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ABSTRACT
The discovery of therapeutic monoclonal antibodies (mAbs) primarily focuses on their biological activity 
favoring the selection of highly potent drug candidates. These candidates, however, may have physical or 
chemical attributes that lead to unfavorable chemistry, manufacturing, and control (CMC) properties, such 
as low product titers, conformational and colloidal instabilities, or poor solubility, which can hamper or 
even prevent development and manufacturing. Hence, there is an urgent need to consider the develop-
ability of mAb candidates during lead identification and optimization. This work provides 
a comprehensive proof of concept study for the significantly improved developability of a mAb variant 
that was optimized with the help of sophisticated in silico tools relative to its difficult-to-develop parental 
counterpart. Interestingly, a single amino acid substitution in the variable domain of the light chain 
resulted in a three-fold increased product titer after stable expression in Chinese hamster ovary cells. 
Microscopic investigations revealed that wild type mAb-producing cells displayed potential antibody 
inclusions, while the in silico optimized variant-producing cells showed a rescued phenotype. Notably, the 
drug substance of the in silico optimized variant contained substantially reduced levels of aggregates and 
fragments after downstream process purification. Finally, formulation studies unraveled a significantly 
enhanced colloidal stability of the in silico optimized variant while its folding stability and potency were 
maintained. This study emphasizes that implementation of bioinformatics early in lead generation and 
optimization of biotherapeutics reduces failures during subsequent development activities and supports 
the reduction of project timelines and resources.
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Introduction

Therapeutic proteins including monoclonal antibodies 
(mAbs) are capable of addressing a wide variety of unmet 
medical needs.1 Despite becoming a cornerstone in drug 
development, the soaring cost of developing new biological 
entities (NBEs) has put substantial pressure on biopharma-
ceutical organizations.2,3 At the discovery stage, biological 
activity is one of the most important selection criteria. 
A lead molecule is then progressed into the early stage 
development phase to assess its developability, which 
describes chemistry, manufacturing, and control (CMC) 
properties such as expression titer, purity, conformational 
(i.e., protein folding) and colloidal stability (i.e., protein 
aggregation), solubility, and viscosity. The competitive bio-
pharmaceutical environment has increased the demand for 
prediction and optimization of the developability of the 
lead candidate to accelerate the development timeline and 
raise approval success rates. One of the most frequently 
encountered development issues at each step of the process 

are product-related impurities, of which protein particle 
formation/aggregation is the primary impurity compromis-
ing efficacy, quality, and patient safety.4

In the first step of the bioprocess development, the protei-
naceous active pharmaceutical ingredient (API) is recombi-
nantly produced using mammalian cell culture systems. 
Interestingly, the efficient production of DS remains 
a continuing challenge even though high-yielding cell line 
development approaches have substantially advanced in the 
past several decades.5 In particular, mammalian systems 
expressing aggregation-prone mAbs often underperform, 
showing low product titer and specific productivity.6

The downstream process is developed to achieve maximum 
yield in combination with an acceptable purity level. 
Preparative modes of chromatography involving Protein 
A affinity, anion and cation exchange chromatography are 
commonly used.7,8 Substantial efforts, however, may be 
required to separate the product from product-related impu-
rities, such as aggregates and fragments, which are monitored 
as high molecular weight (HMW) and low molecular weight 
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(LMW) species during analytical size-exclusion chromatogra-
phy (SEC) experiments.

Finally, a formulation is developed for the purified protein 
to ensure long-term storage stability and optimal routes of 
administration.9 This step of the process can be challenging 
because the diversity and inherent structural complexity of 
biologicals and their individual interplay with excipients neces-
sitate an individual evaluation and “trial-and-error”-based sta-
bilization for the molecule of choice.10 There is an increasing 
need for subcutaneous and intravitreal formulations, which 
often require high drug concentrations, preferably as liquid 
presentations. Among the various challenges in preparing 
stable, robust formulations for such routes of administration 
are concentration-dependent aggregation and high viscosity.11 

Possible challenges associated with aggregation of the drug 
product (DP), i.e., the formulated DS, are most commonly 
addressed by time-consuming and labor-intensive formulation 
development.

Recent advances in biopharmaceutical informatics have 
provided efficient computational tools for the assessment and 
optimization of sequences and structures, paving the way for 
engineering a candidate´s developability, in addition to its 
biological activity, already at the early discovery stage. An 
early prediction of development issues guides rational 
sequence optimization approaches, thereby minimizing the 
risk of costly delays and failures of biotherapeutic development 
programs.6,12,13 Some biopharmaceutical companies along 
with some contract development and manufacturing organiza-
tions have started to perform sequence optimization via pro-
prietary algorithms,14,15 but there is currently relatively little 
knowledge about the benefits of in silico optimization per-
formed at an early discovery stage on the performance of the 
DS and DP at each step of the bioprocess.16 Published studies 
have used calculated structural descriptors to predict indivi-
dual CMC properties such as viscosity,17,18 chemical 
degradation,18 and, in particular, aggregation.6,19 Notably, 
a variety of in silico tools identifying aggregation-prone regions 
(APRs) were developed, emphasizing the strong demand for 
the prediction and prevention of protein particle formation.20- 

31 Particular attention was paid to the Solubis method,32 which 
was used in a previous study6 to predict sequence variants of 
a therapeutic mAb (called mAb2) with reduced intrinsic aggre-
gation propensity (TANGO)33 under consideration of the ther-
modynamic stability of the native structure (FoldX).34 A single 
amino acid exchange (S52R) in complementarity determining 
region 2 (CDR2) of the light chain (LC) was shown to diminish 
an APR that triggered aggregation of transiently expressed 
mAb2.6

Here, we developed the wild type and in silico optimized 
mAb2 in accordance with a bioprocess widely established in 
the pharmaceutical industry, providing detailed insights into 
the beneficial developability of a computationally optimized 
mAb. Predicted good- (variant) and difficult-to-develop 
(mAb2) antibodies were established in state-of-the-art plat-
form processes along the value chain of the pharmaceutical 
development consisting of 1) generation of stable single clone- 
derived Chinese hamster ovary (CHO) production cell lines; 2) 
production in a representative 3 L scale bioreactor; 3) down-
stream purification; 4) physicochemical characterization; 

and 5) stability studies of respective DP formulations with 
functional investigations.

