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ABSTRACT: Developability assessment facilitates the selection of antibody drug candidates with desirable pharmaceutical
properties. However, it remains uncertain whether agitation-induced aggregation can be predicted from standard developability
parameters. Here, we investigated whether key biophysical parameters predict agitation-induced aggregation of monoclonal
antibodies (mAbs). To this end, we generated a benchmark data set by characterizing the aggregation upon agitation in the presence
of an air—liquid interface of ten approved mAbs reformulated in a common surfactant-free buffer. The extent of aggregation varied
substantially among mAbs and was primarily dependent on antibody identity. Flow imaging microscopy combined with machine
learning revealed micrometre-sized aggregates with distinct morphologies, consistent with aggregation at air—liquid interfaces.
Examination of thin liquid films and foams confirmed the presence of aggregates directly at the air—liquid interface and, therefore,
the critical role of this interface for antibody aggregation during agitation. We then applied fluorescence-based, light scattering, and
chromatographic techniques to determine standard developability parameters for each mAb, including apparent melting temperature
(T.,), nonreversibility onset temperature (T,,), aggregation onset temperature (Tagg), diffusion self-interaction parameter (kp),
hydrophobic interaction chromatography retention time, and relative monomer yield after isothermal refolding from chemical
denaturants. Notably, none of these parameters correlated with agitation-induced aggregation. Finally, we assessed the surface
properties of the mAbs via drop shape analysis and found that the combination of surface pressure and elastic modulus yields a good
correlation with the concentration of micrometre-sized aggregates formed due to agitation. Overall, these findings highlight
limitations in predicting mAb interfacial stability using standard developability assays and underscore the importance of studying
antibody behavior at interfaces.
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B INTRODUCTION

Therapeutic monoclonal antibodies (mAbs) are susceptible to
both chemical and physical degradation.'™* For example,

bags.'”"® This dilution reduces the concentration of stabilizers,
increasing the risk of degradation. Moreover, infusion bags
often contain an air headspace to facilitate complete

adsorption to air—liquid interfaces can lead to antibody
unfolding and aggregation, a process that is further exacerbated
by agitation due to dynamic interface renewal.”™” Air—liquid
interfaces are present throughout the entire lifecycle of an
antibody drug, posing significant stability challenges.”™"'
Although antibody formulations contain stabilizing excipients,
approximately 60% of marketed mAbs require compounding
before administration, which involves dilution into infusion
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administration of the bag content.'* The headspace creates a
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large air—liquid interface that can promote mAb aggregation
during mechanical stress, such as agitation during in-hospital
transport and handling.'”">~"”

Antibodies are amphiphilic macromolecules that readily
adsorb at the air—liquid interface.””*"*™** Upon adsorption,
mAbs can form a densely packed amorphous layer, exhibiting
rheological properties characteristic of soft glasses.”> This layer
behaves as a viscoelastic film, with its properties controlled by
interprotein interactions that are influenced through antibody
identity, stability, conformation, and mobility within the film as
well as external factors such as temperature.””>!$721232426
Film formation is frequently accompanied by structural
changes in antibodies, such as unfolding.19_23 At low pressure,
these films remain compressible, while at high pressures, they
become incompressible and prone to disrup-
tion.>”?187212372527 When disrupted, protein aggregates are
released into the bulk solution, and new antibody adsorbs to
the available interface.””” This interfacial-induced aggregation
pathway reduces the concentration of native antibody
monomers and promotes the formation of aggregates of
varying sizes, which may trigger immunogenic responses and
lead to adverse effects.”*

Early identification of mAbs with low aggregation propensity
is critical for developing stable biotherapeutics.””~*> High
inherent interfacial stability can reduce the need for
surfactants, which are typically added during formulation to
mitigate adsorption and aggregation at interfaces. By reducing
the dependence on surfactants, one could avoid issues related
to undesired and complex interactions between proteins and
surfactants, as well as problems with surfactant quality and
degradation.**™**

To find antibodies with high stability, developability
assessment using fast biophysical assays has become integral
to drug candidate screening.’* > Thermal assays such as
differential scanning fluorimetry (DSF) are well established for
estimating the conformational stability by determining the
apparent melting temperature (T,,). Dynamic light scattering
(DLS) combined with a heat ramp is used to measure the
aggregation onset temperature (Tag(‘;)."’z"w’_46 Recent advances
introduced additional descriptors in developability assessment,
including the nonreversibility onset temperature (T,.),
accessible via modulated scanning fluorimetry (MSF).">*"*
In addition, isothermal assays provide important complemen-
tary parameters.”” For example, colloidal stability can be
quantified through the diffusion self-interaction parameter (kp,)
determined by DLS. Hydrophobic interaction chromatography
(HIC) can be used to assess mAb hydrophobicity."**~>* Each
of these parameters provides an important piece of
information, and a combination of several parameters can
identify antibody drug candidates with favorable stabil-
ity.?>?>?5°%51 However, these analyses primarily address
mAD stability in bulk solution, whereas stability at interfaces
can differ significantly.”***>>

In this study, we investigated whether standard develop-
ability parameters can predict agitation-induced aggregation of
mAbs. Ten approved mAbs were reformulated in a surfactant-
free buffer (acetate pH 5, 0.9% NaCl) to mimic conditions
typically encountered in infusion bags. Usage of 0.9% NaCl
reflects the widespread use of saline as a diluent for mAb
products.'>"* Saline is slightly acidic, and to maintain this pH,
we added 10 mM acetate buffer.”® Acetate buffer is also
broadly employed in commercial mAb formulations® and is
compatible with developability assays.*>***>*° The mAbs were
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then subjected to agitation stress, and aggregation was assessed
using multiple orthogonal techniques. The largest differences
between the mAbs were observed in the concentration of
micrometre-sized aggregates. Morphology assessment of
aggregates, inspection of thin liquid films and foams, as well
as agitation in the absence of air, confirmed the critical role of
the air—liquid interface during agitation-induced aggregation.
In parallel, we determined standard developability parameters
for each mAb, including Ty, T}yyy T kp, HIC retention time,
and monomer recovery from the ReFOLD assay. Notably,
none of these biophysical parameters distinguished antibodies
prone to agitation-induced aggregation from those that were
stable. In contrast, the combination of surface pressure and
elastic modulus, derived from surface tension and surface
rheology measurements, exhibits strong predictive power for
agitation-induced aggregation. These findings highlight that
developability assessment workflows need dedicated methods
to predict mAD interfacial stability.

B MATERIALS AND METHODS

Proteins and Chemicals

Ten commercial mAb products were obtained from the Ghent
University Hospital (Table 1). The excipients from the commercial

Table 1. List of Commercial Products Used to Purify mAbs
for Investigation of Interfacial Stability

commercial theoretical
abbreviation INN product format pI“
BEVA bevacizumab Movasi IgGlk 8.09
NIVO nivolumab Opdivo IgG4k 7.93
RITU rituximab MabThera IgGlk 8.66
PEMB pembrolizumab Keytruda IgG4k 7.63
DARA daratumumab Darzalex IgGlk 8.26
INFL infliximab Remsima IgGlk 7.35
OCRE ocrelizumab Ocrevus IgGlk 8.49
VEDO vedolizumab Entyvio IgGlk 8.09
TRAS trastuzumab Herceptin IgGlk 845
ISAT isatuximab Sarclisa IgGlk 8.08

“Calculated from antibody sequence with ProtParam by Expasy
(Swiss Institute of Bioinformatics).®”

products were removed via cation-exchange chromatography using a
HiTrap SP FF column (cytiva, Marlborough, USA), extensive rinsing,
and a NaCl gradient for elution on an AKTA pure (cytiva,
Marlborough, USA). The eluates were dialyzed extensively against
10 mM sodium acetate buffer, pH S, with 0.9% NaCl. Successful
surfactant removal was confirmed by comparing the surface tension
and rheology of purified antibody to a surfactant-free antibody drug
substance. All samples were diluted to 0.45 + 0.05 mg/mL. Samples
for biophysical analyses were frozen and stored at —80 °C until
thawed and measured. The concentration was determined with UV
spectroscopy (see below). All chemicals were of pharma grade or
higher. Ultrapure water (Milli-Q, Merck, Darmstadt, Germany) was
used.

Agitation Studies

Antibody solutions were filtered using 0.2 ym Whatman Puradisc 13
PVDEF filters (cytiva Marlborough, USA) into prerinsed and dried 2R
glass vials (Schott, Mainz, Germany). The fill volume in the 2R vials
was 1 mL in a total vial volume of 4.1 mL, unless otherwise stated. All
vials were sealed with West FluoroTec stoppers (West Pharmaceutical
Services, Exton, USA), crimped, and mounted vertically on a digital
orbital shaker (19 mm orbit; Heathrow Scientific, Illinois, USA).
Agitation was performed at room temperature with 300 rpm for 6 h.
Each sample was produced in triplicate by performing three agitation
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experiments each alongside three unstressed controls. A matched
buffer control was subjected to identical handling. After agitation, all
samples were stored at 4 °C and analyzed at room temperature within

36 h.
Visual Inspection

Visual inspection was performed against nonglare black and white
backgrounds under gentle inversion for at least 5 s. Samples were
ranked according to the number of particles observed. Samples
practically free of particles were differentiated from samples with
fewer or more than 20 particles below ~0.5 mm. Samples that showed
particles bigger than ~0.5 mm or turbid samples were classified as

strongly aggregated (Table S1).
Flow Imaging Microscopy

Flow-Imaging microscopy (FIM) was performed with a FlowCam
8100 (Yokogawa Fluid Imaging Technologies, Scarborough, USA)
equipped with an 80 X 700 um flow cell and a 10X objective. The
flow rate was set at 0.15 mL/min with an auto image frame rate of 27
frames/s. Particle detection thresholds were set at 13/10 for dark/
light pixels with a 3 pum separation from neighboring particles.
Triplicates of 200 uL each were injected. Air bubbles and silicone oil
larger than 8 ym were manually excluded from the analysis. Reported
particle counts refer to those with equivalent spherical diameters
(ESD) > 2 um determined via VisualSpreadsheet 6 (version 6.0.4.300,
Yokogawa Fluid Imaging Technologies, Scarborough, USA).

FIM Data Clustering via Machine Learning

All images containing particles larger than 10 ygm ESD obtained using
FIM were used for clustering-based machine learning analysis.”® A
ResNet-50 model,*” pretrained using the state-of-the-art self-
supervised method SWAV® on the ImageNet data set,’' served as
the feature extractor for this analysis.

