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Abstract

“Giving the cells exactly what they need, when they need it”" is the core idea behind
the proposed bioprocess control strategy: operating bioprocess based on the
physiological behavior of the microbial population rather than exclusive monitoring
of environmental parameters. We are envisioning to achieve this through the use of
genetically encoded biosensors combined with online flow cytometry (FCM) to
obtain a time-dependent “physiological fingerprint” of the population. We developed
a biosensor based on the glhA promoter (glnAp) and applied it for monitoring the
nitrogen-related nutritional state of Escherichia coli. The functionality of the
biosensor was demonstrated through multiple cultivation runs performed at various
scales—from microplate to 20 L bioreactor. We also developed a fully automated
bioreactor—FCM interface for on-line monitoring of the microbial population.
Finally, we validated the proposed strategy by performing a fed-batch experiment
where the biosensor signal is used as the actuator for a nitrogen feeding feedback
control. This new generation of process control, —based on the specific needs of the
cells, —opens the possibility of improving process development on a short timescale

and therewith, the robustness and performance of fermentation processes.
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background) can influence these phenotype attributes, culture

conditions remain the main limiting factor in the acquisition of an

In the biopharmaceutical industry, the screening and selection of
microbial strains for recombinant protein production are crucial steps
in process development (Brondyk, 2009; Zeng et al., 2020). This
choice is most often based on the comparison of phenotype
attributes displayed by the different potential hosts. The most
prominent phenotype attributes considered are the growth capacity
of the host cell and its capacity to produce high amount of the
recombinant protein of interest with the proper quality attributes
(e.g., folding, [sequence] integrity, posttranslational modifications).

While numerous host-specific factors (related to the genetic

optimal phenotype (Delvigne et al., 2014; Heins & Weuster-
Botz, 2018).

Common sensors available in industrial bioreactors most often
focus on the monitoring of a small number of so-called “process
variables” (e.g., pH, OD, dissolved oxygen [DO] concentration, etc.).
In the last two decades, more advanced analytical technologies (e.g.,
chromatography, spectrometry, spectroscopy) have attracted
increasing interest for the monitoring of more complex physico-
chemical parameters, specifically for the measurement of metabolites

and cell concentrations (Esmonde-White et al., 2017; Mandenius &
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Gustavsson, 2016; Ryder, 2018). While these techniques were
initially not suitable for automated monitoring systems, due to
limitations in data processing and analysis time, continuous advances
in these fields are now paving the way toward tools with the capacity
of measuring multiple metabolites and compounds of interest in situ
and in real-time (Dietzsch et al., 2013). However, these tools only
provide information on the global environment at the population
level but are not suited for capturing the microenvironment
surrounding and influencing the physiological state of each individual
cell (Delvigne & Goffin, 2014; Lemoine et al., 2017; Richelle
et al., 2020).

In this context, we developed a system enabling the real-time
monitoring of the nutritional state of Escherichia coli at the single-cell level
to specifically track the onset of nitrogen-limiting conditions. Nitrogen is
one of the major substrate requirements for growth, and a driver of shifts
in metabolism, together with carbon and energy sources. Therefore,
nitrogen depletion is a phenomenon that can significantly influence the
performance of a cell culture (Bhattacharya & Dubey, 1997; Thomsson
et al., 2005; Tibocha-Bonilla et al., 2020; Xu et al., 2016).

In our system, the sensing module consists in a genetically
encoded biosensor. We developed and validated a biosensor enabling
the detection of the nitrogen starvation state of individual cells.
Genetically encoded biosensors involve genetic circuits that can
report (usually via the expression of a fluorescent protein) on the
physiological state of cells or the presence or absence of metabolites
of interest (Polizzi & Kontoravdi, 2015). Based on the development of
a specific interface, the fluorescence generated by the biosensor
during nitrogen-limiting conditions can be detected in real-time using
flow cytometry (FCM) without sample preprocessing. This knowledge
was used to implement a closed-loop fractioned feeding control,
ensuring an appropriate nitrogen supply throughout the culture. The
combination of a fluorescent biosensor with FCM analysis, enables
monitoring at the population level while allowing the detection of
specific phenotypes of interest at the single-cell level.