Results

In silico optimization enhanced mAb expression titer in 
stable CHO cells

The effect of an in silico-guided exchange of a single amino acid 
(SL52R) on the developability of the therapeutic antibody 
mAb2 was unraveled by performing a complete biopharma-
ceutical development program comprising establishment of 
stable cell lines and upstream and downstream processes, as 
well as development of a suitable formulation buffer for both 
the wild type and in silico optimized variant. The first obstacle 
was to establish stable CHO cell lines and to compare the 
upstream process performance of the best eight single clone- 
derived cell lines producing either mAb2 or its in silico opti-
mized variant in controlled fed-batch cultivations with regard 
to differences in cell growth, viability, and mAb productivity. 
Observed peak viable cell densities (VCDs) ranged from 
~8.0 × 106 to 14.0 × 106 cells/mL regardless of the identity of 
the mAb candidate (Figure 1a). Cell lines expressing the in 
silico optimized variant showed considerable differences in 
growth characteristics that indicated clonal variances.35,36 The 
cell viability was slightly higher in the case of stable CHO cell 
lines expressing the in silico optimized variant. Final antibody 
titers and specific productivity of the in silico optimized variant 
were substantially improved compared to the parental anti-
body (Figure 1(b,c)). More specifically, mean mAb titer of 
mAb2 achieved ~0.6 g/L, while the in silico optimized variant 
expressing clones yielded a mean titer of ~2.3 g/L. The mean 
specific productivity of investigated mAb2 clones was ~6.5 pg/ 
(cell∙day), while the mean specific productivity of the in silico 
optimized variant was ~23.5 pg/(cell∙day).

To further test the enhanced performance of the in silico 
optimized variant in a microscale cultivation process, the top 
performing cell lines for both mAb candidates were cultivated 
in a fed-batch process using a 3 L benchtop bioreactor system. 
While growth characteristics and cell viability profiles were 
highly comparable (Figure 1(d)), final mAb titers and specific 
productivity differed substantially between the two cell lines 
either producing mAb2 (~1.0 g/L with 5 pg/(cell∙day)) or the in 
silico optimized variant (~3.3 g/L with 17 pg/(cell∙day)), 
accounting for a three-fold increase in both product titer and 
specific productivity (Figure 1(e,f)). Clonal stability was con-
firmed not to be the major causative for different performances 
(supplementary figure S1). Three of the five stable cell lines 
were identified to be phenotypically stable for at least 90 days 
regardless of the identity of the expressed mAb (data not 
shown).

Analysis of intracellular inclusions in mAb2-producing 
CHO cells via immunocytochemistry

The difficult-to-develop mAb2 was previously reported to 
accumulate in the lumen of an aberrant endoplasmic reticulum 
(ER) of stable CHO cell lines.37 To test whether the sequence 
optimization of the in silico optimized variant affects the cell 
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morphology and intracellular mAb accumulation during 
expression, stable CHO cell lines were investigated using 
immunofluorescence microscopy. As expected, the good-to- 
express (GTE) reference mAb (producing >4.5 g/L under com-
parable conditions, supplementary Figure S2) was equally dis-
tributed in the cytoplasm of a highly productive reference cell 
line (Figure 2(a), supplementary Figure S3). In comparison, the 
mAb2-producing CHO cells were characterized by antibodies 
that accumulated in circular vesicles with a maximum diameter 
of ~2 µm. Interestingly, less pronounced vesicles were dis-
played in CHO cells that produced the in silico optimized 
variant. This was confirmed for five individually generated, 
single-clone-derived cell lines expressing either mAb2 or its 
in silico optimized variant (data not shown). To categorize and 
quantify CHO cells according to their morphologic appear-
ance, a broad microscopic analysis of the respective cell popu-
lations was performed (Figure 2(b), supplementary Figure S4). 
The reference cells showed no accumulation of the GTE mAb, 
while more than 80% of the mAb2-expressing cells showed 
putative protein inclusions. Notably, the in silico optimized 
variant-expressing cells displayed a relieved phenotype in half 
of all stained cells.

The retention and intracellular accumulation of mAb2 are 
thought to be driven by a broken intramolecular disulfide 

bridge in the LC.37 Therefore, the folding of mAb2 and its in 
silico optimized variant in CHO cells was investigated com-
paratively by coupling-free cysteines to PEG5000-maleimide, 
followed by electrophoretic separation by western blotting- 
gel mobility shift assay. Interestingly, the in silico optimized 
variant was expressed in the cell with a significantly 
increased proportion of partly and completely folded anti-
body compared to mAb2 (Figure 2(c), supplementary figure 
S5), indicating that the in silico optimization supported the 
intracellular folding of the in silico optimized variant. mAb2 
was not only particularly prone to accumulation in the 
lumen of the ER but also intracellular unfolding, creating 
a secretion bottleneck in mAb2-expressing CHO cells that 
was successfully alleviated by the introduction of the single 
amino acid substitution SL52R.

Antibody purification and product quality analysis

Progressing to the next step in the bioprocess value chain, 
increased antibody titer achieved in cell line and upstream 
development needs to fit with the constraints of the down-
stream processes.38 Therefore, the purification of mAb2 and its 
in silico optimized variant was performed identically, in 

Figure 1. Cell culture performance of clonal cell lines producing either the mAb2 or its in silico optimized variant in controlled fed-batch production processes. (a) Viable 
cell density (VCD, filled circles) and viability (open square), and (b) final antibody titer and (c) mean specific productivity (filled triangle) of the top eight clonal cell lines 
are shown for a controlled 14-day micro-bioreactor fed-batch cultivation process (ambrTM 15). In case of VCD and viability the mean and standard deviation of biological 
duplicates (n = 2) are displayed. Each replicate was used as single data point in the boxplot, and whiskers represent the 10th and the 90th percentile. The highlighted 
clones (thicker line and more intense color) were further investigated in 3 L benchtop bioreactors. An unpaired t-test confirmed statistical significance (****: p < .0001). 
(d) VCD (filled circles) and viability (open square), (e) cumulative antibody titer, and (f) calculated mean specific productivity of the best performing clonal cell lines in 
a controlled 14-day fed-batch cultivation process was performed in 3L bioreactors. The runs were performed without biological replicates, and antibody titer was 
determined starting from day 6. Clonal stability data can be found in Supplementary Figure S1.
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accordance with a purification strategy widely applied in the 
pharmaceutical industry. Protein A affinity chromatography 
(AC) was conducted as a first purification step to capture the 
IgG and to remove process-related impurities such as host cell 
proteins and DNA. This was followed by an acidic treatment 
(AT) and depth filtration (DF) of the eluate to inactivate and 
remove any viruses. Next, anion exchange chromatography 
(AEX) was used to further remove DNA, host cell proteins, 
and leached Protein A. As expected, the content of HMW 
species was successfully reduced by DF and AEX (Figure 3(a– 
c)). Interestingly, the DS of wild type mAb2 contained higher 
levels of HMW species at each of the purification steps relative 
to the in silico optimized variant (Figure 3(a–c)). The HMW 