To ensure an unbiased evaluation, a data set of 1850 images per
mADb was assembled, from which features were extracted using the
ResNet-50 model to construct the feature database. Additional 250
images per mAb were reserved for evaluation. For each evaluation
image, features were similarly extracted, and cosine distances were
calculated against all entries in the feature database to identify the five
most similar images.®”

UV Spectroscopy

UV absorbance measurements at 280 nm for mAb concentration
determination were performed in triplicate on a Nanodrop 2000c
(Thermo Fisher Scientific, Waltham, USA). The concentration was
calculated using the extinction coefficients calculated with ProtParam,
Expasy (Swiss Institute for Bioinformatics, Lausanne, Switzerland).””

Size-Exclusion Chromatography

Size-exclusion chromatography (SEC) was carried out with a
Superdex 200 Increase 10/300 GL (cytiva Marlborough, USA)
column on a Waters Arc HPLC system equipped with an Arc Premier
2489 UV/vis detector (Wyatt | Waters, Santa Barbara, USA). The
elution of unstressed mAb was additionally measured with an Optilab
tEX refractive index (RI) and a miniDawn Treos multiangle light
scattering (MALS) detector (Wyatt | Waters, Santa Barbara, USA) for
molecular weight confirmation. All runs were performed in duplicate
at 1 mL/min flow for 30 min with 1X phosphate-buffered saline
(PBS) (pH 7.4). 30 ug of protein were injected per run, and the UV
signal was integrated via Astra Software (version 8.2.2.119 Wyatt |
Waters, Santa Barbara, USA) to quantify the monomer and small
soluble aggregate content.

Differential Scanning Fluorimetry

Apparent melting temperatures (T,,) of mAbs were determined via
differential scanning fluorimetry (DSF). Triplicate 10 uL aliquots
were filled into black 384-well PCR plates (HSP3866, Bio-Rad,
Hercules, USA) and sealed with qPCR adhesive films (4ti-0560,
Azenta, Burlington, USA). Thermal unfolding was monitored using a
SUPR-DSF device (Protein Stable, Leatherhead, UK) with a linear
heat ramp of 1 °C/min. Samples were excited at 280 nm, and
emission spectra were collected from 310 to 420 nm. The barycentric

3423

mean (BCM) of the emission spectra was used to construct thermal
unfolding curves, from which T,, was obtained as the maximum of the
first derivative within the SUPR Suite software (version 4.8.0.0,
Protein Stable, Leatherhead, UK).

Modulated Scanning Fluorimetry

Modulated scanning fluorimetry (MSF) was conducted using the
same experimental setup as for DSF (see above). Instead of a linear
heat ramp, incremental heating and cooling cycles were operated and
analyzed as previously described.* Cycles consisted of a § min
holding phase at 25 °C before heating to the target temperature with
10 °C/min. The target temperature was increased by 1 °C per cycle
starting from 25 °C up to 105 °C. Target temperature was held for 1
min before cooling down to 25 °C again. Emission spectra were
repeatedly collected at 25 °C and at target temperatures, allowing the
construction of unfolding and nonreversibility curves based on the
BCM. Origin Pro 2024 (Northampton, USA) was used to determine
T, from the nonreversibility curve, defined as the 10% offset from the
baseline. Offset from the baseline was determined manually for
measurements with a baseline noise or shift >10%.

Dynamic Light Scattering

Aggregation onset temperatures ( Tagg) were determined using a
DynaPro DLS plate reader (Wyatt | Waters, Santa Barbara, USA).
Triplicate 30 uL mAb samples were loaded into 384-well LoBase
plates (Aurora Microplates Inc., Carlsbad, USA) and sealed with
silicone oil. Measurements were performed during a linear heat ramp
(25—=70 °C, 0.1 °C/min) with three DLS acquisitions of S s each. The
increase of the apparent hydrodynamic radius (R;,) with temperature
was fitted for the onset within the Dynamics software (version
8.4.1.460, Wyatt | Waters Santa Barbara, USA) to obtain T

The same DynaPro DLS plate reader (Wyatt | Waters Santa
Barbara, USA) was used to determine the diffusion self-interaction
parameter kp. Seven dilutions of each mAb between 1 and 10 mg/mL
were filled in 384-well LoBase plates (Aurora Microplates Inc.,
Carlsbad, USA) and sealed with silicone oil. Twenty DLS acquisitions
of 5 s were performed for three replicates of each dilution at 25 °C. kp,
was calculated using Dynamics software (version 8.4.1.460, Wyatt |
Waters Santa Barbara, USA) as the slope of the protein concentration
dependence of the diffusion coefficient D according to

D = Dy(1 + kp X ¢)

where D, is the diffusion coefficient at infinite dilution and ¢ the
protein concentration.

Hydrophobic Interaction Chromatography

Hydrophobic Interaction Chromatography (HIC) was performed on
a Dionex Summit 2 system equipped with a UVD170U detector
(Dionex, Sunnyvale, USA). Separation was achieved on a Sepax
Proteomix HIC butyl-NPS column (Sepax Technologies, Delaware,
USA) equilibrated at 30 °C. A linear 30 min gradient was applied
(from 100% mobile phase A to 100% B), followed by a 10 min
isocratic step with mobile phase B (flow rate 0.5 mL/min). Mobile
phase A consisted of 1.8 M ammonium sulfate in 0.1 M sodium
phosphate buffer (pH 6.5). Phase B was 0.1 M sodium phosphate
buffer (pH 6.5). Before injection, the antibody samples were diluted
to 0.22 mg/mL with phase A and 60 yL were injected. Each sample
was analyzed twice. Retention times were determined using
Chromeleon software (Thermo Fisher Scientific, Waltham, USA).

ReFOLD Assay

The aggregation propensity during isothermal unfolding and refolding
from a denaturant was assessed using the ReFOLD assay. Triplicate
antibody samples (0.45 mg/mL, 100 uL each) were dialyzed against
1.8 mL of 8 M urea dissolved in 10 mM acetate buffer, pH S, with
0.9% NaCl using Pierce 3.5 kDa MWCO microdialysis devices
(Thermo Scientific, Waltham, USA). Dialysis was performed at room
temperature with buffer exchanges after 4 and 8 h. After 24 h of
dialysis against the urea-containing buffer, samples were dialyzed
likewise against 1.8 mL urea-free 10 mM acetate buffer, pH S, with
0.9% NaCl. Finally, the samples were recovered from the micro-
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Figure 1. Different degrees of mAb aggregation induced by agitation stress. (a) Micrometre-sized aggregate (ca. 2—100 ym) concentration
determined with FIM before and after agitation. Mean of nine values (triplicates, each replicate was measured three times) with SD. Below
exemplary images of mAb aggregates detected after agitation. (b—d) Exemplary chromatograms for BEVA, NIVO, and RITU acquired with SEC-
MALS before and after agitation. (e) Change in relative SEC-UV aggregate peak area upon agitation. Mean of six values (triplicates, each replicate
was measured twice) with SD. (f) Change of total SEC-UV peak area (%) upon agitation. Mean of six values (triplicates, each replicate was
measured twice) with SD. (g) Relative mAb concentration changes upon agitation determined with UV spectroscopy. Mean of nine values

(triplicates, each replicate was measured three times) with SD.

dialysis devices, weighted on a microbalance, and sample weight was
adjusted to 200 mg using 10 mM acetate buffer, pH S, with 0.9%
NaCl. Subsequently, the samples were analyzed by SEC using a
Superdex 200 increase 10/300 GL column (cytiva Marlborough,
USA) and a Dionex Summit 2 system equipped with a UVD170U
detector (Dionex, Sunnyvale, USA) and Chromeleon software
(Thermo Fisher Scientific, Waltham, USA). Duplicates (60 uL)
were injected and eluted with 1X PBS (pH 7.4) at 1 mL/min over 40
min. The relative monomer yield (RMY) was calculated by dividing
the monomer peak area of the refolded antibody by the monomer
peak area of the antibody reference that was not unfolded and
refolded but diluted accordingly.

Optical Observations of Thin Liquid Films in the Capillary
Cell

A capillary cell was used to observe the behavior of thin foam films.*
The films were formed in a capillary with radius of 1.25 mm by
drawing in a mAbs solution, which was obtained by thawing the
sample in a water bath at a temperature of 25—27 °C for 30 min,
through a side orifice. The films were observed in reflected light with
an optical microscope Leica DM RXE (Leica Microsystems GmbH,
Wetzlar, Germany) equipped with a long-distance objective N PLAN
20x/0.4 (Leica Microsystems GmbH, Wetzlar, Germany) and a 5.1 M
Video Biological Microscope Digital Camera SSFPS LCMOS
(ToupTek Europe, UK). The typical radius of the foam films formed
in this capillary cell was ~0.125 mm. The film thinning behavior and

3424

the stability of the foam films were studied for 10 min after its
formation in the closed cell. Subsequently, the cell was opened to the
atmosphere, and the film stability was monitored for an additional §
min. To assess the drainage dynamics and stability of the foam films,
we also measured the time required for the appearance of the first
black spot in the film — an indicator of local thinning. Shorter black
spot formation times correspond to faster film drainage and reduced
structural resistance. Such film behavior is typically associated with
more mobile interfacial layers. At least three independent films were
observed for each mAb solution.

Foam Formation and Optical Observations of Thin Liquid
Films and Bubbles in Real Foams

After thawing in a water bath at a temperature of 25—27 °C for 30
min, 0.2 mL of each sample were pipetted into a 1.5 mL centrifuge
tube and manually shaken 20 times to generate foam and to assess the
influence of shaking on the surface properties of the mAbs. The
resulting foams were evaluated based on their stability and volume,
with a scoring system applied to each foam. Optical observations of
the bubbles and foam films in the obtained foams were performed in
reflected or transmitted light, using a microscope Axioplan (Zeiss,
Oberkochen, Germany), equipped with long-distance objectives:
Plan-Neofluar 10x/0.3; Zeiss Epiplan 20x/0.40; Zeiss Epiplan 50x/
0.50. Depending on the film thickness, the light reflected by the film
has different colors. From the color and the intensity of the light
reflected from the foam film, one can assess the film thickness. The
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Figure 2. Standard developability parameters of the model IgGs. (a) T, from DSF. Mean of triplicates with SD. (b) T, from MSF. Mean of

triplicates with SD. (c) Toge

from DLS. Mean of triplicates with SD. (d) kp from DLS determined from triplicates with SD. (e) Overlay of

chromatograms acquired from HIC (duplicates). (f) Relative monomer recovery from the ReFOLD assay. Mean values of six measurements (each

triplicate was measured twice).

films that are thicker than 100 nm appear colored. The films with a
thickness of about 100 nm appear white (bright), those with a
thickness of about 50 nm appear gray, and those whose thickness is
under 30 nm appear dark. With the help of these observations, we
were able to determine the location of the protein aggregates in the
foams - whether they were adsorbed at the surface of the foam films or
remained in the solution, freely floating around the bubbles. All
experiments were conducted at ambient temperature (25 °C).

