
Received: 18 July 2020 | Revised: 28 October 2020 | Accepted: 11 November 2020

DOI: 10.1002/bit.27627

AR T I C L E

Development and application of a cultivation platform for
mammalian suspension cell lines with single‐cell resolution

Julian Schmitz1 | Sarah Täuber1 | Christoph Westerwalbesloh2 |

Eric von Lieres2 | Thomas Noll3 | Alexander Grünberger1

1Multiscale Bioengineering, Faculty of

Technology, Bielefeld University,

Bielefeld, Germany

2Institute of Bio‐ and Geosciences, IBG‐1:
Biotechnology, Forschungszentrum Jülich

GmbH, Jülich, Germany

3Cell Culture Technology, Faculty of

Technology, Bielefeld University,

Bielefeld, Germany

Correspondence

Alexander Grünberger, Multiscale

Bioengineering, Faculty of Technology,

Bielefeld University, Universitätsstraße 25,

33615 Bielefeld, Germany.

Email: alexander.gruenberger@uni-

bielefeld.de

Abstract

In bioproduction processes, cellular heterogeneity can cause unpredictable process

outcomes or even provoke process failure. Still, cellular heterogeneity is not ex-

amined systematically in bioprocess research and development. One reason for this

shortcoming is the applied average bulk analyses, which are not able to detect cell‐
to‐cell differences. In this study, we present a microfluidic tool for mammalian

single‐cell cultivation (MaSC) of suspension cells. The design of our platform allows

cultivation in highly controllable environments. As a model system, Chinese hamster

ovary cells (CHO‐K1) were cultivated over 150 h. Growth behavior was analyzed on

a single‐cell level and resulted in growth rates between 0.85 and 1.16 day−1. At the

same time, heterogeneous growth and division behavior, for example, unequal di-

vision time, as well as rare cellular events like polynucleation or reversed mitosis

were observed, which would have remained undetected in a standard population

analysis based on average measurements. Therefore, MaSC will open the door for

systematic single‐cell analysis of mammalian suspension cells. Possible fields of

application represent basic research topics like cell‐to‐cell heterogeneity, clonal

stability, pharmaceutical drug screening, and stem cell research, as well as biopro-

cess related topics such as media development and novel scale‐down approaches.
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1 | INTRODUCTION

Traditionally, analytical investigations in bioprocess research and

development have been realized by bulk measurements. Conse-

quently, every discovery and technical advancement is based on

averaged population values determined over millions of cellular

events (Templer & Ces, 2008; Wang & Bodovitz, 2010). As a result,

individual behavior of nonconform‐acting cells in a genetically

identical population remains masked behind average values, which,

therefore, do not depict every cell's nature (Lecault et al., 2012;

Lindström & Andersson‐Svahn, 2010; Yin & Marshall, 2012). In the

last few years, these cellular heterogeneities have received increas-

ing awareness in consideration of being the origin of manifold in-

consistencies in bioprocess related affairs such as viability and

productivity (Delvigne & Goffin, 2014). Moreover, in matters of

biopharmaceutical production, heterogeneous behavior concerning
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overall growth or product yield can have a severe impact on the

process's robustness and reproducibility. Particularly when utilizing

Chinese hamster ovary (CHO) cell lines, known genetic instability

caused by the high rate of genetic changes can increase hetero-

geneous behavior additionally (Frye et al., 2016; Wurm, 2013). Of

particular interest are properties like the loss of productivity (Le

et al., 2012), single‐cell growth behavior, and the occurrence of

dormant cells during the bioprocess (Grünberger et al., 2015), as well

as apoptotic and necrotic processes inside the bioreactor (Grilo &

Mantalaris, 2019). Certainly, conventional process analytical tech-

nology can detect the outcome of these phenomena but has no op-

portunity for analyzing and understanding them, due to its lack of

single‐cell resolution and defined environmental conditions.

As a consequence of the rising interest in the behavior of in-

dividual cells during bioproduction applications, the number of

single‐cell analysis tools has increased over the last years (Schmitz

et al., 2019). First approaches based on flow cytometry allow insights

into single‐cell behavior and population heterogeneity. However, a

dynamic investigation of single cells is not feasible. Therefore,

especially approaches utilizing polydimethylsiloxane (PDMS)‐based
microfluidic devices became popular over the last years because of

the steadily evolving microfabrication and ongoing progress in the

field of microfluidics (Halldorsson et al., 2015). Their potential to trap

cells in diverse featured microfluidic structures in combination with

live cell imaging results in a high spatial and temporal resolution of

single‐cell behavior (Grünberger et al., 2014; Rowat et al., 2009).

Depending on the system's design, microfluidic approaches provide

high throughput analysis with hundreds of replicates on one micro-

fluidic device. In carefully designed setups, a high level of environ-

mental control can be achieved and even dynamic changes in

cultivation conditions, reagent concentration, or nutrient supply can

be realized (Dettinger et al., 2018; Marques & Szita, 2017; Täuber

et al., 2020).