formation indicates strong aggregation of the product species, 
which reduced the product yield after separation. Furthermore, 
the in silico optimized variant exhibited a higher purity after 
elution from AEX (Figure 3(d)). The variant could be concen-
trated to 33 mg/mL via ultrafiltration/diafiltration (UF/DF), 
while visual investigation indicated mAb2 precipitation at con-
centrations above 15 mg/mL that correlated with a strong 
increase in HMW species (Figure 3(c)), as well as pressure 
and time required for ultrafiltration (data not shown). After 
UF/DF of both DSs into the formulation buffer and dilution to 
an anticipated mAb concentration of 10 mg/mL, the DS of the 
in silico optimized variant had a drastically reduced HMW 
content compared to mAb2 (∆ = −33.8%, Figure 3(c)). In 

Figure 2. Investigation of CHO cells producing a good-to-express monoclonal antibody (GTE mAb) as reference, mAb2 and its in silico optimized variant. (a) Confocal 
images of cell lines producing the GTE mAb, mAb2 and the in silico optimized variant were acquired at a 63 x primary magnification. Additional information on 
productivity of the GTE mAb can be found in supplementary Figure S2. Nuclei and recombinant protein were stained using DAPI (blue) and a fluorescent secondary 
antibody (red). An overview can be found in supplementary Figure S3. (b) Ratio of single cells with intracellular antibody inclusions are shown for the total cell count. For 
visualization, cells have been cultured adherently for this analysis only. (c) The folding of free LC molecules (not bound to heavy chain) within the cell was analyzed 
densitometrically in three independent western blotting-electrophoretic mobility shift assays (supplementary Figure S5). An analysis of variance (ANOVA) determined 
statistical significance (*: p < .05; **: p < .01). M, Marker; ns, not significant.
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summary, the in silico optimized variant was purified with an 
acceptable level of purity (98.8%) and a lower HMW content 
(5.2%) by applying a typical platform purification process, 
while the same process required significantly more develop-
ment effort in the case of mAb2 (purity 97.9%, HMW 39.0%) to 
achieve an acceptable product quality and economically profit-
able yield.

Despite sharing identical glycosylation sites in their 
sequences, both mAbs were characterized via lab chip (caliper) 
analysis to test whether the heterogeneous N-glycosylation 
pattern was affected by differences seen in the CHO cell mor-
phology, as well as upstream and downstream development 
processes (Figure 3(e)). We found that the basic core structure 
of mAb2 bore predominantly mannose-5 (~55%), while the in 
silico optimized variant was slightly more galactosylated and 
fucosylated into more complex oligosaccharides 
(∆relative abundance variant – mAb2: −17% Man5; +3% G0; +2% 
G1; +12% G0 F). Additionally, the glycosylation profile of 
mAb2 expressed by three cell clones was more variable when 
compared to the in silico optimized variant-producing clones 
(supplementary Figure S6). Notably, the N-glycosylation pro-
files of both mAb candidates were not altered during the 
downstream purification process (Figure 3(e)).

Biophysical characterization of the formulated protein

Physical and chemical instabilities of biopharmaceuticals can 
be an obstacle to development.39,40 The above described in 
silico optimization of mAb2 was designed to diminish the 

APR to increase the colloidal stability, but it also applied the 
empirical force field FoldX to maintain the conformational 
stability. Differential scanning calorimetry (DSC) measure-
ments of the multi-domain IgG indicated that the amino acid 
exchange SL52 R did not affect the heat-induced unfolding of 
the antigen-binding (Fab) domain, resulting in a consistent Fab 
Tm (Figure 4(a)). Moreover, the mutation did slightly alter the 
additional heat absorption peaks corresponding to the dena-
turation of further domains such as CH2 and CH3. 

ΔTmFab ¼ TmFabðvariantÞ � TmFabðmAb2Þ ¼
87:8 �C � 0:1 � 88:1 �C � 0:1 ¼ � 0:3 �C

(1) 

The relative conformational stability of both mAbs was addi-
tionally tested by intrinsic fluorescence (IF) measurements. 
Again, the in silico optimized variant exhibited a relatively simi-
lar Fab melting temperature (Fab Tm = 86.6°C ± 0.0) to mAb2 
(Fab Tm = 87.2°C ± 0.0) (Figure 4(b)). The differences in the 
temperature-dependent fluorescence signal pointed toward an 
altered accessibility of aromatic residues between both mAbs. To 
summarize, the folding stability of the antibody was maintained 
after a computationally guided exchange of a single amino acid 
(SL52R) in the variable region of the LC. Therefore, this bioin-
formatic approach supports the identification of conformation-
ally stable sequence variants with an improved probability of 
success for stabilizing the protein in a formulation buffer.

To further investigate the interplay of denaturation and 
aggregation, i.e., breakage of intramolecular and formation of 

Figure 3. Characterization of the product quality after individual purification steps. (a–c) Low molecular weight – (LMW, A), high-molecular-weight species (HMW, C), 
and monomer (b) content of the drug substances of mAb2 and the in silico optimized variant were examined after individual purification steps by high-performance 
size-exclusion chromatography (HP-SEC). Acidic treatment, AT; depth filtration, DF; anion exchange chromatography, AEX; ultrafiltration/diafiltration, UF/DF; and initial 
drug product, initial DP. (d) The purity of the AEX-polished drug substance was determined by employing capillary electrophoresis on a Caliper. (e) The glycosylation 
profile of the drug substances was analyzed after protein A affinity chromatography (AC), DF and AEX by Caliper glycosylation analysis. G1 F* represents the second 
naturally existing glycan isomer of G1F. Man5, mannose-5; G, galactose; F, fucose.
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intermolecular interaction, the aggregation temperature Tagg 
was assessed via light scattering simultaneous to IF 
measurement.41 Strikingly, the Tagg of the in silico optimized 
variant (Tagg = 67.6°C ± 0.0) clearly exceeded that of mAb2 
(64.7°C ± 0.2) (Figure 5(a)), underlining the variant’s increased 
resistance to heat-induced aggregation. The increased Tagg of 
the in silico optimized variant expressed in stable CHO cell 
lines confirmed a similar trend reported for the analogs in silico 
optimized variant expressed transiently.6 The computationally 
predicted strong self-association/-aggregation tendency of 
mAb2 was experimentally confirmed by an exponentially 
increasing diameter between 2 and 10 mg/mL, while that of 
the in silico optimized variant increased linearly (Figure 5(b)).