Surface Tension and Interfacial Rheology by Drop Shape
Analysis

Samples were first thawed in a water bath at 25—27 °C for 30 min to
ensure complete melting and homogenization. Then, a metal capillary
(volume: 150—300 L) was filled with the solution, and surface
rheological properties were determined using the oscillating drop
method module integrated into the DSA 100 automated instrument
(Kriiss GmbH, Hamburg Germany).®* The surface tension was
measured using the Drop Shape Analysis (DSA). Surface tension was
converted into surface pressure () by subtracting the surface tension
after mAb adsorption from the surface tension of the bare air—water
interface. Subsequently, surface area oscillations were applied to the
drop with a deformation amplitude of 1-2% and a period of S s. The
measurement of surface tension was then continued without
oscillation up to ~900 s. At this point, the drop was once again
subjected to oscillations using the same parameters (1—-2%
deformation for 5 s) to evaluate the surface dilatational modulus.

B RESULTS

Antibodies Exhibit Markedly Different Aggregation
Propensity during Agitation

Our initial objective was to assess whether mAbs exhibit
significant intrinsic differences in aggregation propensity when
stressed by agitation. To generate a robust benchmark data set,
we conducted controlled agitation experiments on ten mAbs
reformulated in a surfactant-free acetate buffer with 0.9% NaCl,
mimicking common infusion bag conditions. We then assayed
the stressed samples with several orthogonal techniques that
cover a broad aggregate size range.
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Flow imaging microscopy (FIM) revealed that agitated
mAbs contain very different concentrations of micrometre-
sized aggregates (ca. 2—100 pm) with characteristic
morphologies (Figure la). BEVA and NIVO formed the
highest number of particles upon agitation, exceeding other
mAbs by more than 10-fold. In contrast, VEDO, TRAS, and
ISAT showed no increase in micrometre-sized particles.
Particle formation trends were consistent across different
micrometre-size ranges (Figure S1). In addition, some visible
aggregates (ca. >100 um)® were observed in all samples
(Table S1), and BEVA and NIVO turned turbid upon agitation
(Table S1).

UV spectroscopy showed that the concentration of BEVA
and NIVO was reduced after agitation (Figure 1g), consistent
with the substantial aggregate formation detected by FIM.
Furthermore, we assayed the relative aggregate content and
total mADb recovery with size-exclusion chromatography (SEC)
(Figure le,f). Exemplary chromatograms can be found in
Figures 1b—d and S2. In agreement with other methods, BEVA
and NIVO showed a substantial decrease in total mAb
recovery (Figure 1f). Interestingly, the relative signal coming
from small soluble aggregates increased only for NIVO and
PEMB and did not change for the other mAbs (Figure le).
This indicates that agitation likely leads to bigger aggregates
that are beyond the size range of the SEC column.

Overall, the ten model mAbs exhibit significant differences
in their agitation-induced aggregation and set the benchmark
for testing stability predictive methods.

Standard Developability Parameters Fail to Predict
Agitation-Induced Antibody Aggregation

We asked if a standard developability assessment focused on
aggregation propensity prediction can identify mAbs sensitive
to agitation. Therefore, we characterized the ten antibodies
with a battery of established developability assays that provide
complementary information.
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Figure 3. Lack of correlation between standard developability parameters (blue box) and aggregation upon agitation. The figure displays the
coefficient of determination R for linear correlation between each parameter. The distribution of data points is shown in the right part of the figure.

DSF was used to probe the apparent melting temperature
(T,,), which is a proxy for the conformational stability (Figure
2a). For most mAbs, multiple transitions stemming from the
different antibody domains could be resolved. The first melting
temperature is around 65 °C, which can be attributed to the
Cy2 domain or an overlapping unfolding of a less stable Fab
together with C12.° In seven out of the ten mAbs, we could
observe a second melting temperature that indicates a Fab that
unfolds at a higher temperature compared to Cy;2 (Figure 2a).
In addition, we used MSF to investigate the refoldability upon
structural perturbations caused by different temperatures
(Figure 2b). RITU shows the highest nonreversibility temper-
ature (66.3 °C), while the value is lowest for PEMB (57.1 °C).
The aggregation onset temperatures (Tagg) from DLS reveal a
slightly different stability ranking, where INFL has the lowest
Tq (50.7 °C) and TRAS the highest Toge (69.6 °C) (Figure
2c3. Noteworthily, most T, and T,g, values are in the range
between 60 and 65 °C, indicating that the nonreversible
changes are likely because of aggregation.*”

In addition to the thermal-ramp methods, we used several
isothermal orthogonal techniques. To probe the colloidal
stability, we determined the kp from DLS. All mAbs show
negative kp values, indicating attractive behavior in the acetate
buffer with 0.9% NaCl (Figure 2d). The kp, values are negative
likely due to charge screening by NaCL>*®” INFL and ISAT
show the lowest kp, values in saline. Furthermore, we used HIC
to probe the hydrophobicity. NIVO and BEVA show the
lowest and highest hydrophobicity according to their retention
times (RT) (Figure 2e). Finally, to measure the non-native
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aggregation propensity during refolding from denaturants, we
used the ReFOLD assay. The highest monomer recovery was
obtained for NIVO, VEDO, TRAS, and OCRE, indicating that
these mAbs exhibit the lowest aggregation during refolding
from urea (Figure 2f).

Next, we wondered whether there are correlations between
the biophysical descriptors and the aggregation of the mAbs
caused by agitation. Despite the apparent differences between
the complementary descriptors, none of the parameters
correlated with the number of agitation-induced micrometre-
sized aggregates, antibody concentration change, or formation
of small soluble aggregates (Figure 3).

Therefore, although these basic biophysical parameters are
valuable during developability analysis®>*>*>°*>" they do not
provide predictive information on mAb stability during
agitation.

Agitation Causes Antibody Aggregation Primarily at the
Air—Liquid Interface

After observing that standard developability parameters do not
correlate with agitation stability, we sought to investigate the
mechanism of agitation-induced antibody aggregation further.

We first studied thin liquid films, which form when the
surfaces of two air bubbles are in proximity to each other.
These films provide direct information about the presence of
aggregates on the surface and have been widely studied in the
context of foam stability.”*””" We observed multiple aggregates
in the thin liquid films for 9 out of 10 mAbs, as illustrated for
BEVA (Figure 4a,b) (images of thin liquid films of all mAbs
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studied are presented in Table S2). The only exception was
TRAS — its thin liquid films were unstable and were quickly
destroyed during thinning, preventing imaging.

As aggregates can be either adsorbed or trapped in the films,
we also performed optical observations of agitated mAbs
solutions which contained air bubbles. The results showed
considerable adsorption on the bubble surface of some of the
mADbs, causing wrinkling and bubbles with nonspherical shape,
as shown for BEVA (Figure 4c). Similar behavior was found for
INFL, OCRE and VEDO. In the case of the other six mAbs
studied, TRAS, ISAT, DARA, NIVO, PEMB and RITU, the air
bubbles remained spherical, suggesting less pronounced mAb
adsorption (a representative image of TRAS is presented in
Figure 4d). Images of all mAbs studies are presented in the
supplementary (Table S3). The measured black spot formation
times (Table SS5) did not correlate with mAb stability.

To further confirm the role of the air—liquid interface in
agitation-induced aggregation, we performed additional experi-
ments where BEVA and NIVO were agitated in completely
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filled vials without a headspace, ensuring that no air—liquid
interface was present. The results showed more than 10-fold
reduction in the aggregate count determined with FIM when
the air—liquid interface was eliminated (Figure S3a).
Congruently, soluble mAb concentration (Figure S3f) and
monomer content (Figure S3b,c,e) were retained as
determined with UV spectroscopy and SEC. Small soluble
aggregates were not formed during agitation in the absence of
air, in contrast to aggregate formation upon agitation with an
air headspace (Figure S3d). In addition, machine learning
analysis of the FIM data from agitation of ten mAbs in the
presence of air showed that the aggregate morphology of all
mAbs is highly similar (Table S4). Classification experiments
using a majority vote among the five most similar mAbs
yielded an accuracy of only 26.2%. Accordingly, machine
learning methods cannot reliably distinguish between
aggregates from different mAbs, indicating highly similar
aggregate appearances. This supports the assumption of a
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common aggregation mechanism via interfacial film formation
and rupture.

Surface Pressure Combined with Surface Elasticity
Correlate with Antibody Aggregation

After confirming that the air—liquid interface triggers mAb
aggregation during agitation, we set out to evaluate different
surface characteristics as potential developability indicators.
For example, surface tension and interfacial rheology have been
proposed as predictive tools for interfacial stability based on a
limited number of molecules.'””>”* Surface pressure (7)
measurements at 600 s showed that mAbs can be roughly
divided in two equally sized groups, one with low 7 (6.5—10
mN/m; BEVA, INFL, OCRE, VEDO, TRAS — marked with °)
and one with approximately 2-fold higher 7 (16—19 mN/m;
NIVO, RITU, PEMB, DARA, ISAT) (Figure Sa and Table
SS). Interestingly, 4 out of S of the mAbs in the low 7 group
(all but BEVA) were relatively stable against agitation-induced
aggregation (Figure 1a). Furthermore, 4 out of S mAbs (all but
ISAT) of the high 7 group exhibit more aggregation due to
agitation (Figure 1a). Hence, the results obtained suggested a
qualitative correlation between 7 and interfacial stability, with
one outlier in each group.

Furthermore, the surface elastic modulus (G’) measured
after 900 s showed a similar picture (Figure Sa and Table
SS). The mAbs can be assigned to two groups (low and high
G’), with low values generally correlating with low stability and
high aggregate concentrations after stress (except for ISAT),
whereas high values indicated better stability and low aggregate
concentrations (except for BEVA). Therefore, we found that
both 7 and G’ can be correlated to mAbs interfacial stability,
but only on a semiqualitative level due to the outliers present
in both cases (Figure S4). However, mAbs aggregation
correlated reasonably well (R? = 0.83) with the combination
of the two parameters (Figure Sb). High stability (less than 10°
aggregates/mL) was observed for mAbs with 7 X G’ < 600
mN?/m?, whereas higher 7 X G’ values clearly identified and
ranked mAbs with lower stability to interfacial stress.

