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Abstract: As a result of the steadily ongoing development of microfluidic cultivation (MC) devices,
a plethora of setups is used in biological laboratories for the cultivation and analysis of different
organisms. Because of their biocompatibility and ease of fabrication, polydimethylsiloxane (PDMS)-
glass-based devices are most prominent. Especially the successful and reproducible cultivation
of cells in microfluidic systems, ranging from bacteria over algae and fungi to mammalians, is a
fundamental step for further quantitative biological analysis. In combination with live-cell imag-
ing, MC devices allow the cultivation of small cell clusters (or even single cells) under defined
environmental conditions and with high spatio-temporal resolution. Yet, most setups in use are
custom made and only few standardised setups are available, making trouble-free application and
inter-laboratory transfer tricky. Therefore, we provide a guideline to overcome the most frequently
occurring challenges during a MC experiment to allow untrained users to learn the application of
continuous-flow-based MC devices. By giving a concise overview of the respective workflow, we give
the reader a general understanding of the whole procedure and its most common pitfalls. Addition-
ally, we complement the listing of challenges with solutions to overcome these hurdles. On selected
case studies, covering successful and reproducible growth of cells in MC devices, we demonstrate
detailed solutions to solve occurring challenges as a blueprint for further troubleshooting. Since
developer and end-user of MC devices are often different persons, we believe that our guideline will
help to enhance a broader applicability of MC in the field of life science and eventually promote the
ongoing advancement of MC.

Keywords: microfluidics; microfluidic cultivation; single-cell cultivation; microfluidic troubleshooting;
live-cell imaging; microfluidic case studies

1. Introduction

Microfluidic technologies have provided a multitude of tools for manipulating and
analysing small volumes of fluid to control and study chemical, biological and physical
processes [1]. The miniaturisation of fluidic and optical components in microfluidic devices
has been used to study the behaviour of small volumes of fluids in microfluidic channels
with a scale of few micrometres to investigate effects that are usually neglected at the
macroscopic level. The advantages of this technique include very low Reynolds numbers
resulting in strictly laminar flow [2], where mixing is mainly due to molecular diffusion
at the interface of two liquids [3], high surface to volume ratio [4], surface tension [4] and
low volume of fluids (1L to pL) [5]. Applied microfluidic devices are manufactured by
micromachining [6], soft lithography [7], embossing [6], in-situ construction [8,9], injection
moulding [10], laser cutting [11], and stereolithography (3D printing) [12].
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Wafer

However, soft lithography is the most common method to fabricate microfluidic
devices. Here, by casting a mould of a two-component polymer named polydimethyl-
siloxane (PDMS), a microfluidic chip is generated (Figure 1A). Since production is fast
and inexpensive, soft lithography is suitable for rapid prototyping [13]. Additionally,
PDMS is a biocompatible and transparent material, thus enabling plentiful biological and
biotechnological applications like microfluidic cultivation (MC) and live-cell imaging of
different organisms.

Moulding Cutting & Cleaning Bonding

Y

Adapter

Figure 1. Overview of a microfluidic cultivation (MC) experiment. (A) Fabrication of a MC device: moulding a silicon

wafer with PDMS, cutting, and cleaning the resulting PDMS chip, bonding of the PDMS chip with a glass substrate.

(B) Experimental setup with a live-cell imaging microscope for time-lapse microscopy under constant environmental

conditions. (C) Overview of different organisms, namely bacteria, fungi, algae, mammalian suspension cells as well as

adherent human stem cells, that have been analysed using MC so far.

In recent years, more and more biologists and bioengineers started to use microfluidic
devices for the cultivation and analysis of different organisms, as they can be flexibly
designed to fit the requirements of different investigational approaches. MC allows cap-
turing and cultivating small cell clusters or even single cells in microfluidic structures or
droplets, ranging from microlitre to picolitre volumes. Droplet microfluidics are not further
discussed in this paper, as the focus lies on microfluidic devices that are operated under
continuous-flow conditions. This steady perfusion permits the very precise control of
cultivation conditions or even reliable environmental changes if requested, so that natural
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cellular microenvironments or bioprocess conditions can be mimicked [14]. When MC
is combined with live-cell imaging, time-lapse microscopy allows the analysis of cellular
behaviour in a timely resolved manner (Figure 1B). Because of its miniaturised scale, MC
additionally facilitates a high degree of parallelisation and thus increases experimental
throughput in comparison to ordinary cultivation attempts.

For the cultivation and analysis of cells in MC devices, different cell trapping ap-
proaches such as hydrodynamic [15-17], electrical [18], optical [19], or magnetic trap-
ping [20] as well as acoustic methods [21] are available. Due to its plain experimental
setup and straightforward fabrication, hydrodynamic trapping in so called cultivation
chambers, which range from 3D to 0D, is the most common approach for MC. The required
chamber-based devices differ in the spatial degree of freedom for cellular growth and the
maximal size of observed microcolonies [14]. In 3D cultivation chambers, the fabrication as
well as the seeding procedure is easy, while nutrient gradients can be observed frequently
during cultivation and the tracking of cells is difficult as cells do not reside in one focal
plane. These chamber structures are often used to study tissues and densely packed cul-
tures starting from a few cells. Most common are 2D cultivation chambers, which allow
the cultivation of small monolayered microcolonies [22]. Fabrication and cell seeding is
comparable to 3D structures, however, monitoring and analysis of cellular behaviour such
as colony growth, cell division and morphology is superior in 2D designs. 1D cultivation
chambers, also called mother machines, are best suited for the analysis of cells over multi-
ple generations without spatial restriction of a 2D chamber design, as newly originating
cells push out their ancestor cells. These chambers are designed to grow cells in a line so
that the parent cell is at the end of the chamber and daughter cells can be examined. This
allows long-term culturing of cells over a large number of generations (> 50), as tracking of
cells is easy. Thus, cell dynamics can be studied and phylogenetic trees can be constructed.
In 0D cultivation chambers only single cells can be trapped and cultivated, which allows
cellular analyses of isogenic cells. Therefore, no cellular interaction or cell-to-cell commu-
nication take place so that single-cell behaviour of individually cells can be investigated.
Long-term studies of cellular behaviour as well as adaptation studies can be performed
over a number of generations. For more detailed description of the different chamber
designs the reader is referred to Griinberger et al. [14]. Currently, MC is applied for the
analyses of cell-to-cell heterogeneity [23], aging and death [23-26], growth [24,27-29], cell
cycle monitoring [30], gene expression [31-34], and metabolic processes [35,36]. Organisms
that have been applied for MC analyses are bacteria [37], cyanobacteria [38], eukaryotic
cells [39,40], algae [41], fungi [42], and yeast [43] (Figure 1C).

Most of the MC devices are custom-made without any standardisation, which makes
their application particularly difficult for beginners in the field of microfluidics. Addition-
ally, self-made setups are often prone to recurring problems along the whole workflow of an
experiment. To make MC accessible for microfluidic non-proficient end-users, a problem-
oriented troubleshooting guide for the most frequently occurring challenges is provided
here. As already indicated, only PDMS-based and chamber-based microfluidic devices
are described and discussed. Introducing the field of MC, the conventional experimental
workflow will be summarised briefly in its seven consecutive steps: microfluidic design
and fabrication, PDMS chip assembly, cell and medium preparation, hardware preparation,
device loading, cultivation, and live-cell imaging. For more detailed descriptions of the
single steps, the reader is referred to relevant literature in the respective section. Following
the workflow, the most prominent challenges in all steps along the MC pipeline are listed
and different solutions are given in our in-detail troubleshooting guide. Finally, three
case studies which take a closer look at different challenges during MC experiments are
presented: establishing MC for a new organism, performing reproducible MC experiments,
and performing negative-control experiments. These case studies serve as a blueprint for
solving complex challenges concerning the cultivation of cells in microfluidic devices.
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2. Experimental Workflow

In the following, the general workflow of MC experiments performed in a PDMS-
glass-based device (Figure 1B), referred in the following as microfluidic chip, is discussed.
To fabricate and operate such a device, there is a strict order in experimental operations,
that can be divided into seven consecutive steps (Figure 2). Before the PDMS chip can be
fabricated by soft lithography and the MC device can be assembled, a proper microflu-
idic design needs to be devised and manufactured into a master wafer. Following the
device fabrication, preparation of both cultivation medium as well as seeding culture
is required. Additionally, the microscope hardware and pumping periphery should be
set up. Afterwards, the MC device can be loaded with cells and steadily perfused with
fresh cultivation medium. The last step consists of adjusting the software settings and
starting the live-cell imaging. Subsequent to the successful live-cell imaging, data curation
and image analysis follow on the microfluidic cultivation workflow. Yet, comprehensive
automated image analysis pipelines are rare. As this sector is not further discussed here,
the reader is referred to [44].

