and Biomedicine, Technical University of Denmark, Kgs. Lyngby, Denmark; bDepartment of Chemistry and Bioscience, 
Aalborg University, Aalborg, Denmark

ABSTRACT
Bispecific antibodies (bsAbs) enable dual binding of different antigens with potential synergistic targeting 
effects and innovative therapeutic possibilities. The formation of bsAbs is, however, often dependent on 
complex engineering strategies with a high risk of antibody chain mispairing leading to contamination of 
the final product with incorrectly assembled antibody species. This study demonstrates formation of bsAbs 
in a generic and conceptually easy manner through fusion of single-domain antibodies (sdAbs) onto IgG 
scaffolds through flexible 10 amino acid linkers to form high-quality bsAbs with both binding functionalities 
intact and minimal product-related impurities. SdAbs are attractive fusion partners due to their small and 
monomeric nature combined with antigen-binding capabilities comparable to conventional human anti-
bodies. By systematically comparing a comprehensive panel of symmetric αPD-L1×αHER2 antibodies, 
including reversely mirrored antigen specificities, we investigate how the molecular geometry affects 
production, stability, antigen binding and CD16a binding. SdAb fusion of the heavy chain was generally 
preferred over light chain fusion for promoting good expression and high biophysical stability as well as 
maintaining efficient binding to both antigens. We find that N-terminal sdAb fusion might sterically hinder 
antigen-binding to the Fv region of the IgG scaffold, whereas C-terminal fusion might disturb antigen- 
binding to the fused sdAb. Our work demonstrates a toolbox of complementary methods for in-depth 
analysis of key features, such as in-solution dual antigen binding, thermal stability, and aggregation 
propensity, to ensure high bsAb quality. These techniques can be executed at high-throughput and/or 
with very low material consumption and thus represent valuable tools for bsAb screening and 
development.
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Introduction

Bispecific antibodies (bsAbs) are emerging as a highly promis-
ing class of next-generation biotherapeutics. Their ability to 
simultaneously engage two distinct epitopes is enabling syner-
gistic binding functionalities that cannot be obtained through 
combinations of conventional monoclonal antibodies.1–3 

While IgG molecules typically adhere to a Y-shaped molecular 
architecture, bsAbs can be constructed with a myriad of dif-
ferent molecular geometries from various antibody “building 
blocks”.4 The bsAb format has been found to directly influence 
antibody functionality,5 meaning that similar bsAbs con-
structed from the exact same molecular building blocks but 
with different molecular architectures can behave functionally 
differently. Examples illustrating the importance of spatial 
arrangements in bsAb dual binding include improved blocking 
by distinct molecular geometries of biparatopic bsAbs6 as well 
as large differences in natural killer (NK) cell activation for 
bsAbs with single-chain variable region (scFv) fragments fused 
C- or N-terminally.7 Most clinically developed bsAbs belong to 
the class of asymmetric antibodies that deviates from the usual 
paired heavy chain-light chain (HC2LC2) symmetry by includ-
ing more than two antibody chains in the final assembly.8 The 

asymmetric format is popular because combining different HC 
and/or LC allows construction of bsAbs with a close resem-
blance to the native Y-shaped IgG in an attempt to harness the 
favorable quality attributes of conventional IgG molecules. The 
complex assembly of asymmetric, heterodimeric bsAbs, how-
ever, creates a risk of chain mispairing, which introduces anti-
body-related impurities that can be difficult to remove because 
their physicochemical properties tend to closely resemble the 
desired target heterodimeric bsAb.9,10 The issue is typically 
addressed through advanced engineering of the antibody 
chains to promote correct polypeptide assembly4 or through 
modifications that allow selective purification of the hetero-
dimeric bsAb product over their undesired homodimeric 
counterparts.9

Another, more straightforward, way for constructing bsAbs 
is through simple genetic fusion of independent antibody 
binding domains. Linking of small modular antibody frag-
ments onto larger IgG scaffolds basically expands the binding 
repertoire of the IgG while retaining the favorable effects from 
the backbone, namely the Fc effector functions and the pro-
longed half-life from FcRn recycling. The fusion creates sym-
metric bsAbs that still adhere to the HC2LC2 format, which 
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limits the risk of mispairing that is seen for the asymmetric 
bsAbs. The positive features of symmetric bsAbs are high-
lighted by the number of symmetric bsAbs entering into clin-
ical trials.8 Selection of a proper molecular architecture is of 
great importance because the binding domains and their rela-
tive orientation to each other might affect the functionality – 
a hypothesis that has previously been formulated as “format 
defines function”.11 To date, most fusions of antibody frag-
ments onto IgG scaffolds have been made using scFvs because 
these fragments are small while often retaining full binding 
capacity compared to their native Fab. However, scFvs are 
known to suffer from thermodynamic instability12 and fusion 
of scFvs onto IgG scaffolds to form bsAbs has previously been 
shown to be problematic because of aggregation and improper 
bsAb assembly.13,14 Single-domain antibodies (sdAbs) are the 
smallest antibody-derived fragments that retain full antigen- 
binding functionality and they represent an attractive group of 
fusion partners due to their small size (~15 kDa), high stability, 
good solubility and monomeric nature.15

In this work we investigated the formation of symmetric 
bsAbs through fusion of sdAbs onto IgG1 scaffolds and char-
acterized the effect of the molecular architecture on the bio-
physical and biochemical properties of these bsAbs. We have 
previously reported formation of symmetric bsAbs targeting 
programmed cell death ligand 1 (PD-L1) and human epider-
mal growth factor receptor 2 (HER2) through fusion of an 
anti-HER2 (αHER2) sdAb onto an anti-PD-L1 (αPD-L1) 
IgG1.16 Here, we expand the molecular repertoire by con-
structing a comprehensive set of αPD-L1×αHER2 bsAbs 
through fusion of both αHER2 sdAbs onto αPD-L1 IgG1 and 
fusion of αPD-L1 sdAbs onto αHER2 IgG1. By constructing 
different bsAbs with the same combination of specificities and 
molecular geometries, but with the relative position of specifi-
cities in the binding domains reversed (Figure 1a) we aimed to 
assess the effect of the molecular scaffold on bsAb behavior. 
We find that the molecular format has an effect on both 
production and functionality of the bsAbs and that many of 
these observations are consistent across both specificity orien-
tations, thus supporting that the observed effects are rooted in 
the molecular scaffold. Additionally, our work introduces 
a toolbox of analytical techniques suited for in-depth charac-
terization of binding activity and drug-like qualities of the 
increasingly complex bsAbs entering drug development 
programs.

