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The anticipated increasing demand for inactivated foot-and-mouth (FMD) disease vaccine calls for its lar-
ger production capacity, while development of a large-scale process typically requires high running cost
and has very limited experimental throughput at manufacturing scale. Thus, an economic scale-down
model of representing a large-scale process becomes necessary and essential. In this study, we used a sys-
tematic approach to establish a scale-down model representing a 4000-L culture process for FMD vaccine
production by suspension BHK-21 cells. In detail, we firstly compared hydrodynamic properties of three

Is(ce: IVZ f’ggf’;n model bioreactors (14-L, 800-L and 4000-L) under three different conditions (equivalent mixing time, equivalent
FMD vaccine shear stress and equivalent volumetric power). We figured out equivalent volumetric power (P/V) poten-
Cell culture tially as an appropriate scale-down strategy, since it resulted in comparable calculated hydrodynamic

CFD simulation parameters among three bioreactors. Next, we used computational fluid dynamics (CFD) simulation to
QbD provide more details about hydrodynamic environments inside the bioreactors, which supports the reli-
ability of this scale-down strategy. Finally, we compared cell growth, metabolites, vaccine productivity
and product quality attributes during FMD vaccine production by BHK-21 cells and observed very close
performances among three bioreactors, which once again demonstrates the robustness of this scale-
down model. This scale-down strategy can be applied to study variations and critical quality attributes
(CQAs) in the resultant production process based on quality by design (QbD) principles, aiming at further
more efficient optimization of vaccine production.
© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Foot-and-mouth disease (FMD), which has threatened countless
lives of more than 100 kinds of cloven-hoofed animal for centuries,
was identified as the most dangerous animal disease by the World
Organization for Animal Health (OIE) [1]. FMD is caused by foot-
and-mouth disease virus (FMDV) [2,3], and inactivated vaccine is
conceived as the most effective strategy for the prevention and
control of FMD for its economic practicality and immune effect
[4,5]. Invention of FMD inactivated vaccine has a history of nearly
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100 years, which can be dated to 1925 [6]. Since the first continu-
ous cell line was discovered in 1948 [7], a variety of cell lines (ton-
gue epithelium, Madin-Darby bovine kidney cells [8] and baby
hamster kidney) have been used to produce FMD vaccine. Baby
hamster kidney (BHK) cell line soon became the dominant cell line
for FMD inactivated vaccine production, due to its excellent perfor-
mance in full suspension culture [9]. In 1962, BHK cell line was
domesticated into freely suspended cells [10], and was cultured
commercially in agitated, stainless steel bioreactors soon after that.
Since then, production of FMD inactivated vaccine entered the
stage of full suspension culture in stirred tank bioreactors.
Despite of these advances, quite a few issues still need to be
addressed in regard to FMD inactivated vaccine production. For
example, mammalian cells don’t have cell wall and are prone to
be damaged by turbulent fluid dynamic stress (particularly caused
by agitation [11]), while impeller agitation is required to maintain
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homogeneity in a mixing tank. Such conflict must be resolved in
order for further process optimization. What's more, complexity
of the gas-solid-liquid system, unknown fluid properties at the
end-flow area and unknown interactions between cells and envi-
ronment, should also be systematically investigated and character-
ized. However, huge experimental cost at industrial scale for FMD
inactivated vaccine production makes comprehensive process opti-
mization very challenging. A scale-down model representing the
large-scale FMD inactivated vaccine process is thus desired, in
order to study process optimization in an economic way. Actually,
successes in scaling up imply that development of scale-down
model is possible [12-15]. There were quite a few reports about
development of scale-down models [16-19]. In general, in the
development of a scale-down model, mixing time, volumetric mass
transfer coefficient (kpa) [20], oxygen transfer rate (OTR), volumet-
ric power (P/V) [21] and shear stress [22], are the common param-
eters selected as scale-down strategies, which strongly connect
with the geometry of a fermentation tank. Meanwhile, a
distributed-parameter model is preferred, which considers the
actual hydrodynamics of a mixing tank. This requires accurate
information about the flow field properties in the mixer, which
nowadays can be obtained by computational fluid dynamics
(CFD) simulation technology through applying conservation equa-
tions for mass, momentum and energy, together with additional
sets of equations [23]. There were also several reports of using
CFD simulation to study mixing tanks [24]. For example, Noorman
used CFD simulation technology to study the gas, fluid and meta-
bolic characteristics of fermentation by yeast in a 30-m? bioreactor
[16]. Ahuja et al. used the method of multi-variate analysis and
mass transfer to refine a 3-L bioreactor scale-down model from a
15,000-L bioreactor for monoclonal antibody production [17].
Delvigne et al. linked CFD, metabolic flux analysis and agent-
based modelling (ABM) for better understanding of the cell lifeli-
nes in a heterogeneous environment [18]. Haringa et al. used
hydrodynamic-metabolic modeling to establish a scale-down
model by Euler-Lagrange CFD simulation [19].

