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Review
Shaking bioreactors are the most frequently used reac-
tor system for screening and process optimization on a
small scale. Their success can be attributed to their
simple and functional design, which make shaking sys-
tems suitable for a large number of cost-efficient parallel
experiments. Recently reported findings for oxygen
transfer, power input, out-of-phase operation, hydro-
mechanical stress and mixing in shaken bioreactors
are summarized in this article. Novel monitoring tech-
niques for the control of culture conditions in shake
flasks and microtiter plates are described. The methods
for characterizing culture conditions and the novel on-
line measurement techniques that are summarized in
this article can be utilized to tap the full potential of
shaking reactor systems.

Shaken, not stirred: the success of shaking technologies
Shaking bioreactors have been used for the cultivation of
microorganisms since the beginning of the last century.
Different types of reactor systems are operated either on
orbital shakers or on shakers with linear reciprocal move-
ment. Reciprocal shaking motion was commonly used in
the past, but has decreased in importance during the last
decade [1]. Figure 1 shows the working principle and a
selection of reactor systems currently used on orbital
shaking systems.

Among the different types of shaking bioreactors, shake
flasks are still the most popular system on a milliliter scale.
Flasks are available in different sizes (from 25 ml to 6 l in
volume), geometries (wide and narrow necks, baffled and
non-baffled) and materials (glass and plastic) [1]. Conven-
tional glass flasks are produced in large quantities and
fulfill the requirements of a cost-efficient reactor system
suitable for a wide range of different tasks. Miniaturization
from milliliter to microliter scale can be advantageous for
processing a large number of parallel experiments. For this
reason, microtiter plates (MTPs) are increasingly used as
cultivation systems for screening and media optimization
[2]. Plates equipped with different well numbers (24, 48, 96
or 384), round or square shaped wells with different bottom
geometries (round or flat bottom) are commonly used for
the cultivation of organisms [3–5]. Online monitoring of
culture conditions in shaking bioreactors is improving
through the development of new measurement techniques
for MTPs and shake flasks. In the recent past, large-scale
shaking bioreactor systems of 10–2000 l in volume are
increasing in importance for the cultivation of insect and
mammalian cells [6,7]. Cylindrical reactor systems are
usually equipped with a presterilized disposable plastic
bag [8] and offer fast and easy process scale-up.
Corresponding author: Bü chs, J. (jochen.buechs@avt.rwth-aachen.de).

0167-7799/$ – see front matter � 2012 Elsevier Ltd. All rights reserved. doi:10.1016/j.tibtech.20
In spite of their enormous popularity, important engi-
neering issues for shaking bioreactor systems are often
underestimated [1,9]. Selection of suitable culture condi-
tions is especially important for the small-scale reactor
systems mainly used in the first step of bioprocess devel-
opment. If wrong decisions are made during screening or
media optimization at an early stage of process develop-
ment, it can be very expensive to reverse negative out-
comes on a technical or production scale [1]. Essential
requirements for the selection of adequate culture condi-
tions, as well as recently developed methods for monitoring
and process optimization of shaken cultures, are summa-
rized in this article.

Importance of a sufficient oxygen supply
A sufficient oxygen supply is a fundamental requirement
for successful cultivation of aerobic microorganisms and
mammalian or plant cells. For this reason the oxygen
transfer rate in stirred tank reactors is generally moni-
tored and controlled during the cultivation [10,11]. How-
ever, this crucial parameter is often not considered during
screening experiments, which are usually conducted in
microtiter plates (MTPs) or shake flasks [1,10,12]. Two
different approaches can be applied to avoid oxygen limita-
tions in shaking reactor systems. One option is to measure
the oxygen supply during cultivation and to adjust the
shaking conditions (frequency, filling volume, etc.) accord-
ingly. The other possible solution is to use model equations
and engineering fundamentals to identify cultivation con-
ditions that allow a sufficient oxygen supply. Even if both
approaches can lead to an adequate solution, a combina-
tion of both is usually most efficient.