B DISCUSSION

Interfacial stress caused by air—liquid interfaces is inevitable
during the life cycle of an antibody drug. Our results illustrate
that the air—liquid interface is the main driving force for mAb
aggregation during agitation (Figure S3), and we show that
intrinsic agitation stability varies significantly between mAbs.
Unsupervised image clustering analysis confirmed that
aggregates formed due to agitation have highly similar
morphologies, in accordance with a common aggregation
mechanism (Table S$4). The clustering-based machine learning
analysis showed that the employed model was able to group
mAbs with similar structural properties, as the particles
identified as similar within the feature set also appeared
visually consistent. When applying a classification strategy
based on a majority vote among the five most similar mAbs,
the overall accuracy was only 26.2%. Accordingly, particles
from different mAbs were frequently misclassified as one
another, suggesting that the stressor type is the primary driver
of aggregate morphology, rather than mAb-specific properties.
Other studies have also found that the morphology of the
aggregates is linked to the stress type.”*™

The behavior of mAbs at the air—water interface is essential
for stability.”'"”**~% Amphiphilic mAbs can adsorb to the
interface and form viscoelastic films. Within this film,
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rearrangements and interprotein interactions can be energeti-
cally favored but can promote partial unfolding of the protein
into f-sheets and the formation of aggregates that can be shed
into the bulk solution upon shearing.””*'*"?® Imaging of thin
liquid films formed between air bubbles (Figure 4a,b) and of
bubble dispersions in mAbs solutions (Figure 4c,d) confirmed
that some of the protein aggregates remain adsorbed on the
air—water surface, whereas others are ultimately shed as
aggregates into the bulk solution under agitation.””*"*®

Antibody hydrophobicity, colloidal and conformational
stability are expected to influence interfacial aggregation and
particle shedding.”*”*” We therefore tested whether bio-
physical parameters describing these properties can predict
agitation-induced a%%regation, which occurs mostly at air—
liquid interfaces.”””">*"*® We showed that none of the tested
“bulk” descriptors correlates with the aggregates formed due to
agitation (Figure 3). This aligns with earlier findings indicating
the limited usability of developability parameters such as kp,
T, and hydro};hobicity for stability prediction during
agitation.”””>**® Next to interfacial instability, electrostatic
interaction, z-stacking, and hydrophobic interaction driven by
surface patches of mAbs can also cause self-interaction and
unspecific binding.”"~"” Jain et al. have published data for 137
antibodies in clinical stages using eight different assays for
determining self- and cross-interaction. Their data set includes
results for nine of the ten mAbs that we tested here.”> We
therefore investigated correlations of their results with the
aggregation at the air—water interface. However, self-
interaction and unspecific binding assays did not show
predictive power for particle formation upon agitation (all R
< 0.34), potentially influenced by differences in the buffer
system used and IgG isotype. In addition to those wet-lab
techniques, in-silico tools are emerging for the determination
of mAb developability. The Therapeutic Antibody Profiler is
one of those commonly used tools. However, it is trained by
commercial mAbs and limited to predictions at pH 7.4.”
Accordingly, the tool was not suited for the prediction of
agitation-induced aggregation in our case (commercial mAbs
in acetate buffer, pH S with 0.9% NaCl).

Because of the low predictive power of the standard
developability assays, we examined mAbD interfacial properties.
Recent studies indicate that surface properties could directly
correlate with protein stability. Mitropoulos et al. demon-
strated that thermodynamically less stable proteins absorb
more rapidly to the air—liquid interface, forming viscoelastic
films with higher shear rheology.87 In line with this, Kannan et
al. reported that a mAb with lower interfacial stability showed
higher dilatational moduli than a more stable mAb."”
Extending these findings, the impact of NaCl as a clinically
relevant diluent was investigated. An increase in particle
formation at the interface in the presence of NaCl could again
be linked to greater interfacial elasticity driven by greater
interprotein interactions resulting from the screening of
electrostatic interactions.”” In a broader study using 16
mADbs, Shieh and Patel found that the initial increase in 7 is
a good ;)redictor for mAb aggregation at the air—liquid
interface.”” Pham et al. showed that both near-equilibrium 7
and elastic modulus correlate well with the aggregate
concentrations generated during long-term storage stability.”*

However, neither 7z, nor its increase in the first 10 s, or
interfacial rheology (G’) correlated linearly with the agitation-
induced aggregate formation in the ten mAb solutions in the
current study while only semiqualitative relations could be
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found with 7 and G’ (Figures S4 and SS). Discrepancies could
be related to the different surface characterization techniques
used. For example, Shieh and Patel used a Wilhelmy plate
tensiometer* to measure surface pressure, compared to a
Langmuir trough for Pham et al.”* and the drop shape analysis
in the current study. We also have to note that it is not clear to
what extent (if any) the mAb sets of the three studies overlap,
as the mADb structures studied by Kannan et al.,, Pham et al. and
Shieh and Patel were not disclosed.

As mentioned above, neither 7z nor interfacial elasticity alone
was able to predict aggregation in the current study (Figure
5a). Also, foam volume (R* = 0.64) and the time for blackspot
formation (R* = 0.39) did not seem suited as descriptive
parameters (Figure S6 and Table SS). However, the
combination of 7 near equilibrium (measurement after 900
s) and G’ was very powerful in discriminating well-behaved
molecules from unstable candidates (Figure Sb). The surface
pressure is indicative of the affinity of the proteins for the air—
liquid interface, while the elastic modulus describes the
strength of intermolecular interactions.”**">>7>%79% Wwe
hypothesize that measures for both processes together are
needed to describe interfacial stability.

The two parameters, 7 and G’, were measured via drop
shape analysis — a method that allows the simultaneous
determination of both characteristics in the same measurement
with several repeats, while requiring relatively low sample
volume (~500 uL). However, the method requires specialized
equipment and is relatively time-consuming.” As throughput
is currently low, the development of robust, high-throughput
assays will be key to integrating interfacial stability analysis into
early development.*>”°

Our experiments were intentionally performed in a
surfactant-free buffer to probe the intrinsic mAb stability
during agitation. In practice, antibody adsorption and
aggregation at the air—liquid interface are usually mitigated
by surfactants. However, only three surfactants are used in
approved antibody drugs — polysorbate 20 and 80, and
poloxamer 188.*° These surfactants can act in various ways,
such as competition with the antibody for surface adsorption
or preferential binding to folded species. Interactions are
complex, e.g, some depend on the critical micelle concen-
tration, and some change with temperature. In some
conditions, surfactants can even promote partial protein
unfolding and aggregation.””** Kannan et al. showcased that
clinically relevant NaCl addition promotes aggregation of a
mAD in the presence of polysorbate 20 when compared with a
low-ionic-strength buffer.”> Additionally, these nonionic
surfactants are associated with major challenges such as
impurities, degradation, and potential immune activation.
Polysorbates are known to hydrolyze and autooxidise, losing
their efficacy and causing harmful degradation products that
can form (sub)visible particles, act as aggregation cores, and
promote protein oxidation. Poloxamer is more stable but less
effective and also suffers from oxidation. In general, surfactants
can promote the release of extractables and leachables such as
di(2-ethylhexyl) phthalate DEHP from PVC used in tubings
and IV bags.”’ ™" Accordingly, it is desirable to select
antibody drug candidates with high intrinsic stability against
aggregation due to interfacial stress. Intrinsically stable mAb
candidates could facilitate the formulation development and
improve the safety during postproduction handling of mAbs in
infusion bags.%! 16323372
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In terms of structure—stability relationships, most of the
tested mAbs were IgGl, except for NIVO and PEMB, which
are IgG4. Interestingly, both FIM and SEC indicated that
NIVO and PEMB were among the more aggregation-prone
mAbs during agitation. IgG4’s have already shown reduced
thermal””” and colloidal stability in a head-to-head compar-
ison with IgGl’s.g’s’100 Also, aggregate formation within the
bulk solution can be promoted for the IgG4 isotype.”>'*'%*
Future work will have to elucidate the importance of the
antibody isotype and the combination of different Fc and Fab
fragments on the interfacial stability.

B CONCLUSIONS

In summary, we report that a standard developability analysis
does not predict agitation-induced aggregation of mAbs driven
by their inherent interfacial instability. In contrast, the
combination of surface adsorption and interfacial rheology
characteristics correlates well with the aggregation of mAbs
caused by agitation in the presence of air—liquid interfaces.
Specifically, we used the product of the surface elasticity (G')
with the difference between the surface tension of the bare
air—water surface and the surface tension after mAb adsorption
(), to describe the important interplay between surface
activity and interprotein interactions at the interface. Our
findings emphasize limitations of established developability
parameters and illustrate the need for dedicated developability
assays that predict interfacial antibody stability.
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B ABBREVIATIONS

BCM Dbarycentric mean

D diffusion coefficient

/2 surface pressure

DLS  dynamic light scattering

DSA  drop shape analysis

DSF  differential scanning fluorimetry
ESD  equivalent spherical diameter
FIM  flow-imaging microscopy

G’ surface elastic modulus

HIC  hydrophobic interaction chromatography
IgG  immunoglobulin G

INN international nonproprietary name
kp diffusion self-interaction parameter
mAb  monoclonal antibody

MALS multiangle light scattering

MSF  modulated scanning fluorimetry
PBS  phosphate-buffered saline

pl isoelectric point

RT retention time

R, apparent hydrodynamic radius

RI refractive index

RMY relative monomer yield

SEC  size-exclusion chromatography
Tagg aggregation onset temperature

T apparent melting temperature

3430

T

nr

uv

nonreversibility onset temperature
ultraviolet

B REFERENCES

(1) Le Basle, Y.; Chennell, P.; Tokhadze, N.; Astier, A.; Sautou, V.
Physicochemical Stability of Monoclonal Antibodies: A Review. J.
Pharm. Sci. 2020, 109 (1), 169—190.

(2) Mahler, H. C.; Friess, W.; Grauschopf, U.; Kiese, S. Protein
aggregation: pathways, induction factors and analysis. J. Pharm. Sci.
2009, 98 (9), 2909—2934.

(3) Ripple, D. C.; Dimitrova, M. N. Protein particles: what we know
and what we do not know. J. Pharm. Sci. 2012, 101 (10), 3568—3579.

(4) Wang, W. Protein aggregation and its inhibition in
biopharmaceutics. Int. J. Pharm. 2005, 289 (1-2), 1-30.

(5) Wiesbauer, J.; Prassl, R.; Nidetzky, B. Renewal of the Air-Water
Interface as a Critical System Parameter of Protein Stability:
Aggregation of the Human Growth Hormone and Its Prevention by
Surface-Active Compounds. Langmuir 2013, 29 (49), 15240—15250.

(6) Koepf, E.; Schroeder, R; Brezesinski, G.; Friess, W. The film tells
the story: Physical-chemical characteristics of IgG at the liquid-air
interface. Eur. J. Pharm. Biopharm 2017, 119, 396—407.