This work has been done in the context of the establishment of
new technologies aiming at interfacing cell population with comput-
ers to better control the biological performances of the system. A lot
of studies have already addressed the issue of cell-to-cell heteroge-
neity in gene expression based on the use of such interface (Benisch
et al., 2023; Bertaux et al., 2022; Kumar et al., 2021). However, most
of these studies have been focused on the use of optogenetics, that
is, the use of light to actuate cell population based on light-sensitive
gene circuits (Carrasco-Lopez et al, 2020; Kumar & Khammash,
2022). The second caveat of most of the studies focused on
interfacing cell population with computer is that most of the
experiments are conducted in cultivation devices exhibiting perform-
ances that are below the ones offered by the bioreactors used in
industry, that is, lack of oxygen transfer efficiency, no pH control,
limitation to batch mode of production. This issue has already been
recognized in the field of synthetic biology and efforts have been
made for developing open systems for the more accurate characteri-
zation of gene circuits in cell populations, for example, eVOLVER
(Wong et al., 2018) and Chi.Bio (Delvigne & Martinez, 2023;

Steel et al., 2020). However, even if these systems offer many
possibilities in terms of online monitoring, there are still limited at the
level of mixing and mass transfer performances. Accordingly, the aim
of this work is to bridge this gap by showing that it is also possible to
actuate cell populations in more realistic bioreactor set-up. Indeed, it
is not straightforward to couple automated FCM to bioreactors
operated in fed-batch mode conditions and particular attention will

be paid to the technical details needed for achieving such operations.

2 | MATERIAL AND METHODS
2.1 | Design of a glnAp-based biosensor

A glnAp-based biosensor was constructed, which is made of the gihAp
promoter from E. coli BLR (DE3) as an input module and Green
Fluorescent Protein (GFP) mut3.1 with a C-terminal destabilization tag
(ASV; Andersen et al., 1998) as an output module. The entire expression
cassette contains (from 5’ to 3’, relative to the orientation of the
GFPmut3.1 open reading frame): (i) a transcription terminator for
insulation of the expression cassette, (i) a 494bp DNA sequence
encompassing the intergenic sequence between genes typA and ginA
from E. coli BLR (DE3) (Goffin & Dehottay, 2017), which contains both
ginApl and gInAp2 promoters (nucleotides 3956519-3957012 in
accession number CP020368), (iii) a ribosome binding site optimized for
strong expression of the downstream gene(s) (RBS0034b), (iv) a codon-
optimized gene encoding GFPmut3.1 fused to (v) a sequence encoding
the RPAANDENYAASV amino acid sequence, which targets GFPmut3.1
for degradation (nucleotide sequence obtained from Andersen et al.
(1998); degradation tag in bold), (vi) a 3'-UTR containing two stop codons
in the frame of the GFPmut3.1 ORF, and one stop codon in every
alternative frame, and (vii) a bidirectional transcription terminator for
avoiding transcriptional interference with the downstream sequence. The
full annotated sequence of the biosensor expression cassette is provided
as Supporting Information S2: File 1. Practically, fragments of the
expression cassette were assembled from synthetic genes (Genscript),
synthetic gene fragments (IDT) and oligonucleotides (MilliporeSigma) in
successive restriction/ligation cloning steps in plasmid pBeloBAC11,
which contains a chloramphenicol resistance gene as a selection marker
(New England Biolabs). The biosensor as a whole was designated glnAp-
GFP-ASV. All construct steps were performed in E. coli DH10B, and the
final plasmid containing the biosensor (pSC1001d-glnAp-0034b) was
transformed into E. coli BLR (DE3) by electroporation. To provide a
negative control for all experiments, the unmodified pBeloBAC11 plasmid

was also transformed into E. coli BLR (DE3).

2.2 | Cultivation medium

All cultures were performed in a chemically defined medium (CDM)
(see Supporting Information S1: Table 1 for detailed composition).
This medium was adapted from media developed by Wang et al.
(2005) and Babaeipour et al. (2007). It contains glucose as a carbon
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source and essential mineral elements. Ammonium was used as the
major nitrogen source. The medium was supplemented with
isoleucine (1 g/L) because of E. coli BLR(DE3) auxotrophy (Goffin &
Dehottay, 2017), and with chloramphenicol (15 pg/mL) as a selection
agent.

2.3 | Offline biomass concentration measurement

When monitored offline, biomass concentration is expressed as
optical density (OD). Absorbance measurements were performed at
650 nm using Genesis 10S UV-Vis spectrophotometer (Thermo

Fisher Scientific).

2.4 | Biolector cultivation—Biosensor functional
validation

Validation of the biosensor functionality at small scale was performed
by cultivating the transformed E. coli strain in CDM with different
initial NH4Cl concentrations. Precultures were performed in shake
flasks (60 mL CDM in 150 mL flasks maintained at 37°C under orbital
shaking at 200 rpm). Once cells from the pre-culture had entered the
exponential growth phase, each well of a 48-well plate (FlowerPlate,
M2P-lab) was inoculated with a defined volume of the preculture,
such as to achieve an initial biomass concentration equivalent to an
OD of 0.022 (650 nm). The following initial NH4Cl concentrations
were tested: 0.12, 0.3, 0.6, and 3 g/L. Cultures were performed in a
Biolector device (M2P-lab) at 37°C, with a relative humidity of 85%,
under constant agitation at 1500 rpm (3 mm shaking diameter,
orbital), and with a working volume of 800 uL. Biomass concentration
was monitored via scattered light intensity (620 nm). The intensity of
the green fluorescence emitted by the cells was also recorded online.
An excitation light at 488 nm was used for the characterization of
GFP production, the fluorescence being collected using a 520 nm
optical filter.