Long-term stability study of the formulated DP

Pharmaceutical stability testing is a routine procedure per-
formed on DPs at various stages of the development process 

to assure an acceptable level of quality throughout a period 
covering the production, supply, storage, and utilization of the 
last unit of the product by the patient.42 Here, mAb2 and its in 
silico optimized variant were investigated in real-time and in 
accelerated stability studies. In the case of the real-time stability 
study, the DPs are exposed to environmental conditions that 
cover the normal life cycle of the pharmaceutical by refrigera-
tion (2–8°C) for a defined time period. In contrast, the accel-
erated stability study stresses the DPs by incubation at room 
temperature (25°C) or 40°C to accelerate aggregation/degrada-
tion processes and predict shelf lives.43 Samples were taken 
initially and at analytical time points (ATP) after storage of one 
month, three months, and six months, and preservation of pH, 
osmolality, and protein concentration was controlled. The 
target parameters of the DP (pH 6.0, range of osmolality, 
c(API) = 10 mg/ml) were met after final formulation of both 
mAb candidates, and pH and osmolality were stable during the 
test period (data not shown).

Figure 4. Thermal stability of the drug products. (a) Differential scanning calorimetry (DSC) and (b) Intrinsic fluorescence (IF) measurements indicated the thermal 
unfolding of mAb2 (red) and the in silico optimized variant (green). The change in (a) heat capacity and (b) first derivate of the fluorescence ratio indicate the Tm of the 
Fab.

Figure 5. Colloidal stability of the drug products. (a) The aggregation temperature Tagg was determined simultaneously with the intrinsic fluorescence (IF) measurement 
by detection of dynamic light scattering (DLS). (b) DLS analysis unraveled an exponential increase of the mAb2 diameter within a protein concentration of 2–10 mg/ml, 
but a linear correlation in case of the in silico optimized variant.
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The product quality, and in particular the particle forma-
tion, was monitored throughout the real-time and accelerated 
stability studies via a broad panel of diverse techniques com-
prising nephelometry, micro-flow imaging (MFI), high- 
performance size-exclusion chromatography (HP-SEC), and 
visual inspection (VI). The relative opalescence of proteins at 
a given concentration and formulation correlates with the 
nature of solute-solute and, associated therewith, solid-light 
interactions.44 The opalescence of mAb2 was significantly 
higher than that of the in silico optimized variant at every 
ATP in both, real-time and accelerated stability studies, con-
firming the enhanced self-association/-aggregation tendency of 
mAb2 (Figure 6(a)). The striking decrease of opalescence with 
storage time indicates, inter alia, changes of the particle sizes 
over time. During storage of the DP of mAb2, subvisible 
particles were formed in various size ranges (≥ 25 µm < 
1000 µm, Figure 6(b); ≥ 2 µm < 1000 µm, ≥ 10 µm < 
1000 µm, supplementary Figure S7), presumably affecting the 
sedimentation tendency of the particles.

We found that the initial DP of mAb2 formed a significantly 
increased proportion of HMW species (12%) relative to the in 
silico optimized variant (2%). The HMW content of both mAbs 
was reduced after the initial time point and did slightly 
decrease further after storage for six months (Figure 6(c)). It 
is worth mentioning that this method predominantly detects 
oligomers ≤2 µm since the progressively formed particles with 
sizes of tens to hundreds of micrometers (Figure 6(b), 

supplementary Figure S7) are pre-filtered prior the SEC col-
umn. Moreover, the LMW species of mAb2 (12%) clearly 
exceeded that of the in silico optimized variant (1%) at the 
initial ATP, and increased stronger during six-month storage 
at elevated temperature (mAb2: ∆ 4%, variant: ∆ −1%) (sup-
plementary Figure S7). Increasing HMW and LMW species 
resulted in a significant decrease in mAb2 monomers over time 
(∆ – 2%) relative to an unchanged monomer content of the in 
silico optimized variant (∆ 0%) (supplementary Figure S7). 
Visual inspection (VI) of the liquid formulations filled in 
glass vials confirmed this trend. The DP of mAb2 contained 
visible particles at the initial ATP, and particle formation was 
substantially triggered during storage at 25°C and 40°C. In 
contrast, the DP of the in silico optimized variant showed no 
visible particles after filling, and particles were only detected 
after storage for three months at 40°C. Additionally, the DP of 
the in silico optimized variant was characterized by 
a dramatically reduced color intensity and opalescence relative 
to the DP of mAb2 (Figure 6(d,e)).

Another challenge encountered in drug development is high 
viscosity of the concentrated DP, which often results from 
higher-order intermolecular interactions and non-native 
aggregation.45 In this study, the rheological properties of the 
DPs could only be tested up to a protein concentration of 
10 mg/ml due to the remarkably strong precipitation of 
mAb2 upon further concentration in UF/DF, an effect that 
was not observed for the in silico optimized variant. At this 

Figure 6. Product quality and colloidal stability of the drug products (DPs) during storage study. (a) Opalescence of the DPs and the formulation buffer was determined 
nephelometrically at a wavelength of 633 nm. * Initial mAb2 samples and samples stored at 2°C exceeded the calibrated range of the nephelometer (120 NTU). FB, 
Formulation buffer (25 mM Na-citrate, 125 mM NaCl, pH 6.0). (b) Particles with a size between ≥25 µm and <1000 µm of DPs and formulation buffer were quantified per 
ml using micro-flow imaging (MFI). (c) The proportion of high-molecular-weight (HMW) species in the DPs was examined by running high-performance size-exclusion 
chromatography (HP-SEC). (d) Samples were visually inspected concerning opalescence, color intensity and presence of particles. *Filamentous particles. (e) Example 
image of DPs and formulation buffer stored in glass vials for three month at 25°C.
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moderate mAb concentration of the DPs, a comparable visc-
osity (mAb2: 1.75 mPas s ± 0.08; variant: 1.51 mPas s ± 0.08 at 
20°C) was detected at the initial ATP, which increased slightly 
during storage at elevated temperatures (supplementary 
Figure S8).

