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Microbial factories: monitoring vitamin B2

production by Escherichia coli in microfluidic
cultivation chambers†

Petra Jusková, a Steven Schmitt, b Lucas Armbrechta and Petra S. Dittrich *a

Microbial cells represent a standard production host for various important biotechnological products.

Production yields can be increased by optimising strains and growth conditions and understanding

deviations in production rates over time or within the microbial population. We introduce here microfluidic

cultivation chambers for highly parallel studies on microbial cultures, enabling continuous biosynthesis

monitoring of the industrially relevant product by Escherichia coli cells. The growth chambers are defined

by ring-valves that encapsulate a volume of 200 pL when activated. Bacterial cells, labelled with magnetic

beads, are inoculated in a small magnetic trap, positioned in the centre of each chamber. Afterwards, the

ring-valves are partially activated, allowing for exchange reagents, such as the addition of fresh media or

specific inducers of biosynthesis, while the bacterial cells and their progeny are maintained inside. On this

platform, we monitor the production of riboflavin (vitamin B2). We used different variants of a riboflavin-

overproducing bacterial strain with different riboflavin production levels and could distinguish them on the

level of individual micro-colonies. In addition, we could also observe differences in the bacterial

morphology with respect to the production. The presented platform represents a flexible microfluidic tool

for further studies of microbial cell factories.

Introduction

Microbial cell factories represent a sustainable alternative to
many chemical processes employed for the production of
structurally complex compounds by the pharmaceutical and
chemical industry.1 Secretion levels of the selected microbial
metabolites can be elevated by rational design2 or directed
evolution.3,4 However, the production yields in large-scale
fermenters still vary over time, even for the optimized
microbial producers.5 Genetic drift in the culture due to
plasmid instability together with the inhomogeneous
distribution of metabolites or proteins could, over several
generations, lead to the formation of the sub-populations
with significant differences in the production rates.6–8 The
cells with low metabolic burden resulting from the decreased
production typically manifest with increased growth rates,
outcompeting the high producers and negatively affecting
overall process performance. Therefore, monitoring the

microbial production on the scale of one to several cells
would provide important information regarding the batch
heterogeneity and the presence of apparent outliers with
significant difference in production yield.

The standard tools for batch studies of bacterial cells,
including microtitration well-plates and test tubes, do not
provide detailed information on cell sub-populations and
morphology. This was partially addressed by integration of
microfluidic systems into the microbiology toolset.9,10 In
particular, gel beads11,12 alongside single- and double-
emulsions, have been applied for directed evolution13–15 and
compound screening16 on a single-cell resolution.17 Droplet
microfluidics enables high-throughput production with
excellent homogeneity,18 however, continuous medium
exchange, addition of reagents and product accumulation
remain challenging.19 Recently introduced cultivation
platforms based on semi-permeable shells20 or artificial
phospholipid membranes21 allow for isolation of the
cultivated cells with a partial access to the cultivation
compartments. In these approaches, the selection of the
molecules which can be retained or supplied to the
compartments is highly restricted by the properties of the
used materials (i.e. gels, polymers, lipids), and need to be
adjusted for the particular application.

In contrast to droplets, platforms with small cultivation
chambers allow for continuous nutrient or analyte supply to
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the cultivated cells with the possibility to monitor microbial
production or response to the external stimuli.22,23 Chamber
systems typically include a micro-sieve,24 particle
membrane25 or specifically designed channel-restricting
structures26–29 in order to maintain bacterial cells in the
particular cultivation sites. These previous platforms have
demonstrated the great potential of miniaturization for
cultivation and observation of microbial populations,
however, as the cultivation chambers are not separated, they
cannot be employed for the accumulation and monitoring of
secreted compounds.

