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1. Introduction

1.1. Microfluidic Single-Cell Cultivation (MSCC)

In recent years, novel microfluidic methods for the cultivation 
and investigation of cellular behavior on single-cell level have 
emerged (Figure 1A). Microfluidic systems have several advan-
tages for example high surface to volume ratios and small culti-
vation volumes (nl–pl volumes), which allow fast heat and mass 
transfer and thus precise environmental control.[1] In micro-
fluidic devices, cells and small cell colonies can be trapped in 
cultivation habitats[1] by different physical principles.[2] Besides 
contactless trapping such as laser trapping and negative 

Microfluidic single-cell cultivation (MSCC) is an emerging field within funda-
mental as well as applied biology. During the last years, most MSCCs were 
performed at constant environmental conditions. Recently, MSCC at oscil-
lating and dynamic environmental conditions has started to gain significant 
interest in the research community for the investigation of cellular behavior. 
Herein, an overview of this topic is given and microfluidic concepts that 
enable oscillating and dynamic control of environmental conditions with a 
focus on medium conditions are discussed, and their application in single-cell 
research for the cultivation of both mammalian and microbial cell systems is 
demonstrated. Furthermore, perspectives for performing MSCC at complex 
dynamic environmental profiles of single parameters and multiparameters 
(e.g., pH and O2) in amplitude and time are discussed. The technical pro-
gress in this field provides completely new experimental approaches and lays 
the foundation for systematic analysis of cellular metabolism at fluctuating 
environments.

dielectrophoresis (nDEP),[3] contact trap-
ping based on hydrodynamic barrier 
structures in PDMS–glass devices is most 
widely applied.[2] Here, cells are randomly 
trapped in cultivation areas and cell growth 
is restricted by the barrier structures. The 
cultivation chambers on such microfluidic 
cultivation systems can be classified in 3D, 
2D, 1D, and 0D systems (Figure  1B).[1] 
These microfluidic systems differ greatly 
in the spatial degree of freedom for cell 
growth and size of the growing micro-
colony. In 3D MSCCs, cells overlap with 
each other and are not in one focal plane, 
so that single-cell growth and physiology 
cannot be analyzed with full spatio-tem-
poral resolution,[1] thus the application of 
these systems for dynamic single-cell anal-
ysis with full spatio-temporal resolution is 
not possible.[1] 2D MSCCs allow to cultivate 

small microcolonies with up to 1000 cells[4,5] and cell growth is 
restricted to a monolayer. These MSCCs are easy to handle and 
allow to monitor cellular behavior such as growth, cell division 
and morphology. Typical dimensions for 2D chambers for micro-
bial cells are 60 µm × 50 µm,[6] whereas for cell cultures typical 
chamber dimensions are 250 µm × 500 µm.[7] 1D and 0D sys-
tems typically hold up to ten cells per trap[8,9] or even completely 
isolated single cells.[10,11] Here, cells are growing in one line that 
allows a reliable long-time cultivation of cells. In comparison to 
2D designs, the cell loading process is difficult. Typical dimen-
sion of 1D chambers are length of 10–20 µm and width between 
0.6 and 1.0 µm for microbial cells.[12] 0D MSCC systems allow 
cellular analysis of complete isolated single cells, but fabrication, 
cell tapping and long-term cultivation is still difficult and thus 
these systems are not yet regularly applied for microbial cells.[10] 
Continuous supply of culture medium and removal of products 
and by-products provided by perfusion allow for constant envi-
ronmental conditions over long cultivation times (Figure  1C). 
The combination of microfluidic systems with live-cell imaging 
enables dynamic cell analysis in high spatio-temporal resolution 
(Figure 1D). Currently, such systems are frequently applied for 
investigating cell-to-cell heterogeneity,[13] aging and death,[8,13–15] 
growth,[8,16–18] cell cycle,[19] gene expression,[20–23] and various 
other metabolic processes.[24,25]

This review addresses MSCC under dynamically controlled 
environments (DCE). First, we provide a short overview 
regarding DCE and their nomenclature. We discuss different 
microfluidic concepts for the cultivation of both mammalian 
and microbial cell and how the choice of the cultivation chamber 
affects the ability to perform MSCC under DCE. Further, we 
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show first applications in applied biology. This review focuses 
on chemical environmental factors (e.g., nutrient conditions) 
in DCE. DCE within physical and biophysical environments 
(e.g., shear stress, pressure, temperature, etc.) is not addressed 
in detail. Finally, we present a perspective in technical and bio-
logical challenges on the implementation of complex and fluc-
tuating environmental profiles.

