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ABSTRACT
High physical stability is required for the development of monoclonal antibodies (mAbs) into successful 
therapeutic products. Developability assays are used to predict physical stability issues such as high 
viscosity and poor conformational stability, but protein aggregation remains a challenging property to 
predict. Among different types of stresses, air–water and solid–liquid interfaces are well known to 
potentially trigger protein instability and induce aggregation. Yet, in contrast to the increasing number 
of developability assays to evaluate bulk properties, there is still a lack of experimental methods to 
evaluate antibody stability against interfaces. Here, we investigate the potential of a hydrophobic nano-
particle surface-mediated stress assay to assess the stability of mAbs during the early stages of develop-
ment. We evaluate this surface-mediated accelerated stability assay on a rationally designed library of 14 
variants of a humanized IgG4, featuring a broad span of solubility values and other developability 
properties. The assay could identify variants characterized by high instability against agitation in the 
presence of air–water interfaces. Remarkably, for the set of investigated molecules, we observe strong 
correlations between the extent of aggregation induced by the surface-mediated stress assay and other 
developability properties of the molecules, such as aggregation upon storage at 45°C, self-association 
(evaluated by affinity-capture self-interaction nanoparticle spectroscopy) and nonspecific interactions 
(estimated by cross-interaction chromatography, stand-up monolayer chromatography (SMAC), SMAC*). 
This highly controlled surface-mediated stress assay has the potential to complement and increase the 
ability of the current set of screening techniques to assess protein aggregation and developability 
potential of mAbs during the early stages of drug development.

Abbreviations:AC-SINS: Affinity-Capture Self-Interaction Nanoparticle Spectroscopy; AMS: Ammonium 
sulfate precipitation; ANS: 1-anilinonaphtalene-8-sulfonate; CIC: Cross-interaction chromatography; DLS: 
Dynamic light scattering; HIC: Hydrophobic interaction chromatography; HNSSA: Hydrophobic nanopar-
ticles surface-stress assay; mAb: Monoclonal antibody; NP: Nanoparticle; SEC: Size exclusion chromato-
graphy; SMAC: Stand-up monolayer chromatography; WT: Wild type
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Introduction

The successful development of biotherapeutics is not limited to 
the optimization of biological activity but also relies on the 
developability potential of drug candidates. This property is 
achieved by careful selection, optimization and design of bio-
physical properties such as nonspecificity, conformational sta-
bility, aggregation propensity and viscosity.1–3 Misbehavior of 
drug candidates in developability assays is associated with 
detrimental consequences for the successful development of 
bioprocesses and stable drug formulations, and can even com-
promise drug pharmacokinetics.4,5 A comprehensive study by 
Jain and coworkers2 demonstrated that a high developability 
potential of monoclonal antibodies (mAbs) appears to be 

a prerequisite for advancing monoclonal antibodies to the 
market.

The formation of protein aggregates during bioprocessing6,7 

and upon long-term storage of drug product8,9 is considered as 
a critical quality attribute because it can alter drug potency and 
potentially induce immunogenicity.10 Consequently, the aggre-
gation propensity of drug candidates is a critical developability 
parameter.

Many experimental assays have been proposed that attempt 
to predict protein aggregation propensity, either during biopro-
cessing or storage, from other surrogate properties, such as 
thermal stability,11–13 reversible self-interactions,14–23 nonspeci-
fic interactions with surfaces24,25 and other biomolecules,4,26–28 

hydrophobic interactions,14 and solubility.29
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Different computational approaches have also been developed 
to optimize protein sequences to increase intrinsic stability against 
partial unfolding and aggregation,30–34 by increasing repulsive 
interactions via increase of the protein net charge,35,36 predicting 
the second virial coefficient B22

37,38 or identifying aggregation 
hot-spots or aggregation-prone patches to be re-designed 
(CamSol,39 SAP,40,41 TANGO,34 Aggrescan3D).32,42,43

Despite the extensive efforts to develop experimental and 
computational screening tools for the prediction of highly 
aggregation prone drug candidates during early stages, vali-
dated assays still remain to be identified.30,44 Accordingly, the 
prediction of long-term stability remains particularly 
challenging44–46 because proteins may follow several different 
aggregation pathways, which are highly specific to the combi-
nation of protein and buffer conditions under analysis.12,47–49 

Moreover, most accelerated aggregation studies have been 
performed in the presence of stresses that may substantially 
differ from the real processing conditions.