Microfluidic single‐cell analysis and cultivation have successfully

been applied to examine bioprocess relevant questions of industrially

relevant microbial host systems such as the influence of heterogeneity

on cellular growth and production, the influence of specific media

components, or bacterial coculture approaches (Binder et al., 2016;

Burmeister et al., 2018; Unthan et al., 2014). Lately, microfluidic

single‐cell applications have likewise made their entry in the field of

cell culture (Mehling & Tay, 2014). Examples of applications are

transfection studies (Raimes et al., 2017) and cell line development

(Bjork et al., 2015), cell interaction studies (Li et al., 2016), drug

screening (Du et al., 2016), and stem cell research (Luni et al., 2016)

where single‐cell analysis expanded the previous state of knowledge.

In general, microfluidic cultivation devices can be differentiated by

their way of capturing and retaining single cells into traps, wells, or

chambers (Figure 1). These setups have different system specifications

that enable different applications. Microfluidic traps (Figure 1a) have

been used, for example, in viability assays and morphology studies,

focusing on single‐cell behavior and not on microcolony growth (Di

Carlo et al., 2006; Wheeler et al., 2003). The cells are located inside

the medium stream, which allows a convective supply of nutrients

during the experiment but also holds the risk of shear stress. As cells

are actively retained inside the trap, the cultivation of adherent as well

as cells growing in suspension is realizable. In comparison to traps, the

supply of nutrients in cultivation wells (Figure 1b) is diffusive and

convective as cells are located inside the wells and are perfused

across. Therefore, the cultivation of suspension cells is not feasible

without washing them out frequently. Depending on well diameter,

microcolony growth can be observed, which makes wells especially

applicable for cell spreading, proliferation, differentiation, and cell

interaction studies (Karakas et al., 2017; Lin et al., 2015). Cultivation

chambers combine the advantages of traps and wells for the cultiva-

tion of cells (Figure 1c). Flow velocities inside the chambers are very

low, meaning a large part of the nutrient supply takes place by dif-

fusion and the cells are not exposed to significant shear stress. Al-

though cultivation of adherent as well as suspension cells is

conceivable, so far only adherently growing cells have been cultivated

in chambers. Due to their characteristics which make long‐term
growth feasible, chambers have been applied in growth studies and

drug screening (Gao et al., 2013; Kolnik et al., 2012).

Until now, most microfluidic single‐cell applications for mam-

malian cell lines are limited to analytical questions in basic and ap-

plied research (Gao et al., 2013; Postiglione et al., 2016; Woodruff &

Maerkl, 2016) but do not systematically address single‐cell growth,

media development, and process engineering in terms of bioprocess

research and development (Schmitz et al., 2019). In contrast to the

already existing microfluidic systems for the analysis of microbial

hosts, systems for the analysis of mammalian cells do not offer the

opportunity to systematically examine growth characteristics on a

single‐cell level for appropriate cultivation times. This is due to their

focus on single‐cell analysis applications, which consequently do not

address important technical characteristics for the cultivation of

single cells such as spatially defined cell trapping, continuous defined

medium supply, and spatiotemporal resolution for live‐cell imaging

over the whole cultivation time. As a proof‐of‐concept, the first

studies investigating long‐term single‐cell growth of adherent CHO

and HeLa cell lines have been reported and showed comparable

growth between microfluidic and lab‐scale cultivation (Kolnik et al.,

2012). Nevertheless, these systems were not applied for systematic

growth studies of mammalian cell lines with full spatiotemporal re-

solution in the context of dynamic single‐cell studies. An even larger

drawback is the exclusive application of adherent growing cells in

single‐cell growth‐related studies. As most bioproduction processes

rely on in suspension growing cells (Wurm, 2004), results from

single‐cell cultivation of adherent growing cells are of limited re-

levance for this application. Consequently, single‐cell cultivation of

mammalian cells is not only hampered by the unavailability of ap-

propriate setups but also by nonexistent studies of suspension cell

lines in microfluidic applications.

In this study, we present a PDMS‐glass‐based microfluidic setup

for long‐term single‐cell cultivation of CHO cells growing in sus-

pension. This setup allows simultaneous analysis of growth char-

acteristics and cellular heterogeneity under highly controlled

environmental conditions. Using soft lithography, microfluidic chips
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were fabricated, which offer the possibility to capture and track

single mammalian cells in isolated cultivation chambers. Adjacent

perfused supply channels enable constant delivery of nutrients and

removal of metabolic by‐products, due to diffusive processes without

exposing the cells to shear stress. Sufficient mass transfer was ver-

ified by computational fluid dynamics (CFD) simulations. The growth

of CHO‐K1 cells was investigated and evaluated on the single‐cell
level. The results show reproducible growth behavior, making

mammalian single‐cell cultivation (MaSC) an attractive single‐cell
cultivation device.