1.2. Mimicking Environmental Conditions: Overview

Environmental conditions in natural habitats of bacteria are gen-
erally not constant but vary in concentration over the time.[26,27] 
In their natural habitat (e.g., soil and ocean) and artificial habi-
tats (e.g., bioreactors) microbial cells are exposed to changing 
environmental stimuli. These can be classified in physical, 
chemical and biological stimuli (Figure 2A). Changes in a broad 
range of time scales influence the cellular physiology. Physical 
parameters can include changes in temperature and pres-
sure.[28] Chemical and biological stimuli are governed through 
the availability of different nutrients, detrimental substances or 
molecules for cellular communication.[29] Based on the environ-
mental input, cells regulate their gene networks dynamically and 
adjust parameters such as growth, metabolism, aging and death, 
evolution, cell cycle, etc. (Figure 2B).[30–33] Historically, cells are 
isolated from natural habitats and grown in lab-scale devices to 
characterize their physiology.[34] Typically, cells are cultivated in 
shake flasks and bioreactors, to keep environmental conditions 
as constant as possible.[35] However, even in these devices, con-
sumption of nutrients and gradients through mixing[26] and the 
cell metabolism itself[36] lead to inhomogeneous environmental 
conditions and thus the analysis of cellular response to defined 
environmental conditions is difficult. Especially for the investi-
gation of reason and origin of cellular heterogeneity, traditional 
methods have their limitations, since most of the assays rely on 
averaging cellular output measurements[37] and the inability for 
cultivations at defined environmental conditions.

The perfusion of media during conventional MSCC leads to 
continuous medium supply and the removal of products and 
by-products and thus constant environment conditions over 
the cultivation time (Figure  2C). In their natural habitat cells 
are exposed to randomly changing environmental conditions 
with changes of frequency and amplitude of environmental 
parameters (Figure  2E).[38] This includes gradients in nutri-
ents,[39] temperature,[40] pressure,[41] pH value,[42] and oxygen 
level.[43] Even in simulated natural habitats such as laboratory 
bioreactors, cells are exposed to short-term environmental fluc-
tuations.[26,44] Here, the fluctuations can be smaller in ampli-
tude but can be faster in frequency.[45] To analyze the influence 
of environmental fluctuation in laboratory scale as well as nat-
ural habitats novel microfluidic systems must be developed to 
mimic fluctuating environmental conditions (Figure 2D).[46]

In literature, the term fluctuating environmental conditions 
is currently not well defined. Alternatively, dynamically control-
lable conditions,[47] dynamically changing environment,[48] and 
environmental fluctuations[49] are synonymously used. The cor-
responding systems have in common that they allow to apply 
specific environmental/stimulant profiles to cells that are dif-
ficult to perform with conventional MSCC devices. For better 

readability, the term dynamically controlled environments 
(DCE) is used within this review.

Ideally, MSCC devices should provide the possibility to create 
DCE with different profiles. We propose to differentiate between 
five different categories on how DCE can be created in microflu-
idic devices (Figure  2F). In the first category, during the micro-
fluidic experiments, medium can be switched once in a step 
function or a pulse function and no systematic modulation is 
performed (Figure 2F1). Moreover, an environmental profile can 
be established with the same amplitude and width, only the fre-
quency between the pulses (f1 and f2) is varied (pulse frequency 

Sarah Täuber is a Ph.D. 
student at the Bielefeld 
University. She received 
her master’s degree in 
biophysics in 2018, during 
which she studied whole 
cell biocatalytic analysis 
and DNA electrophoresis. 
She received her bachelor’s 
degree in physics in 2016 
with a minor in biophysics. 
Her research focuses on the 

intersection of microfluidic single-cell cultivation and 
bioprocess.

Eric von Lieres studied math-
ematics and engineering. Since 
2004 he is working at Research 
Center Jülich with major focuses 
on chromatography modeling 
and bioprocess optimization, 
ranging from microfluidic sys-
tems to benchtop and produc-
tion scale devices. Since 2009 
he is heading the modeling and 
simulation department at the 
biotechnology institute in Jülich.

Alexander Grünberger 
received his Dipl.-Ing. 
(2010) from KIT and Ph.D. 
(2014) from RWTH Aachen 
University in Germany. He 
underwent his postdoctoral 
training under the supervision 
of Prof. Wolfgang Wiechert 
at the Research Center Jülich 
in Germany. He is currently 
a Junior Professor in bio-
technology and bioprocess 

engineering at Bielefeld University. His research focuses 
on microfluidic single-cell cultivation for application in 
microbiology and applied biotechnology. His lab focuses 
on the development and integration of novel microfluidic 
methods into biotechnological workflows and the applica-
tion of these systems for bioprocess development.

Small 2020, 16, 1906670



www.advancedsciencenews.com www.small-journal.com

1906670  (3 of 15) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

modulation (PFM)) (Figure  2F2). In the third category, the 
environment can be switched in a different temporal manner 
(w1 and w2) so that the pulses have different temporal resolu-
tions (here the frequency and amplitude are constant) (pulse 
width modulation (PWM)) (Figure  2F3). Furthermore, the envi-
ronmental profile can be modulated with different amplitudes, 
whereas the frequency and width of the pulses are kept constant 
(a1 and a2) (pulse amplitude modulation (PAM)) (Figure  2F4). 
Finally, cells can be exposed to different environments in a varying 
temporal manner so that the amplitude, frequency and width of 
the concentration varies over time in a different manner. Here, a 
combination of PWM, PFM, and PAM is used (Figure 2F5).