2.5 | Microfluidic cultivations

Cells were grown in microfluidic chips generously supplied by
Alexander Griinberger's lab (ref. 24 W, chamber dimensions: 80
um x 80 um x -850 nm; Tauber et al., 2020). Cultivation took place in
CDM at a constant temperature of 37°C. The chambers were
inoculated with 10-20 cells by flushing the device with a cell
suspension (OD between 0.4 and 0.5). Three cultivation chambers
were manually chosen for measuring the GFP fluorescence and the
evolution of the number of cells with time. Cells were cultivated in
CDM medium for 3.3 h before the conditions are switched to the
same medium without ammonium. After 6 h under nitrogen-free
conditions, cells were switched back to normal cultivation conditions.
Microscopy images were taken using a Nikon Eclipse Ti2-E inverted

automated epifluorescence microscope (Nikon Eclipse Ti2-E, Nikon

A Wiy
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France), equipped with a DS-Qi2 camera (Nikon camera DSQi2,
Nikon France), and a x100 oil objective (CFlI P-Apo DM Lambda
100x Qil (Ph3), Nikon France). GFP-3035D cube (excitation filter:
472/30nm, dichroic mirror: 495 nm, emission filter: 520/35 nm,
Nikon France) was utilized for GFP fluorescence measurement.
Phase-contrast images were captured with an exposure time of
300ms and an illuminator intensity of 30%. GFP images were
recorded with an exposure time of 500ms and an illuminator
intensity of 2% (SOLA SE Il; Lumencor). The acquisition of images, as
well as the management of optical parameters and time-lapse
settings, was conducted using the NIS-Elements Imaging Software
(Nikon NIS Elements AR Software Package, Nikon France). GFP
intensity was recorded each 20min and the number of cells

each 5min.

2.6 | DasGip cultivation—In-process functionality
validation

A preculture (60 mL CDM in 150 mL flasks maintained at 37°C under
orbital shaking at 200 rpm) was inoculated with the transformed E.
coli strain (Section 2.1) from a frozen seed. A 2L glass bioreactor
(DASGIP Parallel Bioreactor System, Eppendorf) containing 700 mL
of CDM with a 150 mM initial ammonium concentration (sufficient to
ensure supply during the entire batch phase) and 250 uL irradiated
SAG471 antifoam was inoculated with a volume of preculture
allowing to reach an initial biomass concentration equivalent to an
OD (650 nm) of 0.022. Mechanical mixing was ensured by three TD6
Rushton impellers. The bioreactor was operated with the following
regulations during batch phase: DO 20% saturation (regulated by
stirring), pH 7 (regulated by NaOH 2.5 M), 30 NL/min sparged air, 10
NL/min sparged oxygen, 37°C. After glucose exhaustion, bioreactor
operation was switched to glucose-limited DO-stat fed-batch
fermentation: all regulations as in batch, except for DO and stirring
speed. Mechanical mixing was maintained at 700 rpm and DO was
regulated at 20% by the addition of concentrated feeding solution
(glucose as carbon source, see Supporting Information S1: Table 2 for
detailed composition). Briefly, the DO-stat strategy aims at control-
ling the substrate addition in the bioreactor based on the sharp
change of DO as an indicator for feedback control (Lv et al., 2020;
Seo et al, 1992). Upon the limiting substrate (i.e., glucose) is
completely depleted, DO concentration tends to rapidly increase
thus resulting in the automatic addition of the feeding solution.
Subsequently, this substrate addition induces a decrease of the DO
value which in turn results in the automatic stop of the feeding
solution addition. PID controller was used to optimize the feeding
flow rates and thus to maintain DO value as close as possible to the
target value (i.e,, 20% of saturation). Two feeding solutions were
alternated, one was supplemented with NH4Cl at 1.4 M while the
other was nitrogen-free. Initially, the nitrogen-free feeding solution
was used until the onset of nitrogen-limiting conditions. Once such
conditions were observed (as detected through biosensor activation

and confirmed by analytical technique), the solution supplemented
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with nitrogen was implemented. Finally, the nitrogen-free solution

was implemented again.

