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ABSTRACT
Single‐cell technologies are emerging as a complementary approach to conventional laboratory‐scale cultivation setups. Par
ticularly in microfluidic cultivation and screening, precisely controlled environmental conditions and defined minimal media 
become important for quantitative studies. Nevertheless, conventional bulk media optimized for other scales, are often em
ployed despite differences in nutrient requirements across varying scales and cultivation modes. This study demonstrates the 
limitations of using bulk media for single‐cell analysis of Corynebacterium glutamicum and highlights the need for revised 
minimal media for microfluidic cultivations under perfusion. The commonly used CGXII medium contains protocatechuic acid 
(PCA), which functions both as an iron chelator and a carbon source, thereby compromising its role as a minimal medium with 
one limiting substrate. We systematically evaluated alternative iron chelators to replace PCA using microfluidic single‐cell 
cultivation. We show that not all chelators are applicable with C. glutamicum at the single‐cell level and identify citrate as a 
suitable replacement that ensures iron availability without supporting growth in the absence of glucose. Based on these 
findings, we established a revised minimal medium, termed ‘single‐cell CGXII’. This medium was validated across different 
scales and enables robust, reproducible investigation of cellular physiology at single‐cell resolution, improving accuracy and 
comparability in quantitative single‐cell research.

1 | Introduction 

Single‐cell technologies have gained increasing attention in 
biotechnology and bioprocess development, particularly for 
screening, physiological characterization, and quantitative 
analysis of microbial systems (Anggraini et al. 2022; Deng 
et al. 2019). Within this field, microfluidic single‐cell cultivation 
enables high‐throughput studies with precise spatiotemporal 

control over the microenvironment of individual cells 
(Anggraini et al. 2022; Dusny and Grünberger 2020). In mi
crofluidic systems under perfusion, cells are cultivated at ex
tremely low biomass concentrations where secreted metabolites 
are continuously removed and cannot accumulate in the culti
vation chamber, minimizing changes to both the local micro
environment and the surrounding medium (Grünberger 
et al. 2013; Song et al. 2024). A key advantage of microfluidics is 
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thus the ability to quantify individual cellular responses to 
defined medium compositions across defined concentration 
ranges (Mustafi et al. 2012; Steinhoff et al. 2023; Täuber 
et al. 2022; Unthan et al. 2014). Under these conditions, buff
ering requirements, metabolite accumulation, and nutrient 
depletion differ fundamentally from batch or chemostat cul
tures (Täuber et al. 2021).

For quantitative single‐cell experiments, defined cultivation 
media with clearly assigned functions of each component is 
essential. Minimal media are particularly suitable, as they 
support defined and controlled growth by fulfilling only the 
minimum nutrient demands. For the cultivation of Coryne
bacterium glutamicum, CGXII minimal medium is commonly 
used. C. glutamicum is a widely used organism with high rel
evance for biotechnological applications and an established 
model organism in systems biology (Becker and 
Wittmann 2020; Heider and Wendisch 2015; Wendisch 2020). 
CGXII contains protocatechuic acid (PCA), which was origi
nally introduced as a chemically defined iron chelator to facil
itate iron uptake by forming stable complexes with the metal 
(Keilhauer et al. 1993; Liebl et al. 1989). However, growth of 
C. glutamicum on PCA as sole carbon source as well as sec
ondary substrate have been demonstrated beyond its role as 
chelator (Haußmann and Poetsch 2012; Lindemann et al. 2019; 

Merkens et al. 2005; Shen and Liu 2005; Unthan et al. 2014; 
Weiland et al. 2023). The co‐metabolism of PCA next to glucose 
was demonstrated as biphasic growth in batch cultivations 
(Unthan et al. 2014), where a decline in the growth rate during 
the second phase of growth was attributed to the depletion of 
PCA, resulting in varying growth rates dependent on PCA 
availability as illustrated in Figure 1. While the co‐metabolism 
of PCA is often negligible in conventional batch cultivations, its 
relevance increases under continuous perfusion conditions, 
where medium components cannot be depleted. Consequently, 
C. glutamicum maintains a steady growth rate within micro
fluidic cultivations under constant availability of PCA and 
glucose (Täuber et al. 2021; Unthan et al. 2014) (Figure 1). 
Under such conditions, the dual role of PCA as iron chelator 
and potential carbon source challenges the assumption of 
strictly defined single‐carbon‐source growth and complicates 
quantitative interpretation of growth and metabolic analyses.

Despite this, media formulations originally developed for bulk 
cultivation are widely used in microfluidic single‐cell systems, 
often without critical reassessment of their suitability at very 
low cell numbers and under continuous perfusion. Thus, each 
medium component can be reconsidered with respect to its 
concentration, function, and necessity. Consequently, the 
increasing application of microbial single‐cell analysis creates a 

FIGURE 1 | Comparison of C. glutamicum growth in CGXII medium under batch and microfluidic cultivation conditions. (A) Batch cultures are 
characterized by transient conditions, including decreasing substrate concentrations and accumulation of secreted by‐products with increasing 
biomass. Convective mixing and turbulent flow dominate mass transport while diffusion is only relevant in the immediate microenvironment of the 
cells. In CGXII medium, PCA is depleted within the first hours, resulting in a decrease in growth rate from µ = 0.6 h−1 to µ = 0.4 h−1 once glucose 
remains as the sole carbon source (see also (Unthan et al. 2014)). (B) Microfluidic single‐cell cultivation provides constant microenvironments by 
continuous replenishment of nutrients and removal of by‐products, resulting in stable growth rates at µ = 0.6 h−1 throughout the cultivation 
duration. Nutrient supply and waste removal are governed by diffusion. Illustrations are not to scale. 
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demand for cultivation media that are specifically adapted to 
the nutritional and physiological requirements of individual 
cells. This enables a rational adjustment of media compositions 
when transferring cultivation strategies from bulk systems to 
microfluidic single‐cell applications, ultimately improving 
physiological relevance and quantitative interpretability.