In this paper, we present a microfluidic platform which
allows for the cultivation of bacterial cells as small micro-
cultures and monitoring of their secreted products. The
micro-chambers are formed by ring-shaped valves, where in
contrast to previous studies30 the inoculation is achieved by a
magnetic trapping system.31 In addition, here we make use
of the possibility to fully close or open the valves, or to
provide a tiny opening by the precise adjustment of applied

pressure, allowing nutrients to enter while cells are retained
in the chamber. The system is optimized to perform dynamic
studies of riboflavin (vitamin B2) producing recombinant
Escherichia coli, where we detail the production performance
of variants on a single micro-culture resolution. The
influence of the inducer of the gene cluster responsible for
the riboflavin production as well as riboflavin production
under antibiotic pressure were evaluated. At the same time,
we monitored cell morphology during the cultivation period.

Results and discussion

The microfluidic cultivation platform is composed of an array
of about 600 individual, pL-sized circular cultivation
chambers (Fig. 1A and S1†). The platform contains two
channel networks separated by a thin layer of
polyĲdimethylsiloxane)ĲPDMS). The top channel network
functions as a valve system, which by pressure actuation
results in formation of growth chambers inside the ring-

Fig. 1 A: The microfluidic device with an array of about 600 growth chambers, composed of two channel networks: the top part contains
pressure actuated microfluidic valves (red) and the bottom part contains inlet and outlet for the bacteria and reagent supply (blue). Scale bar: 5
mm. B: Micrograph with a detail view of the device with microfluidic valves, with and without the applied pressure. The pressure actuated valve
surrounding the cell trap forms an isolated growth chamber. Scale bar: 75 μm C: Scheme of one microfluidic cultivation chamber and
experimental workflow. E. coli bound to magnetic beads are captured by the magnetic force in the cell trap, designed as an indentation in the
central part of the microchamber (1). Afterwards, the ring valves are activated and the magnet is removed (2). The remaining tiny gap between
valve and bottom glass slide can be controlled by the applied pressure and allows us to access bacterial cells at different time points, i.e. addition
of inducer, antibiotic or nutrients without loss of cells. The system described here is used to monitor riboflavin-secreting cells which also produce
red fluorescent protein (mKate2) to provide information regarding the bacterial biomass.
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shaped valves (Fig. 1B). The bottom channel network
contains the inlet and outlet for the inoculation of the growth
chambers and liquid exchange during the cultivation period.
Bacterial cells are first cultivated off-chip until they reach an
OD600 in the range of 0.4–0.6 and labelled with magnetic
beads functionalized by bacteria-specific antibodies
incubating for 30–60 minutes with the suspension of
magnetic beads. Magnetically labelled bacterial culture is
introduced in the microfluidic device using a flow rate of 0.7
μL min−1.

The in-house-made holder for the microfluidic device allows
for placing a magnet at the area above the microfluidic traps
(Fig. S1†). In the presence of a magnetic field, bacteria are
drawn into the cell trap, i.e., an indentation in the centre of
each chamber (Fig. 1C). In approximately 10 minutes, we
typically observe that around 70% of the traps are inoculated.
The occupancy of 1–5 cells in 90% of the traps is sufficient to
form micro-culture and compare the biosynthesis between the
chambers. (Table S1 and Fig. S2†). The growth chambers of
approximately 200 pL are formed by the application of air
pressure (2.2 bar) on the microfluidic valves. The chambers are
not completely sealed, the narrow gap between the valves and
glass slide allows for nutrient exchange over the cultivation

period while the cells and their progeny remain trapped within
the growth chambers. The applied pressure of 2.2 bar and the
flow rate of 0.2 μL min−1 allow the solution inside the chamber
to be completely exchanged in roughly four hours (Fig. S3†).
Therefore, the cell-secreted compounds are partially removed
from the chambers, while the remaining product still provides
the information about the production dynamics.