PDMS chip
assembly

N

H
s, [ e

@ V

Cell and medium
preparation -

Figure 2. Flow diagram summarising the most important steps during a MC experiment. The experimental workflow

is divided into seven consecutive steps: Microfluidic design and fabrication, PDMS chip assembly, cell and medium

preparation, hardware preparation, device loading, cultivation, and live-cell imaging. Since the subsequently required

image analysis is not a part of this work, it is blurred.

2.1. Microfluidic Design and Fabrication

For PDMS-based microfluidic devices, a master wafer is required [45]. To fabricate
this master wafer, first the microfluidic channel system and cultivation chambers must
be designed using CAD software [46]. Several points are important for the correct choice
of a promising microfluidic chip design, which are closely related to each other: reliable
trapping of the cells in the cultivation unit, sufficient nutrient supply, the possibility of
long-term cultivation, and the respective organism’s characteristics. Depending on the
research question, the cultivation units are adapted and designed. As an example, for the
cultivation of cells in a 2D chamber design, the following points are crucial: The height
of channel and chamber layer should have a ratio in a way that fluid flow is restricted to
supply channels, consequently mass exchange between channel and chamber only occurs
diffusively [47] and possible air bubbles do not affect cultivation chambers substantially.
The width and height of the supply channel depends on the cells” dimensions since the
channel must be wide enough to avoid clogging during the loading process. Likewise, the
height of the cultivation chamber depends on the applied cells. Cells with a cell wall/stiff
membrane can be squeezed into chambers with a height lower than their diameter, while
cells with a flexible membrane cannot be retained that way. For motile deformable cells,
a cultivation chamber with small entrances or retention structures should be applied.
Generally, a larger cultivation chamber can result in the formation of gradients within the
cultivation area. Mass exchange and thereby potentially arising gradients can be calculated
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in advance using computational fluid dynamics (CFD) simulations or can be determined
experimentally by trace substance experiments [47-49].

Following on designing the microfluidic structures, the master wafer can either be
fabricated by photolithographic steps [11,50] applying a photomask, by laser cutting
methods or it can be directly fabricated by stereolithography (3D printing) [12].

2.2. PDMS Chip Assembly

The next step is the preparation of the microfluidic chip from the master wafer [12,51-54].
For this purpose, PDMS base and curing agent are mixed in a defined ratio of 10:1 [55]. By
changing this ratio, the produced PDMS chip can vary in its stiffness [56], which might
also influence cellular behaviour during MC. After proper mixing, the polymer is poured
onto the master wafer. As air bubbles are introduced during mixing, the polymer needs
to be degassed prior to curing it in an oven. To connect the pumping periphery in a
later step, inlet as well as outlet holes are punched using a biopsy puncher and both
PDMS chip and glass substrate are cleaned with isopropanol. Finally, the PDMS and glass
substrate are covalently bonded to each other by applying oxygen-plasma for surface
activation [57,58]. A final baking step for bonding strength can be performed at 60 to 90 °C
for 30 s to 20 min [54,55,59-61].

2.3. Cell and Medium Preparation

Following the chip fabrication, the next step for MC is to prepare the biological
culture. Regarding biological preparations, the focus lies on the applied medium and the
seed train procedure, meaning how many different pre- and intercultures are executed
before the microfluidic experiment is performed [45,55]. For microfluidic experiments,
the medium is prepared as usual but should be sterile filtrated to remove potentially
disturbing particles [62]. If the medium’s pH value is CO,-buffered, adjusting the prepared
medium to its proper CO,-concentration is of utmost importance. For this the prepared
medium should be equilibrated to the correct pH value in an CO, incubator. Additionally,
gas-tight tubing and pumping periphery is highly recommendable to not risk a change
in pH value by CO, degassing. It is beneficial to start the seed train with a cryo-culture
of a working cell bank to ensure biological identical starting points. The cryo-culture
is used to inoculate a preculture, using the standard cultivation medium. For bacterial
experimentation, after sufficient growth in preculture, the main culture can be inoculated
with a low cell density [62]. In case of mammalian cells, for reproducibility a consistent
number of passages must be maintained prior to the microfluidic experiment [63]. For
fungal experiments, cells are plated out on plates and grown for 5-7 days, then harvested
and diluted to approximately 10°~107 cfu/mL and loaded into the microfluidic device [64].
In the case of algae, the precultures can be inoculated on agarose plates and then transferred
to liquid culture where they are cultivated until the start of the experiment (<1 d) [65].

2.4. Hardware Preparation

Parallel to the chip fabrication, the live-cell imaging hardware for MC must be set
up. To guarantee a stable cultivation environment, potential heating of the microscope
incubator needs to be adjusted and the temperature sensor should be placed near the chip.
As metal parts do not warm up immediately, heating-up should take place in advance.
If necessary for the experiment, CO, atmosphere should be regulated to an appropriate
concentration as well.

Considering the live-cell imaging microscope, different configurations have to be
checked and readjusted before beginning an experiment. For optimal illumination, the
optical path should be centred by Kohler illumination [66,67]. In case of phase contrast
microscopy, the phase ring needs to be centred as well to guarantee optimal contrast [67].

After preparation of the periphery and adjusting the microscope, the microfluidic
device needs to be placed onto the microscope stage. To prevent the chip from moving
during cultivation, a holder should be used, and the chip should be fixed properly by
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clamping or taping. To maintain image quality and experimental reproducibility, chip
mounting needs to be performed thoroughly so that no shift in position or focus occurs.

2.5. Device Loading

For the inoculation of cells, the microfluidic device is flushed with cell suspension.
In a randomised process, for most of the devices the cultivation chambers are statistically
loaded with cells by moving the cell suspension back and forth within the chip, so that
pressure differences or air bubbles push the cells into the chambers [68]. With a higher
cell density, more chambers are loaded than with a lower cell density. When a sufficient
number of chambers are filled with cells, the flow of the cell suspension is stopped. In case
of cultivation compartments that are difficult to load with cells, as it is the case with 1D
cultivation chambers like mother machines, alternative proceedings like centrifugation
may be applied [57]. Depending on the microfluidic design some chips allow cell seeding
by special vacuum channels [69,70].

2.6. Cultivation

After successfully loading the device with cells, the chip can be connected to the
pumping periphery for constant medium supply [55,57]. For this purpose, the loading
syringe including tubing is removed from the chip, and the resulting change in pressure
has no effect on the trapped cells. The needle should be removed in such a way that a drop
of liquid remains on the inlet. Before connecting the periphery to the microfluidic device,
the pumps must be calibrated according to the respective setup, so that the desired volume
can be pumped precisely. When using syringe pumps, the syringe’s diameter has to be
considered for precise pumping, as most software calculate flow rates based on the diameter.
Before perfusion can be established, tubing has to be cut and assembled. For the connection
between syringe and tubing, special adapters are required. For the use of pressure-driven
pumps the medium has to be prepared in sterile medium reservoirs. Additionally, after
applying the correct inlet pressure, pumps have to be calibrated. Regardless of the pumping
periphery, tubing can be equipped with needles for the connection to the microfluidic
device. For some devices, the tubing can also be connected to the microfluidic device
without needles. When connecting to the microfluidic device, all tubing should be filled
with medium so that no air is introduced into the chip.

Depending on the purpose of the intended cultivation it is helpful to program a
specific duration for pumping or setting a target volume. Since there is no feedback from
the liquid level inside the syringe or medium reservoir, the target volume or pumping
duration must not exceed the prepared medium’s volume.