(7) Bee, J. S.; Schwartz, D. K.; Trabelsi, S.; Freund, E.; Stevenson, J.
L.,; Carpenter, J. F.; Randolph, T. W. Production of particles of
therapeutic proteins at the air-water interface during compression/
dilation cycles. Soft Matter 2012, 8 (40), 10329—1033S.

(8) Kiese, S.; Papppenberger, A.; Friess, W.; Mahler, H. C. Shaken,
not stirred: mechanical stress testing of an IgG1 antibody. J. Pharm.
Sci. 2008, 97 (10), 4347—4366.

(9) Koepf, E.; Eisele, S.; Schroeder, R.; Brezesinski, G.; Friess, W.
Notorious but not understood: How liquid-air interfacial stress
triggers protein aggregation. Int. J. Pharm. 2018, S37 (1-2), 202—
212.

(10) Linkuviene, V.; Ross, E. L.; Crawford, L.; Weiser, S. E.; Man,
D.; Kay, S.; Kolhe, P.; Carpenter, J. F. Effects of Transportation of IV
Bags Containing Protein Formulations Via Hospital Pneumatic Tube
System: Particle Characterization by Multiple Methods. J. Pharm. Sci.
2022, 111 (4), 1024—1039.

(11) Narhi, L. O.; Chou, D. K; Christian, T. R; Gibson, S.;
Jagannathan, B.; Jiskoot, W.; Jordan, S.; Sreedhara, A.; Waxman, L,;
Das, T. K. Stress Factors in Primary Packaging, Transportation and
Handling of Protein Drug Products and Their Impact on Product
Quality. J. Pharm. Sci. 2022, 111 (4), 887—902.

(12) Wozniewski, M.; Besheer, A.; Huwyler, J.; Mahler, H. C.; Levet,
V.; Sedig, A. S. A Survey on Handling and Administration of
Therapeutic Protein Products in German and Swiss Hospitals. J.
Pharm. Sci. 2024, 113 (3), 735—743.

(13) Luo, S.; McSweeney, K. M.; Wang, T.; Bacot, S. M.; Feldman,
G. M,; Zhang, B. Defining the right diluent for intravenous infusion of
therapeutic antibodies. MAbs 2020, 12 (1), 1685814.

(14) Galush, W. J.; Horst, T. A. Vented spikes improve delivery from
intravenous bags with no air headspace. J. Pharm. Sci. 2015, 104 (7),
2397-2400.

(15) Cohrs, M.; Clottens, N.; Ramaut, P.; Braeckmans, K,; De
Smedt, S.; Bauters, T.; Svilenov, H. L. Impact of pneumatic tube
transportation on the aggregation of monoclonal antibodies in clinical
practice. Eur. J. Pharm. Sci. 2025, 204, No. 106952.

(16) Kjellstrom, A.; Cederwall, I; Martinez, C. S; Kwok, S;
Rosenthal, F.; Elofsson, U.; Paulsson, M.; Wahlgren, M. Pneumatic
tube transport of trastuzumab in IV bags-Effect of headspace and
surfactant on subvisible particle formation. J. Pharm. Sci. 2025, 114
(2), 1142—1151.

(17) Randolph, T. W.; Schiltz, E.; Sederstrom, D.; Steinmann, D.;
Mozziconacci, O.; Schoneich, C.; Freund, E.; Ricci, M. S.; Carpenter,
J. E,; Lengsfeld, C. S. Do not drop: mechanical shock in vials causes
cavitation, protein aggregation, and particle formation. J. Pharm. Sci.
2015, 104 (2), 602—611.

(18) Griffin, V. P.; Merritt, K.; Vaclaw, C.; Whitaker, N.; Volkin, D.
B.; Ogunyankin, M. O.; Pace, S.; Dhar, P. Evaluating the Combined
Impact of Temperature and Application of Interfacial Dilatational

https://doi.org/10.1021/acs.molpharmaceut.6c00092
Mol. Pharmaceutics 2026, 23, 3421-3433


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wesley+De+Neve"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kevin+Braeckmans"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7993-6295
https://orcid.org/0000-0002-7993-6295
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefaan+De+Smedt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8653-2598
https://orcid.org/0000-0002-8653-2598
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Slavka+Tcholakova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8091-7529
https://orcid.org/0000-0001-8091-7529
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zahari+Vinarov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.6c00092?ref=pdf
https://doi.org/10.1016/j.xphs.2019.08.009
https://doi.org/10.1002/jps.21566
https://doi.org/10.1002/jps.21566
https://doi.org/10.1002/jps.23242
https://doi.org/10.1002/jps.23242
https://doi.org/10.1016/j.ijpharm.2004.11.014
https://doi.org/10.1016/j.ijpharm.2004.11.014
https://doi.org/10.1021/la4028223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la4028223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la4028223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la4028223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ejpb.2017.07.006
https://doi.org/10.1016/j.ejpb.2017.07.006
https://doi.org/10.1016/j.ejpb.2017.07.006
https://doi.org/10.1039/c2sm26184g
https://doi.org/10.1039/c2sm26184g
https://doi.org/10.1039/c2sm26184g
https://doi.org/10.1002/jps.21328
https://doi.org/10.1002/jps.21328
https://doi.org/10.1016/j.ijpharm.2017.12.043
https://doi.org/10.1016/j.ijpharm.2017.12.043
https://doi.org/10.1016/j.xphs.2022.01.016
https://doi.org/10.1016/j.xphs.2022.01.016
https://doi.org/10.1016/j.xphs.2022.01.016
https://doi.org/10.1016/j.xphs.2022.01.011
https://doi.org/10.1016/j.xphs.2022.01.011
https://doi.org/10.1016/j.xphs.2022.01.011
https://doi.org/10.1016/j.xphs.2023.09.010
https://doi.org/10.1016/j.xphs.2023.09.010
https://doi.org/10.1080/19420862.2019.1685814
https://doi.org/10.1080/19420862.2019.1685814
https://doi.org/10.1002/jps.24466
https://doi.org/10.1002/jps.24466
https://doi.org/10.1016/j.ejps.2024.106952
https://doi.org/10.1016/j.ejps.2024.106952
https://doi.org/10.1016/j.ejps.2024.106952
https://doi.org/10.1016/j.xphs.2024.12.003
https://doi.org/10.1016/j.xphs.2024.12.003
https://doi.org/10.1016/j.xphs.2024.12.003
https://doi.org/10.1002/jps.24259
https://doi.org/10.1002/jps.24259
https://doi.org/10.1016/j.xphs.2021.10.038
https://doi.org/10.1016/j.xphs.2021.10.038
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.6c00092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

Stresses on Surface-mediated Protein Particle Formation in
Monoclonal Antibody Formulations. J. Pharm. Sci-Us 2022, 111
(3), 680—689.

(19) Kannan, A,; Shieh, I. C.; Leiske, D. L.; Fuller, G. G. Monoclonal
Antibody Interfaces: Dilatation Mechanics and Bubble Coalescence.
Langmuir 2018, 34 (2), 630—638.

(20) Kanthe, A; Ilott, A; Krause, M.; Zheng, S.; Li, J.; Bu, W.; Bera,
M. K; Lin, B; Maldarelli C,; Tu, R. S. No ordinary proteins:
Adsorption and molecular orientation of monoclonal antibodies. Sci.
Adv. 2021, 7 (35), No. eabg2873.

(21) Lin, G. L; Pathak, J. A;; Kim, D. H.; Carlson, M.; Riguero, V.;
Kim, Y. J.; Buff, J. S.; Fuller, G. G. Interfacial dilatational deformation
accelerates particle formation in monoclonal antibody solutions. Soft
Matter 2016, 12 (14), 3293—3302.

(22) McClellan, S. J.; Franses, E. L. Effect of concentration and
denaturation on adsorption and surface tension of bovine serum
albumin. Colloid Surface B 2003, 28 (1), 63—75.

(23) Wierenga, P. A,; Egmond, M. R.; Voragen, A. G; de Jongh, H.
H. The adsorption and unfolding kinetics determines the folding state
of proteins at the air-water interface and thereby the equation of state.
J. Colloid Interface Sci. 2006, 299 (2), 850—857.

(24) Wood, C. V.; McEvoy, S.; Razinkov, V. L; Qi, W.; Furst, E. M.;
Roberts, C. J. Kinetics and Competing Mechanisms of Antibody
Aggregation via Bulk- and Surface-Mediated Pathways. J. Pharm. Sci.
2020, 109 (4), 1449—1459.

(25) Wood, C. V.; Razinkov, V. L; Qi, W.; Roberts, C. J.; Vermant,
J.; Furst, E. M. Antibodies Adsorbed to the Air-Water Interface Form
Soft Glasses. Langmuir 2023, 39 (22), 7775—7782.

(26) Pham, K. G.; Thompson, B. R;; Phan, M.; Heinrich, F.; Liu, Y,;
Wang, T. T,; Qian, K. K; Wagner, N. J. Shear and Dilatational
Rheology and Interfacial Structure of a Monoclonal Antibody
Adsorbed at the Air-Liquid Interface. Langmuir 2025, 41, 30102.

(27) Ghazvini, S.; Kalonia, C.; Volkin, D. B.; Dhar, P. Evaluating the
Role of the Air-Solution Interface on the Mechanism of Subvisible
Particle Formation Caused by Mechanical Agitation for an IgG1 mAb.
J. Pharm. Sci-Us 2016, 105 (S), 1643—1656.

(28) Heljo, P.; Ahmadi, M.; Schack, M. M. H.; Cunningham, R;
Manin, A.; Nielsen, P. F; Tian, X. S; Fogg, M, Bunce, C;
Baunsgaard, D.; et al. Impact of Stress on the Immunogenic Potential
of Adalimumab. J. Pharm. Sci-Us 2023, 112 (4), 1000—1010.

(29) Kotarek, J.; Stuart, C.; De Paoli, S. H.; Simak, J.; Lin, T. L.;
Gao, Y.; Ovanesov, M,; Liang, Y.; Scott, D.; Brown, J.; et al. Subvisible
Particle Content, Formulation, and Dose of an Erythropoietin Peptide
Mimetic Product Are Associated With Severe Adverse Postmarketing
Events. J. Pharm. Sci. 2016, 105 (3), 1023—1027.

(30) Moussa, E. M,; Panchal, J. P.; Moorthy, B. S,; Blum, J. S
Joubert, M. K; Narhi, L. O; Topp, E. M. Immunogenicity of
Therapeutic Protein Aggregates. J. Pharm. Sci. 2016, 10S (2), 417—
430.

(31) Ratanji, K. D.; Derrick, J. P.; Dearman, R. J; Kimber, L
Immunogenicity of therapeutic proteins: Influence of aggregation. J.
Immunotoxicol 2014, 11 (2), 99—109.

