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ABSTRACT
Purpose The ability to predict an antibody’s propensity for
aggregation is particularly important during product develop-
ment to ensure the quality and safety of therapeutic antibod-
ies. We demonstrate the role of container surfaces on the
aggregation process of three mAbs under elevated tempera-
ture and long-term storage conditions in the absence of me-
chanical stress.
Methods A systematic study of aggregation is performed for
different proteins, vial material, storage temperature, and
presence of surfactant. We use size exclusion chromatography
and micro-flow imaging to determine the bulk concentration
of aggregates, which we combine with optical and atomic
force microscopy of vial surfaces to determine the effect of
solid-liquid interfaces on the bulk aggregate concentration
under different conditions.
Results We show that protein particles under elevated tem-
perature conditions adhere to the vial surfaces, causing a sub-
stantial underestimation of aggregation propensity as deter-
mined by common methods used in development of biologics.
Under actual long-term storage conditions at 5°C, aggregate
particles do not adhere to the surface, causing an increase in
bulk concentration of particles, which cannot be predicted
from elevated temperature screening tests by common meth-
ods alone. We also identify specific protein – surface interac-
tions which promote oligomer formation in the nanometre
range.

Conclusions Special care should be taken when interpreting
size exclusion and particle count data from stability studies if
different temperatures and vial types are involved. We pro-
pose a novel combination of methods to characterise vial sur-
faces and bulk solution for a full understanding of protein
aggregation processes in a sample.

KEY WORDS adhesion . aggregation . monoclonal
antibodies . pharmaceutical development . sedimentation .
solid-liquid interface

ABBREVIATIONS
AFM Atomic force microscopy
ECD Equivalent circular diameter
GuHCl Guanidine hydrochloride
mAb Monoclonal antibody
MFI Micro-flow imaging
MWCO Molecular weight cutoff
PETG Polyethylene terephthalate glycol
PS80 Polysorbate 80
SEC Size exclusion chromatography
UPW Ultrapure water

INTRODUCTION

Therapeutic proteins and monoclonal antibodies (mAbs) are
increasingly used for treatment of various adverse conditions –
such as cancer, autoimmune diseases and life-threatening
infections. A fundamental challenge in developing therapeutic
formulations is ensuring their stability in an aqueous solution
as proteins are inherently labile molecules that often undergo
unwanted chemical or physical degradation during manufac-
turing and storage (1–5). In particular, aggregation is a
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commonly observed degradation pathway of therapeutic pro-
tein drug products, potentially causing adverse effects by en-
hancing product immunogenicity (6). Therefore, the content
of larger subvisible and visible aggregates is limited by United
States and European regulatory agencies, but notably also
smaller oligomers composed of native-like monomers were
shown to be capable of triggering an unwanted immune re-
sponse (7). Analysis of aggregates in the whole size range from
smaller aggregates in the range of nanometers to larger par-
ticles in the range of micrometers and millimeters is thus cru-
cial in determining the formulation stability and safety.

In addition to the inherent aggregation propensity due to
unique amino acid sequence, protein aggregation in an aque-
ous solution also depends on a variety of environmental con-
ditions, such as temperature, pH, solution composition and
container type (8). Numerous studies have identified various
aggregation mechanisms in bulk solution under different stress
conditions – thermal, mechanical, freeze/thaw (9–15), with a
range of models based on the Smoluchowsky coagulation
equation approach (16–18). Such models are of crucial im-
portance because they provide insight into the shelf-life stabil-
ity of the final product.

The effect of interfaces on protein solutions has also been
thoroughly investigated. Native proteins were found to adhere
to the air-liquid interface and the resulting film properties
were studied with the use of a Langmuir trough (19,20). The
rate of adsorption to the air-liquid interface was found to
directly correlate to the aggregation rate during shaking stress
(21). Surface rupture and subsequent detachment of the pro-
tein film was identified as a major cause of aggregate forma-
tion (22). Similarly, proteins was also found to adsorb on
liquid-solid interfaces, with abrasion or rinsing of adsorbed
protein leading to subvisible aggregate formation (23,24).
Formation of protein monolayers in absence of additional
stress was studied rigorously with diverse methods such as
atomic force microscopy and neutron interference (25,26).
These processes, together with cavitation, are of major impor-
tance when studying the stability of formulated protein phar-
maceuticals during mechanical stress (27,28). Formation of
larger aggregates can, under most conditions, be prevented
with the use of surfactants. However, surfactants and their
degradation products can cause chemical and structural deg-
radation of protein molecules. Therefore, the surfactant con-
centration has to be balanced between the desirable aggrega-
tion prevention and detrimental structure-perturbation effects
(29).