Recent studies2,44,50,51 have assessed the developability poten-
tial of a large set of antibodies using numerous high-throughput 
methods. None of these methods individually correlated with 
aggregation upon storage under different formulations, under-
lining the pressing need to combine multiple biophysical prop-
erties in one single aggregation propensity “score” to predict 
protein long-term stability against aggregation in an accurate 
manner.44,50 Currently, this aggregation propensity “score” is 
evaluated based on a pool of computational and experimental 
methods that assess bulk properties of the molecules. However, 
it has now become clear that among the various driving-forces of 
aggregation, the presence of air–water,52–56 oil–liquid and solid– 
liquid interfaces57–59 can likely trigger protein instability and 
aggregation.53 Therefore, together with the current set of bulk 
properties, including protein interactions, thermal unfolding or 
aggregation upon thermal stress, the evaluation of the global 
developability score during the early stages of candidate selec-
tion and formulation development should also consider protein 
stability against interfaces. This information can complement 
the current set of developability assays and provide orthogonal 
data on interface-induced stability, therefore strengthening the 
current multi-variate combination of developability properties. 
Yet, in contrast to the large number of high-throughput assays to 
evaluate bulk properties, experimental methods to evaluate anti-
body stability against interfaces remain much less developed. 
Challenges include the need to simulate a variety of different 
interfaces with which the molecule can interact during biopro-
cessing, formulation and delivery, as well as the accurate control 
of surfaces during the assay under both stagnant and flow 
conditions.

To address these challenges, we recently developed an accel-
erated stability assay60 that provides a highly controlled sur-
face-mediated driving force for aggregation based on 
polymeric nanoparticles.61 Due to the small size of these nano-
particles and the corresponding high surface-to-volume ratio, 
it is possible to accurately control the total area exposed to the 
protein solution and neglect the contribution of other inter-
faces of the test container, including the air–water interface. 
Moreover, the surface properties of our nanoparticles can be 
finely tuned by leveraging the flexibility of polymer chemistry. 
Although it is unrealistic to simulate all the different types of 

materials that the molecule might contact, the stability of 
proteins against different types of interfaces is mediated by 
a variety of interactions, which may be simplified and consid-
ered as a complex combination of a limited number of funda-
mental forces. With our assay, we can test molecules against 
a set of model surfaces, including hydrophobic as well as 
positively and negatively charged, providing a first estimation 
of the stability of the molecule against different interfaces.60 

This assay requires only µg amounts of protein, is performed in 
a few hours and can be implemented with relatively high- 
throughout.

Here, we focus on hydrophobic nanoparticles and evaluate 
this assay on a library of 14 antibody variants previously 
designed to span a broad range of developability potential.62 

We observe that the aggregation propensity measured by our 
hydrophobic surface-mediated aggregation assay correlated with 
other developability properties of the molecules, including solu-
bility and aggregation at 45°C over several weeks. The highly 
controlled surface-mediated aggregation test is therefore of high 
value to complement stability and developability studies of ther-
apeutic proteins during the early stages of their development. 
Together with the current set of methods, the assay has the 
potential to increase the ability to predict aggregation propensity 
with minimal experimental effort, in particular when libraries of 
variants of the same molecule need to be screened.

Results

Hydrophobic nanoparticles surface-mediated stress assay

The hydrophobic nanoparticle assay was implemented as pre-
viously described and characterized.60 In the following, we 
briefly describe its principle using our model IgG4.

Before exposing our model IgG4 to the hydrophobic surface 
stress, we tested the stability of the molecule in 10 mM HEPES, 
10 mM MES, 10 mM NaCl at pH 6.6 at room temperature. 
After 24 h incubation, we did not observe any increase in size 
by dynamic light scattering (DLS) (Figure 1a), thereby con-
firming the monomeric state and stability of the IgG4 in this 
formulation condition. In contrast, the addition of hydropho-
bic nanoparticles in a 1:50 NP:mAb surface ratio to the same 
stable formulation led to the formation of larger species within 
a few minutes, as shown by DLS. The nanoparticle-protein 
aggregates were also imaged by optical microscopy, where the 
aggregated protein was stained by 1-anilinonaphtalene-8-sul-
fonate (ANS) fluorescence (Figure 1b). ANS is an extrinsic dye 
that shows strong fluorescence in hydrophobic environments, 
and can therefore report on the unfolding and aggregation of 
proteins (Figure S2).60 The Hb− nanoparticles are character-
ized in terms of size and charge in Table 1.60,61

We quantified the monomer loss by UV absorbance after 
separating the nanoparticles and the aggregates from the 
monomer by centrifugation (Figure S1). The monomeric 
state of the supernatant was confirmed by DLS and size exclu-
sion chromatography (SEC) (Figure S3). Increasing nanopar-
ticle concentration increases the extent of aggregation, thereby 
confirming that the total amount of surface introduced into the 
system is the driving force for protein destabilization (Figure 
1c). We note that the ratio between the total surface of the 
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nanoparticles and the surface of the air–water interface varies 
between approximately 10 to 100 fold, and the contribution of 
the air–water interface can therefore be neglected.

The aggregation process reaches a plateau after 30 min 
incubation (Figure 1d). In all experiments described below, 
we, therefore, evaluated the monomer conversion after 
30 min incubation.