2.7 | 20L-scale fermentations—Pilot-scale
validation

Precultures (100 mL CDM in 250 mL flasks maintained at 37°C under
orbital shaking at 200 rpm) were inoculated from a frozen seed.
Stainless steel bioreactors (BiolLafitte) containing 9 L of CDM with
3 mL irradiated SAG471 antifoam were inoculated with a volume of
preculture allowing to reach an initial biomass concentration
equivalent to an OD value of 0.0022 (650 nm). Mechanical mixing
was ensured by three TD4 Rushton impellers. The bioreactors were
operated with the following regulations during batch phase: DO 20%
(regulated by stirring), pH 7 (regulated by NaOH 2.5 M), 20 NL/min
sparged air, 0.5 bar overpressure, 37°C. Upon glucose exhaustion,
bioreactor mode of operation was switched to glucose-limited DO-
stat fed-batch fermentation. At this moment, all the control loops
were set as for the batch phase, except for DO and stirring speed.
Mechanical mixing was maintained at 700 rpm and DO was regulated
at 20% by the addition of concentrated feed solution (glucose as
carbon source). Two different nitrogen feeding strategies were
applied in this study. For two cultures, a nitrogen-free feeding
solution was implemented for promoting nitrogen starvation. Once
the starvation occurred in the bioreactor (highlighted by biosensor
activation and confirmed by analytical technique), a solution
supplemented with nitrogen (4.5M) was used until reaching a
nitrogen concentration equivalent to the initial concentration. Finally,
the nitrogen-free solution was implemented again.

A specific nitrogen feeding strategy was applied in a third
fermentation, using the glhAp-based biosensor as a process control
tool: the nitrogen-free feeding solution was used all along the process
and ad-hoc additions of nitrogen solution were performed based on
gInAp biosensor activity (see Section 2.8.2 for more details).

2.8 | Automated analysis of microbial population
based on FCM

2.8.1 | FCM analysis

FCM analyses were performed directly after sampling (to avoid
population evolution) using an Attune NxT cytometer (Thermo Fisher
Scientific) equipped with a 50 mW Blue Laser (488 nm). Before
analysis, the microbial biomass concentration in the sample was
adjusted to reach approximately 5.0 x 10° cells/mL by dilution with
NaCl 0.9% (w/v). Forward light scatter (FSC) and Side light scatter
(SSC) signals were collected with a 488/10 bandpass filter, and green
fluorescence (BL1 channel) was collected using a 530/30 bandpass
filter. Photomultiplier voltages were set at 380, 320, and 510V for,
respectively, FSC, SSC, and BL1 channels. During sample analysis, a
threshold was implemented based on both SSC and FSC signals to

only consider microbial cells: events with an SSC and/or FSC signals
inferior to, respectively, 800 and 100 were not considered. For each
sample run, data for 40,000 cells were collected with a flow rate of
12.5 plL/min.

2.8.2 | FCMinterface

The general workflow for single-cell GFP analysis, data treatment,
and retro-control feeding are illustrated in Figure 4a. The interfacing
system between the bioreactor and the flow cytometer (Thermo
Fischer Attune NxT) was adapted from the system initially developed
by Brognaux et al. (2013) and further improved by Sassi et al. (2019).
FCM analyses were performed according to the same protocol as for
the offline analyses. The raw data were then extracted from the
Attune software (Thermo Fisher Scientific) and loaded into GNU
Octave software (http://www.octave.org) (Eaton, 2002) with the
help of the fca_readfsc function (available on Matlab central at http://
www.mathworks.com/matlabcentral/fileexchange/9608-fcs-data-
reader) for data treatment. To maintain a cell concentration of
approximately 5.0 x 10° cells/mL for the FCM analysis, the adequate
dilution factor to apply to raw sample was determined before every
analysis sequence and the samples were automatically diluted using
NaCl 0.9% (w/v). The appropriate dilution factor is determined based

on the cell concentration measured for the previous FCM analysis.

2.9 | Metabolite analysis

Extracellular glucose and ammonium concentrations were deter-
mined using colorimetric enzymatic tests (kit Ref 984304 and Ref
984320, respectively) implemented on a Gallery system (Thermo
Fisher Scientific). Standard solutions were used for the determination
of calibration curves. Culture media supplemented with defined
concentrations of glucose and ammonium were used to validate the
recovery level of the method and the absence of interference.

3 | RESULTS

3.1 | The gInAp-based biosensor is an effective
sensor of nitrogen limitation

A genetically encoded biosensor was designed for monitoring
nitrogen limitation in E. coli cultures. This biosensor is based on the
glnAp-based promoter of E. coli as a sensing/input module, whose
activation by ammonium limitation triggers the production of GFP
(Figure 1a). In such a basic configuration, however, the biosensor is
expected to be poorly dynamic, because GFP is highly stable
(Andersen et al., 1998). Accordingly, preliminary evaluations (not
shown) confirmed that after experiencing a first nitrogen starvation
event, the cells remain fluorescent even when additional ammonium

is provided, complicating the detection of multiple starvation events
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FIGURE 1 Validation of the glnAp-GFP-ASV biosensor functionality. (a) Schematic representation of the activation mechanism of the
gInAp-GFP-ASV biosensor. (b, c) Evolution of the biomass and the specific fluorescence signal during Biolector cultivation for different initial

ammonium concentrations (as indicated on the graph).

in the same culture. To improve the dynamics of the ginAp-based
biosensor, a degradation tag (ASV tag; Andersen et al., 1998) was,
therefore, added to the C-terminus of the protein.