In this work, we demonstrate the effect of glass and PETG
container surfaces on the process of aggregation under elevat-
ed temperature and long-term storage conditions in the ab-
sence of mechanical stress. Effectively, we observe that the
surface affected aggregation relative to the bulk aggregation
propensity is varied by using different vial fill volumes, result-
ing in different side and bottom surface to volume ratios,

where the contribution of the top air-liquid interface is kept
equivalent in all studies (i.e. exhibits stable coating with pro-
tein monomers) (19–22). We studied three different mAbs of
type IgG1. Specific interactions due to container material
were identified by using glass and PETG containers. Effect
of surfactant (PS80) was also studied. These materials are
commonly in use in biopharmaceutical industry. Vials with
protein solution were subjected to elevated temperature and
the ensuing aggregation was measured by size exclusion chro-
matography and flow imaging microscopy. The vials were
then gently rinsed multiple times and checked for protein sur-
face adhesion with optical and atomic force microscopy.
Different mechanism of protein-vial interactions were identi-
fied, including diffusion-driven coating of the vial surface with
protein material, sedimentation-driven adhesion of micron-
sized and larger particles to the vial bottom and promotion
of surface-induced aggregation in the sub-micron range.
Protein monomers and smaller aggregates (sub-100 nm) mea-
sured by size exclusion are interpreted as homogeneously dis-
tributed colloidal particles. In contrast, micron sized and larg-
er particles, measured by flow imaging microscopy, behave as
sedimenting particles. The work presented focuses on long-
term storage of proteins specifically from the view of protein
aggregate interaction with the liquid-vial interface. We con-
clude that the current array of methods commonly used in the
pharmaceutical industry is insufficient under certain condi-
tions, especially in combination with elevated temperature
conditions. A novel combination of methods is proposed
which we show can greatly assist in the interpretation of results
from time and resource consuming stability screenings in the
biopharmaceutical industry.

MATERIALS AND METHODS

Materials

Three monoclonal IgG1s (mAb 1, mAb 2 and mAb 3,
with isoelectric points between pH 8 and pH 9) in differ-
ent formulations at different concentrations (27–
63 mg/ml) were provided by Lek Pharmaceuticals d.d.
MAb 2 and 3 were dialyzed in Slide-A-Lyser Dialysis
Cassettes (10.000 MWCO, 12–30 ml capacity) to
25 mM sodium citrate, pH 6.5, with a buffer to sample
volume ratio of approximately 50:1. MAb 1 was already
provided in this buffer. After dialysis, all the protein sol-
utions were further diluted to 25 mg/ml with citrate buff-
er. A stock solution of PS80 (Sigma) at 0.1% w/w was
prepared and added (dilution factor of 50) to half of each
solutions resulting in 6 different formulations – three dif-
ferent IgGs at 25 mg/ml in 25 mM sodium citrate buffer
at pH 6.5 with and without 0.02% added PS80. All the
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formulations were filtered through a vacuum pump-
driven 0.22 μm filter.

Stressing of the IgG Formulations

Glass (Nipro 83657 mirror ground injection crimp top bottles)
and PETG (Thermo Scientific™ Nalgene™ PETG
Diagnostic Bottles with Closure) vials were used. Glass vials
were sprayed on the inside with 70% isopropanol and left to
dry at 55°C for 2 h. PETG vials were provided sterile. The
quality of glass vials (FIOLAX® klar borosilicate glass) is
HGB 1 according to ISO 719, making them suitable both
for primary packaging of biopharmaceutical products on the
market and stress stability studies at elevated temperature.
Both used materials or their equivalents are in contact with
most of the biopharmaceutical products throughout their
lifecycle.

Sets of five vials from both materials were filled with differ-
ent volumes of prepared formulations as shown in Fig. 1. The
volumes for glass/PETG vials were the following: 1.5/1.8 ml
(V1), 3.0/3.6 ml (V2), 4.3/5.1 ml (V3), 6.0/7.1 ml (V4), 10.0/
11.9 ml (V5), resulting in equal liquid levels for glass and
PETG vials. Each measurement point for every mAb con-
sisted of four sets of five identical vials. The different sets of
vials were: (i) PETG vials filled with formulation without sur-
factant, (ii) PETG vials filled with formulation with added
surfactant, (iii) glass vials filled with formulation without sur-
factant and (iv) glass vials filled with formulation with added
surfactant. The vials were then subjected to 40°C, stationary
throughout the experiment. This ensured that aggregation did
not occur due to disturbance of air/liquid or liquid/vial inter-
face and that only the static long-term contribution of the
surfaces was investigated. After elevated temperature condi-
tions, some mAb 1 samples with micron-sized and larger
aggregates present in bulk were transferred into fresh vials
and stored at 5°C for a month to study the interaction be-
tween already formed aggregates and clean vial surface at
storage conditions. All the other samples were stored at 5°C
after elevated temperature stress directly.