The hydrophobic nanoparticle surface-mediated 
aggregation assay correlates with agitation stress at the 
air–water interface

We tested the hydrophobic nanoparticle surface-mediated 
aggregation assay (HNSSA) as surface-mediated stress assay 
by comparing the monomer loss measured by the HNSSA 
with the values obtained in a typical agitation stress assay in 
the presence of an air–water interface, which is a notorious 
major source of protein destabilization.25,59,63–67 To this 
aim, we used an antibody library with variants featuring 
a range of solubility values (Table S1) that were computa-
tionally designed using the solubility predictor CamSol 
method.62 This algorithm predicts the intrinsic solubility 
of proteins based on a linear combination of specific physi-
cochemical properties derived from the amino acid 
sequence, such as hydrophobicity, charge at neutral pH, α- 
helix and β-sheet propensities, which can be further cor-
rected in a structural context.[38] Low intrinsic CamSol 
scores correspond to poor solubility, whereas higher values 
indicate increased variant solubility. The antibody library 
used here differs slightly from that used in a previous 
report,62 as we excluded two variants due to poor available 
protein yields. We incubated the variants in glass vials 
under shaking at 1400 rpm at room temperature in presence 
of an air–water interface.

In the following, the Pearson correlation coefficient (rp) and 
Spearman’s rank-order correlation coefficient (rs) were used to 
correlate the outcome of different assays. The Pearson coeffi-
cient reports for the linearity in a correlation between two 
variables, with a value of 1 or −1 for purely direct or reverse 
linear relationships, respectively. The Spearman non- 
parametric coefficient describes the monotonicity (direction) 
of the correlation, with a value of 1 for a positive correlation 
and −1 for a negative correlation throughout the dataset. 
A p-value is associated with these coefficients, as they are 
obtained from a statistical test that compares correlation 
against the alternative hypothesis of no correlation.

Both the HNSSA and the agitation assay were able to iden-
tify the variants with the most pronounced difference in inter-
face stability, indicating that our hydrophobic nanoparticles 
can effectively recognize molecules with particularly high/low 
stability in the presence of air–water interfaces. A generally fair 
correlation (rp = 0.68; p ≤ 0.01 and rs = 0.54; p = 0.05; exclusion 
of mAbs 11 and 16 results in coefficients of rp = 0.62; p = 0.03 
and rs = 0.27; p > 0.1) was obtained between the HNSSA and 
the conventional agitation assay (Figure 2, Figure S4). 
Deviations in the correlation may be due to the absence of 
hydrodynamic mixing in the HNSSA, as mechanical agitation 
and shear stresses have been shown to act synergistically with 
surfaces in enhancing protein destabilization.55,56,61,68–70 

Moreover, the molecular mechanisms underlying protein 
aggregation on a solid interface are likely different from the 
air/water interface.

We note that the nanoparticle-based assay can also be used to 
screen for stabilizing formulation conditions and measure the 
effect of excipients and buffer components. For instance, in 
a recent work, we applied the HNSSA to investigate the effects 
of surfactants and determine the optimal concentration of Tween 
80 to protect the mAb in solution from surface-induced 
instability.60

While the assay provides a quantitative way to rank the 
relative surface-stability of different molecules, the interpreta-
tion of the method to determine an acceptable threshold of 
stability is unavoidably subjected to a certain level of arbitrari-
ness. For instance, within a set of variants, a molecule could be 
considered unstable if its value differs more than a certain 
percentage from the average. The exact value of this percentage 
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Figure 1. Surface-induced aggregation of IgG4 wild type in the hydrophobic nanoparticle surface-mediated aggregation assay. (a) Size distribution of our model IgG4 at 
the initial time point in absence and presence of hydrophobic nanoparticles, which trigger the formation of micron size aggregate in a time scale of few seconds. The 
IgG4 sample is stable in absence of hydrophobic nanoparticles. Incubation was performed at room temperature in 10 mM NaCl, 10 mM HEPES, 10 mM MES buffer at pH 
6.6. (b) Bright field (top) and fluorescence (bottom) microscopy images of aggregates stained by ANS. Scale bar is 50 μm. (c) The monomer loss scales linearly with the 
hydrophobic surface introduced by the nanoparticles (results shown were taken after 30 min incubation), and (d) is constant after 30 min stagnant incubation at room 
temperature (ratio NPs:mAb 1:50).

Table 1. Characterization of the hydrophobic nanoparticles used in the HNSSA, in 
terms of size and charge. Variations refer to standard deviations of mean values 
measured with nanoparticles produced in five independent production batches

Nanoparticles Diameter (nm) PDI ζ-potential (mV)

Hydrophobic (Hb−) 75 ± 5 0.05 ± 0.01 −38 ± 7
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will depend on how conservative the choice should be and will 
be specific on the context. Application of the method to an 
increasing number of molecules and conditions will likely 
provide an estimation of this percentage in the future.

Accelerated stability correlates with the HNSSA for the 
antibody variant library

We next investigated the correlation of our surface-mediated 
stress assay with accelerated stability under moderate thermal 
stress. To this aim, we performed two independent storage 
stability studies, during which the variants were incubated at 
low ionic strength for 6 weeks at a moderate thermal stress at 
45°C to promote aggregation, which was evaluated by SEC. 
During the first replicate study, we observed evaporation for 
samples of mAb 1, which was therefore excluded. In the second 
replicate run, mAb 12 could not be measured because of the 
low availability of material due to poor expression.