To address the limitations of PCA‐supplemented CGXII medium, 
we systematically investigated alternative chemically defined iron 
chelators for C. glutamicum in single‐cell experiments. Using mi
crofluidic single‐cell cultivation as the primary characterization 
platform complemented by batch cultivations, chelator compati
bility and their impact on growth under defined carbon‐source 
conditions were assessed. These analyses resulted in the estab
lishment of a revised defined minimal medium that supports 
robust growth on glucose while employing an iron chelator that 
does not serve as an additional carbon source, thereby enabling 
controlled and quantitative single‐cell studies.

2 | Material and Methods 

2.1 | Bacterial Strain, Media Preparation and 
Preculture 

All experiments were carried out with C. glutamicum wildtype 
ATCC 13032, cultivated in minimal CGXII medium based on 
(Keilhauer et al. 1993) with pH adjusted to 7. It consisted (per 
liter) of: 20 g (NH4)2SO4, 5 g urea, 1 g K2HPO4, 1 g KH2PO4, 
0.25 g MgSO4·7H2O, 42 g 3‐morpholinopropanesulfonic acid 
(MOPS), 13.2 mg CaCl2·2H2O, 10 mg FeSO4·7H2O, 10 mg 
MnSO4·H2O, 1 mg ZnSO4·7H2O, 0.31 mg CuSO4, 0.02 mg 
NiCl2·6H2O, 0.2 mg biotin, and 10 g glucose as carbon and en
ergy source. For precultures in shaking flasks, 195 µM PCA was 
added as iron chelator. Dependent on the medium condition, 
the iron chelator was replaced by alternative iron chelators 
(ethylenediaminetetraacetic acid (EDTA), oxalate, malate, and 
citrate) in concentrations from 195 µM to 50 mM in microfluidic 
cultivations. Furthermore, the adapted medium with citrate as 

sole carbon source contained 5 mM CaCl2 to increase citrate 
uptake. The medium components were prepared as separate 
stock solutions. The CGXII base, containing (NH4)2SO4, urea, 
KH2PO4, K2HPO4, MgSO4·7H2O, and MOPS, was adjusted to 
pH 7.0. CaCl2 was added from a 13.2 g L−1 stock solution, biotin 
from a 0.2 g L−1 stock solution, and glucose from a 500 g L−1 

stock solution. Trace elements were prepared as a 1000x stock 
solution adjusted to pH 1.0. Biotin and CaCl2 were autoclaved, 
whereas all remaining stock solutions were sterile filtered 
before use. Iron chelators were generally added from 195 mM 
stock solutions. For 50 mM citrate conditions, however, citrate 
was added from a 650 mM stock solution. The final medium 
was prepared max. 24 h before use and was sterile filtered for 
microfluidic experiments to remove remaining particles. All 
chemicals were purchased from Carl Roth, Germany.

Shake flask cultivations were carried out in 100 mL baffled 
flasks with 10 mL working volume on a 120 rpm rotary shaker 
(25 mm diameter) at 30°C. For precultivation in shake flasks, 
cryo stocks were added to 37 g L−1 BHI (brain heart infusion, 
Becton Dickinson, USA) medium at pH 7.0 and transferred to 
CGXII medium with PCA after 8 h at an optical density (OD, at 
600 nm) of 0.1. After approximately 15 h, the preculture was 
again transferred to freshly prepared CGXII medium as last 
preculture prior to chip cultivation and was inoculated with an 
OD of 0.2. The chip was inoculated with cells in the early ex
ponential phase with an OD of approx. 0.5–1 to achieve fast and 
simple trapping of single cells.

2.2 | Microfluidic Cultivation 

2.2.1 | Chip Design 

The microfluidic chip consists of four separated similar systems, 
with eight channel arrays per system, and each array contains 40 
growth chambers for microfluidic cultivation (Figure 2). The 
growth chambers are arranged in‐between the media supply 
channels with a fluidic connection to both adjacent supply 

FIGURE 2 | Illustration of the chip design for microfluidic cultivation. Each microfluidic cultivation system consists of eight arrays which are 
arranged as pairs of four arrays. Medium is pumped via the inlet and is thereby transported through the supply channels to the growth chambers 
which are open on both sides to ensure sufficient nutrient supply via diffusion. Mass transport in the supply channels occurs via convective laminar 
flow, allowing for highly controlled conditions. 
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channels to ensure sufficient nutrient diffusion from the main 
supply channel with a height of 10 µm. Each monolayer chamber 
has dimensions of 60 × 60 × 1 µm (width × length × height). 
Supply channels are perfused with equal flow rates, resulting in 
solely diffusive mass transport inside the growth chambers.

