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Agitation  of  small  amounts  of  liquid  is  performed  routinely  in biopharmaceutical  process,  formulation,
and  packaging  development.  Protein  degradation  commonly  results  from  agitation,  but  the  specific  stress
responsible  or  degradation  mechanism  is  usually  not  well  understood.  Characterization  of  the  agitation
stress  methods  is  critical  to  identifying  protein  degradation  mechanisms  or specific  sensitivities.  In  this
study,  computational  fluid  dynamics  (CFD)  was  used  to  model  agitation  of  1  mL  of  fluid by  four  types  of
common  laboratory  agitation  instruments,  including  a rotator,  orbital  shaker,  magnetic  stirrer  and  vortex
mixer. Fluid  stresses  in  the bulk  liquid  and  near  interfaces  were  identified,  quantified  and  compared.  The
vortex  mixer  provides  the  most  intense  stresses  overall,  while  the  stir  bar system  presented  locally  intense
rotein aggregation
omputational fluid dynamics (CFD)

shear proximal  to  the hydrophobic  stir  bar  surface.  The  rotator  provides  gentler  fluid  stresses,  but  the
air–water  interfacial  area  and  surface  stresses  are  relatively  high  given  its  low  rotational  frequency.  The
orbital shaker  provides  intermediate-level  stresses  but  with  the  advantage  of  a large  stable  platform  for
consistent  vial-to-vial  homogeneity.  Selection  of  experimental  agitation  methods  with  targeted  types
and intensities  of  stresses  can  facilitate  better  understanding  of  protein  degradation  mechanisms  and
predictability  for  “real  world”  applications.
. Introduction

Agitation of small liquid volumes is a common and impor-
ant step in many biopharmaceutical development protocols, yet
he fundamental nature of the stresses involved and the impact
n protein stability are not fully understood. Agitation steps are
ometimes involved in small-scale process development studies
panning upstream through fill-finish, screening methods used
o optimize Drug Product formulation, container and fill-volume,
nd in many analytical testing methods. The purpose of agitation
n these protocols varies from simple mixing of components, to
ncreasing mass transfer (e.g. of protein to interfaces in multi-phase
ystems), to deliberate introduction of agitation-related stresses to
ccelerate protein degradation in screening experiments. Protein
egradation (e.g. denaturation, aggregation or particle formation)
as been widely attributed to agitation (Maa  and Hsu, 1997; Mahler
t al., 2005; Cromwell et al., 2006; Kiese et al., 2008; Bee et al., 2011;
ishore et al., 2011), but the specific mechanical, fluid or interfa-

ial stress that causes degradation is rarely unequivocally identified
r quantified. Many times this gap in fundamental understand-
ng does not hinder the primary aim of the laboratory protocol,
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e.g. if simple mixing is desired. But when small-scale agitation stud-
ies are performed with the aim of preserving product quality, e.g.
through manufacturing process or formulation design, it may  be of
use to identify specific stresses responsible for degradation and take
into account the quantitative differences in these stresses between
experimental and “real-world” conditions.

There are several commonly used vial agitation stress meth-
ods, including: shaking with a vortex mixer (Katakam et al., 1995;
Katakam and Banga, 1997), orbital shaking (Kiese et al., 2008, Wang
et al., 2008), magnetic stirring (Kiese et al., 2008; Lahloua et al.,
2009) and end-over-end rotation (Bee et al., 2010a).  During vial
agitation experiments, a protein drug solution is filled into a cer-
tain type of container and attached to a vial agitation instrument
to create a predefined style of motion, such as orbital motion in a
horizontal plane or end-over-end rotation. The container used in
this type of stressing experiment is usually the desired container of
final Drug Product packaging, or a convenient container common to
most formulation development laboratories such as a glass vial or
centrifuge tube. One example of a formulation screening protocol
to ensure robustness to shipping stresses involves shaking formu-
lations containing various polysorbate levels in glass vials with a

defined headspace on an orbital shaker (Chou et al., 2005). Similar
experiments have been performed using a shipping simulator that
mimics vibration frequencies and intensities common for ground
transportation (Singh et al., 2006). Another protocol has been used

dx.doi.org/10.1016/j.ijpharm.2011.11.044
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:Baig@medimmune.com
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Nomenclature

A0 area of interface in a mesh cell (m2)
AA–L area of air–liquid interface (m2)
AS–L area of solid–liquid interface (m2)
f subscript for wetted mesh cell surface (dimension-

less)
F fraction of mesh cell volume occupied by fluid

(dimensionless)
G air–liquid interface regeneration rate (mL s−1)
Gc air–liquid interface generation rate in one mesh cell

(s−1)
L  characteristic length (m)
n liquid recirculation intensity (dimensionless)
N agitation frequency (rotations/s)
P pressure (N/m2)
P̄ local average pressure (N/m2)
Re Reynolds number (=�NL2/�) (dimensionless)
Sij component of the rate-of-deformation tensor (s−1)
S rate-of-deformation tensor (s−1)
t time (s)
T total shear (dimensionless)
U velocity vector (m s−1)
Ui velocity in the i direction (m s−1)
Ui time-average velocity magnitude in the i direction

(m s−1)
Un velocity component normal to the interface (m s−1)
V total fluid volume (m3)
Vc volume of a mesh cell (m3)
xi, xj coordinates in the i and j directions

Greek symbols
�̇  magnitude of shear rate (s−1)
�̇A–L magnitude of volume averaged shear rate near

air–liquid interface (s−1)
�̇max

A–L maximum shear rate near air–liquid interface (s−1)
�̇S–L magnitude of volume averaged shear rate near

solid–liquid interface (s−1)
�̇max

S–L maximum shear rate near solid–liquid interface
(s−1)

�̇sys magnitude of system volume averaged shear rate s
(s−1)

�̇max
sys system maximum shear rate (s−1)

� liquid viscosity (kg m−1 s−1)
−3

t
p
a
s
p
2
t
s
T
s
d
t
r
s
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p

� liquid density (kg m )
� stress tensor (kg m−1 s−2)

o optimize formulations to minimize protein aggregation in the
resence of silicone oil, which is a common component on syringe
nd stopper surfaces. In this example, a silicone oil emulsion was
piked into a glass vial containing a small volume of formulated
rotein and shaken on an orbital shaker (Thirumangalathu et al.,
009). The fill volume of a glass vial has been similarly optimized
o minimize protein aggregation and particle formation by shaking
tudies using a horizontal to-and-from motion (Eppler et al., 2010).
o date, there are no compendial methods for any of these stress
tudies. In part, this is likely due to the complexities of clearly pre-
icting which components of agitation stress are most detrimental
o the stability of protein solutions and which would be the most
elevant scale-down model for each type of real-world agitation

tress.

The most commonly reported protein degradation products that
rise in agitation studies are aggregates, and subvisible and visible
articles. These degradants are also commonly seen upon protein
armaceutics 423 (2012) 264– 280 265

exposure to many other mechanical and physical stresses such as
stirring, pumping, concentration, tangential flow filtration (TFF),
freeze–thaw and lyophilization (Wang, 1999; Cromwell et al., 2006;
Rosenberg et al., 2009). There are many reports where commercial
proteins have been impacted by agitation stress in particular. In
two  studies with monoclonal antibodies (mAbs), stirring was found
to generate more aggregates than shaking (Mahler et al., 2005;
Kiese et al., 2008). In another case the particles, in part, were found
to contain intermolecular disulfide bonds formed from the buried
cysteines of an antibody after it was  exposed to agitation stress
(Brych et al., 2010). Growth of insulin fibril particles in bulk solution
was  proposed to be preceded by generation of partially unfolded
monomers caused by stress at the air–water interface during agita-
tion (Nielsen et al., 2001). In another case, low shear bubbling and
foaming resulted in aggregation of human growth hormone (Maa
and Hsu, 1997). In many cases, addition of polysorbate surfactants
can minimize or eliminate particle formation of proteins exposed
to agitation or shear. This has been suggested to be due to the ability
of surfactants to protect the protein from adsorbing and unfolding
at the air–water interface (Patapoff and Esue, 2009).

The potential effects of these aggregates on product quality are
numerous. Bioactivity of protein could be potentially reduced or
lost due to aggregation (Becker et al., 1987; Branden and Tooze,
1998) Aggregates may  also potentially result in immune reactions
in patients (Rougeot et al., 1991; Patten and Schellekens, 2003;
Schellekens, 2005; Rosenberg, 2006). Agitation stress can also lead
to an unacceptable change in appearance of the protein drug due
to opalescence or particles even though they may  constitute a very
small mass percentage of the actual product. Thus, understanding
and control of agitation stress is an integral part of bringing high
quality biopharmaceuticals to patients.