Functional characterization of the formulated DP

During sequence optimization, it can be challenging to replace 
critical amino acid residues to improve the CMC properties 
while also maintaining the mAb’s target affinity. In silico ana-
lysis of the mAb2-vascular endothelial growth factor (VEGF) 
co-structure (PDB ID: 2FJF)46 recommended the exchange of 
a single amino acid in LCDR2 that did not contribute to target 
binding. Preservation of the in silico optimized variants affinity 
to VEGF was verified by determining the binding kinetics via 
surface plasmon resonance (SPR) spectroscopy. The equili-
brium dissociation constant (KD) of both DPs was in the low 
nanomolar range qualifying the in silico optimized variant to 
bind VEGF with a similar high affinity as seen for mAb2 
molecule (Figure 7(a,b); Table 1).

Storage of both DPs for up to six months at 2–8°C, 25°C and 
even at 40°C did not alter the activity that was assessed via SPR 
binding experiments (Figure 7(c)). This finding confirmed that 
the in silico optimized variant maintained its expected biologi-
cal activity, which is fundamentally important for the product’s 
shelf life.

Discussion

MAbs of the same subtype differ greatly in their biophysical 
and CMC properties even though they share a high sequence 
identity, except in the affinity-mediating variable 
domain.12,16,45,47 In particular, physical and chemical 

instability of biopharmaceuticals in aqueous solutions is 
a major obstacle that must be overcome during the develop-
ment of a formulation to avoid significant delay or even termi-
nation of programs.10,16 The promising approach of 
bioinformatics has greatly advanced over the past decade, and 
can now predict biophysical characteristics of a mAb candidate 
based on its primary sequence early on, without the need for 
material. The extremely high speed, low costs, and versatile and 
automatable performance of computational tools enable char-
acterization of a large set of sequence variants, and selection of 
the most promising candidates predicted to have superior 
overall CMC properties early in the discovery phase.6,16,48 

However, there is currently still little knowledge of how the 
in silico optimization of a biotherapeutic performed at the 
discovery stage will translate into bioprocess development 
comprising cell line, upstream, downstream, and development 
of a formulation.

In this study, a difficult-to-develop antibody (mAb2) and 
the in silico optimized variant thereof, which only differs in one 
(SL52R) of ~650 amino acids per heavy-light chain pair, were 
developed in accordance with an industrial antibody manufac-
turing process. Remarkably, stable mammalian CHO cell lines 
produced the in silico optimized variant with a three-fold 
increased antibody titer without impairing cell growth or via-
bility. Enhanced performance of mammalian cell lines produ-
cing antibody variants with improved biophysical properties 
was similarly reported for different mAbs.6,16,49 Obviously, 
improved biophysical properties of an antibody candidate are 
not only beneficial extracellularly but also support antibody 
biosynthesis, modification, folding and secretion, causing sig-
nificantly different expression rates.50 The intracellular accu-
mulation of mAb2 represented a bottleneck37 that was 
mitigated in cells producing the in silico optimized variant. 
Similarly, the formation of intracellular aggregates of another 
antibody within the ER of HEK293 cells was affected by an 
amino acid substitution in the LC CDR1.51 We were further 
able to show that the recovered cell morphology was accom-
panied by a more complex N-linked glycosylation pattern of 
the in silico optimized variant that potentially affects the bio-
logical activity, protein folding, conformation, stability, 

Figure 7. Vascular endothelial growth factor binding activity of mAb2 and its in silico optimized variant. Binding kinetics of a concentration series of vascular endothelial 
growth factor (4, 8, 16, 32, 64 and 128 nM) to immobilized (a) mAb2 and (b) the in silico optimized variant was measured. Double-referenced curves were fitted to a 1:1 
binding model (black line). (c) Binding of the initial drug product (DP) of mAb2 to vascular endothelial growth factor was measured by SPR, and the response was set to 
100%. The activity of all other samples was compared in percentage difference to that of the initial mAb2 DP. SEC indicated that aggregates of mAb2 are resolved in SPR 
buffer (data not shown).

Table 1. Antibody-antigen binding kinetics: association and dissociation rate 
constants and equilibrium dissociation constant (KD).

ka [M
−1 s−1] kd [s

−1] KD [M]

mAb2 3.66 ∙ 10−5 4.05 ∙ 10−4 1.11 ∙ 10−9

Variant 3.03 ∙ 10−5 3.75 ∙ 10−4 1.24 ∙ 10−9
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solubility, secretion, pharmacokinetics, and antigenicity.52 

However, both mAbs shared a relatively high level of immature 
mannose structures potentially causing undesirable elevated 
clearance from blood53-55 while improving potency by 
enhanced antibody-dependent cell-mediated cytotoxicity.55-57

After each step of the downstream purification process, the 
in silico optimized variant consistently contained less HMW 
species, i.e., more monomeric product, which supports the 
hypothesis that antibody candidates with reduced aggregation 
tendency can be purified with a higher monomer content.12,16 

It was previously shown that subtle changes in the amino acid 
sequence of the mAb largely affect the clearance of interacting 
host cell proteins such as enzymes,58 capable of causing particle 
formation in the DP via self-assembly of host cell proteins or 
degradation products of enzymatically digested excipients such 
as polysorbates.59 The simultaneously reported reduction of 
viscosity12,16 was confirmed by successful ultrafiltration of the 
in silico optimized variant, while mAb2 was non-processable 
into highly concentrated liquid formulations (HCLF) without 
additional development efforts.60 It can be reasonably assumed 
that viscosity differences between mAb2 and the variant would 
be even more pronounced if the DP could be concentrated to 
the range of 100–200 mg/mL, further strengthening protein– 
protein interactions, and therefore the associated opalescence, 
protein aggregation, and viscosity.45 Notably, the viscosity of 
a concentrated protein solution represents a major challenge in 
attaining feasible manufacturing processes such as UF/DF, 
sterile filtration, as well as during fill and finish, which necessi-
tates a closer link between formulation studies and 
manufacturing.61,62 Additionally, current trends lean toward 
HCLFs to enable subcutaneous and intravitreal administration 
via thin needles that require low viscosity DPs.45,61

Our bioinformatic approach guided the modification of 
another difficult-to-develop mAb, and successfully reduced 
the viscosity of the HCLF (supplementary Figure S9). The 
final product titers of this mAb were also enhanced (from 
1.5 g/L to >5.5 g/L) by expression in stable CHO cell lines 
cultivated in a standard fed-batch process (supplementary 
Figure S9). Remarkably, the single amino acid exchange did 
not affect the biological activity but increased the aggregation 
onset temperature (Tagg), which translated into a reduced 
aggregation tendency.6