2.7. Live-Cell Imaging

Successful live-cell imaging starts with the implementation of microscopic hardware
and software settings [55] and pumping periphery. For the microscope, the most important
factors are the choice of objective, the associated phase ring, and the correct setting of the
light path, for example directed to the camera. After setting up the microscopic hardware,
the software can be adjusted for live-cell imaging. The exposure time and light intensity
should be set for optimal image quality. If fluorescence microscopy is requested, the
respective filter cubes should be selected, and light intensity and exposure time need to be
set independently from light microscopy. The optimal fluorescence intensity and exposure
time should be tested and adjusted in advance in the live image to prevent photobleaching
during cultivation.

When relevant positions of the microfluidic device are picked, the frequency of imag-
ing has to be selected. The interval between consecutive images depends on the respective
growth behaviour of the cultivated cells but is limited by the speed of the microscope
stage and the image acquisition speed for the number of marked positions. For long-term
cultivations, the focus-drift compensation function or focus system, if available, should be
used to avoid focus shift during cultivation.
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3. Challenges during a MC Experiment

Performing MCs is a daily challenge and for most cell types detailed protocols are
lacking. In the following a problem-oriented guideline to cope with the most common
challenges during MC is presented. The fishbone diagram in Figure 3 gives an overview
of the most frequently occurring challenges sorted by their temporal order along the
workflow of a MC experiment. The smaller fishbones of each individual challenge indicate
the consecutive step of the MC workflow, in which this obstacle might have its origin, to
directly identify a starting point for required troubleshooting. Following on the general
overview, potential causes for the respective challenges are identified and in-detail solution
statements are proposed. Some aspects are additionally illustrated by exemplary images in
the Appendix A.

Microfluidic design PDMS chip Cell and medium Hardware
and fabrication assembly preparation preparation

Device loading  Cultivation  Live-cell imaging

Figure 3. Fishbone diagram of the most frequent challenges during MC. The challenges are arranged according to their
temporal order along the workflow of an experiment. Small, coloured fishbones indicate the experimental step in which
these challenges most probably have their origin. The introduced colour code matches the colouring of the previous

workflow diagram (Figure 2).

3.1. Fabrication Errors

Every MC experiment starts with the fabrication and assembly of the MC device. Un-
fortunately, problems that occur during these steps cannot be noticed before the assembled
chip is examined under the microscope or the perfusion is started (Table 1). Here, particles
or hairs on the microfluidic structures is one of the most frequent disturbances as well as
losing the cultivation structures e.g., collapsed chambers, during assembly or structures
that are undermined by the fluid flow (Figure A1).
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Table 1. Listed are the most frequently occurring challenges concerning fabrication errors with their respective cause and a
suggested solution.

Fabrication Errors

Problem Cause Solution

Work under a flow bench/in a clean room

and regularly clean the surfaces used.

Use adhesive tape to clean the chip’s

structures. Note: At low chamber height, this
Non-particle free working environment ~ might damage the chambers.

Clean the plasma equipment regularly.

Intensive clean: use an ultrasonic bath for

chip cleaning. For example, with acetone,

ethanol, and water for 30 s each.

Particles and hairs on the
chip structures

Do not press on the bonded chip.
For small structures: assemble carefully, glass

No cultivation Collapsed chambers slide on top O.f PDMS chip. o
tructures,/chambers visible Increase the time between the activation
S and bonding.

Reduce the PDMS layer thickness.

Structures on the wafer are destroyed Create a new master wafer.

Use a scalpel or tweezers to carefully press

on the chip, but never on the structures, to
Partial bonding enhance bonding.

Use a final baking step at 60-90 °C for

1 to 20 min.

Check the oxygen concentration, pressure,
Chip/structures undermined by fluid and vacuum inside the plasma chamber.

Increase activation time.

Check for grease residues on the chip and

No bonding repeat cleaning procedure.

Check if no other materials e.g., metal, are in

the plasma chamber.

When placing the PDMS chip and glass slide

on each other, avoid bending the chip.

PDMS sticks tightly to the master mould  Silanise the master mould before the

Failed PDMS moulding after moulding first replication.

3.2. Biological Contamination

In parallel to the assembly of a fully functional MC device, the inoculation culture
is prepared. As MC comes with time-consuming preparation, contaminations are very
unpleasant but happen at times, as the whole live-cell imaging setup cannot be placed in a
sterile environment. Either there is an additional organism growing inside the microfluidic
device or only the contaminant made its way into the device and the target organism is not
cultivated at all (Table 2). Depending on those two options, the contamination can already
be assumed to have happened during the seed train or the contaminant entered the chip
during an ongoing MC.
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Table 2. Listed are the most frequently occurring challenges concerning biological contaminations with their respective

cause and a suggested solution.

Biological Contamination

Problem

Cause Solution

Additional organism grows inside

the device

Use gloves during assembly of the periphery.
Rinse tubing and the chip thoroughly with
medium after connecting all periphery parts.

Contamination after chip loading Check after the connection that no medium and
liquid is on top of the chip to prevent
contaminants from entering the chip this way.
Fill waste tube with disinfectant.

Check medium for contaminations.
Use sterile single-use syringes or
medium reservoirs.
Contamination in Autoclave the adapters. Afterwards, check if
syringe/medium reservoir adapter sealing (glue) is still intact.
Autoclave the tubing, if it complies with the
manufacturer’s data sheet.
Connect the adapter and tubing in a clean
environment (clean bench).

Cells show different morphology or

physiology than expected

Work under a clean bench.

Use sterile equipment.

Autoclave or sterile filtrate media components.
Check that there are no contaminants in your
cryo-culture, check cryovials for contamination
(before freezing or use).

Check medium for contaminations.

Check preculture for contaminations.

Contamination during seed train

3.3. Inefficient Chip Loading

Depending on the purpose of the MC, it is desirable to load the device either with few
cells if single-cell analyses are planned or with multiple cells in one cultivation chamber for
e.g., cell interaction studies. Hence, loading too many or too few cells into the microfluidic
device can compromise the experiment before the MC even began (Table 3). Most frequently
these problems are connected to the inoculation culture’s cell density but can also have
their origin in air bubbles on-chip or the occurrence of misdirected fluid flow (Figure A2).

3.4. Leaking Periphery

As a MC is supposed to take place under constant environmental conditions, a leaking
periphery automatically implies some aberrations from these conditions. Additionally,
leakage represents an entry for contaminations and might also cause damage to essential
setup components like the pumping periphery or the live-cell imaging microscope. Basi-
cally, leakage can originate from every part of the pumping setup as well as the tubing
and connection to the microfluidic device (Table 4). Depending on where the medium
drops or puddles are arising, either defective material like damaged adapters or inaccurate
preparation like ripped inlet/outlet might be the cause (Figure A3).
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Table 3. Listed are the most frequently occurring challenges concerning inefficient chip loading with their respective cause
and a suggested solution.

Inefficient Chip Loading

Problem Cause Solution

Start loading process directly after chip bonding

Remaining air inside chambers prevents seeding before surfaces became hydrophobic again.

Use air bubbles for loading.
) . Check if your cells are sedimented at the syringe’s
No cells enter chamber during loading wall. If so, the cells can be resuspended by carefully
Low cell density in main culture shaking the syringe.
Increase cultivation time of main culture.
Use higher starting cell density in main culture.
Concentrate cell suspension by e.g., centrifugation.

Use a syringe with medium to wash cells out of
the chambers.
Check the growth phase of your cells.
High cell density in main culture Decrease cultivation time of main culture.
Dilute cell suspension to appropriate cell density.
Use lower starting cell density for your main culture.

"goo many ce.lls enter chamber Flon through the chambers caused by See “Fabrication Errors” and “Compromised Flow”.
uring loading particles/hair accumulates cells
Cell aggregates within device Solve aggregates by mechanical force or chemicals.
Fill the cells into a vessel and let it shake just
Concentrated cell density in lower part of the until inoculation.
loading syringe Use the density medium to adjust the carrying

medium for more uniformed suspension.

Table 4. Listed are the most frequently occurring challenges concerning leaking periphery with their respective cause and a
suggested solution.

Leaking Periphery

Problem Cause Solution

After punching, carefully remove the puncher with
rotating motions.

Inlet/outlet ripped Use a sharp puncher.
Punch on soft ground e.g., PDMS, so that the puncher
is not damaged.

Medium drop on top of the inlet/outlet Use a puncher with a smaller diameter than the needle.

Check that the inlet is straight.
Check that the needle does not stick too deep in
the inlet.

Leakage at needle

PDMS residue of punching left in

inlet/outlet Ensure that the residues are removed after punching.

