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Abstract Batch and fed-batch operation result in com-
pletely different physiological conditions for cultivated
microorganisms or cells. To close the gap between screen-
ing, which is hitherto exclusively performed in batch mode,
and fed-batch production processes, a special microtiter
plate was developed that allows screening in fed-batch
mode. The fed-batch microtiter plate (FB-MTP) ena-
bles 44 parallel fed-batch experiments at small scale. A
small channel filled with a hydrogel connects a reservoir
well with a culture well. The nutrient compound diffuses
from the reservoir well through the hydrogel into the cul-
ture well. Hence, the feed rate can easily be adjusted to
the needs of the cultured microorganisms by changing the
geometry of the hydrogel channel and the driving concen-
tration gradient. Any desired compound including liquid
nutrients like glycerol can be fed to the culture. In combi-
nation with an optical measuring device (BioLector), online
monitoring of these 44 fed-batch cultures is possible. Two
Escherichia coli strains and a Hansenula polymorpha strain
were successfully cultivated in the new FB-MTP. As a pos-
itive impact of the fed-batch mode on the used strains, a
fourfold increase in product formation was observed for E.
coli. For H. polymorpha, the use of fed-batch mode resulted
in a strong increase in product formation, whereas no meas-
urable product formation was observed in batch mode. In
conclusion, the newly developed fed-batch microtiter plate
is a versatile, easy-to-use, disposable system to perform
fed-batch cultivations at small scale. Screening cultures in
high-throughput under online monitoring are possible simi-
lar to cultivations under production conditions.
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Introduction

Today, more and more compounds are produced by bio-
technological fermentations [30]. Consequently, screen-
ing for e.g., pharmaceutically active molecules, new
enzymes, and higher-yielding microbial strains produc-
ing desired chemicals becomes increasingly important. As
these screening processes usually encompass thousands to
millions of experiments, small-scale bioreactors such as
shake flasks and microtiter plates gain in importance [6,
27]. Because of the high degree of parallelization, micro-
titer plates permit a vast amount of experiments in a rather
short time since they can be handled automatically in high-
throughput systems using modern robotics [11, 12, 16, 27].

Almost all screening experiments in shaken bioreactors
are carried out in batch mode. High initial substrate and
buffer concentrations in the medium are applied. Organisms
such as Escherichia coli or Hansenula polymorpha may suf-
fer from carbon catabolite repression, crabtree effect, and
high osmotic pressures under these conditions [7, 34, 39,
40, 46]. During carbon catabolite repression, product forma-
tion is highly reduced and undesired overflow metabolites
such as acetic acid or ethanol are formed. To circumvent
these effects, most production processes are conducted in
fed-batch mode [24, 28]. The substrates are fed at limiting
concentrations and, therefore, reduced or no carbon catabo-
lite repression and formation of overflow metabolites occur.
The discrepancy between screening processes and produc-
tion-scale processes is explained by the lack of established
technology to perform fed-batch cultivations at small scale.
Performance of a strain in batch mode does not need to be
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the best under fed-batch conditions, which can lead to sub-
optimal strain selection with fatal economic consequences
[6, 18, 33, 37]. Therefore, screening processes need to be
carried out under fed-batch conditions [6, 18, 28, 33, 37].
Milli- or micro-scale process systems are needed, which ena-
ble fed-batch cultivations with continuous online monitoring
throughout the process in order to harmonize process condi-
tions in screening and production and to meet the demands
of high-throughput experiments.

There are only a few systems on the market that allow
screening processes in fed-batch mode and small scale
below 100-ml working volume [44, 45]. Scaled-down
stirred tank reactors have the advantage of elaborate options
of process control but lack a high degree of parallelization.
Consequently, high-throughput experiments are not pos-
sible, as for example in microtiter plates. Moreover, only
pulsed feeding is possible causing temporarily exceeding
substrate concencentrations immediately after the pulsing.

A different approach to realize fed-batch mode at small
scale was chosen by Jeude et al. [18] and Panula-Perild
et al. [33]. They developed controlled release systems,
which can be easily added to shake flasks and microtiter
plates. Specifically, as a controlled-release system based on
silicone elastomer discs, the FeedBeads were developed in
2006 as an effective, easy-to-handle system for fed-batch
cultivations in shake flasks [18, 36]. The same principle
is applied in the Feed-Deepwell-Microtiter plates (Feed-
Plates) [16, 37, 41]. In both cases, the substrate glucose
or the pH-regulating agent sodium carbonate is embedded
in the silicone matrix. Once the controlled-release system
comes into contact with an aqueous medium, water diffuses
into the matrix. Simultaneously, the embedded glucose or
sodium carbonate is dissolved and diffuses out of the sili-
cone material into the liquid. The release rate depends on
material characteristics (e.g., hydrophobicity, degree of
crosslinking, particle size of glucose or sodium carbonate
crystals, and other material properties) as well as on the
driving concentration gradient.

The EnBase system developed by Panula-Perild et al.
[33] is based on the enzymatic hydrolysis of starch. A gel
layer including starch is covered with cultivation medium
containing glucoamylase. Once starch diffuses into the lig-
uid, the glucoamylase degrades the starch molecules and,
consequently, glucose is released. The EnBase system has
been further developed to the commercial EnBase Flo culti-
vation system [26]. Glucose is released by enzymatic hydrol-
ysis from a complex medium. Successful scale-up to 100 1
was shown for an E. coli process using this approach [26].

One disadvantage of the last two systems is the restric-
tion to the substrate glucose. Considering the feeding rates,
the EnBase system is more versatile than the FeedBeads as
the feed rate can be more easily adjusted by changing the
glucoamylase concentration. When using the FeedBeads,
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the user is restricted to the feed rate defined by the diffu-
sional release characteristics of the used polymer matrix.
By varying the filling volume, the attainable released glu-
cose concentration can be adjusted to a small extent.