Results

Design and expression of symmetric anti-PD-L1× 
anti-HER2 bsAbs

In this study, we sought to characterize symmetric IgG-like 
bsAbs formed through genetic fusion of sdAbs onto full-length 
IgG1 molecules, extending our previous work.16 In brief, we 
constructed bsAbs targeting PD-L1 and HER2 by genetically 
fusing sdAb fragments onto full-length IgG1 molecules to 
form symmetric IgG1-like bsAbs. As “building blocks” we 
used sequences of previously reported αPD-L1 atezolizumab 
Fv,17,18 αHER2 trastuzumab Fv,19 αPD-L1 KN035 (envafoli-
mab) sdAb20 and αHER2 2Rs15d sdAb.21 For the bsAbs we 

used a flexible 10-aa GS linker as this type of linker has 
previously been shown to be effective in linking antibody 
fragments to IgG1 scaffolds.22–24 Fusion of sdAbs onto IgG 
scaffolds represents a generic and conceptually easy way of 
forming bsAbs without the need for complex engineering 
strategies to avoid chain mispairing, which is a common 
issue in production of bsAbs.9 We use a naming scheme 
denoting the fusion site and the IgG1 scaffold for the specific 
bsAb, i.e., NHC-αPD-L1 IgG is the anti-PD-L1 IgG1 with 
αHER2 sdAb fused N-terminally on HC and CLC-αHER2 
IgG represent the bsAb where anti-PD-L1 sdAb has been 
fused C-terminally on the LC of the anti-HER2 IgG1 
(Figure 1a).

BsAbs were transiently expressed in HEK293F suspension 
cells via secretion into the culture supernatant and subse-
quently purified with one-step Protein A chromatography. 
The yields after purification were calculated from the purifica-
tion chromatograms and showed good correlation compared 
to a biolayer interferometry (BLI) quantitation assay directly 
on the crude supernatants (Table 1 and Figure S2). The BLI 
measurements were performed on three replicate cultures 
from three separate transfections for most of the antibodies 
and generally showed low variability as indicated by the small 
standard deviations. The replicate cultures were pooled before 
purification. Even though many of the bsAbs were constructed 
from the same molecular building blocks, and hence share the 
same total amino acid content, notable differences in protein 
expression yields were observed. Typical yields of the antibo-
dies after purification of supernatants from shake flask cultures 
were in the range of 40–75 mg/L (Table 1), comparable to 
previous symmetric bsAb productions.23 Interestingly, sdAb 
fusion on the HC (both N-terminally and C-terminally) gave 
higher expression yields than the parent IgG1, which has also 
previously been shown for C-terminal HC fusion.23 Generally, 
antibody constructs with sdAb fusions on HC seem to produce 
higher yields compared to the LC-fused constructs.

We used sodium dodecyl sulfate – polyacrylamide gel elec-
trophoresis (SDS-PAGE) and capillary electrophoresis (CE) to 
verify antibody sizes and assess the purity after Protein 
A purification. The main impurity appeared to be antibody- 
related HC dimer without paired LC, which was primarily 
observed for LC-fused constructs, but not for IgG molecules 
or tetravalent HC-fused bsAbs (Table 1 and S1). The unpaired 
HC dimers might point to a change in expression of the 
engineered LC genes, although further studies would be 
needed to investigate how sdAb fusion affects the expression 
levels. Analytical size exclusion chromatography (SEC) 
showed a low aggregation propensity of the bsAb constructs 
(0.3%-4.4% of total protein was eluted as higher molecular 
weight (MW) structures) and dynamic light scattering (DLS) 
showed good sample homogeneity (low polydispersity index) 
and estimated hydrodynamic radii in agreement with pre-
viously reported sizes of monospecific IgG1 antibodies.25 The 
low polydispersity of the samples allowed cumulant radius 
analysis. The cumulant radii generally seemed to follow the 
theoretical MWs, i.e., IgG1 molecules appeared larger than 
sdAb-Fc constructs but smaller than the bsAbs, thus demon-
strating an expected correlation between MW and size (Figure 
S3).26 The findings show that the symmetric IgG-like bsAbs 
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can be robustly produced with high purity and sample homo-
geneity using a single protein A purification step (Table 1 and 
Figure 1b).

Biophysical stability tests

In addition to target binding, therapeutic antibodies are typi-
cally evaluated with respect to a number of other physico-
chemical properties that are important for development as 
drug candidates. Such properties are commonly referred to 
as a “developability” profile and they have been shown to 
correlate with successful clinical development.27 We tested 
the conformational and colloidal stability of our antibody 
panel to assess any potential effects from the engineering. 
Thermal unfolding experiments were performed using differ-
ential scanning fluorimetry (DSF), which allows simultaneous 

monitoring of unfolding and aggregation within the sample to 
assess the relationship between these factors28 (Figure 2). DSF 
measures fluorescence emission intensity values at 350 nm and 
330 nm after excitation at 280 nm, since protein unfolding 
events are most often associated with spectral shifts at these 
wavelengths when tryptophan residues become solvent- 
exposed during unfolding. The DSF instrument is additionally 
equipped with optics for DLS and backreflection, which allows 
aggregation to be monitored in a complementary manner. 
While DLS is sensitive to the formation of small numbers of 
aggregates, backreflection is less sensitive and detects only 
large-scale aggregation of the sample. The thermal unfolding 
profiles indicate that the sdAb fusion does not cause major 
changes in structural integrity compared to the parent IgG1 
molecules. The bsAbs and parent IgG1 molecules all appeared 
to undergo two distinct unfolding events, which have been 

Figure 1. Generation of bispecific αPD-L1xαHER2 antibody formats. (a) Schematic illustration of the bsAbs targeting PD-L1 and HER2 that were generated by fusing 
αPD-L1 sdAb and αHER2 sdAb onto the αHER2 IgG1 and αPD-L1 IgG1 scaffolds, respectively. The sdAbs were fused both N-terminally and C-terminally on both HC and 
LC through a flexible (GGGGS)x2 linker. (b) Examples of antibody assembly and sample homogeneity of four representative antibodies. The antibodies were analyzed 
using analytical size exclusion chromatography (SEC, baseline shown in red; top), SDS-PAGE gel electrophoresis under both reducing (R) - and nonreducing (NR) 
conditions (middle left), capillary electrophoresis (CE; middle right) and dynamic light scattering (DLS, shown is the intensity weighed size distribution; bottom). 
Only minute trace amounts of aggregated antibodies can be seen as a tiny left shoulder on the SEC chromatograms as well as larger species in the DLS size distribution 
plot thereby illustrating high sample homogeneity. Data for the remaining antibodies is available in the supplemental material (S1).
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Table 1. Quality assessment of the produced antibodies.