There are several different aspects of agitation mechanical stress
that are potential causative factors of aggregation and particle for-
mation of therapeutic proteins. The factors may  include: increases
in reactive collisions due to enhanced mass transport and mix-
ing (Treuheit et al., 2002; Harrison et al., 2003), shear rate and
total shear (Maa  and Hsu, 1996), air–liquid interface and syner-
getic effect of shear rate and air–liquid interface (Maa  and Hsu,
1997; Colombié et al., 2001; Chou et al., 2005; Mahler et al., 2005;
Bee et al., 2009a; Thomas and Geer, 2011), solid–liquid inter-
face and synergetic effect of shear rate and solid–liquid interface
(Tzannis et al., 1997; Colombié et al., 2001; Biddlecombe et al.,
2007, 2009; Bee et al., 2009b; Thomas and Geer, 2011), air–liquid
interface regeneration (Bee et al., 2010a)  and cavitation (Gulseren
et al., 2007; Van Reis and Zydney, 2007). Because these different
factors are difficult to directly and individually isolate, measure
and compare in experimental systems, it is frequently not clear
which of these are most detrimental to protein stability. It is also
not clear what the fundamental differences are in specific stress
intensities generated among the different types of laboratory agi-
tation instruments, and what the impact of agitation frequency is
for each method. Clearly these uncertainties hinder the ability to
make inferences from laboratory experiments to stability under
“real world” conditions. This is where computational fluid dynam-
ics (CFD) can contribute by providing fundamental insights not
easily determined experimentally.

Computational fluid dynamics (CFD) is a numerical method
that studies fluid behavior by solving conservation equations
of momentum, mass and energy. It provides an alternative for
researchers to solve fluid related challenges when no experimen-
tal method to measure the appropriate parameters (e.g. shear rate
stress in different points of a vial being vortexed) can be practi-

cally applied. CFD has already been successfully applied in different
areas in the pharmaceutical and biopharmaceutical industries to
study hydrodynamic problems recently including dissolution test-
ing (Bai et al., 2007a, 2007b, 2011; Bai and Armenante, 2009),
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Table 1
Agitation methods, agitation frequency ranges and CFD modeled agitation
frequencies.

Vial agitation methods Agitation frequency
range (rpm)

Agitation frequency
modeled in this work (rpm)

Rotator 5–35 10, 20, 35
66 G. Bai et al. / International Journa

yophilization (Alexeenko et al., 2009), mixing (Akiti et al., 2005;
ai and Armenante, 2008), and pumping (Song et al., 2003) with
ubstantial insightful benefits. It provides insight and informa-
ion which cannot easily or simply be obtained from experimental

ethods. CFD is unique in its ability to discern specific agitation
echanical stresses and to calculate the intensity of each stress

rought to a protein by different vial agitation methods. Therefore,
he purpose of this study is to apply CFD to model the hydrody-
amics of liquid in a glass container agitated with different vial
gitation instruments at different agitation frequencies to (a) iden-
ify the different types of mechanical and interfacial stresses, (b)
uantify these stresses, (c) identify the impact from agitation fre-
uency on identified stresses, and (d) identify similarities and/or
ifferences among commonly used vial agitation methods.

. Materials and methods

.1. Container, closure and fluid

The geometry of the glass container modeled in this work is
ased on a Schott 3 mL  glass vial (Part No.: 38000316) with a
ominal inner diameter of 14.55 mm.  The geometry of the stop-
er modeled in this work is based on West Teflon Faced stopper
Part No.: 10124660). The volume of liquid in the glass vial is fixed
o 1 mL  in this work. The fluid properties of protein drugs in solu-
ion such as density, viscosity, surface tension may  vary widely due
o the variability in protein molecular structure, protein concentra-
ion and excipients used in different liquid formulations. The fluid
roperties used in this work are based on those of water at 25 ◦C.

.2. Lab vial agitation instruments

The four lab agitation instruments modeled in this work are
isted below:

orbital shaker (Techne USA, TSSL1);
magnetic stirrer (VWR Multi-Position Magnetic Stirrers, Cat No.:
12621-046) with magnetic stir bar (VWR® Spinbar® Micro Stir
Bar, Cat No.: 58948-353);
vortex mixer (VWR Signature Digital Vortex Mixer, Cat. No.:
14005-824);
rotator (Scientific Industries ROTO Shake Genie).

Both the orbital shaker and vortex mixer provide the same
ype of motion to a vial: orbital motion in a horizontal plane.
he differences are orbital diameter and agitation frequency range.
he orbital shaker has an orbital diameter of 16 mm and an agi-
ation frequency range of 30–300 rpm. The vortex mixer has an
rbital diameter of 4.9 mm  and an agitation frequency range of
00–3200 rpm. The magnetic stir bar has a length of 8 mm.  Its cross
ection is a square shape with an edge length of 1.5 mm.  The main
ow generated by the magnetic stir bar in the glass vial is also in
he horizontal plane. The agitation frequency range of stirring is
0–1400 rpm, which is controlled digitally by the magnetic stirrer.
here are a lot of ways to place a glass vial on a rotator. In this
ork, only end-over-end rotation of the vial was modeled by CFD.

he glass vial is oriented perpendicular to the rotator centerline
xis to achieve a tumbling motion. The vial center follows a circu-
ar path and the edge of the vial is 25.4 mm away from the rotator
enterline. When the glass vial is upright vertically, the horizontal
osition of the axis is at the same level of the mid  point between the

op edge of the stopper and the bottom edge of the glass vial. The
gitation frequency of the rotator ranges from 5 to 35 rpm. Table 1
ists the agitation frequencies of each lab agitation instrument mod-
led in this work. Although the vortex mixer and magnetic stirrer
Orbital shaker 60–300 100, 200, 300
Magnetic stirrer 60–1400 100, 200, 300, 600, 1000
Vortex mixer 500–3200 600, 800,1000

can operate above 1000 rpm, vigorous agitations with frequencies
higher than 1000 rpm are rarely used in stress studies. Thus, in this
work, the maximum agitation frequency modeled is 1000 rpm for
the vortex mixer and magnetic stirrer.

2.3. Computational methodology

Flow-3D® (Flow Science Inc., Santa Fe, NM), a commercial CFD
package, was  used to analyze the hydrodynamics of the fluid. Like
other commercially available CFD packages, Flow-3D® is devel-
oped based on a finite volume method. Conservation equations of
momentum, mass and energy are solved at thousands, sometimes
even million locations within the fluid domain. These locations are
generated by dividing the fluid domain into finite volumes in a
process referred to as meshing of the fluid domain. The conser-
vation equations are solved in each mesh cell using discretization
techniques (Pantankar, 1983; Anderson et al., 1984). In Cartesian
coordinates, the time-averaged continuity equation for an incom-
pressible fluid is written using the summation convention and can
be written as:

∂Ui

∂xi
= 0 (1)

The time-averaged momentum equation, which can be used for the
prediction of the velocities in turbulent flow, is:

∂Ūi

∂t
+ Uj

∂Ui

∂xj
= − 1

�

∂P̄

∂xi
+ �∇2Ui + gi − ∂

∂xj

(
U ′

i
U ′

j

)
(2)

The last term in this equation represents the Reynolds stresses,
containing the product of the fluctuating velocity components. For
laminar flow it equals to zero.