Do not clamp the syringe too tightly to prevent it
from deformation.

Check that the syringe is in one plane with the
substrate/underground.

Check that the plunger is seated correctly.
Medium drops on pumping periphery Use glass syringes. They cannot be deformed.

Leakage at syringe piston

Check if the adapter sits tightly on the syringe’s nose.
Check if the adhesive bond between adapter and
needle is intact.

Use Luer-lock syringes.

Leakage between syringe and adapter

Medium flow between glass slide and

PDMS chip Chip not fully bonded See “Fabrication Errors”.
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3.5. Air Bubbles during Cultivation

If air bubbles occur inside the microfluidic device during the cultivation, they always
are a problem by themselves but also cause multiple other anomalies from a controlled
cultivation experiment. Air bubbles can sit inside the chip itself (Figure A4) or in the
pumping periphery, meaning the syringes, media reservoirs or even the tubing. Most of
the time, air is introduced to the cultivation setup by careless handling but in addition it
can also form on-chip during a running cultivation experiment (Table 5).

Table 5. Listed are the most frequently occurring challenges concerning air bubbles during cultivation with their respective

cause and a suggested solution.

Air Bubbles during Cultivation

Problem

Cause

Solution

Air bubbles inside the chip

Air remained inside the channel
after loading

Remove air by flushing the chip thoroughly with
medium after loading.

Air remained inside the inlet after
connecting the pumping periphery

Connect wetted needle with moistened inlet.
Flush the chip with medium from the outlet. If air
does not vanish, use a needle or syringe adapter to
remove air mechanically from the inlet.

Syringe pumps: connect tubing/needle with the
chip before mounting the syringe.

Pressure pumps: shortly increase the pressure to
press air through PDMS.

Air bubbles inside the
pumping periphery

Air inside the syringe adapter

Hold the syringe upright with the adapter at the
head while flushing the tubing.

Fill adapter before connecting the wetted syringe.
Check if the connection between adapter and
syringe is tight/not leaky.

Air bubbles inside the
syringe/medium reservoir

Pressure pumps: Centrifuge medium inside the
reservoirs before use and do not shake

it afterwards.

Pressure pumps: hang the tubing deeper into
the vessel.

Syringe pumps: fill syringe very slowly to avoid
bubble formation.

Air inside the tubing

Check that your tubing is filled with liquid
without bubbles.

Check for tight/none-leaky connection between
adapter and tubing.

Air bubbles arise inside the medium
reservoir/syringe during the cultivation

Prewarm the device and settings at

cultivation temperature.

Keep the room temperature steady to not influence
gas solubility.

Immerse the entire degassed MC chips in sterile
water in the middle of cultivation.

Air bubble remains in
cultivation chamber

Material turned hydrophobic again

Bond the chip immediately before the
experimental start.

Volume of cultivation chamber is too big

Fill chip with medium and apply vacuum e.g., by a
desiccator to remove the remaining air through
the PDMS.

Use a revision of the device with real-time air
removal functions or surface treatment [71,72].
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3.6. Compromised Flow

Regardless of constant cultivation or periodical switches between different medium
conditions, compromised flow characteristics always lead to irreproducible cultivation
conditions on-chip and thereby non-reproducible experiments. A disturbance in flow can
consist of a reduction in flow rate but also a complete stop. Likewise, the flow direction
can be changed so that determined flow profiles do not apply anymore or the flow is
directed straight through the cultivation chambers (Table 6). Possible causes for altered
flow properties are manifold and range from bad chip design and faulty preparation to

defective materials, bad inlet positions (Figure A5) or imprecise software settings.

Table 6. Listed are the most frequently occurring challenges concerning compromised flow with their respective cause and

a suggested solution.

Compromised Flow

Problem

Cause

Solution

Reduced flow and shifted flow profile

Cells grow in the inlets

Use a medium syringe and flush the channels
and inlets.

Leakage

See “Leaking Periphery”.

Cells in the supply channel

Increase the flow to flush them away.
If cells adhere, try coating of PDMS using
BSA [57] or Pluronic before loading.

Inlet position

Practice precise punching. Inlet holes should
be at the same position at the respective
inlet channel.

Chip design prone to fluctuations

Use buffer zones or broader channels.

Crystals blocking the channel

Check your solutions for crystals.

Filtrate your medium before use.

Check your media/salt composition if pH
shift causes proteins to agglomerate or
minerals to crystalize.

Prepare new medium/solutions.

Altered viscosity of your medium

Before using an unknown medium, test its
flow behaviour on-chip and adapt the
pressure settings.

One-way flow

Air bubbles block a channel over its
complete length

See “Air Bubbles during Cultivation”.
Use a higher flowrate/pressure settings to
flush the bubbles out of the medium.

Flow through the cultivation chamber

Particles within the supply channel

Filtrate medium before use.
See “Fabrication Errors”.

Air bubble inside the channel

See “Air Bubbles during Cultivation”.

No fluid flow inside the device

Syringe is leaking

See “Leaking Periphery”.

Medium reservoir for pressure
pumps not closed tightly

Check if the fitting is in the right position and
cap is tightly sealed.

No medium left to pump

Calculate the needed amount for your
cultivation time correctly.

Technical problems

Pressure pumps: check the external pressure.

Software problems

Check the set volume, flow rate and
pumping time of the pumping equipment.
Check the software that no defined volume
or end of flow has been set.
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3.7. Loss of Analysed Cells

The loss of cells during cultivation can negatively influence the evaluation. Never-
theless, it can happen that individual cells leave the cultivation chambers or are pushed
out during the course of MC, which is not always recorded despite the high temporal
resolution using live-cell imaging. Reasons for this can be the chamber height, which could
enable the cells to move out of the chamber, or a flow through the chamber caused by air
bubbles (Table 7).

Table 7. Listed are the most frequently occurring challenges concerning loss of analysed cells with their respective cause

and a suggested solution.

Loss of Analysed Cells

Problem

Cause Solution

Cells leave the cultivation chamber

Non-deformable cells: chamber height lower
than the diameter of the cells.
Deformable cells: use retention structures.

Wrong chamber design: Chamber height
is higher than the diameter of the cells

Adapt the chamber design to smaller entries

Active cell movement .
or blocking structures.

Cells are pushed out of the
cultivation chamber

Flow across the chamber See “Compromised Flow”.

Bubbles after loading in the chip See “Air Bubbles during Cultivation”.

Use pumps with a finer threading.
Pressure pulses by insufficient pumps Change your chip design to
broader channels.

3.8. Undesired Growth Locations

A common problem is the growth of cells outside the cultivation chambers. The cells
can adhere to the PDMS and grow inside the channel or also at inlets/outlets (Figure A6),
which can affect the flow profile up to no flow inside the channel (Table 8). In addi-
tion, cells can grow below the PDMS barriers between the chambers, which is caused by
partial bonding.

Table 8. Listed are the most frequently occurring challenges concerning undesired growth locations with their respective

cause and a suggested solution.

Undesired Growth Locations

Problem

Cause Solution

Cells grow inside/behind the inlet

Punch the inlet and outlet at the outmost
end of your structure.

Dead end channels at your inlet and outlet ~ Use structures that only show blank
channels without any cross/star structure
at the inlet and outlet.

Reduced flow inside the device See “Compromised Flow”.
Cellvs row 0}1ts'1de the intended chip Chip not complete bonded See “Fabrication Errors”.
design/restriction

Cells grow on particles in the channels See “Fabrication Errors”.

Cells grow inside the supply channels  Cell aggregates inside channel structures

Separate the cells before loading the chip
by e.g., vortexing or trypsin treatment.
Coat PDMS chip using BSA or Pluronic
before loading.

No flow inside the channels See “Compromised Flow”.
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3.9. Unexpected Growth Behaviour

During MC, the cells may show different growth behaviour than expected. This can
be an increase of division time/decrease of growth rate, growth arrest after a few cell
divisions, changes in cell morphology or even no cell division during cultivation. The
causes for these observations can be numerous e.g., low viability of the inoculation culture,
too much stress during cultivation or too high light exposure parameters during cultivation
(Table 9). A detailed analysis of this challenge can be found in Section 4.

Table 9. Listed are the most frequently occurring challenges concerning unexpected growth behaviour with their respective

cause and a suggested solution.

