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Orbital shaking in a glass vial is a commonly used forced degradation test to evaluate protein propensity for 
agitation-induced aggregation. Vial shaking in horizontal orientation has been widely recommended to max-
imize the air-liquid interface area while ensuring solution contact with the stopper. We evaluated the impact 
of shaking orbit diameter and frequency, and glass vial orientation (horizontal versus vertical) on the aggre-
gation of three proteins prepared in surfactant-free formulation buffers. As soon as an orbit-specific fre-
quency threshold was reached, an increase in turbidity was observed for the three proteins in vertical 
orientation only when using a 3 mm agitation orbit, and in horizontal orientation only when using a 30 mm 
agitation orbit. Orthogonal analyses confirmed turbidity was linked to protein aggregation. The most turbid 
samples had a visually more homogeneous appearance in vertical than in horizontal orientation, in line with 
the predicted dispersion of air and liquid phases obtained from computational fluid dynamics agitation simu-
lations. Both shaking orbits were used to assess the performance of nonionic surfactants. We show that the 
propensity of a protein to aggregate in a vial agitated in horizontal or vertical orientation depends on the 
shaking orbit, and confirm that Brij� 58 and FM1000 prevent proteins from agitation-induced aggregation at 
lower concentrations than polysorbate 80.
Introduction

Proteins are used in a wide range of therapeutic applications.1,2 

From manufacturing to patient administration, they can be exposed to 
various stresses that can impact their stability.3,4 Protein sensitiv-ity 
to mechanical stresses is usually evaluated by agitation, free-fall, 
pumping, or shipment simulations.5,6 Agitation is a widely used 
forced degradation approach to evaluate protein propensity for 
aggregation at air-liquid interfaces7, which are more detrimental than 
shear stress.4,8,9 When in the presence of air-liquid interfaces typically 
found during filling, transport and compounding operations, proteins 
can partially unfold and expose their hydrophobic core. The increase 
of hydrophobic interactions between unfolded proteins can promote 
the formation of aggregates at the air-liquid interface level, which can 
then migrate to the solution upon interface renewal,10-12 and possibly 
lead to the formation of particles.13 The presence of aggregates can 
raise immunogenicity concerns.14 Several nonionic
surfactants and cyclodextrin derivatives have been reported to pre-
vent proteins from aggregation at air-liquid interfaces (Table 1).

Multiple agitation stress settings (e.g., motion type, protein con-
centration, primary container size and materials of contact, fill and 
headspace volume, shaking orbit diameter (d) and frequency (f ), tem-
perature and light exposure) have been used since no specific guide-
lines are available to perform agitation studies.13,15-18 Orbital 
agitation on a shaking plate has been extensively conducted with 
samples in horizontal orientation (Table 2), presumably as this allows 
contact with the stopper and a larger protein exposure to the air-liq-
uid interface area than in vertical orientation.13,19,20 Increasing the 
vial fill volume has been shown to limit protein aggregation upon 
orbital5 (circular motion) or reciprocating15 (back-and-forth motion) 
shaking in horizontal orientation, which supports the critical role of 
air-liquid interfaces in agitation-induced protein aggregation.10 The 
effect of vial orientation has been evaluated in a limited number of 
orbital shaking studies (f = 200 rpm): Lewis et al21 reported higher 
numbers of sub-visible particles (SVP) and visible particles in hori-
zontal than in vertical orientation (d = 19 mm, glass vials), and Wang 
et al22 obtained similar aggregation profiles in both horizontal and 
vertical orientations (d = 15 mm, polypropylene microtubes).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.xphs.2023.08.016&domain=pdf


Table 1
Review of excipients used to prevent protein aggregation at air-liquid interface.

Chemical family Excipient Efficient concentration
(% w/v)

References

Polyoxyethylene sorbitan fatty acid esters polysorbate 20* 0.001−0.12 15,22,34,38,39,44,48-61