One option to realize active process control (controlled
feeding of substrate and controlled release of pH adjusting
agents) at micro scale offer microfluidics. Funke et al. [11]
and Zhang et al. [48] showed successful miniaturized fed-
batch cultivations in such microfluidic bioreactors. Both
groups of authors proved that process monitoring and con-
trol are possible. Also for microfluidics, successful scale-up
to 2 1 was demonstrated [11]. However, all these microflu-
idic bioreactors are quite complicated and are still in the
prototype stage and therefore up to now not available for
routine laboratory use [11, 49].

For a deep understanding of the culture, online moni-
toring is of special interest. Monitoring in the BioLector
device is realized by optical measurement of scattered light
(biomass) through the transparent bottom of a microtiter
plate [23]. In addition, measurement of DOT and pH is pos-
sible via optodes in special commercially available systems.
Supplementing the BioLector technique with microfluid-
ics results in a system that offers all the options of a lab-
scale fermenter [12]. However, these promising systems
are more costly and are not yet available. According to the
manufacturer (http://www.m2p-labs.com/biolector-pro,
2013-12-17), market launch is planned for 2014. Currently,
this device allows fluorescence measurement of fluorescent
(fusion-) proteins (e.g., yellow fluorescent fusion-protein
YFP, green fluorescent fusion-protein GFP) [16, 18, 22, 35].
The commonly used fusion-proteins YFP, GFP, and their
derivatives are dependent on oxygen for their maturation
process [9]. A highly reduced signal intensity was observed
under oxygen-limited conditions in cultivations of recom-
binant E. coli strains while SDS page analysis revealed a
steady increase of YFP concentration with time. With the
onset of oxygen-unlimited conditions upon depletion of the
carbon source (glucose), Drepper et al. [9] observed a sud-
den increase in the fluorescence signal intensity. This was
explained by the maturation of the beforehand-accumulated,
not-yet-maturated YFP as oxygen became readily available.
As a consequence, the authors recommend the use of flavin
mononucleotide-based fluorescent reporter proteins (FbFP),
which do not depend on oxygen availability for matura-
tion, unlike YFP [8, 9, 16]. Therefore, fluorescence signal
intensity reflects the amount of formed protein—even under
oxygen-limited conditions—making them ideally suitable to
follow product formation online.

This study presents a first proof of concept for a dis-
posable microtiter plate system, which allows 44 paral-
lel fed-batch cultivations based on diffusion while being
online monitored using the BioLector technique. In this
fed-batch MTP (FB-MTP), a small channel filled with a
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hydrogel connects a reservoir well filled with concentrated
substrate solution and a cultivation well. The substrate dif-
fuses continuously through the gel into the cultivation well.
In this work, it is demonstrated that feed rates in the fed-
batch microtiter plate can be adjusted in a broad range by
simply adjusting the diffusion parameters like hydrogel
characteristics, the substrate diffusion coefficient, the sub-
strate concentration gradients, the diffusion path lengths,
and the cross section area of the connecting channel [31,
47]. The potential of this novel FB-MTP system is shown
by successful fed-batch cultivations with E. coli and H.
polymorpha strains. Both microorganisms show catabolite
repression when exposed to high carbon source concentra-
tions [37, 42, 43]. Therefore, production processes are run
in fed-batch mode in this new type of microtiter plate to
enable the highest product formation [34, 39, 47].

Materials and methods
Strains

For fed-batch experiments, E. coli BL2 pRSET eYFP-IL6
[16, 35] and E. coli BL21 (DE3) pRhotHi-2-Ec FbFP [8,
19] were used to represent bacteria, as well as H. polymor-
pha RB 11 pC10-FMD (pFMD-GFP) [1, 13] as a repre-
sentative of the genus yeast. E. coli BL21 pRSET eYFP-
IL6 is a genetically modified strain of E. coli BL21 (DE3)
carrying one plasmid with the fusion protein consisting of
interleukin-6 and the enhanced yellow fluorescing protein
(eYFP). Escherichia coli BL21 (DE3) pRhotHi-2-Ec FbFP
is also a genetically modified strain of E. coli BL21 (DE3).
Due to the independency on oxygen availability of the fla-
vin mononucleotide-based fluorescent reporter protein
(FbFP), this strain is ideally suited for online monitoring
of product formation in the BioLector. The used yeast H.
polymorpha RB 11 pC10-FMD (pFMD-GFP) is an uracil
auxotroph strain transformed with the plasmid pFPMT21
including the gene for the green fluorescing protein GFP
and additionally complementing the uracil auxotrophy.
Both E. coli and H. polymorpha form overflow metabolites
when cultivated with high glucose concentrations. In E.
coli, formation of overflow metabolites is mediated by car-
bon catabolite repression [42]. In H. polymorpha, product
formation is reduced as long as carbon catabolite repres-
sion prevails [37, 43]. These characteristics make them
ideal model organisms to investigate the impact of fed-
batch mode on fermentation performance [37].

Media

All chemicals were purchased from Carl Roth GmbH &
Co. KG (Karlsruhe, Germany), Sigma-Aldrich Chemie

GmbH (Taufkirchen, Germany), or Fluka (Buchs, Switzer-
land) and were of analytical grade.