In the previously study, we successfully established an empiri-
cal scale-up model for vaccine production, with both productivity
and product quality reaching the releasing specification. However,
further systematic optimization towards steady performance of
the large-scale reactor is needed, since the product quality varied
significantly from batch to batch (unpublished data). As the first
step towards this comprehensive optimization in an economic
way, we developed a scale-down model in this study. In detail,
we firstly chose equivalent mixing time, equivalent shear stress
and equivalent P/V as the scale-down candidates, and compared
several calculated hydrodynamic parameters for 14-L, 800-L and
4000-L bioreactors, respectively. We figured out equivalent P/V
was potentially an appropriate scale-down strategy within the
range of hydrodynamic conditions mammalian cells can tolerant,
since it resulted in comparable calculated hydrodynamic parame-
ters among three bioreactors. Next, we used CFD simulation
describe the details of hydrodynamics at constant P/V for different
bioreactors, which conformed to calculated results in general.
Meanwhile, we also adjusted volumetric oxygen mass transfer
coefficient (kia) by modifying aeration rates so that gas transfer
was no longer a limiting factor in the established scale-down
model. This equivalent P/V strategy was then applied in the pro-
duction of FMD inactivated vaccine in 14-L, 800-L and 4000-L
bioreactors. Similar behaviors of three bioreactors and quality
attributes were observed, which demonstrated the reliability of
the scale-down model developed in this study. Finally, we applied
design of experiments (DOE) by using this model in accordance
with QbD principle, which improved stability of product quality
significantly at manufacture scale.

2. Materials and methods
2.1. Bioreactor configuration

To establish the FMD vaccine scale-down model, three different
bioreactors systems (14-L, 800-L and 4000-L bioreactors) were
tested in this study. Geometrical parameters of the bioreactors
are listed in Table 1. Impellers of the bioreactors are depicted in
Fig. 1a. Air was sparged from a single pipe for each bioreactor. It
should be noted that the 800-L bioreactor has the impeller not at
the central axis, which is different from the other two bioreactors
(14-L and 4000-L) (Fig. 1b).

2.2. Cell culture process in bioreactors

BHK-21 suspension cell line adapted from BHK21C13-2P cell
line (ECACC CRL-84111301) was used to produce FMD vaccine in
modifying Minimum Essential Media (MD611, Merck, United
States), supplemented with 4% (v/v) of newborn bovine serum
(Runsun, China). Cells were initially inoculated and grown in
125-mL, 500-mL and 3-L shake flasks (Corning, New York, USA)
at 37 °C for 48 h in humidified atmosphere containing 5% CO-.
Seeds were then transferred into three bioreactors with initial cell
density of 0.5 x 10° viable cells/mL. During the cell culture process
in three bioreactors, temperature was controlled at 36.5 °C. 10% w/
v sodium bicarbonate and CO, gas were used to maintain pH at 7.2.
Dissolved oxygen (DO) set-point was 65% through sparing of air
and oxygen mixture. Samples were taken every 6 h to evaluate
viable cell density, viability, metabolites and product quality, until
48 h.