2.2.2 | Chip Fabrication 

The polydimethylsiloxane (PDMS) chips were replicated from a 
mold, which was fabricated in a two‐layer photolithography 
process on a 4 inch silicon wafer (Gruenberger et al. 2013). The 
PDMS molding procedure according to (Blöbaum et al. 2023) is 
briefly described in the following section. PDMS was mixed in a 
10:1 (w/w) ratio of base and linker (SYLGARD 184, DOW 
Europe GmbH, Germany) and poured on the master wafer. The 
PDMS coated wafer was degassed for 20 min under slight vac
uum to remove air bubbles and baked for 2 h at 80°C. The inlets 
and outlets of the fabricated PDMS chips were punched with a 
0.75 mm diameter biopsy puncher and cleaned with iso
propanol before bonding. The PDMS chip and a glass substrate 
(0.175 mm thickness) were then oxygen plasma‐treated to 
activate the surfaces of both objects (Diener electronic GmbH & 
Co. KG, Germany). Therefore, a vacuum was generated and 
oxygen was introduced until an oxygen atmosphere of 0.4 mbar 
was reached. The surfaces were then O2 plasma treated for 36 s 
at 40% power supply. Subsequent bonding was strengthened by 
baking the bonded chip at 80°C for 2 min.

2.2.3 | Microfluidic Cultivation 

For time‐lapse imaging, the chip was mounted on an inverted 
microscope (Nikon Ti2 Eclipse, Japan) which was surrounded 
by an incubator (Cage incubator, OKO Touch, Okolab S.R.L., 
Italy) to ensure a constant temperature at 30°C. After inocula
tion and flushing, medium was pumped via Tygon tubing 
(Saint‐Gobain ppl. Corp., Germany) with 300 nL min−1 (LA‐ 
120, Landgraf Laborsysteme HLL GmbH, Germany), ensuring 
continuous nutrient supply under perfusion mode. Single cells 
were analyzed in steady‐state in perfusion mode as shown 
previously (Grünberger et al. 2012, 2013). Time‐lapse images 
were taken every 10 to 15 min to monitor microbial growth and 
division behavior.

2.2.4 | Time‐Lapse Imaging and Data Analysis 

All microfluidic experiments were imaged by phase‐contrast 
microscopy (Nikon DS‐Qi2, Nikon, Netherlands) with a 100× 
oil immersion objective (CFI P‐Apo DM Lambda, Nikon, 
Germany). Growth chambers used for time‐lapse imaging were 
selected based on a low initial cell number and optimal cen
tering of cells to facilitate image analysis. Colony growth was 
monitored for up to 24 h and analyzed using Omnipose‐based 
segmentation with the bact_phase_omni model (Cutler 
et al. 2022; Seiffarth et al. 2024). Growth curves were fitted 
using linear regression in Python 3.12.8 using the linregress 
function implemented in the scipy. stats package. Growth rates 
were determined from the slope of the logarithmic cell count 
over time. To exclude non‐exponentially growing colonies, a 
filtering criterion was applied which required a minimum 
duration of 5 h in the exponential phase with an R2 > 0.99 for 
the linear fit. This was particularly important for conditions 

lacking glucose, where growth was often negligible. The area of 
single cells was calculated by the conversion factor of 0.07 µm 
px−1. Data was analyzed and plotted using custom Python 
scripts (available at Supporting Information S14).

2.3 | Microtiter Plate Cultivation 

Microtiter plate (MTP) cultivations were performed using the 
microbioreactor system BioLector XT (Beckman Coulter 
GmbH, USA). The online measurement of biomass, pH, and 
dissolved oxygen in a 48 well FlowerPlate (Beckman Coulter 
GmbH, USA) allows for parallel observation of multiple con
ditions in real‐time. This setup enables high oxygen transfer 
rates and constant humidity.

The cells from the pre‐culture were centrifuged and washed in 
CGXII medium without an iron chelator before inoculation to 
avoid the transfer of residual PCA. For each well, 1 mL cull sus
pension was inoculated with the desired dilution of the pre‐culture 
and filled in the wells. Dilutions ranged from OD 1 to OD 1 ∙ 10−8 

in steps of 1 ∙ 10−2, resulting in 5 dilution steps I‐V. With the 
assumption that OD 1 corresponds to 1.31‐2.60 ∙ 108 cells mL−1 

(Hartmann et al. 2021; Unthan et al. 2014), dilution V at OD 
1 ∙ 10−8 should yield single‐cell inocula with 1.31–2.60 cells mL−1. 
The MTP was covered with a gas‐permeable sealing foil (Beckman 
Coulter GmbH, USA) and cultivations were carried out in tripli
cates at 30°C and 1100 rpm with a shaking diameter of 3 mm. 
Biomass was measured as backscatter signal with gain 1. Growth 
data were blank‐corrected, averaged over triplicates and analyzed 
by log‐linear regression with a minimum of 20 data points and an 
R2 > 0.95 to identify exponential growth phases using custom 
Python scripts (available at Supporting Information S14).