Upon aggregation, the monomeric variants formed soluble 
and insoluble aggregates, as well as fragments. The latter spe-
cies represented on average 13% and 3% by mass after 6-week 
incubation for each independent replicate study, respectively 
(Table S2), and did not affect aggregation.

For the more insoluble antibodies, protein precipitates were 
visually observed in some samples. These insoluble aggregates 
did not enter the SEC column and led to an overall mass loss 
indicated by a decrease of the total area under the 
chromatograms.

We observed a certain degree of variability between the two 
replicate studies in terms of absolute amounts of aggregates 
and fragments formed (see Tables S2, S3 and S4). However, the 
relative ranking of the variants was very consistent across the 
two replicate studies. Therefore, we decided to use the variant 

ranking instead of the absolute amount of aggregates. The 
variants were ranked depending on the relative extent of aggre-
gation compared to the wild type (WT), with a high rank (>0) 
corresponding to a high amount of aggregates formed upon 
incubation, and a low rank (<0) corresponding to a lower 
aggregation extent.

After 6-weeks incubation, the ranking in the soluble and 
insoluble aggregate of the variants correlated with the pre-
dicted solubility, as measured by SEC and the CamSol score, 
respectively (Figure 3a) (rp = 0.76 and rs = 0.76; p ≤ 0.01 for 
soluble aggregates, and rp = −0.82 and rs = −0.83; p ≤ 0.01 for 
insoluble aggregates). The ranking in soluble aggregation of the 
variants correlated inversely with the ranking in insoluble 
aggregate formation (rp = −0.93 and rs = −0.94; p ≤ 0.01). In 
other words, upon incubation, variants predicted to be more 
soluble preferably form soluble aggregates, whereas less soluble 
variants tend to form insoluble aggregates (Figure 3b). In 
contrast, the aggregation extent weakly correlated to the ther-
mal unfolding of the antigen-binding fragment (Fab) domains 
of the variants (Figure S6).

We correlated these results with our HNSSA at a surface 
stress of 1:50 NPs:mAb. Remarkably, the ranking and the 
monomer loss in the HNSSA correlate inversely with the rank-
ing of the soluble aggregate formation (rp = −0.94, rs = −0.92; 
p ≤ 0.01) (Figure 4a, d), and directly with the ranking of the 
insoluble aggregate formation (rp = 0.84, rs = 0.87; p ≤ 0.01) 
(Figure 4b, d). A direct correlation is also obtained between the 
HNSSA ranking and the total aggregation ranking (considering 
both soluble and insoluble aggregation) (rp = 0.83, rs = 0.84; 
p ≤ 0.01) (Figure 4c, d). The correlation between the monomer 
loss in the HNSSA and the aggregation extent for each indivi-
dual replicate study is shown in Figure S7.

HNSSA correlation with other experimental developability 
assays

The previous results show that the HNSSA provides orthogo-
nal information on interface-induced stability and can 
strengthen the current multi-variate combination of develop-
ability properties to predict aggregation. To further test the 
relationship between the HNSSA and other properties of the 
antibodies, we used eight developability assays recently applied 
to the variant library62 to measure hydrophobicity, thermal 
stability, solubility, self-association, in vivo clearance and non-
specificity (Table S3). In the correlations shown below, the 
monomer loss evaluated by the HNSSA was correlated to the 
different developability assays.

We first experimentally determined the solubility of the dif-
ferent variants by ammonium sulfate (AMS) precipitation, which 
probes the propensity of the proteins to precipitate upon progres-
sive sequestration of water by the salt.62 The HNSSA probes for 
hydrophobic and charged surface interactions. The correlation 
between AMS precipitation and our HNSSA (Figure 5) was not 
significant (rp = −0.43 and rs = −0.47; p ≥ 0.1).

As a measure of colloidal stability and propensity to aggrega-
tion, we next determined the diffusion interaction parameter KD 
of each variant (Figure 5), which is directly related to the second 
virial coefficient B22.71 KD has been correlated with antibody 
solubility,72 antibody solution viscosity73 and aggregation 

Figure 2. Correlation between the monomer loss induced by our HNSSA (1:50 
surface ratio NPs:mAb) and an agitation stress assay performed with an air 
headspace in glass vials incubated at 1400 rpm for 1.5 h. The variants were 
formulated in both assays at 0.50 mg/mL in 20 mM HEPES, 10 mM NaCl at pH 
7.6. The HNSSA and agitation stress assays were performed in duplicates. The 
different points correspond to the indicated variants, the color gradient from red 
to blue reflects the CamSol solubility score, from low to high solubility, respec-
tively. The color coding is preserved throughout the presented work. Error bars 
correspond to one standard deviation.
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propensity.74 All determined KD values of the variants were 
negative and below −5.34 mL/g, suggesting that protein attraction 
was prevailing.75,76 A non-significant correlation was observed 

between the HNSSA and KD values (rp = −0.65; p ≥ 0.01 and rs 
= −0.52; p ≥ 0.05). In fact, it has been reported that KD may be 
a poor predictor of aggregation behavior in scenarios where 
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hydrophobic interactions may become the governing forces in 
solution and outbalance electrostatic interactions.77