The oxygen transfer rate (OTR) between the gas and
liquid phase is commonly described as:

OTR ¼ kLa C�L � CL

� �
¼ kLa pO2

� LO2
� CL

� �
[1]

where kL [m/s] is the mass transfer coefficient, a is the
volume-specific transfer area, and C�L and CL are the oxy-
gen concentrations in the saturated gas–liquid interface
and the bulk phase, respectively. According to Equation 1,
C�L depends on the oxygen solubility of the culture medium
(LO2

) and on the oxygen partial pressure in the headspace
of the cultivation vessel ( pO2

). The solubility depends on
the medium composition and electrolyte concentration [13]
and can be estimated from literature data [14]. For pO2

in
the reactor headspace equal to the pO2

of air (0.2095 bar), it
follows that the maximum OTR for CL=0 is:

OTRmax ¼ kLa � pO2
� LO2

[2]

The volumetric mass transfer coefficient kLa depends on
the geometric and material properties of the reaction
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Figure 1. (a) Working principle of an orbital shaker. (b) Different orbital shaking bioreactor systems.
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vessel, the operating conditions (shaking frequency, filling
volume and shaking diameter) and the properties of the
cultivation media [13]. An overview of experimentally
validated kLa correlations for MTPs and shake flasks is
presented below.

kLa correlations for shake flasks

Different empirical correlations for kLa have been specified
for shake flasks [15,16,17]. Dimensionless numbers accord-
ing to Buckingham’s p theorem were used to develop a
universal kLa correlation [16]. The resulting function can
be rewritten in dimensional form as [16]:

kLa ¼ 0:5 � d
73
36 � n � d

1
4
0 � V

�8
9

L � D
1
2 � v�

13
54 � g�

7
54; [3]

where d [m] is the maximum inner flask diameter, n [1/s] is
the shaking frequency, d0 [m] is the shaking diameter, VL

[m3] is the filling volume, D [m2/s] is the diffusion coeffi-
cient, v [m2/s] is the kinematic viscosity and g [m/s2] is the
acceleration of gravity. Equation 3 is a dimensionally
consistent equation. Methods for calculating the diffusion
coefficient for oxygen D have been reported in different
studies [18]. All relevant variables for calculating OTRmax

for a biological culture are considered with Equations 2 and
3. A different approach using chemical oxygen consump-
tion to determine a kLa correlation has also been reported
[13]. A chemical reaction with an initial sulfite concentra-
tion of 1 M in a nonaccelerated reaction regime [19] was
used to determine a kLa correlation for shake flasks. The
final equation can be rewritten as [17,20]:

kLaSulf ¼ 3:212 � 10�4 � d1:92 � n1:16:d0:38
0 � V�0:83L : [4]
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This equation is not a dimensionally consistent equation.
Variables in Equation 4 need to be inserted in SI units, as
specified for Equation 3, to obtain the correct results.
Calculated values are only applicable for a 1 M sulfite
system, but can be transferred to a biological culture
medium with water-like viscosity by determining a con-
stant correlation factor C=kLabio/kLaSulf [17,20]. Only rela-
tive changes in kLa due to changes in operating conditions
are then considered by Equation 4. Another alternative
correlation for kLa values in shake flasks has been recently
described [21]. The measurements in that study were
conducted with a fixed shaking diameter of only 6 mm,
instead of the typical diameter between 25 and 70 mm.
Moreover, the influence of the shaking diameter was not
considered in determining the kLa correlation [21].

The similarity between the exponents in Equations 3
and 4 shows the comparable influence of the variables in
both equations. According to Equations 3 and 4, an in-
crease in flask diameter d, shaking frequency n or shaking
diameter d0 leads to an increase in kLa. By contrast, an
increase in filling volume VL leads to a decrease in kLa.

A hydrophobic glass wall prevents the formation of a
liquid film in shake flasks [13], resulting in drastically
lower OTRmax values. Consequently, OTRmax can be sig-
nificantly lower for disposable plastic flasks than for glass
flasks because of the hydrophobicity of the material.