Micro-Flow Imaging (MFI)

A Micro-Flow Imaging system (MFI5100, ProteinSimple),
equipped with a silane-coated flow cell (400 μm, 1.6 mm)
and controlled by the MFI View System Software (MVSS)
version 2 was used for flow imaging microscopy analysis.
The system was flushed with 5 ml of ultrapure water (UPW)
from UltraPURELAB® Chorus 2 water system before each
measurement. The background particle count was deter-
mined by flowing UPW. Before measurement, samples were
opened, degassed at 950 mbar for 20 min and homogenized
(rotated 10 times over the cap). 1.5 ml of each sample was
pipetted out of the vial and analyzed at a flow rate of
0.2 ml/min and a camera frame rate of 3 frames per second.
Flow cell was flushed with 0.7 ml of pre-run sample volume,
and the remaining 0.7 ml was analysed. The diameter of a
sphere with the same cross-section area as the particle (equiv-
alent circular diameter - ECD) was calculated by the software
from all the images for all the measured particles and pre-
sented as a measure of particle size.

Size Exclusion Chromatography (SEC)

Samples were analysed at 40°C on a Waters ACQUITY
UPLC System with a SEC column (200 Å pore size, 1.7 μm
bead size and 4.6mm× 150mm column dimensions). Sample
load volume was 0.75 μl. The mobile phase (50 mM sodium
dihydrogen phosphate and 400 mM sodium perchlorate,
pH 6.0) flow rate was 0.4 ml/min with a total run time of
5 min per sample. Samples were diluted to 1 mg/ml in
150 mM sodium phosphate, pH 7, and held at 2–8°C in the
auto-sampler prior to injection. The chromatograms were an-
alyzed with Empower 3 software. All the peaks eluting before
the main peak, corresponding to the native protein, were des-
ignated as aggregates. Their relative areas were summed and
presented as the total relative amount of aggregates.

Optical Microscopy

Solution in vials chosen for optical microscopy was homoge-
nized (rotated 10 times) and poured out. The residual solution
was then removed by rinsing (also rotating 10 times) the vials
three times with.

5 ml of UPW to prevent any deposition because of drying
of the protein solution. The insides of the vials were blown out
with compressed nitrogen until dry and the vials were broken
into small pieces.

Optical microscopy of the inner vial surfaces was per-
formed on a Nikon Eclipse E-100 microscope with epi illumi-
nation with 10× and 20× objectives. The images were ac-
quired with a Canon EOS 550D digital camera with a
2.26× magnification tube. Breaking of the glass vials into
smaller pieces, suitable for optical microscopy, resulted in glass

Fig. 1 Vial fill volumes. Sets of five vials Vi were filled with different volumes to
determine the effect of different surface to volume ratio. PETG (in the figure)
and glass vials were filled according to vial sizes, resulting in the same liquid
level heights (bolded) in sets of vials from both materials.
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shards being present on the samples, which could not be
blown off by compressed nitrogen. These glass shards are
easily recognized in the micrographs by their sharp edges in
contrast to the softer borders of the aggregates. Several pieces
of each vial were examined with the optical microscope by
scanning their surface and representative images for each
sample were chosen for inclusion in the article. Several differ-
ent blanks were examined to verify the cause of the deposits:
clean vials, vials with buffer solution and vials with native
unstressed protein. In none of these cases any noticeable
deposits were present.

Atomic Force Microscopy (AFM)

To additionally characterize the deposits seen in optical mi-
croscopy, surfaces of glass vials were examined by atomic force
microscopy (AFM). The preparation procedure was the same
as in the case of optical microscopy. AFMmeasurements were
conducted on Digital Instruments Nanoscope IIIa in tapping
mode with silicon Olympus Micro Cantilevers (resonant fre-
quency 300 kHz, spring constant 26 N/m). Thickness of the
deposited material was determined bymeasuring the height of
a step, produced by gently running the tip of a scalpel over the
glass, which removed the adhered protein material in a nar-
row strip. The results presented in the article are averages of
measurements on several different pieces of a vial of each
sample. Only the results from glass vials are presented because
the plastic vials proved impossible to measure after breakage,
most likely because the plastic pieces accumulated some static
electric charge during breakage and interacted with the AFM
tip.