2.3. Virus infection and FMD inactivated vaccine production

After BHK-21 cells were grown in bioreactors for 48 h, we
replaced the culture media with fresh modified Minimum Essential
Medium containing FMD virus (O/MYA98/BY/2010, China Agricul-
tural Veterinarian Biology Science & Technology Co. Ltd., Lanzhou,
Gansu Province, China) (TCIDsg = 10~7-°° virions/mL), with multi-
plicity of infection (MOI) = 0.01. In all three bioreactors for vaccine
production, temperature was controlled at 36.5°C. 10% w/v
sodium bicarbonate and CO, gas were used to maintain pH
between 7.4 and 7.6. The DO set-point was 65% through sparing
of air and oxygen mixture. Sample were taken every 6 h for totally
12 h.

2.4. Calculation of hydrodynamic parameters

When Reynolds number >10%, the fluid flow regime is turbu-
lence. Mixing time (t;x) is calculated by using Eqs. (1) and (2) [12]:

tmix = K1VYRe? /D (1)

Re = pND?* /pu 2)

Table 1

Geometric parameters of the 14-L, 800-L and 4000-L bioreactors used in this study.

14-L 800-L 4000-L

Diameter (T, mm) 220 750 1400
Bottom Type Dished Dished Dished
Filled volume (VL, L) 10 500 3000
Capacity (V, L) 14 800 4000
Baffle length (L, mm) - 1130 1795
Baffle width (W, mm) - 80 120
Impellers (D, mm) 120 320 480
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800-L

b)

Fig. 1. Impeller shapes (a), reactor configurations (b) and computational grids used in simulation (c) for the three bioreactors used in this study.

where K;, a; and b; are constants; V is liquid volume in the bioreac-
tor (L); D is diameter of the impeller (m); Re is Reynolds number; p
is broth density (kg/m?); N is impeller agitation rate (s~!) and u is
dynamic viscosity (Pa s).

Shear stress (7¥) in a stirred bioreactor is calculated according to
Kolmogorov turbulence flow theories by using Egs. (3) and (4)
[25]:

= p(ev)”? (3)
_ nN,N°D’
6=t (4)

where ¢ is local energy dissipation rate of turbulent flow (W/kg); ¢ =
(P/V)[p; n is number of impellers; N, is power number; v is kine-
matic viscosity (m?[s); v=p/p. When V=V,(V;=D?), the shear
stress represents local shear stress near the impeller.

Likewise, according to Kolmogorov turbulence flow theories,
the eddy size is calculated by the Eq. (5) [25]:

1/4
n=(/e) (5)

The impeller tip speed is calculated using the following Eq. (6):
Ur = TND (6)

Based on the power number (Np) of the impeller, P/V is calcu-
lated using the Eq. (7) [26]:

P/V = N,pN°*D*/V (7)

2.5. Numerical models used in CFD simulation

The continuity equation representing conservation of mass is
expressed as:

au)  (v)  ow)

ox oy oz =0 (8)

where u, v, w represent velocity component of x, y, z direction,
respectively.

Momentum conservation equation in an inertial reference
frame is described as:

pD(w;)
Dt an

ap Oy
“ox e TP (9)

where p is hydrodynamic density (kg/m?); u is average viscosity; p
is pressure.
Energy conservation equation is described as:

i) +div(puT) = div[l—cgradT} +5r (10)
ot Cp

where Cp is molar heat capacity at constant pressure; T is thermo-
dynamic temperature; k is heat transfer coefficient of fluid, St is
source term. Turbulent model is described by the following stan-
dard k-¢ double equations [27]:

apk) | o(pku;) 9 1\ Ok N

ot + 8Xj B an mt O 8Xj + Gk pe (1 1)
d(pe)  d(peu)) 0 U 0] Ciee &

ot + Oxi _8_xj 'u+0_g (?_XJ +Tck_C28p? (12)

where . is the turbulent viscosity; C;. and C,, represent model con-
stants; oy and o, are Prandtl numbers for turbulence energy k and
dissipation rate ¢, respectively. C;.=1.44, Gy, =1.92, g,=1.0, and
g.=1.3.

2.6. CFD simulation

Commercial CFD software (Fluent, Inc., Fluent 14.5, Lebanon,
New Hampshire, USA) was used to simulate the flow fields in 14-
L, 800-L and 4000-L bioreactors. The simulation procedure includes
the following steps:



X.-R. Li et al./Vaccine 37 (2019) 6380-6389 6383

1. Physical models were firstly constructed by solid Works 2014
(Dassault Systéemes, Concord, Massachusetts, USA) 3D design
software, based on the geometrical parameters of each bioreac-
tor in Table 1.