2. Microfluidic Setups for Dynamically Controlled 
Environments (DCE)

The realization of DCE in a microfluidic device can be divided 
into different types of technical peripheries (Figure  3) and 
the cultivation chamber (see Section  2.2). The technical 

periphery can be implemented either by hydrostatic pressure[50] 
(Figure 3A), pressure pumps[51] (Figure 3B), pneumatic micro-
valves on a chip[52] (Figure  3C) or an external electric valve[53] 
(Figure  3D). Here, we shortly compare different concepts for 
the implementation of the mechanism's periphery based on the 
physical principle and their setup. For static differences within 
environments created by microfluidic gradient generators the 
reader is referred to recent reviews summarizing the field of 
microfluidic gradient generators.[54,55] Afterward, the cultivation 
chamber is introduced in context of a rapid DCE and an over-
view of the different combination of technical periphery and 
cultivation chambers is shortly discussed.

2.1. Technical Periphery

2.1.1. Hydrostatic Pressure: External

The simplest realization of DCE can be done by hydro-
static pressure (Figure  3A, Setup).[50,56] For the experimental 
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Figure 1.  Overview of a microfluidic single-cell cultivation (MSCC) chip system. A) MSCC chip, containing several cultivation arrays with monolayer 
cultivation chambers. B) Different cultivation chamber geometries (2D to 0D) with their advantages and disadvantages and C) fluid flow schematic of 
these chambers. D) Live-cell imaging of typical microbial cell colony cultivated at constant environmental conditions.
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Figure 2.  Overview of environmental factors and DCE mechanisms at single-cell level. A) The natural and technical habitat influence the environment change 
in physical components such as pressure, chemical stimuli like gas, and biochemical stimuli that B) influence cellular physiology for example growth, meta
bolism, aging, death, etc. C) In MSCC, cell cultivations can be performed at constant concentration so that the cells can grow under optimum conditions. 
D) In the simulated habitat the concentration in the environment varies in a fixed (defined) time frame over the cultivation time (dynamic environment). 
E) In natural habitats, environmental concentrations can typically change randomly over the time. F) Different DCEs: 1) step and pulse functions, 2) pulse 
frequency modulation (PFM), 3) pulse width modulation (PWM), 4) pulse amplitude modulation (PAM), and 5) combination of previous modulations.
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implementation two syringe drivers are used with different 
media or different concentrations of the same medium. A com-
puter-controlled stepper motor can control the input transfers of 
different environments by varying the height between the two 
syringes or the syringes are controlled electrically (Figure  3A, 
Principle). Hydrostatic pressure differences are generated by 
the relative difference between the syringes and the surface of 
the fluids. Therefore, this system offers an on/off regulation 
for the control of the inflow in the microfluidic chip.[56] This 
setup is simple and easy to handle (Figure 3A, Specifications). 
The limitation of the setup is that only low-frequency modu-
lations in the range of minutes can be created. This restricts 
the application to step functions and PAM and PWM with low 
resolution.

2.1.2. Pressure Pump: External

A similar method for the DCE offer syringe driver pumps 
and pressure pumps to modulate environmental conditions 
(Figure 3B, Setup). Here, a microfluidic chip system with sev-
eral inlets is necessary so that the different concentrations are 
mixed on chip or a device where the multiple environment 

channels lead into one inlet over a T-fitting (Figure  3B, Prin-
ciple).[57] This method requires advanced periphery in form of 
a precise pressure driven pumping system. Nevertheless, fab-
rication, handling, and implementation are still quite simple 
and comparable to the hydrostatic pressure method (Figure 3B, 
Specifications).[58] In comparison to the hydrostatic pressure 
method, achievable frequency of the environmental modulation 
in a lower minute up to second range is possible.

2.1.3. Pneumatic Valve on a Chip

Pneumatic microvalves, also called “Quake valves” were devel-
oped by Stephen Quake in 2000.[59] They use the effect of the 
deformation of polydimethylsiloxane (PDMS) to control the 
flow so that a change can develop actively and passively.[59,60] 
Microfluidic valves on a chip can be opened and closed through 
the variation of the flow rate of liquid or air (Figure 3C, Setup). 
The continuous regulation of the valve can be controlled with 
the manipulation of airflow, here pressure on chip, so that the 
external pressure is constant.[61]

Pneumatic microvalves are fabricated using multilayer soft 
lithography in a microfabrication step with a soft polymer, at 
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Figure 3.  Methods for the generation of DCE at single-cell level in microfluidic chips. DCE modulation conducted with A) hydrostatic pressure method 
using syringe driver with motorized stage for DCE in higher minute up to hour change, B) external pressure pump in front of the microfluidic chip for 
rapid change between environmental conditions, C) pneumatic valves on chip used for rapid changes of environmental conditions, and D) external 
electric valve in front of microfluidic chip for a fast DCE change.
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least two polymer layers are required for the microvalve. One 
layer contains the microfluidic channel for the liquid flow. 
The other one is the control layer which deflects this part 
into the microfluidic channel and stops the flow (Figure 3C, 
Principle).[62] In comparison to the hydrostatic pressure 
approach, high frequency oscillations of the environment 
can be obtained (Figure  3C, Specifications). The switching 
between different environmental conditions takes only a few 
milliseconds so that oscillations can be created in a range 
of milliseconds.[63] The fabrication of the microfluidic chip 
and implementation as well as the handling is very time con-
suming. A few research groups utilize syringe drivers for the 
manipulation of airflow of the valves. As a result, pressure 
fluctuations in flow occurs and the regulation of the syringe 
pumps is slower in comparison to pressure pumps.[64] All in 
all, pneumatic valves allow a high resolution in frequency 
of DCE and amplitude of DCE in a range of seconds and 
milliseconds.[65]