Unexpected Growth Behaviour

Problem

Cause Solution

Increased division time

Check your media composition and cell viability of each
working cell bank before use.

Inoculate the pre-culture with a higher volume of

your cryo-culture.

Use a pre-culture that is not yet in the stationary phase.
Check if no wrong (incompatible) antibiotics were used.

No viable pre-/interculture

Too much stress during loading Load the chip carefully, do not use too much pressure.

Check that the incubation cage is closed.

Check the cooling and heating settings.

Check the location of the temperature sensor, place it near
the chip.

Check the connection between heater and cage whether
hoses are bent.

Wrong temperature

Cells interrupt their growth

Decrease light exposure time and intensity.
Wrong illumination parameters Check if the LED is switched off or if the shutter is shut
when no image is taken.

Adjust the pH value of the medium, if necessary, by

pH shift adapting it to a suitable concentration of e.g., CO,.

Mix your medium with conditioned medium from the
Incompatibility with chemostat interculture’s exponential growth phase.

Cells do not divide conditions, missing growth factors ~ Check if you need a pH buffer system during constant
perfusion cultivation.
Inadequate chamber height Higher or wider cultivation chamber area.
Changes in morphology Check if the medium has the right osmolarity and all

Wrong osmolarity components are added.

Loss of adherence

Check if all media components for adherent growth are

Wrong medium
present e.g., serum.

Coat the cultivation device with adherence-enhancing

Surface incompatibility proteins e.g., fibronectin.

3.10. Blurry Images

A crucial hurdle during MC is the quality of the live-cell images. A common problem
that reduces quality are gradients within the images (Figure A7) that make subsequent
analysis of cell number or morphology in an automated manner difficult or impossible.
These gradients can be caused by e.g., different brightness within the image, only partial
image illumination or colour/grey gradients caused by light scattering (Table 10). Another
problem are shadows in the microscope image, caused for example by hardware like tubing
or needles in the light path. The time invested in correcting the microscopic settings at the
beginning of each experiment will therefore significantly improve the quality of the image
data and save time during subsequent analysis.
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Table 10. Listed are the most frequently occurring challenges concerning blurry images with their respective cause and a

suggested solution.

Blurry Images

Problem

Cause

Solution

Gradients inside the image

Gradient in brightness

Adjust light path of the microscope by
Kohler illumination.

Only partial image illumination

Open the field diaphragm until the whole picture
is illuminated.

Blurry phase contrast image

Adjust phase ring.

Colour/grey gradient because of
light scattering

Cut chip with more distance to the relevant
structures to prevent light refraction of
trimmed edge.

Shadow on microscope image

Distracting objects in light path

Remove the liquid on top of the chip.

Check that there are no tubes between chip and the
microscope light path.

Work in a particle free surrounding during chip
preparation to avoid enclosed dirt inside

PDMS chips.

Degas your PDMS completely after mixing PDMS
base and curing agent to avoid enclosed

air bubbles.

Distracting circular shapes on your image

Remove air bubbles from the immersion oil film.
Clean the condenser lens.

Check for particles in the light path inside the
microscope or on the camera.

No live image

No phase contrast/brightfield image

Adjust the graduation of the image’s grey values.
Check if the intensity of your light source and
exposure time is high enough.

Check if light source is switched on and shutters
are open.

Check if light path is directed to eyepieces

or camera.

Check if the revolving nosepiece is in

correct position.

No fluorescence image

See “No phase contrast/brightfield image”
Check if correct filter cube is selected.
Recheck the light source configuration.

3.11. Focus Problems

The focus of the live-cell images during cultivation is crucial for later data analysis and
interpretation. Cell counting can be automated to a certain extent with suitable software.
The software recognises and separates cells based on differences in grey value. If these are
subjected to gradients, automated image analysis becomes increasingly unreliable. Cellular
morphology, and thus the single cell data, is also difficult to analyse by software if the
acquired image is out of focus. The focus problems can be caused by e.g., air bubbles in the
chip, a permanent loss of focus during cultivation due to air bubbles on the oil film, or a
focus shift during cultivation due to an unfirmly installed chip (Table 11, Figure AS8).
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Table 11. Listed are the most frequently occurring challenges concerning focus problems with their respective cause and a

suggested solution.

Focus Problems

Problem Cause

Solution

Air bubbles in chip
Loss of focus

See “Air Bubbles during Cultivation”.
Activate and adjust autofocus system.

Microscope not heated

Check whether the incubator and thus the stage
are preheated.

Air bubbles in immersion oil
No steady focussing possible

See “Blurry Images”.

Remove air bubbles in immersion oil. Replace chip on
lens or remove immersion oil and wet lens again.
Gently blow on oil film.

Move microscope stage back and forth until the
bubbles have gone over the lens’ edge.

Insufficient positioning in
microscope software

Integrate z-axis into positioning.

Chip mounted incorrectly

Check if your chip is in-plane.
Check that the chip is firmly seated in the slide holder.

Shift in focus during cultivation Inaccurate starting focus

Check if the selected z-axis and the focus are
well adjusted.

Use the focus-drift compensation or focus
system function.

Shaking /hitting of the ground

The microscope should be placed on a
vibration-damped table.

3.12. Premature Experimental Termination

The final and unpredictable hurdle during MC is the occurrence of software or hard-
ware problems. In this case, the biological and technical parts of the experiment function
perfectly. Yet the cultivation or live-cell imaging might stop earlier than originally planned.
This is usually due to faulty software settings (Table 12). Another problem is that the live-
cell imaging data cannot be saved because the hard disk space is exhausted. In addition, a
shutdown of the computer or even of the entire experimental setup could happen due to

power failures.

Table 12. Listed are the most frequently occurring challenges concerning premature experimental termination with their

respective cause and a suggested solution.

Premature Experimental Termination

Problem Cause

Solution

Cultivation/live-cell imaging is

stopped earlier than intended Software Setting

Check timers in your live-cell imaging
program and pumping software.

Export old raw data on time and delete it

Microscope data cannot be saved ~ Data drive capacity low/no access to the cloud from data drive to assure sufficient

storage capacity.

Blackouts

Keep informed about your facility’s
maintenance schedules.

Computer and setup shut down
Updates of operating system

Suppress automatic system updates for the
duration of the experiment.
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4. Case Studies

Setting up MC experiments can be hard work. Before desired experiments and analysis
can be performed, establishing reliable growth of the desirable organism inside a MC device
represents one of the first obstacles. Not only in microfluidics but also in other experimental
scales it is well known that during developing novel cultivation systems, cells might not
grow at first, since cultivation conditions are not adequately met by the new device [73,74].
After the identification of beneficial growth conditions, guaranteeing reproducibility is
the next critical step towards systematic and quantitative studies. However, not only
establishing growth but also performing negative-control experiments can be particularly
demanding in microfluidic systems.

In the following, selected examples of these challenges in microfluidic single-cell
cultivation (MSCC) approaches (Figure 4A) are presented and suitable troubleshooting
strategies are proposed in detail. As a subclass of MC, MSCC allows the cultivation of
cells with single-cell resolution and thereby the investigation of single-cell dynamics or
population heterogeneities with high spatio-temporal resolution. For this purpose, most
commonly 2D cultivation chamber designs are utilised (Figure 4B), that result in monolayer
growth of the applied organisms [14]. Due to the resulting spatial restriction, cultivated
cells stay in one focal plane during live-cell imaging, which allows time resolved analy-
sis of single-cell behaviour in contrast to population average measurements (Figure 4C).
Additionally, cultivation volumes range from nanolitre to picolitre scale, resulting in
constant nutrient supply and defined cultivation conditions over the whole cultivation
time (Figure 4D).
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Figure 4. Microfluidic single-cell cultivation (MSCC) and its characteristics. (A) Microfluidic PDMS-glass cultivation

device. (B) Schematic figure of a 2D cultivation chamber with its dimensions and characteristic flow profile. (C) Analysis

of single-cell dynamics investigating growth-related and morphological heterogeneities. (D) Nutrient profile inside a 2D

cultivation chamber during MSCC.