To validate the functionality of the glhAp-GFP-ASV biosensor,
we first evaluated its ability to detect a single nitrogen starvation
event at the population level. Multiple parallel batch fermentations of
E. coli BLR (DE3) carrying the biosensor were performed in a
Biolector device (48-well plates), using CDM with a range of initial
ammonium concentrations. The fluorescence and biomass concen-
tration of each culture were monitored on-line (Figure 1b,c). Whereas
the specific fluorescence signal (i.e., total fluorescence of the
population divided by the biomass concentration) remained stable
in cultures with excess initial ammonium concentration (56 mM), a
sudden increase in specific fluorescence was observed with limiting
NH4Cl supply (2.2, 5.6, and 11.2 mM), coincident with a cessation of
growth. As expected, this increase in fluorescence was detected
earlier in cultures with the lowest ammonium concentration.

After the sharp initial increase, GFP fluorescence decreased
progressively. This decrease cannot be attributed to growth-
associated dilution of the GFP present in the cells, since no significant
growth was observed after fluorescence increase. It can be more
plausibly attributed to active degradation of GFP following targeting
to the Clp protease machinery through its C-terminal extension. The
difference in the amplitude of the biosensor response at different

initial ammonia concentrations most likely reflects differences in the
metabolic state of the cells at the time of N starvation (for instance,
specific nitrogen concentration available for GFP synthesis or activity
of the ATP-dependent Clp proteolytic system for GFP-ASV degrada-
tion). Altogether, these results validate the functionality of the gInAp-
GFP-ASV as a sensor of nitrogen starvation.

For further validation, we used microfluidics for characterizing
the activation/deactivation of the of the gInAp-GFP-ASV biosensor.
Briefly, cells were cultivated in two-dimensional microfluidic cham-
bers in perfusion mode, allowing the continuous renewal of the
cellular microenvironment and the decoupling between cellular
physiology and the extracellular environment. Additionally, the
system allows to shift tightly between two different environmental
conditions, that is, in our case between the cultivation medium with
and without nitrogen (Figure 2a).

We followed different cultivation chambers for growth
(Figure 2b) and GFP fluorescence (Figure 2c). Upon switching to
nitrogen-depleted conditions (i.e., after 3.3 h of cultivation), cells
quickly expressed GFP. Then, the GFP signal dropped quickly due
to the degradation tag. Interestingly, we observed the presence of
GFP-positive cells after switching back to the cultivation condi-
tions with nitrogen (Figure 2d). The movies (Supporting Informa-
tion movies) pointed out that these cells were larger in size and

were unable to grow after the nitrogen shift, even when the
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FIGURE 2 Characterization of the the glnAp-GFP-ASV biosensor in microfluidics cultivation device. (a) Snapshots taken from one
representative cultivation chamber (three chambers have been followed, on three independent feeding lines). (b) Time evolution of the global
GFP fluorescence in three different cultivation chambers. (c) Time evolution of the number of cells in three different cultivation chambers. (d)
Snapshots of the cultivation chamber well after the nitrogen depletion stress. Large cells with GFP signals that are unable to grow are clearly
visible on the pictures (full movies are provided as Supporting Information).

cultivation conditions went back to normal. This type of observa-
tion has been previously made for destabilized variant of GFP
when E. coli was cultivated under nutrient-depleted conditions
(Baert et al., 2015; Brognaux et al., 2013). Analyses pointed out
that some cells exposed to nutrient starvation exhibited depletion
in ATP necessary for the activation of the CIpXP proteases
involved in the active degradation of the GFP-tagged variants
(Brognaux et al., 2013). In the context of this study, this effect
allows for the easy detection of cells exhibiting growth defect
upon exposure to nitrogen depletion, further validating the
usefulness of the gInAp-GFP-ASV biosensor.