We next applied hydrophobic interaction chromatography 
(HIC) to determine protein hydrophobicity, which has been 
associated with aggregation,41 viscosity and in vivo clearance.78 

The principle of the assay relies on modulating the interactions 
between mAbs and a hydrophobic stationary phase through the 
application of a salt gradient. Hydrophobic mAbs show longer 
retention times compared to less hydrophobic mAbs at increasing 
salt concentrations.79 We observed that the measured variant 
hydrophobicities correlate with their aggregation propensities 
under thermally stressed conditions, measured from the total 
amount of aggregates determined by SEC (rp = 0.70, rs = 0.70; 
p < 0.01, and rp = 0.75; p < 0.01, rs = 0.54; p = 0.06 in the first 
and second replicate runs, respectively). However, when compar-
ing the HNSSA and HIC, the determined correlation was non- 
significant (rp = 0.42, rs = 0.48; p ≥ 0.1, Figure 5). This poor 
correlation might arise from the different hydrophobic materials 
used in both assays, and the fact that the hydrophobic nanopar-
ticles used in the HNSSA carry a residual negative charge, which 
might play a role in the aggregation of the different variants. 
Moreover, we have observed that the nanoparticles not only 
trigger the adsorption of the protein on their surface but are also 
responsible for further aggregation events, which are not probed 
for with HIC.60

Next, we determined the unfolding temperature of the Fab 
domain of the mAbs under equal buffer and concentration 
conditions (pH 7.6, 20 mM HEPES, 10 mM NaCl, 1 mg/mL) 
as the accelerated temperature studies mentioned above. A low 
correlation was determined between the HNSSA and Tm (rp 
= −0.67, rs = −0.51; p < 0.1, Figure 5, Table S1). These results 
corroborate the weak link between thermal stability and other 
developability assays, as previously reported.2,62

After characterizing solubility, aggregation propensity, hydro-
phobicity and thermal stability, we measured nonspecific protein 
interactions by several methods. Cross-interaction chromatogra-
phy (CIC,80) measures nonspecific interactions between the mAb 
under analysis and polyclonal antibodies immobilized on 
a column. Insoluble mAbs have been shown to cross-interact 

more frequently with immobilized polyclonal antibodies, result-
ing in a longer retention time on the column. CIC has been 
correlated with solubility experiments80 and in vivo clearance.81 

The correlation between the HNSSA and CIC is fairly high (rp 
= 0.78, rs = 0.82; p ≤ 0.01, Figure 5), suggesting that the HNSSA 
captures nonspecific interactions as well as solubility to a certain 
extent.

In addition to CIC, we applied stand-up monolayer adsorp-
tion chromatography (SMAC) and SMAC* to evaluate the 
nonspecific interactions of mAbs with different chromato-
graphic surfaces.14,62 Retention times are inversely related to 
the colloidal stability of mAbs, meaning that mAbs prone to 
precipitation or aggregation exhibit longer retention times on 
the column. Of all developability assays, these two assays cor-
related the highest with the HNSSA (SMAC*: rp = 0.82, rs 
= 0.87; p ≤ 0.01, SMAC: rp = 0.89, rs = 0.90; p ≤ 0.01, Figure 5).

In addition, high agreement between affinity-capture self- 
interaction nanoparticle spectroscopy (AC-SINS), a high- 
throughput assay for antibody self-association,20 and the 
HNSSA was determined (rp = 0.83, rs = 0.84, p ≤ 0.01, 
Figure 5).

Overall, several developability assays highly correlated with 
our HNSSA, particularly with methods probing for self- 
association (AC-SINS) and nonspecific interactions (CIC, 
SMAC and SMAC*), as summarized in Figure 5.