Recovery and Quantification of Adhered Protein

A set of vials was additionally selected for quantification of
adhered protein. 0.5 ml of 8 M guanidine hydrochloride
(GuHCl) in UPW was added to rinsed vials and incubated
overnight at room temperature on a rotator such that
GuHCl could access all of the vial wall surface. The amount
of recovered protein was determined next day by measuring
the absorbance at 280 nm using an Eppendor f
BioSpectrophotometer basic. Absorbance value of GuHCl
solution in a fresh vial following the same treatment was used
as a blank measurement.

RESULTS

Adhesion of Aggregate Particles

Representative pictures of the vial bottoms, taken from elevat-
ed temperature conditions are presented in Fig. 2 as deter-
mined by AFM. Both mAb 1 and 2 vials contain randomly

distributed lumps on the vial surface, around 1–5 μm in di-
ameter and 100–500 nm in height. These lumps are not pres-
ent in vials containing blank samples (UPW, buffer or non-
stressed protein), but otherwise treated the same as vials with
samples. Vials with protein after elevated temperature stress
are the only vials containing these lumps, with protein type as
the only parameter affecting their size, number and distribu-
tion. Therefore we interpret these lumps as sedimented and
adhered larger particles (aggregates). The aspect ratio of the
particles is approx. 10:1 (diameter:height), which can be
explained by collapse of particles during drying, as water
occupies a large fraction of the protein particle volume (30).
The particles observed with AFM are also visible with optical
microscopy (Fig. 3). The figure also shows the surface concen-
tration gradient of these particles with position on the vial,
further showing that the lumps observed with AFM represent
adhered sedimented particles from bulk. Note that any arte-
facts caused by drying of the vials would be evenly distributed
on vial bottom and walls following the blow drying of the vials.
Because of vial rinsing prior measurement, the material is
truly adhered and not only sedimented on the bottom.

Fig. 2 Adhesion of particles at the bottom of glass vials, as seen by AFM. The
images on the left show the cantilever oscillation amplitude and the graphs on
the right show height of the surface features along the white lines. (a) MAb 1
V3 sample after 14 days – individual micron-sized particles can be clearly
distinguished from the smooth coating. The protein particles at the surfaces
are several hundred nanometers high (aspect ratio of approximately 10:1). (b)
MAb 2 V5 sample after 2 months –micron-sized particles are densely strewn
on top of the coating and mostly overlap. The scalpel mark used to determine
the coating thickness (around 30 nm) is clearly visible.
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In addition to the randomly distributed sedimented par-
ticles, all three mAbs under 40°C temperature conditions
form a uniform coating of varying thickness (Fig. 4) of dry
protein material on the glass surface. This thickness is mea-
sured by scraping a line along the bottomwith a scalpel as seen
in Fig. 2b. Thickness of the coating as measured by AFM is
relatively independent from the vial filling volume, suggesting
that the deposition of material to this coating is mostly diffu-
sion driven. In all cases, the thickness of the uniform layer is
greater than 10 nm, much thicker than a possible single layer
of mAb molecules.

Total mass of adhered protein was estimated by recovery with
GuHCl. The results from a representative set of vials are in
Table I. The set contains both glass and PETG vials and several
samples measured in both vial types as controls. Based on the
blank measurements, the estimated error for the values in the
table is 0.02 mg. The ranking by mass is in line with the AFM
measurements, with the highest recovered mass in the mAb 2
sample after 2 months of temperature stress. Little to no protein
material desorbed from mAb 3 vials exposed to similar stress,
with the mass of recovered mAb 2 after a shorter stress in be-
tween. The average surface coverage with protein material as
estimated from this experiment ranges from less than 1 μg/cm2

to 10 μg/cm2, depending on protein type and duration of tem-
perature stress. The glass and PETG vial measurements are very
much in line, gaining insight also into the particle adsorption to
the PETGvials, suggesting that adsorption ismostly independent
of the tested vial materials. The absolute measured protein mass
represents less than 1‰ of the total protein material in the vials
and its deficit is therefore impossible to detect by bulk measuring
methods such as SEC.