The early research stage of biotherapeutics development 
typically involves the study of a large number of potential 
candidates, although limited samples of each are needed.16 

Once the antibody lead passes through the discovery phase, 
the sequence is virtually “locked”, precluding subsequent 
changes that might help to overcome later occurring develop-
ment issues.16,63 This study emphasizes the substantial and not 
yet fully exploited potential of in silico tools to identify and 
optimize developable/manufacturable therapeutic mAb candi-
dates based on sequence-structural properties.16 Attractively, 
bioinformatics investigations are cheap to implement, fast to 
conduct and applicable to all stages of biological drug discov-
ery, reducing the risk of failure at later stages due to, for 
example, formulation issues.13,16 We evaluated the molecular 
properties of an aggregation-prone mAb by using a simple 
aqueous formulation buffer (25 mM Na-citrate, 150 mM 
NaCl, pH 6.0) that lacked additive agents often required to 

stabilize liquid protein formulation of mAbs.10 Moderately 
aggregation-prone antibodies can alternatively be formulated 
using a more sophisticated buffer to meet safety and efficacy 
requirements.6 However, a universal strategy for the DP stabi-
lization is excluded by the diversity of antibody drug candi-
dates, which is characterized by a complex and individual 
interplay between CDR and framework regions,64 making the 
identification of the most appropriate additive(s) a time- 
consuming, resource-intensive, trial and error process.10 The 
limitations of a classical wet-lab approach increase the attrac-
tiveness of an in silico based complement for the selection and 
design of molecules that combine biological activity with devel-
opability to reduce the costs and time to market.

The superior developability of the in silico optimized variant 
produced by stable cell lines fit well with previous findings on the 
transiently expressed analog.6 Particularly striking for the con-
sistent trend observed for transiently and stably produced mate-
rial, the colloidal stability of the in silico optimized variant was 
likewise increased as indicated by a higher initial monomer 
content and decelerated monomer loss over time.6 

Furthermore, the herein determined biological activity con-
firmed previously conducted microscale thermophoresis and 
SPR binding experiments.6 The good interplay between both 
studies qualifies transient material for an early screening of in 
silico-designed antibody variants concerning biological activity 
combined with manufacturability, paving the way for routine 
testing of in silico optimized sequences using transient expres-
sion systems early in the process chain.12,36,49 Subsequently, only 
the most promising candidates move into full cell line develop-
ment campaigns. As a consequence, the successful combination 
of in silico tools with robust bioprocess development platforms 
will be key for future advancement within the inherently com-
plex field of biopharmaceutical development, helping to bring 
innovative therapeutics to patients more quickly.

To estimate the benefit and success of bioinformatics on the 
development of biologicals in even higher detail, several limita-
tions and aspects need to be addressed in future studies. These 
key aspects include: 1) the need for larger and more hetero-
geneous sets of experimental data that can be fed-back to train 
the computational counterpart; 2) the expansion from stan-
dard IgG to structural diverse formats, such as non-IgG- 
derivatives, nanoparticles, viruses; 3) the consideration of post- 
translational modifications such as glycosylation; 4) the exten-
sion of computational predictions, for example, on charged 
and hydrophobic patches that are associated with viscosity;12 

and 5) in vivo studies and safety investigations of in silico 
optimized candidates.

In conclusion, this study showed that an exemplarily in 
silico optimized variant of the difficult-to-develop antibody 
mAb2 possessed enhanced biophysical properties, such as an 
improved colloidal stability. Further, long-term storage of the 
investigated DP formulations confirmed reduced opalescence 
and particle formation. In silico prediction and optimization of 
mAb2 substantially enhanced its manufacturability throughout 
the entire production process from cell line development and 
cell culture-based production, downstream purification, to 
final formulation and storage, without negatively affecting 
product quality or binding capacity. This study emphasizes 
the great and not yet fully exploited potential of bioinformatics 
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to facilitate the lead generation, optimization, development, 
and manufacturing of biotherapeutics. Complementary 
approaches combining high-throughput computational tools 
and automated experimental studies hold great potential for 
a more successful but less burdensome discovery of promising 
drug candidates. A valuable side effect of this hybrid strategy is 
the mutual generation of a multidimensional database combin-
ing computational and experimental data that can be used to 
further train bioinformatic predictions of the candidate’s 
developability, manufacturability, and fit to platform processes. 
This approach will thereby help to reduce failures during 
development activities and support the reduction of project 
timelines and resources.

Materials and methods

Mutant design

The in silico analysis of the therapeutic mAb was previously 
described in detail.6 APRs were identified using TANGO,33 the 
crystal structure of mAb2 (PDB ID: 2FJF)46 was prepared for 
analysis using YASARA Structure,65 and finally prepared and 
analyzed using FoldX force field.34 The in silico optimized 
variant distinguishes from mAb2 in a single amino acid 
(SL52R) that was predicted by a computational analysis called 
mutant aggregation and stability spectrum (MASS).66

Generation of stable antibody-producing CHO cell lines

For the generation of stable CHO production cell lines expres-
sing the investigated mAbs, the Boehringer Ingelheim (BI) glu-
tamine synthetase (GS) deficient BI-HEX® CHO-K1GS cell 
platform was used. In brief, suspension-adapted CHO-K1GS 
host cells were transfected with a plasmid comprising both the 
respective antibody heavy chain (HC) and LC genes and the GS 
gene. Stable cell pools selected in glutamine-free medium were 
subjected to single cell cloning (SCC) into 384-well plates using 
fluorescent-activated cell sorting on a FACSAriaTM Fusion cell 
sorter (BD Biosciences). Automated high-throughput micro-
scopy was routinely performed on days 0, 7, and 14 post SCC 
using a CellavistaTM imaging system (Synentec bio Services) to 
ensure monoclonality. Based on cell growth and mAb produc-
tivity, the best performing monoclonal cell lines were further 
expanded from 384-well plate to 96-well plate to 6-well plate 
(cultivated statically), thereby gradually reducing the number to 
eight clones per investigated mAb. After upscaling, cell lines 
were routinely cultured in BI proprietary glutamine-free and 
chemically defined media. Unless otherwise stated, the cultiva-
tion was performed in shake flasks (Corning) in an orbital, non- 
humidified incubator shaker (Infors) at 36.5°C, 5% CO2 and 
agitation at 120 rpm (50 mm orbit). Cell cultures were seeded at 
4.0 × 105 viable cells per mL and passaged every 2–3 days. Viable 
cell concentration was assessed using a Cedex HiRes AnalyzerTM 

(Roche Diagnostics) by means of trypan blue exclusion.