The performance of the proposed cultivation platform is
characterized using the Escherichia coli strain BW23474 [pB2-
ribDBECA-mkate2] (Fig. 2A), which produces the industrially
relevant compound riboflavin (vitamin B2) under the control
of the tetracycline inducible tetR/tetO promoter.32,33

The basal riboflavin gene expression (from the leaky
promoter) can be increased by addition of the inducer
anhydrotetracycline hydrochloride (aTC) which offers a more
potent induction of the promoter while being less toxic
compared to tetracycline.34 Since riboflavin is fluorescent,
the biosynthesis can be directly monitored by fluorescence
microscopy. Additionally, the strain produces a red
fluorescent protein mKate2 which is used to estimate the
biomass increase in the individual micro-cultures.21 During
the experiments, the microfluidic cultivation platform is
placed on an automated microscope and production as well

Fig. 2 Monitoring the biosynthesis of riboflavin in micro-chambers. A: Pictogram of the E. coli variant (i) BW23474 [pB2-ribDBECA-mkate2]. B:
Time-lapse images of a growth chamber during the cultivation. The biomass is visualized via mKate2 fluorescence (orange), and the production of
riboflavin is monitored via the autofluorescence (green). Scale bar 100 μm. C: Time-resolved, mean fluorescence measurements with 95%
confidence interval (CI) for the basal riboflavin biosynthesis (top panel) and the biomass increase estimated by mKate2 fluorescence (bottom panel)
cultivated at 30 °C (n = 111). The highlighted area represents the mid-exponential growth phase, used to form a scatter plot (D). The scatter plot
depicts the mean change of the riboflavin and mKate2 fluorescence between 300 and 600 minutes of cultivation, plotted for each chamber.
Bottom plots show the time-resolved riboflavin and mKate2 fluorescence changes for two chambers, selected from the different areas of the
scatter plot, designated with (1, low biosynthesis rate) and (2, high biosynthesis rate).
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as growth rates are quantified based on the fluorescent
images taken during the cultivation period.

Fig. 2B shows time-lapse images of the selected chamber
taken during a 15 hour cultivation period. The figures
corroborate the accumulation of the riboflavin inside the
chambers together with the increase of bacterial biomass.
The time-resolved measurement of the biomass increase
(mKate2 production) and the corresponding basal riboflavin
biosynthesis using fluorescence microscopy are presented in
Fig. 2C. The curves have a similar profile, with the initial lag
phase and exponential increase between 200 and 750
minutes; the increase in the biomass is accompanied by an
increase in the accumulated riboflavin. The scatter plot
(Fig. 2D) summarises the mean production rate and mean
biomass increase during the mid-exponential growth phase
(between 300 and 600 min) for each individual chamber. The
plot displays the intercellular heterogeneity and allows us to
distinguish micro-cultures with a particularly increased or

decreased riboflavin production (Fig. 2D, bottom panel). In
conclusion, we can reliably cultivate bacterial cells in the
micro-chambers, while monitoring the biosynthesis of
intracellular as well as secreted molecules.

For achieving a high production yield, the timing of
inducer supplement is critical, and is typically done in the
mid-exponential growth phase (OD600 = 0.5–1).35 The exact
time, optimal for the addition of the inducer typically differs
for each system, therefore it is important to have an access to
the cultivated cells over the entire cultivation time and have
the possibility to evaluate the differences in yields resulting
from the different induction times. Here, we demonstrate
this, and employ the platform to compare riboflavin
production with aTC supplement either immediately
following the inoculation or after 270 minutes, at the lag or
exponential growth phase, respectively.