Sedimentation and Surface Saturation by Selected
Proteins

To test the influence of solid/solution interface on protein
aggregation we expose samples with different surface-to-
volume ratios to elevated temperature. After 2 weeks at
40°C, mAb 1 shows a significant increase in the number of
particles (>2 μm) as detected by MFI, with the particle con-
centration strongly dependent on the vial filling volume (i.e.
surface to bulk ratio). Note that for mAb 2 and 3, the

concentration of particles in the bulk under the elevated tem-
perature conditions showed no clear trend, remained constant
or even decreased. For mAb1, in the vials filled with the largest
sample volume in the absence of surfactant, the number of
particles is already increasing after a week of elevated temper-
ature conditions, while the vials filled with lower volume re-
main essentially particle-free at first, with a sharp increase in
particle concentration at a certain time (Fig. 5). The lowest
volume accumulated little to no particles. The results are
quantitatively equal in both glass and plastic vials. The exper-
iment was repeated again in PETG vials filled with slightly
different volumes for a longer period of time (30 days), again
yielding the same trend. Due to the similarity of results, only
one run (PETG vials, 19 days) is presented in Fig. 5.

A simple model can qualitatively explain this behavior of
surface affected aggregation. The model assumes continuous
and homogeneous particle formation with time t in bulk with
the rate a (number of formed particles per millilitre per day).
The total number of formed particles is therefore the rate
multiplied by time and sample volume. The linear increase
of particles with time is indeed only a rough estimate, drawing
from the fact that Smoluchowsky type models generally pre-
dict such a linear increase of total aggregate content over time
under static conditions (31). These particles sediment and ad-
here to the bottom of the vials - as detected by AFM - but only
until the bottom with surface area Sb (square centimetres) is
covered by a surface concentration of adhered particles η
(number of particles per square centimetre). These particles
are removed from the bulk, and their total number is the vial
bottom surface area times surface concentration. In equilibri-
um, the expression for the total number of particles N in the
bulk of the sample based on this model is:

N ¼ aVt−ηSb

By dividing the expression with the volume of the vial, and
taking into account the cylindrical geometry of the vial, we get
an expression for the particle concentration in the bulk:

c ¼ at−η=h;

where c= N/V is the particle concentration (number per milli-
litre) and h is the height of the liquid level in the vial. This

Fig. 3 Difference in the size of
surface-adhered particles as seen
with optical microscopy, taken at
different heights, measured from
the bottom of the vial.
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equation represents a constant rate of particle concentration
increase a with time, but only after a certain time, which
depends on the height of the vial h. The equation is repre-
sented by a straight line in the graph of particle concentration
c versus reciprocical liquid level 1/h with the initial value of at
and the slope of –η, which is measurable by AFM. Both data
representations are shown in Fig. 5. The final surface concen-
tration of particles as determined by fitting the model gives
η~4× 105 particles per square centimetre. Indeed, this value
is well supported by optical microscopy and AFM, which show
roughly 5 × 105 of particles per square centimeter larger than
2 μm adhered to the bottom, as estimated from Figs. 2a and 6.

A basic estimate of sedimentation velocity of protein par-
ticles can be performed to qualitatively check the model va-
lidity. Assuming a spherical shape of the aggregate particles,
there are three forces acting on the particle: gravity, lift, and
Stokes drag. This equilibrium can be written as

V ρ−ρwð Þg ¼ 6πrηv;

where ρ is the particle density, ρw is the water density, g equals
9.8 m/s2, r is the radius of the particle, η the solution viscosity
and v the sedimentation velocity of the particle. The left side of
the equation describes the gravity pull and lift, and the right
side of the equation is the Stokes drag. The volume of a spher-
ical particle is V= 4πr3/3. The final expression for the sedi-
mentation velocity is

Fig. 4 Thickness of protein material deposited on the bottom of glass vials, as
measured with AFM. mAb 1 was measured after 2 weeks, and mAbs 2 and 3
after 2 months of exposure to 40°C. OnemAb 1 sample was transferred after
the elevated temperature conditions into a fresh vial and measured after
storing for 1 month at 5°C. The thickness of the protein material coating on
the vial bottom is independent of the vial fill volume (and the cumulative
aggregate content in the vial).