polysorbate 80* 0.001−0.2 5,6,22,33,44,51,54,56,58-66

Polyoxyethylene-polyoxypropylene block
copolymers

poloxamer 188* 0.005−0.1 22,59-62,66-68

poloxamer 338 0.01 59

poloxamer 407 0.015−0.2 22,59,67,69

Polyoxyethylene alkyl ethers Brij� 35 0.005−0.08 22,56,61,62

Brij� 58 0.0075 43

Brij� 58 succinate 0.01 70

polyoxyethylene (9) lauryl ether 0.0075 43

Alcohol ethoxylates polyoxyl 20 cetostearyl ether 0.01−0.1 59

TergitolTM 15-S-15 0.01 59

Cyclodextrin derivatives hydroxypropyl-b-cyclodextrin* 0.035−10 48,66,67,71,72

hydroxypropyl-g-cyclodextrin 0.39−10 67,72

methyl-b-cyclodextrin 0.033−3.3 72

dimethyl-b-cyclodextrin 1.3−6.7 71

Sugar-based surfactants n-dodecyl-b-D-maltoside 0.0075 43

n-tridecyl-b-D-maltoside 0.0075 43

6-cyclohexyl-1-hexyl-b-D-maltoside 0.0075 43

7-cyclohexyl-1-heptyl-b-D-maltoside 0.0075 43

6-O-monocaprinoyl-a,a-trehalose 0.1 73

6-O-monolauroyl-a,a-trehalose 0.01−0.1 66,73

4-n-dodecyl-a,a-trehalose 0.0075 43

1,2,5,6-tetra-b-D-glucopyranoside-3,4-O-di-tridecyl-D-mannitol 0.0075 43

sophorolipids (Rewoferm� SL ONE) 0.01 59

Vitamin E-based surfactants tocofersolan 0.01−0.1 59

vitamin E 2.2 dimethyl succinate polyethylene glycol 1000 0.04 70

vitamin E 2.2 dimethyl glutarate polyethylene glycol 1000 0.04 70

Others FM1000 0.01 44

polyvinyl alcohol 4-88 0.01−0.1 59

b-sitosterol methoxypolyethyleneglycol succinate 0.2 70

Tetronic� 1107 0.01 59

Triton X-100 0.01−0.08 22,56

* Excipient present in at least one commercial parenteral product.1,2,74
Computational fluid dynamics (CFD) simulations of vial orbital shak-
ing in vertical orientation suggest a higher shear rate near the air-liq-
uid interface and a higher air-liquid interface regeneration rate with 
[d = 4.9 mm, f = 1000 rpm] than with [d = 16 mm, f = 300 rpm] agita-
tion settings.23

Most orbital shaking studies (references from Table 2) report the 
shaking duration and frequency, a parameter that can easily be varied 
on most commercially available orbital shakers. The shaking orbit is 
most of the time not explicitly mentioned, probably as it is often a
Table 2
Review of agitation stress parameters used on a horizontal shaking plate.

Container orientation
from the horizontal

Plate Motion

0° (Horizontal) Orbital

Reciprocating
Not reported

90° (Vertical) Orbital

Not reported
30° and 60° Orbital

Not reported Orbital

Not reported
built-in orbital shaker feature that cannot be changed. Both the shak-
ing frequency and orbit contribute to centrifugal acceleration (ac),
which is directly proportional to the centrifugal force as per Newton’s
second law of motion.

Our objective was to evaluate the impact of shaking orbit and fre-
quency on the aggregation of three proteins stored in surfactant-free
formulation buffers, upon agitation in vials held in horizontal or ver-
tical orientation. Protein aggregation was assessed by turbidimetry,
nephelometry, dynamic light scattering (DLS), Nile Red fluorescence
Container

Glass vial5,19,21,33,37,44,75

Polyethylene terephthalate glycol tube58 

Polypropylene tube22,50,51,64,71,76,77 

Glass vial15,16,52,54,59-61,63,65,68,78,79

Glass vial32,67

Glass vial6,21,36,39,55,70,80-82 

Polypropylene tube22

Glass vial43,83

Glass vial21

Glass vial12,34,53,84,85

Glass bottle86

Polyethylene terephthalate glycol bottle35 

Polypropylene tube87,88

Not reported89

Glass vial56



spectroscopy, size-exclusion chromatography (SEC), and imaging flow 
cytometry (IFC). CFD was used to evaluate the impact of orbital 
shaking settings on the dispersion of air and liquid phases upon agi-
tation, and to calculate the air-liquid interface regeneration rate. The 
selected agitation conditions were used to assess the performance of 
four surfactants against protein aggregation.

Materials and Methods

Materials

DIN ISO 2R tubular Type I crimp glass vials (cat. no. 1096873) were 
purchased from Schott (Mainz, Germany). FluroTecTM-laminated 
4023/50, B2-40, 13 mm bromobutyl serum stoppers (cat. no. 1358) 
and 13 mm diameter aluminum overseals with Flip-off� polypropyl-
ene disks (cat. no. 5209) were obtained from West Pharmaceutical 
Services (Exton, PA, United States). Nile Red (Sigma-Aldrich cat. no. 
19123), disodium hydrogen phosphate (Na2HPO4, Sigma-Aldrich cat. 
no. S7907), sodium dihydrogen phosphate monohydrate (NaH2PO4¢
H2O, Sigma-Aldrich cat. no. 71507), sodium chloride (NaCl, Sigma-
Aldrich cat. no. S7653), polysorbate 80 (Tween� 80, Sigma-Aldrich cat. 
no. 59924) and polyethylene glycol hexadecyl ether (Brij� 58, Sigma-
Aldrich cat. no. P5884) were supplied by Merck (Darmstadt, 
Germany). Poloxamer 188 (Kolliphor� P 188 Bio, cat. no. 50424596) 
and N-myristoyl phenylalanine-N-polyetheramine diamide (FM1000) 
were gifts from BASF (Ludwigshafen, Germany) and Inter-national 
Flavors & Fragrances (Wilmington, DE, United States), respectively. 
Formazin Turbidity standard 4000 NTU (cat. no. 246142) was 
obtained from Hach (Loveland, CO, United States). Etha-nol absolute 
(cat. no. 20821.365) and Axygen� AxySeal microplate sealing films 
(cat. no. PCR-SP) were obtained from AvantorTM (Rad-nor, PA, Unites 
States). Ultrapure water was obtained from a Milli-Q� IQ 7000 system 
(cat. no. C189847) equipped with a Millipak� 0.22 mm filter (cat. no. 
MPGP002A1) from Merck. Prot1, Prot2 and Prot3 are three 
recombinant proteins of therapeutic interest (various monoclonal 
antibody formats) manufactured by UCB Pharma (Braine-l’Alleud, 
Belgium) and stored at a concentration of 100 mg¢mL�1 in surfactant-
free proprietary formulation buffers.

All protein, formulation buffer and surfactant stock solutions were 
filtered on a polyethersulfone (PES) membrane using a 
Stericup�(Millipore cat. no. S2GPU02RE) or Steriflip� (Millipore cat. 
no. SCGP00525) system from Merck. A sufficient volume of surfactant 
stock solutions was discarded before filtrate collection to allow for fil-
ter membrane saturation and ensure reaching the target surfactant 
concentrations.