Pre-cultures of both E. coli strains were cultivated on
lysogeny broth [3, 4] in shake flasks (Erlenmeyer flask
volume V = 250 ml, filling volume V| = 10 ml, shaking
frequency n = 350 rpm, shaking diameter d, = 50 mm,
T = 37 °C, inoculation 1 % v/v glycerol stock) until mid-
exponential growth phase was reached. Then, the pre-cul-
ture was centrifuged (10 min, 14,000 x g, 25 °C). In order
to perform MTP cultivations, the resulting cell pellet was
re-suspended in Wilms-MOPS medium as the main cul-
ture medium and diluted to the desired inoculation opti-
cal density (ODg,,). The medium was prepared according
to Scheidle et al. [38] with a base solution of (NH,),SO,
5 g/l, NH,Cl 0.5 g/, K,HPO, 3.0 g/l, Na,SO, 2.0 g/,
3-(N-morpholino)propanesulfonic acid (MOPS) 41.85 g/l
dissolved in 900 ml of deionized water and adjusted to pH
7.5, volume adjusted to 947 ml and autoclaved. One mil-
liliter of a trace elements solution [ZnSO,-7 H,0 0.54 g/l,
CuSO,-5 H,0 0.48 g/1, MnSO,-H,0 0.3 g/l, CoCl,-6 H,O
0.54 g/l, FeCl;-6 H,0 41.76 g/l, CaCl,-2 H,0 1.98 g/l,
Na,EDTA-2 H,O (Triplex IIT) 33.39 g/1] was aseptically
added to the base solution. In addition, 10 ml of a 0.5 g/1
MgSO,-7 H,O solution, 1 ml of a 0.01 g/l thiamine-hydro-
chloride solution as well as 1 ml of a 0.1 g/l ampicillin
solution were added to the base solution. Forty milliliters of
a separately autoclaved glucose stock solution was added.
The concentration of this stock solution is defined by the
desired final glucose concentration in the medium. This cell
suspension was then used to fill the culture wells of the FB-
MTP. The reservoir wells were filled with Wilms-MOPS
medium with the desired feed glucose concentration (50—
700 g/l). No induction was performed in the cultivations
with E. coli. Both E. coli BL21 (DE3) pRhotHi-2-Ec FbFP
and E. coli BL21 pRSET eYFP-IL6 show considerable
constitutive expression of either FbFP [9] or the eYFP-IL-6
protein [35], respectively. Cultivations were conducted with
VL =02ml, n =950 rpm, dy = 3 mm, T = 37 °C, chosen
according to Hermann et al. [15] and Huber et al. [16].

Pre-cultures of H. polymorpha RB 11 pC10-FMD
(pFMD-GFP) were cultivated on YPG medium [14] in
shake flasks under the same conditions as E. coli until mid-
exponential growth was reached. Syn6-MES medium was
used for the main cultures conducted in MTPs and prepared
according to Gellissen [14] and Kottmeier et al. [25]. The
Syn6-MES-medium consisted of a base solution to which
several mineral-, micro-element, trace-element, and vita-
min solutions were added. The base solution consisted
of KH,PO, 1 g/l, (NH,),SO, 7.66 g/l, 2-(N-morpholino)
ethanesulfonic acid (MES) 27.3 g/, MgSO,-7 H,0 3.0 g/,
KCl 3.3 g/1, NaCl 0.33 g/l. To one liter of base solu-
tion, 10 ml of a 150 g/l CaCl,-2 H,O solution, 10 ml of
a micro-element solution (Titriplex III (EDTA) 6.65 g/l,
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Fig. 1 Fed-batch microtiter plate for diffusion-driven fed-batch culti-
vations in microliter scale (FB-MTP): FB-MTP schematic (mid) with
two different geometries of diffusion channel (left); cultivation sys-

(NH,),Fe(S0,),-6 H,O 6.65 g/l, CuSO,-5 H,0O 0.55 g/l,
ZnSO,-7 H,0 2.0 g/l, MnSO,-H,0 2.65 g/l), 10 ml of a
vitamin solution (0.004 g b-biotin dissolved in 10 ml 2-pro-
panole/deionized water (1:1) and mixed with 1.335 g of thi-
amine chloride dissolved in 90 ml of deionized water) and
10 ml of a trace element solution (NiSO,-6 H,O 0.065 g/l,
CoCl,-6 H,O 0.065 g/l, H;BO; 0.065 g/1, KI 0.065 g/1,
Na,MoO, 0.065 g/l) was added. CaCl,-2 H,O, micro-ele-
ment, vitamin-, and trace-element solutions were sterile-fil-
tered and aseptically added to the autoclaved base solution.
A concentrated glucose solution is autoclaved separately
and the needed volume is added to the base solution to
reach the desired glucose concentration. The initial pH of
the medium was adjusted at pH 6.4 using 5 M NaOH. The
inoculation procedure and cultivation conditions were iden-
tical to that of E. coli cultures.

Design and construction of the fed-batch microtiter
plate

The newly developed fed-batch microtiter plate (FB-MTP)
consists of three elements: a black, 96-well microtiter
plate (well diameter at the top 6.99 mm and at the bottom
6.58 mm) without bottom (microtiter plate body) (part no.
655000-06, Greiner Bio-One, Frickenhausen, Germany), a
double-sided adhesive foil (Duplobond 3605.2 Plus, Lohm-
ann, Neuwied, Germany) and a transparent 3-mm bottom
plate made of polymethylmethacrylate (PMMA). Figure 1
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tem consisting of a reservoir well filled with highly concentrated feed
solution that is connected to a cultivation well by a diffusion channel
filled with polyacrylamide gel (right)

shows a technical drawing of the bottom plate (Fig. 1 mid)
as well as a magnified picture of the ready-to-use FB-MTP
(bottom right). As illustrated in Fig. 1, small curved chan-
nels connect two wells, namely the reservoir well and the
culture well. The channels are curved to generate a larger
diffusion path length. To achieve a diffusion-driven release
of the substrate into the culture well, the channels are filled
with a polyacrylamide hydrogel (PAAm gel).