4.1. Case Study I—Establishing MSCC for a New Organism

It is not unusual that cells, when exposed to a different cultivation environment, need
time for adaption, which in most cases results in a distinct lag-phase. Likewise, only a
fraction of cells might restart growth when discrepancies between the former and the new
cultivation environment are given [75]. Therefore, this behaviour especially occurs when
cultivation protocols of well-established organisms in lab-scale are transferred to MSCC.
With minimising the cultivation volume in microfluidic devices, formerly dispensable
physical properties like surface tension, surface-to-volume ratio, laminar flow, and diffusive
mass exchange become crucial. At the same time, running MSCC under constant perfusion
holds unique challenges ready, that do not arise in other cultivation scales and operating
modes like the constant wash-out of secreted (by-)products and a constant oversupply
of nutrients (Figure 4D) [14]. Recently, we developed a novel MSCC platform for the
long-term cultivation of Chinese hamster ovary (CHO) suspension cells [63] and therefore
had to overcome several of these challenges.
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The development of our MSCC device resulted in successful trapping of CHO cells.
After optimizing the loading procedure regarding the cell density and loading strategy,
as mammalian cell lines are known to be compromised in physiology by increasing shear
stress, in first instance, we obtained cells that did not grow; only residual morphological
changes and occasional division events were observable. As performed in shake flask or
bioreactor cultivations, our MSCC experiment was set up at a cultivation temperature
of 37 °C with steady perfusion of commercially available chemically defined, serum-free
medium (TCX6D, Xell AG, Bielefeld, Germany). Since air bubbles constantly entered the
system during MSCC, we assumed compromised cultivation conditions regarding nutrient
supply to be the reason for the absence of steady cellular growth. To identify whether air
was pumped into the chip or arose gradually inside the channels, observing the devices
inlets during live-cell imaging proved helpful. Yet, most of the time air bubbles were
introduced during connecting the pumping periphery, which made special precautions
necessary like connecting needles to wetted inlets or removing stuck air bubbles from the
inlet mechanically. Additionally, we increased flow rate from 0.8 pL/min to 2 pL/min
to shorten residence time of the perfused medium inside our device and lowered the
supply channel’s height. Thereby, we reduced the device’s total volume to compensate
evaporation of liquid through the PDMS chip. With a 10-times medium exchange per
minute throughout the whole device, we successfully minimised gas formation on-chip.

After adapting the microfluidic design concerning supply channel and chamber height
as well as the cultivation protocol, the first MSCC runs again failed after a few days, as
CHO cells still did not divide properly inside our device. When vital, the cells show
constantly occurring protuberances of their cellular membrane during live-cell imaging,
which arise from steadily secretion of vesicles [63]. Here, we observed a persistent change
of cellular morphology to a smooth surface followed by cell death after a few more days.
Since cell death did not occur immediately after loading the cells and still sporadic cell
division events were observable, we assumed its origin to be not connected to preculture
handling but to appear in a later stage of cultivation. To check whether PDMS, which is
often described as harmful for cell culture [76], might cause cell death, we washed the
PDMS chips with n-Pentane to remove uncrosslinked monomers, but cells did not grow
anyway. Therefore, we ruled out PDMS as reason and focused on other components of
our setup e.g., the tubing. For bacterial MSCC, Tygon® is a common material utilised
for tubing. Although its status as biocompatible, there have been reports [77] of negative
influence on cell culture due to leachables. To control if these leachables have a negative
effect on CHO cells, we exchanged the previously applied Tygon® tubing against PTFE
tubing. Another reason for exchanging Tygon® against PTFE tubing was the lower gas
permeability of PTFE: Many cell culture media are CO, buffered, thus losing the adjusted
CO; concentration might lead to a pH shift and thereby to non-optimal growth conditions.
Using an additional CO; incubation chamber for long-term MSCC also helped to guarantee
stable CO; atmosphere in the chip’s surrounding.

Changing the tubing of the device led to cellular survival during MSCC but growth still
stopped after 24 to 48 h and cells stayed in an unchanged status till the end of cultivation.
Since cells did not demise, we concluded the problem not to be a technical one but rather
assumed some limitations that prevented CHO cells from ongoing cell division. Looking
at single-cell cloning procedures, growing isolated cells is also highly challenging when
chemically defined media without any serum-percentage are applied. In MSCC all secreted
factors were additionally diluted and washed out directly due to the constant perfusion of
the device, which prohibited the accumulation of hormones and other beneficial factors.
Without any single-cell medium available in the market, we decided to mix fresh medium
with already conditioned medium from the main culture’s exponential growth phase
to supply the isolated cells with essential signalling molecules and thus mislead them
over their solitude inside our microfluidic device. This had already been successfully
tested for various organisms such as bacteria [78,79]. With a ratio of 1:1, cells finally
continued growing until the whole cultivation chamber was filled. However, generating
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the conditioned medium from the exponential growth phase seemed to be of utmost
importance, as medium from the late stationary phase did not promote single-cell growth
comparably but rather retarded it. For a more detailed explanation of the results of this
case study, the reader is referred to Schmitz et al. [63].

The realisation of MSCC for an organism not previously cultivated in microfluidic
devices is associated with varying challenges which are individual for every new organism.
For CHO suspension cells the unknown environment and materials turned out to be not
only problematic but even toxic. Therefore, significant improvements could be made
by adapting the tubing and guaranteeing a constant CO, atmosphere during MSCC.
Finally, supplementing perfusion medium with conditioned medium lead to stable growth.
Initial non-growing behaviour of cells in minimal medium commonly can be tackled by
introducing complex components into the medium. However, some complex compounds
might alter cellular behaviour drastically like serum might trigger adherent growth in cell
culture, compromising proper analysis. As a result, defined and reproducible cultivation
cannot be performed.

4.2. Case Study II—Getting Cells to Grow Reproducibly

After MSCC setup and cultivation protocol have been successfully established for a
new organism, getting the cells to grow in a reproducible way for quantitative single-cell
studies still can be difficult to achieve. This can only be accomplished by using defined
minimal medium, as a complex medium can slightly vary in composition and thus the
cells’ behaviour might be affected concerning morphology or growth rate up to a complete
growth arrest [80]. However, for quantitative measurements it is important that the cells
grow reproducibly to answer different research questions. Therefore, it must be investigated
whether these irregularities have a technical or a biological origin. In most cases, a variety
of parameters can affect the reproducibility of cellular growth. In the following, we present
some cases that show which reasons may underlie non-reproducible growth.

Example 1—increased lag phase of cells: In this series of experiments, Corynebacterium
glutamicum was cultivated under constant CGXII minimal medium [27,81] conditions at
30 °C in an open-box monolayer cultivation chamber (2D chamber) [82]. After cell loading
of our MSCC chip, we observed a distinct lag phase of all cells (see Figure 5). As a first step,
we examined the pre- and interculture and found that the growth phase of the main culture
was a crucial factor for the initial lag phase on-chip. An increased lag-phase in the MSCC
was observed when cells from the late exponential phase were applied for chip inoculation.
We found that in precultures of an optical density (ODgq) above 0.5 the PCA is depleted
from the medium and consequently the cells’ metabolism is changed [27]. To prevent
this, precultures were inoculated with an ODggy between 0.05 and 0.1 and applied for chip
loading when the ODg( reached values between 0.2 and 0.4. We inoculated the MSCC
device with an early exponential growth phase (ODg~0.3) which resulted in reproducible
growth of C. glutamicum cells with no observable lag-phase.