Antibody MAbSelect Sure 
yield (mg/L)

BLI quantitation 
(mg/L)

CE monomer 
peak (%)

SEC aggregation 
peak (%)

DLS cumulant 
radius (nm)

DLS polydispersity 
index

Calculated 
MW (kDa)

αPD-L1 IgG 40.8 63.8 ± 3.6 97.7 2.1 5.63 ± 0.1 0.12 ± 0.03 144.6
αPD-L1 sdAb-Fc 53.8 111.0 ± 2.7 97.0 0.4 4.36 ± 0.07 0.15 ± 0.03 78.7
NHC-αPD-L1 IgG 76.4 107.5 ± 1.9 96.6 0.3 6.23 ± 0.09 0.09 ± 0.02 171.1
CHC-αPD-L1 IgG 71.8 96.5 ± 2.7 97.3 1.1 6.27 ± 0.09 0.09 ± 0.02 171.1
NLC-αPD-L1 IgG 17.1 20.3 ± 0.5 96.5 0.8 6.50 ± 0.14 0.12 ± 0.03 171.1
CLC-αPD-L1 IgG 56.0 77.5 ± 2.6 82.5 2.1 6.26 ± 0.17 0.14 ± 0.04 171.1
CHC-CLC-αPD-L1 IgG 75.9 101.5 85.5 1.4 6.82 ± 0.18 0.07 ± 0.04 197.6
αHER2 IgG 40.3 57.0 ± 3.7 92.8 9.2 6.44 ± 0.47 0.19 ± 0.16 145.3
αHER2 sdAb-Fc 75.4 124.6 ± 1.9 97.7 0.4 4.35 ± 0.18 0.16 ± 0.11 76.32
NHC-αHER2 IgG 69.8 106.2 ± 5.5 97.0 0.5 6.57 ± 0.16 0.15 ± 0.06 174.2
CHC-αHER2 IgG 72.2 117.5 ± 2.4 97.4 1.8 6.66 ± 0.19 0.12 ± 0.03 174.2
NLC-αHER2 IgG 11.2 14.6 ± 0.8 61.0 3.1 7.11 ± 0.08 0.22 ± 0.02 174.2
CLC-αHER2 IgG 15.4 20.4 ± 1.6 72.1 4.5 6.32 ± 0.07 0.12 ± 0.01 174.2
CHC-CLC-αHER2 IgG 33.3 54.2 69.4 2.9 7.08 ± 0.04 0.09 ± 0.02 203.0

Figure 2. Biophysical stability of αPD-L1xαHER2 bsAbs. (a) DSF thermal scans showing 350nm/330nm fluorescence emission ratio for bsAbs based on the αPD-L1 IgG 
scaffold. (b) DSF thermal scans showing 350nm/330nm fluorescence emission ratio for bsAbs based on the αHER2 IgG scaffold. (c) Turbidity thermogram (measured 
with the backreflection optics) illustrating aggregation propensity in response to thermal unfolding. (d) DLS thermogram showing DLS cumulant radii in response to 
thermal unfolding.
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reported as unfolding of CH2 (~70°C) and CH3 (~80°C), 
respectively.29 The notable difference in the 350 nm/330 nm 
ratio prior to the unfolding transition for the bsAbs compared 
to the parent IgG1 most likely stems from the sdAbs contain-
ing surface-exposed tryptophan residues already in the fully 
folded state (Figure S4), thus increasing the 350 nm signal of 
the folded protein.

The sensitivity of DSF is illustrated by the ability to 
detect well-defined transition events at Tm1 (Figure 2a+) 
even though the absolute changes in fluorescence inten-
sity at 350 nm are quite small (Figure S5). The small 
changes in absolute fluorescence intensity at 350 nm in 
response to CH2 unfolding suggest that no major changes 
in the local environment of tryptophan residues occurs 
during this structural transition. These findings indicate 
that the overall structural integrity of the antibodies is 
maintained after CH2 unfolding and highlight how DSF 
can be applied for understanding antibody stability 
against thermal unfolding.

The thermal stability of the CH3 domains, which is critical 
for proper HC pairing and overall structural integrity of the 
antibody molecule,30,31 appeared largely unaffected by the 
engineering for most of the bsAbs, as evidenced by similar 
Tm2 values between the bsAbs and their parent IgG1. The 
importance of the CH3 domains for antibody structural integ-
rity and solubility is further illustrated in the turbidity profiles 
and DLS signals during the thermal ramp, where aggregation 
follows the unfolding of the CH3 domain, as seen in Figure 2. 
However, CH3 unfolding does not appear to be the sole deter-
minant for aggregation. This is especially evident for the hex-
avalent bsAbs and NLC-αHER2, where small shoulders appear 
on the aggregation profile that precedes the main increase in 
turbidity despite Tm2 values that are comparable to the parent 
IgG1 molecules (Figure 2c+). The increased aggregation pro-
pensity of both hexavalent bsAbs shows that sdAb fusion 
affects the energetics of self-interaction, although the DLS 
cumulant radii do not show signs of self-interaction for any 
of the antibodies at lower temperatures. Further studies are 
needed to confirm the favorable developability profile at 
higher concentrations closer to those typically used when 
storing and administering therapeutic antibodies. 
Additionally, it is worth noting that the baselines of the tur-
bidity- and DLS cumulant radii signals prior to aggregation 
(up to ca. 60°C) are very smooth, thus confirming the above- 
described high sample homogeneity even after only a single 

purification step, and the essentially monomeric character of 
all the antibodies below the temperature range at which 
unfolding occurs.

Overall, we found the collected thermal stability profiles for all 
the bsAbs to be comparable to the parent IgG1 molecules, 
although sdAb fusion on the HC appeared to have a slightly 
lower impact on stability compared to LC fusion. The key mea-
sures from the thermal unfolding have been summarized in 
Table 2. Importantly, the simultaneous monitoring of aggregation 
during unfolding, as illustrated in Figure 2, favors in-depth under-
standing of the antibody behavior and developability profile. BsAb 
instabilities might have profound effects on the feasibility as 
a therapeutic agent and thorough analysis is thus required for 
proper candidate selection.