2. The entire luminal geometrical models were generated and
meshed in a specialized preprocessing program (Fluent, Inc.,
GAMBIT 2.4.6, Lebanon, New Hampshire, USA). A mesh consist-
ing primarily of tetrahedral finite elements was generated for
the individual models. The grid was created by first grading
the edges of the specified “source” faces with appropriate num-
bers of nodes, followed by generating the surface meshes using
PAVE scheme. Next, the volume mesh was generated using the
Cooper meshing scheme to sweep the mesh node patterns of
specified “source” faces through the volume. To improve the
accuracy of simulation, impeller area was dealt with by using
unstructured grids, while other areas were dealt with by using
structured grids.

3. Medium was selected as the simulation material, and fluid-
dependent turbulence model was activated by setting k-¢ tur-
bulence model for liquid phase.

4, Stationary domain for the tank bulk and rotate domain for
impeller swept zone by setting rotation speed were defined.
Surface tension coefficient was selected and set. Inter phase
force option was activated by setting drag force model and tur-
bulence dissipation force model. Property boundary conditions
were then set for the model. Shaft was set as rotating wall;
sparger was set at the gas inlet, which is located near the bot-
tom of the bioreactor.

5. Gravitational acceleration for considering the buoyancy effect
was activated. Governing equations for mass, momentum, and
phase balance were then solved using Fluent 14.5. The con-
verged steady state solution of the simulation was assumed
when all the variable residuals were less than 1075,

2.7. Volumetric oxygen mass transfer coefficient (kia)

A dynamic technique described by Rao [28] was used to esti-
mate the k;a at three different scales. Dynamic determination of
kia was based on supplying oxygen to a fluid that is depleted of
oxygen by nitrogen sparging. Oxygen transfer rate is governed by
the following equation.

dfo,]
dt

The on-line dissolved oxygen (DO) reading was used to obtain
[O,], which was plotted versus time to obtain a correlation from
which d[0,]/dt was calculated. Next, d[0,]/dt was plotted versus
[02], and the slope is k;a. We assumed that the gas phase was well
mixed and equal to the inlet air composition. This assumption also
implies that [O,](t) was constant everywhere in the bioreactor and
equal to the saturation concentration with respect to air. This
allows for simple solutions of unsteady state equations to calculate
kLa.

= kia([02]" — [02]) (13)

2.8. Analytical methods

Cell density and viability were assessed by an automated cell
counting device (CASY Model TT, Innovatis AG, Reutlingen, Ger-
many) with trypan blue staining method. Cell culture metabolites,
such as glucose, glutamine, lactate, ammonia, and osmotic pres-
sure were measured by the NOVA Bio-Profile 100 biochemical ana-
lyzer (Nova Biomedical Corporation, Waltham, MA, USA). Median
tissue culture infectious dose (TCIDso) based on the cytopathic
effect was measured according to a previous report [29]. 146 s
antigen was measured using sucrose density gradient centrifuga-
tion [30]. Total protein concentrations were measured by modified

Lowry assay described in ASTM D5712-10 (Standard Test Method
for Analysis of Aqueous Extractable Protein in Natural Rubber
and its Products Using the Modified Lowry Method).

2.9. PLS batches model

The data was modeled as described by Wold et al. [31], using
the modeling setup denoted as Observation-Wise Unfolding with
subsequent Batch-Wise Unfolding of the scores (OWU-BWU).
SIMCA-P version 13 (Umetrics, Umea, Sweden) was used to build
the PLS batches model.

3. Results
3.1. Physical models

Physical models of three different bioreactors were firstly con-
structed by Solid Works 3D design software. As shown in Fig. 1b,
models were built up based on oars, baffles and geometry of biore-
actors. The 3D grids were then generated by GAMBIT software
according to the models. Three bioreactors were divided into
2.84 x 10°, 3 x 10°, 3.59 x 10° 3D grids, with mass of each grid
0.89, 0.83, 0.86, respectively (Fig. 1c).