3 | Results and Discussion 

3.1 | Evaluation of Alternative Iron Chelators 
Using PCA‐Supplemented CGXII as Reference 

To decouple iron availability from carbon metabolism under mi
crofluidic perfusion conditions, PCA‐supplemented CGXII was first 
evaluated as a reference and alternative iron chelators were sys
tematically tested as potential substitutes. Iron chelation depends 
on specific functional groups, most commonly catechol‐, 
hydroxamate‐, or hydroxyl‐containing compounds, which are 
characteristic features of siderophores and enable the formation of 
stable iron complexes (Johnstone and Nolan 2015; Köster 2001; 
Leventhal et al. 2019; Wilson et al. 2016; Winkelmann and 
Carrano 1997). PCA is classified as a hydroxybenzoic acid with a 
catechol moiety that efficiently scavenges ferric iron from the en
vironment. However, PCA is also metabolized by C. glutamicum 
and contributes to cellular carbon metabolism as aromatic organic 
acids, including benzoic acids derivatives, are commonly degraded 
through the β‐ketoadipate pathway (Chaudhry et al. 2007; 
Haußmann and Poetsch 2012; Kallscheuer et al. 2016; Shen and 
Liu 2005; Unthan et al. 2014). However, structural similarity and 
shared catabolic pathways do not necessarily translate into func
tional equivalence in iron acquisition. For instance, unsubstituted 
benzoic acid supports growth but lacks iron‐reducing properties 
and does not function as an effective iron chelator (Haußmann 
et al. 2009; Müller et al. 2020), highlighting the need for careful 
selection of alternative chelators. Consequently, alternative iron 
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chelators must ensure sufficient cellular iron uptake without con
tributing to carbon metabolism under the applied cultivation 
conditions. Based on these structure‐function considerations, dif
ferent compounds with reported iron‐binding properties were 
evaluated as potential replacements for PCA in microfluidic single‐ 
cell cultivation. Resulting growth rates obtained with PCA, EDTA, 
oxalate, malate, and citrate (each at 195 µM, equivalent to PCA 
concentration in standard CGXII) are summarized in Figure 3
(growth curves are provided in the Supporting Information 
Figure S2 to Figure S6).

As expected from previous studies, C. glutamicum was able to grow 
under microfluidic perfusion when PCA was added to the medium 
(Figure 3), confirming sufficient iron availability at the single‐cell 
level. For parallel consumption of PCA and glucose, a mean 
growth rate of µPCA = 0.52 ± 0.03 h−1 was obtained, whereas 
growth on PCA as the sole carbon source yielded a lower mean 
growth rate of µPCA‐glc = 0.29 ± 0.06 h−1. The reported growth rate 
of µ = 0.6 h−1 for CGXII with glucose and PCA (Unthan et al. 2014) 
could not be reproduced, however growth on PCA as the sole 
carbon source exceeded previously reported values. These devia
tions are likely attributable to differences in pre‐culture conditions 
as well as variations in data acquisition and growth quantification 
workflows (see Materials and Methods). In summary, cultivations 
with glucose as sole carbon source were not feasible, as iron sup
plementation relied on PCA, which was co‐metabolized by C. 
glutamicum. While PCA reliably ensured iron uptake, its dual 

functionality compromised defined growth conditions with a single 
limiting carbon source under perfusion. This observation is con
sistent with secondary carbon source effects that are typically 
negligible in batch cultivations but become pronounced under 
continuous perfusion (Unthan et al. 2014). Consequently, an 
alternative iron chelator was required that separates iron chelation 
from carbon metabolism.

Several alternative iron chelators were subsequently evaluated 
under microfluidic single‐cell perfusion to identify compounds 
fulfilling the defined requirements of iron availability without 
metabolic interference. Despite its widespread use as a chelating 
agent and ability to bind metal ions effectively (Eckert et al. 2022), 
EDTA failed to promote continuous growth in C. glutamicum in 
microfluidic single‐cell cultivation, even in the presence of 10 g L−1 

glucose. Although cells initiated growth within the growth cham
bers, none of the analyzed colonies fulfilled the predefined criteria 
(see Material and Methods, Supporting Information Figure S1), 
according to which a suitable iron chelator must support sustained 
and continuous exponential growth. This observation is consistent 
with the reported metal‐sequestering and antimicrobial properties 
of EDTA (Paterson et al. 2023, 2025), which can impair essential 
metal homeostasis. Similarly, oxalate did not support continuous 
growth both in the presence and absence of glucose. Although 
oxalate can build stable iron complexes through its carboxylate 
group and has been associated with microbial iron transport 
(Dehner et al. 2010), these properties were insufficient to sustain 

FIGURE 3 | Growth of C. glutamicum on 10 g L−1 glucose (blue) or in the absence of glucose (green) with 195 µM iron chelator for different 
potential iron chelators in microfluidic single‐cell cultivations. Continuous growth was defined as exponential growth maintained for a minimum 
duration of 5 h with a linear fit of R2 > 0.99. Stars indicate conditions in which none of the colonies fulfilled the criteria for continuous growth (μ = 0). 