Evaluating bispecific in vitro binding functionality

For many bsAbs the functionality is based on the ability to 
simultaneously bind both targets to elicit effects that cannot be 
obtained with combinations of conventional monoclonal anti-
bodies. Using our previously developed method based on flow- 
induced dispersion analysis (FIDA),16 we showed that exposure 
of the antibody panel to a fluorescently labeled (DY-490) detect-
able antigen ± an unlabeled antigen yielded incremental 
increases in the apparent hydrodynamic radius (Rh). In this 
setup, FIDA only measures the apparent Rh of the fluorescently 
labeled antigen. Binding of bsAb to the fluorescent antigen will 
cause a change in apparent Rh due to complexation. The unla-
beled antigen does not carry any fluorescence; hence it can only 
affect the signal indirectly through complexation with the bsAb, 
which is detected and measured through binding the other 
fluorescent antigen. This allows differentiation between whether 
the bsAb is complexed with one or both antigens. FIDA is an in- 
solution technique, and thus an ideal binding assay for 
structurally diverse bsAbs because the analysis does not rely on 
potentially obstructive surface immobilization and hence it is 
able to perform characterizations that are unbiased by bsAb 
format and spatial orientation of the binding domains. The 
results show that all investigated bsAbs can bind each target 
individually and both targets at the same time (Figure 3a+). The 
parent IgG1 and sdAb-Fc constructs both exhibited monospe-
cific binding behavior, meaning that an Rh increase was only 
observed upon exposure to the first cognate antigen. The sizing 
experiment was performed using a so-called complex dissocia-
tion mixing approach,32 where pre-incubated complex is diluted 

Table 2. Summary table containing stability parameters from the thermal ramping.

Antibody Tm1 (°C) Tm2 (°C) Aggregation onset (°C) Aggregation inflection point (°C) Cumulant radius onset (°C)

αPD-L1 IgG 70.4 81.3 80.0 82.1 77.8
NHC-αPD-L1 IgG 69.7 80.4 77.6 80.5 72.7
CHC-αPD-L1 IgG 69.8 81.2 75.4 82.0 72.3
NLC-αPD-L1 IgG 70.0 79.6 74.2 80.4 71.4
CLC-αPD-L1 IgG 67.4 81.1 78.3 81.6 75.1
CHC-CLC- αPD-L1 IgG 67.2 80.8 70.9 81.7 69.5
αHER2 IgG 70.2 78.5 77.8 79.8 73.9
NHC-αHER2 IgG 70.4 77.5 75.3 77.7 73.4
CHC-αHER2 IgG 71.3 77.8 76.1 78.6 73.6
NLC-αHER2 IgG 67.8 78.3 69.6 77.8 66.7
CLC-αHER2 IgG 67.6 79.0 73.7 78.5 67.2
CHC-CLC-αHER2 IgG 70.0 78.3 68.2 78.2 66.3
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Figure 3. Antibody binding to PD-L1 and HER2 using FIDA. (a) Assessment of bispecific binding functionality through changes in apparent Rh in response to addition of 
fluorescent PD-L1-DY490 ± unlabeled HER2 antigens in solution (b) Assessment of bispecific binding functionality through changes in apparent Rh in response to 
addition of fluorescent HER2-DY490 ± unlabeled PD-L1 antigens in solution. (c) Antibody titration curves investigating binding in mono- and bispecific binding 
environments. The binding curves were generated by titrating antibody against the fluorescently labeled primary antigen ± an unlabeled secondary antigen. Since the 
secondary antigen does not carry any fluorescence, it can only affect the signal indirectly through complexation with the bsAb, which is in itself binding the primary 
antigen. This is to test if the titration curves change in response to addition of the unlabeled secondary antigen. The coloring scheme is the same as in (a) and (b).
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in assay buffer inside the capillary to induce dissociation. The 
result showed that the bispecific ternary complex is formed, and 
it appears to be stable throughout the analysis window (approx. 
2 min). Overall, the observed Rh values suggest that sdAbs can 
be fused in all the investigated positions to form functionally 
bispecific antibodies capable of binding both antigens simulta-
neously. Lastly, the observed apparent Rh values confirm the 
larger expected MW of HER2 (70.2 kDa) compared to PD-L1 
(26.0 kDa), thus further supporting the above mentioned corre-
lation between molecular size and theoretical MW. The 
expected correlation between MW and apparent Rh should in 
principle allow probing of the average number of occupied 
binding sites. Figure 3a+b shows that the hexavalent bsAbs 
exhibit similar increases in Rh as the tetravalent bsAbs even 
though they have been engineered to contain more available 
binding sites. This could indicate that the hexavalent bsAbs are 
not able to utilize all their available binding sites at the same 
time. However, considering that both the tetravalent CHC- and 
CLC constructs exhibit bispecific binding functionally, it seems 
more likely that the excess of binding sites in the reaction are 
competing for the antigen, and thus preventing formation of 
higher order complexes where all binding sites are occupied at 
the same time.

We further used FIDA for quantitative assessment of bind-
ing affinity constants (KD) of the antibody panel against the 
individual antigens in both a monospecific and bispecific 
binding environment (Figure 3c and Table 3). We found that 
the observed affinity constants for the individual antigen- 
binding domains (Fv and sdAb) when included in the bsAbs 
are generally comparable to those reported when the domains 
were analyzed as conventional monospecific antibody 

constructs.20,21,33,34 It should be noted that these previously 
reported affinities were not obtained using FIDA and the 
results might therefore not be fully comparable to this work, 
although the affinity values are still highly similar. From the 
binding affinity constants, fusion of sdAb N-terminally onto 
the LC introduces a risk of impairing binding functionality of 
the scaffold Fv, most likely due to steric hindrance. This is 
especially evident from the construct where αPD-L1 sdAb is 
fused N-terminally to the LC of αHER2 IgG1 (NLC-αHER2 
IgG), which has an affinity almost 8-fold lower than the parent 
αHER2 IgG1. Interestingly, the same reduction in HER2 bind-
ing was not observed when the αPD-L1 sdAb was fused to the 
N-terminus of the HC of the αHER2 IgG1 (NHC-αHER2 IgG), 
even though the two N-termini are expected to be spatially 
close. Additionally, sdAb fusion C-terminally to the LC 
appears to be associated with a reduction in binding affinity 
of the fused sdAb. As an example, fusion of αHER2 sdAb 
C-terminally to the LC of αPD-L1 IgG1 (CLC-αPD-L1 IgG) 
shows a reduced affinity toward HER2 compared to the mono-
specific αHER2 sdAb-Fc construct, Again, the decrease in 
affinity appears less pronounced for C-terminal fusion on 
HC compared to C-terminal fusion on LC. As mentioned 
above, all sdAbs were fused using a flexible 10-aa GS linker. 
The length of the linker is likely to affect the spatial sdAb 
arrangement, hence different linkers might affect the binding 
affinities.