Table I The Estimation of Total
Protein Mass Desorbed from the
Rinsed Vials After Incubation with
GuHCl

Protein Sample volume Vial material Temperature stress duration (days) PS80 Recovered protein (mg)

mAb 1 V2 glass 14 y 0,05

mAb 1 V2 PETG 14 y 0,06

mAb 1 V4 PETG 14 y 0,065

mAb 2 V4 PETG 65 y 0,11

mAb 2 V4 glass 65 n 0,075

mAb 2 V4 PETG 65 n 0,09

mAb 2 V5 glass 36 n 0,03

mAb 2 V2 PETG 36 n 0,015

mAb 3 V2 PETG 7 y 0,02

mAb 3 V2 glass 59 y 0,03

mAb 3 V2 PETG 59 y 0,02

mAb 3 V5 glass 59 n 0,01

Fig. 5 Schematic representation of the saturation model for mAb1. The
figure shows particle concentration (a) as a function of both time and (b)
reciprocal sample level height. The slope of the lines in (B) represents the
saturated surface concentration of particles (larger than two microns) and is
approximately 400,000 particles per square centimeter. In samples with the
least volume (to the right in (B)), the surface did not saturate during the
experiment, leaving the bulk liquid particle free.
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v ¼ 2 ρ−ρwð Þgr2
9η

Further assuming 80% of the particle to be composed of
water, the average particle density ρ amounts to around 1.1 g/
cm2 rather than the density of pure protein (~1.4 g/cm2) (30).
The sample viscosity η is roughly estimated at 1 cP. All of the
above assumptions yield the sedimentation velocity in the or-
der of magnitude of 1 mm/h for a particle with the radius of
1 μm (ECD of 2 μm). Depending on the point of origin, size
and shape, it takes a micrometer-sized particle hours or days
to reach the bottom of the investigated samples. This is much
lower than the timescale of the shortest stress stability study
(19 days for mAb 1), meaning that most of the particles above
2 μm reached the bottom throughout the experiment, making
the sedimentation/adhesion model feasible.

Additional insights can be gained by studying not only the
particle concentration, but also particle size distributions
(Fig. 7). All of the samples show exponential decrease of par-
ticle concentration with size, but with different rates (slopes).
Figure 7b shows that all distributions become more biased
towards larger particles with time, in addition to the increase
in the sole number of particles. That is the result of sedimen-
tation and accumulation of particles near the bottom.

Smoluchowsky type models do not predict such a fast increase
in particle size because they assume a homogeneous solution,
where large particles are less likely to interact. Figure 7c shows
an interesting relation between particle sizes and sample vol-
ume. We can see that samples without surfactant with certain
volume (both in glass and PETG) tend to contain the smallest
particles, while size distributions in samples with surfactant are
similar in all the vials. Another important aspect is the simi-
larity between PETG and glass vials. Based on similar values
and trends in particle distributions, combined with the desorp-
tion study results, we conclude that similar processes of adhe-
sion are present for both materials in all the samples.

For mAb1, the amount of the combined adhered protein
material (both coating and particles) in the vials is independent
of the filling volume. In contrast, the bottoms of the vials con-
taining mAb 2 samples after elevated temperature stress accu-
mulate more particles in the vials with a larger sample volume
– i.e., smaller surface to volume ratio (Fig. 6). MFI measure-
ments do not show an increase of particle concentration in
bulk. This means that the surface does not saturate and adhe-
sion of particles is continuous. MAb 3 is stable regarding larg-
er particle formation, with low concentration of particles in
bulk solution and with vial bottom essentially free of particles
over the course of the experiment.

Temperature Dependence of Adhesion

An important temperature dependence of surface affected
protein aggregation is observed from joint conclusions at
40°C and 5°C. While the particles readily adhered at
elevated temperature (40°C), this behavior does not nec-
essarily reflect their behavior at realistic storage condi-
tions (5°C), where unexpected accumulation of particles
in the bulk is observed, as shown in Fig. 8. Thermally
stressed samples of mAb 1 containing large numbers of
particles were transferred to fresh vials, incubated at
5°C for a month, and then measured by AFM and MFI.
These vials accumulated no particles and had a much
thinner protein coating than the vials from the thermal
stress (10 nm versus 30 nm). Interesting findings were
revealed after re-measuring of selected samples by MFI.
Namely, selected mAb 2 and mAb 3 samples, stored after
elevated temperature conditions for about 6 months in
their original vials at 5°C, were analyzed. MAb 2 without
surfactant showed a clear increasing trend in the particle
concentration. The impact of this important phenomenon
on the stability studies is further discussed below. MAb 3,
which did not form any particles (adhered or in bulk) at
40°C, was stable at storage conditions, with all the parti-
cle counts much lower than in the mAb 2 case. Only one
measurement at 5°C showed an increase compared to the
measurements at 40°C.