2.1.4. External Electric Valve

An alternative method for the implementation of DCE offer 
external electric valves (Figure  3D, Setup). These valves are 
computer-controlled and are installed in front of the inlets of 
the microfluidic channel so that a T-type setup is used to com-
bine the different environment reservoirs and the channel inlet 
(Figure 3D, Principle). The switching time of the external elec-
tric valve between two different states takes only a few millisec-
onds.[66,67] The change of the environment inside the channel is 
not instantaneously with switching of the valve because of the 
dead volume of the connecting tube between the valve and the 
microfluidic device.[53,68] It is important to choose a tube with 
a low cross-section area and a short length of a few centim-
eter so that the dead volume in the tube can be changed fast. 
Depending on the flow rate for example 1  µL  s−1, a temporal 
resolution of around 10 s can be experimentally realized with a 
microfluidic channel with a height of ≈100 µm and a volume of 
≈0.6 µL cm−1.[67,68] The DCE can oscillate in a range of seconds 
so that different feed streams can be feed in short time-scales. 
The handling of this method is also simple and easier to imple-
ment than pneumatic valves (Figure  3D, Specifications). In 
summary, this method is simple to handle and a high resolu-
tion in frequency and amplitude of DCE in a range of seconds 
is possible.[68]

Additionally, studies are reported, where DCE, mainly step 
profiles, were performed manually.[24,69,70] Here, the oper-
ator/experimenter replaces the inlet channel or tubing by an 
alternative inlet filled with different medium connected to 
syringe pump systems. This method is often used when single 
medium changes are performed. Applications range from 
changes in carbon sources[71,72] to studies with potential effec-
tors such as antibiotics.[72–74] Although this method is quite 
simple in handling, the implementation of oscillating condi-
tions and defined pulses is hardly possible. Furthermore, the 
manual interruption of live-cell experiments bears the risk 
to disturb experimental conditions for example through air, 
contaminations, etc. Therefore, this method is not further dis-
cussed within this review.

2.2. Cultivation Chamber

Whereas the technical periphery (see the last section) plays an 
important role in the realization of DCE within MSCC, the cul-
tivation chamber is the most important factor when cells shall 
be cultivated under rapidly changing DCE.

For 2D chambers (Figure  1B) nutrient availability can be 
deteriorated, and exchange of the complete chamber volume 
ranges between 10 s and minutes (Figure  4A). This depends 
on chamber geometry and size, type of supply (convection and 
diffusion), and the number of nutrient inlets[4,75,76] because 
the nutrient exchange in the cultivation chamber occurs only 
via diffusion. The exchange of nutrients within the chamber is 
the limiting factor for high-frequency DCE applications. In con-
trast, Wang et al. have demonstrated that the complete volume 
change in a 1D structure per diffusion is in the lower seconds 
range (≈1 s).[8] 0D structures have the fastest volume exchange 
because medium exchange occurs mainly through convec-
tion. The complete volume exchange requires about 100 ms 
depending on the geometry of the trap and flow rate of the sur-
rounding media flow.[62]

The “quality” of reproduction of a defined environmental 
profile generally depends on the cultivation chamber design 
which is important for a high precision of the DCE. Ho et al.[76] 
have investigated this in detail by advanced computational fluid 
dynamics (CFD) modeling studies. In a first step, they investi-
gated which cultivation chamber design can be used to create 
DCE at second and subsecond resolution. They analyze if typical 
lifelines of cell metabolism observed in large-scale bioreactors 
can be analyze on single-cell level.[44] As shown in Figure 4B, a 
typical concentration profile features three concentration peaks 
with increasing width and amplitude. Ho et al. found that 1D 
systems are able to accurately reproduced this entire signal. 
Both nDEP and 2D systems completely miss the first peak and 
can by far not reproduce the amplitude of the second peak (44%  
for nDEP and 17% for 2D). In a next step Ho et  al.[76] syste
matically investigate features of which frequency in DCE profiles 
can be produced at the cell surface on the microfluidic chip and 
cultivation chamber designs. Therefore, they use sinus signals 
with different frequencies. The resulting bode plot (Figure 4C) 
reveals frequency ranges for which environmental changes can 
be precisely reproduced so that for a high reproduction of life-
lines an amplitude signal loss of maximum 5% is requisite. 
In 2D cultivation chambers (here chambers have one nutrient 
supply channel) the amplitude signal with a period of 200 s is 
damped less by 5%. In comparison, DCE in 1D cultivation sys-
tems such as the mother machine[8] can reproduce an ampli-
tude signal with a period of 5 s with an amplitude loss of less 
than 5%. Despite the significant advantage in mass transfer, 1D 
cultivation systems have to be chosen carefully. Recently, it was 
shown by Yang et al.[12] that design and geometry of the cultiva-
tion channel can impact growth of microbial cells significantly.