Figure 5. Microscopic images of C. glutamicum with an increased lag phase in the first three hours of cultivation (scale bar =5 pm).
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Example 2—stagnating growth of cells: To study the growth under optimal conditions,
we cultivated C. glutamicum in a 2D cultivation chamber system with constant perfusion of
CGXII minimal medium at 30 °C. The minimal medium CGXII consists of six components:
a base solution, CaCly, biotin, glucose, protocatechuic acid (PCA) and a trace elements
solution. During this MSCC experiment, we observed just a few cell divisions (see Figure 6),
mostly two to three divisions at the beginning of the experiment, until growth completely
stagnated. After excluding the microfluidic setup and its periphery as an error source,
we checked the pre- and interculture to see if there were any problems during the shake
flask cultivation that may affect the subsequent MSCC experiment. We found that the
3-(N-morpholino) propane sulfonic acid (MOPS) buffer in our CGXII medium was omitted
during shake flask cultivation, since buffering medium in MSCC is not as relevant as
in batch cultivations, due to the constant perfusion. As a result, there was a pH shift
because of the lack of buffering during pre-cultivation seed train. After preparing the
CGXII medium with MOPS buffer for shake flask cultivation, we unexpectedly still noticed
decreased growth and finally growth arrest during MSCC experiments. Thus, we switched
from the minimal medium CGXII to the complex medium BHI for MSCC and observed
an optimal growth rate (n ~ 0.9 h~1) [62]. Based on the obtained results, we concluded
that the decreased growth rate during the experiments was related to the minimal medium
CGXII and its components. Various media components such as the base solution and
glucose were systematically replaced with new stock solutions, but normal growth in
CGXII medium during MSCC was not restored. Subsequently two more components of
the applied medium were checked: the iron chelator PCA and the inserted biotin solution.
We tested different stock solutions and found that using a different iron chelator such as
citrate resulted in exponential growth for C. glutamicum in MSCC. Therefore, the cause of
our problem was a compromised PCA solution. A new PCA stock solution finally resulted
in regular growth on-chip (1 & 0.6 h~1) [82]. For a more detail explanation of the results of
this case study, the reader is referred to Griinberger et al. [22] and T&duber et al. [62].

Figure 6. Microscopic images of C. glutamicum with stagnating growth after three hours of cultivation (scale bar = 5 pum).

Example 3—prolonged division time of cells: For the analysis of single-cell events,
we cultivated C. glutamicum with constant CGXII medium supply at 30 °C in a 1D culti-
vation chamber design, modified mother machines, with a length of 20 um and a width
of 0.8 pm, which is open to the supply channel on both sides. Here, we observed an
increase in doubling time (see Figure 7) compared to cells which were cultivated in 2D
cultivation chamber systems. Typically, C. glutamicum divides in a V-shape, but under
spatial restrictions, the cells no longer form this V-shape and divide along their main axis.
The additional mechanical stress during division increased the doubling time. Similar
observations have been reported by Yang et al. [83] and Dusny et al. [84] when cells are
cultivated in agarose-pads. Therefore, we developed wider 1D cultivation chambers with a
width between 1.5 and 2 um, in which the cells finally can divide in their preferred V-shape
again. With the adapted cultivation chamber design, we observed V-shaped division of
our cells as well as optimal doubling times of tp = 70 min.
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Figure 7. Microscopic images of C. glutamicum showing a prolonged division time of the cells due to the mechanical stress
caused by the only 0.8 pm wide cultivation channels (scale bar = 5 pm).

Example 4—altered morphology of cells: In this set of experiments, we cultivated
C. glutamicum under constant CGXII medium supply, but with varying pH values at 30 °C
to investigate its pH stress response [82]. For each experiment, pH was adjusted to the
desired pH value between pH 6 and 8. During all of these experiments we observed altered
cellular morphology and non-uniform cell growth (see Figure 8), which was not expectable
based on previous experiments. First, we tested the individual medium components of the
CGXII medium to determine if they were the reason for the inconsistent growth behaviour,
but normal growth could not be restored. As we cultivated C. glutamicum in the CGXII
medium without pH adjustment, optimal growth was restored. Based on this result, we
suspected that the cause of the altered morphology and growth rates must be related
to the pH adjustment procedure. Therefore, we tested different approaches to exclude
impurities. We prepared medium and adjusted the pH using different pH meters to rule
out instrumental failure as a source of error but altered growth morphology remained
unchanged. Afterwards, the pipettes used to transfer the pH adjusting agent into the
medium were examined in more detail. Different pipettes were used: plastic single-use
pipette tips, plastic Pasteur pipettes and glass Pasteur pipettes. After adjusting the pH value
with plastic Pasteur pipettes and single-use tips, reduced growth and altered morphology
still were observed. However, utilizing glass Pasteur pipettes resulted in expected growth
and morphology. Thus, we suspect that leachable substances were released from the plastic
pipettes as well as single-use pipettes. Consequently, we decided to make future pH
adjustments with glass pipettes only. For a more detailed explanation of the results of this
case study, the reader is referred to Tauber et al. [82].

Figure 8. Microscopic images of C. glutamicum in which the morphology of the cells was already different at the beginning

of cultivation and had changed further in the course of cultivation (scale bar = 10 um).
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Example 5—no growth on-chip: In this experiment, we cultivated C. glutamicum with
BHI (complex) medium supply at 30 °C in perfusion to analyse the colony growth rate.
However, no growth was observed in the MSCC device (see Figure 9). To check whether
the origin of the absence of growth was medium related, we cultivated our cells in CGXII
minimal medium but were not able to detect any growth as well. Therefore, we assumed
that this problem had its origin in a technical step prior to the MSCC experiment. We
suspected the cleaning procedure of our PDMS chips and glass slides as critical step. We
usually clean both parts, PDMS chip and glass slide, with isopropanol, thus it could be
possible that isopropanol residues remained in the channel after cleaning, which will be
toxic to the cells and most likely affect the growth. Therefore, we adapted our cleaning
procedure in two different ways. First, we tried to wash the PDMS chip with ultrapure
water after cleaning it with isopropanol to remove potential isopropanol residues. Second,
we stored the PDMS chip overnight after cleaning with isopropanol before bonding the
PDMS chip and the glass slide, which allowed the isopropanol residue to evaporate
from the PDMS chip. With the new cleaning procedure, the cells grew optimally in
MSCC experiments, therefore, both methods turned out to be successful in removing
isopropanol residues.

Figure 9. Microscopic images of C. glutamicum where no growth is seen in the chip over the whole
cultivation time (scale bar =5 um).

Example 6—cell death: In this experiment, C. glutamicum DM1800 pSenLysTK [85]
was cultivated in CGXII medium at 30 °C under constant conditions in 2D cultivation
chambers. This strain on the one hand produces intracellular L-lysine, which, on the other
hand, triggers the production of a yellow fluorescent protein (YFP) under the control of the
lysine sensor pSenLys [85]. This YFP molecule can be examined by fluorescence microscopy
so that lysine production behaviour is quantifiable. During the MSCC experiments, we
observed a steadily decrease in the fluorescence signal over the cultivation time (see
Figure 10) as well as a decrease in growth resulting finally in cell death for most of the
analysed cells. We assumed that the decrease in fluorescence signal could be related to
photobleaching. In this process, the fluorophore can decay, releasing harmful products like
reactive oxygen species and hence lead to cell death [86]. Based on this assumption, we
investigated the fluorescence settings in more detail. We performed several cultivations
with different fluorescence settings for the excitation light intensity and exposure time and
found optimal parameters for our bacterial strain. The settings of the excitation intensities
highly depend on the sensitivity and stability of the fluorophore in use as well as the
sensitivity of the organisms. These parameters can be easily adjusted in live-cell imaging,
where photobleaching directly represents the response to the corresponding excitation
intensity. For our strain, an exposure time in the lower millisecond range and a low light
intensity of less than 10% of the maximum intensity proved to be optimal [87]. Using
the correct fluorescence settings, no impairments of the fluorescence signal or growth
was observed.
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Figure 10. Microscopic images of C. glutamicum DM1800 pSenLysTK in which cell death of cells occurs by photobleaching

at a fluorescence intensity of 100% and exposure time of 100 ms (scale bar = 20 pm).

To sum up, achieving reproducible growth during MSCC is a very challenging task, as
every single step, from microfluidic design over biological preparation to the microscope
settings has to be considered as a potential source of influence on cellular growth and
morphology. Based on our experience, the reason for altered growth often originates before
the experimental step of live-cell imaging and the MSCC. Neglecting the importance of a
proper seed train and properly stored chemicals or media already hampers the cultivation
before it even started. Likewise, careless chip cleaning or adjusting the medium’s pH value
with single-use plastic pipettes can show an effect which unfortunately is not noticeable
until growth rates are determined after MSCC. During the actual experiment, cellular
growth might be unexpectedly altered by spatial restriction or too intense light exposure.
Because of the variety of sources of error, troubleshooting must start again from the
beginning for each challenge that arises and does not follow a pre-set order, as it was the
case in Case study I, and workflows must be followed in detail.