After the whole fluid domain is resolved, various fluid dynamics
information including velocities, pressure, temperature, density,
energy are available for analysis. Although there are differences
among commercially available CFD packages in terms of accu-
racy, available turbulence models, and user interface, most of
them follow the same principles mentioned above to conduct fluid
dynamics modeling. The standard Flow-3D® solver was customized
to serve the purpose of this work. The version of the Flow-3D®

solver used for this work is 9.4.s.
Flow-3D® adapts the “free gridding” method to generate mesh

cells. In Flow-3D®, geometry and mesh cells are independent
and can be freely changed. Only rectangular mesh cells are used
by Flow-3D® instead of body-fitted mesh cells with different
shapes, which provide simplicity of meshing (Barkhudarov, 2004;
Wei, 2005). Flow-3D® also incorporates Fractional Area Volume
Obstacle Representation method (FAVORTM). With this method,
fractional areas and fractional volumes are computed to define
obstacles placed within a rectangular mesh cell without sacrificing
numerical accuracy (Sicilian, 1990; Wei, 2005). Solid boundaries
can be identified automatically after the geometries of solid are
imported and meshed. Fig. 1 shows the schematics of rectangular

shaped mesh cells with side and top views for rotator simulations.
The red dashed circle represents the rotation path of a vial on
a rotator. When simulating motion, fluids and solid objects both
move throughout the stationary mesh. The actual simulations use
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ig. 1. Schematics of Flow-3D® mesh cells for the rotator: (a) side view and (b) top
iew. (For interpretation of the references to color in the text, the reader is referred
o  the web  version of this article.)

uch denser mesh cells. Flow-3D® applies Volume of Fluid (VOF)
echnique to model free surfaces. It implements all three VOF ingre-
ients: a scheme to locate the surface, an algorithm to track the
urface as a sharp interface moving through a computational grid,
nd a means of applying boundary conditions at the surface (Hirt
nd Nichols, 1981). These features mentioned above enable Flow-
D® to suitably model fluid systems associated with moving solid
oundaries and free surfaces and therefore fit the needs of this
ork.

However, there are numerical limitations of Flow-3D® when
imulating solid boundaries passing through fixed mesh grid for
igh frequency orbital motions such as with the vortex mixer. In
his case, the grid can be anchored to the moving solid object (the
ial in this case) such that the grid moves in an orbital motion.
he moving grid is referred to as the non-inertial reference frame.
n this work, simulations for the vortex mixer were performed

ith the non-inertial reference frame approach. For consistency,
he orbital shaker is also simulated with non-inertial reference
rame approach. With this approach, numerical errors due to solid
oundaries passing rapidly through a fixed mesh are avoided.

.4. Area of interfaces

For the calculation of the area of solid–liquid interfaces inside a
ectangular mesh cell, the Gauss theorem (Byron and Fuller, 1992)
s applied by Flow-3D®:

∇ · U dv =
∮

nU ds (3)

Vc S

here Vc is the volume of the rectangular mesh cell, S is the sur-
ace of the rectangular mesh cell, U is velocity vector, and n is
he outer normal to the surface S. In Flow-3D®, the mesh cell is
armaceutics 423 (2012) 264– 280 267

partially blocked, with only a part of its volume and faces open to
the flow. The fractional open areas on all six sides of the mesh cell
are known: A1 (lower x), A2 (upper x), A3 (lower y), . . .,  A6 (upper
z). The above integration is done only over open portions of both
volume and area, so the surface S includes open faces and the inter-
nal solid surface, the area of which is A0. Eq. (3) can be solved
to obtain the value of A0. The summation of A0 across all mesh
cells that contain the solid–liquid interface generates the total area
of solid–liquid interface. Flow-3D® applies a similar approach to
calculate the area of air–liquid interface. The roughness of solid
surfaces may  have a significant impact on the area of solid–liquid
interface and protein aggregation (Biddlecombe et al., 2009). How-
ever, in this work, the solid surface is modeled as perfectly smooth
since capturing roughness and its impact on agitation stresses is
beyond the capability of Flow-3D®.

2.5. System volume averaged shear rate

Bulk fluid strain rate (expressed in units of reciprocal seconds)
represents the rate at which the velocity varies with distance when
moving away from the point of interest. In most of protein stability
and formulation literature, it is also termed “shear rate”. To facili-
tate accessibility to the target readers of this work, the term “shear
rate” is used throughout this work.

The shear stress tensor, �, is related to the rate-of-deformation
tensor, S, through the equation:

� = −�S (4)

where � is the fluid viscosity. For an incompressible Newtonian
fluid, the components of the rate-of-deformation tensor, Sij, are
given by (Bird et al., 2002):

Sij = ∂Ui

∂xj
+ ∂Uj

∂xi
(5)

Then, the local value of magnitude of the shear rate (or “shear rate”),
�̇ , is defined as:

�̇ = |S| =
√

1
2

∑
i

∑
j
S2

ij
(6)

The system volume averaged shear rate for a given fluid system,
�̇sys, is calculated by the equation:

�̇sys = 1
V

∫
V

�̇ dv = 1
V

∑
(F · �̇ · Vc)i,j,k (7)

where V is the fluid volume in the whole fluid domain, dv is the vol-
ume element of fluid, and F is the fraction of fluid in a mesh cell. The
summation is carried out over all mesh cells in the computational
fluid domain at every time step.

2.6. Volume averaged shear rate near the air–liquid and
solid–liquid interfaces

Volume averaged shear rate near the air–liquid interface,
�̇A–L , and solid–liquid interface, �̇S–L , are calculated with similar
approaches as the system volume averaged shear rate, �̇sys. The
only differences are that the integration of shear rates are only
performed in the mesh cells that contain the interfaces and the
averaging is performed against the total liquid volume of mesh cells
that contain the interfaces. �̇A–L and �̇S–L are the shear rate of the
layer of liquid which is very close to the interfaces. The degree of

closeness depends on the size of the mesh cell and the exact location
of the interface in the mesh cell. The thickness of this liquid layer
near the interfaces is no larger than 170 �m,  which is the largest
size of mesh cell used in this work.



2 l of Ph

2
i

fl
i
t
T
r
n

2

r

T

w
t
s

2

a

G

w
A
c
t
t
s
t
o
s
a
g
a
t
l
v
o
i
t
t
s
a
o
g
o
m

G

2

b
t

68 G. Bai et al. / International Journa

.7. System maximum shear rate and maximum shear rate near
nterfaces

Flow-3D® calculates shear rate values for each mesh cell in the
uid domain. It also sorts the shear rate values to identify the max-

mum shear rate for the whole fluid domain, and for the mesh cells
hat contain air–liquid and solid–liquid interfaces at each time step.
hus the system maximum shear rate, �̇max

sys , the maximum shear
ate near air–liquid interface, �̇max

A–L , and the maximum shear rate
ear solid–liquid interface, �̇max

S–L , can be obtained and compared.

.8. Total shear

Total shear, T, representing the cumulative time effect of shear
ate, is calculated based on the following equation:

 = �̇syst (8)

here t is the total agitation time in seconds. In this work, the sys-
em volume averaged shear rate, �̇sys, is used to calculate the total
hear of the whole fluid domain.

.9. Air–liquid interface regeneration rate

The air–liquid interface generation rate in a mesh cell containing
n air–liquid interface is defined as:

c = UnA0

Vc
+ (∇ · �U)f (9)

here Un is the fluid velocity component normal to the interface,
0 is the interface area in the mesh cell, Vc is the volume of the mesh
ell, and subscript f represents wetted cell surfaces. The first term on
he right-hand side of this equation describes the inflow of fluid into
he mesh cell in the direction normal to the air–liquid interface. The
econd (divergence) term in the expression is computed only over
he wetted faces of the mesh cell and thus represents the change
f fluid volume in the mesh cell. The sum of the two  terms repre-
ents the amount of fluid (per unit volume and time) that arrives at

 surface mesh cell and spreads along the air–liquid interface. This
eneration term therefore captures the mass addition to newly cre-
ted areas of the air–liquid interface due to surface expansions and
urnover. It includes addition not only at the surface but also in the
ayer of liquid within the mesh cells at the surface, thus convection
ery near the interface is also captured. The generation rate term is
nly tabulated for cells where it is positive (material arriving at the
nterface) and is not tabulated when it is negative (material deple-
ion at the interface). It is assumed that the positive and negative
erms will cancel each other at steady state since the air–liquid
urface is not growing overall, i.e. an equal quantity of material is
dded and depleted for no net surface area change. The integration
f Gc over all mesh cells containing air–liquid interface therefore
enerates the air–liquid interface regeneration rate, G, with a unit
f mL  s−1. It represents the volume of fluid reaching the layer of
esh cells containing air–liquid interface per unit time.

 =
n∑

i=1

GciFiVci (10)

.10. Liquid recirculation intensity
Through air–liquid interface regeneration, drug substance can
e brought to/near the air–liquid interface (the layer of mesh cells
hat contain air–liquid interface) from the bulk liquid during vial
armaceutics 423 (2012) 264– 280

agitation. The intensity of recirculation of liquid from bulk to/near
air–liquid interface can be calculated with the following equation:

n = Gt

V
(11)

where t is the total agitation time and V is the total volume of liquid.