The choice of the technical periphery and cultivation 
chamber conform of the depending requirements. It is impor-
tant that the change of the environmental conditions is signifi-
cantly lower than biological relevant timescales. For DCE with 
frequencies in lower minutes and second ranges the choice of 
the cultivation chamber is important, since medium change 
from main and nutrient channels to cultivation chambers are 

Small 2020, 16, 1906670
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often restricted by diffusion.[75] If a step function is of interest 
all combinations of chamber designs and technical periphery 
can be used. Similarly, if DCE with times in hours is the aim all 
combinations of technical periphery and cultivation chamber 
designs are possible. In these cases, the diffusion driven mass 
transport within the cultivation chambers has a temporal 
delay over a few seconds but can be neglected. For DCE with 
changes in minutes up to seconds the choice of the technical 
periphery and cultivation chamber is crucial. Here, microfluidic 
cultivation chambers with short volume exchange times must 
be chosen such as 1D systems like the mother machines and 
0D like traps. 2D cultivation chambers as well as 1D chambers 
can be chosen if an oscillation in a minute range is the aim. 
For the technical periphery, pressure pumps can be used for 
rapid DCE because of the fast switching times (≈milliseconds) 
between different concentrations of the pumps in combination 
with 1D and 0D cultivation chambers. Pneumatic valves on a 
chip and external electric valves have in combination with 1D 
or 0D chambers the advantage that an environmental change in 
a range of seconds is possible.

3. Applications

Several dynamic single-cell cultivation proof-of-concept studies 
were performed in the last years. They differ in the cultivation 
chamber, technical periphery, modulation methods, applied 
environmental profile and the application. Examples are chosen 
to demonstrate both, technical feasibility as well as novelty in 

the application to perform cellular experiments that are not 
possible or difficult to perform with conventional technolo-
gies such as shaking flasks or lab-scale bioreactors. In shaking 
flasks and bioreactors only average measurements are possible 
to determine, not single-cell values. Figures 5 and 6 present an 
overview of these studies, which is discussed in the next section 
in more detail.

3.1. Hydrostatic Pressure: External

Fracassi et  al.[50] used a microfluidic device with a motorized 
syringe driver which had an automatic control in real time for 
analyses of gene expression of tetracycline inducible promotor 
in CHO tetO7-YFP cells (Figure 7A, Setup). The DCE between 
tetracycline-rich and standard growth medium were generated 
by PWM/PFM in 15–1000 min intervals (Figure  7A, Environ-
mental profile). The microfluidic device consists of several 
2D cultivation chambers that contain small CHO colonies in 
a monolayer. They showed that the cells expressed an average 
value of 50% of d2EYFP after 3500 min (Figure 7A, Representa-
tive results).

The same research group modified the setup so that the 
motorized stage of the syringe could regulate the desired con-
centration, 0%, 50%, and 100%, in a pulse range from 15 to 
100 min. This way, they also investigated the gene expression 
of tetracycline inducible promotor of CHO and could demon-
strated a set-point regulation of gene expression in a proof of 
concept study.[56,77]

Small 2020, 16, 1906670

Figure 4.  DCE in microfluidic cultivation chambers. A) Simulation of glucose change in 2D cultivation chamber. After 6 s glucose concentration 
equilibrium is reproduced in chamber. Reproduced with permission.[4] Copyright 2019, Wiley-VCH. B) Reproduction of environmental profile with dif-
ferent cultivation chamber designs.[76] C) Bode diagram compares responses for three chamber designs.[76]
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Fiore et  al.[78] used hydrodynamic pressure for the control 
of the GAL1 promoter in Saccharomyces cerevisiae. The regula-
tion of DCE between galactose and glucose was adjusted over a 
negative feedback loop with different controllers so that pulses 

were generated by PWM/PFM in 15–500 min intervals. In the 
same research group, Menolascina et al.,[79] used a similar setup 
with an on/off actuation for the induction of GAL1 promotor 
in S. cerevisiae. The DCE between galactose and glucose were 
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Figure 5.  DCE studies with hydrostatic pressure and pressure pumps.
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generated by PWM/PFM in 8–350 min intervals. They revealed 
a control mechanism of the expression of a protein in a yeast 
cell population.

A similar concept used Luke et al.[80] for the fluid flow with 
a dial a wave system (DAW) which allows a temporal control 
of medium and generated a combination of the two inputs 
defined by the user. They analyzed the effect of limiting 

nitrogen concentrations onto cell proliferation and chlorophyll 
autofluorescence of the microalgae Chlorella sorokiniana. DCE 
with and without nitrogen were generated by PFM/PWM in 
50 min to 5 h interval.

Kaiser et al.[47] utilized the hydrostatic pressure with the DAW 
system for a dual-input mother machine chip for the induc-
tion of lac operon in Escherichia coli cells. The DCE between 