Fig. 3A shows the time-lapse images for both conditions. As
expected, the riboflavin production increased upon the addition

Fig. 3 Riboflavin production of E. coli BW23474 [pB2-ribDBECA-mkate2] under different conditions. A: Time-lapse images showing two selected
chambers during the 15 h cultivation period. Bacterial growth and therefore bacterial production are reduced when the inducer
anhydrotetracycline (aTC) is supplied at the lag phase of the bacterial growth (left panel), in contrast to the expression induced at the exponential
phase of the bacterial growth (right panel). The time points as annotated in the figure indicate time from the inoculation, therefore include 15 min
delay, needed for the liquid handling during the inducer supplement. Scale bar 100 μm. B: Time-resolved changes of the riboflavin production for
the inducer supplement at two different time points, beginning of the culture (t = 0 min; n = 131) and beginning of the exponential phase (after t =
270 min; n = 72), as indicated by the red arrows. The curves showing the production without the induction are identical as for Fig. 2, and were
added for the comparison. The graph also contains time-resolved changes of the riboflavin production with the supplement of the antibiotic (ATB)
after t = 270 min (n = 196). CI: 95% confidence interval. C: The scatter plot depicts the mean change of the riboflavin and mKate2 fluorescence
between 300 to 600 minutes of cultivation, per each chamber for four different conditions: supplement of the inducer directly after the
inoculation (yellow), at the exponential growth phase (green), incubation without the inducer (blue) and cells exposed to the antibiotic (red).
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of the inducer. However, we observed the growth rate reduction
when the inducer was supplied directly after the inoculation,
presumably due to the sudden metabolic burden of the gene
expression and riboflavin production. In contrast, the inducer

supplement during the exponential phase did not impaired
bacterial growth, while still led to the riboflavin production
increase, about 5-times the signal measured on the basal level
(Fig. 3B, S4†). Once the bacteria reach the stationary phase,

Fig. 4 Riboflavin biosynthesis for different variants. A: Pictograms of E. coli variants used for the measurements. B: Time-resolved changes of the
bacterial growth estimated by mKate2 production (right panel) and riboflavin production (left panel) with 95% confidence interval (CI) measured
for the different variants n = 268, 155, 114 for variants (i), (ii) and (iii), respectively. C: Mean riboflavin and mKate2 production for the studied
variants at the time point t = 600 min, including statistical analysis (Mann–Whitney U test, at level 0.05). D: The scatter plot representing the mean
change of the riboflavin and mKate2 fluorescence over the mid-exponential growth phase (300 to 600 min), per each individual chamber. The
measurements were performed in LB, at the 30 °C.

Fig. 5 Riboflavin biosynthesis for different variants without mKate2 production. A: Pictograms of E. coli variants (iv–vi) used for the measurements.
B: Time-resolved changes of riboflavin production (left panel) with 95% confidence interval (CI) measured for the different variants of E. coli
BW23474 (iv–vi), n = 200, 208, 188 respectively. Resulting mean riboflavin production for all the studied variants at the time point t = 600 min
(right panel), including the statistical analysis using the Mann–Whitney U test, at level 0.05. The measurements were performed in LB, at the 30 °C.
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riboflavin production decreases for the remaining incubation
time, what is more apparent with the partial removal of the
produced riboflavin from the partially closed chambers. The
scatter plot summarising the mean riboflavin and mKate2
production rates between 300 and 600 min for each individual
chamber is shown in the Fig. 3C. The scatter plot additionally
contains data without the induction for comparison. Both
riboflavin and mKate2 production is strongly increased in the
chambers supplied with the inducer in the exponential growth
phase. The addition of the inducer influences also the
production of the mKate2 protein, however, for the comparison
among the chambers supplied with the inducer at different
time point, mKate2 can be used to estimate the biomass
difference (Fig. S4†).

We also analysed the biosynthesis under unfavourable
conditions by exposing the cells to an antibiotic compound
(ampicillin) after 270 min.36 The antibiotic supplement leads
to the decreased growth as well as riboflavin production
(Fig. 3B and C). The data collected from the mKate2 and
riboflavin production (Fig. S4B†) also suggest that about a

one-hour exposure is necessary to hinder the bacterial growth
and biosynthesis process.