Baffled shake flasks are commonly used to enhance
OTRmax during cultivation. A positive effect of baffles on
the maximum gas–liquid oxygen transfer at low shaking
frequencies was reported by several authors and was
recently shown for 150-ml shake flasks [22]. However,
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Figure 2. Images of the liquid phase (water) during shaking for a shaking diameter of 25 mm and a filling volume of 200 ml at different shaking frequencies in a 96-well

microtiter plate; ncrit=162 rpm according to Equation 5. Images were obtained with a CCD camera installed on a shaking platform. Reprinted with permission from [24].

Table 1. Parameters for Equation 6 [4]

MTP C1 (mS1) a b g d e u

24 wells 320.12 3.42 2.4 0.86 –0.83 0.35 –0.03

96 wells 166.09 3.66 1.96 0.64 –0.49 0.47 –0.15

384 wells 112.71 3.72 1.7 0.51 –0.33 0.5 –0.18
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the disadvantages of baffles usually predominate over the
beneficial effect of a higher OTRmax. Sterility problems
caused by wet cotton plugs due to splashing of the culture
liquid and poorly reproducible results as a consequence
of abrupt occurrence of out-of-phase operation are only
two of the major drawbacks. A comprehensive discussion
of the pros and cons of baffled shake flasks has been
published [1].

kLa correlations for MTPs

Model equations and methods for calculating kLa values for
MTPs are becoming more important as MTPs are increas-
ingly used as cultivation systems. The first characterization
and optimization of oxygen transfer in deep-well MTPs for
cultivation of a Pseudomonas putida strain are described in
[10]. kLa values for conventional 96-well MTPs with a flat
bottom were determined by measuring the oxidation time of
a sulfite reaction as described in [23,24]. A strong influence
of the shaking diameter on OTRmax was reported. A critical
shaking frequency (ncrit) was specified that has to be
exceeded to induce liquid motion and thus significant
OTRmax enhancement. For n<ncrit, no liquid movement at
all was observed during shaking. The following equation for
calculating ncritwas proposed for 96-well plates [24] and was
later proven to be applicable to 48-well plates as well [3]:

ncrit ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s � Dw

4 � p � VL � rL � d0

s
; [5]

where ncrit [1/s] is the critical shaking frequency, s [N/m] is
surface tension, Dw [m] is the well diameter and rL [kg/m3]
is the density of the liquid. Equation 5 is based on the
assumption that the labour delivered by the centrifugal
force during shaking has to exceed the surface tension to
induce liquid motion in the well. The change in liquid
distribution for low to high shaking frequencies is presented
in Figure 2 [24].

Below the critical frequency of 162 rpm, the liquid dis-
tribution is not affected by an increase in the shaking
frequency. This observation was only described for 96-
and 48-well MTPs and cannot be transferred to larger
reactor systems such as shake flasks [3,24]. The effect of
a critical shaking frequency in 24-well MTPs was sup-
ported by high-speed videos and computational fluid dy-
namics (CFD) simulations [25]. However, the range of ncrit

of 120–300 rpm reported was significantly higher than
ncrit = 23 rpm calculated according to Equation 5 [25].

A first validated volume-independent kLa correlation for
MTPs is described in [4]. Dimensionless numbers were
defined considering Buckingham’s p theorem to reduce the
number of influential variables and the experimental ef-
fort. Correlation for the oxygen transfer coefficient kL and a
model for the increase in specific oxygen transfer area a
with increasing shaking frequency were determined sepa-
rately. The resulting kLa correlation can be rewritten as
[4]:

kLa ¼ C1 � Da
w � nb � dg

0 � gd � re
L � Wu � V�1L � D0:64h�0:32; [6]

where W [kg/s2] is the wetting tension between the liquid
and the MTP material and h [Pa s] is dynamic viscosity.
Values for the exponents a, b, g, d, e and u and for the
parameter C1 are dependent on the MTP size, as specified
in Table 1. Other variables in Equation 6 are specified as
for Equations 3 and 4. A critical shaking frequency for the
induction of liquid motion, as specified with Equation 5, is
not considered in Equation 6.

OTRmax values for different MTPs and cultivation con-
ditions can be calculated with Equations 2 and 6. Values
for the wetting tension for commonly used MTP materials
in combination with different liquids are specified in [4]. A
value of W = 0.0723 kg/s2 for polystyrene in combination
with DI water and an astonishing low value of W =
0.0012 kg/s2 for polystyrene in combination with cell-free
fermentation broth were reported [4]. Figure 3 compares
values calculated according to Equations 2 and 6 and
measured values from [24].