Density

Density (r) was measured at 20 °C according to the frequency 

oscillator principle using a density meter (DS7800) from A.KR€USS 
Optronic (Hamburg, Germany). The density meter measurement 
chamber was manually filled using a 2 mL polypropylene syringe (cat. 
no. 300185) from Becton Dickinson (Franklin Lakes, NJ, United States). 
The system suitability was checked before use by measuring the 
density of water at 20 °C (0.9982 § 0.0005 g¢cm�3).

Viscosity

Dynamic viscosity (h) was measured at 20 °C using a rheometer 
(MCR702e) controlled by the RheoCompass 1.30 software and 
equipped with a cone-and-plate geometry (CP25-1) from Anton Paar 
(Graz, Austria). 100 mL of sample were transferred to the rheometer 
plate. Viscosity was measured at various shear rates ranging from 1 
to 20,000 s�1. The measured viscosity values were constant in this 
shear rate range, which indicates a Newtonian behavior of the three
protein solutions. The viscosity value corresponding to a shear rate of 
10,000 s�1 is reported.

Surface Tensiometry

Surface tension (g) was measured at 20 °C using a drop shape ana-
lyzer (DSA30) controlled by the Advance 1.11 software, with 1 mL 
disposable syringes (cat. no. SY3601) and dosing needles (cat. no. 
NE45) from A.KR€USS Optronic. The measurement duration was 120 s, 
with an acquisition of one image per second. The surface tension was 
computed using the Young-Laplace equation, with experimental den-
sities as inputs. The surface tension standard deviation was calculated 
using 120 images recorded from a single sample.

Agitation

2R vials were filled with 1 mL of protein solution (Prot1, Prot2 or 
Prot3), stoppered, crimped with aluminum overseals, and packed into 
125 £ 125 £ 45 mm plastic cryoboxes in horizontal (vials on their side 
separated by tailor-made carton dividers) or vertical (upright vials 
separated by built-in 7 £ 7 dividers) orientation. This fill volume has 
been recommended for vials of similar dimensions agitated in 
horizontal orientation on a reciprocating shaker.16 The boxes were 
securely tightened to an orbital shaker having a shaking orbit diame-
ter of 3 mm (vibrating platform shaker, Titramax 101 from Heidolph 
Instruments, Schwabach, Germany) or 30 mm (KS501 from IKA, Stau-
fen, Germany), and a counterclockwise orbital motion. Orbital shaking 
was conducted over 24 h at a frequency ranging from 300 to 1400 
rpm (d = 3 mm) or 150 to 250 rpm (d = 30 mm). The selected fre-
quency values were based on the allowed ranges of orbital shakers, 
and are aligned with the ranges commonly found in literature (refer-
ences from Table 2). Independent vials were picked up for analysis at 
each sampling step. Exposure to light was not controlled.

The angular velocity (v) was calculated using Eq. 1. ac was 
expressed in relative centrifugal force units (RCF) based on Eq. 2, 
where r is the agitation orbit radius, and g is the gravity of Earth 
(9.81 m¢s�2).

v ¼ 2pf
60

ð1Þ

ac ¼ rv2

g
ð2Þ

Turbidimetry

The transmitted light intensity is measured with a detector
located in front of the incident beam (0° angle). A decrease in light
intensity, i.e., an increase in optical density, is due to light scattering
as well as potential absorbance from formulation components.24

Samples (200 mL per well) were filled by reverse pipetting in a 96-
well Corning� ultraviolet (UV)-transparent (cat. no. CLS3635) micro-
plate supplied by Merck (Darmstadt, Germany). The plate was sealed
and spun for 2 min at 2000 rpm (610 RCF) to remove air bubbles,
using a Universal 320R centrifuge from Hettich (Tuttlingen, Ger-
many). The film was removed prior to analysis. Optical density was
measured at 350 nm (OD350), at 20 °C, using a Spark� microplate
reader controlled by the SparkControl v3.1 software from Tecan
(M€annedorf, Switzerland). No correction for pathlength was applied.
The buffer signal was subtracted.

Nephelometry

The plate prepared for turbidimetry measurements (OD350) was
analyzed on a NEPHELOstar Plus microplate-based nephelometer
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using the Omega v5.50 (equipment control) and Mars v3.33 (data 
analysis) softwares from BMG LABTECH (Ortenberg, Germany). The 
light source wavelength is 635 nm. The forward scattered light 
between 0 and 80° angles from the incident beam is integrated.24 

The following equipment parameters were used: 1 s time to normal-
ize the results, 1 s measurement interval time, 0.8 s settling time, 50%
laser intensity, 2.5 mm beam focus. A linear relationship between 
results obtained in relative nephelometry units (RNU) and nephelo-
metric turbidity units (NTU) was established in the 0-100 NTU range 
using Formazin reference suspensions24,25 prepared by dilution of 
Formazin 4000 NTU in water: 1 NTU = 3,500 RNU. However, results 
are reported in RNU as values outside this linearity range (i.e.,
>350,000 RNU) were obtained.

Dynamic Light Scattering

DLS was used to calculate the hydrodynamic radius (Rh) of spe-cies
in solution. Samples were diluted to 1 mg¢mL�1 in their formu-lation
base buffer (buffering species only) and transferred by reverse
pipetting (100 mL per well) to a Corning� half-area clear bottom (cat
no. CLS3880) microplate from Merck. The plate was sealed and spun
for 2 min at 2000 rpm (610 RCF) to remove air bubbles, using a
Universal 320R centrifuge from Hettich. Samples were analyzed at 25 °
C using a DynaPro� Plate Reader I controlled by the Dynamics 7.10
software from Wyatt Technology (Santa Barbara, CA, United States). 20
acquisitions of the scattered light intensity fluctuations were recorded
over a time interval of 2 s each and averaged. The scattered light
intensity decay over time was analyzed by autocorre-lation. The
diffusion coefficient was derived from a cumulant fit of  the
autocorrelation function and used as an input in the Stokes-Ein-stein
equation to calculate Rh.