2.11. Cavitation potential

When cavitation occurs, the local pressure of fluid drops below
its vapor pressure, resulting in flashing of the liquid. Cavitation can
create high temperature and shock waves which can possibly gen-
erate damage to protein molecule and lead to aggregation and/or
particle formation (Gulseren et al., 2007; Van Reis and Zydney,
2007). Cavitation potential is monitored throughout whole fluid
domain at each time step by comparing the local pressure with the
vapor pressure of water at 25 ◦C, which is 23.76 mmHg. Only when
the local fluid pressure drops below the vapor pressure, there is a
possibility that cavitation would occur. The difference between the
vapor pressure and local pressure of fluid is defined as cavitation
potential. Anytime this value is greater than zero, cavitation could
potentially occur.

3. Results and discussion

3.1. CFD model optimization

3.1.1. Determination of the simulation flow model
The Reynolds number, Re, was calculated for each of the lab

agitation instruments at the highest agitation frequency covered
in this study to determine if a turbulence model is needed. The
equation used to calculate the Reynolds number is:

Re = L2N�

�
(12)

where L is the characteristic length of the fluid system, n is the agi-
tation frequency of the fluid system, and � is the density of the fluid
(Tchobanoglous et al., 2003). The characteristic length is selected
as the inner diameter of the glass vial in all cases except for the
magnetic stirrer. In this case, the diameter of the magnetic stir bar
is selected instead. The Reynolds number of each agitation method
at the highest agitation frequency in this work is listed in Table 2(a).
Only the Reynolds number of vortex mixer at 1000 rpm lies in the
transitional flow zone (2300–4000). All other modeled fluid sys-
tems have Reynolds numbers that lie in the laminar flow zone
(<2300). Flow-3D® provides turbulence models that are designed
for modeling fully turbulent flow. Fluid agitated with the vortex
mixer at 1000 rpm was modeled as laminar flow in this work for
consistency of comparison.

3.1.2. Validation of the CFD model
Ideally, CFD simulation results (e.g. velocity profiles) should

be compared against experimental results for modeling valida-
tion purposes. However, due to the very small size of the fluid
domain modeled in this work and the fact that the fluid motion
frequencies are high, conventional experimental techniques such
as Laser Doppler Velocimetry (Bai et al., 2007a, 2007b, 2011) cannot
be applied to measure the velocity profiles. Instead, in this work,
the shapes of air–liquid interfaces were compared between exper-
iments and simulations. In Fig. 2(a), the shape of the air–liquid
interface for fluid agitated with the orbital shaker at 300 rpm is
compared between CFD simulation and experiment. In Fig. 2(b), the

shape of the air–liquid interface for fluid agitated with the rotator at
35 rpm (55◦ angle from the vertical position) is compared between
CFD simulation and experiment. CFD simulations capture the shape
of the air–liquid interfaces well in these two cases. This provides
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Fig. 2. Comparison of the shape of fluid free surface between CFD simulation and

experiment for (a) orbital shaker at 300 rpm at steady state and (b) rotator at 35 rpm,
55◦ position.

assurance that the CFD model used in this work can predict the
fluid behaviors accurately. For the magnetic stirrer, the shape of
air–liquid interface is not significantly altered relative to static con-
ditions at low agitation frequencies. At high agitation frequencies,
for both the magnetic stirrer and vortex mixer, it is very difficult to
clearly capture the exact position of the magnetic stir bar and shape
of the air–liquid interface with a camera to compare with CFD sim-
ulation. However, visual observations indicate that CFD simulation
predict the general shape of the air–liquid interfaces well in each
of these two  cases.

3.1.3. Data processing for comparison
The orbital shaker, magnetic stirrer and vortex mixer mainly

generate tangential circular motions and fluid flow in the horizon-
tal plane. Each of these systems reaches steady state within 4 s
following startup. In this work, the criterion for defining steady
state is when the fluctuation of the system mean kinetic energy is
less than 1%. When steady state is reached, all parameters studied
in this work such as system volume averaged shear rate remain
nearly constant as shown in Fig. 3(a). The shape of the agitated liq-
uid also does not change appreciably after steady state is reached.
In agitation stress studies, vials are commonly agitated on these
instruments for several hours, thus the less than 4 s startup period
is likely insignificant when studying the overall stress to a protein.
Among these various horizontal vial agitation methods at various
agitation frequencies, the differences are the time it takes to reach

steady state and the intensities of the studied parameters after
steady state is reached. For the systems that reach steady state (i.e.
the orbital shaker, magnetic stirrer and vortex mixer), the values
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ig. 3. Comparison between systems that can and cannot reach steady state during
gitation on fluid free surface shape and system volume averaged shear rate: (a)
rbital shaker at 300 rpm and (b) rotator at 35 rpm.

f studied parameters were averaged over a one second period of
ime after steady state is reached for the purpose of comparison.

In contrast to the above systems, the rotator rotates vials end-
ver-end and mainly generates cyclical motions of fluid within an
symmetric cross section of the vial. In this case, the fluid flows
rom one end of the vial to the other as the vial rotates and never
eaches steady state. The studied parameters in this work change
ver time by following sinusoidal curves as shown in Fig. 3(b). The
hanging shape of fluid in a rotated vial at 35 rpm is also shown
n the same figure. In order to make comparisons across differ-
nt agitation methods, the raw data from the rotator simulations
ere further processed. The values of studied parameters in this
ork were integrated using the trapezoid rule and averaged over

he period of time for one complete rotation. For the maximum
hear rates (within the system and near interfaces), the highest val-
es over a full rotation were picked for comparison with agitation
ethods that can reach steady state, no averaging was  performed.

.2. Flow patterns

Fig. 4 depicts a cross section of a vial on the rotator at 45◦,
0◦, 135◦ and 180◦ positions. The vial rotates counter clockwise
t 35 rpm. The figure panels show a 2D fluid velocity vector map

olored by velocity magnitude where the in-plane velocity vector
omponents are represented. Combined with the fluid free sur-
ace shape shown in Fig. 3(b), the flow pattern of rotator is clear.
he rotator operates at a relatively slow frequency such that the
armaceutics 423 (2012) 264– 280

centrifugal force is not significant. The fluid motion is analogous
the water being poured out of one end of the vial and subsequently
impinging on the other end. The velocity of the impinging fluid
depends on the rotation frequency and rotation diameter. When
the vial rotates from 0◦ to 90◦ (upright vertical position to hori-
zontal position), relatively to the vial, the fluid flows uphill, and
the fluid reside on the side of the vial at the 90◦ position. Since the
vial is still rotating after it reaches 90◦ position, the fluid continues
flow towards the stopper side of the vial. When the vial rotates from
90◦ to 180◦ (horizontal position to inverted vertical position), grav-
ity accelerates the fluid in addition to the rotational forces, which
results in relatively higher velocity magnitude of fluid velocity and
relatively more complicated flow directions as shown by the 135◦

position vector plots in Fig. 4. The fluid flows downhill along the
vial wall and impinges on to the stopper. Eddies may exist but the
flow is believed to be laminar in general. When the vial rotates from
180◦ to 360◦, the fluid behaves similarly as it does from 0◦ to 180◦

but the directions of the flow are the opposite. As shown in Fig. 3(b),
the system volume averaged shear rate, �̇sys, reaches its peak values
when the vial is at 90◦ and 270◦ (horizontal) positions as in these
positions, the fluid experience highest change in terms of velocity
magnitudes.

Fig. 5 shows the 3D fluid shape and 2D velocity vector maps
for the magnetic stirrer at 1000 rpm at steady state. It shows that
even at its highest agitation frequency, 1000 rpm, the fluid does not
have sufficient centrifugal momentum to “climb” the walls signif-
icantly. The fluid is dispersed nearly uniformly around the entire
vial circumference, which is in contrast to the lop-sided fluid bod-
ies observed with the orbital shaker and vortex mixer. Similar to
the mixing system with a two-blade impeller (Bai et al., 2007a), the
primary flow in a magnetic stirred vial is tangential flow in the hori-
zontal plane as shown by the velocity vectors at Z = 0.5 cm. The flow
patterns in any other horizontal planes at any other Z locations are
similar. The secondary flows are in the vertical planes which have
lower velocities than in horizontal plane, indicating much weaker
flow. In these vertical planes, the fluid next to the tips of the mag-
netic stir bar is pushed towards to the vial wall. After the fluid
hits the vial wall, the fluid splits. One portion flows upwards and
one portion flows downwards. The upwards flowing fluid “climbs”
up against the vial wall, although not much, and then flows back
towards the vial center. The downward flowing fluid hits the vial
bottom almost immediately and flows back towards the vial cen-
ter. Thus, two  recirculation loops (one along air–liquid interface,
the other along vial bottom) form on both sides of the magnetic
stir bar in the vertical planes. The convective mixing of the fluid in
magnetic stirrer vial is mainly due to the secondary flow in vertical
planes.