Calculated values in Figure 3 show acceptable agree-
ment in comparison to measured values for low shaking
diameters (3 and 6 mm) and high shaking frequencies
(>500 rpm). The high deviation for low shaking frequen-
cies is caused by nearly constant kLa values measured
below ncrit. These values are reasonable because only
diffusive oxygen supply is possible in the absence of liquid
motion [24]. Consequently, the accuracy of values calculat-
ed with Equation 6 can be enhanced by considering an
application range of n>ncrit according to Equation 5.

A characterization of kLa values in 48-well MTPs for
different shaking diameters (from 1 mm up to 50 mm) and
filling volumes (300–600 ml) has been reported [3]. No
increase in kLa with shaking frequency was described
for a shaking diameter of 1 mm, in contrast to other
309
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Figure 3. Comparison between measured kLa and OTRmax (single points) values [24] and calculated values (red broken lines) [4] (Equations 2 and 6) for a conventional 96-

well microtiter plate for different shaking diameters and shaking frequencies. Conditions: filling volume VL = 200 ml, 22 8C, sulfite method with 0.5 M Na2SO3, 10�7 M CoSO4,

2.4�10�5 M bromothymol blue, 0.012 M phosphate buffer, initial pH 8, DW = 6.6 mm, rL = 1050 kg/m3, W = 0.0012 kg/s, D = 1.5�10�9 m2/s, h = 1.1 mPa s.

Box 1. Correlation between viscosity and shear rate

The viscosity of a shake culture is one of the most important factors

in calculating the power input and out-of-phase conditions. Culture

media including cells or microorganisms usually show shear

thinning flow characteristics that can be described by the Ost-

wald–de Waele law [16,76]:

h ¼ K � gm�1 [I]

where h [Pa s] is viscosity and g [1/s] is the shear rate. The parameters

K and m can be used to fit this equation to experimental viscosity

values. Information about the prevailing shear rate in a shaking

culture vessel is mandatory to determine the viscosity of a shear

thinning fluid. However, no shear rate correlation for shake flasks or

MTPs has been published yet.
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shaking diameters. This observation was explained by an
out-of-phase operation according to Equations 8 and 9. A
calculation method for kLa using CFD simulations for 24-
and 96-well microtiter plates has been reported [26].

The kLa value and thus the OTRmax of MTPs can be
increased by modifying the well geometry. Benefits of
square wells with respect to oxygen supply and mixing
performance have been described [5,10]. Twofold higher
kLa values in plates with square compared to round wells of
comparable size were reported [5]. However, the flow con-
ditions in MTPs with square wells are strongly dependent
on the shaking diameter, well size and liquid viscosity. The
liquid flow in a square well with a cross-sectional area of 50
mm�50 mm and a filling volume of 19.5 ml at a shaking
frequency of 300 rpm was described as out of phase for a
shaking diameter of d0 =25 mm but in phase for d0 = 50 mm
[5]. For this reason, a well-considered selection of the
shaking parameters, especially d0, is crucial for successful
utilization of MTPs with square wells.

An extensive study investigated the influence of differ-
ent well geometries on oxygen transfer in 48-well MTPs
[27]. Modification of the well geometry has a similar effect
to that of baffles in shake flasks and increases the maxi-
mum oxygen transfer capacity [27]. Comparison of 30
different cross-section geometries with respect to kLa,
maximum possible filling volume and uniformity of the
liquid distribution during shaking led to selection of a six-
petal flower-shaped well geometry that has been commer-
cialized under the name Flowerplate [27].