Small 2020, 16, 1906670

Figure 7.  Applications for hydrostatic pressure and pressure pumps for the modulation of DCE at single-cell level. A) Application of Fracassi et al.[50] 
illustrates practical implementation of syringe driver with motorized stage. Environmental profile shows DCE in 15–1000 min time range of tetracycline 
pulses. The representative result show DCE of tetracycline impact on cell growth of CHO. Reproduced with permission.[50,56] Copyright 2019, American 
Chemical Society. B) Application from Atencia et al.[51] illustrates microfluidic chip design with two inlets and pressure pump for DCE between 3 and 
12 h. The representative result illustrates dynamic toxicity of Vero cells by cycloheximide pulses. Reproduced with permission.[51] Copyright 2019, Royal 
Society of Chemistry.
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glucose and lactose containing media were generated every 4 h 
by PFM. They could show that cells expressed lacZ-GFP from 
the lac promotor by switching the carbon source from glucose 
to lactose. Crane et  al.[81] used programmable syringe pumps 
for the gene regulation in S. cerevisiae, upon DCE between dif-
ferent glucose concentrations. Here, a microfluidic system 
called ALCATRAS (a long-term culturing and trapping system) 
was used with 6 h pulses of high glucose (2% glucose) and 2 h 
pulses of low glucose concentration (0.1% glucose) medium by 
PWM/PFM. They could show that yeast upon glucose limita-
tion shows a reduction of nuclear Msn2p-GFP.[81]

3.2. Pressure Pumps: External

Atencia et al.[51] used a multilayer gradient generator with pres-
sure pumps for the analysis of cycloheximide (CHX) gradients 
in Vero cells (Figure 7B). They created three pulsing cycles of 
a total time scale of 43 h by PFM/PWM. The shortest pulses 
of CHX were 3 h. The microfluidic device had two inlets, one 
for the cell media and one for CHX. The concentration of CHX 
was varied within the cultivation area by a change of the inlet 
pressure (Figure 7B, Setup). They could show that CHX had a 
toxic effect on Vero cells. CHX in different concentration were 
exposed to the cells during cultivation (Figure 7B, Representa-
tive result).

The CellASIC system (Merck KGaA, Darmstadt, Germany) 
is a commercially available pressure-driven single-cell culti-
vation systems that allows to switch between five different 
input conditions with different inlets for each input. Bermejo 
et  al.[82] applied the CellASIC systems for the investigation of 
S.  cerevisiae with a reversible change of cytosolic free glucose. 
They applied glucose pulses with increasing concentration with 
a regular interval of 4 and 10 min wash process with an MES 
buffer by PFM/PWM. The increasing concentrations were 2, 5, 
10, and 100  × 10–3 m glucose. They could show the reversible 
changes of cytosolic free glucose in individual cells.

Rojas et al.[58] also used the CellASIC system for the analysis 
of hyperosmotic shock in E. coli with a DCE of LB medium and 
LB medium with sorbitol by PFM with 90 s intervals.

In an alternative approach Bennett et  al.[48] used a fluidic 
waveform generator for the gene expression of GAL1-yECFP 
fusion gene in S. cerevisiae which are cultivated in a monolayer 
(2D chambers). The fluidic waveform generator can switch and 
mix the medium inputs, similar to a pressure driven pump. 
The DCE between glucose and galactose were generated by 
PWM in 0.75–4.5 h intervals.

Park et al.[57] used syringe pumps for the regulation of time 
pulses of 1 hour to analyze sigma factor activity for RNA poly-
merase of Bacillus subtilis in mother machines (1D chambers). 
Using a switch from SMM medium to SMM medium with 
IPTG, they could show that alternative sigma factors activate 
the core RNA polymerase dynamically.

3.3. Pneumatic Valves on a Chip

Kim et al.[52] used pneumatic valves on the chip with a resolu-
tion of the oscillation periods between 57 and 360 s (Figure 8A, 

Setup). Therefore, the device was generated in three layers. The 
fluid layer and also the microfluidic channel were composed of 
the top and bottom layer. The layer between, the middle layer, 
is a membrane layer with a thickness of 20 µm. In this setup 
two valves were used, one with the fluorescence dye and the 
other one with a clear solution. As a model system C2C12 cells 
were utilized in the channel for cell staining and were stained 
with a fluorescence dye which was cell permeable through 
the membrane with a high affinity to nucleic acids so that the 
fluorescence dye bonded there, and the fluorescence intensity 
increased. By opening the first valve the fluorescence intensity 
in the cell nucleus increased to a constant value over a time 
period of 25 s. After this the second valve was opened and valve 
one was closed. Upon medium change, the fluorescence inten-
sity decreased in this phase because of photobleaching or dye 
dissociation. In consequence of this “open and close process” a 
periodically feeding of the fluorescence dye was possible with a 
total oscillation period of 57 s for both states with a flow rate of 
4 µL min−1 (Figure 8A, Representative results). Kim et al. could 
show the induction of periodic cell staining in C2C12 cells with 
a DCE between 1  × 10–3 m fluorescence dye in TE buffer and 
DMEM medium by PFM/PWM.[52]

Wheeler and co-workers[62] also used multilayer microflu-
idic chips with integrated pumps and valves for the analysis of 
Ca2+ dynamics in Jurkat T-cells. The medium exchange in the 
0D structures takes only 100 ms. The DCE between HBS with 
ionomycin and HBS were generated by PWM in 40 s intervals. 
They demonstrated the viability of cells and the ionophore 
mediated intracellular Ca2+ flow analysis.

A three-layer microfluidic chip with integrated valves for 
the analysis of Ca2+ dynamics in HEK-293 cells was used by 
Gonzalez et al.[63] The DCE between cell medium and medium 
with carbachol were generated by PFM in 30–150 s intervals.