To fabricate the bottom plate, the channels were milled
into the transparent PMMA plate with a CNC milling
machine (Deckel Maho DMU 50T, Pfronten, Germany).
Because the surface tension of the PMMA plate changed
within milling, bending was prevented afterwards by mod-
erate heating. Thereby, the bottom plate was slowly heated
to 80 °C for 4 h and subsequently slowly cooled down for
12 h. Since the adhesive at the well bottom would inter-
fere with the cultivation as well as the online monitoring,
holes for the wells (diameter 6.6 mm) were cut out of the
adhesive foil. To ensure a clean, precise, and reproducible
cut, the holes were cut with a CO, laser at the Fraunhofer
Institute for Laser Technology, RWTH Aachen University
(Germany). For the assembly of the FB-MTP, the PMMA
bottom plate, the adhesive foil, and the microtiter plate
body were stacked and aligned carefully. The adhesive foil
was placed on the microtiter plate body to match the cut
out holes with the wells in the MTP body. On top of this,
the bottom plate was placed carefully in a way that every
channel connects two wells. By applying a pressure of 5 t
with a hydraulic press, the three parts were bonded. During
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this bonding process, it must be ensured by repeated visual
inspection that air bubbles were removed between the micr-
otiter plate body and the bottom plate to guarantee a high
bonding strength.

In order to create generally different release kinet-
ics, two different geometries differing in diffusion path
length and diffusion cross-sectional area were realized, as
depicted in Fig. 1 (top left). In geometry 1, the channels
had a length of 11.33 mm, a width of 1.2 mm, and a depth
of 1.2 mm, resulting in a cross-sectional area of 1.44 mm?.
In geometry 2, the channel length was 8.67 mm, and the
depth and width were 2 mm, respectively. Here, the cross-

sectional area accounted for 4 mm?.

Preparation of hydrogel

The hydrogel, used as a diffusion barrier in the small chan-
nels connecting the reservoir and the culture wells, was a
standard 5 wt % polyacrylamide gel commonly applied for
SDS PAGE (PAAm gel). When preparing the hydrogel, all
substances were cooled to 4 °C to keep the hydrogel lig-
uid and pipettable. As ammonium peroxodisulfate and
tetramethylethylenediamine (TEMED) act as polymeriza-
tion starters, they were added last to the hydrogel solution.
The prepared hydrogel was then pipetted into the channels
of the mounted FB-MTP (18 w1 for geometry 1; 25 pl for
geometry 2). Because oxygen interferes with the radical
polymerization reaction, the polymerization took place
in a desiccator, which was extensively flushed with nitro-
gen gas. After an incubation of 90 min at room tempera-
ture, 200 1 of deionized water were added to each well to
enable the hydrogel to reswell. This reswelling process is
important to fully close up the channels and prevent con-
vective flow of liquid between the channel walls and the
gel body. The swelling process should proceed for at least
3 h, preferably 12 h. Afterwards, the deionized water was
removed from the well by turning and shaking the MTP
upside down.

Release Kkinetics and determination of filling volume

Since glucose is the most frequently used carbon source in
microbial cultivations, it was used as substrate for the gen-
eral characterization of the release kinetics in the geom-
etry 1 and geometry 2 FB-MTPs. Under cultivation con-
ditions (T = 37 °C, Vi, = 200-300 w1, shaking diameter
dy = 3 mm, n = 430-950 rpm), a reservoir well was filled
with a glucose solution of the desired feed concentration
(180-700 g/1) and the culture well with deionized water.
The plate was sealed with a gas-impermeable membrane
(Adhesive Plate Seals, Thermo Scientific, Epsom, UK)
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Fig. 2 Filling volume calculated by absorption; absorption spectra
of 200 pl of water and glucose solutions (a); absorption as function
of filling volume with absorption at 900 nm as a reference (b); water
absorption determined with deionized water in Power Waveex spec-
trophotometer (BioTek), \,p, = 900 + 977 nm, filling volume 40 up
to 200 w1, standard 96-well MTP

to prevent evaporation. For each measurement during the
diffusion process, one fed-batch well pair was emptied to
determine the glucose concentration in both wells. The glu-
cose concentration was measured using an enzyme test kit
(r-biopharm No. 10 176 251 035, Boehringer, Mannheim,
Germany). In order to also determine the filling volume
over the release time, a photometrical method was applied
as described by McGown and Hafeman [29]. Figure 2a
depicts the absorption spectra of pure deionized water as
well as of concentrated glucose solutions (100-700 g/l) at
a wavelength of 900-1,050 nm. The pure water showed
an absorption maximum at 977 nm, which is supported by
literature [29, 32]. Obviously, the absorption maximum
shifts towards higher wavelengths with increasing glu-
cose concentration at constant filling volume. To compen-
sate irregularities caused by e.g., the liquid meniscus and
other factors, a reference measurement at 900 nm was per-
formed since water displays an absorption minimum at this
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wavelength, as visible in Fig. 2a. All measurements were
performed in duplicates and the median was calculated.
Figure 2b proves a linear correlation of the water absorp-
tion on the filling volume. The photometrical determination
of the filling volume was limited to the culture well. The
glucose concentration in the culture well is so low that the
absorption maximum of water is not affected. In general,
the described method could also be applied to the reservoir
well but calibration curves are needed for every glucose
concentration used.

Online monitoring with the BioLector device

The BioLector technique allows online monitoring in
shaken microtiter plates. Scattered light as signal for bio-
mass and fluorescence measurements at different excitation
and emission wavelengths to monitor the product formation
were performed in this work (Table 1). For details on the
BioLector technique, refer to Kensy et al. [22] and Samor-
ski et al. [35].

Results and discussion
Glucose release kinetics

Prior to cultivation experiments, the glucose release at dif-
ferent feed concentrations in the reservoir well for the cho-
sen polyacrylamide hydrogel was investigated. Figure 3
depicts the concentration-dependent glucose release from
the reservoir well into the respective culture well of a
geometry 1 plate. The experiment was performed as single
assay, without technical replicates. The amount of glucose
measured in the culture well is plotted over time.