3.2. Mixing time

In order to certify a turbulence model for each bioreactor, the
Reynolds number must exceed 1000. Hence, according to Eq. (2),
the calculated agitation speeds should not be less than 42, 6 and
3rpm for three bioreactors, respectively. We applied CFD and
obtained mixing time with five agitation speeds. According to Eq.
(1), the relationship of agitation speed and mixing time is estab-
lished as:

14—L toy=448N%° R?>=0.998 (14)

800 —L tny = 1002N%81 R% =0.987 (15)

4000 — Lty = 6948N"*7 R*=0.974 (16)

High correlation indexes (>0.97) suggests satisfactory regres-
sions for all three bioreactors.

3.3. Identification of equivalent P/V as the scale-down strategy

For three bioreactors, we initially set equivalent mixing time,
equivalent shear stress and equivalent P/V, and calculated the cor-
responding unknown hydrodynamic parameters for each case
using equations described before (mixing time by Eqgs. (14)-(16),
P|V by Eq. (7), impeller tip speed by Eq. (6), shear stress Eq. (3)
and eddy size by Eq. (5), respectively) (Fig. 2). In Case 1 when we
set mixing time to 50 s, all parameters of three bioreactors are
within the cell tolerant ranges [25,32]. However, P/V value in this
case displays 20-fold variance between 14-L and 4000-L scales,
which could lead to dramatically different microenvironment
inside the bioreactors and hence dissimilar cell performances for
vaccine production between the two bioreactors. In Case 2 when
we set shear stress to 0.3 N/m?, P/V value in 14-L bioreactor
reaches 15.77 W/m3, much higher than the values (<5 W/m3)
reported in other studies [33-35], which may result in cell damage
and hence poor cell growth. In Case 3 when we set P/V value to
3 W/m?, all hydrodynamic parameters are within acceptable and
similar ranges for all three scales, which indicates constant P/V
value is potentially a reliable scale-down strategy in our system
for FMD vaccine production.
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14-L

800-L

4000-L

a) /Case 1: Scale-down at N=25 rpm N=40 rpm N=48 rpm A
same mixing time
P/V=0.16 W/m* P/V=1.79 W/m? P/V=3.91 W/m®
tip speed=0.16 m/s tip speed=0.67 m/s tip speed=1.21 m/s
shear stress=0.03 N/m’ shear stress=0.17 N/m? shear stress=0.33 N/m?
\_ eddy size=179 pm eddy size=77 pm eddy size=44 pm J
b) /Case 2: Scale-down at N=115 rpm N=60 rpm N=46 rpm R
same shear stress 1M=15s Tm=37's Tm=54 s
P/V=15.77 W/m3 P/V=6.04 W/m?3 P/V=3.44 W/m?
tip speed=0.72 m/s tip speed=1.00 m/s tip speed=1.16 m/s
e eddy size=57 pm eddy size=57 pm eddy size=57 pm J
C) /Case 3: Scale-down at N=66 rpm N=48 rpm N=44 rpm N
Tm=23 s Tm=44 s Tm=57 s

constant P/V

tip speed=0.41 m/s
shear stress=0.13 N/m?

tip speed=0.80 m/s
shear stress=0.22 N/m?

tip speed=1.16 m/s
shear stress=0.29 N/m?

\_ eddy size=86 pm eddy size=67 pm eddy size=58 pm J
d) /CFD simulation N=66 rpm N=48 rpm N=44 rpm N
Tm=23 s Tm=44s Tm=63 s
P/V=2.94 W/m3 P/V=5.51 W/m? P/V=4.05 W/m?

tip speed=0.39 m/s
shear stress= 0.67 N/m?
\_ eddy size=55 pm

tip speed=0.94 m/s
shear stress= 0.27 N/m?
eddy size=44 pm J

tip speed=1.49 m/s
shear stress= 0.28 N/m?
eddy size=27 pm

Fig. 2. Comparison of the calculation results (a, b, c) for three scale-down strategies with CFD simulation results of Case 3 (d). Texts in red highlight the most significant
difference between (c) and (d). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.4. CFD simulation

We next used CFD simulation to further evaluate the scale-
down strategy (equivalent P/V) identified in the previous section,
since it is able to provide us with more details about hydrodynamic
environments inside the bioreactors.