Nile Red Fluorescence Spectroscopy

Nile Red fluorescence spectroscopy was used to probe agitation-
induced changes in protein surface hydrophobicity, which can be an
indicator of protein unfolding or aggregation.26 Nile Red crystals were
dissolved in ethanol to prepare a solution having an absorbance of 0.22
AU at 552 nm. 95 mL of sample and 5 mL of Nile Red ethanolic solution
were added per well in a 384-well black microplate (cat. no. 781209)
from Greiner Bio-One (Frickenhausen, Germany). The plate was sealed
and spun for 2 min at 2000 rpm (610 RCF) to remove air bubbles, using
a Universal 320R centrifuge from Hettich. The film was removed prior
to analysis. Nile Red fluorescence emission spec-tra were recorded
from 605 to 700 nm, at 20 °C, using a Spark� microplate reader
controlled by the SparkControl v3.1 software (Tecan), with an
excitation wavelength of 575 nm, a manual gain of 100, an automatic
mirror, a Z-position of 20,000 mm, and excitation and emission
bandwidths of 5 nm and 20 nm, respectively. The cen-ter of spectral
mass (CSM) of each buffer-subtracted emission spec-trum was
calculated in Excel� (Microsoft, Redmond, WA, United States) using Eq
3, where λi corresponds to an emission wavelength and Ii to the
fluorescence intensity at this wavelength.

CSM ¼
Pn

i¼1 λiIiPn
i¼1 Ii

ð3Þ

Size-Exclusion Chromatography

SEC was used to resolve and quantitate protein size variants. A
mobile phase (25 mM NaH2PO4/Na2HPO4, 200 mM NaCl, pH
7.00 § 0.05) was prepared. The pH of the mobile phase was checked
using a Seven Excellence pH meter equipped with an InLab Routine
Pro-ISM electrode from Mettler Toledo (Greifensee, Switzerland). The
mobile phase was ultrasonicated and vacuum filtered on an Express� 

PLUS 0.22 mm PES filter (cat. no. GPWP04700) from Merck. Samples 
where visible particles were detected to the naked eye were centri-
fuged for 20 min at 4000 RCF using a 5424 R centrifuge from Eppen-
dorf (Hamburg, Germany). Samples were then diluted to a protein 
concentration of 10 mg¢mL�1 in the mobile phase and transferred to a 
Brand� (cat. no. BR781600) microplate from Merck. 4 mL of sample  
were injected at a flow rate of 0.4 mL¢min�1 on an Acquity� Ultra Per-
formance Liquid Chromatography (UPLC) H-Class Bio chromatographic 
system controlled by the EmpowerTM 3.0 software and equipped with 
an Ethylene Bridged Hybrid (BEH) SEC column (200 

�
A pore size, 1.7 

mm particle size, 4.6 mm internal diameter, 300 mm length, cat. no. 
186005226) and a tunable UV (TUV) detector from Waters (Milford, 
MA, United States). The column and sample tray temperatures were 
set to 30 °C and 5 °C, respectively. The detection wavelength was
280 nm. Total high-molecular weight species (HMWS) are reported.
Imaging Flow Cytometry

IFC was used to Quantify SVP.27 Samples where visible particles
were detected to the naked eye were centrifuged for 20 min at 4000
RCF using a 5424 R centrifuge from Eppendorf. 1 mL of 1000X BOD-
IPYTM (PMPBF2) was diluted into 1600 mL of assay buffer kit (cat. no.
APH10001) from Luminex (Austin, TX, United States). 1 mL of 1000X
ProteoStat� dye was diluted into 1600 mL of assay buffer kit. 1 mL of
each diluted dye was added into a 5 mL polypropylene tube, then
mixed by vortexing. 80 mL of sample were mixed with 20 mL of the
mix of diluted dyes and transferred to a Brand� (cat. no. BR781600)
microplate from Merck. Samples were analyzed with a 40x magnifi-
cation objective using an Amnis� ImageStream

�X Mk II imaging flow
cytometer calibrated with SpeedBead� reagent (cat. no. 400041) from
Luminex. Data were acquired and processed with the INSPIRETM 201.1
and IDEAS 6.12 softwares (Luminex), respectively. Total SVP counts are
reported.
Computational Fluid Dynamics

A CFD modeling approach was followed to simulate the impact of
orbital shaking settings on the dispersion of air and liquid phases
upon agitation, and to calculate the air-liquid interface regeneration
rate,23 which has been reported as a key contributor to protein aggre-
gation at air-liquid interface.10

CFD models were built using the Ansys Fluent 2022 R2 software
from Ansys (Canonsburg, PA, United States). The dimensions of the
container system, a 2R glass vial closed with a 13 mm serum rubber
stopper, were obtained from ISO 8362.28,29 The vial walls were
assumed to be rigid and under no-slip conditions. A vial fill volume of 1
mL was defined, in alignment with the fill volume used for the agi-
tation tests. A mesh was defined for the container system and the liq-
uid phase.