The apparent reductions in binding affinities are consistent 
across “specificity orientations”, indicating that the observed 
effects are caused by the molecular geometry rather than 
effects related to the unique antibody-antigen interaction. 
Furthermore, the impaired binding can be seen for both 

Table 3. Affinity binding constants and the related goodness-of-fit from antibody titration curves using FIDA. The titration curves were generated by titrating 
antibodies against a fluorescently labeled antigen ± the unlabeled antigen. The goodness-of-fit is evaluated using R2 and root mean squared error (RMSE). Affinity 
values in brackets marked with an asterisk indicate affinity values previously reported elsewhere.20,21,33,34.

Antibody PD-L1-DY490 PD-L1-DY490 + HER2 HER2-DY490 HER2-DY490 +PD-L1

KD (nM) Goodness-of-fit KD (nM) Goodness-of-fit KD (nM) Goodness-of-fit KD (nM) Goodness-of-fit

αPD-L1 IgG 1.8 
(1.8*)

R2=0.994 
RMSE=0.12

N/A N/A N/A N/A N/A N/A

αPD-L1 sdAb-Fc 0.3 
(3.0*)

R2=0.999 
RMSE=0.05

N/A N/A N/A N/A N/A N/A

NHC-αPD-L1 IgG 2.4 R2=0.985 
RMSE=0.16

2.6 R2=0.995 
RMSE=0.1

17.9 R2=0.993 
RMSE=0.14

14.3 R2=0.993 
RMSE=0.08

CHC-αPD-L1 IgG 1.6 R2=0.993 
RMSE=0.12

2.0 R2=0.982 
RMSE=0.23

22.3 R2=0.997 
RMSE=0.05

19.0 R2=0.986 
RMSE=0.13

NLC-αPD-L1 IgG 4.6 R2=0.994 
RMSE=0.11

7.1 R2=0.993 
RMSE=0.18

21.6 R2=0.987 
RMSE=0.15

23.6 R2=0.990 
RMSE=0.14

CLC-αPD-L1 IgG 1.5 R2=0.992 
RMSE=0.11

1.8 R2=0.980 
RMSE=0.21

66.1 R2=0.995 
RMSE=0.06

57.9 R2=0.994 
RMSE=0.06

CHC-CLC- αPD-L1 IgG 1.3 R2=0.995 
RMSE=0.11

2.0 R2=0.981 
RMSE=0.26

13.7 R2=0.998 
RMSE=0.07

12.3 R2=0.992 
RMSE=0.13

αHER2 IgG N/A N/A N/A N/A 3.3 
(2.8*)

R2=0.995 
RMSE=0.06

N/A N/A

αHER2 sdAb-Fc N/A N/A N/A N/A 16.2 
(11.6*)

R2=0.991 
RMSE=0.07

N/A N/A

NHC-αHER2 IgG 0.4 R2=0.985 
RMSE=0.17

0.7 R2=0.949 
RMSE=0.35

4.5 R2=0.994 
RMSE=0.08

4.2 R2=0.998 
RMSE=0.07

CHC-αHER2 IgG 1.6 R2=0.991 
RMSE=0.15

1.9 R2=0.971 
RMSE=0.25

2.9 R2=0.990 
RMSE=0.11

2.6 R2=0.997 
RMSE=0.07

NLC-αHER2 IgG 0.2 R2=0.993 
RMSE=0.12

0.3 R2=0.974 
RMSE=0.21

26.0 R2=0.985 
RMSE=0.10

26.4 R2=0.981 
RMSE=0.09

CLC-αHER2 IgG 2.3 R2=0.985 
RMSE=0.12

3.3 R2=0.978 
RMSE=0.19

5.2 R2=0.994 
RMSE=0.09

4.8 R2=0.987 
RMSE=0.11

CHC-CLC-αHER2 IgG N/A N/A N/A N/A 2.4 R2=0.998 
RMSE=0.06

1.8 R2=0.993 
RMSE=0.10
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mono- and bispecific binding setups, which further supports 
that it is the molecular architecture that imposes the binding 
restraints. The results demonstrate FIDA as an ideal option for 
quantifying binding functionality of bsAbs with diverse mole-
cular architectures. FIDA is an immobilization-free technique, 
and thus enables characterizations that are not biased by geo-
metrical restraints which may occur through immobilization 
of the bsAb. This is crucial considering that bsAb functionality 
is highly dependent on an optimal molecular format. On the 
other side, FIDA, as an in-solution assay, might not account 
for geometrical restraints imposed by cell surfaces on cell sur-
face receptors. For bsAbs targeting surface-associated moieties, 
such as T-cell redirecting bsAbs,35 additional assays would be 
needed to ensure that the format supports optimal binding 
geometry for simultaneous binding of cell surface-associated 
antigens on two different cells.

Effect of engineering on effector functions

For many therapeutic antibodies, Fc-mediated effector func-
tions contribute to, and are necessary for, the desired thera-
peutic response. For example, binding of Fc to FcγRIIIa 
(CD16a) on NK cells mediates antibody-dependent cellular 
cytotoxicity (ADCC) of target cells whereby the killing activity 
correlates positively to the affinity of Fc with FcγRIIIa.36 Using 
BLI we investigated equilibrium dissociation constants of our 
antibody panel against FcγRIIIa (allotype 176F) to assess if 
sdAb fusion affected FcγRIIIa receptor binding of the bsAbs 
compared to the parent IgG1. BLI was chosen over FIDA 
because preliminary experiments indicated that the fluores-
cence labeling procedure affected the antibody:FcγIIIa inter-
action, likely based on lysine residues present in the binding 
interface of Fc and FcγRIIIa (data not shown).