4.3. Case Study I1I—Growing Cells without Carbon Source

Performing successful MSCC experiments include the execution of negative control ex-
periments, as for any study in microbiology and applied biotechnology. These experiments
are necessary to validate well-designed scientific experiments and findings. As described
before, quantitative growth studies rely on the use of minimal and defined medium al-
lowing to draw conclusive interpretation on the obtained MSCC data. After the selection
and design of the desired medium, one typical control experiment is the cultivation of
cells without the main carbon source. In the past, these experiments revealed significant
scientific surprises and led to the development of adjusted microfluidic cultivation media.
Here, we will demonstrate the importance on the example of C. glutamicum WT as well as
Escherichia coli MG1655 K12.

C. glutamicum MSCC experiments are typically performed with the well-established
CGXII minimal medium (see Case study II). Analysing microcolony growth with multiple
replicates repeatably resulted in growth rates around p ~ 0.15 h~'” when glucose was
omitted within the CGXII medium (negative control experiments). Thus, we concluded
that the microbial cells must gain their demanded carbon from a yet unknown source [27].
In successive steps, PDMS chips were washed with n-Pentane to remove any monomer
residuals that were in suspicion to be metabolised by the organism. In the next step, tubing
was exchanged to rule out leakage of carbon-based material into the experimental setup.
After exclusion of these factors, we were convinced that the residual growth must be based
on a carbon source that had to be part of the medium composition. After a careful review
of the CGXII compounds, only MOPS as a buffer compound and PCA as iron chelator
have been identified as compounds that contain carbon elements. Since pH conditions are
constant in perfusion cultivations, MOPS was omitted from the cultivation medium. The
experiments still revealed a remaining growth rate of approximately p ~ 0.15h~! and thus
we could conclude that MOPS was not responsible for residual growth. Removing the iron
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chelator PCA from the cultivation medium finally resulted in zero growth [27]. However,
simply removing the iron chelator for further limitation studies to analyse carbon source
limitation was not a solution, since its primary function cannot be compensated by other
medium ingredients. On the first instance, negative control experiments were successful.
Unfortunately, C. glutamicum was not able to grow on a main carbon source (here glucose)
when PCA was omitted due to its function as iron chelator. After repetitive experimental
trial and error, we identified citrate as an alternative iron chelator, that was not metabolised
as carbon source at CGXII medium composition at the given environmental conditions
(unpublished data).

In a similar study, E. coli cells were cultivated under limiting condition in M9 medium [88].
Here, cellular growth was determined at different carbon source concentrations ranging
from pM to mM. Under limiting conditions, decreased growth rates up to the point of zero
growth were expected. Again, at limiting concentrations and without any carbon source,
significant cellular growth was detectable (unpublished data). Biased from our previous ex-
perience with C. glutamicum, our first approach was to check whether the applied minimal
medium exhibits any potential secondary carbon sources like the iron chelator ethylenedi-
aminetetraacetic acid (EDTA). Any experiments altering the iron chelator molecule and its
concentration resulted in residual growth at zero and limiting carbon conditions, thus we
concluded that not the medium compounds per se lead to the remaining growth within
MSCC. In the next step, we logically checked all base chemicals for manufacturer related
contaminants that could be metabolised by the cells. Here, no notable elements have
been found. Next, we examined the containers and bottles in which the various stock
solutions were prepared and stored. The preparation of new stock solutions resulted in the
expected non-growth at low carbon conditions. In the following, we separated workflows
in cleaning procedures and the preparation of stock solution and medium preparation of
medium containing no or only small amounts of carbon source. As a result, quantitative
reproducible experiments at low carbon concentrations were obtained.

Using growth medium with its standard component concentrations for MSCC of
just a few cells always results in excessive supply of nutrients. Therefore, even reducing
e.g., carbon source inside the medium drastically will still allow full-speed growth of
the loaded cells, although cells cultivated in bigger scales might reach carbon limitations
already after a few hours of cultivation. Operating MSCC in perfusion mode makes
it even more difficult to achieve real limiting conditions. As we had to find out, even
medium components like PCA, that are not sufficient to promote steady growth in shake
flasks or bioreactors because of their low concentration, enable constant growth in a MSCC.
Likewise, minimal contaminations of the applied bottles during medium preparation might
result in decreased but still detectable growth. Thus, not only the choice of medium is
crucial but also its preparation for MSCC has to be even more careful than for conventional
cultivation approaches.

5. Conclusions

All in all, performing successful and quantitative MC experiments relies on a proper
design selection, preculture and careful choice of the cultivation medium. Likewise, the
subsequent handling of the experimental periphery, loading of the MC device with cells,
and the live-cell imaging process have to be executed with reasonable care. Cultivation in
microscale can be seen as magnifying glasses: Important details regarding different growth
characteristics can be identified, at the same time overlaying effects, that are typically not
detectable in bulk scale, cannot be ignored or can have a significant influence on every
microfluidic experiment, as shown on selected examples for MSCC.

Although there are only few commercially available setups, more and more easy to
use custom made MC devices are being developed to enable application without excessive
microfluidic training. However, when these tools are applied by untrained end-users,
multiple challenges may occur during MC along the overall workflow from chip fabrication
to final on-chip cultivation, making experiments and interpretation unfeasible. Several
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approaches to solve these problems are obvious, while more inconclusive challenges might
have their origin in multiple steps so that troubleshooting becomes hardly performable
for beginners. Here, for the first time, a generalised guideline is provided to troubleshoot
the most common challenges for setting up a successful MC experiment. As every single
step in MC can be topic of its own review article, the most important procedures and
critical factors of the entire workflow have been succinctly summarised here. Subsequently,
the reader is provided with a compendium of possible causes for the most prominent
challenges with respective solution statements in form of a checklist. With the additional
case studies, examining the problems of establishing MSCC for a new organism, performing
reproducible MSCC experiments, and preforming negative-control experiments, examples
of how the provided lists can be applied for troubleshooting are given.

We are convinced that our guideline will prove exquisitely handy for every untrained
user of MC devices. This may help to broaden the field of application for microfluidic
analysis and cultivation and thereby increase its prominence aside from already established
MC applications.
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Appendix A

Fabrication Errors

A
Particles and hairs on the chip structures

particle |
in the

chamber:

Figure A1. Cont.
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No cultivation structures/chambers visible

B

Chip/structures undermined by flow

o
chamber

PDMS area‘ chip undermined by fluid
undermined

Figure A1. Example images of the fabrication errors (see Table 1). Microscope images of (A) Particles
and hairs on the chip structures. (B) No cultivation structures/chambers visible. (C) Chip/structures
undermined by fluid.

Inefficient Chip Loading

Too many cells enter chamber during loading

too many cells
inside
the chamber

Figure A2. Example images of inefficient chip loading (see Table 3). Microscope images of too many
cells enter chamber during loading.
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Leaking Periphery

Inlet/outlet is ripped

Figure A3. Example images of leaking periphery (see Table 4). Microscope image of Inlet/outlet
is ripped.

Air Bubbles during Cultivation

Air bubbles inside the chip

‘ air inside
the inlet

B Air bubble remains in cultivation chamber

airinside
the chamber

Figure A4. Example images of air bubbles during cultivation (see Table 5). Microscope images of
(A) Air bubbles inside the chip and (B) air bubble remains in cultivation chamber.
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Compromised Flow

A

Reduced flow and shifted flow profile - Inlet position

Figure A5. Example images of compromised flow (see Table 6). Microscope images of (A) reduced flow and shifted flow
profile based on different inlet positions and (B) crystals that could block the channel and lead to a reduced flow and shifted
flow profile.

Undesired Growth Locations

A
Cells grow inside/behind the inlet

cells inside
the inlet

* v cells‘behind
theinlet

Figure A6. Cont.
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B
Cells grow inside/behind the inlet - Dead end channels at your inlet and outlet
dead end
inlet/outlet
inlet/outlet
structure ; inlet/outlet
structure
Cc

cells inside
the channels

Figure A6. Example images of undesired growth locations (see Table 8). Microscope images of (A) cells grow inside/behind
the inlet, (B) in different inlet structures and (C) cells grow inside the supply channels.

Blurry Images

Gradients inside the image

20 um

Figure A7. Example images of blurry images (see Table 10). Microscope image of gradients inside
the image.
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Focus Problems

A
No steady focussing possible

air bubble air bubble
in oil in ol

B
Shift in focus during cultivation

Figure A8. Example images of focus problems (see Table 11). Microscope images of (A) no steady focussing possible based
on a bubble in the immersion oil and (B) shift in focus during cultivation.
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