The following air density and viscosity values were obtained from
the Fluent software: 1.225 kg¢m�3 and 1.789 £ 10�5 kg¢m�1¢s�1,
respectively. The following borosilicate glass density, specific heat and
thermal conductivity values were obtained from the Fluent software:
2500 kg¢m�3, 840  J¢kg�1¢K�1, and 0.8  W¢m�1¢K�1, respectively.
The glass properties were used for all container system parts, i.e., the
glass vial and the rubber stopper. The diameter of an air bubble in a
multi-phase system was obtained from the Fluent software: 8.7 £ 10�5

m.
The vial orbital motion in the x and y directions was represented in

Fluent by a user-defined function written in Python,30 where xðtÞ and
yðtÞ represent the vial coordinates (Eq 4), and vxðtÞ and vyðtÞ rep-resent
the vial velocity (Eq 5). The fluid velocity (v) was calculated using Eq 6.

The contribution of g was considered in the �z direction.
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able 3
hysical properties of the 100 mg¢mL�1 proteins. Density and viscosity values provide 
om single measurements. Surface tension values provide from 120 images recorded 
om a single sample.

Protein Density
(r, g¢cm�3)

Dynamic viscosity
(h, mPa¢s)

Surface tension
(g , mN¢m�1)

Prot1 1.036 4.1 59.82 § 0.38
Prot2 1.037 6.3 60.02 § 0.48
Prot3 1.040 3.0 57.02 § 0.41
x tð Þ ¼ r � cos 2ptð Þ
y tð Þ ¼ r � sin 2ptð Þ ð4Þ

vx tð Þ ¼ �2pr � sin vtð Þ
vy tð Þ ¼ 2pr � cos vtð Þ ð5Þ

v ¼ vr ð6Þ
The liquid phase turbulence associated to a given orbit, frequency 

and vial orientation was estimated by calculating the Reynolds number 
(Re) using Eq. 7, where  l is the characteristic length (container system 
height in horizontal orientation, and diameter in vertical orientation).

Re ¼ rvl
h

ð7Þ

Phase exchanges between immiscible fluids were simulated using
the Volume of Fluid (VOF) model while the phase change and wall
adhesion were not considered. The anti-diffusion effect was applied on
the system to have a sharp interface between the air and the solu-tion.
Since the volume fraction (F) between air and liquid phases ranges
from 0.0 (air) to 1.0 (liquid), an iso-surface was created to gen-erate
the air-liquid interface, where F = 0.5 for all elements. VOF results were
considered as convergent if the relative errors of resid-uals were lower
than 10�2. The mean flow characteristics were esti-
mated using a standard k-e turbulence model which is suitable for
multiphase fluid flows with small pressure gradients and high Re shear
stresses. The Ansys Fluent SIMPLEC algorithm was selected as a
pressure-velocity coupling solution method, with a pressure-correc-
tion under-relaxation factor of 1.0.

The pressure, velocity and continuity equations were solved in the
allocated cells every 0.1 s. The number of iterations was defined from
the elapsed time to obtain a stable drag coefficient (CD), which indi-
cates the system has reached a steady state.

The air-liquid interface regeneration rate (G) is a numerical method
used in Fluent to track the interface between two immiscible fluid phases
in a two-phase fluid simulation. It determines how quickly the simula-tion
updates the position and shape of the interface and is influenced by various
factors such as the fluid properties, flow conditions, turbulence models,
and mesh resolution. The air-liquid interface generation rate in a mesh cell
(Gc) was calculated using Eq. 8, where  Un is the fluid axial velocity
normal to the interface, i.e., the inflow of fluid to the mesh cell, A0 is the
interface area in the mesh cell, Vc is  the volume of  the mesh  cell, and ð
r ¢U~Þf represents the velocity vector divergence along x, y and z directions
for a wetted cell, i.e. the change of fluid volume in the mesh cell. Un, Vc and ð
r ¢U~Þf values were computed in Fluent at the mesh face center level and
extracted using the “xy plot” for each mesh along the surface representing
the air-liquid interface. Computed values were then exported to Excel� for
calculating Gc and G values. G results from the integration of positive Gc

values over all mesh cells where air-liquid interface is present (Eq. 9), and
represents the volume of fluid per unit time (mL¢s�1) reaching the layer of
mesh cells containing air-liquid interface.23

Gc ¼ UnA0

Vc
þ r ¢~U
� �

f
ð8Þ

G ¼
Xn

i¼1

GciFiVci ð9Þ

Data Visualization

Graphs were created with Prism 8.1 (GraphPad Software, San
Diego, CA, United States).
Results

Physical Properties of Protein Solutions

The density, viscosity, and surface tension values of the thre
100 mg¢mL�1 protein solutions were determined (Table 3). Prot3 had 
higher density, a lower viscosity, and a lower surface tension tha
Prot2 and Prot1. Prot2 had a higher viscosity than Prot1. The densit
and surface tension values of Prot1 and Prot2 were similar. A sligh
opalescence was noticed for Prot1 only.