Fig. 6 shows the 3D fluid shape and 2D velocity vector maps
colored by velocity magnitude for the orbital shaker at 300 rpm
at steady state. Fig. 7 shows the similar plots for vortex mixer
at 1000 rpm at steady state. The orbital shaker and vortex mixer
impart similar types of motion to the vial; the differences are agita-
tion frequencies and orbital diameters. In both cases, the vial passes
through a circular orbit but does not spin. For the orbital shaker, as
the vial orbits, a centrifugal force is generated that causes the fluid
to disperse against the vial wall. Thus the fluid “climbs” towards the
upper portions of the vial wall unevenly and the air–liquid interface
is elongated vertically. At 300 rpm, the fluid can climb up to about
the half height of the vial along one side of the vial wall as shown by
the 3D and Y = 0 plane in Fig. 6. A horizontal cross section of the fluid
at Z = 1.0 cm above the vial bottom shows a “crescent” shape of fluid.
Here, a fluid layer slides around the inner circumference of the vial.

Because the vial does not spin, the fluid nearest the wall is “held
back” while the bulk passes over it, creating a “conveyor belt” type
of convective current. The same type of “conveyor belt” current is
found in the vortex mixer in Fig. 7, but the fluid layer is, on average,
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Fig. 4. Flow patterns of the rotator at

uch thinner and spread over a greater span of the vial wall. The
ow patterns in the vertical planes are relatively weaker for both
he orbital shaker and the vortex mixer. Overall, the flow patterns
re much more irregular and non-uniform in direction for the vor-
ex mixer. Thus no discernible secondary current can be assigned
o the vortex mixer, only a high level of mixing between horizontal
ayers and from the bulk to the interfaces can be expected.

.3. Shear rates

.3.1. Visualization of instantaneous shear near interfaces
Fig. 8 shows the instantaneous shear rate for each system near

nterfaces at their highest agitation frequencies. The fluid body is
on-transparent in these images, thus the shear rates are visualized

rom the mesh cells at the surfaces. The highest shear rate value on
he color bar is 300 s−1. Red color represents shear rate magnitude
00 s−1 and above, and some of the values are considerably above
00 s−1, as seen in Table 2. For the orbital shaker, high shear rate
alues are located at the air–liquid interface near the vial wall and in

 small area in the center of the air–liquid surface. For the magnetic
tirrer, higher shear rate values are located near vial wall at about
he same level of the magnetic stir bar, but over a smaller area com-
ared to orbital shaker. At the air–liquid interface, a small area of

ed color can be observed in the center where the near-surface fluid
s dispersed into the bulk by the stir bar. For the vortex mixer, the
uid “climbs” up very high along the vial wall, reaching the inside of
he vial “shoulder”. Much larger area of high shear can be observed
m: 45◦ , 90◦ , 135◦ and 180◦ positions.

near the vial wall compared to all other three agitation systems.
Similarly, much larger red area can be observed at its air–liquid
interface from the top view. This indicates that the vortexed fluid
system experiences much larger shear rates at the interfaces than
the other agitation methods. The rotator has the lowest shear rate
near interfaces among all agitation systems mainly due to its very
low agitation frequency. The highest shear rate (green to yellow
color) is near the stopper where the fluid has highest velocities as
shown in Fig. 4.

3.3.2. System volume averaged shear rate
Fig. 9 shows a comparison of the system volume averaged shear

rate, �̇sys, of the whole fluid domain among agitation methods
at different agitation frequencies. For all agitation methods, �̇sys

increases approximately linearly with agitation frequency except
for the orbital shaker. At the maximum agitation frequencies simu-
lated, the rank ordering of equipment with respect to �̇sys is: vortex
mixer � magnetic stirrer > orbital shaker > rotator (Table 2(a)). The
volume averaged shear rate generated by the rotator has the steep-
est increase with agitation frequency increase, but this instrument
is limited to low agitation frequencies. For the orbital shaker, the
volume averaged shear rate climbed gently with increasing agi-
tation frequency from 100 rpm to 200 rpm but at a much steeper

rate from 200 rpm to 300 rpm. This inflection in the trend coin-
cides with the centrifugal dispersion of the fluid vertically along
the vial wall. It may  indicate that the effectiveness of agitation for
the non-symmetric fluid body in a rotational orbit is greater than
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Fig. 5. Flow patterns of the magnetic 

or the cylindrical plug shaped fluid body at lower agitation fre-
uencies. The capability of generating �̇sys for the vortex mixer is
imilar to that of the orbital shaker 300 rpm and beyond, i.e. they
ie on the same approximate curve, although the vortex operates
t a much higher agitation frequency range. The magnetic stirrer
enerates much lower volume averaged shear rate at the same agi-
ation frequency compared to orbital shaker and vortex mixer when
gitation frequency is above 300 rpm. It is about 2.2 times lower
t 300 rpm compared to orbital shaker (26.07 s−1 vs. 83.35 s−1)
nd about 2.3 times lower at 1000 rpm compared to vortex mixer
115.69 s−1 vs. 384.77 s−1). The vortex mixer provides the highest
evel of overall shear rate stress among all agitation methods.

.3.3. System maximum shear rate
Table 2(a) lists the system maximum shear rate at the high-

st agitation frequencies. For system maximum shear rate, the
ank ordering of agitation methods is: vortex mixer > magnetic
tirrer > orbital shaker > rotator. Any of these maximum shear rate
alues is much lower than those generated by the viscometer, cap-

llary tube or rheometer devices in the literature, which range from
0,000 to 100,000 s−1 (Thomas and Dunnill, 1979; Virkar et al.,
981; Jaspe and Hagen, 2006; Bee et al., 2009a).  They are also all
ell below the shear rates of 107–108 s−1 that have been predicted
 at 1000 rpm at steady state (cm s−1).

to be theoretically capable of unfolding proteins by correlation of
shear forces with those necessary to unfold proteins in atomic force
microscope (AFM) experimental studies (Bee et al., 2009b), or using
computational simulations of the impact of shear on protein folding
(Alexander-Katz and Netz, 2008).

3.3.4. Total shear
One frequently listed shear parameter in the literature is total

shear, which takes into account the shear rate and the time of expo-
sure (Virkar et al., 1981; Maa  and Hsu, 1997; Bee et al., 2009a,b).
This term may  be relevant if the denaturation process is gradual and
requires a persistent stress, or if the process is quick and degradant
accumulates linearly over time. It may  also be relevant in describing
particle size distributions that are affected by orthokinetic floccu-
lation and disintegration under shear. Table 2(a) lists the values of
total shear calculated based on the system volume averaged shear
rates and 24 h of agitation time at highest agitation frequencies cov-
ered in this work for each of the agitation method. The vortex mixer
at 1000 rpm produces highest value of system total shear over 24 h

of agitation time. The total shear generated by vortex mixer and
magnetic stirrer are comparable to the total shear values described
in published studies (Thomas and Dunnill, 1979; Virkar et al., 1981),
which range from 107 to 5 × 108. However, these values of total
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hear were generated by a viscometer with a much smaller vol-
me  of liquid, higher average shear rates, and within much shorter
mount of time. Thus, the majority of the conditions covered in this
ork at lower frequencies result in much less total shear even after

4 h agitation. Even if the total shear were made equal by extending
he time, it may  not be universally true that a low shear rate com-
ounded over a long time generates an equivalent product quality

mpact as an intense shear incurred over a short time.

