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Bioreactor Design for
Adherent Cell Culture
The Bolt-On Bioreactor Project, Part 1: Volumetric Productivity
Marcos Simón

T

he Bolt-on Bioreactor (BoB) project
is an independent initiative aimed
at developing and commercializing
a bioreactor for efficient, automated
culture of adherent cells in production of
therapeutic cells and other
biopharmaceuticals (1). After conducting
thorough research on available culture
systems for adherent cells, the BoB team
believes that a successful alternative to
existing devices must solve four major
challenges. The first challenge has to do
with volumetric productivity, the second
with process automation, the third with
containment and sterility, and the fourth
with process economics. This is the first
of four articles addressing each of those
challenges and describing design features
incorporated into the BoB project in
development to overcome them.
Challenge #1: Herein I address the
first challenge: to develop a system that
provides a huge surface area for optimum
cell attachment in a reduced volume. The
surface should be well suited for cell
attachment. The culture area should be
enough to produce at least 10 times as
many cells as standard devices can. The
size of this culture device should be such
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that it can be easily handled by a
technician in a laboratory furnished with
standard equipment.
Adherent cells need a surface on
which to attach themselves to grow and
multiply. So the straightforward strategy
for increasing the number of cultured
adherent cells is to increase the available
surface area on which they can attach.
The strategy is similar to that for
suspension-cell culture, in which everlarger culture vessels produce larger
batches. But for suspension-cell culture,
volume is increased after having
optimized volumetric productivity. In
other words, before the vessel volume is
increased, the culture process is optimized
to obtain as much product per liter as
possible. Optimized adherent-cell culture
processes do exist to maximize
productivity per square centimeter. But
standard culture devices do not provide
for optimal use of available volume
because only a fraction of the space taken
up by a culture device is a surface made
available for cell attachment.
For example, consider roller bottles.
Only the inner area of the cylindrical
bottle wall is available for cell attachment.
The situation is worse with T flasks and
culture plates, in which only the inner
surface of the bottom of each device is
colonized by cells.
When the BoB team considered how
to solve this first challenge, some
strategies came to mind. The most
efficient strategy regarding surface area
seems to be to introduce particulated
supports within a culture device, thus
providing an enormous amount of surface
area on those small particles within a
vessel. Another strategy is to stack culture
plates within a device, thus making a

Overconfluent five-day culture of CHO-K1
cells growing on a culture dish (colorized).

better use of space and lessening repeated
processing steps such as culture-medium
exchange. Yet another strategy is to roll a
large, continuous culture membrane
within a device, thus providing a
continuous surface that can be fully
colonized by dividing cells. Less obvious
is the use of hollow fibers bundled
together and encased within a cartridge
so that cells can grow on their outer
surfaces while fresh medium circulates
through the lumina of the fibers. For all
these strategies to increase attachment
surface area (Figure 1), single-use versions
are already commercially available.

Particulated Supports

Particulated supports are commonly
referred to as microcarriers. They can be
used in fluidized-bed mode (e.g., Pall
SoloHill and GE Healthcare Cytodex
microcarriers) or in packed-bed mode
(e.g., Fibra-Cel disks by Eppendorf and
iCELLis system by Pall). Using
particulated supports for cell attachment
provides a huge surface area within a

Figure 1: Schematic representations of five
available strategies for increasing volumetric
productivity in adherent cell culture — (a)
roller bottle, (b) plate stack, (c) particulated
supports (microcarriers), (d) hollow-fiber
bioreactor, and (e) rolled membrane

(A)

(B)

(C)

(D)