At first glance, the glucose amount in the culture well
rose nearly linearly for the tested glucose feed concentra-
tions in the reservoir well over time after a lag phase of
2.5-5 h. While the glucose release increased with high glu-
cose feed concentrations up to 500 g/l, no further increase
in glucose release with a feed concentration of 700 g/l was
observable.

Table 1 Settings of the excitation and emission wavelengths used for
online monitoring in the BioLector

Signal Excitation A, Emission A,
channel (nm) channel (nm)

Scattered light 620 620

YFP 510 540

EcFbFp 460 490

GFP 485 540

@ Springer

During the observed lag phase, the glucose moved
through the diffusion channel. After this diffusional lag
phase, the glucose was available in the culture well. The
time glucose needed to cross the diffusion channel depends
on the diffusion coefficient of glucose in polyacrylamide
gel, the driving concentration gradient, the gel matrix den-
sity, and the diffusion path length. Since all parameters
were constant except for the driving concentration gradient,
it was expected according to the Fick’s law [10] that the
duration of the lag phase depends on the initial feed con-
centrations. The results in Fig. 3 show that the lag phase
was shortened by higher initial feed concentrations.

Considering Fick’s law of diffusion [10], a proportional
increase in glucose release was expected for increasing ini-
tial feed concentrations. Indeed, when increasing the initial
feed concentration from 180 to 500 g/1, the release rate rose
in an almost proportional manner. The scattering of the
measuring values within an experiment was mainly caused
by the sampling method. Thus, another well was emptied
for each measuring value. For initial feed concentrations
above 500 g/1, no further significant increase was observed.
The non-proportional behavior of the release rate as func-
tion of the glucose concentration gradient will be explained
later.

As mentioned before, the feedrates in the described FB-
MTP can generally be adjusted in a broad range by sim-
ply adapting the initial feed concentrations. However, to
meet the demand of very fast growing organisms, a second
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Fig. 3 Glucose release into culture well in fed-batch MTP geometry
1. Reservoir well: glucose feed solution 180-700 g/l, culture well:
distilled water; both V; = 300 pl, diffusion channel: width and depth
1.2 mm, length 9.0 mm, filled with 5 wt % PAAm-gel, T = 37 °C,
dy = 3 mm, n = 430 rpm; every measurement point represents one
well, which was completely emptied for the measurement. Trendlines
were fitted using OriginPro 8.0 (OriginLab Corporation, Northamp-
ton, MA, USA)
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geometry was developed in order to achieve a higher glu-
cose release. Since the diffusive flux primarily depends
on the concentration gradient as well as the diffusion path
length and cross-sectional area, the channel length was
reduced from 11.33 to 8.67 mm and, additionally, the
cross-sectional area (channel depth x channel width) was
increased from 1.44 to 4 mm? in FB-MTPs of geometry 2
(Fig. D).

The total mass of glucose in the culture well (Fig. 4a)
as well as the residual liquid volume in the culture well
(Fig. 4b) in geometry 2 FB-MTP are presented over time
in Fig. 4. The experiment was performed as a single assay.
In Fig. 4a, after a lag phase of ~4 h, the amount of glucose
in the culture well increased nearly linearly for the experi-
ments with 50 and 100 g/l, whereas a sigmoidal progress
could be observed for 300 and 500 g/1. The increase in feed
concentration from 50 to 100 g/l resulted in a threefold
increase in the final level (1 mg/0.15 ml = 6.7 g/l compared
to 3 mg/0.15 ml = 20 g/l considering filling volumes from
Fig. 4b) in mass of glucose diffused into the culture well
during 50 h (Fig. 4a). For the 300-g/l experiment, a seven-
fold increase compared to the 50-g/l experiment (46.7 g/l
in 50 h) was cognizable. Surprisingly, a further increase
to 500-g/1 feed concentration did not lead to higher glu-
cose release but to a slight decrease in glucose diffused
into the culture well (40 g/l in 50 h). When comparing the
glucose release for the two geometries, a 4.5-fold increase
in glucose release for the 500-g/l feed concentration was
achieved when changing from geometry 1 to geometry 2.

Figure 4b presents the changes of filling volume in the
culture well monitored photometrically according to the
method illustrated in Fig. 2b. For all conditions, the filling
volume in the culture well decreased during the 50 h incu-
bation, meaning a reduction by 20-25 %. This significant
volume reduction cannot be explained by evaporation only,
but rather by water diffusing through the hydrogel into the
reservoir well driven by a gradient of osmotic pressure.
Such a water counter diffusion had in general been reported
for diffusive membrane processes [20, 21] as well as in
particular for a dialysis fed-batch shake flask, where the
substrate is released from a reservoir into culture medium
through a membrane [2]. The investigation of water counter
diffusion is crucial for estimating the glucose release rate
since, by this effect, the glucose concentration is diluted in
the reservoir well, thereby, reducing the driving concentra-
tion gradient for the glucose release.

The graph for the 500-g/l1 experiment differed signifi-
cantly from those observed for the 50-300 g/l because it
decreased faster after 18 h and shows a sigmoid slope. The
reason for this observation cannot be explained at the time
being. By this experiment, a water counter diffusion was
also proven for the FB-MTP similar to the dialysis fed-
batch shake flask [2]. Although the diffusion barriers are
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Fig. 4 Glucose release into culture well (a) and water counter dif-
fusion from culture well into reservoir well (b) characterized in
fed-batch MTP geometry 2. Reservoir well: glucose feed solution
50-500 g/1, culture well: distilled water; both V; = 200 w1, diffusion
channel: diameter 2 mm, filled with 5 wt % PAAm-gel, T = 37 °C,
dy = 3 mm, n = 950 rpm; every measurement point represents one
well, which was completely emptied for the measurement. Trendlines
were fitted using OriginPro 8.0 (OriginLab Corporation, Northamp-
ton, MA, USA)

different (hydrogel and dialysis membrane), strong water
counter diffusion was observed in both cases affecting the
glucose release by dilution. This dilution may be the reason
of the non-proportional increase of the glucose release with
increasing initial feed concentrations.