Correlation of the HNSSA with in silico developability 
assays

We next investigated the performance of the HNSSA com-
pared to in silico predictors for globular protein aggregation 
and solubility (Figure 6). As mentioned in previous sections, 
the variants prepared in this work were selected based on their 
sequence-based (intrinsic) CamSol score, which scores the 
variants based on a linear combination of specific physico-
chemical properties derived from the amino acid sequence, 
such as hydrophobicity, charge at neutral pH, α-helix and β- 
sheet propensities [38]. A fairly good correlation could be 
observed between the HNSSA and the CamSol score (rp 
= −0.73 and rs = −0.75; p ≤ 0.01). Another predictor of protein 
aggregation propensity, SAP,82 is based on hydrophobic sur-
face patches determined by structural analysis and short mole-
cular dynamic simulations. The structural SAP score correlated 
with the HNSSA to a similar extent as CamSol (rp = −0.73 and 
rs = −0.75; p ≤ 0.01). The method based on the Developabilty 
Index (DI) is an extension of the SAP algorithm and considers 
not only hydrophobic contributions to aggregation but also 
electrostatic forces.83 A comparably high correlation between 
DI and the HNSSA was found as the other predictors (rp 
= −0.76 and rs = −0.73; p ≤ 0.01) when using the β-index of 
0.0498 at 40°C.83 The average aggregation score of the 
Aggrescan3D method42 correlated to a lesser extent with the 
HNSSA (rp = 0.63 and rs = 0.68; p > 0.01), but highly with 
CamSol (rp = −0.88 and rs = −0.93; p ≤ 0.001) and SAP (rp 
= 0.93 and rs = 0.89; p ≤ 0.001). Finally, the protein solubility 
predictor Protein-Sol84 did not correlate with the HNSSA (rp 
= −0.39 and rs = −0.31; p > 0.1). The highest correlation of 
Protein-Sol was determined with Aggrescan3D (rp = −0.80 and 
rs = −0.59; p ≤ 0.03).

Figure 5. Developabilixty score matrix showing the Pearson’s and Spearman’s 
correlation rank coefficient of the HNSSA and other developability assays. Bold 
numbers indicate the Pearson and Spearman rank-order correlation coefficients, 
while the values indicated below correspond to the respective p-values.
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In conclusion, the HNSSA correlates to a certain extent with 
in silico predictions of solubility and aggregation. In particular, 
with the current antibody dataset, the HNSSA correlates to the 
highest amount with the in silico predictor SAP probing for 
hydrophobicity, the related DI index and the CamSol solubility 
score.

Discussion

Here, we describe an accelerated surface-stress assay prob-
ing for protein stability against aggregation based on 
hydrophobic nanoparticles. This assay provides a highly 
controlled amount of surface and induces the aggregation 
of different antibodies within a few hours, requiring 
a minimal amount of material. Remarkably, by analyzing 
a series of different protein variants, we have demonstrated 
that the stability ranking obtained with our HNSSA corre-
lates with other developability properties of the molecules, 
including stability at interfaces in the presence of agitation 
stress and aggregation over several weeks.

Although the validity of the assay over a broader range of 
molecules and formulation conditions remains to be tested, this 
work represents a first step toward demonstrating the potential 
of the nanoparticle-based assay as an accelerated interface-stress 
screening tool. This assay can fill the current gap in standardized 
assays to probe interface-induced instability, providing orthogo-
nal information and complementing the current set of bulk 
techniques to evaluate protein developability during early-stage 
candidate selection. Moreover, the simplicity of the assay allows 
further development into high-throughput configurations, such 
as plate or microfluidic assays.60,85,86 Finally, the strategy can be 
expanded in the future to different nanoparticles characterized 
by different surface properties (such as negative or positive 
charge).60 This combination of different surface properties will 
provide further flexibility to mimic different types of interfaces 
over a larger range of pH values, providing a good overview of 
the stability of the molecules against a broad range of different 
surfaces and devices.

Materials and methods

Model monoclonal antibody and variants library

The humanized anti-trinitrophenyl monoclonal IgG4 antibody 
(145.2 kDa) used in this study was provided by Novo Nordisk 
A/S. A single amino acid substitution within the free hinge 
region (S241P) was introduced to avoid the formation of half- 
mAb, which is a common problem for IgG4 antibodies87 (See 
primary sequence in Supplementary Information). The solubi-
lity library was previously designed and characterized in 
a previous study62 via CIC, HIC, SMAC, Stand-up Monolayer 
Chromatography* (SMAC*) and AMS. Information about var-
iant expression and purification can be found in 
Supplementary Information.

Hydrophobic nanoparticles synthesis

Hydrophobic nanoparticles were prepared according to 
a previously described protocol.61 In brief, batch emulsion 
polymerization was used, with 2.5 g of hydrophobic monomer 
(either BA, EHA) and 75 mg of sodium dodecyl sulfate in 
45 mL water. Before the initiation of the reaction, the system 
was set under an inert atmosphere by purging a nitrogen flux 
for 20 min at room temperature. The mix temperature was 
then raised to 70°C by means of an oil bath equipped with 
a thermocouple, after which the radical initiator, potassium 
persulfate (30 mg dissolved in 2.5 mL of water), was added. The 
reaction was stopped after 4 h. The resulting dispersion was 
cleaned with ion exchange resins (Dowex Marathon M3, 
Sigma-Aldrich) to remove the surfactant as well as other pos-
sible electrolytes. The effectiveness of the surfactant removal 
step was verified by measuring the electric conductivity of the 
dispersion before and after the ion exchange (data not shown). 
The initiator left a weak negative charge on the nanoparticles 
necessary for particle stabilization.

The hydrophobic nanoparticle stability under different buf-
fer conditions was tested by monitoring increases in size with 
DLS under 30 min incubation in stagnant conditions (data not 
shown).