1652 Biotechnology and Bioengineering, 2026

 10970290, 2026, 6, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/bit.70203, W

iley O
nline L

ibrary on [15/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



growth under continuous perfusion. Subsequently, malate was 
assessed as a potential replacement for PCA but also failed to 
support growth irrespective of glucose availability. While growth 
on malate was observed in batch cultivations, previous studies have 
shown that malate can inhibit glucose utilization through down
regulation of central glucose consumption pathways (Vasco‐ 
Cárdenas et al. 2013), which likely contributes to its incompatibility 
under the applied conditions. Finally, citrate was tested as iron‐ 
complexing compound. While unable to serve as a sole carbon 
source at these concentrations, citrate supported growth when 
combined with glucose. Despite a pronounced heterogeneity across 
colonies in the growth chambers (as indicated from violin plot 
distribution), a mean growth rate of µ195 µM cit = 0.18 ± 0.14 h−1 

was obtained in microfluidic cultivations. Continuous growth, ac
cording to the applied growth criteria (see Material & Methods), 
was observed in 66% of analyzed colonies (µ195 µM cit, 

growing = 0.27 ± 0.08 h−1 for growing colonies), whereas growth in 
the remaining growth chambers was insufficient or discontinuous 
(μ = 0). This heterogeneous cellular response indicates that citrate‐ 
mediated iron supply is functional but not uniformly effective at 
this concentration. The ability of citrate to form stable metal 
complexes and its role as an iron carrier have been previously 
documented in other organisms such as Aspergillus niger under 
iron‐limited conditions (Odoni et al. 2017). Moreover, citrate‐based 
siderophores have been shown to play a significant role in micro
bial iron acquisition (Johnstone and Nolan 2015; Winkelmann and 
Carrano 1997).

These results indicate that iron‐chelating compounds are not 
universally compatible with C. glutamicum and cannot substi
tute for PCA under the conditions applied for microfluidic 
single‐cell analysis. Among the tested compounds, citrate was 
the only chelator that supported growth in the presence of 
glucose without being exclusively consumed. Consequently, 
citrate demonstrated the greatest potential and was selected as 
the most suitable candidate for further investigations.

3.2 | Citrate as Non‐Metabolized Iron Chelator 

In the next step, PCA was replaced by citrate as iron chelator in 
microfluidic single‐cell cultivations. Cellular growth was ana
lyzed for increasing citrate concentrations from 975 µM to 
11.12 mM in the presence and absence of 10 g L−1 glucose to 
systematically evaluate its influence on growth (Figure 4, 
growth curves in the Supporting Information Figure S7 to 
Figure S10).

Citrate supplementation resulted in a concentration‐dependent 
increase in growth rate in the presence of glucose, with maxi
mal growth observed at intermediate concentrations (Figure 4). 
A fivefold increase from 195 µM to 975 µM citrate led to a 189% 
increase in mean growth rates (µ975 µM cit = 0.34 ± 0.03 h−1 

compared to µ195 µM cit = 0.18 ± 0.14 h−1, Figure 3) and a more 
homogenous growth response across all growth chambers, as 
indicated by the violin plot distribution. The highest mean 

FIGURE 4 | Growth of C. glutamicum on both 10 g L−1 (blue) and 0 g L−1 (green) glucose with different citrate concentrations ranging from 
975 µM to 11.12 mM citrate in microfluidic single‐cell cultivations. Continuous growth was defined as exponential growth maintained for a minimum 
duration of 5 h with a linear fit of R2 > 0.99. Stars indicate conditions in which none of the colonies fulfilled the criteria for continuous growth (μ = 0). 

1653 Biotechnology and Bioengineering, 2026

 10970290, 2026, 6, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/bit.70203, W

iley O
nline L

ibrary on [15/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



growth rate (µ1462 µM cit = 0.51 ± 0.02 h−1) was observed at 
1462 µM citrate (7.5‐fold increase) under glucose‐containing 
conditions. A further increase by 10‐fold to 1950 µM did not 
further enhance growth (µ1950 µM cit = 0.45 ± 0.04 h−1), indicat
ing saturation of citrate‐mediated iron acquisition.

In the absence of glucose, growth remained negligible at citrate 
concentrations below 1950 µM (Figure 4), suggesting that cit
rate primarily functioned as an iron chelator under these con
ditions. However, heterogeneous colony growth behavior 
emerged at 1950 µM citrate and revealed two distinct growth 
patterns. While the majority did not show any signs of ex
ponential growth under glucose‐free conditions, the violin plot 
distribution indicates that a fraction of cells (upper distribution 
of data points in the violin plot, 24% of tracked colonies with 
µ1950 µM cit, growing = 0.14 ± 0.02 h−1) was still able to initiate 
exponential growth despite the absence of the main carbon 
source. At higher citrate concentrations of 11.12 mM (57‐fold 

increase), growth rates of µ11.12 mM cit = 0.49 ± 0.03 h−1 were 
observed in the presence of glucose. Under glucose‐free condi
tions, exponential growth occurred in 72% of growth chambers 
(µ11.12 mM cit‐glc, growing = 0.20 ± 0.04 h−1) with a mean growth 
rate of µ11.12 mM cit‐glc = 0.14 ± 0.10 h−1, suggesting measurable 
metabolic contribution of citrate at elevated concentrations. 
These results align with previous reports of minor growth at 
high citrate concentrations (Liebl et al. 1989).

Based on these results, 1462 µM citrate was identified as the opti
mal concentration for a revised ‘single‐cell CGXII’ medium, sup
porting high growth under glucose‐containing conditions while 
minimizing metabolic interference in the absence of glucose. 
Representative growth characteristics from microfluidic cultiva
tions are shown in Figure 5, demonstrating consistent rod‐shaped 
morphology, uniform growth behaviour across all analyzed colo
nies and narrow cell size distributions (mean cell area of 
1.77 ± 0.44 µm2). Variations in the cell area result from small cells 

FIGURE 5 | Growth of C. glutamicum on 10 g L−1 glucose supplemented with 1462 µM citrate. (A) Growth of cells in an exemplary microfluidic 
growth chamber for three different timepoints at 0, 6 and 12 h. (B) The cell count over time with exponentially growing cells averaged for all 
94 analyzed growth chambers. A decrease of the cell count after approx. 15 h corresponds to the maximal number of cells that fit in a growth 
chamber. (C) Distribution of the single‐cell area at 12 h displayed in a histogram. The red line represents the overall mean. 
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after division and elongated apically growing cells just before 
division (Messelink et al. 2021; Nieto et al. 2023). The observed cell 
size distribution aligns with previously reported characteristics of 
C. glutamicum, indicating that the citrate‐based medium maintains 
normal cell morphology (Messelink et al. 2021; Neumeyer 
et al. 2013; Nieto et al. 2023).