We set P/V value to 3 W/m?, and then hence calculated the stir-
ring speeds to be 66 rpm, 48 rpm and 45 rpm for 14-L, 800-L and
4000-L bioreactors, respectively. By simulation, we found the mix-
ing times (23.4's, 44.5 s and 63.7 s) (as shown in Fig. 3) were very
close to the values (23 s, 44 s and 57 s) in Case 3 by calculation
using Eqs. (14)-(16).

Next, we simulated the flow velocity fields and obtained the
whole-tank velocity profiles of three bioreactors by setting the
impeller rotational speeds to 66 rpm, 48 rpm and 44 rpm for 14-
L, 800-L and 4000-L bioreactors, respectively (Fig. 4a). The maximal
flow velocities by simulation for 14-L and 4000-L bioreactors
(0.389 m/s and 0.936 m/s) are very close to calculated results in
Case 3 (0.41 m/s and 1.16 m/s), while there is 1.86-fold variation
for the 800-L bioreactor (1.49 m/s by simulation vs. 0.8 m/s by cal-
culation). Such discrepancy may result from asymmetric design of
the impeller location in the tank, which leads to higher mixing effi-
ciency between impeller and baffle. In spite of this, the maximal
flow velocities at the edge of paddles for three bioreactors are all
within the acceptable range (<2 m/s) [32].

Shear stress is mainly caused by the relative motion of paddles,
fluid and wall of tank, which is also a highly concerned parameter
in fermentation process since it directly relates to damage of cells
in a stirred-tank bioreactor. Through simulation, we obtained the
whole-tank shear stress profiles for three bioreactors by setting
impeller rotational speeds 66 rpm, 48 rpm and 44 rpm, respec-
tively. As shown in Fig. 4b, the shear stress has very sharp gradient
in each reactor near impeller paddles or the wall, but decreases
quickly for more than a magnitude towards the fluid side. Shear
stress values by simulation are similar to the previous calculated

results for 800-L and 4000-L bioreactors (0.219 N/m? and
0.288 N/m?), but the shear stress is unexpected high stress for
14-L bioreactor by simulation (0.666 N/m?), as compared to the
value by calculation (0.132 N/m?). This implies that hydrodynamic
environment in a tank is quite complicated and highlights the
importance of CFD simulation.

Mechanical energy generated by stirring leads to formation of
eddies in the fluid. Eddies carrying kinetic energy can also damage
cells if the cell size is larger than the smallest eddy (for cells in sus-
pension). We obtained eddy size profiles by CFD simulation with
the inputting impeller rotational speeds 66 rpm, 48 rpm and
44 rpm for 14-L, 800-L and 4000-L bioreactors, respectively
(Fig. 4c). In general, higher stirring speed results in smaller eddy
in a bioreactor. The eddy size profiles are symmetrical for two sym-
metrical tanks (14-L and 4000-L bioreactors), with the smallest
sizes 54.6 pum and 44.0 pm, which are comparable to the values
88.6 um and 57.7 um by calculation in Section 3.3. By contrast,
the smallest eddy in the asymmetric 800-L bioreactor has the size
26.7 pm in simulation, which is significantly away from the calcu-
lated value (67 pum). Such eddy size is close to the threshold
(20 um) [25], under which cells in the bioreactor will be damaged.

Finally, we obtained torsional moment (M) values 0.00434,
0.548 and 2.58 (N-m), by inputting impeller rotational speeds
66 rpm, 48 rpm and 44 rpm in simulation for 14-L, 800-L and
4000-L bioreactors, respectively. Using the Eq. (17) below, we cal-
culated the P/V values to be 2.94, 5.51 and 4.05 W/m? for three
bioreactors, respectively. These values are different from the con-
stant P/V value we initially set (3 W/m?), but are within acceptable
range [33-35].