Further, we study riboflavin production for different variants
of E. coli BW23474 summarised in the Fig. 4A. The strain
variants harboured either plasmid containing a synthetic
riboflavin biosynthesis operon ribDBECA leading to a high
riboflavin production or an operon ribDBECAPL, lacking the
recombinant promoter, therefore exhibiting decreased
riboflavin production. The variants also carried the gene for the
production of the fluorescent protein mKate2. This gene was
either part of the same plasmid as for the riboflavin
overproduction, pB2-ribDBECA-mkate2 (i) or was transferred in a
separate plasmid, pKD13-mkate2 (ii and iii). Fig. 4B shows time-
resolved riboflavin and mKate2 production profiles for these
variants.

The levels of the produced riboflavin and mKate2 at the
end of the cultivation, t = 600 min are summarised in the
Fig. 4C. The graph confirms similar production levels of the
mKate2 for strains carrying the same plasmid (ii and iii),
while the integration of the mKate2 gene to the plasmid

Fig. 6 Filamentous growth of the strain BW23474 [pB2-ribDBECA, pKD13-mkate2] (ii). A: Microscopic images of a chamber during the bacterial
cultivation; the top image shows culture with small clusters surrounded by the planktonic cells, the bottom figure shows culture without the
observed cell division. Scale bar 50 μm. B: Left panel: time-resolved mean mKate2 fluorescence measurements with 95% confidence interval (CI)
for the cultures without the observed cell division in comparison with the values obtained from all the chambers. n = 4, 155 respectively. Right
panel: comparison between the mKate2 fluorescence for the two morphologies at the t = 600 min, including the individual data points. Statistical
analysis was performed using the Mann–Whitney U test, at level 0.05; asymmetric probability, p = 0.065. C: Left panel: time-resolved mean
riboflavin fluorescence measurements with 95% confidence interval (CI) for the cultures without the observed cell division in comparison with the
values obtained from all the chambers. n = 4, 155 respectively. Right panel: comparison between the riboflavin fluorescence for the two
morphologies at the t = 600 min, including the individual data points. Statistical analysis was performed using the Mann–Whitney U test, at level
0.05; asymmetric probability, p = 0.059.
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carrying genes for riboflavin production lead to significantly
higher yields for both compounds. As expected, we observed
significantly decreased riboflavin production for the strain
containing promoter-less operon (Mann–Whitney U test, at
level 0.05). The scatter plot in Fig. 4D shows three different
populations corresponding to different variants and
highlights differences in the production rates between
individual chambers.

Further, we evaluated riboflavin production for the
variants without the gene for mKate2 production (Fig. 5A).
We compared riboflavin production for the variant
containing the plasmid with the gene cluster for the
riboflavin overproduction pB2-ribDBECA (iv), a same plasmid
without the promoter pB2-ribDBECAPL (v) or plasmid without
the genes for riboflavin overproduction, pB2-empty (vi). The
results are summarised on the Fig. 5B. Here, we could clearly
differentiate the three significantly different production rates,
with the highest production rate for the strain with a
complete plasmid (iv), followed by the variant containing
plasmid missing the promoter (v), while the lowest riboflavin
yield was measured for the variant missing the genes for the
riboflavin overproduction.

Finally, we highlight that our platform allows for
microscopic monitoring of cell morphology. Here, for one
selected variant (ii) BW23474 [pB2-ribDBECA, pKD13-mkate2]
we compared the growth and production rate for two cell
morphologies that we observed in the growth chambers.
Typically, cultivated cells formed small clusters attached to
the magnetic beads, surrounded by planktonic cells.
However, in 4 out of 155 growth chambers (i.e., 2.6%) we
observed also bacterial cells which were not dividing but
elongating over the cultivation period (Fig. 6A). The mean
mKate2 production for the filamentous cells was slightly
lower, however, comparison with all chambers showed that
this difference was not significant (Mann–Whitney U test, at
level 0.05) (Fig. 6B). Likewise, the mean of riboflavin
production (Fig. 6C) was slightly higher for the elongated
cells, but this difference was again not significant compared
to the values collected from all the chambers (Mann–Whitney
U test, at level 0.05). Occasional filamentation has been
described before in cultivations where bacteria were trapped
in nanochannels,37 and was considered as indicator for the
SOS response of bacteria (response to DNA damage). Our
data indicate that this filamentation does not affect the
production yield, however, the number of chambers with
filamentous growth was very low and a more detailed analysis
would be required to confirm this conclusion.