Agitation

The 100 mg¢mL�1 protein solutions were agitated for 24 h in vial
held in horizontal or vertical orientation, using various shaking orbi
diameter and agitation frequency setting combinations. Samples wer
analyzed by turbidimetry (Fig. 1). For each orbit value, no change i
turbidity was observed after 24 h of agitation using the lowes
frequency value (i.e., [d = 3 mm, f = 300 rpm, ac = 0.2 RCF] and [d = 3
mm, f = 150 rpm, ac = 0.4 RCF]). An increase in turbidity with agitatio
time (t) was observed for the three proteins, either in verti-ca
orientation only for d = 3 mm (f ≥ 800 rpm, ac ≥ 1.1 RCF), or i
horizontal orientation only for d = 30 mm (f ≥ 200 rpm, ac ≥ 0.7 RCF
The [d = 3 mm, f = 800 rpm, vertical] agitation settings led to a visu-all
more homogeneous liquid phase than the [d = 30 mm,  f = 20
rpm, vertical] agitation settings, where floating visible par-ticles wer
observed for the three proteins, as illustrated for Prot1 in Fig. 2. Prot
sedimentation was observed after post-agitation storage at 2−8
C of [d = 3 mm, f = 800 rpm, vertical] samples (Fig. 3). The shakin
orbit-dependent effect of vial orientation initially observed at 100 mg
mL�1 (Fig. 1) was confirmed for the three proteins diluted t
concentrations as low as 1 mg¢mL�1 in their formulation buffers (Fig. 4
The agitation-induced increase in turbidity between 20 mg¢mL�1 an
100 mg¢mL�1 was of the same order of magnitude for Prot2 an
Prot3.

Computational Fluid Dynamics

A mesh was defined by dividing the container system into 57,39
cells, 261,521 faces and 164,867 nodes (Fig. 5A). 85% of the system
mesh elements had an orthogonal quality of 92%. 95% of the mesh cell
had the same area. The container system inner volume esti-mated b
Fluent was 4110 mm3. The 100 mg¢mL�1 Prot1 solution was selected a
a model liquid for CFD simulations as it led to the largest increase i
turbidity upon agitation (Figs. 1 and 4). The Prot1 liquid density
dynamic viscosity, and surface tension values were obtained from Tabl
3. The 1 mL fill volume (1000 mm3) corresponds to a liquid height o
4.97 mm (13,295 cells) in vertical orientation, assuming a cylindrica
shape (flat meniscus), and to 4.26 mm (17,300 cells) in horizonta
orientation (Fig. 5A).

CFD simulations of the four orbital shaking settings illustrated i
Fig. 2 were run. The pressure, velocity and continuity equations wer
solved every 0.1 s in the allocated cells. A stable CD value was reache
after around 4 s for each set of orbital shaking parameters, both in
T
P
fr
fr



Figure 1. Evolution of turbidity with agitation time using various shaking orbit diameter (d) and frequency (f ) setting combinations. The turbidity difference from unagitated sam-
ple (DOD350) is reported. Vials were filled with 1 mL of 100 mg¢mL�1 protein solution and agitated in vertical or horizontal orientation. Results provide from a minimum of two rep-
licate measurements. Error bars represent one standard deviation and may be not apparent in case they are smaller than symbols.
vertical and horizontal orientation. Since 100 iterations were defined
per time step, a total of 4000 iterations was performed per agitation
condition. Computed values were calculated from a steady-state situ-
ation, i.e., after around 4 s in vertical or horizontal position. A homo-
geneous dispersion of liquid and air phases at steady state was
Figure 2. Visual aspect of vials filled with 1 mL of 100 mg¢mL�1 Prot1 solution and agi-
tated for 24 h in vertical or horizontal orientation using two shaking orbit diameter (d)
and frequency (f ) setting combinations. Two illustrations of the same samples are pro-
vided: (A) vials pictured in the orientation used during agitation tests, (B) vials pic-
tured in upright position.

Figure 3. Visual aspect of vials filled with 1 mL of 100 mg¢mL�1 Prot1 solution before 
agitation, after 24 h of agitation at 800 rpm on a 3 mm diameter orbital shaker in verti-
cal orientation, and post-agitation quiescent storage at 2-8 °C in vertical orientation. 
Arrows indicate the location of the sedimentation front.
predicted for the [d = 3 mm, f = 800 rpm, vertical] condition, where 
the liquid phase remains close to the vial walls. Other agitation condi-
tions led to a more heterogeneous distribution of liquid and air 
phases, where the liquid phase moves back and forth from one vial 
side to the other (Fig. 5B). Gc values were mainly driven by the veloc-
ity vector divergence term ð r ¢U~Þf .

Larger Re values were obtained for [d = 30 mm,  f = 200 rpm] 
than for [d = 3 mm, f = 800 rpm] agitation conditions. Larger Re 
(due to larger l values) and G values were obtained in horizontal 
than in ver-tical orientation (Table 4).
Characterization of Aggregate Species

Samples from the three 100 mg¢mL�1 protein solutions agitated 
for 24 h using Fig. 2 orbital shaking settings were analyzed using a 
range of orthogonal analytical techniques, as no single analytical



 
 
 
 
 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 
 
 

Table 4
CFD simulation results: Reynolds number (Re) and air-liquid interface regeneration
rates (G) values calculated from various orbital shaking parameters.

Agitation settings Vial orientation Re G (mL¢s�1)

d = 3 mm, f = 800 rpm Horizontal 429 0.29
Vertical 254 0.08

d = 30 mm, f = 200 rpm Horizontal 1072 0.65
Vertical 635 0.09

Figure 4. Evolution of turbidity with protein concentration using two shaking orbit 
diameter (d) and frequency (f ) setting combinations. The turbidity difference from 
unagitated sample (DOD350) is reported. Vials were filled with 1 mL of protein solution 
and agitated for 24 h in vertical or horizontal orientation. Results provide from four 
replicate measurements. Error bars represent one standard deviation and may be not 
apparent in case they are smaller than symbols.
method covers all protein aggregation stages and aggregate 
sizes.4,15,31

Non-separation methods were used for quantifying turbidity (tur-
bidimetry and nephelometry), getting a qualitative indication of 
changes in protein surface hydrophobicity (Nile Red fluorescence 
spectroscopy), and providing a size distribution profile of aggregates 
in the nanometer to micrometer range (DLS). Agitation-induced 
increases in turbidity detected by turbidimetry (Fig. 6A) were also 
detected by nephelometry (Fig. 6B) − except for the [Prot1, d = 30 
mm, f = 200 rpm, horizontal] samples. In addition, the highest post-
agitation OD350 values (Fig. 6A) were associated to an increase in 
polydispersity (i.e., multimodal distributions − data not shown) and 
Rh by DLS (Fig. 6C), and a Nile Red CSM position shift towards shorter 
wavelengths (blue shift, Fig. 6D).