Steady-state KD measurements for binding of the antibody 
panel to FcγRIIIa are shown in Table 4. We chose the steady- 
state KD measurements over the full kinetic analysis because 
FcγRIIIa is a low-affinity receptor with a high on-rate, for which 
accurate estimation of kinetic parameters can be difficult (full 
sensorgrams are shown in Figure S6). From the observed KD 
measurements, the engineered molecular formats generally do 
not appear to have any detrimental effects on FcγRIIIa receptor 
binding. One exception is the NHC-αHER2 IgG, where the affi-
nity appears to notably decrease compared to the parent IgG1. 
Since the same decrease in affinity is not observed for NHC-αPD- 

L1 IgG, the change in binding affinity does not appear to be caused 
by the general molecular geometry, but depends to the particular 
sdAb. The observed affinities were generally in agreement with 
previously reported values for IgG1 Fc binding to FcγIIIa (176F) 
using BLI and immobilization via the Fab domain.37

Discussion

BsAbs represent a unique class of antibody-based therapeutics 
with modes of action (MoA) beyond those of conventional 
monoclonal antibodies. While bsAbs are highly attractive as 
therapeutic agents, their design, production, and analysis are 
often complicated by complex molecular formats. Most clini-
cally developed antibodies follow an asymmetric architecture 
with up to four different antibody chains, thereby deviating 
from the conventional HC2LC2 format,8 and typically the 
chains have been engineered for steering polypeptide chain 
pairing4 or selective purification to obtain the desired hetero-
dimeric bsAb product.9 In spite of engineering efforts, optimal 
conditions for expression of high-quality asymmetric bsAbs 
can be difficult to obtain38 and might differ between different 
bsAbs,39 thus increasing the risk of mispaired product-related 
impurities. Furthermore, an increasing number of bsAbs aim 
to include bivalent binding for each specificity, similar to that 
achieved by standard antibodies for one specificity. In this 
work, we show that genetic fusion of sdAbs onto IgG1 scaf-
folds is a robust strategy for the formation of high-quality IgG- 
like bsAbs using highly effective routine workflows for produc-
tion and purification of monoclonal antibodies. Previously, 
scFvs have been used for fusion to IgG scaffolds, but the 
resulting fusion constructs are often prone to self-assembly 
and formation of high MW aggregates,13 even after stability 
engineering of the scFv components.14 In contrast, sdAbs are 
robust and monomeric in nature and are thus unlikely to self- 
assemble or aggregate while folded, which is in agreement with 
our reported results. We investigated a panel of IgG-like 
bsAbs, IgG1-sdAb fusions with diverse molecular formats, 
and found that these could be effectively produced using 
routine methods and an effective one-step protein A-based 
purification. The bsAb molecular architecture was found to 
have a profound effect on the expression yields, with sdAb 
fusions to the HC being advantageous compared to sdAb- 
fusions to the LC. Interestingly, sdAb fusion to the HC in 
N-terminal or C-terminal configuration lead in all cases to 

Table 4. Steady-state KD measurements of antibody 
binding to FcγIIIa using BLI analysis.

Antibody KD (uM) Goodness-of-fit

αPD-L1 IgG 0.52 R2=0.99
NHC-αPD-L1 IgG 0.56 R2=0.99
CHC-αPD-L1 IgG 0.57 R2=0.99
NLC-αPD-L1 IgG 0.44 R2=0.99
CLC-αPD-L1 IgG 0.41 R2=0.99
CHC-CLC- αPD-L1 IgG 0.67 R2=0.99
αHER2 IgG 0.54 R2=0.99
NHC-αHER2 IgG 1.10 R2=0.99
CHC-αHER2 IgG 0.64 R2=0.99
NLC-αHER2 IgG 0.40 R2=0.99
CLC-αHER2 IgG 0.43 R2=0.99
CHC-CLC-αHER2 IgG 0.44 R2=0.99
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an expression higher than the parental IgG1, while the fusion 
of sdAb to the LC in most cases showed lower expression than 
the parental IgG1. The symmetric nature of the bsAbs mean 
that these could all be produced using standard workflows of 
monoclonal antibodies with very little optimization of, for 
example, plasmid transfection ratios that are normally needed 
for asymmetric bsAbs. Symmetric molecular geometry, how-
ever, also means that the antigen-binding domains will always 
appear in pairs. Asymmetric solutions are thus critical, 
because, while bivalent binding can be advantageous for 
some bsAb, in many cases monovalency of at least one binding 
specificity, such as anti-CD3, is desired.

In assessing the homogeneity and stability of our antibody 
panel, we found that the various bsAbs constructs generally 
showed thermodynamic stabilities and aggregation propensi-
ties that were similar to the parent IgG1 molecules. We expect 
that the favorable stability profiles are connected to the CH3 
domain, which is important for antibody structural integrity, 
and remained un-engineered for the investigated bsAb panel. 
In contrast, most platforms for HC heterodimerization of 
asymmetric bsAbs are based on engineering of the CH3 
domains, which is known to negatively affect the thermal 
stability.40–43 Although the structural integrity of antibodies 
is believed to be tightly linked to proper pairing of intact CH3 
domains, we found that some of the bsAbs started aggregating 
prior to CH3 unfolding. This indicates that the colloidal sta-
bility of structurally complex bsAbs is not only dependent on 
the structural integrity of the individual domains, but that the 
sdAb fusion itself will also affect the aggregation propensity of 
the bsAb. Accordingly, two of the most aggregation-prone 
antibodies in our study were the hexavalent bsAbs where 
four individual sdAbs had been fused onto the IgG scaffold.

The MoA of many bsAbs relies on simultaneous engage-
ment of both targets. Using FIDA, we were able to show that 

the bsAbs are not only capable of binding each antigen indi-
vidually, but that they can also be bound at the same time, thus 
making the bsAbs functionally bispecific. FIDA was chosen 
over traditional surface-based techniques, since it allows selec-
tive and differential characterization of bsAb binding to 
a single antigen as well as simultaneous binding of both 
antigens.16 FIDA does not rely on immobilization chemistries, 
thus rendering the analysis unaffected by potential steric 
effects introduced through immobilization of the various anti-
body architectures.