Conclusions

We introduced a miniaturised cultivation platform to study
industrially relevant bacterial strains on the micro-culture
level. The individual culture sites are formed by round
microfluidic valves. The pressure-actuated valves allow us to
supply fresh medium and control reagent exchange, e.g. to
induce the biosynthesis at a defined point in time, as well as

to accumulate product inside the chambers. We studied
riboflavin producing E. coli strain and demonstrated the
applicability of the platform to recognise the different
bacterial populations based on their production profiles, and
identify potential outliers with the increased or decreased
product synthesis.

Incorporating multiple inlets and outlets to the device
would allow us to divide the array into segments that could
be exposed to different conditions without the risk of cross-
contamination and thereby simplify the search for high-
producer cells out of a large number of genetic variants.21

Potentially, the products can be collected at the
corresponding outlets and subjected to further analysis.
Therefore, we believe that the presented platform is a
valuable tool to study bacterial cells with industrial
importance. Alternatively, in more fundamental studies, it
may allow to monitor effects of toxins or antibiotic
compounds on microbial populations.

Materials and methods
Materials

Anhydrotetracycline hydrochloride (aTC), ampicillin sodium
salt, bovine serum albumin (BSA), LB broth (LB) were
purchased from Sigma-Aldrich. Dulbecco's phosphate-
buffered saline (PBS, pH 7.0–7.3) was purchased from Gibco
(Thermo Fisher Scientific). Polydimethylsiloxane (PDMS)
Sylgard 184 kit was purchased from Dow Corning. Glycerol
was purchased from ABCR. The kanamycin sulphate (10 mg
mL−1), was obtained from Gibco (Life Technologies).

Fabrication of the microfluidic device. Fabrication
protocol and device operation are similar to the previously
published work.31 Microfluidic device was formed using two
layers of the PDMS (Fig. S1A†) separated by a thin PDMS
membrane. A bottom layer contained a fluidic channel
(height: 10.5 μm) with inlet and outlet, an array of an
indentations (diameter: 25 μm, height: 5 μm) for bacterial
capture, and supporting posts. A top layer contained network
of channels (height: 15 μm) which upon pressure extended
and served as a valve system to isolate individual culture
compartments. Two PDMS layers (1 to 10 ratio of curing
agent and polymer) were casted separately, using SU-8 mold
on a 4 inch silicon wafer. The top layer was about 5–6 mm
thick; the bottom layer had a height of ca. 100 μm that was
achieved by spin coating PDMS over the mould containing
cell traps (2250 rpm, 1 min). Cured individual layers (3 h, 80
°C) were aligned and assembled on the top of each other
using an intermediate layer of curing agent. Assembled
PDMS layers were bonded overnight at T = 80 °C. Piercing of
the inlets and outlets for the tubing, as well for the pressure
control system was done using the biopsy punchers, 1.5 or 1
mm. Finally, the assembled PDMS layers were plasma
activated and bonded to a glass slide (Menzel microscopes
cover slips, 24 × 50 mm, #3).