The above characterization of the substrate release in
the FB-MTP has demonstrated that it is possible to vary
the feed-rate in a broad range by simply adjusting the ini-
tial feed concentration in the reservoir well and the chan-
nel geometry. In addition, this study presents a preliminary
quantification of the substrate diffusion from the reservoir
to the culture well and the water counter diffusion in the
reverse direction. However, detailed investigations of these
two mass fluxes are necessary for the mechanistic under-
standing and the mathematical description of the diffusion
processes in the FB-MTP.
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Cultivation experiments

Following the characterization of glucose release, results
of fed-batch cultivations performed with the newly devel-
oped FB-MTP are presented as a proof of principle. Unless
stated otherwise, experiments were performed in duplicates
and the arithmetical mean was calculated.

Figure 5a depicts the scattered light signal for an E. coli
BL21 pRSET eYFP-IL6 cultivation in FB-MTP geometry 1
representing the biomass formation while Fig. 5b plots the
corresponding signal for product formation, the YFP signal,
over time. In these fed-batch cultivations, the medium was
initially supplemented with 5 g/l glucose. The experiment
was performed in triplicate.

As can be seen in Fig. 5a, the scattered light signal
showed a lag phase of ~6 h for the triplicates. Following
the lag phase, an exponential increase of the scattered light
signal was observed. At 12 h, a change in slope was visible
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Fig. 5 Reproducibility of fed-batch cultivations of E.coli BL21
pRSET eYFP-IL6 in geometry 1. Three parallel cultures are shown;
scattered light signals are depicted in (a) and product formation with
YFP-signal in (b). Wilms-MOPS medium, Fed-batch: feed in the res-
ervoir well ¢gueose = 300 g/l with initial ¢y = 5 /1 in the culture
well. Cultivation parameter: n = 950 rpm; d, = 3 mm; T = 37 °C;
V. = 200 pl; scattered light signal absorption 620 nm; product IL6-
YFP (IL6 fused to fluorescence marker protein) Agy = 510 nm,
Agm = 540 nm; E. coli ODy = 0.1, 5 wt % PAAm-gel
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transcending into a phase with linear slope. This phase
lasted until the termination of the experiment.

The observed lag phase of ~6 h was longer than the dif-
fusional lag phase (~2.5 h) according to Fig. 3. This length-
ening of the lag phase can be explained by adaptation of
the microorganisms to the new cultivation environment,
here termed as biological lag phase. After the lag phase of
~6 h, the cultures grew exponentially until 12 h, metaboliz-
ing the initially added glucose (5 g/1) as well as the glu-
cose released into the culture well until this time. During
the biological lag phase, glucose accumulated since more
glucose was released than consumed by the growing cul-
ture. When the accumulated glucose was depleted, only
the steadily released glucose was available. The glucose
depletion in the culture medium represents the end of the
batch and therefore the beginning of the fed-batch phase
at 12 h. Due to the glucose-limiting conditions in the fed-
batch phase, the scattered light signal linearly increased
as observed in Fig. 5a. Consequently, the glucose release
defines the feed rate and thus the growth rate.

Figure 5b illustrates the course of the YFP signal and
therefore the product formation. During the lag phase in
the first 6 h, no YFP production could be detected. With
onset of exponential growth at ~6 h, the YFP signal also
increased exponentially equally to the scattered light until
12 h. When glucose limitation started and the culture had
entered the fed-batch phase, the YFP signal changed to a
linear slope with a final YFP signal of 1,000 a.u.

This experiment showed a successful fed-batch cultiva-
tion using the FB-MTP demonstrating the general proof of
concept. Since the fed-batch experiments were conducted
as technical replicates with identical initial glucose and
feed concentrations, conclusions about reproducibility can
be drawn. Deviations for scattered light and YFP signal
were within the measuring error and therefore the repro-
ducibility among the triplicates was excellent.

To illustrate the impact of fed-batch versus batch mode
on E. coli (DE3) pRhotHi-2-EC FbFP, fed-batch experi-
ments with 3 g/l initial glucose but varying concentrations
in the reservoir wells (100-700 g/1) in a FB-MTP geom-
etry 2 were compared to a batch cultivation with 10 g/l of
glucose.

As shown in Fig. 6, the lag phase of the batch experi-
ment lasted for ~8 h, followed by the exponential phase.
This exponential phase transcended into the stationary
phase at 14 h, which was characterized by the constant scat-
tered light signal. All fed-batch experiments experienced a
lag phase (~6 h) followed by an exponential growth phase
with exponential increase in scattered light. The transition
into the fed-batch phase was marked by the linear slope
of the scattered light signal. Because only 3 g/l of initial
glucose was used in the fed-batch experiments, the osmotic
pressure was lower than in the batch experiment, in which
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Fig. 6 Comparison of batch and fed-batch cultivation of E. coli
(DE3) pRhotHi-2-Ec FbFP. Biomass formation as scattered light sig-
nal in (a) and product formation as FbFP signal in (b). Wilms-MOPS
medium. Batch: cgjeoe = 10 g/1, fed-batch: feed in the reservoir
well cgrucose = 100-700 g/1 with initial cgyeose = 3 g/1 in the culture
well. Cultivation parameter: n = 950 rpm; d, = 3 mm; T = 37 °C;
Vi = 200 pl; scattered light signal absorption 620 nm; product
FbFP (fluorescence marker protein) hgx = 460 nm, Agy; = 490 nm;
E. coli ODy = 0.4; 5 wt % PAAm-gel; geometry 2