Affinity measurements of the antibody panel against both 
antigens indicate that molecular geometry affects the bsAb 
binding strength, most likely because sdAb fusion risks intro-
ducing steric restraints on the individual binding domains. 
When fusing sdAbs N-terminally onto the IgG1 scaffold, 
a steric restraint is placed on the Fv domain, which is to 
some extent blocked by the fused sdAb domain. 
Interestingly, fusion of the sdAb to the N-terminus of the LC 
seemed to impose more steric restraint than sdAb fusion to the 
N-terminus of the HC, even though the two N-termini are 
expected to be spatially close. Examination of a crystal struc-
ture of trastuzumab in complex with HER2, however, revealed 
that the N-terminus of the LC is located closer to the paratope 
than the corresponding HC N-terminus (Figure 4a). This 
could explain how sdAb fusion to the N-terminus of HC and 
LC, respectively, may introduce two different levels of steric 
hindrance. The antibody fold is a highly conserved structural 
domain outside the hypervariable loops, and hence it is likely 
that the HC N-terminus will generally be further away from 
the paratope than the N-terminus of the LC. In contrast, when 
fusing sdAbs C-terminally on the IgG1 scaffold the impaired 
binding was observed for the fused sdAb. We expect this to be 
because the N-terminus of sdAbs (and other VH domains) are 
oriented in roughly the same direction as the complementary- 

Figure 4. Interpreting the effect of bsAb molecular geometry on binding affinities. (a) Ribbon representation of Trastuzumab Fv (PDB: 1N8Z) showing positions of 
N-termini of HC (cyan) and LC (green) relative to the antigen-binding paratope. The N-termini are indicated with magenta ball representation. The paratope (red) have 
been approximated as those residues that are within 6 Å of the HER2 antigen in the complex (antigen not shown). (b) Schematic illustration of the expected sdAb 
rotation required for exposing the paratope when the sdAb is fused C-terminally to the LC of the IgG1 scaffold. (c) Schematic summary of potential steric restraints 
introduced when fusing sdAbs on LC of IgG1 scaffold.
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determining regions that mediate antigen binding. Fusing the 
sdAb C-terminally on an IgG chain therefore means that the 
sdAb binding interface is oriented inwards toward the scaffold, 
and hence the sdAbs must rotate to properly expose its para-
tope for antigen binding (Figure 4b).

The presence of an Fc region could sterically limit the sdAb 
rotation and access of the antigen, and thus explain why 
a reduction in sdAb binding affinity is not as pronounced for 
C-terminal fusions to HC as for C-terminal fusions to LC. It 
may be possible that linkers other than the 10-aa (GGGGS)x2 
linker used in this study could alleviate some of the steric 
restraints for both N-terminal and C-terminal fusion by allow-
ing more space and flexibility for re-orienting the sdAb. 
Additional studies under physiological conditions may further 
confirm the stability of GS linkers and the molecule as a whole 
under these conditions. The main effects on antigen binding 
affinity from fusion of sdAbs onto IgG1 scaffolds are summar-
ized in Figure 4c. In addition to antigen binding, we further 
investigated if the Fc effector functions were intact for the 
engineered bsAbs. Using FcγRIIIa as a model receptor, we 
did not find that any of the tested sdAb fusion formats has 
an effect on Fc binding to the FcγRIIIa receptor, which is 
a prerequisite for ADCC-mediated cell killing. Further studies 
will be needed to address comparative FcRn-mediated recircu-
lation and half-life of the antibody formats.

Taken together, our study provides a flexible framework for 
generating robust and stable bsAbs by combining sdAbs and IgG1 
to form symmetric bsAbs with diverse molecular architectures 
and valencies that can be selected to suit the biological function. 
The majority of the tested bsAbs in our antibody panel were 
tetravalent (bivalent for each antigen), as we believed these anti-
bodies would most closely resemble the bivalent binding of con-
ventional IgG antibodies. This is, to the best of our knowledge, the 
most comprehensive comparison of sdAb-IgG bsAb architectures 
yet. Fusion of sdAbs represents a strong alternative to the tradi-
tional scFv-IgG bsAbs, mainly because sdAbs are naturally small 
monomeric binding domains and thus: 1) are highly modular, 2) 
are unlikely to self-associate and mispair, and 3) can be easily 
reformatted to fragments from full-length IgG with low risk of 
losing activity. In agreement with previous reports, we find that 
the molecular geometry of the bsAb has a clear impact on the 
production and functionality of the bsAbs, with our findings 
suggesting that sdAb fusion on HC (both N-terminally and 
C-terminally) is generally advantageous compared to fusion on 
LC. The findings were consistent for both groups of bsAb geome-
tries with reversely mirrored specificities (αHER2 sdAb fused to 
αPD-L1 IgG and αPD-L1 sdAb fused to αHER2 IgG, respectively), 
thus indicating that the observations are rooted in the structural 
format. It should be noted that, although our antibody panel was 
comprehensively tested for in vitro binding functionality and 
biophysical stability, the cellular activity, where the molecular 
geometry is also expected to play a significant role,6,7 was not 
investigated in this study. Lastly, the work presents a toolbox of 
analytical techniques that can be used for capturing the increased 
complexity of bsAbs compared to conventional monoclonal anti-
bodies for improved candidate selection and drug discovery cam-
paigns. We expect that our findings will help advance the design 
and development of novel bsAbs.

Materials and methods

Production of bispecific antibodies

The design and production of symmetric bsAbs were done as 
previously reported using a two-plasmid system.16 In brief, 
genes encoding antibody variable domains or sdAb domains 
were obtained from Twist BioScience and cloned into 
pcDNA3.1-based expression vectors containing either IgG1 
constant domains for HC vectors or Cκ for LC vectors. The 
sdAb genes were linked to the IgG scaffold through a flexible 
(GGGGS)x2 linker. The antibodies were produced by co- 
transfecting HC and LC plasmids (3:2 ratio) in HEK293F 
cells and culturing for 7 days in FreeStyle™ 293 Expression 
Medium (ThermoFisher) at 37°C and 5% CO2 in shake flasks. 
All antibodies were expressed in triplicates except for the two 
hexavalent antibodies with fusion on both HC and LC. The 
supernatants were clarified by centrifugation (1500×g for 10  
min) and filtering (0.45 µm) and the triplicate cultures were 
pooled before loading on HiTrap MabSelect SuRe column 
(Cytiva) connected to an ÄKTA Pure system (Cytiva). The 
yields after purification were calculated using an in-house 
developed Python script and theoretical extinction coefficient 
predicted by ProtParam (Expasy) based on the amino acid 
sequence of fully assembled monomeric antibodies.44 All the 
antibodies were concentrated and buffer exchanged to phos-
phate-buffered saline (PBS) using Amicon Ultra-15 centrifugal 
filter devices (30-kDa cutoff, EMD) and the protein concen-
trations were measured using NanoDrop One UV-Vis spectro-
photometer (ThermoFisher).