.4. Air–liquid interfacial stresses

.4.1. Area of the air–liquid interface
Fig. 10(a) shows a comparison of the area of air–liquid interface

mong agitation methods at different agitation frequencies. The
rea of air–liquid interface is normalized against its value when
here is no motion of the fluid (1.67 cm2). In general, for all agi-
ation methods, an increase in agitation frequency results in an
ncrease of the air–liquid interfacial area. The vortex mixer gen-
rates a vertically and horizontally elongated air–liquid interface
Fig. 7) with much more air–liquid interfacial area compared to the
ther three agitation methods at any agitation frequency. The next

ighest value corresponds to the orbital shaker at 300 rpm. Con-
idering its very low agitation frequencies, the rotator generates
ignificant amount of air–liquid interface. As the vial rotates, the
ir–water surface alternately spans the circular cross section when
 at 300 rpm at steady state (cm s−1).

the vial is upright and the longer, approximately rectangular, cross
section when the vial is horizontal, thus undergoing cyclical expan-
sion and contraction (Fig. 3(b)). At 10 rpm, the rotator creates more
air–liquid interface than the orbital shaker at 200 rpm or the mag-
netic stirrer at 1000 rpm. The magnetic stirrer is the least effective
at creating air–liquid interfacial area. Generally, one might expect
an increase in interfacial damage of proteins when the air–water
interfacial area increases. However, the relative activity of these
interfaces may  depend on other fluid flow characteristics such as
convection, shear and dilatation.

Besides the air–liquid interface at the fluid free surface, air bub-
bles entrained into the bulk fluid due to agitation can also create
air–liquid interfaces. Although Flow-3D® has a built-in model to
simulate the formation of air bubbles, accurate capturing of the
air–liquid interface created by these air bubbles requires a mesh
cell size much smaller than the actual bubble size, which requires
extensive computational resources not practically achievable. Thus,
air–liquid interfaces present due to air bubble trapping were left
out of the scope of this work but the authors note that there is
the possibility that they also have an additional impact on protein
degradation. The area of air–liquid interface presented in this work

for all agitation methods could have been under-estimated due to
this reason. Among the four agitation methods, the highest degree
of under-estimation on area of air–liquid interface could belong
to vortex mixer since the agitation of vortex mixer is the most
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Fig. 7. Flow patterns of the vortex mixer at 1000 rpm at steady state (cm s−1).

Fig. 8. Instantaneous shear rates in the mesh cells near interfaces: (a) orbital shaker at 300 rpm, (b) magnetic stirrer at 1000 rpm, (c) vortex mixer at 1000 rpm and (d) rotator
at  35 rpm. (For interpretation of the references to color in the text, the reader is referred to the web version of this article.)
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Fig. 9. Comparison of the system volume averaged shear rates.

igorous under same agitation frequency thus could entrap the
ighest amount of air bubbles in the bulk fluid. The under-
stimation of the air–liquid interface created by air bubble could
lso have impact on the calculation of shear rate near air–liquid
nterface and air–liquid interface regeneration but the exact impact
s unknown at this point.

.4.2. Volume averaged shear near air–liquid interface
Fig. 10(b) shows the dependence of �̇A–L on frequency. �̇A–L

ncreases approximately linearly with agitation frequency for most
f the agitation methods. Again, and inflection can be seen in the
rend for the orbital shaker as the fluid body becomes elongated at
requencies above 200 rpm. For the rotator, there is a steep increase
n shear rate from 10 rpm to 35 rpm, perhaps due to the increased
elocity of the fluid flowing from end-to-end and the resulting
reater splash on impact at the vial top and bottom. The magnetic
tirrer generates lower �̇A–L compared to orbital shaker and vortex
ixer at the same agitation frequencies. At the maximum operat-

ng speeds simulated, the rank ordering of equipment with respect
o �̇A–L is: vortex mixer � orbital shaker > magnetic stirrer > rotator
Table 2(b)). Air–liquid interface and shear rate near this interface
re thought to act cooperatively to unfold and/or aggregate pro-
eins (Maa  and Hsu, 1997; Colombié et al., 2001; Chou et al., 2005;

ahler et al., 2005; Bee et al., 2009a; Thomas and Geer, 2011). How-
ver, the degree of the contribution from each of the two individual
omponents of the shear rate/air–liquid interface on protein aggre-
ation is currently unknown. The synergetic effect may  be drug and
ormulation dependent. Adsorbed proteins may  aggregate to form
etworks resulting in a gel layer at the air–liquid interface (Petkov
t al., 2000; Murray et al., 2002). Shear may  disrupt the surface gel
ayer and may  produce different types and sizes of aggregates or
articles for constantly agitated systems versus periodically agi-
ated systems (Van Aken and Merks, 1996).

.4.3. Maximum shear rate near air–liquid interface
At the maximum operating frequencies simulated, the

ank ordering of equipment with respect to �̇max
A–L , is: vortex

ixer � orbital shaker > magnetic stirrer > rotator (Table 2(b)). All
hese values are smaller than the �̇sys shown in Table 2(a), indicating
he maximum shear rates do not appear near the air–liquid inter-
ace for any of the four agitation methods. However, the disruptive

mpact on protein stability may  be enhanced by the interface (e.g.
ue to its hydrophobic and fluid nature), even if the shear forces
re insufficient alone.
Fig. 10. Comparisons of areas of air–liquid interfaces and volume averaged shear
rate  near the air–liquid interfaces.

3.4.4. Air–liquid interface regeneration rate
In many instances surface-induced aggregation may  be surface

area limited. For instance, aggregation of a mAb at the stainless steel
surface had a second-order dependence on steel surface area (Bee
et al., 2010b). Similarly, if protein aggregation is limited by available
free air–liquid interfacial area, or the available surface is crowded
with protein, then creation of fresh interface should increase the
overall aggregation rate. The air–liquid interface is unique in that it
is fluid in nature, and can be deformed, regenerated, or turned over
by relatively gentle fluid forces.

Fig. 11 shows the dependence of G on agitation frequency for the
four instruments. Even at the lowest agitation frequency setting,
the vortex mixer regenerates more air–liquid interface per time
than all other methods at any frequency. At an agitation frequency
of 1000 rpm, its air–liquid interface regeneration rate climbs up to
2.34 mL  s−1. The air–liquid interface regeneration rate for the rota-
tor increases steeply with frequency too in an approximately linear
manner. Even though it is limited to low frequency, it has a compa-
rable surface regeneration rate to the magnetic stirrer and orbital
shaker at their higher frequency settings. The relatively low sur-
face generation rate for the magnetic stirrer is perhaps surprising.
In many processes, stirrers are used to effectively mix  fluids, even
in deep tanks. The secondary rolling convective currents in the ver-

tical planes (shown in Fig. 5) might be assumed to create significant
convective turnover at the surface, but these simulations show that
the effect is small compared to the mechanisms for creating surface
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Fig. 11. Comparison of the air–liquid interface regeneration rates.

urnover in the other agitation methods at the frequencies mod-
led. At the maximum agitation frequencies simulated, the rank
rdering of equipment with respect to cumulative air–water sur-
ace regeneration rate is: vortex mixer � magnetic stirrer > orbital
haker > rotator (Table 2(b)).

Fig. 12 shows color maps of the air–liquid interface generation
ates, Gc, for agitation methods at their highest agitation frequen-
ies at steady state. The vast difference in cumulative regeneration,
, incurred in the vortex system versus the other three methods is
ifficult to discern from these color maps. This is perhaps due to the

ine of sight passing tangentially across the large, mostly vertical,
iquid layer dispersed against the vial wall. It is clear that regener-
tion is intense in small regions of the surface for the vortex mixer
nd magnetic stirrer. The entire surface is much more quiescent
or the orbital shaker and rotator, at the rotation angle shown here.
omparison of the surface shear maps (Fig. 8) with the regeneration
ate map  here demonstrates that in many cases they coincide, for
xample in the top end of the vial on the rotator, and in the central
egion for the magnetic stirrer.

To roughly estimate how the volumetric term G (mL  s−1) trans-
ates into air–liquid interface area generation (cm2/s), the surface
uid volume can be visualized as occupying the surface fluid layer
esh cells, which are only partially filled with fluid, and the fluid

epth in this work is less than 170 �m.  Approximating the surface
epth is 100 �m everywhere, the maximum G in this study pro-
ided by vortex mixer at 1000 rpm (2.34 mL  s−1) is equivalent to
34 cm2 of newly created surface with a depth of 100 �m,  gener-
ted every second. Though these assumptions enable only a rough
stimate, compared to the area of air–liquid interface at rest in these
ystem (1.67 cm2), it is clear that the surface turns over rapidly, on
he order of hundreds of times per second. From surface tension
xperiments, it is known that adsorption of proteins to interfaces
nd formation of gel layers at a surface can take hundreds of min-
tes to equilibrate (Tripp et al., 1995; Murray et al., 2002; Ridout
t al., 2004). Thus the short lifetime of the surface in the vortex
ystem here would presumably limit the types of aggregates ulti-
ately formed to those that result from relatively quick surface

rocesses. None of the systems here would be likely to facilitate
urface processes that take more than a few seconds.