10 g/1 glucose was available. It is known that the lag phase
of microorganisms is sensitive to elevated osmotic pressure
[5]. The lower osmotic pressure led to a shorter lag phase
in the fed-batch experiments compared to the batch experi-
ment. A similar positive effect was described by Scheidle
et al. [36]. Comparing the different fed-batch experiments,
all showed the same lag phase but differed in the length of
their respective exponential phases. Figure 6 clearly shows
elongated exponential phases for higher feed concentra-
tions and therefore a delayed transition into the fed-batch
phase. This transition was visible in scattered light signal
at 12 h for the 100-g/1 feed experiment, at 14 h for the 300-
g/l experiment, and at 18 and 22 h for the 500- and 700-g/1
experiments, respectively. Because the lag phase (6 h) was
longer than the diffusional lag phase of ~4 h (Fig. 4a), glu-
cose accumulated during the lag phase in addition to the
initially added glucose. Since the release rate increased
with higher feed concentrations, more glucose accumulated
during the lag phase for higher feed concentrations and

therefore glucose became limiting at a later point. In the
fed-batch phases, the slope displayed a dependency of the
initial feed concentration in the reservoir wells. The higher
the feed concentration, the higher the driving concentration
gradient according to the Fick’s law [10].

Figure 6b illustrates the respective formation of the fluo-
rescence marker protein FbFP for the different fed-batch
and batch experiments. In the batch experiment, product
formation started with the beginning of the exponential
growth phase. Upon the entry into the stationary phase, the
product formation ceased and the FbFP signal remained
constant at ~500 a.u. until the end of fermentation. Similar
to the batch experiment, product formation started with the
beginning of the exponential growth in all fed-batch experi-
ments. With transition into the fed-batch phase, the FbFP
signal further increased exponentially until termination of
the experiment in contrast to the batch fermentation.

Comparing the batch with the fed-batch cultivations, a
successive increase of final biomass from 2,000 a.u. in the
batch experiment to maximally 16,000 a.u. for the 700-g/1
fed-batch fermentation was observed, due to higher totally
available glucose. The final FbFP signal also increased
from 500 a.u. in the batch to maximally 7,000 a.u. for the
300-g/l fed-batch. Dividing the FbFP signal by the scat-
tered light signal results in a FbFP/biomass yield. When
comparing the batch experiment with the fed-batch experi-
ments, the FbFP/biomass yield of 0.25 for the batch cul-
ture was significantly lower than those of the fed-batch
fermentations (0.38—1.13). The enhanced yields of the fed-
batch cultures can be explained by higher totally available
glucose amounts and the change of operation mode. In the
expression system used, the FbFP expression is under the
control of the lac operon [9, 17, 19], which is regulated by
carbon catabolite repression in E. coli [17, 42]. In batch
mode, high initial glucose concentrations are responsible
for repressing the FbFP expression. Only at the end of the
exponential growth phase, was glucose below the repress-
ing concentration. At this point, little glucose was left for
product formation [2]. By contrast, limiting glucose con-
centrations occurred earlier in fed-batch fermentations.
This benefit of fed-batch mode became less with increas-
ing initial feed concentrations, explaining the decrease of
FbFP/biomass yield within the fed-batch experiments. As
seen in Fig. 6, this was most probably the case for initial
feed concentrations equal to or higher than 300 g/I. Con-
sequently, the 100-g/1 feed concentration yielded the best
specific product formation among the tested conditions for
the used E. coli (DE3) pRhotHi-2-EC FbFP.

After successful application of the FB-MTP for fed-
batch cultivation of a bacterial expression system, the FB-
MTP was also used for the yeast H. polymorpha RB 11
pC10-FMD (pFMD-GFP). This strain produces the green
fluorescing protein GFP, its expression being repressed by
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Fig. 7 Fed-batch cultivation of H. polymorpha RB 11 pC10-FMD
(pFMD-GFP). Biomass formation as scattered light signal in (a)
and product formation as GFP signal in (b). Syn-6-MES medium.
Batch: cgjyeose = 3 g/1, fed-batch: feed in the reservoir well cg,.
cose = 100-500 g/l with initial cgoee = 3 &/l in the culture well. The
circles indicate the time when the respective cultures enter a phase
of more or less constant GFP signal (product concentration). Culti-
vation parameter: n = 950 rpm; d, = 3 mm; T = 37 °C; V| = 200
wl; scattered light signal absorption 620 nm; GFP Agy = 485 nm,
Aem = 540 nm; H. polymorpha OD, = 0.8; 5 wt % PAAm-gel;
geometry 2

glucose [18, 39, 40]. As for the E. coli experiment, the ini-
tial glucose concentration in the culture well was kept con-
stant at 3 g/l while varying the feed concentrations in the
reservoir wells in a range of 100-500 g/l glucose for the
fed-batch experiments. For the batch experiment, 3 g/l of
glucose was also used. The scattered light signal and the
GFP signal for product formation have been monitored
online and plotted over time in Fig. 7 for the respective cul-
tivations in the geometry 2 FB-MTP.

In Fig. 7a, the scattered light signal for batch and fed-
batch cultures is displayed. The graph of the batch experi-
ment showed a scattered light increase during the first 12 h.
This growth phase can be divided into two phases, the first
lasting for 4 h, and the second from 4 until 12 h. At 12 h,
the transition into the stationary phase took place indicated
by a constant signal. Obviously, no GFP was formed in
the batch experiment throughout the whole fermentation
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(Fig. 7b) due to strong carbon catabolite repression of the
FMD promoter [18, 39, 40].

