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Shake flasks are a widely used and incredibly useful bioreactor for bioprocess development and scale-up of
mammalian and microbial bioprocesses [1-3]. There are several parameters to consider when optimizing a
bioprocess in a shake flask, including the conditions of the shaker platform (e.g. shaking frequency and orbital
diameter) and the conditions of the shake flask (e.g. flask size and filling volume). The maximum oxygen
transfer capacity (OTRmax) is a measure of the maximum rate at which oxygen transfers between the gas and
the liquid phase in the vessel. Since most cells require oxygen to grow, this is generally viewed as a key
predictor for the performance of a shaken bioprocess. Here we review how the OTRmax of a shake flask will vary
as a function of both shaker conditions and flask conditions.
Measuring OTRmax in a shake flask

OTRmax and the orbital diameter of the shaker

Several instruments exist for monitoring the OTR in a
shake flask, including the RAMOS [4] and the Kuhner
TOM (www.kuhner.com). To determine the OTRmax in a
shake flask, artificial systems are often utilized to
simulate metabolic activity from an aerobic organism
[5-6]. One system that is commonly used, the sodium
sulfite system [7], relies on a chemical reaction
between sodium sulfite (Na2SO3) and dissolved oxygen
(O2), according to the following reaction:

The shaking frequency and orbital diameter of the
shaker platform synergize to create a centrifugal force
that pushes the liquid up the side of the vessel. As a
result, the surface area of the gas-liquid interface
increases, which in turn will increase the kLa and
OTRmax. The data in Figure 1 illustrate this relationship
by showing an increase in OTRmax of a shake flask with
an increase in the shaking frequency and orbital
diameter of the shaker. One of the advantages of a
Kuhner shaker is that the user has the opportunity to
adjust the orbital diameter of the shaker platform. As
illustrated in Figure 1, this would allow the user to
adjust the frequency of the shaker without changing
the OTRmax.
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The absolute OTRmax reported from a sodium sulfite
system will vary depending on the concentration of the
sodium sulfite and will require a proportionality factor
when used to estimate the OTRmax of cell culture media
[6-8]. The Kuhner AppNote, “Maximum oxygen transfer
capacity”, discusses these proportionality factors in
greater detail and includes a lists in the Appendix of
several factors that have been reported for different
systems and parameters.
The OTRmax is a function of the volumetric mass
transfer coefficient (kLa), which describes the kinetics
of transfer for a gaseous compound at the gas-liquid
interface in terms of the chemical diffusion (kL) and the
volumetric surface area between the phases (a).
Various models have been used to estimate the kLa in a
shake flask and often include the following four key
parameters: shaking frequency [1/min], diameter of the
shaker orbit [cm], liquid filling volume [mL], and
diameter of the flask [mm] [6]. Here we rely on the
model described by Meier et al. (2016) [8] to calculate
the OTRmax, which is also discussed in greater detail
within the Kuhner AppNote, “Maximum oxygen transfer
capacity”.
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Figure 1. OTRmax for different orbital diameters.
Data represent OTRmax as a function of shaking frequency for
orbital shaking diameters of 70mm (blue), 50mm (red), 25mm
(green). The liquid filling volume was 10% of a 250mL, non-baffled
shake flask. Measurements were made using a 1M sodium sulfite
system following the protocol outlined in [5].
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OTRmax and the size of the flask
The chosen size of the shake flask and the fraction of
total volume occupied by liquid (filling volume) will
also impact the kLa and OTRmax. Since the volumetric
surface area of smaller shake flasks is relatively greater
than that of larger shake flasks, these smaller flasks will
observe a larger kLa (data not shown) and OTRmax
(Figure 2).

Given that the kLa is a function of filling volume, and
that the kLa defines the OTRmax, greater filling volumes
will result in a much lower OTRmax than smaller filling
volumes. This will result in less oxygen available for
each cell in the liquid and is one of the reasons why
scaled up processes may experience lower yields.
Figure 3 illustrates this relationship for a 250mL shake
flask with filling volumes of 4%, 10%, and 20%.
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Figure 2. OTRmax for flasks of different sizes.
OTRmax is shown as a function of shaking frequency on an orbital
shaker platform with a 50mm shaking diameter for flask sizes of:
100mL (blue), 250mL (red), 500mL (green), and 1L (orange). The
liquid filling volume in each non-baffled flask was 10%.
Measurements were made using a 1M sodium sulfite system
following the protocol outlined in [5].

It has been reported that the ventilation and neck
diameter of a shake flask can limit the rate of aeration
and oxygen exchange with the headspace (volume
sitting above the liquid), which would also impact the
OTRmax [9]. While the data shown in Figure 2 have
neutralized any effect of neck diameter and ventilation
by directly aerating into the vessel at a high flow rate,
optimizing the neck diameter and ventilation of the
vessel could still lead to better results when scaling up
in a shake flask. Some companies offer shake flasks
with a wider neck diameter and greater ventilation to
specifically address this issue.
OTRmax and the filling volume
Another factor that will define the volume of the
headspace in the shake flask, and the corresponding
rate of oxygen transfer between the gas and the liquid,
is the volume of the liquid itself (filling volume).

150

200

250

300

350

400

450

Shaking Frequency (n)
[1/min]

Figure 3. OTRmax for different fill volumes.
Data represent OTRmax as a function of shaking frequency on an
orbital shaker platform with a 50mm orbital diameter. The liquid
filling volumes include: 10mL (blue), 25mL (red), and 50mL (green)
in a 250mL, non-baffled flask. Measurements were made using a
1M sodium sulfite system following the protocol outlined in [5].

In summary, the OTRmax can be instrumental when
planning or optimizing the conditions for an aerobic
culture in a shake flask. A few key parameters to
consider include: shaker frequency, orbital diameter,
flask size, and filling volume.
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