3.2 | The glnAp-based biosensor captures the
dynamics of nitrogen starvation in fed-batch
cultivation at both the population and single-cell
levels

Fed-batch fermentations in 2L DasGip and 20 L bioreactors were
performed to validate the biosensor functionality in conditions that
are more similar to effective process conditions (Sections 2.6 and
2.7). The evolution of biomass concentration, nitrogen concentration,
and green fluorescence signal are shown at Figure 3a-c for a
representative cultivation in 2 L DasGip bioreactor and in Supporting
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FIGURE 3 Validation of the glnAp-based biosensor in 2 L DasGip fed-batch cultivations. Evolution of the biomass (a), the nitrogen

concentration (b) and the fluorescence (c) in the culture medium during 2 L DasGip bioreactor fed-batch cultivation. The dashed lines in (a-c)
represent changes in feed composition. The two banners on the top of the figure indicate in black when the addition of solutions containing
glucose and ammonium (Feed G + N) or glucose only (Feed G) are performed. The green fluorescence signal presented in panel (c) is the median
value calculated for each sample of 40,000 cells: the associated histograms of the signal intensity at single-cell level are presented in (d-h) for

five samples.

Information S1: Figure 1 for two 20-L fed-batch cultivations. The
values of these three parameters measured during the 2L DasGip
bioreactor cultivation are also shown in Table 1.

In contrast to the multiwell plate cultivations, the green
fluorescence signal was measured at the single-cell level (off-line
FCM analysis) and further averaged over thousands of cells: the
reported signal corresponds to the median value of the fluorescence
measured for at least 40,000 cells (see Section 2.8 for more details).
The distribution of green fluorescence was found to be unimodal
throughout cultivation (Figure 3d-h—unimodal distribution was

observed for all the collected samples, data not shown), denoting
homogeneous activation of the glhAp-based biosensor upon ammo-
nium depletion. In these conditions at least, the biosensor activity can
thus be described using simple descriptive statistics such as the
median of the fluorescence signal.

The gInAp-based biosensor was found to be activated when
ammonia concentration dropped below 5-7.5 mM at both the 2 and
20-L scales (Figure 3b,c). Importantly, the biosensor demonstrated a
dynamic behavior with respect to nitrogen availability: following a
first nitrogen depletion event, the fluorescence signal rapidly
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TABLE 1 Validation of the glnAp-based biosensor in 2 L DasGip
fed-batch cultivations.

Flow
cy(;ometry Culture Ammonium Fluorescence Biomass
histograms age (h) (mM) signal (RFU) —OD
- 17.7 157 487 4.34
- 18.8 155 515 5.16
- 20.1 144 662 6.95
@ 21.2 128 757 10.2
- 227 102 521 254
D 23.8 67.3 497 21.9
- 24.8 43.1 507 26.3
- 25.9 7.56 615 31.8
E 26.9 0.277 1310 30.1
F 28.2 0.361 2341 30.4
- 29.0 0.262 2309 35.7
G 30.0 0.467 1022 38.0
420 16.3 525 60.5
- 43.8 4.27 544 57.2
- 45.2 0.543 1714 60.0
- 46.0 0.423 1660 57.0
- 47.3 0.509 1925 57.2

Note: Values measured for the biomass (OD 650 nm), the ammonium
concentration (mM), and the fluorescence in the culture medium during
2 L DasGip bioreactor fed-batch cultivation. The green fluorescence
values presented in this table are the median values calculated for each
sample of 40,000 cells. During the cultivation, feed composition was
changed. After 28.2 h of culture, a switch was made from a feed without
nitrogen to a feed with nitrogen. Finally, after 42 h of culture, feed
without nitrogen was used back in replacement of feed with nitrogen.
Cross-references to the flow cytometry histograms presented in Figure 3
are made in the first column.

decreased when additional ammonia was supplied, and the biosensor
could be reactivated by further nitrogen limitation events. Interest-
ingly, the biosensor signal was reduced to a large extent after
switching from a feeding solution without nitrogen to a feeding
solution with nitrogen (Figure 3f,g) even if the extracellular
ammonium concentration did not significantly increase (Figure 3c
and Table 1). The ammonium addition going along with the feeding
solution addition defined by the DO-stat strategy did not reflect in an
increase of the extracellular ammonia concentration. Most of the
continusously but smoothly added nitrogen was directly consumed
by the growing cells. After 14h of feeding with the solution
containing ammonium, the accumulation of ammonium in the
extracellular environment was equal to 16.3mM. At this time
(Figure 3h), the cell population almost retrieved the exact same
shape than before nitrogen depletion (Figure 3d). Finally, after
switching back to a feeding solution without nitrogen for only 3 h, a

new increase of the biosensor signal was observed. Extracellular

ammonium concentrations close to O were measured at the moment
of biosensor reactivation. It appears that in such fed-batch high cell
density culture conditions, it is difficult to effectively assess the
correlation between nitrogen availability and biosensor activation/
deactivation. However, such a correlation has been proven with
microfluidics cultivations (see Section 3.1).