Power input and out-of-phase conditions
Power input and out-of-phase operation conditions are
closely related to the fluid flow in shaking reactor systems.
A change in flow conditions leads to changes in culture
parameters such as mixing, oxygen supply and hydro-
mechanical stress. The correlations for calculating power
input and out-of-phase operation that are summarized in
the following section can be applied to adjust a defined fluid
flow to obtain reproducible culture conditions.
310
Power input and out-of-phase operation in shake flasks

Power input is regarded as one of the crucial parameters
for optimization and scale-up of culture conditions [28]. A
method for measuring power input in shake flasks and a
correlation using dimensionless numbers have been de-
scribed in [29,30]. The following function for calculating
power input in shake flasks was developed [30]:

N e0 ¼ 70 � Re�1 þ 25 � Re�0:6 þ 1:5 � Re�0:2; [7]

where the modified Newton number is N e0 ¼ P

r�n3�d4�V1=3
L

and

the Reynolds number is Re ¼ r�n�d2
h

. Other variables are
specified as for Equation 3. The dynamic viscosity h is a
function of the shear rate according to Equation I in Box 1.

A method for determining the shear rate in shake flasks
was previously described [31]. Values for flasks with a
nominal volume of 500 ml using aqueous polyvinylpyrro-
lidone (PVP) solutions with high viscosity (Table 2) were
reported [31]. It should be mentioned that the shear rate in
shake flasks is strongly dependent on the liquid viscosity.
Shear rates determined with the experimental method
described in [31], using liquids with water-like viscosity,
are in the range 1000–3000 1/s for shaking frequencies
between 200 and 300 rpm (unpublished results).



Table 2. Shear rate and viscosity in 500-ml shake flasks with a
filling volume of 50 ml and a shaking diameter of 70 mm [31]

Shaking frequency (rpm) 285 220 180

Polyvinylpyrrolidone concentration (g/L) 60 70 80

Resulting viscosity (mPa s) 70 110 171

Resulting shear rate (1/s) 553 254 116
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CFD analysis for calculation of power input values in
shake flasks has been described [32] but there was no good
agreement with experimental data. Use of power input
measurements for optimization of culture conditions has
been reported by different authors [33,34]. Successful
scale-up of culture conditions from shake flasks to stirred
tank reactors using the maximum volumetric power input
estimated with Equation 7 has been described [35].

High culture viscosity can cause out-of-phase operation
in shake flasks [30,36]. A phase number (Ph) and an axial
Froude number (Fra) were defined to specify in-phase
conditions as follows [30]:

Ph ¼ d0=dð Þ � 1 þ 3 � log10 Refð Þð Þ> 1:26 [8]

Fra ¼
2 � p � nð Þ2 � d0

2 � g

  !
> 0:4: [9]

The Reynolds number of the liquid film is defined as:

Ref ¼
r � n � d2

h

  !
� p
2
� 1 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � p

4
� V

1
3
L

d

0
B@

1
CA

2
vuuuut

0
BB@

1
CCA

2

:

Variables are specified as for Equation 3. Culture condi-
tions can be regarded as in phase for Ph>1.26 and Fra>0.4
[30]. Out-of-phase operation is accompanied by strong
decreases in power input, mixing performance and mass
transfer [36].

Power input and out-of-phase operation in MTPs

Power input values have been calculated for 24-well MTPs
using CFD simulation by different authors [25,26]. Values
have also been reported for 96-well MTPs [26]. Strong
influences of the shaking diameter and well size on power
input values were observed [26]. Values for a 24-well MTP
with a shaking diameter of 3 mm showed an initial decrease
with increasing shaking frequency within the range 300–
800 rpm [26]. This observation was attributed to out-of-
phase operation under the experimental conditions [26].
The reason for low correlation between mixing times and
operation conditions in a 96-well MTP at a shaking frequen-
cy of 350 rpm for a shaking diameter of 1 mm was also
identified as out-of-phase operation according to Equations
8 and 9 [37]. In addition, out-of-phase operation was
reported for a 48-well MTP with filling volumes from 300
to 600 ml in the shaking frequency range 0–2000 rpm for a
shaking diameter of 1 mm [3].