P/V =2nNM/V (17)
where M is torsional moment (N-m).
Important hydrodynamic parameters of three bioreactors

obtained by calculation and CFD simulation are summarized in
Fig. 2c and d, in which we also highlight the parameters of signif-
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Fig. 3. Simulation of mixing time in 14-L, 800-L and 4000-L bioreactors, with input impeller rotational speeds 66 rpm, 48 rpm and 44 rpm, respectively. Three colors

represent monitoring at different locations in bioreactors.

icant difference between two approaches. The values from CFD
simulation are more reliable, since this method is based on accu-
rate models. In general, parameters from these two approaches
are close and within in appropriate acceptable ranges for a cell cul-
ture process, which proves that the scale-down strategy by setting
equivalent P/V value is feasible.

3.5. kia

Since the stirring speeds are fixed at constant P/V value (3 W/
m?), we adjusted k.a to 54, 49.6 and 46.8 h™! for three bioreactors
by modifying the aeration rates. Under this condition, gas transfer
is no longer a limiting factor.

3.6. Evaluation the performance of the scale-down model during FMD
vaccine production

The scale-down strategy (P/V = 3 W/m?) characterized in previ-
ous sections was finally applied to the manufacture of FMD vaccine
in14-L, 800-L and 4000-L bioreactors. Cell density, viability,
metabolites, and product quality attributes (virus titer, 146 s and
total protein) were quantified to evaluate this scale-down strategy.

As described in the section of materials and methods, BHK-21
cells were inoculated with initially 0.5 x 10° viable cells/mL into
14-L, 800-L and 4000-L bioreactors and grown for 48 h. FMD virus
was then inoculated after changing media into virus culture media
and finally harvested after12 h. In general, three bioreactors
behaved very similarly in regard to viable cell density and cell via-
bility in during the whole fermentation process, general. Viabilities
were stable (>96.5%) and cell densities increased steadily up to
over 3 x 105/mL in the first 48 h for all three bioreactors. Both via-
bilities and cell densities dropped sharply after 48 h, after inocula-
tion of the virus. We also quantified cellular metabolites (glucose,
glutamine, lactate and ammonia) and osmotic pressure during
FMD virus production in three different bioreactors, and they also
behaved similarly in general (Fig. 5b-f), which once again supports
the robustness of our scale-down strategy.

Furthermore, we established a PLS batches model based on the
process off-line sampling data from manufacture scale of 4000-L.
This model contains four components which can be explained as
>98% of process variance, as shown in Fig. 6. Solid lines represent
the evolution of the loading plots for three 14-L batches and three
800-L batches over the whole culture time. As we can see, most
score points of the six batches are located within the +3c limits
of the 4000-L model, which proves the similarity of culture process
in three bioreactors.

146 s is the main immunogenic of FMD virus, which manifests
the total virus number. The amount of infective virus (virus titer)
in cell culture broth is assessed via the TCIDsq assay as an efficacy
indicator. Total protein per gram 146 s is a purity indicator, which
is relevant to heterogenic protein content leading to harmful reac-
tions. We measured these three parameters for 14-L, 800-L and
1400-L bioreactors, representing product quality attributes. As
show in Table 2, the 146 s concentrations achieve 3 pg/mL in 14-
L and 4000-L bioreactors, while virus produced by 800-L bioreactor
is slightly less (p > 0.05 by T-test). As for virus titer, TCIDso values
are close for 14-L and 4000-L bioreactors (7.65 and 7.68 respec-
tively), a little bit higher than that for 800-L scale. Total protein
concentration is related to antigenic titer and protein of impurity.
We selected total protein per gram 146 s as the quality attribute to
characterize virus purity, a key parameter which impacts down-
stream purification and determines incidence rate of adverse
events of vaccine. The data in Table 2 indicates that protein per
gram 146 s at three scales are also comparable.

Finally, we applied DOE in scale-down model using QbD princi-
ple [36]. Four critical process parameters (CPPs) were found, and
the operation parameters of CPPs were adjusted. The control space
was then applied in manufacturing scale. Three hundred
manufacturing-scale production batches were collected in four
years and defect rates were obtained by statistical analysis. As
shown in Table 3, the defect rates of all critical quality attributes
significantly decreased after optimization by QbD, and the global
defect rate decreased from 18.3% to 1.67%.