Characterization of the hydrophobic nanoparticles

The nanoparticles stock solid content after purification was 
measured by thermogravimetric analysis. Their hydrodynamic 
radius and ζ-potential were evaluated on a Zetasizer Nano 
(Malvern, U.K.) working in backscattering mode at a fixed 
angle of 173° and a laser source operating at 633 nm. The 
hydrodynamic radius of the species in solution was obtained 
by DLS according to Equation (1) after obtaining the diffusion 
coefficient using the method of cumulants: 

D ¼
kBT

6πηRh 

The ζ-potential was measured in Milli-Q water (Milli-Q 
Synergy Water Purification System, Merck Millipore, MA, 
USA), based on Equation (2): 

Figure 6. In silico predictors score matrix showing the Pearson’s and Spearman’s 
correlation rank coefficients between the HNSSA, the CamSol score and three 
other common in silico predictors. Bold numbers indicate the Pearson and 
Spearman rank-order correlation coefficients, while the values indicated below 
correspond to the respective p-values.
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μ ¼
2εζ
3η 

where μ represents the electrophoretic mobility μ of the species 
in solution measured based on the instrument’s laser Doppler 
effect, ε the dielectric constant and η the medium viscosity.

Hydrophobic nanoparticle surface-mediated aggregation 
assay

Protein samples were buffer exchanged in 30 mM NaCl (Fisher 
Scientific, U.K), 10 mM HEPES (Sigma Aldrich, Germany) and 
pH 6.6 using spin filters with a 30 kDa cutoff polyethersulfone 
membrane (Vivaspin 500, Sartorius, U.K.). The concentration 
after buffer exchange was at least 10 mg/mL. The samples were 
then diluted in the desired buffer at 1.0 mg/mL. The HNSSA 
protocol is depicted in Figure S1. Two replicate samples con-
taining the desired amount of nanoparticle surface (either 
1:1000 or 1:50 of NPs:mAb surface ratio) were prepared in 
each corresponding buffer. The protein and nanoparticle sur-
faces were computed based on their hydrodynamic radius 
measured by DLS, assuming a spherical shape. The mAb sam-
ple and the nanoparticle sample were then mixed 1:1 v/v, 
yielding a final protein concentration of 0.50 mg/mL, and 
incubated for 30 min at stagnant conditions and room tem-
perature. Three control samples were also prepared by mixing 
the mAb sample and a buffer sample in a 1:1 v/v ratio without 
nanoparticles. After aggregation, monomer separation from 
the aggregated species was achieved by adding MgCl2 to 
a final concentration of 50 mM to destabilize the colloids in 
solution, followed by centrifugation for 3 h at 17200 g. One of 
the control samples was kept and evaluated without 
a centrifugation step to estimate the monomer loss resulting 
from protein adsorption on the test tube walls due to centrifu-
gation only and to potential destabilization induced by the 
addition of MgCl2. To verify the efficient removal of all aggre-
gates, the size distribution in the supernatant was measured by 
DLS, performed on a Zetasizer instrument (Malvern, U.K.) 
working in backscattering mode at 173° with a laser source at 
633 nm. Two replicate and two control samples were acquired 
for each investigated buffer condition.

The monomeric state of the supernatants was further inves-
tigated by SEC. In brief, 100 μL of supernatant was injected at 
0.75 mL/min in a Superdex 200 10/300 GL column branched 
on an Agilent 1100 series HPLC unit (Santa Clara, CA, USA). 
The mobile phase consisted in a 200 mM L-Arginine (Sigma 
Life Science, USA) and 100 mM sodium phosphate (Sigma- 
Aldrich, Germany) at pH 6.5. Chromatograms were collected 
at 280 nm and analyzed on the Agilent ChemStation software 
(Santa Clara, CA, USA).

Alternatively, the monomer concentration was measured by 
UV absorption at 280 nm (NanoDrop Lite, Thermo-Fisher 
Scientific, USA).

Aggregate formation was also monitored qualitatively by 
DLS and imaged by optical microscopy under bright field on 
a Ti2-U inverted microscope (Nikon, Switzerland) equipped 
with a camera (Zyla sCMOS 4.2P-CL10, Andor, U.K.) and 
a 60x oil immersion objective. The microscope was also 
equipped with an LED light source emitting at 365 nm 

(Omicron Laserage Laserprodukte GmbH, Germany), and 
a DAPI UC BP filter set (352 − 402 nm/417 − 477 nm, AHF 
Analysentechnik AG, Germany) for the acquisition of images 
in fluorescence of the aggregates stained with ANS (25 μM).

Agitation stress assay

The agitation stress assays were performed in 5 mL borosilicate 
glass vials (Fiolax, Schott AG, Switzerland), incubating the 
samples for 1.5 h on a thermomixer (Eppendorf 
ThermoMixer comfort) operating at 1400 rpm and 25°C. 
Four hundred microliter of the antibody formulations 
(0.50 mg/mL in 20 mM HEPES, 10 mM NaCl at pH 7.6) was 
prepared per glass vial, leaving an air headspace. Two replicates 
were acquired for each condition, and the monomer loss was 
evaluated based on control unshaken vials. The monomeric 
protein was recovered after 3 h centrifugation at 17 200 g imme-
diately after agitation, and the supernatant concentration was 
measured by UV absorption at 280 nm on the NanoDrop.