Fed-batch cultivation

To investigate bioprocess performance, the eight best stable 
clones of each investigated mAb were subjected to controlled 

fed-batch cultivation using an advanced micro bioreactor sys-
tem ambrTM 15 (Sartorius Stedim). Further, the most repre-
sentative clones producing either mAb2 or the in silico 
optimized variant were additionally evaluated in a 3 L bench-
top scale bioreactor. Briefly, cells were seeded at 7.0 × 105 cells/ 
mL in production medium and fed daily with 30 mL/L of 
culture start volume starting from day one using BI proprietary 
feed medium. Glucose levels were adjusted to 5 g/L if deter-
mined <3 g/L via glucose bolus addition. Cell concentration 
and viability were analyzed each day using a Cedex HiRes 
AnalyzerTM (Roche Diagnostics) by means of trypan blue 
exclusion. Glucose and lactate concentrations were determined 
daily using a Biosen C-Line System (EKF Diagnostics), and pH 
and pO2 were analyzed daily using a RAPIDLab®248 system 
(Siemens Healthcare). Determination of mAb concentration 
was started on day 6 by biolayer interferometry (BLI) on an 
Octet® HTX system (Pall Life Science). For BLI analytics, 
respective Protein A labeled sensors were equilibrated in cell 
culture medium before measurement. Sensor regeneration was 
performed in 10 mM glycine at pH 1.5 between each measure-
ment. A standard curve of the respective antibody was used to 
calculate the product concentration in the culture supernatant.

Immunocytochemistry

Investigated single clone-derived CHO cell lines were culti-
vated in suspension using BI proprietary chemically defined 
media until day 4, and either directly fixed or additionally 
cultivated adherently in Nunc™ Lab-Tek™ II Chamber Slides™ 
using Ham´s F-12 Nutrient Mixture supplemented with 1% of 
fetal calf serum (Sigma Aldrich) for 48 h. Cells were fixed with 
4% paraformaldehyde. Following a permeabilization step using 
0.1% TritonX-100, samples were blocked and incubated with 
an appropriate dilution of antibodies for 1 h. The directly 
Dylight® 550-labeled antibody (#ab98620, abcam) used for 
HC detection of the recombinantly produced proteins was 
diluted 1:50. Isotype controls were diluted accordingly. 
Nuclei were counterstained with 4′,6-Diamidin-2´- 
phenylindol (DAPI, Sigma-Aldrich). After staining, samples 
were mounted with Prolong® Diamond Antifade Mountant 
medium (Invitrogen) and analyzed. Pictures were acquired 
with a Zeiss LSM 710 confocal microscope equipped with 
a 405 nm, and 561 nm laser (Carl Zeiss). A GTE antibody- 
producing cell line was used as reference.

Intracellular recombinant protein folding analysis

The intracellular formation of intra-domain disulfide bridges 
of the antibodies LC was quantified as previously described.37 

Respective CHO cells were lysed for 30 min on ice by addi-
tion of lysis buffer (1% TritonX 100 (v/v), 50 mM 
Tris(hydroxymethyl)-aminomethane (Tris), 150 mM NaCl, 
pH 7.5) supplemented with either 20 mM PEG5000- 
maleimide (Sigma Aldrich) or N-ethylmaleimide (Alfa 
Aesar). After centrifugation, free kappa LC was immunopre-
cipitated from the supernatant by a previously desthiobioti-
nylated (DSB-X Biotin Protein Labeling Kit, D20655, Thermo 
Fisher Scientific) murine antibody (MAB8461, Abnova). 
Samples were incubated overnight at 4°C on a rotary shaker. 

10 J. BAUER ET AL.



Equilibrated PierceTM Streptavidin Plus UltralinkTM Resin 
(Thermo Fisher Scientific) was added, and samples were 
further incubated for 1 h at 4°C. The beads were washed 
three times with ice-cold lysis buffer. Subsequently, the 
beads were separated via SDS-PAGE using NuPAGE® 4–12% 
or 10% Bis-Tris Gels (Invitrogen) and transferred to 
a nitrocellulose membrane using the iBlot® 2 dry blotting 
system (Invitrogen). The antibody used for LC detection 
(#K3502, Sigma Aldrich) and the secondary IRDye®800CW- 
labeled donkey anti-mouse antibody (#925-32212, LI-COR) 
were added to the membrane and detected by conducting the 
Odyssey Infrared Scanning System (LI-COR). Three indepen-
dent western blots were analyzed densitometrically based on 
pixel intensity using Image Studio Software Version 5.2.5 (LI- 
COR).

Antibody purification

The mAbs were purified similarly in accordance with a state-of- 
the-art strategy commonly used in the pharmaceutical 
industry.67,68 The mAbs were isolated using a Protein 
A capture chromatography, separated from viruses by employing 
a low-pH virus inactivation and filtration step, and further pur-
ified by conducting a sequential AEX. Subsequently, tangential 
flow filtration was applied to concentrate the bulk DS to a mAb 
concentration of >15 mg/mL and diafilter (Sartorius)69 using a 30 
kDa nominal molecular weight cut off polyethersulfone mem-
brane (Sartocon Slice 200, Sartorius) into the formulation buffer 
(25 mM sodium citrate, 125 mM sodium chloride, pH 6.0).70

Product quality assessment

The purity and glycosylation profile of the DSs were analyzed 
by capillary electrophoresis (Caliper Life Sciences, 
PerkinElmer). Sample preparation was performed according 
to the instructions of the manual using the Protein Express Kit 
and Sample Buffers (PerkinElmer). Relative fluorescence of 
each sample was measured for 45 sec. and evaluated using the 
LabChip GX software (PerkinElmer). LMW, HMW, and 
monomer species were separated by SEC (TSK-Gel 
G3000SWXL, TOSOH Bioscience). An HP chromatography 
system (Waters) running buffer (50 mM Tris HCl, pH 7.4, 
150 mM NaCl) at a flow rate of 1 mL min–1 was used. 
A KrudKatcher Classic (Phenomenex) in-line filter with 
a pore size of 2 µm was installed before the column. Samples 
were diluted to a protein concentration of 5 mg/mL by addition 
of running buffer, and 6 μL of the prepared sample was 
injected. The UV absorption was detected at a wavelength of 
280 nm using the UV/VIS-detector 2489 (Waters), and relative 
areas of LMW, monomer, and HMW peaks were quantified 
using Empower Pro 2.0.