(E)

supports for adherent cell culture, every
particle needs to be colonized with some
cells at the start of the process because
chances are slim for cells moving from
one particle to colonize another (2). In
practice, this makes the number of cells
needed for initial seeding relatively large.
Here are some other considerations:
• Because support particles are
mechanically suspended, most of a culture
vessel must be filled continuously with
culture medium. Apart from
considerations regarding medium use, gas
transfer to growing cells becomes a
bottleneck (3).
• Vigorous agitation provokes foaming
and particle collision, exposing cells to
shear stress (4).
• Agitation of culture medium with an
impeller will cause fluid-speed gradients
within a vessel, which in turn produces a
nonhomogeneous distribution of support
particles (5). The same effect (to a lower
extent) can be expected with media
shaking in rocking platforms (6).
In packed-bed operated systems, the
culture environment is not homogeneous
throughout a microcarrier bed. The major
cause for such heterogeneous distribution
is gas transfer. In these systems, culture
medium is efficiently oxygenated before it
enters the packed bed, but as medium
progresses through a bed, it becomes
rapidly depleted of oxygen, creating a
strong gradient of dissolved oxygen (7).
Harvesting cells from packed beds is also
an inefficient step in the culture process
(8).

Plate Stacks
given culture vessel. Automation and
continuous cultures can be achieved easily
using the same equipment familiar to
suspension cell culture for many years.
However, using particulated supports for
adherent-cell culture does have some
drawbacks.
Fluid-Bed Mode: How do cells from
loaded particles colonize cell-free
particles? In traditional culture devices for
adherent cells (e.g., roller bottles), cells
simply divide and grow one by another,
then end up colonizing the whole wet
area available for attachment. So a
relatively small cell population can
colonize a relatively large culture area.
However, when using particulated
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There is a difference between producing
cells or using them as “factories” to
produce valuable substances (e.g., protein
therapeutics). Plate stacks operating in
batch mode (e.g., Corning CellSTACK
and Thermo Scientific Cell Factory
systems) has become a preferred option
for many users growing allogeneic
therapeutic cells (9). The reasons are clear:
Traditional culture plates and T flasks
provide a reliable surface on which to
culture adherent cells, and by using plate
stacks you multiply available surface while
eliminating some task repetition. A more
productive adaptation of this strategy is
Pall’s Integrity Xpansion system, in which
a multiple-dish system operates in
perfusion mode.

Despite the advantages of plate stacks
over T flasks and culture plates, the BoB
team encountered some concerns when
considering them as a solution to
Challenge #1. Cells multiplying on one
plate do not colonize other plates in a
stack because each plate behaves as an
independent culture, with a common inlet
and outlet with the others. Therefore,
every plate must be seeded at the same
cell density to obtain similar growth on
every one. Media use is not improved over
that seen with traditional plates because
every plate in a stack requires the same
volume of medium that it would have
required if it were cultured independently.
Even when as many step repetitions
are eliminated as there are plates in a
stack, handling stacks can be
cumbersome because increasing the
number of plates increases proportionally
the size of a device. Specialized handling
equipment such as Thermo Scientific’s
Hand Manipulator system can be used to
manipulate large plate stacks.
As happens with traditional plates
operated in batch mode, culture medium
must be replaced manually and
periodically in plate stacks to provide
growing cells with sufficient nutrients.
This cyclic process step causes repeated
shifts in process parameters such as pH,
temperature, and nutrient and metabolite
concentrations, all of which can lead to
cellular stress (10–12). Such sudden shifts
in process parameters are eliminated by
the Integrity Xpansion system’s perfusionmode operation using dedicated
equipment. It offers a huge amount of
surface area for cell attachment and
reduces human intervention. However,
the large numbers of cells growing within
each culture chamber demands a very
efficient oxygenation system. But in the
Xpansion system, aeration occurs by gas
diffusion through the wall of a central
silicon tube placed at the center of a
cylindrical chamber. Using a high flow
speed during medium recirculation is one
method that may overcome associated
dissolved-oxygen limitations (13).

Hollow Fibers

The culture chamber of a hollow-fiber
bioreactor comprises a number of hollow
fibers bundled together and encased
within a cylindrical cartridge. The
structure of that bundle is such that the

lumina of all fibers are connected to an
inlet port at one end and an outlet port at
the other end. The outer space (limited by
the cartridge wall) is connected to a
different set of inlet and outlet ports.
Cells grow on the outer surface of the
fibers while fresh medium circulates
through the lumina in a continuous
perfusion mode (14). This clever system
— exemplified by Fiber Cell Systems and
Biovest International, among others —
has been successfully used to produce
human influenza A virus (15). Such high
cell densities are achieved within the
cartridge that periodical debulking is
necessary to prevent system clogging (16),
and uneven distribution of culture
conditions within cartridges has been
reported (17, 18).