Even when air–liquid interface is available for protein adsorp-
ion, the supply of fresh fluid from the bulk to the surface may

e limiting. Table 2(b) provides the comparison of liquid recir-
ulation intensity, n, among the agitation methods under their
ighest agitation frequencies for 24 h of agitation. Fluid agitated
ith the vortex mixer has the highest recirculation intensity, thus
armaceutics 423 (2012) 264– 280

increasing the chance for protein molecules from the bulk to partic-
ipate in surface reactions. The rotator has the lowest recirculation
and therefore is least capable to circulate drug from the bulk to the
air–liquid interface.

3.5. Solid–liquid interfacial stresses

3.5.1. Area of solid–liquid interface
Fig. 13(a) shows the comparison of the solid–liquid interfacial

area among agitation methods at different agitation frequencies.
The interfacial area is normalized against its value under static con-
ditions (4.77 cm2 for magnetic stirrer and 4.74 cm2 for others). The
solid–liquid interfaces shown in this figure include the glass–water
interface for all agitation methods and also the stopper–water
interface for the rotator only. For all other three agitation meth-
ods, the fluid does not touch the stopper even at the highest
modeled agitation frequencies. The general trend is similar to the
air–liquid interface trends in Fig. 10(a). For all agitation methods,
the solid–liquid interface increases with agitation frequency. The
vortex mixer generates much more solid–liquid interface com-
pared to other agitation methods with the normalized area of
solid–liquid interface almost tripling at the higher frequencies. The
smallest increases in interfacial area are seen with the rotator and
magnetic stirrer.

There is an extra solid–liquid interface in the magnetic stirrer
system which is located at the magnetic stir bar surface. The area of
this interface is 0.43 cm2 when there is no fluid motion, and it does
not change due to the increase of agitation frequency. The shear rate
is high in the region near the stir bar, and in addition, the unique
stir bar surface properties may  play an important role in protein
degradation. The most commonly used magnetic stir bars in bio-
pharmaceutical development laboratories are Teflon® coated, and
therefore present a hydrophobic surface which could contribute
significantly to protein aggregation (Colombié et al., 2001). How-
ever, it was  also reported that some proteins do bind to hydrophilic
surfaces and aggregate more than on hydrophobic surfaces (Haynes
and Norde, 1994). The preferences of surface properties in terms
of protein binding and aggregation are probably protein and for-
mulation dependent. All results for the magnetic stirrer system
presented in this work are based on a particular type and size of
magnetic stir bar. The size and shape of magnetic stir bar have a
significant impact on the behavior of stirred fluid. This fact actually
provides flexibility to the magnetic stirrer system to generate dif-
ferent levels of stresses. The behavior of stirred fluid with a large or
unique shape of stir bar can be numerically simulated by CFD with
the same approach presented here to target specific fluid stresses
and intensities.

The roughness of a solid surface greatly impacts the net area,
but surface roughness is difficult to capture in simulations. The
solid–liquid interfacial areas in these simulations were calculated
by assuming a perfectly smooth surface. Protein aggregation was
found to be directly proportional to solid surface roughness under
constant shear rate in one study (Biddlecombe et al., 2009). Thus the
experimentalist should consider the surface roughness along with
other properties of the solid surfaces when designing experiments
and interpreting results.

3.5.2. Volume averaged shear near the solid–liquid interface
Fig. 13(b) shows a comparison of the volume averaged shear

rate near the solid–liquid interface, �̇S–L , among the four agita-
tion methods at different agitation frequencies. The �̇S–L increases
with agitation frequency and the general trend of data is very sim-

ilar to the �̇A–L dependency (Fig. 10(b)). However, the shear rates
near the solid–liquid interfaces are generally greater than those
at the air–liquid interfaces. Again, the vortex mixer generates the
highest shear among the four instruments. And again, the shear
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Fig. 12. Air–liquid interfac

ate increases abruptly for orbital shaker as the agitation frequency
ncreases from 200 to 300 rpm, in parallel with the vertical elonga-
ion of the fluid body.

.5.3. Volume averaged shear rate near the magnetic stir bar
urface

The volume averaged shear rate near the magnetic stir bar sur-

ace is shown in Fig. 14 and compared with the other volume
veraged shear rates in the system. The shear rate near the stir
ar increases approximately linearly with agitation frequency up
o 1000 rpm. At any given agitation frequency, the shear near the

ig. 13. Comparisons of the solid–liquid interfacial areas and volume averaged shear
ate  near the solid–liquid interfaces.
eration rates, Gc , top view.

stir bar surface interface is at least 2.5 times higher than any
other volume averaged shear rate values shown in the same fig-
ure. The system volume averaged shear rates are higher than those
near air–liquid interface and solid–liquid interface at the vial glass.
The very high shear rate near stir bar seems to weigh signifi-
cantly in the system volume averaged shear rate since the area of
air–liquid interface (1.67 cm2) and the area of the glass-liquid inter-
face (4.77 cm2) are much larger than the area of the stir bar surface
(0.43 cm2). The magnetic stir bar is the major source of shear rate
in the magnetic stirrer agitation system. This high shear rate com-
bined with the hydrophobic Teflon® surface may  be the major cause
of protein aggregation in the magnetic stirrer system (Kiese et al.,
2008).

3.5.4. Maximum shear rate near solid–liquid interface
At the maximum operating frequencies simulated, the

rank ordering of equipment with respect to, �̇max
S–L is: vortex

mixer > magnetic stirrer > orbital shaker > rotator (Table 2(b)). All
these values are smaller than the �̇sys shown in Table 2(a), indi-
cating the maximum shear rates do not appear near solid–liquid
interfaces for any of agitation methods, with one exception. The
maximum shear rate near the solid–liquid interface at the stir bar
surface is the maximum shear rate for the magnetic stirrer system.

3.6. Cavitation potential
Within the scope of this work, cavitation potential was  not
observed in fluid agitated with any of the instruments up to
1000 rpm.

Fig. 14. Comparison of shear rates for the magnetic stirrer.
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.7. Other considerations for vial agitation

The fluid in a rotating vial has contact with two  types of
olid–liquid interfaces: glass–liquid and stopper–liquid. Some
toppers have a silicone oil coating for fill finish machinability
nd reduced friction on insertion into the glass vial. The pres-
nce of the stopper–liquid interface together with the shear rate
ear this interface could potentially lead to emulsification of small
ilicone oil droplets into the bulk liquid and cause protein aggre-
ation (Jones et al., 2005; Thirumangalathu et al., 2009). It may  be
ise to choose a stopper that is not siliconized when agitating a

ial with rotator to eliminate this additional stress. Silicone oil is
ot as likely to be emulsified for the other three agitation meth-
ds because based on visual observations and the CFD simulation
esults, agitated fluids do not reach the stopper even at the highest
requencies.

Although the orbital shaker generates lower stresses than the
ortex mixer, it has an advantage. The agitation platform of orbital
haker is much larger and more stable than that of the vortex
ixer. It can hold and agitate multiple vials simultaneously with-

ut adding any accessories and can maintain the same strict orbital
otion for every vial. This is very helpful in eliminating sample to

ample variability. The vortex mixer requires accessories (e.g. vial
olders) to be used to agitate multiple vials at the same time. When
his accessory is used, the weight of the vials plus the weight of the
ccessory may  disturb the motion of the agitation head of the vor-
ex mixer. It can be observed often that the motions of vials are no
onger strictly orbital. Also, there could be variability in the motion
xperienced by different vials. It is difficult to use CFD to simulate
he irregular orbital motions of vials since the motion parameters
re unknown.