Separation methods were used for quantifying HMWS (SEC) and 
SVP (IFC). An increase in OD350 (Fig. 6A) corresponds to an increase in 
HMWS (Fig. 6E) − except for the [Prot3, d = 3 mm, f = 800 rpm, verti-
cal] samples, and to an increase in total SVP counts − except for the 
[Prot1, d = 30 mm, f = 200 rpm, horizontal] samples (Fig. 6F). Higher 
SVP counts tagged by both Proteostat� and BODIPYTM dyes were also 
detected in [d = 3 mm, f = 800 rpm, horizontal] samples while no 
agita-tion-induced protein aggregation was detected by the other 
 

 
 
 
 
 
 
 
 

 

 
 
 
 

 
 

Figure 5. CFD simulation results for vials filled with 1 mL of Prot1 solution and agi-
tated in vertical or horizontal orientation using two shaking orbit diameter (d) and fre-
quency (f ) setting combinations: (A) container system and liquid phase mesh, (B)
liquid (red color) and air (blue color) volume fractions at steady state.

methods.
Effect of Surfactants

A 50 mg¢mL�1 Prot1 solution was agitated over 24 h in the pres-
ence of polysorbate 80, poloxamer 188, Brij� 58 or FM1000, using the
orbital shaking settings illustrated in Fig. 2. Both agitation settings
allowed evaluating the effect of surfactant nature and concentration
on Prot1 aggregation (Fig. 7). Prot1 agitation-induced aggregation
using the most stringent agitation settings by turbidimetry
(d = 30 mm, f = 200 rpm, horizontal) was inhibited in the presence of
surfactant concentrations (% w/v) larger than or equal to 0.5 £ 10�3

for both Brij� 58 or FM1000, 1 £ 10�3 for poloxamer 188, and
2 £ 10�3 for polysorbate 80. No clear differences between Brij� 58,
FM1000 and poloxamer 188 were observed using the less stringent
agitation settings (d = 3 mm, f = 800 rpm, vertical).

Discussion

For each shaking orbit, the absence of increase in turbidity at low
shaking frequency (Fig. 1, [d = 3 mm, f = 300 rpm] and [d = 30 mm,  f =
150 rpm]) supports that a minimum ac value is required to trigger
protein aggregation.16 Increasing the shaking frequency led to an
increase in turbidity values32-34, but only in orbit-specific vial orien-
tations: [d = 3 mm, f ≥ 800 rpm, vertical] and [d = 30 mm, f ≥ 200
rpm, horizontal] (Fig. 1). Therefore, ac values originating from different
shaking orbits in a given vial orientation cannot be used to compare
agitation-induced protein aggregation data.

Turbidity values reflect a higher propensity of Prot1 for agitation-
induced aggregation as compared to Prot2 and Prot3 (Figs. 1 and 4),
which illustrates that the propensity to aggregate at the air-liquid
interface depends on the protein properties.35-38 Agitated Prot2 and
Prot3 samples led to similar increases in turbidity from 20 mg¢mL�1 to
100 mg¢mL�1 (Fig. 4), which supports the fact that increasing the
concentration of a protein may limit its propensity for agitation-
induced aggregation39, possibly by decreasing the surface tension,
modifying the glass wall wetting properties and therefore the air-liq-
uid interface size.16

Both microplate-based turbidimetry and nephelometry methods
were used to measure sample turbidity. Larger differences between
unagitated and agitated samples were detected by nephelometry
(Fig. 6B) than by turbidimetry (Fig. 6A). Nephelometry is in theory
more sensitive than optical density because it measures scattered
light while turbidimetry measures transmitted light.24 However, the
nephelometry settings we used did not allow detecting turbidity in
the most turbid sample (Prot1, d = 30 mm, f = 200 rpm, horizontal),
probably because of light blockage. Therefore, both techniques pro-
vide complementary information as nephelometry and turbidimetry
are more sensitive to low and high turbidity samples, respectively.

The higher Rh values measured by DLS (Fig. 6C) and the blue shift in
CSM from Nile Red fluorescence emission spectra (Fig. 6D) sup-ports
the presence of aggregates in turbid samples but may not be
comparable to non-turbid samples in case of differences in protein
concentration40,41 due to sample heterogeneity. No protein concen-
tration data are reported as highly turbid samples led to inconsistent
results by UV absorption spectroscopy at 280 nm, even after light
scattering signal subtraction.



Figure 6. Effect of agitation on turbidity by (A) turbidimetry and (B) nephelometry, (C) Rh, (D) Nile Red CSM, (E) total HMWS, and (F) total SVP. Vials were filled with 1 mL of
100 mg¢mL�1 protein solution and agitated for 24 h in vertical or horizontal orientation, using two shaking orbit diameter (d) and frequency (f ) setting combinations. Results
provide from a minimum of two independent measurements. Error bars represent one standard deviation and may be not apparent in case they are smaller than symbols.
Separation techniques also showed some limitations in the analy-
sis of high turbidity samples, as large particles could possibly not be 
detected by SEC4 (HMWS, Fig. 6E) or IFC (SVP, Fig. 6F), due to pre-
analysis centrifugation or to size limitations inherent to the method 
(maximum 450 kDa for the SEC column and 60 mm for the IFC magni-
fication objective).