The three fed-batch experiments showed an identical,
exponential course until 4 h. As product formation starts at
6 h in all cases, it was reasonable to assume that the transi-
tion into the fed-batch phase, when glucose becomes limit-
ing, takes place at this time. During the fed-batch phase,
the slope for the 500-g/1 fed-batch was steepest, followed
by the 300- and 100-g/1 fed-batch cultures, respectively.

A slightly different picture arises when looking at the
GFP signal in Fig. 7b. The experiment with 100 g/1 glucose
in the reservoir showed a linear increase in GFP signal until
the end of fermentation. The 300-g/l experiment showed a
strong increase in GFP signal until ~18 h. At this time, a
change in slope was visible and the GFP signal increased
linearly from ~7,000 to 10,000 a.u. at ~32 h. After this
point, the GFP signal remained constant until the end. A
similar trend could be observed for the 500-g/l fed-batch
experiment. In contrast to the 300-g/I fed-batch, no second
phase was recognizable. Instead, a plateau commenced
after the strong initial increase at ~16 h. This plateau lasted
until ~33 h. Interestingly, the transition into the GFP pla-
teaus for the 300- and 500-g/1 fed-batch cultures occurred
at the similar level of scattered light signal in a range of
11,000-12,800 a.u., indicating termination of product for-
mation (indicated by circles in Fig. 7). Due to higher feed
rate and therefore higher growth rate, the 500-g/1 fed-batch
culture reached the respective scattered light level sooner.
A phase of decreasing GFP signal commenced the men-
tioned plateau at ~33 h.

While no GFP was produced in the batch culture, a
maximum GFP signal of 9,000 a.u. was measured for the
100-g/1 fed-batch, ~12,000 a.u. for the 300-g/1 and ~7,500
a.u. for the 500-g/1 fed-batch experiments. In relation to
biomass formation, this equaled ~1.1 a.u. GFP/a.u. scat-
tered light for the 100-g/1 fed-batch fermentation, whereas
~0.7 a.u. GFP/a.u. scattered light were produced in the
300-g/1 fed-batch experiment. As for E. coli, an initial feed
concentration of 100 g/l turned out to be the best for high
productivity for the used H. polymorpha RB 11 pC10-FMD
(pFMD-GFP) strain.

Conclusions and outlook

In this work, a newly developed fed-batch microtiter
plate (FB-MTP) was presented, which allows 44 parallel
fed-batch cultivations in micro-scale by diffusion-driven
substrate release from a reservoir well filled with highly
concentrated feed solution to a culture well. This novel FB-
MTP is characterized by its small size, high degree of par-
allelization, and its ease of use. Based on standard 96-well
microtiter plates, it can easily be embedded in standard
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laboratory processes. Only a microtiter plate shaker with
temperature and humidity control is needed, which are
nowadays available in almost every laboratory. In combina-
tion with the BioLector device, all wells can fully be moni-
tored over time. Moreover, completely automated screen-
ing campaigns are possible when further combined with a
robotic liquid handling system.

The results presented in this work demonstrate the proof
of concept of the newly developed FB-MTP. The glucose
release from the reservoir into the culture well as well as
water counter diffusion were characterized providing a
preliminary idea of the diffusion mechanisms in the FB-
MTP. As a diffusion-based system, almost constant feed
rates can be adjusted in a broad range by adapting diffusion
parameters such as the geometry of the hydrogel channel,
the density of the hydrogel, and the driving concentration
gradient. Therefore it enables the easy evaluation of dif-
ferent feed-rates in a single experiment in order to iden-
tify the best conditions. Moreover, the FB-MTP exceeds
other controlled-release systems since any desired soluble
compound, even liquid substrates like e.g., glycerol, can
be fed. Even feed supplementation into the reservoir wells
of the FB-MTP allowing stepwise adjustment of the feed-
ing rate during the cultivation is possible by manual or
robotic injection. Thereby, it is now possible to perform a
primary screening of different strains, media, and process
conditions at an early stage of process development. The
prior aim of the screening is the reproducible and reli-
able selection of clones and conditions allowing the high-
est productivity. The loss of highly producing strains dur-
ing screening cannot be compensated in later development
steps, while cell density can be optimized in the following
process development. Therefore, the focus of the fed-batch
experiments conducted in this study was a reliable selec-
tion rather than achieving high cell densities.

Fed-batch cultivations of E. coli and H. polymorpha
using the novel FB-MTP proofed the positive effects of
fed-batch mode to expression systems sensitive to carbon
catabolite repression. With the novel FB-MTP, it is possi-
ble to feed glucose in limiting concentrations for continu-
ous product formation and circumventing carbon catabolite
repression. The higher productivity in fed-batch cultiva-
tions is the reason why production processes are usually
run in fed-batch mode. In combination with the BioLec-
tor, the FB-MTP is a powerful tool to conduct screening
processes under conditions similar to that of the perspec-
tive fed-batch production process providing more reliable
results for the scale-up.

For future studies, the two mass fluxes glucose and
water counter diffusion should be intensively investigated.
More datasets are necessary for mathematical descrip-
tion of the diffusion mechanism in the FB-MTP. One of
the most important topics of future experiments should be

the applicability of the novel FB-MTP to other organisms.
Also, the feeding of other compounds such as pH-regulat-
ing agents or liquid substrates should be demonstrated. To
illustrate system flexibility, the combined feeding of two
substrates should be investigated. In addition, the possibil-
ity to feed complex compounds such as yeast extract needs
to be studied as many industrial production processes make
use of cost-effective complex media. Finally, scalabil-
ity has to be proven by cultivations in a fermenter with a
medium reservoir and pumps using feeding rates realized
in this study. Especially the discrepancy between theoreti-
cally reachable cell densities in the FB-MTP and the high
cell densities achieved in production processes needs to be
addressed as this is a prerequisite for direct scalability.
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