The ‘single‐cell CGXII’ with 1462 µM citrate was successfully 
applied in microfluidic cultivations, yielding growth and morpho
logical characteristics comparable to those obtained with the con
ventional CGXII composition. Furthermore, the results show that 
the carbon source and iron chelator can be identical, since both 
PCA (Figure 3) and highly concentrated citrate (Figure 4) enabled 
growth without glucose addition. This shows that C. glutamicum 
can also utilize citrate simultaneously as a carbon source and 
chelator. Consequently, either compound can also serve as the sole 
growth‐supporting substrate when defined single‐substrate growth 
is desired. This allows precise analysis of carbon source‐specific 
growth and facilitates strictly controlled single‐substrate experi
ments in the microfluidic cultivation system.

3.3 | Growth on Citrate as Sole Carbon Source 

Building on the observation that citrate can support growth in 
the absence of glucose, we next systematically investigated its 
capacity to sustain continuous growth as the sole carbon source 
in microfluidic perfusion conditions. Previous studies reported 
growth rates comparable to PCA‐supplemented media when 
citrate is supplied at high concentrations and suggested en
hanced citrate consumption as a carbon source (Liebl 
et al. 1989; Von Der Osten et al. 1989). This effect appears 
particularly pronounced when citrate is supplied as sodium 
citrate, where high ion availability enhances citrate uptake 
through synergistic uptake mechanisms (Brocker et al. 2009).

These observations align with the known regulatory and transport 
characteristics of citrate metabolism in C. glutamicum. Unlike 
other bacteria, C. glutamicum shows no catabolite repression when 
glucose and citrate are present, allowing simultaneous consump
tion of both substrates (Brocker et al. 2009; Polen et al. 2007). Two 
primary citrate uptake systems have been identified (Polen 
et al. 2007), both belonging to the transporter families that mediate 
symport of citrate with divalent cations such as Mg2+, Ca2+ or Sr2+ 

(Bott and Brocker 2012; Brocker et al. 2009; Frunzke and 
Bott 2008). Expression of these transport systems is strongly 
induced during growth on citrate with notably higher mRNA levels 
for iron‐siderophore transport systems compared to PCA‐ 
supplemented conditions (Polen et al. 2007). Enhanced citrate 
uptake has therefore been associated with increased formation of 
metal‐citrate complexes and elevated divalent ion availability 
(Brocker et al. 2009; Polen et al. 2007), with maximal growth 
previously observed by supplementing 5 mM of CaCl2 (Bott and 
Brocker 2012). In contrast to these earlier observations, our results 
indicate that standard CGXII ion concentrations (0.09 mM CaCl2) 
combined with elevated citrate levels are already sufficient for 
citrate utilization in most of the growth chambers analyzed. 
Growth rates up to µ11.12 mM cit‐glc, growing = 0.20 h−1 were observed 
at 11.12 mM citrate in the absence of glucose (Figure 4), suggesting 
the presence of additional uptake mechanisms. Enhanced uptake 
may result from steep concentration gradients across the cellular 
membrane with facilitated diffusive transport (Koster 2005) or from 
continuous replenishment of divalent ions during perfusion.

To directly distinguish citrate concentration‐dependent effects 
from ion‐mediated uptake, citrate‐supported growth was sub
sequently analyzed under conditions of elevated ion availability 
to strongly induce the described transporter systems for citrate 
uptake and utilization. Based on previous reports, experiments 
were first conducted at 50 mM citrate in the presence of 5 mM 
CaCl2, followed by a reduction of the citrate concentration to 
1462 µM while maintaining identical ion conditions. Growth 
was analyzed both in the presence and absence of glucose 
(Figure 6). All growth curves are depicted in the Supporting 
Information (Figure S11 and Figure S12).

Under elevated ion availability, comparable growth was observed 
for both citrate concentrations. At 1462 µM citrate with 5 mM 
CaCl2, cells exhibited high and continuous growth rates of µ1462 µM 

cit+CaCl2+glc = 0.56 ± 0.04 h−1 in the presence and µ1462 µM cit+CaCl2‐ 

glc = 0.47 ± 0.04 h−1 in the absence of glucose. These results dem
onstrate that even low citrate concentrations support growth when 
Ca2+ levels are sufficient to promote citrate uptake and utilization. 
Similarly, growth on 50 mM citrate as the sole carbon source 
yielded a mean growth rate of µ50mM cit+Cacl2‐glc = 0.42 ± 0.04 h−1 

and confirmed earlier observations (Polen et al. 2007). The addition 
of glucose further increased growth to µ50mM cit+CaCl2+glc = 
0.54 ± 0.02 h−1, again indicating combined carbon source utiliza
tion and supporting previous findings of enhanced growth on 
citrate‐glucose mixtures (Polen et al. 2007).