An increase in SVP counts was obtained for Prot2 and Prot3 upon 
agitation in horizontal position, whatever the agitation orbit (Fig. 6F). 
This could be due to solution contact with stopper coating materi-
als,42 and as such supports the general recommendation to conduct 
agitation studies in vials held in horizontal orientation.13,19,20

CFD simulations predicted a more homogeneous distribution of 
the air and liquid phases in the [d = 3 mm, f = 800 rpm, vertical] than 
in the [d = 30 mm, f = 200 rpm, horizontal] agitations conditions
(Fig. 5). This prediction was confirmed by a visually more homoge-
neous appearance of all aggregated protein solutions in the former 
than in the latter case, as illustrated for the 100 mg¢mL�1 Prot1 solu-
tion (Fig. 2). A lower turbulence (lower Re value, Table 4) and a more 
symmetrical container system in vertical than in horizontal orienta-
tion can contribute to getting a higher homogeneity.

CFD simulations did not show a link between agitation parame-
ters and the propensity of Prot1 to aggregate in a specific vial orienta-
tion. While air-liquid interface regeneration rate has been reported to 
be a key contributor to protein aggregation at the air-liquid inter-
face,10-12 vial orientations leading to protein aggregation (i.e.,[d = 3 
mm, f = 800 rpm, vertical] and [d = 30 mm, f = 200 rpm, hori-zontal], 
Figs. 1 and 4) do not correspond to the highest G values for each set of 
agitation parameters (Table 4). Our [d = 3 mm, f = 800



Figure 7. Evolution of turbidity with surfactant concentration using two shaking orbit 
diameter (d), frequency (f ) and vial orientation setting combinations. The turbidity dif-
ference from unagitated sample (DOD350) is reported. Vials were filled with 1 mL of 50 
mg¢mL�1 protein solution and agitated for 24 h. Results provide from four replicate 
measurements. Error bars represent one standard deviation and may be not apparent 
in case they are smaller than symbols.
rpm] and [d = 30 mm, f = 200 rpm] agitation conditions led to similar 
G values in vertical orientation, whereas higher G values were 
reported with [d = 4.9 mm, f = 1000 rpm] than [d = 16 mm, f = 300 
rpm] agitation parameters, for a vial of similar dimensions and fill 
volume agitated in vertical orientation.23 G was not an appropriate 
predictor of protein propensity for aggregation in the agitation condi-
tions used in our study, as Gc values were mainly driven by the veloc-
ity vector divergence term ð r ¢U~Þf , which constantly reaches a high 
value in case the liquid can easily escape the vial walls.

The two orbital shaking settings allowed a comparison of the per-
formance of four surfactants in their ability to protect Prot1 from agi-
tation-induced aggregation (Fig. 7) and confirm the previously 
reported performance of Brij� 5843 and FM100044 at lower concen-
trations than polysorbate 80. Based on the most discriminant agita-
tion conditions in terms of turbidity (d = 30 mm, f = 200 rpm, 
horizontal), the minimum surfactant concentration (% w/v) to pre-
vent aggregation was lower for Brij� 58 (0.5 £ 10�3) and FM1000 (0.5 
£ 10�3) than for poloxamer 188 (1.0 £ 10�3) and polysorbate 80 (2.0 
£ 10�3). These concentrations are larger than or in the same order of 
magnitude as some critical micelle concentration (CMC) val-ues (% w/
v) reported in literature (FM100044: 0.055 £ 10�3, Brij� 5843 and 
poloxamer 18844: 0.6 £ 10�3, polysorbate 8045: 1.6 £ 10�3), and could 
support that the minimum surfactant concentration to be added in a 
protein formulation needs to be larger than or equal to its CMC value3, 
as for polysorbates in most commercial monoclonal anti-body drug 
products.2 However, the diversity of surfactant grades and CMC 
determination methods lead to a wide range of reported CMC 
values,46,47 making the use of CMC values challenging to support the 
definition of a surfactant concentration.

The orbital shaking conditions used in this study allow assessing 
protein propensity for aggregation at air-liquid interface and evaluat-
ing the performance of excipients. However, the use of multiple 
mechanical stresses is recommended to define the surfactant concen-
tration to be added in a protein formulation.5,6,19

Conclusion

Since aggregation was observed in vertical orientation only when 
using a 3 mm agitation orbit, and in horizontal orientation only when 
using a 30 mm agitation orbit, the impact of vial orientation on the 
agitation-induced aggregation of proteins depends on the shaking 
orbit. However, this work does not allow predicting the impact of 
vial orientation on protein aggregation using other agitation orbits 
than 3 mm and 30 mm. The dispersion of air and liquid phases
predicted by CFD agitation simulations reflected the visual homoge-
neity of aggregated samples. Both agitation settings allowed evaluat-
ing the performance of excipients against agitation-induced
aggregation. Brij� 58 and FM1000 prevented proteins from agitation-
induced aggregation at lower concentrations than polysorbate 80,
which could possibly be an advantage from a toxicological and eco-
nomic standpoint. These results suggest that not all orbital shakers
are capable of triggering protein aggregation in a vial held in horizon-
tal orientation, which is a widely recommended approach in terms of
contact with stopper and air-liquid interface area.
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