Functionalization of the magnetic beads. To facilitate
bacterial capture via magnetic field, Dynabeads M-280 with
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sheep anti-rabbit IgG were used, and conjugated with rabbit
polyclonal anti-E. coli O and K serotype (ab31499, abcam). First,
200 μL of the bead suspension (10 mg mL−1) was split in the
two Eppendorf tubes (1.5 mL, Protein LoBind, PCR clean) and
washed with 1 mL of the PBS/BSA solution (4 mg mL−1 BSA)
three times (using beads concentration in the magnetic field
and removing the residual buffer). Finally, 600 μL of the PBS/
BSA and 3 μL of antibody stock solution (5 mg mL−1) were
added to the washed beads and under constant rotation on a
MACSMIX tube rotator (Miltenyi Biotec) incubated at 4 °C for
about 24 h. The residual, unconjugated antibodies were
removed by seven washing steps, performed by resuspending
the beads in the fresh PBS/BSA solution, followed by their
concentration in the magnetic field and removing the residual
buffer. The content of the two Eppendorf tubes was finally
combined together and PBS/BSA solution (4 mg mL−1 BSA) was
added to a total volume of 1 mL. The bead solution was stored
at 4 °C and resuspended before each experiment; final dilution
was 20 μL of the suspension per 1 mL of the bacterial culture
(OD600 about 0.4).

Operation of the microfluidic device. Prior to the
experiments, microfluidic device was filled with DI water
(using individual inlets for the top and bottom channel
networks) by the centrifugal force (680 rcf, 5 min). The
outlet of the microfluidic device was connected to the 1 mL
BD Plastipak syringe (VWR) filled with the PBS buffer
containing 4 mg mL−1 BSA, which was operated using the
neMESYS syringe pumps (Cetoni). The PTFE tubing with an
inner diameter of 0.25 mm and an outer diameter of 1/16
in. connected the microfluidic device and the syringe. The
pre-filled device was perfused with 30 μL of PBS/BSA
solution using flow rate 2 μL min−1. The pipette tip (200 μL
volume), serving as an inlet reservoir, was filled with the LB
Broth and solution was draw into the device with the flow
rate −2 μL min−1. In the next step, a pipette tip with
bacterial culture (bacteria labelled with the magnetic beads)
was inserted to the inlet port and 10 μL of the solution was
draw into the device. Once we applied magnetic field on
the chamber area (Fig. S1B†), we continued to draw the
bacterial culture with the decreased flow rate, −0.7 μL
min−1. Bacterial cells, tagged with magnetic beads remained
inside the indentations on the top of the microfluidic
channel. When a sufficient number of cells were trapped
within the device, microfluidic valves were actuated by
applying a pressurised air on the pressure ports (2.2 bar) to
separate individual micro-cultures. This value for the
pressure was found empirical for the used microdevice,
higher pressure led to closure of the valves. The pressure
valves were actuated with a custom, in house-made pressure
control system. The bacteria remaining outside of the
actuated valves and magnetic beads were removed from the
device (w/o magnetic field) by re-starting the flow inside of
the device. Finally, fresh LB medium was delivered (w/
magnetic field), by opening the valves for approximately 1
min (i.e., decreasing the pressure applied on the valve
channels, from 2.2 bar to zero) and closing them again (2.2

bar). Finally, the enclosed chambers were perfused by the
media from the inlet reservoir with a flow rate −0.2 μL
min−1 for the rest of the incubation. The constant perfusion
with the media enables bacteria to access nutrients,
prevents evaporation from the device and also remove the
excess product of the biosynthesis from the device to avoid
cross-contamination between the chambers.

Induction of protein production within the chambers. To
study the difference in the riboflavin production after the
addition of the inducer, anhydrotetracycline (Fig. 3) (aTc: 50
ng mL−1), we used following protocol. First, we supplied
fresh, aTc-containing LB directly after the inoculation and
closed the microfluidic valves. Alternatively, we supplied
bacteria with fresh LB after the inoculation and monitored
the growth and production for the 270 min. Afterwards, we
exchanged the medium in the inlet reservoir for the medium
with anhydrotetracycline (50 ng mL−1). About 20 μL of the
supplemented media was draw in the microfluidic device
(flow rate: −0.5 μL min−1) and the pressure applied on the
microfluidic valves was lowered to about 1.1 bar. This
pressure allowed to retain bacteria inside the chambers while
facilitating reagent exchange. The valves remained at the
decreased pressure for a 1 min. The process was repeated
twice. Afterwards, the cultivation process continued (pressure
applied on the valves 2.2 bar) and image acquisition was
resumed.