By omitting glucose, citrate serves simultaneously as the sole 
carbon source for biomass formation and as an iron chelator. 
Nevertheless, growth rates remained slightly reduced compared 
to conditions combining citrate and elevated ion availability 
with glucose, under which the highest growth rates of this study 
were achieved (µ≈0.55 h−1). This difference indicates that 
although citrate alone is sufficient to sustain continuous ex
ponential growth, the simultaneous availability of glucose pro
vides an additional metabolic advantage. Importantly, 
increasing the citrate concentration did not result in an increase 
in growth rates in continuous cultivations. Within the tested 
conditions, these observations indicate that ion availability 
rather than citrate concentration was the primary factor en
abling efficient citrate uptake and utilization, highlighting the 
need to carefully consider ion composition when designing 
defined cultivation media.

The glucose‐free citrate medium, however, provides a markedly 
more defined cultivation environment as citrate functions as the 
sole carbon source. A key constraint of this minimal formula
tion is its dependence on citrate as the only carbon source, 
which inherently restricts carbon‐source flexibility and there
fore limits its use in studies that require alternative substrates. 
Moreover, retransfer of this medium to batch cultivations may 
pose challenges for pH control, as extensive uptake of citric acid 
can substantially affect medium acidity.

3.4 | Application of ‘Single‐Cell CGXII’ for 
Different Inoculum Densities 

Given these limitations, subsequent experiments were con
ducted using the glucose‐based ‘single‐cell CGXII’, which sup
ports growth exclusively on glucose. To evaluate the 
applicability of the newly developed medium not only in mi
crofluidic cultivation, but also with standard microwell‐based 
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screening formats, it was transferred to a MTP cultivation. Such 
transferability is particularly critical for workflows that combine 
fluorescence‐activated cell sorting‐based isolation of single cells 
with subsequent regrowth in microwells (Binder et al. 2012; 
Riba et al. 2016), where reliable outgrowth from extremely low 
inocula is essential to maintain screening fidelity and minimize 
false‐negative recovery events.

Therefore, serial dilution experiments down to inocula con
taining only a few viable C. glutamicum cells per well were 
performed to assess growth in CGXII medium supplemented 
with either 195 µM PCA, 1462 µM citrate, or no iron chelator. 
Initial cell densities were stepwise reduced from OD 1 
(≈1.31–2.60 ∙ 108 cells mL−1) down to OD 1 ∙ 10−8 (≈1.31–2.60 
cells mL−1) (Hartmann et al. 2021; Unthan et al. 2014) to assess 
the influence of nutrient availability per cell. Growth behavior 
and fitted growth curves are shown in Figure 7 and highlight 
the differences between the tested iron chelators and the 
necessity of iron complexation for C. glutamicum growth.

Cultures supplemented with PCA exhibited the highest specific 
growth rates (Figure 7A), consistent with previous literature 
(Thoma et al. 2023). The mean specific growth rate in the ex
ponential phase (µPCA, MTP = 0.41 h−1) was independent of the 
initial cell density, highlighting that no medium limitations 
influenced microbial growth. A similar effect can be identified 
for the supplementation of citrate which resulted in slightly 
lower mean growth rates of (µcit, MTP = 0.33 h−1) and a delayed 

onset of exponential growth compared to PCA. This temporal 
delay may be attributed to PCA's assumed role as growth ini
tiator (Liebl et al. 1989; Müller et al. 2020; Thoma et al. 2023; 
Unthan et al. 2014). Compared to microfluidic cultivation 
(Figure 3 and Figure 4), growth rates in the MTP were con
sistently lower and decreased from 0.52 to 0.41 h−1 for PCA 
(−21%) and from 0.51 to 0.33 h−1 for citrate (−35%). This likely 
reflects fundamental differences in the cultivation mode 
(Grünberger et al. 2013). In the microfluidic system, continuous 
medium perfusion ensures constant nutrient supply and 
simultaneous removal of metabolic by‐products, thereby 
maintaining stable extracellular microenvironments for each 
cell. In contrast, MTP cultivations are batch‐based and therefore 
subject to temporal changes in nutrient availability, oxygen 
availability and metabolite accumulation. Additionally, 
decreasing inoculum size in the MTP cultivations led to ex
tended lag phases and delayed detection of backscatter signals 
for both chelators, resulting in time‐shifted but parallel plots. 
Even at extreme dilutions (≈1.31–2.60 cells mL−1), cultures 
managed to initiate exponential growth after approximately 
30 h, demonstrating that population growth can be initiated 
from (very few) single viable cells. Increased variability between 
replicates at these dilutions likely reflects differences in initial 
cell number and cell‐cycle states.