(32) Gentiluomo, L.; Svilenov, H. L.; Augustijn, D.; El Bialy, I;
Greco, M. L,; Kulakova, A.; Indrakumar, S.; Mahapatra, S.; Morales,
M. M,; Pohl, C,; et al. Advancing Therapeutic Protein Discovery and
Development through Comprehensive Computational and Biophys-
ical Characterization. Mol. Pharm. 2020, 17 (2), 426—440.

(33) Jain, T.; Sun, T. W.; Durand, S.; Hall, A.; Houston, N. R.; Nett,
J. H.; Sharkey, B.; Bobrowicz, B.; Caffry, L; Yu, Y.; et al. Biophysical
properties of the clinical-stage antibody landscape. P Natl. Acad. Sci.
USA 2017, 114 (5), 944—949.

(34) Svilenov, H. L.; Arosio, P.; Menzen, T.; Tessier, P.; Sormanni,
P. Approaches to expand the conventional toolbox for discovery and
selection of antibodies with drug-like physicochemical properties.
Mabs 2023, 15 (1), 2164459.

(35) Bailly, M.; Mieczkowski, C.; Juan, V.; Metwally, E.; Tomazela,
D.; Baker, J.; Uchida, M.; Kofman, E.; Raoufi, F.; Motlagh, S.; et al.
Predicting Antibody Developability Profiles Through Early Stage
Discovery Screening. Mabs 2020, 12 (1), No. 1743053.

3431

(36) Ghosh, I; Gutka, H.; Krause, M. E.; Clemens, R.; Kashi, R. S. A
systematic review of commercial high concentration antibody drug
products approved in the US: formulation composition, dosage form
design and primary packaging considerations. MAbs 2023, 1S5 (1),
2205540.

(37) Cucuzza, S.; Brosig, S.; Serno, T.; Bechtold-Peters, K.; Cerar, J.;
Kammuller, M.; Gallou, F. Modular and tunable alternative
surfactants for biopharmaceuticals provide insights into Surfactant’s
Structure-Function relationship. Int. J. Pharm. 2024, 650, No. 123692.

(38) Katz, J. S.; Chou, D. K; Christian, T. R;; Das, T. K.; Patel, M.;
Singh, S. N; Wen, Y. Emerging Challenges and Innovations in
Surfactant-mediated Stabilization of Biologic Formulations. J. Pharm.
Sci. 2022, 111 (4), 919-932.

(39) Grabarek, A. D.; Bozic, U.; Rousel, J.; Menzen, T.; Kranz, W.;
Wuchner, K; Jiskoot, W.; Hawe, A. What Makes Polysorbate
Functional? Impact of Polysorbate 80 Grade and Quality on IgG
Stability During Mechanical Stress. J. Pharm. Sci. 2020, 109 (1), 871—
880.

(40) Ha, E; Wang, W; Wang, Y. J. Peroxide formation in
polysorbate 80 and protein stability. J. Pharm. Sci. 2002, 91 (10),
2252-2264.

(41) Hampl, V.; Guo, X; Ehrenstrasser, C.; Viertler, M.; Rayner, L.;
Campanelli, G.; Schipflinger, R,; Thewes, K; Cerreti, A.; Boehm, S;
et al. A Newly Identified Impurity in Polysorbate 80, the Long-Chain
Ketone 12-Tricosanone, Forms Visible Particles in a Biopharmaceut-
ical Drug Product. J. Pharm. Sci. 2018, 107 (6), 1552—1561.

(42) Siska, C. C.; Pierini, C. J; Lau, H. R; Latypov, R. F;
Fesinmeyer, R. M.; Litowski, J. R. Free fatty acid particles in protein
formulations, part 2: contribution of polysorbate raw material. J.
Pharm. Sci. 2015, 104 (2), 447—456.

(43) Cohrs, M; Davy, A; Van Ackere, M.; De Smedt, S;
Braeckmans, K; Epe, M.; Svilenov, H. L. Intrinsic Differential
Scanning Fluorimetry for Protein Stability Assessment in Microwell
Plates. Mol. Pharm. 2025, 22 (3), 1697—1706.

(44) Garidel, P.; Hegyi, M,; Bassarab, S.; Weichel, M. A rapid,
sensitive and economical assessment of monoclonal antibody
conformational stability by intrinsic tryptophan fluorescence spec-
troscopy. Biotechnol J. 2008, 3 (9—10), 1201—1211.

(45) Svilenov, H. L.; Kulakova, A.; Zalar, M.; Golovanov, A. P.;
Harris, P.; Winter, G. Orthogonal Techniques to Study the Effect of
pH, Sucrose, and Arginine Salts on Monoclonal Antibody Physical
Stability and Aggregation During Long-Term Storage. J. Pharm. Sci.
2020, 109 (1), 584—594.

(46) Wen, J.; Lord, H.; Knutson, N.; Wikstrom, M. Nano differential
scanning fluorimetry for comparability studies of therapeutic proteins.
Anal. Biochem. 2020, 593, No. 113581.

(47) Berner, C.; Menzen, T.; Winter, G.; Svilenov, H. L. Combining
Unfolding Reversibility Studies and Molecular Dynamics Simulations
to Select Aggregation-Resistant Antibodies. Mol. Pharm. 2021, 18 (6),
2242-2253.

(48) Svilenov, H. L.; Menzen, T.; Richter, K.; Winter, G. Modulated
Scanning Fluorimetry Can. Quickly Assess Thermal Protein
Unfolding Reversibility in Microvolume Samples. Mol. Pharm. 2020,
17 (7), 2638—2647.

(49) Svilenov, H; Markoja, U.; Winter, G. Isothermal chemical
denaturation as a complementary tool to overcome limitations of
thermal differential scanning fluorimetry in predicting physical
stability of protein formulations. Eur. J. Pharm. Biopharm 2018, 12§,
106—113.

(50) Alekseychyk, L.; Su, C.; Becker, G. W.; Treuheit, M. J.;
Razinkov, V. I. High-throughput screening and stability optimization
of anti-streptavidin IgGl and IgG2 formulations. J. Biomol Screen
2014, 19 (9), 1290—1301.

(51) Willis, L. F.; Trayton, L; Saunders, J. C.; Briique, M. G.; Birch,
W. D.; Westhead, D. R.; Day, K; Bond, N. J.; Devine, P. W. A,; Lloyd,
C.; et al. Rationalizing mAb Candidate Screening Using a Single
Holistic Developability Parameter. Mol. Pharm. 2025, 22 (1), 181—
195.

https://doi.org/10.1021/acs.molpharmaceut.6c00092
Mol. Pharmaceutics 2026, 23, 3421-3433


https://doi.org/10.1016/j.xphs.2021.10.038
https://doi.org/10.1016/j.xphs.2021.10.038
https://doi.org/10.1021/acs.langmuir.7b03790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.7b03790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.abg2873
https://doi.org/10.1126/sciadv.abg2873
https://doi.org/10.1039/C5SM02830B
https://doi.org/10.1039/C5SM02830B
https://doi.org/10.1016/S0927-7765(02)00131-5
https://doi.org/10.1016/S0927-7765(02)00131-5
https://doi.org/10.1016/S0927-7765(02)00131-5
https://doi.org/10.1016/j.jcis.2006.03.016
https://doi.org/10.1016/j.jcis.2006.03.016
https://doi.org/10.1016/j.xphs.2020.01.005
https://doi.org/10.1016/j.xphs.2020.01.005
https://doi.org/10.1021/acs.langmuir.3c00616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.3c00616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5c02823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5c02823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5c02823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.xphs.2016.02.027
https://doi.org/10.1016/j.xphs.2016.02.027
https://doi.org/10.1016/j.xphs.2016.02.027
https://doi.org/10.1016/j.xphs.2022.12.027
https://doi.org/10.1016/j.xphs.2022.12.027
https://doi.org/10.1016/S0022-3549(15)00180-X
https://doi.org/10.1016/S0022-3549(15)00180-X
https://doi.org/10.1016/S0022-3549(15)00180-X
https://doi.org/10.1016/S0022-3549(15)00180-X
https://doi.org/10.1016/j.xphs.2015.11.002
https://doi.org/10.1016/j.xphs.2015.11.002
https://doi.org/10.3109/1547691X.2013.821564
https://doi.org/10.1021/acs.molpharmaceut.9b00852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.9b00852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.9b00852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1616408114
https://doi.org/10.1073/pnas.1616408114
https://doi.org/10.1080/19420862.2022.2164459
https://doi.org/10.1080/19420862.2022.2164459
https://doi.org/10.1080/19420862.2020.1743053
https://doi.org/10.1080/19420862.2020.1743053
https://doi.org/10.1080/19420862.2023.2205540
https://doi.org/10.1080/19420862.2023.2205540
https://doi.org/10.1080/19420862.2023.2205540
https://doi.org/10.1080/19420862.2023.2205540
https://doi.org/10.1016/j.ijpharm.2023.123692
https://doi.org/10.1016/j.ijpharm.2023.123692
https://doi.org/10.1016/j.ijpharm.2023.123692
https://doi.org/10.1016/j.xphs.2021.12.002
https://doi.org/10.1016/j.xphs.2021.12.002
https://doi.org/10.1016/j.xphs.2019.10.015
https://doi.org/10.1016/j.xphs.2019.10.015
https://doi.org/10.1016/j.xphs.2019.10.015
https://doi.org/10.1002/jps.10216
https://doi.org/10.1002/jps.10216
https://doi.org/10.1016/j.xphs.2018.02.017
https://doi.org/10.1016/j.xphs.2018.02.017
https://doi.org/10.1016/j.xphs.2018.02.017
https://doi.org/10.1002/jps.24144
https://doi.org/10.1002/jps.24144
https://doi.org/10.1021/acs.molpharmaceut.4c01496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.4c01496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.4c01496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/biot.200800091
https://doi.org/10.1002/biot.200800091
https://doi.org/10.1002/biot.200800091
https://doi.org/10.1002/biot.200800091
https://doi.org/10.1016/j.xphs.2019.10.065
https://doi.org/10.1016/j.xphs.2019.10.065
https://doi.org/10.1016/j.xphs.2019.10.065
https://doi.org/10.1016/j.ab.2020.113581
https://doi.org/10.1016/j.ab.2020.113581
https://doi.org/10.1021/acs.molpharmaceut.1c00017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.1c00017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.1c00017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.0c00330?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.0c00330?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.0c00330?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ejpb.2018.01.004
https://doi.org/10.1016/j.ejpb.2018.01.004
https://doi.org/10.1016/j.ejpb.2018.01.004
https://doi.org/10.1016/j.ejpb.2018.01.004
https://doi.org/10.1177/1087057114542431
https://doi.org/10.1177/1087057114542431
https://doi.org/10.1021/acs.molpharmaceut.4c00829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.4c00829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.6c00092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

(52) Kopp, M. R. G.; Wolf Perez, A. M.; Zucca, M. V.; Capasso
Palmiero, U.; Friedrichsen, B.; Lorenzen, N.; Arosio, P. An
accelerated surface-mediated stress assay of antibody instability for
developability studies. MAbs 2020, 12 (1), 1815995.