Roller Bottles

Roller bottles (e.g., Greiner BioOne’s
CellMaster and other bottles by Thermo
Scientific) have proven to be a sound
solution for adherent cell culture. They
have been used both to produce cells and
to collect the culture medium in which
growing cells have expressed target
molecules (19). Such successes are a
consequence of improved medium use
combined with an increase in culture
surface area in an easy-to-handle device.
Gas transfer is extremely efficient in roller
bottles because of their high mass-transfer
coefficient, which results from a large
contact area between the gaseous phase
and a thin liquid-medium film on the
wall of each bottle.
Although scaling up rolling bottles is a
widespread approach in the

biopharmaceutical industry, it does not
seem to be an optimum approach. The
strategy is as plain as using more bottles
as necessary. Conditioned laboratories full
of rollers (“roller bottle farms”) can end up
accommodating huge numbers of bottles
(in the thousands). Increasing roller-bottle
diameter instead is not very sensible; to
obtain 10 times as much inner area as in a
13-cm diameter bottle, you would need
one with a 1.3-m diameter. Just imagine
the size of the roller to handle such
bottles!

Rolled Membranes

Instead, you might easily introduce a
2.5-m long rolled membrane within a
traditional 13-cm diameter roller bottle
(the tighter the spiral packing, the longer
the available membrane). Because both

Table 1: Comparing features of cell culture devices based on different strategies for increasing productivity; only five strategies are considered here. Presented
values are based on data reported publicly on the websites of companies listed; FB = fixed bed, PB = packed bed.
Format

Scale
Automation, Control
Perfusion?
Cell Harvest Efficiency
Dimensions

Medium Consumptiona
Volumetric Surface
Areab
Ancillary Equipmentc

Agitation Rate
Support Materialsd

Surface Topography
Vendors

Roller Bottles
Horizontal bottles
with smooth or
pleated surfaces
850–4,250 cm2
Low
No
High
x = 27–50 cm
y = 12–13 cm
z = 12–13 cm
2–3 mL/cm2

Plates
Petri dish, T flasks,
plates, plate stacks,
multiplate T flasks
and multidishes
25–25,280f cm2
Low
Nog
High
x = 13–34 cm
y = 9–21 cm
z = 2–81 cm
2–3h mL/cm2

0.3–0.9 cm2/mL

0.18–1.05i cm2/mL

Incubator, roller

Incubator (handling
equipment for large
plate stacks) j
0k

0.2–5.0 rpm
(9–190 cm/min)
PS, PETG, PET, glass

Smooth, nonporous
Corning, Thermo
Scientific, Wheaton,
Greiner BioOne

PS, PC

Smooth, nonporous
Pall, Corning, Thermo
Scientific, Greiner, TPP

a

Microcarriers
Fluidized or packed
bed particulated
supports

Hollow Fibers
Bundled fibers within
a cylindrical cartridge

Rolled Membranese
Rolled membrane
within a horizontal,
static vessel

150–5,150,000 cm2
High
Yes
Low
x = 11–100 cm
y = 11–100 cm
z = 15–200 cm
0.25–2.4 mL/cm2 (FB)
0.032–0.1 mL/cm2 (PB)
0.16–20 cm2/mL (FB)
4.7–71 cm2/mL (PB)
Control unit, culture
chamber

75–31,000 cm2
Medium
Yes
Low
x = 28–45 cm
y = 3–5 cm
z = 3–5 cm
0.07–1.10 mL/cm2

1,300–3,125,000 cm2
High
Yes
High
x = 8–85 cm
y = 12–30 cm
z = 15–45 cm
Unknown

3.2–8.5 cm2/mL

0.9–27.0 cm2/mL

Control unit,
cartridge-holding
skid
0.01–3.3 cm/min

Control unit

20–60 rpm (FB)
2–120 cm/min (PB)
Dextran, gelatin,
glass, alginate,
Polyester, PS
Rough, porous
Corning, Percell, Pall,
GE Healthcare,
Thermo Scientific