One observation from vial agitation experiments is that a thin
ayer of fluid can adhere to glass surfaces (and stopper surfaces
n the case of the rotator) after contact by the bulk agitated fluid.
he thin layer of adhered fluid on these surfaces creates both
olid–liquid and air–liquid interfaces. This thin layer of fluid per-
ists until the bulk fluid returns and brings fresh fluid to displace the
ld layer, and then presumably the adhered layer is refreshed with
ew material. This adhered layer can be observed mainly with the
otator, orbital shaker and vortex mixer. For the magnetic stirrer,
here is almost no thin layer of liquid observed due to the dispersion
f fluid symmetrically around the vial wall, and the relatively low
lass solid–liquid interface overall. At lower agitation frequencies,
he adhesion interfaces can exist for longer periods before being
rought back into contact with the bulk fluid, which provides more
ime for protein aggregation to occur at these interfaces. The aggre-
ated protein on these adhesion interfaces may  be brought back
nto the bulk fluid, or perhaps denatured proteins introduced into
he bulk to serve as nuclei for aggregation. In spite of the possibil-
ty of aggregation resulting from these adhered layers, they could
ot be taken into account in this work due to the current limita-
ions of the simulation software. On top of all stresses covered in
his work, when using a rotator, orbital shaker, or vortex mixer to
gitate a protein solution, the stress factors incurred in adhered liq-
id layers need to be considered when designing experiments and

nterpreting experimental results.
A large portion of our current understanding of protein behav-

or at air–water interfaces comes from the fields of food, colloid,
nd interfacial sciences (Freer et al., 2004; Ridout et al., 2004;
artin et al., 2005). In particular, interfacial rheology experiments

ave been effective at elucidating fundamental insights into the
inetics of protein adsorption, unfolding and cohesive bonding

f proteins in adsorbed layers, formation of gel-like layers, and
he resulting impact on surface tension, elasticity and viscosity.
hus one may  wish to apply these fundamental findings directly
n simulations to make predictions from first principles, but some
armaceutics 423 (2012) 264– 280

difficulties still remain. Two phenomena are routinely probed
in surface rheology experiments, surface shear deformation and
dilatational deformation. In surface shear deformation, the sur-
face deforms without changing in area (e.g. fluid is filled between
concentric cylinders that rotate in opposite directions, shearing
the interface in between), and the velocity gradient is considered
only in the interfacial plane. This in-plane interfacial shear can-
not be modeled currently using the Flow-3D® software, but rather
the 3-dimensional velocity gradients in the mesh cell at the sur-
face are used to calculate the shear rate “near the interface”. In
dilatational (same word origin as dilation) deformation, the sur-
face expands while maintaining constant shape, as in a Langmuir
trough or drop tensiometer with a growing droplet. The related
concept used in these simulations is surface generation. A key dif-
ference is that unlike fundamental experiments where dilatational
deformation is isolated, it is accompanied by shear and convection
in an agitated system, and further, dilatation in one area may  be
accompanied by surface compression in a neighboring area, creat-
ing non-uniform surface deformations. The age of specific locations
on the surface is also not tracked with the current software thus
preventing time-dependent surface properties like surface tension
or surface viscosity from being mapped onto the surface. In spite
of these current limitations, CFD modeling of agitation methods
helps to make approximate comparisons and to put the two sys-
tems in perspective relative to one another. For example, surface
rheology experiments study the variation of surface properties over
logarithmic time scales, and CFD simulations allow one to esti-
mate that the relevant processes are on the millisecond–second
time scale, not hours. Aggregation may  still result from processes
at these time scales, but the mechanistic explanation (e.g. confor-
mational changes or collision frequency increase due to mixing)
should be consistent with the expected time scales.

3.8. Possible improvements in protein agitation study design
using CFD simulation results

The analyses covered in this work highlight the inherent com-
plexity involved in the rational design of laboratory agitation
studies to model stresses incurred under “real world” conditions.
The “real world” conditions likely are even more complicated. For
formulation scientists, in order to develop a reliable formulation
to protect the stability of protein medicine, it is critical to iden-
tify specific stress(es) problematic for each protein, which could be
air–liquid interface plus shear, or solid-interface plus shear or even
a Teflon surface of the magnetic stir bar by itself. Even if detailed
CFD characterizations were easily obtained for any scenario where
agitation is incurred, it would still probably be impossible to match
the intensity of all “real world” stresses perfectly in a single lab-
oratory model. However, the goal of agitation studies is usually
to assure stability under “real world” conditions, not to model
the anticipated stresses exactly. So verification that the laboratory
model is indeed “worst-case” by CFD is a valuable exercise. The
work described here provides the laboratory half of the analysis for
several common agitation methods using a particular container,
fill volume and fluid, and the remaining “real world” half of the
analysis remains to be done and would be tailored to the antici-
pated shipping or processing scenario. Thus for those who aim to
qualitatively or quantitatively compare laboratory agitation meth-
ods to anticipated stresses, publication of further CFD studies of
common biotechnology processes and shipping stresses would be
valuable as most of the “real world” stresses are hard to measure
with experimental methods too.
In practice, the fluid properties of protein solutions (e.g. viscos-
ity) can vary from product to product depending on the molecular
weight and concentration of protein, and types and concentrations
of excipients. Further, container size and fill volumes vary widely. It
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ould be impossible to conduct CFD simulations to guide agitation
tudy design for every individual protein solution in every presen-
ation, shipping route and process, and so as a practical matter,
eneralizations must be drawn from a limited number of simula-
ions. As an example, the rank ordering of stresses in this work were
alculated for 1 mL  of water at 25 ◦C in a 3 mL  glass vial, but a similar
ank ordering of stresses might be reasonably expected for 1.2 mL
f a low concentration monoclonal antibody formulated with low
olecular weight excipients in a similar vial. Even if the antibody

ad a concentration above 100 mg/mL, and the viscosity were much
igher than water, it can be reasonably expected that stirring would
till impart a high shear at the stir bar solid–liquid interface, vortex
ixing would disperse the liquid to the greatest height on the vial
all, and rotation would still produce a high surface turnover rel-

tive to its slower frequency. The effects of variables suspected to
lay an important role, such as viscosity and fill volume, should be
ssessed in separate CFD studies to better understand their impact
nd guide CFD-derived interpretations. The same issues exist when
pplying platform agitation study designs across multiple biotech-
ology products, formulations, or fill volumes, but without CFD as

 guide the stresses are unlikely to be fully understood.
Tailoring agitation studies for specific proteins might require

dentification of the particular stresses that are most damaging
n a protein-by-protein basis, and experiments could then be pri-
ritized according to stress type and intensity using a risk-based
pproach. Based on the results shown in this work, it is clear that
ach of the most commonly used laboratory agitation methods
rovide several agitation mechanical stresses simultaneously and
ifferent agitation methods provide different types and intensities
f stresses under same agitation frequencies. To use these meth-
ds as they are with a randomly picked agitation frequency may
esult in degradation of a protein. However, such an experiment
ay  not be very helpful in understanding the real mechanism(s)

ehind the problem(s) since it is difficult to de-convolute the many
nvolved factors to identify the root cause(s). A simpler analysis

ight result from using agitation methods targeting specific types
f stresses with reasonably defined and controlled intensities. For
xample, one can fill the glass vial full to eliminate the air–liquid
nterface in stirring studies, rotate vials with a low speed and long
nterval to minimize the shear rate while maintain high air–liquid
nterface turnover. With isolated agitation stresses provided by

ell designed agitation experiments, the mechanism(s) of protein
ggregation can be identified and understood. CFD can aid in the
esign and validation of targeted stress methods.

. Conclusions

In this study, agitation experiments involving 1 mL  of fluid in
 glass vial agitated by four different types of common lab agita-
ion methods were modeled at various agitation frequencies. Fluid
tresses in the bulk liquid and near air–liquid and solid–liquid inter-
aces were found to be variable among the different methods and
ften strong functions of agitation frequency. Average and max-
mum shear rates were found to be well below the levels that

any authors have predicted to be necessary to directly unfold
roteins, but may  be important from the standpoint of particle
occulation and disintegration or synergetic effects of interfacial
dsorption and unfolding combined with shear and turnover at
he air–water interface. Overall, the shear rates were highest for
he vortex mixer. High air–liquid interfacial shear rates coincided
ith high turnover rates, and average surface shear and net surface
urnover was by far the highest for the vortex mixer. The magnetic
tirrer generated relatively high shear near the stir bar solid–liquid
nterface. The combination of high shear and the hydrophobic sur-
ace makes the stir bar surface a suspect source of aggregates for this
armaceutics 423 (2012) 264– 280 279

system. The rotator provides a relatively large amount of shear and
interfacial area considering the very low agitation frequency. Cav-
itation potential was not seen for any of the agitation methods in
the frequency ranges studied in this work. Selection of the proper
agitation method with known types and intensities of stresses can
facilitate better understanding of protein degradation mechanisms.
CFD can be instrumental in characterizing fluid stresses in exper-
imental systems and in validating their relevance to “real world”
conditions.
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