The reagent exchange to supplement bacterial culture with
the antibiotic, ampicillin sodium salt (50 μg mL−1) was
performed in a same way (after 270 minutes).

For the comparison between the different variants of E.
coli BW23474 strain (Fig. 4 and 5), we supplied the medium
from the syringe and performed the dynamic coating using
PBS/BSA solution introduced from the inlet reservoir. During
the cultivation, the chambers were after inoculation perfused
with LB medium at the flow rate 0.5 μL min−1.

Monitoring of the bacterial cultures and image
acquisition. The fluorescence measurements were performed
on a fully motorized inverted wide field microscope (Nikon
Ti-E or Ti-2) equipped with an environmental box which was
pre-heated to 30 °C and maintained at this temperature
during the whole cultivation time. The microfluidic device
was mounted on the microscope using the in-house made
holder, allowing an addition of the magnet holder on the top
of the microfluidic device.31

The individual compartments were imaged for a 15 h
period (10 h every 30 min, 5 h every 1 h) by brightfield and
fluorescence microscopy through a 10× objective (Nikon Plan
Fluor). Lumencor Spectra X LED was used as a light source
for fluorescence excitation (25% of the maximum light
intensity) with corresponding optical filters and dichroic
mirrors (riboflavin: cyan LED, 475/28 excitation filter, 495
dichroic, 525/50 emission filter; mKate2: green LED, 549/15
excitation filter, 562 dichroic, 593/40 emission filter). The
fluorescence and bright field images were recorded by a
Hamamatsu Orca Flash 4 camera (exposure times: 20 ms
bright field, 100 ms fluorescence). The microscope was
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controlled with the NIKON NIS-Elements Advanced Research
software. The time-lapse images were acquired using the
Nikon Perfect Focus System.

Bacterial strains and cultivation. E. coli strain BW23474
was used in the all experiments.38–40 The details of the
individual strain variants (i–vi) and genotype are summarised
in the Table S2.†

All variants were stored as cryo-stocks containing 25%
glycerol (−80 °C). Before the experiments, bacteria were
precultured in 2 mL LB media, containing antibiotics for
plasmid maintenance: 50 μg mL−1 kanamycin sulphate
(variant i, iv–vi); 50 μg mL−1 kanamycin sulphate and 100 μg
mL−1 ampicillin sodium salt (variant ii and iii). The bacteria
were cultivated at 30 °C using a shaking incubator (Minitron,
Infors HT) with a shaking speed of 220 rpm. When an OD600

in the range of 0.4–0.6 was reached, 20 μL of magnetic beads
suspension was added to the culture. The bacteria were
cultivated at 30 °C under shaking speed of 220 rpm for 30–60
minutes. The bacteria not attached to the magnetic beads
were removed in two washing steps (beads were separated in
the magnetic field and growth media was replaced with 1 mL
of fresh LB). The final volume of the suspension of beads
was adjusted to 40 μL.

Image analysis. The fluorescence images were processed
and evaluated with FIJI image analysis software.41 We
selected circular ROIs (corresponding to the diameter of the
growth chamber) and measured the grey values intensities
for the area. We calculated the integrated density (mean grey
values times the ROI area) of the measured riboflavin and
mKate2 fluorescence. We performed background subtractions
in all images, based on the grey values measured in the area
of the supporting posts. The value of the background was
obtained for each imaged field of view, typically containing
16 growth chambers. Due to the high fluorescence
background of the magnetic beads, the fluorescence value
obtained at t = 0 min was subtracted from all the subsequent
values for the mKate2 fluorescence. For the scatter plots and
the comparison between different E. coli variants also the
riboflavin fluorescence was corrected for the initial
background. Data were further processed and plotted in
Origin 2019, OriginLab.
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