Hydromechanical stress in shaking bioreactors
Hydromechanical stress is an important parameter for the
cultivation of sensitive organisms such as plant and animal
cells. A brief summary of important equations for estimating
hydromechanical stress in shaking bioreactor systems is
described in this section. The maximum local energy dissi-
pation rate emax is generally considered as a good parameter
for quantifying hydromechanical stress [38]. The experi-
mentally determined ratio of maximum to average energy
dissipation rate (emax/e1) in shake flasks ranges from 1 to 7
and is therefore more than one order of magnitude lower
compared to the range for stirred tank reactors (30–100)
[39]. A critical Reynolds number of Recrit = 60 000 was
proposed for the transition from laminar to turbulent flow
in unbaffled shake flasks, and the following simplified
method for calculating emax was described [40]:

Re < 60 000 : emax ¼ e? ¼ P= V � rð Þ [10]

Re > 60 000 : emax ¼ 0:1 � p � n � dð Þ3=h1 [11]

Fra> 0:4 : h1 ¼ 1:11 � d0:18
0 � d�0:11 � n0:44 � V0:34

L

Fra � 0:4 : h1 ¼ 1:31 � d0:28
0 � d0:02 � n0:9 � V0:35

L ;

variables to calculate the liquid height h1 [m] have to be
inserted in SI units as specified for Equation 3 to get
correct results. The prevailing liquid flow in baffled shake
flasks can be considered as turbulent flow, independent of
the Re number. Consequently, Equation 11 is applicable to
baffled shake flasks without considering the Re range [40].
A constant local energy dissipation rate (emax) can be used
as the scale-up criterion for stress-sensitive bioprocesses
such as cultures of filamentous organisms and mammalian
cells [40].

Mixing performance in shaking bioreactors
An extensive experimental study of mixing times in shake
flasks was recently published [41]. Maximum mixing times
of 2 s for water and 65 s for a PVP solution with a viscosity
of 38 mPa s were reported [41]. Measured values for liquids
with water-like viscosity confirmed the general good mix-
ing performance of shake flasks with aqueous solutions
compared to stirred tank reactors. CFD analysis to inves-
tigate flow conditions and mixing times in shake flasks
were previously reported [32].

The mixing performance of MTPs has been investigated
in several studies [25,26,37]. Experimental values for mix-
ing times in 96-well MTPs were determined using a visual
detection method [37] and mixing patterns for 96-well and
24-well MTPs were compared [25,26]. In general, better
mixing performance for 96-well MTPs in comparison to 24-
well plates was reported [26].

Online measurement techniques
Online measurement techniques for process parameters
such as DOT, pH, OTR, CTR, OD, biomass and tempera-
ture are necessary for the control and optimization of
bioprocesses in shaking reactor systems. One challenging
aspect apart of the miniaturization of the measuring sys-
tems for the integration in MTPs or shake flasks is the
demand that culture conditions are not affected by the
measurement system. Strong heat radiation, non-biocom-
patible materials and changes in liquid flow during shak-
ing are only some of the undesirable properties. The
advantages and drawbacks of different measurement sys-
tems are described in the following sections.
311
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Online measurement systems for shake flasks

One of the most important process parameters in terms of
oxygen supply to a biological culture is the dissolved oxygen
tension (DOT). Commonly used Clark electrodes for DOT
measurements in stirred tank reactors usually alter the
liquid flow because of baffling effects and are therefore
not recommended for shake flasks [11,42]. The functionality
of optical sensor spots for DOT measurements has been
described by several authors [43–46]. These small autocla-
vable spots contain a fluorophore with oxygen-dependent
fluorescence properties for noninvasive DOT measurement
[43,45]. However, the DOT signal measured will be errone-
ous if the spot is temporarily exposed to the oxygen concen-
tration in the flask headspace [42]. This cannot be avoided
for high shaking frequencies in combination with low filling
volumes in conventional shake flasks because in this case no
location in the flask is continuously covered with the rotat-
ing bulk liquid [42,47]. Successful application of optical DOT
measurements for high filling volume (100 ml in a 250-ml
shake flask) and low shaking frequency (110 rpm) was
recently demonstrated for the cultivation of insect cells
[48]. A commercial PreSens optical device for simultaneous
online monitoring of DOT and pH in shake flasks (http://
www.presens.de) was recently described [43,46].