Fig. 6 Effects of vial fill volume and surfactant on particle adhesion, as ob-
served by optical microscopy. Bottoms of vials filled with different volumes of
mAb 1 after 14 days of elevated temperature at 40°C (a and b) were similar
regardless of the sample volume. In mAb 2 vials after 2 months at 40°C (d and
e), the surface particle concentration increased with sample volume, with
clearly seen overlapping of particles in V5. Surfactant increased the number
of particles in mAb 1 (c) and decreased it in mAb 2 samples (f). The bottoms
of MAb 3 vials (g), as well as the fresh vials in which the stressed mAb 1 was
transferred and stored at 5°C, remained clear even after 2 months.
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Formation of Smaller Aggregates as Affected
by Surface to Volume Ratio

The MFI and AFM data were complemented and compared
with SEC measurements. Size exclusion was used to measure
aggregates in a very different size range, with the nanometer
range for SEC compared to the presented images in microm-
eter range for optical/atomic force microscopy. All the aggre-
gation peaks of each chromatogram were summed and the
aggregation rate was calculated as the relative monthly in-
crease in the sum of aggregation peaks for each formulation
by fitting a straight line to the data. Data is presented in Fig. 9a
in dependence to surface to volume ratio. This ratio was cal-
culated by the sample volume, measured liquid height and the
assumption of a perfect cylindrical shape. Only vial surface
was considered, as it is the main variable (glass vs. PETG –
the air interface is similar for both types of vials and is not
included in the ratio). The rate of smaller aggregate formation
varied between proteins. MAb 2 was the most aggregation
prone with more than 5% increase in aggregates per month
of thermal stress conditions followed by a 0.5% increase per
month for mAb 1 and 0.3% increase per month for mAb 3.
These data add another dimension to overall protein aggre-
gation propensity, as the rate of formation of smaller aggre-
gates in mAb 2 is an order of magnitude higher than in mAb
1, while the propensity for particle formation of both is quite
similar when taken both the surface and bulk measurements
into account. On the other hand, SEC measurements of mAb
1 and mAb 3 were quite similar, while mAb 3 was stable
regarding larger particle formation. SEC measurements also

uncovered specific protein-surface interactions. Of all the pro-
teins, mAb 2 was the only one that showed a definitive re-
sponse to both surface to volume ratio as well as vial material.
The samples in glass vials with lower volume – higher surface
to volume ratio – formed more small aggregates in bulk than
the larger volume samples, suggesting specific protein-
material interactions that promote aggregation of native
monomers. This phenomenon was only apparent in mAb 2
samples in glass vials. It is quantified in Fig. 9b. This is in
contrast to the effect of surfaces on larger, subvisible particles,
whose concentration is higher in the larger volume samples for
mAb 1 (Fig. 5).

Role of Surfactant

The presence of PS80 in the formulation had very mixed
effects (i.e. not always reducing particle formation).

With the addition of a surfactant, the bulk concentration of
particles in all mAb 1 samples initially increased to a final
level, depending on the surface to volume ratio (Fig. 10).
Since the concentration of the aggregates in bulk as well as
on the surface was consistently higher than in the samples
without surfactant (Fig. 6), we conclude that PS80 promotes
mAb 1 aggregation, but the underlying mechanism remains
unknown.

In the case of mAb 2, the number of adhered particles was
much lower in samples containing PS80 (Fig. 6), but the thick-
ness of the uniform coating under the particles increased by
two-fold (Fig. 4). At storage conditions at 5°C, surfactant had a
positive effect as it prevented accumulation of particles in bulk
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solution (Fig. 8). It is, however, unclear whether the surfactant
actually prevented aggregate formation or just promoted ad-
hesion to the surface (now at lower temperature).

Surfactant did not influence formation of smaller aggre-
gates as measured by SEC for any protein.

DISCUSSION

A key requirement for an accelerated stress stability screening
of a pharmaceutical product is to ensure drug stability during
storage, which in turn ensures the quality and consistency of
the drug. From a commercial perspective, 18 months is

frequently the minimally acceptable shelf life due to the time
required for production, packaging, and distribution. In con-
trast, initial stability screenings at elevated temperature, which
play a significant role in formulation selection, take a couple of
months at most. Therefore, characterization of particle for-
mation mechanisms, particle adhesion, specific protein-
surface interaction and the effect of surfactant are all of major
importance for the pharmaceutical industry.