It should be noted, that in all three experiments, a transient
fluorescence increase was observed during the batch phase, when
ammonia supply was still abundant (highlighted by an arrow at
Figure 3c and Supporting Information S1: Figure 1). A possible
hypothesis for this transient activation of the glnAp-based biosensor
is the accumulation of cAMP at the end of the batch phase (Lin et al.,
2004). The gInA gene has two promoter sequences, ginAp1 (sigma70)
and ginAp2 (sigma54), both regulated by the CRP-cAMP complex (i.e.,
complex formed when the cAMP receptor protein binds with CRP),
and glnAp1 has been demonstrated to be activated by CRP-cAMP
(Merrick & Edwards, 1995).

Thus, except for the initial transient activation in batch phase, the
glnAp-based biosensor was found to efficiently report on the nitrogen
supply status, in a dynamic fashion. This observation, combined with
the observed capacity of the biosensor to activate before complete
ammonia depletion, indicates that it could be used as an actuator for
on-demand nitrogen feeding.

3.3 | Using glnAp-based biosensor for closed-loop
fractionated feeding control

In typical industrial E. coli cultivation processes, the carbon source
(glucose) is most often delivered according to the principle of
exponential growth while the nitrogen needs are defined based on a
priori ratio with respect to the provided carbon source (Waites et al.,
2013). This strategy presents a high risk to over or undersupply
nitrogen during the fermentation and, therefore, might not be
optimal. To overcome this risk, we developed a closed-loop feeding
strategy for supplying ammonia to the cultures whenever the
nitrogen concentration becomes limiting, as sensed intracellularly.
Our strategy was developed in a 20-L bioreactor, and uses an
interfacing system between the bioreactor and a flow cytometer
(Section 2.8.2) for online monitoring of the glnAp-GFP-ASV biosensor
signal (Figure 4a). The monitoring frequency is dependent on the cell
concentration in the bioreactor: at the early stages of the culture, the
fluorescence signal is monitored every 30 min whereas at higher cell
densities, the signal of the biosensor can be monitored every 6 min
(see Supporting Information S1: Table 2 for the exact sampling times).
The median fluorescence signal is then used as the actuator of the
fractionated nitrogen feeding. Practically, 0.5 mol NH4Cl are added
whenever the following conditions are fulfilled: (1) no NH4Cl addition
has been performed at the previous sampling point; (2) the slope of
fluorescence change between the current and previous sampling
points is greater than 400 RFU h™%; and (3) the median fluorescence
signal at the current sampling time is greater than 600 RFU. This last
condition ensures that nitrogen feeding is not applied in response to
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low-amplitude fluorescence peaks such as the transient peak
observed in the batch phase of the previous bioreactor experiments
(Figures 3 and 4b).

The evolution of the fluorescence signal for this closed-loop
fractioned nitrogen-fed E. coli culture is shown in Figure 4b. To
validate that the nitrogen injections were performed at the right time
(i.e., when cells were actually facing nitrogen limitation), the
ammonium concentration in the culture medium was determined
off-line at selected times during the fermentation. The results of
these measurements are also presented in Figure 4c. The first
nitrogen addition occurred 1 h after the start of glucose feeding (i.e.,
19.3 h of fermentation). A total of five injections were performed
between 20 and 40 h of fermentation (i.e., 19.3, 23.2, 26.7, 29.3, and
39 h). Four of these five injections were performed in tandem, that is,
at two successive sampling time intervals (Figure 4b). The reason is
that, despite nitrogen starvation was overcome with the first
injection, the fluorescence signal resulting from the biosensor activity
kept increasing, resulting in a second unnecessary injection. These
results indicate that a delay exists between nitrogen addition and the
observation of the biosensor “inactivation.” To avoid such over-
feeding in the future, this delay should be taken into account for the
definition of the regulation parameters.

The molecular mechanisms responsible for the expression and
the degradation of the reporter protein might be an explanation for
the observation of such lag phases; as translation of the coding
sequence, transcription of the messenger RNA, maturation of the
GFP, and degradation of the protein are not instantaneous

mechanisms.

4 | DISCUSSION

The biopharmaceutical industry is driven by delivering on the promise
of real-time drug release, currently expected to be achievable
through the implementation of smart manufacturing (i.e., Industry
4.0) (Narayanan et al., 2020). In this context, advanced process
control strategies are expected to play a major role as they would
allow the real-time adjustment of the process trajectories such that
process productivity and quality of the product can be guaranteed.
To date, most of the bioprocess control strategies rely on the
monitoring of the concentrations of key compounds that drive
cellular metabolism, for example with NIR, FTIR, or Raman (Buckley &
Ryder, 2017; Guerra et al., 2019). However, monitoring of these

environmental parameters does not enable tracking the metabolic

state of the cell population. This prevents the maintenance of an
optimal environment to reach the desired bioprocess performance
along with critical drug quality attributes. In this context, innovative
molecular and analytical tools are required to monitor physiological
parameters at the single-cell level.