Octet BLI quantitation

The antibody concentrations in crude supernatant were deter-
mined using an Octet RED96e platform (FortéBio). ProA 
biosensors (Sartorious) were pre-wetted in fresh culture med-
ium before a 1-step direct quantitation using dip and read for 
120 s. The data was fitted using a pre-calculated rituximab 
standard curve (6.25–300 ug/mL) and the default 4PL equation 
using Octet data analysis software (Sartorious).

SDS-PAGE

The quality of the purified antibodies was analyzed by SDS- 
PAGE (4–20% Mini-PROTEAN® TGX™ Precast Protein Gels, 
Bio-Rad) in the presence and absence of 25 mM 1,4-dithio-
threitol (DTT) and visualized through Coomassie Brilliant 
Blue staining. Precision Plus Protein Dual Color Standards 
(Bio-Rad, #1610374) was included as reference.

Capillary electrophoresis

Capillary electrophoresis was performed using the High 
Sensitivity Protein 250 kit (Agilent) with an Agilent 2100 
BioAnalyzer according to manufacturer protocol without any 
reducing agent. The 2100 Expert software (Agilent, v. B.02.11. 
SI824) was used for size calling and relative quantification of 
the peaks. Only peaks representing≥2% of total protein sample 
content were included in the analysis.
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Size exclusion chromatography

For analytical SEC we used a Superdex Increase 200 5/150 
GL column (Cytiva) connected to ÄKTA Pure system 
(Cytiva). The running buffer was PBS (2.67 mM KCl, 1.47  
mM KH2PO4, 137.9 mM NaCl, 8.1 mM Na2PO4). The 
amount of aggregation was calculated using the above- 
mentioned Python script. Separation of the aggregation 
peak from monomeric peak was done based on local minima 
determined through the first derivative of the 
chromatogram.

Sizing and thermal stability

Particle sizing and thermal stability were analyzed by 
running DLS and DSF with a Prometheus Panta equipped 
with backreflection optics (NanoTemper Technologies). 
The DLS sizing analysis utilized light scattering at 405  
nm with a photomultiplier tube in a backscatter orienta-
tion and with a solvent refractive index of 1.335. For 
assessment of thermal stability, the antibodies were ana-
lyzed by DSF (including backreflection) and DLS while 
subjected to thermal ramping at 1.0°C/min from 25°C to 
95°C. We used high sensitivity capillaries (NanoTemper 
Technologies) and antibodies at 0.35–0.4 mg/mL for all 
sizing and thermostability experiments. Analysis of 
experimental data was performed using the Prometheus 
Panta Control Software (NanoTemper Technologies).

FIDA analysis

The FIDA experiments were performed as previously 
described.16 In brief, we used a FIDA One instrument 
employing light-emitting diode-induced fluorescence detec-
tion using an excitation wavelength of 480 nm and an 
emission wavelength of >515 nm (Fida Biosystems). The 
PD-L1 (ACRO Biosystem, #PD1-H5229) and HER2 
(ACRO Biosystems, #HE2-H5225) antigens were fluores-
cently labeled with DY-490 (EMP Biotech, #MKD0125) 
and the assay buffer was PBS+0.1% bovine serum albumin 
(BSA). Affinity measurements were performed in capmix 
mode by initial loading of the capillary with antibody 
solution at varying concentrations (3500 mbar, 20s), then 
injecting 20 nM fluorescent indicator ± equimolar unlabeled 
antigen (50 mbar, 10s), and finally a second loading step 
with antibody (400 mbar, 180-200s). Sizing of antibody 
complexes was performed in a complex dissociation mode 
by loading buffer (3500 mbar, 20s), then injecting a pre- 
mixed (>15 min) solution with 32 nM fluorescent antigen 
and 40 nM antibody ±80 nM unlabeled antigen (50 mbar, 
10s), followed by a second buffer loading (400 mbar, 180- 
200s). A flush with assay buffer (3500 mbar, 120s) was 
performed between each measurement. Rh values were 
obtained by Taylorgrams to FIDA Software v2.3 (Fida 
Biosystems) with a Taylorgram fraction of 75%. The titra-
tion curves were fitted to a simple 1:1 binding using our 
in-house Python script.

Octet BLI Fcγ receptor binding

Binding of bsAb and IgG to monomeric FcγIIIa (CD16A)-176F 
(ACRO Biosystem, #CDA-H5220) was measured using an Octet 
RED96e (FortéBio). Antibodies were diluted to 5 ug/mL in assay 
buffer (PBS pH 7.4, 0.02% Tween20, 0.1% BSA) and immobi-
lized on FAB2G biosensors (Sartorious) for 120 s followed by 
180 s washing in assay buffer. The antibodies were then asso-
ciated to FcγIIIa (0–500 nM) for 60 s followed by 60 
s dissociation in assay buffer. The sensorgrams were fitted 
globally using our in-house developed Python script assuming 
a 1:1 binding model. The entire association step and the 5 first 
seconds of the dissociation step were used in the fitting.

Data analysis

The data was compiled into Microsoft Excel and analyzed 
using an in-house developed Python script (available through 
https://github.com/andreasvisbech/Plotly_data_analysis/ 
releases/tag/3.3.0) unless otherwise stated. We prioritized 
using the Python script for analysis when possible, to promote 
transparency and reproducibility in the data analysis. The 
Excel files with raw data and the parameter log files are avail-
able in the supplemental online material.

Abbreviations

ADCC antibody dependent cellular cytotoxicity
BLI biolayer interferometry
bsAb bispecific antibody
CE capillary electrophoresis
DLS dynamic light scattering
DSF differential scanning fluorimetry
FIDA flow-induced dispersion analysis
Fv variable region
HC heavy chain
HER2 human epidermal growth factor receptor 2
IgG immunoglobulin G
KD binding affinity constant
LC light chain
MoA mode-of-action
MW molecular weight
PD-L1 Programmed Cell Death Ligand 1
Rh hydrodynamic radius
RMSE root mean squared error;
scFv single-chain variable region
sdAb single-domain antibody
SEC size exclusion chromatography
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