Stability studies of formulated DP

The mAb solutions were filtered using a 0.22 µm sterile filter 
membrane (Rotilabo, Carl Roth GmbH & Co. KG), diluted to 
a mAb concentration of 10 mg/mL by addition of formulation 
buffer, and 2 mL were filled into 2 R clear glass type I vials. The 

samples were characterized initially and rubber stopper sealed 
vials were placed upright in stability chambers that were tem-
perature-/humidity-controlled at 2–8°C/unspecified relative 
humidity (RH), 25°C/60% RH and 40°C/75% RH. Samples 
were analyzed at ATP after storage for one, three, and six 
months.

UV-vis absorption spectroscopy

Protein concentration was determined via the SoloVPE spec-
trophotometer (C Technologies), which measures the absor-
bance at a wavelength of 280 nm and applies a scattering 
correction at 320 nm. The theoretical molar extinction coeffi-
cient of the mAb2 wild type coincides with that of its in silico 
optimized variant (215,380 M−1 cm−1).

Osmolality and pH assessment according to 
pharmacopeia

The osmolality and pH of the samples were examined by 
running the Osmomat 3000 (Gonotec) and Seven2Go pH 
meter (Mettler Toledo), respectively, previously equilibrated 
with buffers of pH 4.0 and pH 7.0 (Mettler Toledo).

Visual inspection of formulated DP

The DPs were visually investigated for particles by a trained 
personal at an illuminance level of 2000–3750 lx. The presence 
of particles was then categorized. Moreover, the opalescence of 
the DP was characterized quantitatively and qualitatively 
(none, -; weak, +; medium, ++; strong, +++), and the color 
intensity was assessed by visual comparison to BY color stan-
dards. Photographic images of each sample were taken with an 
EOS 700D (Canon).71

Nephelometry

Opalescence was measured nephelometrically at a wavelength 
of 633 nm via a BI-internal custom-built photospectrometer 
equipped with a right-angle laser light scatter setup analyzing 
the scattered light. The instrument was calibrated with StablCal 
Standard of 20 NTU and 100 NTU stabilized formazin opales-
cence solutions (Hach Lange).

Micro-flow imaging

Protein solutions were tested for the presence of sub-visible 
particles that were quantitatively characterized by the MFI 
system DPA4200 (Brightwell Technologies). The system was 
flushed with particle-free water before each sample analysis to 
provide a clean baseline. Samples of 0.6 mL with a pre-run of 
0.2 mL were analyzed at a flow rate of 0.17 mL/min and a fixed 
camera rate.71 Images were processed by the MVAS software 
(Version 1.4.0, Brightwell Technologies) to extract each parti-
cle and its characteristics, including size, shape, transparency, 
and an individual image.72
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Rheology

The viscosity of 200 µL samples was rheologically determined 
by the HAAKE MARS III rheometer (Thermo Fisher 
Scientific) equipped with 35 mm titanium cone with an angle 
of 1°. The protein solutions were sheared at 20°C for 100 s at 
a constant rate of 1000 s1, with measurements averaged over 
1-s intervals. Similarly, the temperature-dependence was inves-
tigated in the interval between 4°C and 40°C.

Dynamic light scattering

Samples were filtered (0.8 µm) and diluted to a final protein 
concentration of 10.0, 8.5, 7.0, 5.5, 4.0, and 2.0 mg/mL by 
addition of formulation buffer. DLS measurements were per-
formed in triplicates using the DynaPro Platereader II (Wyatt). 
Ten acquisitions were taken per sample using a laser at 
a wavelength of 830 nm and detecting the scattered light at 
an angle of 158°. The apparent hydrodynamic radius of diluted 
spherical particles was calculated using the Stoke-Einstein- 
Equation and plotted versus the protein concentration.

In vitro functional characterization of the DP

SPR spectroscopy was used to investigate the binding activity 
of mAb2 and its in silico optimized variant to their antigen 
(VEGF). All experiments were conducted using a Biacore T200 
System equipped with a Protein A sensor chip (GE 
Healthcare). The Protein A Chip was conditioned for 30 s 
running a 10 mM Glycine buffer (pH 1.5) at a flow rate of 
50 µl/min. For the SPR binding experiments, a 1 µg/ml anti-
body solution was injected for 120 s at a flow rate of 10 µl/min, 
followed by loading of a 10 µg/ml antigen solution for 120 s. 
Binding kinetics were determined by injection of 0.5 µg/ml 
antibody for 12 s at a flow rate of 10 µl/min, followed by 
a 120 s injection of an antigen concentration series at a flowrate 
of 50 µl/min. The resulting double-referenced curves were 
fitted to a 1:1 binding model. After each measurement, the 
chip surface was regenerated by injection of 10 mM Glycine 
(pH 1.5) for 30 s at 50 µl/min.

Nano scanning fluorimetry

Intrinsic fluorescence (IF) and light scattering measurements 
were performed using the Prometheus NT.48 fluorimeter 
(Nano Temper Technologies GmbH) equipped with standard 
capillaries. The onset (Ton), melting temperature (Tm) of 
unfolding, and the onset temperature (Tagg) of aggregation 
were determined in triplicates by applying a heating rate of 1° 
C/min between 20°C and 95°C.41 Protein unfolding was 
obtained from the ratio of the intrinsic fluorescence signal at 
wavelengths 350 and 330 nm as a function of temperature. The 
Tm was calculated as local maxima of the first derivative curves 
using the ThermControl software (version 2.1.1). Aggregation 
was simultaneously recorded via light scattering at 385 nm. 
The Tagg was determined as the onset point of a two-state fit via 
the ThermControl software (version 2.1.1).

Differential scanning calorimetry

The MicroCal PEAQ-DSC automated calorimeter (Malvern) 
was used to characterize the unfolding of proteins in solutions 
that were diluted to 2 mg/mL by addition of formulation 
buffer. Thermograms were recorded in duplicates between 
10°C and 95°C at a heating rate of 1°C/min using the 
MicroCal PEAQ-DSC software (version 1.30). Subsequently, 
the baseline was subtracted and the melting temperatures (Tm) 
of denaturation evaluated as the maxima and the integral of the 
specific heat capacity Cp plotted against the temperature.
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