Park et al.[65] used a similar approach compared to Wheeler 
et  al. to investigate FBS concentration of MDA-MB-231 cells. 
Therefore, they additionally implemented external electric 
valves for DCE ranges between 15 and 160 s by PWM. The 
chambers (2D) have a large width of 1000  µm so that the 
medium exchange in the chamber only occurs by diffusion. 
They could show that FBS concentration profile induced migra-
tional response. He et  al.[83] also utilized additional external 
electric valves for the induction of calcium signaling in Jurkat 
T-cells. The DCE between RPMI medium and RPMI medium 
with 100  × 10–3 m H2O2 were generated by PFM in 20–200 s 
intervals.

The investigation of pheromone induced mitogen-activated 
protein kinase in S. cerevisiae was performed by Falconnet 
et al.[84] They used a two-layer microfluidic chip with integrated 
vales and integrated peristaltic pumps for a DCE between fluo-
rescein and medium. The DCE were generated by PFM/PWM 
in 9–14 min intervals.

Piehler et  al.[85] used multilayer microfluidic chips for the 
analysis of transcription factor NFκB in mouse 3T3 fibroblasts. 
The DCE of TNF with a maximum concentration of 3 ng mL−1 
were generated by PFM in 100 min periods of a sinus wave.

In an alternative approach Kusen et  al.[86] used also a 
two-layer microfluidic chip with integrated valves for the 
induction repressible pMET17 promoter for YFP expression in 
S. cerevisiae. The DCE between methionine containing medium 
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and no methionine medium were generated by PFM/PWM in 
2–8 h intervals.

3.4. External Electric Valve

Uhlendorf et  al.[53,87] analyzed the high osmolarity glycerol 
signaling cascade in S. cerevisiae with an external electric valve 

at a microfluidic device (Figure  8B, Setup). Here, the native 
promoter pSTL1 was chosen for the expression of a fluores-
cence reporter. The promotor of the high osmolarity glycerol 
cascade was activated due to the osmotic stress. The micro-
fluidic device consisted of open box chambers with a height 
of 3.1 µm with two inlets and outlets. The osmotic stress was 
activated by DCE between normal and sorbitol-enriched media 
by PFM/PWM. Pulses between 5 and 8 min were generated for 

Figure 8.  Applications for pneumatic valves and external electric valves for the modulation of DCE at a single-cell level. A) Application from Kim et al.[52] 
illustrates the setup of the pneumatic valves on the microfluidic chip. The white solution is deionized water and the red solution is deionized water 
with red food dye. The environmental profile shows the DCE in a 57–360 s range. The representative result shows the oscillation of the fluorescence 
dye for the cell staining of C2C12 cells. Reproduced with permission.[52] Copyright 2019, American Chemical Society. B) Application from Uhlendorf 
et al.[53] shows the setup of the electric valve in a microfluidic device. The environmental profile shows the DCE with 5–8 min pulses of sorbitol. The 
representative result shows the hyperosmotic shock of yeast. Reproduced under the terms of the CC BY 4.0 International License.[53] Copyright 2012, 
The Authors, Published by National Academy of Sciences of the United States of America.
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the visualization of the osmotic shock with a 20 min relaxation 
period afterwards (Figure 8B, Environmental profile). The con-
trol loop for the input media was repeated every 6 min. This 
method is a real-time control of the single-cell level over 15 h to 
analyze the gene expression. The single-cell control was more 
difficult than the population control because the fluorescence 
value in single cells had more fluctuation as the population, 
so that defined cells varied over a long time period from the 
population. The single-cell control could reduce the fluctua-
tions of the population so that the noise at the single-cell level 
decreased.

Hansen et al.[67,88] used also external electric valves in com-
bination with hydrodynamic pressure for the control of Msn2 
dynamics in S. cerevisiae. The DCE between medium with and 
without 1-NM-PP1 were generated by PFM/PWM in 10 s up to 
5 min intervals.

In an alternative approach Charvin et al.[68] used a microflu-
idic device to separate the flow and the growth channel trough 
a diffusive cellulose membrane. Upstream the microfluidic 
device an external electric valve was used for the DCE between 
SCD medium + 10x Met and SCD medium + 0x Met by PFM/
PWM. They could show that GAL 1 and MET3 promotors turn 
on and off very quickly in S. cerevisiae with pulses of 10–15 min 
intervals.

In the demonstrated examples, mainly PFM and PWM were 
used.[47,48] Many studies combine both modulations so that they 
can control the width of the pulses or created different frequen-
cies. Only a few studies varied the amplitude (PAM) as well as 
the frequency and width of the environmental conditions.[82] 
PAM is important to reproduce the nutrient fluctuations as in 
a bioreactor. The emulation of complex environments such as 
natural habitats, requires the change of several environmental 
factors at the same time, but was not demonstrate for applica-
tion yet.

4. Technical and Biological Perspective

The shown examples demonstrate how microfluidic experi-
ments with DCE can be implemented and performed. Techno-
logical progress will allow the implementation of more complex 
environmental profiles for example the continuous variation of 
the amplitude or DCE between more than two solutions.