In contrast, cultures without iron chelator supplementation 
showed strongly impaired growth (Figure 7B). Only cultures 

FIGURE 6 | Growth of C. glutamicum on 50 mM citrate together with 10 g L−1 glucose (blue) or as sole carbon source and 0 g L−1 glucose (green). 
The ion concentration was further increased to 5 mM CaCl2 for all conditions. Criteria for continuous growth were set to exponential growth for a 
minimum duration of 5 h with an R2 > 0.99 for the linear fit. 
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inoculated at OD 1 were able to overcome the lag phase and 
started exponential growth after approximately 50 h of cultiva
tion. The pronounced variability between replicates indicates 
severe physiological stress, likely reflecting time‐consuming 
cellular adaptation to overcome the present iron limitation. 
Interestingly, cultures with an initial OD of 1 showed a slight 
but consistent increase in backscatter in the first hours of cul
tivation, followed by a prolonged plateau for over 50 h before 
growth resumed. This observation suggests transient buffering 
of iron demand until synthesis or alternative uptake systems are 
upregulated, potentially through intracellular or surface‐bound 
iron reserves (Kawashima et al. 2023; Küberl et al. 2020; 
Wennerhold and Bott 2006). C. glutamicum might also release 
chelating metabolites to reduce iron, accumulating enough to 
collectively solubilize iron at high cell densities. The late initi
ation of growth could be further attributed to iron (chelator) 
scavenging from lysed cells at higher inoculum densities, pro
viding a transient nutrient pulse (‘necromass’) (Jin 2023).

Lower dilutions (dilution II‐V) failed to show any significant 
increase in backscatter even after 160 h of cultivation (see 

Supporting Information Figure S13) despite high nutrient 
availability per cell. These findings indicate persistent iron 
limitation, either due to insufficient iron uptake or because 
produced chelator concentrations remained too low and too 
diluted to meet the iron demand of small populations. Together, 
these observations support the idea that a critical biomass 
density is required to alleviate iron limitation above a certain 
threshold to overcome iron scarcity in CGXII medium without 
chelator supplementation.

Overall, these results underscore the essential role of iron 
chelators for robust growth initiation at low cell densities. The 
successful transfer of the glucose‐based ‘single‐cell CGXII’ 
medium to an MTP‐based cultivation format demonstrates its 
reliable applicability across different cultivation scales and ex
perimental workflows. This revised medium therefore estab
lishes a robust foundation for investigating and screening 
individual cells under defined minimal conditions. Moreover, 
the development strategy presented here may serve as a blue
print for generating additional single‐cell‐compatible minimal 
media tailored to other microbial systems.

FIGURE 7 | Microtiter plate cultivations with varying supplementation of the iron chelator and increasing dilution of the inoculum from OD 1 at 
dilution I to OD 1 ∙ 10−8 at dilution V, shown as averaged triplicates with corresponding standard deviation. Each curve was fitted with the criteria of 
minimum 20 data points and R2 > 0.95 to obtain specific growth rates with the fit range depicted by the solid line. (A) Supplementation of CGXII 
medium with 195 µM PCA (blue tones) or 1462 µM citrate (green tones). (B) Cultivations without the addition of an iron chelator for the different 
inoculum levels. Only cultures with a starting OD of 1 (dilution I) could initiate growth and meet the fitting requirements. Due to the different 
timepoints of exponential growth, each of the triplicates (dotted lines) is additionally displayed with a single fit. 
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4 | Conclusion 

Standard CGXII medium for C. glutamicum contains PCA to 
accelerate iron uptake from the environment. While originally 
introduced solely as an iron chelator, the role of PCA has ex
tended beyond its primary function and also acts as a metabo
lizable carbon source. This dual functionality is largely masked 
in batch cultivations but becomes critical under continuous 
perfusion, where both primary and secondary carbon sources 
are continuously available. Therefore, defined single‐carbon‐ 
source conditions are compromised, complicating quantitative 
studies of metabolism, cellular regulation and carbon source 
utilization in microfluidic single‐cell cultivations.

To address this limitation, alternative iron chelators were system
atically evaluated. Among the tested organic acids, citrate emerged 
as the most suitable replacement, as it supported glucose‐based 
growth without serving as a carbon source under standard culti
vation conditions. While concentrations equivalent to PCA were 
insufficient to promote growth, intermediate concentrations below 
1950 µM citrate enabled high growth rates without evidence of 
metabolic contribution. At higher concentrations, saturation effects 
and indications of citrate utilization were observed. A citrate con
centration of 1462 µM citrate was identified as optimal: It yields 
high growth rates (µ≈0.5 h−1 with glucose) while showing no 
experimental evidence of acting as a carbon source on its own. The 
observed influence of divalent ion availability further highlights the 
role of ion‐dependent transport processes in citrate uptake and 
utilization. These findings demonstrate that ion availability rather 
than citrate concentration significantly influences its functionality 
in cultivations with C. glutamicum, likely via ion symporter‐ 
mediated transport. Replacing glucose may however not be feasible 
in most applications due to its established role as efficient and 
economical carbon source with well‐characterized metabolic 
pathways. Validation of the revised ‘single‐cell CGXII’ in MTP 
batch cultivations demonstrated robust and reproducible growth 
across cultivation scales and modes, even at very low cell densities.

By eliminating the secondary carbon source, the revised ‘single‐ 
cell CGXII’ medium enables quantitative growth and metabolic 
studies with improved data interpretability and accurate mass 
balancing. Beyond its practical applicability, these findings 
provide valuable insights into citrate transport and utilization in 
C. glutamicum under continuous cultivation and highlight the 
complexity of nutrient uptake mechanisms across cultivation 
modes. Overall, this comprehensive evaluation emphasizes the 
importance of critically reassessing medium composition when 
transferring cultivation strategies from bulk to microfluidic 
single‐cell systems. Medium components and their concentra
tion must be carefully reconsidered and adapted to the specific 
nutrient demands of single cells. These principles are not lim
ited to the present system but are broadly applicable to the 
design of defined media for other organisms and cultivation 
platforms.
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