(53) Reddi, B. A. Why is saline so acidic (and does it really matter?).
Int. J. Med. Sci. 2013, 10 (6), 747—750.

(54) Strickley, R. G.; Lambert, W. J. A review of Formulations of
Commercially Available Antibodies. J. Pharm. Sci. 2021, 110 (7),
2590—2608.e56.

(55) Kim, S. H;; Yoo, H. J.; Park, E. J.; Na, D. H. Nano Differential
Scanning Fluorimetry-Based Thermal Stability Screening and Optimal
Buffer Selection for Inmunoglobulin G. Pharmaceuticals 2021, 15 (1),
29.

(56) Francis, J. A.; Wright, L.; van Wegen, R.; Zhao, C. X; Falconer,
R. J. Effects of salts, buffers and sucrose on protein-protein attractive
and repulsive interactions. Int. J. Pharm. 2025, 672, No. 125321.

(57) Gasteiger, E.; Hoogland, C.; Gattiker, A.; Duvaud, S.; Wilkins,
M. R; Appel, R. D.; Bairoch, A. Protein Identification and Analysis
Tools on the Expasy Server. In The Proteomics Protocols Handbook;
Walker, J. M., Ed.;; Humana Press: 200S; Vol. 1, pp 571-607.

(58) Caron, M.; Bojanowski, P.; Joulin, A; Douze, M. Deep
Clustering for Unsupervised Learning of Visual Features. Lect Notes
Comput. Sc 2018, 11218, 139—156.

(59) He, K. M; Zhang, X. Y,; Ren, S. Q; Sun, J.Deep Residual
Learning for Image Recognition. In Proc. CVPR IEEE; IEEE: 2016; pp
770-778.

(60) Caron, M.; Misra, I; Mairal, J.; Goyal, P.; Bojanowski, P.;
Joulin, A. Unsupervised Learning of Visual Features by Contrasting
Cluster Assignments. In Adv. Neur In; Curran Associates Inc.: 2020;
Vol. 33.

(61) Deng, J; Dong, W.; Socher, R; Li, L. J; Li, K; Li, F.
F.ImageNet: A Large-Scale Hierarchical Image Database. In CVPR:
2009 IEEE Conference on Computer Vision and Pattern Recognition;
IEEE: 2009; Vols. 1—4, pp 248—255.

(62) Singhal, A. Modern Information Retrieval: A Brief Overview.
IEEE Data Eng. Bull. 2001, 24 (4), 9.

(63) Sheludko, A. Thin liquid films. Adv. Colloid Interface Sci. 1967,
1 (4), 391—464.

(64) Russev, S. C.; Alexandrov, N.; Marinova, K. G.; Danov, K. D.;
Denkov, N. D.; Lyutov, L,; Vulchev, V.; Bilke-Krause, C. Instrument
and methods for surface dilatational rheology measurements. Rev. Sci.
Instrum. 2008, 79 (10), 104102.

(65) Mazaheri, M.; Saggu, M.; Wuchner, K.; Koulov, A. V.; Nikels,
F.; Chalus, P; Das, T. K; Cash, P. W,; Finkler, C.; Levitskaya-
Seaman, S. V.; et al. Monitoring of Visible Particles in Parenteral
Products by Manual Visual Inspection-Reassessing Size Threshold
and Other Particle Characteristics that Define Particle Visibility. J.
Pharm. Sci. 2024, 113 (3), 616—624.

(66) Melien, R.; Garidel, P.; Hinderberger, D.; Blech, M.
Thermodynamic Unfolding and Aggregation Fingerprints of Mono-
clonal Antibodies Using Thermal Profiling. Pharm. Res. 2020, 37 (4),
78.

(67) Parnian, P.; Arnold, M. A,; Nejadnik, M. R. Characterizing
protein-protein interactions in mAb formulations: A comparative
study of kD, B22, and DLVO framework. Colloids Surf, A 2026, 728,
No. 13850S.

(68) Danov, K. D.; Basheva, E. S.; Kralchevsky, P. A. Effect of Ionic
Correlations on the Surface Forces in Thin Liquid Films: Influence of
Multivalent Coions and Extended Theory. Materials 2016, 9 (3), 14S.

(69) Pagureva, N.; Tcholakova, S.; Rusanova, K; Denkov, N.;
Dimitrova, T. Factors affecting the coalescence stability of micro-
bubbles. Colloid Surface A 2016, 508, 21-29.

(70) Kralchevsky, P. A;; Danov, K. D.; Anachkov, S. E. Depletion
forces in thin liquid films due to nonionic and ionic surfactant
micelles. Curr. Opin Colloid In 2015, 20 (1), 11—18.

(71) Danov, K. D.; Basheva, E. S.; Kralchevsky, P. A.;
Ananthapadmanabhan, K. P.; Lips, A. The metastable states of foam
films containing electrically charged micelles or particles: Experiment

3432

and quantitative interpretation. Adv. Colloid Interface Sci. 2011, 168
(1-2), 50—70.

(72) Kannan, A.; Shieh, I. C.; Hristov, P.; Fuller, G. G. In-Use
Interfacial Stability of Monoclonal Antibody Formulations Diluted in
Saline i.v. Bags. J. Pharm. Sci. 2021, 110 (4), 1687—1692.

(73) Shieh, I. C.; Patel, A. R. Predicting the Agitation-Induced
Aggregation of Monoclonal Antibodies Using Surface Tensiometry.
Mol. Pharm. 2015, 12 (9), 3184—3193.

(74) Calderon, C. P.; Daniels, A. L; Randolph, T. W. Deep
Convolutional Neural Network Analysis of Flow Imaging Microscopy
Data to Classify Subvisible Particles in Protein Formulations. J.
Pharm. Sci. 2018, 107 (4), 999—1008.

(75) Calderon, C. P.; Krhac Levacic, A.; Helbig, C.; Wuchner, K;
Menzen, T. Combining Machine Learning and Backgrounded
Membrane Imaging: A Case Study in Comparing and Classifying
Different Types of Biopharmaceutically Relevant Particles. J. Pharm.
Sci. 2022, 111 (9), 2422—2434.

(76) Daniels, A. L.; Calderon, C. P.; Randolph, T. W. Machine
learning and statistical analyses for extracting and characterizing
"fingerprints” of antibody aggregation at container interfaces from
flow microscopy images. Biotechnol. Bioeng. 2020, 117 (11), 3322—
333S.

(77) Thite, N. G.; Ghazvini, S.; Wallace, N.; Feldman, N.; Calderon,
C. P,; Randolph, T. W. Machine Learning Analysis Provides Insight
into Mechanisms of Protein Particle Formation Inside Containers
During Mechanical Agitation. J. Pharm. Sci. 2022, 111 (10), 2730—
2744.

(78) Witeof, A. E.; Daniels, A. L.; Rea, L. T.; Movafaghi, S.; Kurtz,
K.; Davis, M.; Eveland, R. W.; Calderon, C. P.; Randolph, T. W.
Machine Learning and Accelerated Stress Approaches to Differentiate
Potential Causes of Aggregation in Polyclonal Antibody Formulations
During Shipping. J. Pharm. Sci. 2021, 110 (7), 2743—2752.

(79) Lai, P. K.; Gallegos, A.; Mody, N.; Sathish, H. A,; Trout, B. L.
Machine learning prediction of antibody aggregation and viscosity for
high concentration formulation development of protein therapeutics.
MAbs 2022, 14 (1), 2026208.

(80) Cohrs, M.; Koak, S.; Lee, Y.; Sung, Y. J.; De Neve, W.; Svilenov,
H. L; Ozbulak, U.Color Flow Imaging Microscopy Improves
Identification of Stress Sources of Protein Aggregates in Biopharma-
ceuticals. In Medical Optical Imaging and Virtual Microscopy Image
Analysis, MOVI 2024; Springer: 2025; Vol. 15371, pp 86—96.

(81) Milef, G.; Ghazvini, S.; Prajapati, L; Chen, Y. C.; Wang, Y.;
Boroumand, M. Particle formation in response to different protein
formulations and containers: Insights from machine learning analysis
of particle images. J. Pharm. Sci. 2024, 113 (12), 3470—3478.

(82) Gambe-Gilbuena, A.; Shibano, Y.; Krayukhina, E.; Torisu, T.;
Uchiyama, S. Automatic Identification of the Stress Sources of Protein
Aggregates Using Flow Imaging Microscopy Images. J. Pharm. Sci.
2020, 109 (1), 614—623.

(83) Wang, W.; Roberts, C. J. Protein aggregation - Mechanisms,
detection, and control. Int. J. Pharm. 2018, 550 (1-2), 251—268.

(84) Wang, Y.; Wang, T.; Chen, Q.; Zhou, W.; Guo, J. Correlation
between the Protein Pharmaceutical Surface Activity and Interfacial
Stability. Mol. Pharm. 2023, 20 (S), 2536—2544.

(85) Zoeller, M. P.; Hafiz, S.; Marx, A,; Erwin, N.; Fricker, G.;
Carpenter, J. F. Exploring the Protein Stabilizing Capability of
Surfactants Against Agitation Stress and the Underlying Mechanisms.
J. Pharm. Sci. 2022, 111 (12), 3261—3274.

(86) Sarter, T.; Friess, W. Molecular Dynamics Study of Protein
Aggregation at Moving Interfaces. Mol. Pharm. 2024, 21 (3), 1214—
1221.

(87) Mitropoulos, V.; Mutze, A.; Fischer, P. Mechanical properties
of protein adsorption layers at the air/water and oil/water interface: a
comparison in light of the thermodynamical stability of proteins. Adv.
Colloid Interface Sci. 2014, 206, 195—206.