We have demonstrated that container surface material and
surface to volume ratio, in combination with different proteins
and at different external conditions (temperature, surfactant),
can strongly affect aggregation behavior. Moreover, some
particle formation processes at elevated temperature can be
hard to detect if performing only standard screening tests. In a
typical stability screening setting only particles in bulk solution

Fig. 8 Temperature effects on adhesion and particle accumulation in bulk. (a)
Adhered mAb 1 particles on the vial bottom after 14 days at 40°C (optical
microscopy). (b) Bottoms of fresh vials filled with particle-rich samples and
stored at 5°C. The existing particles do not adhere to the bottom at storage
temperature (optical microscopy). MFI results for (c) mAb 2 and (d) mAb 3.
Solid lines represent samples subjected to elevated temperature and dotted/
dashed lines represent samples put into storage (original vial) after elevated
temperature conditions and remeasured after approximately 6 months. No
clear trend can be discerned for samples at elevated temperature, but the
same samples remeasured after storage display a definite increasing trend in
the case of mAb 2 without surfactant. Mab 3 samples do not show a definite
increasing trend at any temperature.

Fig. 9 Rate of formation of smaller aggregates, measured by SEC. (a)
Comparison between mAbs in glass vials without PS80 . Data for PETG vials
are within the measurement error of the presented data, with the exception
of: (b) dependence of the rate of aggregation on surface to sample volume
ratio for mAb 2 in glass vials. Aggregation rate increases with exposure to a
glass surface, but only in mAb 2 samples. The same samples in PETG vials do
not show any dependence on the sample volume.

Fig. 10 Surfactant effect on mAb 1 bulk particle concentration (MFI). With
surfactant, the particle concentration increases sharply and reaches a plateau,
which is higher in samples with larger volume.
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are analyzed, either by flow imaging or by light obscuration
methods, but a chosen formulation may promote aggregation
which remains undetected due to adhesion of aggregates to
the surfaces of the container. We also show that particle sur-
face adhesion appears to be temperature dependent, which
could lead to discrepancies between stability screenings at dif-
ferent temperatures. As seen in the case of mAb 1, the particles
formed at higher temperature do not adhere to a fresh vial
under storage conditions at 5°C. In the case of mAb 2, par-
ticles are present in bulk solution of samples without surfactant
after approximately 6 months under storage conditions, which
is in contrast to the elevated temperature stressed samples
where no increase in bulk particle concentration could be
determined. Based on particle formation propensity of mAb
2 as determined from AFM and the apparent temperature
dependence of adhesion as measured in mAb 1, we predict
that the particles still form, albeit at a lower rate, but do not
adhere to the vial at lower temperatures. The same mAb2
formulations with surfactant do not contain significantly more
particles in bulk solution after long term storage conditions,
indicating that the surfactant either prevents aggregate forma-
tion or just promotes adhesion even at lower temperature.
Most importantly, in these experiments the accelerated stress
conditions are not representative for considering the bulk par-
ticle formation under storage conditions. These results raise
additional questions about actual long-term particle-reducing
mechanism of surfactants in biologics and furthermore, the
necessity of special low binding protein containers as a possible
choice for primary packaging of biologics – adhesion of par-
ticles is actually a desired effect, as such particles ultimately
never reach the patient. In all the tested cases the total amount
of surface adhered material is negligible compared to total
protein material in the vial, with the loss of native protein
material in the bulk undetectable by UV methods (< 1‰).
Potency is thus not affected, with the potential risk to the
patients due to protein aggregates greatly reduced.

CONCLUSION

High variability in particle behavior among different mAbs
presented in this study shows the importance of individualized
screening approaches, which are currently also of direct inter-
est to biopharmaceutical industry. We further stress the limi-
tations of common methods for particle characterization in
bulk solution, such as LO or MFI, used in such screenings,
which are shown to be insufficient for assessing surface affect-
ed protein aggregation. We show that adhesion of particles to
vial surfaces at elevated temperature stress can mask particle
formation propensity when assessed by standard combinations
of methods, potentially leading to a selection of a formulation
which is unstable at intended storage conditions. Specifically,
special notice has to be taken when interpreting particle count

data from stability studies when different temperatures and
vial types are involved. Therefore, if formulation selection is
based on LO or MFI measurements, container surfaces
should also be thoroughly checked for particles. Finally, this
work contributes to the development of biopharmaceutics by
evaluating current practices in a critical manner and pointing
out deficiencies which could potentially lead to development
of unstable formulations.
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