Polysulfone, PP, PE

Smooth, porous
Fibercell, Biovest
International,
Terumo BCT

0.2–5 rpm
(9–190 cm/min)
PS

Smooth, nonporous
Not commercially
available

Depends on medium replacement rate; values shown are based on an
average 10-day process with total medium replacement every 24 hours (batch
mode) or 100% perfusion rate at recommended recirculation flows for
perfusion systems.

e

Under development, not commercially available

f

≤122,400 cm2 in Integrity Xpansion automated multiplate system

b

cm2 available for cell attachment per mL of estimated space taken up by the
culture device; space occupied by ancillary equipment is not considered.

h

c

Only relevant special equipment; laboratory equipment common to all
systems is not considered.

i

5.23 cm2/mL in Integrity Xpansion system

j

Additional control unit and docking station for automated multiplate systems

d

k

1.2–30 cm/min in automated multiplate systems (perfusion mode)

Most common support materials (often coated with different substances for
effects on cell adhesion and behavior); PS = polystyrene, PETG = polyethylene
terephthalate glycol (modified), PET = polyethylene terephthalate, PC =
polycarbonate, PP = polypropylene, PE = polyethylene
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g

Perfusion possible only with automated systems

≤34.8–870 mL/cm2 in automated perfusion systems (operated at 100%
perfusion rate)

l

Maximum scale depends on vessel volume; value estimated according to
reported use.

The BoB team has its own views on
addressing the four challenges that
must be met in designing a future
standard solution for adherent cell
culture. Market opinion is most
important, however. So the team is
conducting a series of surveys to
provide insight on design features that
would best suit market needs. A public
survey conducted in May and June of
2014 asked what the best geometry
would be to overcome Challenge #1.
Results are shown below.
100%

Particulated supports
Plate stacks
Rolled membrane

75%

Responses

sides of such a membrane would be
wetted (and most likely colonized by a cell
culture), you would obtain more than 10×
the culture area of a bottle alone. This
strategy has been proposed before (20, 21),
but no commercial products are yet on the
market based on such technology.
Most likely, this lack of adherent-cell
culture devices based on rolled
membranes comes down to two facts: A
liquid flow and distribution system needs
to ensure that culture medium is evenly
distributed along each membrane. The
massive cell population growing within
such a device when a rolled membrane is
fully colonized would demand continuous
medium replacement and gas exchange to
meet its metabolic demands. Therefore, a
rolled membrane ideally should rotate
while the culture chamber surrounding it
remains stationary to prevent
entanglement of supply and exhaust lines
for media and gas.

The Open Design Initiative

50%

25%

Meeting the First Challenge

Table 1 summarizes our findings on the
different strategies for increasing cell
culture surface area in light of the
requirements put forward by Challenge
#1. Following careful consideration of its
findings, the BoB team understands that
despite the achievements of current
devices, no single system is yet automated
and efficient enough for culturing
adherent cells in different
biopharmaceutical applications. The team
has concluded that, provided that a
uniform liquid-distribution and
automated culture medium and gas
replacement system were available, the
best option to meet Challenge #1 would
be rolled membranes. Respondents to a
2014 market survey (see the “Open
Design Initiative” box) support this
conclusion.
To prove that hypothesis, the BoB
team has built several prototype iterations.
The first version was promising but far
from optimum. Ultimately the team has
developed a rolled membrane shape that
provides >10 times the surface area of a
regular roller bottle intended to contain it.
Upon rotation, medium distribution
within the device is gentle and uniform
throughout the whole membrane. You
can find a video online that shows liquid
flow on this rolled membrane at www.
boltonbioreactor.com/about-the-bob-

0%

project/the-bolt-on-bioreactor/
challenge-1.html.
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