(88) He, F.; Woods, C. E.; Becker, G. W.; Narhi, L. O.; Razinkov, V.
I. High-throughput assessment of thermal and colloidal stability
parameters for monoclonal antibody formulations. J. Pharm. Sci. 2011,
100 (12), 5126—5141.

https://doi.org/10.1021/acs.molpharmaceut.6c00092
Mol. Pharmaceutics 2026, 23, 3421-3433


https://doi.org/10.1080/19420862.2020.1815995
https://doi.org/10.1080/19420862.2020.1815995
https://doi.org/10.1080/19420862.2020.1815995
https://doi.org/10.7150/ijms.5868
https://doi.org/10.1016/j.xphs.2021.03.017
https://doi.org/10.1016/j.xphs.2021.03.017
https://doi.org/10.3390/ph15010029
https://doi.org/10.3390/ph15010029
https://doi.org/10.3390/ph15010029
https://doi.org/10.1016/j.ijpharm.2025.125321
https://doi.org/10.1016/j.ijpharm.2025.125321
https://doi.org/10.1007/978-3-030-01264-9_9
https://doi.org/10.1007/978-3-030-01264-9_9
https://doi.org/10.1016/0001-8686(67)85001-2
https://doi.org/10.1063/1.3000569
https://doi.org/10.1063/1.3000569
https://doi.org/10.1016/j.xphs.2023.10.002
https://doi.org/10.1016/j.xphs.2023.10.002
https://doi.org/10.1016/j.xphs.2023.10.002
https://doi.org/10.1007/s11095-020-02792-1
https://doi.org/10.1007/s11095-020-02792-1
https://doi.org/10.1016/j.colsurfa.2025.138505
https://doi.org/10.1016/j.colsurfa.2025.138505
https://doi.org/10.1016/j.colsurfa.2025.138505
https://doi.org/10.3390/ma9030145
https://doi.org/10.3390/ma9030145
https://doi.org/10.3390/ma9030145
https://doi.org/10.1016/j.colsurfa.2016.08.012
https://doi.org/10.1016/j.colsurfa.2016.08.012
https://doi.org/10.1016/j.cocis.2014.11.010
https://doi.org/10.1016/j.cocis.2014.11.010
https://doi.org/10.1016/j.cocis.2014.11.010
https://doi.org/10.1016/j.cis.2011.03.006
https://doi.org/10.1016/j.cis.2011.03.006
https://doi.org/10.1016/j.cis.2011.03.006
https://doi.org/10.1016/j.xphs.2020.10.036
https://doi.org/10.1016/j.xphs.2020.10.036
https://doi.org/10.1016/j.xphs.2020.10.036
https://doi.org/10.1021/acs.molpharmaceut.5b00089?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.5b00089?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.xphs.2017.12.008
https://doi.org/10.1016/j.xphs.2017.12.008
https://doi.org/10.1016/j.xphs.2017.12.008
https://doi.org/10.1016/j.xphs.2022.05.022
https://doi.org/10.1016/j.xphs.2022.05.022
https://doi.org/10.1016/j.xphs.2022.05.022
https://doi.org/10.1002/bit.27501
https://doi.org/10.1002/bit.27501
https://doi.org/10.1002/bit.27501
https://doi.org/10.1002/bit.27501
https://doi.org/10.1016/j.xphs.2022.06.017
https://doi.org/10.1016/j.xphs.2022.06.017
https://doi.org/10.1016/j.xphs.2022.06.017
https://doi.org/10.1016/j.xphs.2021.02.029
https://doi.org/10.1016/j.xphs.2021.02.029
https://doi.org/10.1016/j.xphs.2021.02.029
https://doi.org/10.1080/19420862.2022.2026208
https://doi.org/10.1080/19420862.2022.2026208
https://doi.org/10.1016/j.xphs.2024.09.017
https://doi.org/10.1016/j.xphs.2024.09.017
https://doi.org/10.1016/j.xphs.2024.09.017
https://doi.org/10.1016/j.xphs.2019.10.034
https://doi.org/10.1016/j.xphs.2019.10.034
https://doi.org/10.1016/j.ijpharm.2018.08.043
https://doi.org/10.1016/j.ijpharm.2018.08.043
https://doi.org/10.1021/acs.molpharmaceut.2c01114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.2c01114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.2c01114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.xphs.2022.09.004
https://doi.org/10.1016/j.xphs.2022.09.004
https://doi.org/10.1021/acs.molpharmaceut.3c00865?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.3c00865?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cis.2013.11.004
https://doi.org/10.1016/j.cis.2013.11.004
https://doi.org/10.1016/j.cis.2013.11.004
https://doi.org/10.1002/jps.22712
https://doi.org/10.1002/jps.22712
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.6c00092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

(89) Jayaraman, M.; Buck, P. M,; Ignatius, A. A.; King, K. R,; Wang,
W. Agitation-induced aggregation and subvisible particulate formation
in model proteins. Eur. ]. Pharm. Biopharm. 2014, 87 (2), 299—309.

(90) Ausserwoger, H.; Krainer, G.; Welsh, T. J.; Thorsteinson, N.;
de Csillery, E.; Sneideris, T.; Schneider, M. M.; Egebjerg, T.;
Invernizzi, G.; Herling, T. W.; et al. Surface patches induce
nonspecific binding and phase separation of antibodies. Proc. Natl.
Acad. Sci. U. S. A. 2023, 120 (15), No. €2210332120.

(91) Ausserwoger, H.; Schneider, M. M.; Herling, T. W.; Arosio, P.;
Invernizzi, G.; Knowles, T. P. J.; Lorenzen, N. Non-specificity as the
sticky problem in therapeutic antibody development. Nat. Rev. Chem.
2022, 6 (12), 844—861.

(92) Herling, T. W.; Invernizzi, G.; Ausserwoger, H.; Bjelke, J. R;
Egebjerg, T.; Lund, S.; Lorenzen, N.; Knowles, T. P. J. Nonspecificity
fingerprints for clinical-stage antibodies in solution. Proc. Natl. Acad.
Sci. U. S. A. 2023, 120 (52), No. €2306700120.

(93) Raybould, M. I J.; Marks, C.; Krawczyk, K; Taddese, B;
Nowak, J; Lewis, A. P,; Bujotzek, A.; Shi, J; Deane, C. M. Five
computational developability guidelines for therapeutic antibody
profiling. Proc. Natl. Acad. Sci. U. S. A. 2019, 116 (10), 4025—4030.

(94) Pham, K. G.; Thompson, B. R.;; Wang, T.; Samaddar, S.; Qian,
K. K,; Liu, Y.; Wagner, N. J. Interfacial Pressure and Viscoelasticity of
Antibodies and Their Correlation to Long-Term Stability in
Formulation. J. Phys. Chem. B 2023, 127 (4S), 9724—9733.

(95) Pan, Z.; Trusler, J. P. M; Jin, Z.; Zhang, K. Interfacial property
determination from dynamic pendant-drop characterizations. Nat.
Protoc 2025, 20 (2), 363—386.

(96) Kopp, M. R. G.; Palmiero, U. C.; Arosio, P. A Nanoparticle-
Based Assay To Evaluate Surface-Induced Antibody Instability. Mol.
Pharm. 2020, 17 (3), 909—918.

(97) Bernard, L.; Cueff, R;; Breysse, C.; Decaudin, B.; Sautou, V.;
Armed Study Group. Migrability of PVC plasticizers from medical
devices into a simulant of infused solutions. Int. J. Pharm. 2015, 485
(1-2), 341-347.

(98) Heads, J. T; Adams, R; D’Hooghe, L. E,; Page, M. J;
Humphreys, D. P.; Popplewell, A. G.; Lawson, A. D.; Henry, A. J.
Relative stabilities of IgG1 and IgG4 Fab domains: influence of the
light-heavy interchain disulfide bond architecture. Protein Sci. 2012,
21 (9), 1315—1322.

(99) Heads, J. T.; Lamb, R; Kelm, S.; Adams, R.; Elliott, P.; Tyson,
K; Topia, S;; West, S,; Nan, R; Turner, A; et al. Electrostatic
interactions modulate the differential aggregation propensities of IgG1
and IgG4P antibodies and inform charged residue substitutions for
improved developability. Protein Eng. Des Sel 2019, 32 (6), 277—288.

(100) Lai, P. K; Ghag, G.; Yu, Y,; Juan, V.; Fayadat-Dilman, L;
Trout, B. L. Differences in human IgG1 and IgG4 S228P monoclonal
antibodies viscosity and self-interactions: Experimental assessment
and computational predictions of domain interactions. MAbs 2021, 13
(1), 1991256.

(101) Neergaard, M. S.; Nielsen, A. D.; Parshad, H.; Van De Weert,
M. Stability of monoclonal antibodies at high-concentration: head-to-
head comparison of the IgG1 and IgG4 subclass. J. Pharm. Sci. 2014,
103 (1), 115—127.

(102) Ishikawa, T.; Ito, T.; Endo, R; Nakagawa, K; Sawa, E;
Wakamatsu, K. Influence of pH on heat-induced aggregation and
degradation of therapeutic monoclonal antibodies. Biol. Pharm. Bull.
2010, 33 (8), 1413—1417.

3433

D

oF

BRIDGE
BIOLOGY AND
CHEMISTRY FOR
FASTER
ANSWERS

Analyze target relationships,
compound effects, and disease
pathways

Explore the platform

\J
\

\\

A\

CAS

on of the
American Chemical I Society

https://doi.org/10.1021/acs.molpharmaceut.6c00092
Mol. Pharmaceutics 2026, 23, 3421-3433


https://doi.org/10.1016/j.ejpb.2014.01.004
https://doi.org/10.1016/j.ejpb.2014.01.004
https://doi.org/10.1073/pnas.2210332120
https://doi.org/10.1073/pnas.2210332120
https://doi.org/10.1038/s41570-022-00438-x
https://doi.org/10.1038/s41570-022-00438-x
https://doi.org/10.1073/pnas.2306700120
https://doi.org/10.1073/pnas.2306700120
https://doi.org/10.1073/pnas.1810576116
https://doi.org/10.1073/pnas.1810576116
https://doi.org/10.1073/pnas.1810576116
https://doi.org/10.1021/acs.jpcb.3c05900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.3c05900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.3c05900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41596-024-01049-0
https://doi.org/10.1038/s41596-024-01049-0
https://doi.org/10.1021/acs.molpharmaceut.9b01168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.9b01168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijpharm.2015.03.030
https://doi.org/10.1016/j.ijpharm.2015.03.030
https://doi.org/10.1002/pro.2118
https://doi.org/10.1002/pro.2118
https://doi.org/10.1093/protein/gzz046
https://doi.org/10.1093/protein/gzz046
https://doi.org/10.1093/protein/gzz046
https://doi.org/10.1093/protein/gzz046
https://doi.org/10.1080/19420862.2021.1991256
https://doi.org/10.1080/19420862.2021.1991256
https://doi.org/10.1080/19420862.2021.1991256
https://doi.org/10.1002/jps.23788
https://doi.org/10.1002/jps.23788
https://doi.org/10.1248/bpb.33.1413
https://doi.org/10.1248/bpb.33.1413
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.6c00092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