4. Discussion

In the previous study, we established a scale-up model in which
the productivity and product quality reached the releasing specifi-
cation. However, stability of the product quality varied batch by
batch. Therefore, we intended to develop a scale-down model,
which could be used for further process optimization in an eco-
nomic way. We first selected equivalent mixing time, equivalent
shear stress and equivalent P/V as the three candidates to develop
the scale-down model for FMD inactivated vaccine production by
BHK-21 cells. Key hydrodynamic parameters were calculated and
compared for 14-L, 800-L and 4000-L bioreactors, and finally we
chose equivalent P/V as the scale-down strategy, since in this case
no significant variations were observed for these hydrodynamic
parameters among three different bioreactors. Next, we used CFD
simulation to study the details of hydrodynamic environment in
three bioreactors. In general, except for the parameters impacted
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by the asymmetric stirring of the 800-L bioreactor, hydrodynamic
parameters obtained from CFD simulation were close to the results
by calculation, which proves reliability of our scale-down strategy.

We also tuned k;a to similar values by adjusting aeration rates for
three bioreactors, which eliminated the issue caused by gas trans-
fer, and hence established the scale-down model. Compared to
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4000-L (n = 3) bioreactors.

other methods of building scale-down models [16-19], our strat-
egy developed in this study is much simpler and cost saving, since
only calculation of hydrodynamic parameters is needed. However,
this strategy still needs further refinements, such as integration of
gas-liquid flows into CFD.

We evaluated this scale-down model by applying it to FMD vac-
cine production. We monitored viable cell density, viability,
metabolites and osmotic pressure during the fermentation process,
which indicates all three bioreactors behaved similarly (Fig. 5). We
next established a PLS batches model to further validate the com-
parability of process performance at different cultivation scales,
showing most score points of the validation batches of 14-L and
800-L bioreactors were located within +3c limits of 4000-L batch

model. We measured three quality attributes (146 s, TCIDso and
total protein per gram 146 s), with values also very close among
three different bioreactors.

It should be noted that the 800-L bioreactor behaved slightly
differently, compared to the other two bioreactors, probably due
to its unsymmetrical stirring system. The smallest eddy size
(26.7 pm) in 800-L bioreactor obtained from CFD simulation is
close to cell diameter (20 um), which potentially triggered cell
damage. This issue may also result in the observed lower cell den-
sity in 800-L bioreactor at time of infection, which further caused
the less amount of 146 s and lower TCIDsq value at harvesting time,
although not significant. Despite of this, most hydrodynamic
parameters and quality attributes during the vaccine production
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14-L (n=3) and 800-L (n = 3) bioreactors. Black arrow indicates time of infection.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 2

146 s titer, virus titer and total protein per gram of 146 s for 14-L, 800-L and 4000-L
bioreactors by applying the chosen scale-down strategy (constant P/V). Values
represent means of three replicates.

14-L 800-L 4000-L
146 s (pug/mL) 3.03+043 2.47+0.18 3.13+0.53
Virus titer (log TCIDso/mL) 7.65+0.17 7.53+0.14 7.68+0.13
Total protein/146 s 438 £ 107 393+336 423 +119

Table 3
Defect rates of critical quality attributes before and after optimization by applying
QbD strategy in the scale-down model.

Critical quality attribute Before optimization After optimization

TCIDsq 3.33% 0%

Antigenic titer 13.3% 1.33%
Total protein 9.33% 0.67%
All 18.3% 1.67%

are very similar among three different bioreactors, which proves
we have successfully established a scale-down model representing
the large-scale manufacturing process for FMD inactivated vaccine.
Finally, we applied DOE in the scale-down model according to QbD.
The global defect rate of 4000-L manufacture product was signifi-
cantly reduced from 18.3% to 1.67%.

5. Conclusion

In this study, we identified equivalent P/V as the scale-down
strategy to represent large-scale process for FMD inactivated vac-
cine production by BHK-21 cells, through calculations using theory
of hydrodynamics and CFD simulation. Similar performance of
three bioreactors with different scales proves robustness of this
scale-down strategy. Such approach could also be transferred to
other manufacturing processes, such as microbial fermentation
by E. coli or yeast.
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