The construction and validation of a device for OTR,
CTR and RQ measurements in shake flask have been
reported [49]. The noninvasive measurement technique
of this respiration activity monitoring system (RAMOS)
allows online monitoring of culture conditions in eight
parallel shake flasks. Utilization of such measurements
the characterization and optimization of culture conditions
has been described by different authors [12,34,50–58].
Furthermore, several applications of RAMOS in combina-
tion with fed-batch cultivation techniques have been
reported [59–61]. The usability of RAMOS signals for
scale-up from shake flasks to a stirred tank reactor was
demonstrated [17] and a combination of OTR measure-
ments with a device for optical pH monitoring in shake
flasks was reported [62].

A further measurement system for online monitoring of
OTR, CTR and RQ in shake flasks with a nominal volume
of 500 ml was developed by the German company BlueSens
(http://www.bluesens.com).

Online measurement systems for MTPs

Online monitoring of culture conditions in MTPs is mainly
realized via optical measurement systems. In particular,
optical sensor spots with immobilized fluorescence dyes for
noninvasive DOT and pH measurements are popular be-
cause of their small size and low cost [63]. The application of
fluorescence indicators for monitoring pH, O2, CO2 and NH4

has been comprehensively described [64]. An analytical
method named dual lifetime referencing (DLF) is based
on decay time measurements for the fluorescence signal.
The method, initially described for salinity measurements
in seawater [65], is utilized by PreSens for commercially
available pH and DOT spots (http://www.presens.de). Opti-
cal measurement techniques for DOT and pH in 96-well
MTPs using two immobilized fluorophores on the well bot-
tom have been described [66,67]. The set-up requires inter-
ruption of the shaking motion during the measurements
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[66]. These interruptions lead to unwanted alterations in
culture conditions, in particular for high shaking frequen-
cies [66]. A method for avoiding shaking interruptions that
involves mounting of the measurement optics and electron-
ics directly on the shaker platform has been described [2].

The applicability of scattered light and NADH fluores-
cence as indicators for biomass in MTPs was recently
reported [68]. An optical light fiber placed below the bottom
of an MTP well can act as a light-emitting and collection
unit [68] and allows noninvasive detection of culture con-
ditions. The usability of scattered light and fluorescence
signals for online quantification of biomass and fluores-
cence proteins in MTPs was validated [2]. The correspond-
ing online monitoring device for MTPs was commercialized
under the name BioLector by the German company m2p-
labs. A combination of the BioLector device with a liquid
handling workstation, termed Robo-Lector [69], facilitates
automated monitoring and control of culture conditions in
MTPs. This offers new opportunities in process control, as
for example the individual automated induction of protein
expression according to the biomass concentration in each
single well [69]. A further study conducted with the Robo-
Lector system revealed that the specific productivity of an
Escherichia coli T7 expression system can be enhanced by
targeted phosphate limitation [70].

Large-scale shaking bioreactor systems
Shaking bioreactor systems at scales from 10 l up to 2000 l
are increasingly used to produce recombinant proteins in
animal or plant cell cultures [6,7,71,72]. These large-scale
bioreactors usually consist of a shaker unit equipped with a
cylindrical disposable bioreactor system. Flexible prester-
ilized plastic bags or cylindrical bottles made of polysty-
rene or polycarbonate are commonly used as reactor
system [6,7,71,72]. The design of the disposable vessel
can be rather simple, which is a major advantage compared
to disposable bioreactors with complex integrated stirring
elements. The well-defined hydrodynamics and simple
scale-up from small-scale shaking bioreactors have further
advantages [73]. However, up to now the oxygen supply in
these reactor systems has only been sufficient for slow-
growing cell cultures such as animal, insect and plant cell
cultures [6,73–75].

Concluding remarks
Important scientific findings for the successful application
of shaking bioreactors have been summarized in this arti-
cle. Methods for calculating the oxygen transfer rate,
power input, out-of-phase operation and hydromechanical
stress were described to facilitate the selection of optimized
culture conditions. Recently published findings on mixing
performance and the application of novel online measure-
ment techniques were described. New trends, such as the
application of large-scale shaking bioreactors for mamma-
lian cell cultures, were described in brief. This summary of
essential scientific results in the field of shaking bioreac-
tors can be utilized to benefit from the advantages of
shaking technologies.
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