Dynamic light scattering for determination of the 
self-interaction parameter KD

The average hydrodynamic radius (Rh) was determined by 
extrapolating measurements of Rh at high protein concen-
trations to zero protein concentration to avoid the effects of 
mAb self-association or repulsion on Rh determination.74 

Experiments were conducted using DLS using a DynaPro 
plate reader (Wyatt Technology). Twenty microliter of pro-
tein samples of 4, 8, 12, 16 and 20 mg/ml in 20 mM HEPES 
and 10 mM NaCl, pH 8, was measured in 384-well clear 
bottom plates (Corning) and the hydrodynamic radius was 
determined by extrapolating to zero concentration. Forty 
acquisitions were recorded for 5 seconds at 25°C with 0.5 
and 1000 nm as low and high cutoff values, respectively. 
Data processing and calculation of diffusion coefficients 
were performed using Dynamics (version: 7.5.0.17; Wyatt 
Technology). The KD values were determined by a linear fit 
of the measured (mutual) diffusion coefficients (Dm) as 
a function of protein concentration: 

Dm ¼ D0 1þ KDcð Þ

Differential scanning fluorimetry

Thermal unfolding was measured in high sensitivity capil-
laries using a Prometheus NT.48 instrument (NanoTemper 
Technologies). Before the analysis, variant samples were 
buffer exchanged to 20 mM HEPES, 10 mM NaCl and pH 
7.6 and 8.2, respectively. The antibody variants were sub-
jected to a linear thermal ramp (1°C/min, from 20°C to 95° 
C) and 20% laser excitation intensity. Fluorescence at 350 
and 330 nm was collected and the midpoints of the thermal 
unfolding reaction (Tm) were determined from the first 
derivative of the fluorescence ratio (F350/F330). Data pro-
cessing was performed using PR control (version: 1.11; 
NanoTemper Technologies).
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Accelerated temperature stress aggregation of variants 
library

The variant library was buffer exchanged to 20 mM HEPES, 
10 mM NaCl, pH 7.6 in Millipore Amicon ultracentrifugation 
(Merck) devices with a molecular cutoff of 50 kDa. The final 
protein concentration of 1 mg/ml was determined using A280 
nm absorbance (Dropsense, Trinean). We performed two stu-
dies preparing samples for the first study in triplicates and for 
the second study as quintuples. Samples were pipetted into 
12 × 32 mm glass screw neck vials (quick thread, LectraBond 
cap, PTFE/silicone septa P/N 186000384 c) and parafilm was 
wrapped around the lid. Samples were incubated for 6 weeks at 
45°C. To test whether evaporation was occurring during incuba-
tion, samples were weighed at time point 0 and after incubation. 
After incubation, samples were gently centrifuged at 2000 rpm 
for 1 min to spin down possible condensate on the glass vial. 
SEC-HPLC analysis was performed by injecting 20 µg into a TSK 
G3000 SWXL SEC Column (5 µm, 7.8 × 300 mm; Tosoh 
Bioscience) assembled on an HPLC system (1200 model, 
Agilent Technologies). Eluent consisted of 122 mM Na2HPO4, 
78 mM NaH2PO4, 300 mM NaCl and 4% 2-propanol at pH 6.8. 
The flow rate was set to 0.8 mL/min of 100% eluent at a column 
temperature of 28°C for 24 min. 20 µg of protein was injected on 
the column and detection occurred at 215 nm and 280 nm. Data 
processing was performed using ChemStation (Agilent). 
Monomer, soluble aggregates and fragments peak areas were 
determined. Total peak areas were also calculated to check for 
possible evaporation or precipitation, which would result in 
a large increase in peak area or decrease, respectively.

The aggregation extent was evaluated according to the fol-
lowing equations, which derive from the law of conservation of 
mass: 

Soluble Aggregates ¼
Aagg;t � Aagg;t0

At0 

Insoluble Aggregates ¼
At0 � At

At0 

Aggregates ¼
AMþF;t0 � AMþF;t

AMþF;t0 

Fragments ¼
AF;t � AF;t0

At0 

where the fraction of soluble aggregates formed between time 
zero (Aagg, t0) and a defined time lapse t (Aagg, t) is determined 
from the area under the chromatogram corresponding to spe-
cies larger than the monomer; the insoluble aggregates were 
quantified as the total mass loss observed upon incubation, 
defined as the difference between the initial total area under 
the curve At0, and the final one At. The total amount of 
aggregates has been calculated by considering the initial and 
final areas of both the monomer (M) and the fragments (F), 
indicated as AM+F. The correlation between the amount of 
soluble and insoluble aggregates in the two replicate studies is 
shown in Figure S5.
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