Woodruff et  al.[66] generated a microfluidic device where 
oscillating conditions with different period and amplitude are 
possible. They implemented a microfluidic setup for the crea-
tion of short pulses of 1 s up to 1 h in PWM/PAM mode. Eight 
different mass flows can be mixed over mixing channels of six 
inlet solutions.[66] Li et al.[89] developed an automatic microflu-
idic device where with square pulses of five stock solutions. 
The functionality was demonstrated with fluorescence dye 
in five different concentrations. All square pulses had a tem-
poral resolution of 30 s. Zhang et  al.[90] created a multilayer 
microfluidic chip with peristaltic pumps and valves for a high 
throughput live cell analysis under dynamical ligand conditions 
for example Jagged1, DLL1, EGF, PACAP, CXCL, and PDGF. 
They cultivated mouse fibroblast cells and HSCs under daily 
changing ligand combinations over 6 days and found syner-
gistic and antagonistic signal interactions.

Another interesting aspect is the environmental control of 
chemical stimuli such as gas concentrations during micro
fluidic single-cell cultivation, for example oxygen.[91] A first 
concept was established by Mauleon et al.[92] They developed a 
microfluidic gas channel that can generate an oxygen switch. 
The oxygen profile can be switched in a two-step function from 
95% oxygen concentration to 0% oxygen for four respectively 
10 min.[91,92] Another research group created a microfluidic 
device based on a multilayer chip with integrated differential 
oxygenator to control the dissolved oxygen over the cultivation 
of aerobic and anaerobic cultures as well as cell culture.[93]

First microfluidic devices that allow the dynamic change 
of physical stimuli have also been reported. Peng et  al.[94] 
established a cooling and heating microfluidic device where 
temperature changes within 10 s between 2 and 37 °C can be 
performed.[94] A general overview regarding temperature con-
trol in microfluidic systems is reviewed by Miralles et al.[95]

Furthermore, automated programmable microfluidic plat-
forms that combine image-based single-cell analysis and DCE 
with feedback control are emerging.[50,56,78–80] Here, cellular 
behavior is controlled by real time image analysis of cells, 
coupled to dynamic environmental control.[96,97] As soon as 
cellular threshold values are reached defined medium pulses 
are triggered (referred as negative feedback control).[44,45,66,67] 
Fracassi et  al.[50] implemented a negative feedback control to 
control tetracycline of CHO cells. This was realized with a relay 
and PI controller so that an oscillation of the set point was gen-
erated. In the experiments half of the fluorescence intensity 
was determined for the set point with the analysis of 180 min 
without tetracycline. The regulation with the relay and PI con-
troller shows an oscillation of the fluorescence intensity around 
the set point value. The relay controller has an undamped oscil-
lation so that the actual set point value could not be achieved. In 
contrast with a PI controller the oscillation decreased over the 
time in this case and in the end the set point was achieved.[50] 
A review discussing progress and challenges within feedback 
controlled microfluidic experiment was recently published by 
Lugagne et al.[98]

Technical progress will not only allow to investigate cel-
lular behavior at various environmental conditions but enable 
the cultivation and analysis of microbes at natural-habitat-like 
environmental conditions. Finally, this will increase the port-
folio of cultivation protocols and workflows to completely new 
fields of applications. Currently only 1% of the microbes grow 
under lab conditions because of the constant and incongruous 
environmental conditions. MSCC in combination with DCE 
might enable to cultivate and analyze currently uncultivatable 
microbes, often referred to microbial dark matter.[99,100]

5. Conclusion and Outlook

MSCCs with DCE have a high potential for analyzing and 
understanding cellular mechanisms at defined fluctuating envi-
ronments. These tools will for the first-time allow to emulate 
environmental conditions of natural and simulated natural 
habitats. We have reviewed numerous studies that established 
microfluidic setups for generating DCE and demonstrated their 
application for the analysis of cellular systems. The systems 
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differ in their ability of dynamic control in period of the ampli-
tude signal. Whereas simple setups allow to change environ-
ments in an on/off manner as well as a medium change within 
hours, advanced setups allow to pulse medium in time frames 
of seconds. Most of the setups and applications shown here 
are proof of concept studies. Currently, except the CellASIC 
system, the systems are not commercially available and rely 
on time-consuming and expensive clean-room fabrication pro-
cesses. To perform systematic cellular studies under DCE sev-
eral improvements need to be done. This includes a detailed 
characterization of the flow regimes and nutrient exchange of 
cultivation chambers. In most of the cases, microfluidic sys-
tems cannot be transferred directly for the investigation of dif-
ferent organisms and need adjustment of cultivation chamber 
design. For the most shown examples, only selected cellular 
parameter for example fluorescence expression of single cells 
were analyzed. Therefore, novel image analysis workflows 
need to be implemented, to be able to analyze complex cellular 
parameters, such as growth rates, division times and heteroge-
neity within fluorescence coupled metabolic processes. On a 
long-term, these novel methods need to be integrated into bio-
logical experimental workflows.[101]

The choice of pneumatic valves on chip or pressure pumps 
and 1D cultivation chambers are the most promising combina-
tion for rapid and precise environmental changes in a range of 
seconds. Combined with emerging feedback control strategies,  
these setups will allow the cultivation of cells at various 
(nutrient) environmental profiles. In future, the development of 
setups for multiparameter changes (multiple nutrient changes 
and gas exchange) is necessary to be able to emulate more com-
plex profiles. This will lay the foundation for the investigation 
of cellular behavior at complex environmental changes pre-
vailing in natural and artificial cultivation habitats.
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