To this end, we used genetically encoded biosensors in
combination with online flow cytometry to obtain a real-time
“physiological fingerprint” of the population at the single-cell level.
We designed, constructed, and evaluated a glhAP-based biosensor
for the direct monitoring of nitrogen limitation. We further validated
the biosensor functionality with multiple cultures at different scales
(from microplate to 20-L bioreactor). We also developed a fully
automated bioreactor-flow-cytometer interface enabling online
monitoring of the microbial population. We showed that in the case
of our process, the population can be efficiently described by only
using simple descriptive statistical parameters such as the median or
the average of the fluorescence signal measured for a set of cells.

Note that this conclusion might not be valid with another process
or at greater scale, as, for example, the mixing efficiency could be
reduced when scaling-up. Therefore, individual cells might face
different environmental conditions (nitrogen gradient) and the
population might become more heterogeneous from the biosensor
activity perspective. Indeed, numerous studies have shown that a
clonal population of microorganisms (i.e., population of microorgan-
isms sharing the same genotype) can segregate into several
subpopulations with different phenotypes (e.g., different recombi-
nant protein productivity and/or production of protein with different
quality attributes) due for instance to environmental pressures such
as the substrate concentration surrounding the cells (Delvigne et al.,
2014, 2015; Ryall et al., 2012). Especially, conditions such as high
substrate concentration or starvation may cause the appearance of
subpopulations of reduced production efficiency. Hence, such
population heterogeneity is seen as a drawback in the context of
bioprocess manufacturing. Importantly, the tools developed in the
present study could be used for monitoring and controlling such
phenotypic heterogeneity, to improve bioprocess robustness and
reproducibility (Delvigne & Goffin, 2014).

Finally, we experimentally validated the proposed bioprocess
control approach with the implementation of a feedback control loop
manipulating the nitrogen feeding. We demonstrated that ginAp-
based biosensor could effectively be used as an actuator of
fractionated nitrogen feeding. However, due to the sample prepara-
tion, the interval between measurements, and analysis time, there

was a delay on the nitrogen addition, hence the cells encountered

FIGURE 4 gInAp-based biosensor is used to control nitrogen feeding. (a) Schematic representation of the interfacing between the bioreactor
and the flow cytometer that is used to control the ammonium feeding during the fed-batch cultivation. (b) Fed-batch experiment in 20 L
bioreactor with ammonia pulse at 19.3, 23.2, 26.7, 29.3, and 39 h (0.5 mole NH4Cl added at each injection, pulses are denoted by the gray
dotted vertical lines). Automated flow cytometry (FC) data are displayed as a scatter plot time profile of the BL1-H channel scaling with GFP
accumulation inside cells. The scale bar represents the density of cells exhibiting a given fluorescence intensity, as determined based on
automated FC. (c) Time evolution of the ammonium concentration during the cultivation, as well as the median fluorescence obtained based on

automated FC.
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very low nitrogen concentrations before feeding. In the future, a
predictive control strategy could be implemented to prevent any low
nitrogen condition. Overall, the approach holds great promise for the
future of bioprocess control but also Process Analytical Tools (PAT
2.0) in the biopharmaceutical industry. Indeed, the proposed
methodology allows to communicate in real time with cell population
and react accordingly, that is, in our case, by adding the nutrients
needed for growth. However, considering the developments made at
the level of signal multiplexing for fluorescent biosensors (Anzalone
et al.,, 2021; Heins et al., 2020), this approach could be extended in
the future to the detection of different kinds of nutrients and also to
the eventual metabolic burden exerted on cells (Ceroni et al., 2018).
In this case, more complex biosensor responses have to be expected.
The gInAP-based biosensor did not lead to the observation of
complex behavior at the level of the cell population, such as
bimodality distribution of the response. At this stage, we can assess
that, based on the reactive FCM protocol proposed (Bertaux et al.,
2022; Nguyen et al., 2021), the methodology presented in this work
could be easily extended to the control of more complex cellular
responses.

Despite the many advantages in terms of process control, the
implementation of biosensors in the manufacturing environment
might be challenging. The modification of the strain DNA backbone
by incorporation of the specific biosensor sequence and subsequent
expression of an additional recombinant protein (i.e., gfp as reporter
protein) might form an issue for regulatory approval. Nevertheless,
this work showed that biosensors form a valuable tool toward an in-
depth process understanding. Acquiring such detailed knowledge
leads in itself to a high-quality process by design.

Biosensors data have also the potential for improving the training
of parametric probes models (e.g., RAMAN spectroscopy), as well as

soft sensors.
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