2 | MATERIAL AND METHODS

2.1 | Microfluidic device fabrication

Using two‐layer photolithographic techniques described previously

(Grünberger et al., 2013), a silicon wafer was produced as a mold for

PDMS chip fabrication. PDMS base and curing agent (SYLGARD 184

Silicone Elastomer; Dow Corning Corporation) were mixed in a ratio

of 10:1, poured onto the silicon wafer, degassed by means of a de-

siccator, and cured for 2 h at 80°C. Afterward, the chips were cut,

inlets and outlets were punched with a biopsy punch (Reusable

Biopsy Punch, 0.75 mm; WPI), and particles were removed from

PDMS chip and glass substrate (76 × 26 × 1mm microscope slides;

VWR International GmbH) via isopropanol washing and drying with

pressurized air. To covalently link chip and glass, surfaces were

activated by oxygen plasma (Femto Plasma Cleaner; Diener

Electronics) and bonded to each other. Subsequently, the micro-

fluidic device was incubated at 80°C for 1min to enhance bonding.

2.2 | Computational fluid dynamics

Detailed CFD simulations were performed to model flow profiles

within cultivation chambers and supply channels as well as to analyze

(a)

(b)

(c)

F IGURE 1 Examples of microfluidic cultivation devices in the field of mammalian cell culture categorized into the underlying cell retention
principle. Traps, wells, and chambers differ in the way cells are retained and supplied with nutrients, offer appropriate cultivation surfaces for
either adherent or suspension cell lines, and support different applications. For every device examples of utilized cell types as well as
representative studies are listed [Color figure can be viewed at wileyonlinelibrary.com]
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nutrient supply inside the microfluidic device. The computational

model used in this study has been described in detail previously

(Westerwalbesloh et al., 2015, 2017). The model geometry contains

only one chamber and parts of the adjacent supply channels because

the conditions within each chamber are assumed to be independent

of its position on the microfluidic device. All CFD simulations were

performed using COMSOL Multiphysics Version 5.4 (COMSOL AB).

The flow field was determined by solving the steady‐state
Navier–Stokes equations for creeping (Stokes) flow of an iso-

thermal, incompressible, and Newtonian liquid with the properties of

water (density 993.22 kg/m3, viscosity 6.96 × 10−4 Pa s (interpolated

for 37°C [Comesaña et al., 2003]). The no‐slip condition was used at

the PDMS and glass walls. Laminar inflow with a rate of

8.33 × 10−12 m3/s was specified at each of the supply channel inlets,

while the outlet condition was a reference pressure of 0 Pa. The

glucose concentration field was calculated by solving the general

steady‐state diffusion–advection equation with a diffusion coeffi-

cient of 8.5 × 10−10 m2/s. Adsorption at the glass and PDMS walls

was neglected. Due to the concentration of glucose being below

45mol/m3 it could be assumed that the flow field is not influenced by

the glucose concentration, and therefore flow and mass transfer

were solved sequentially. In the model, the chamber is populated

with cells (171 cells in a filled chamber on a typical microscope im-

age). Every cell is assumed to take up glucose with a rate of

3800 nmol per 106 cells and day (Nolan & Lee, 2011), which leads to

a volumetric uptake rate of 2.4 × 10−2 mol s−1 m−3, distributing the

cellular uptake homogeneously over the growth chamber. The geo-

metry of the cells themselves is not explicitly included as shown

before (Westerwalbesloh et al., 2017). The glucose concentration

provided in the growth medium is assumed to be high enough to

yield a constant (maximal) uptake rate in the model, independent of

the exact local glucose concentration. The computational geometry

was discretized using 106,176 rectangular elements. A finer mesh

with 847,000 elements yielded the same results, indicating mesh

independence of the solution (data not shown). Quadratic functions

were used to calculate velocity profiles and concentrations and linear

functions for the pressure.

2.3 | Cell culture and medium

Cultivation of CHO‐K1 cells was performed in a commercially

available cell culture medium (TCX6D; Xell), supplemented with 8

mM glutamine. Cultivation conditions for preculture were 37°C, 5%

CO2, 80% humidity, and 180 rpm in TubeSpin® Bioreactor 50

(TPP®) with a cultivation volume of 15ml. CHO‐K1 cells were sub-

cultured every third and fourth day and viable cell density was ad-

justed to 1.5 × 105 cells/ml. For microfluidic single‐cell cultivation,

fresh medium was mixed with conditioned medium in a ratio of 1:1.

For the generation of conditioned medium, cells were cultivated

according to the above protocol. The required volume of cell sus-

pension was harvested from the same preculture that was prepared

for starting the cultivation at the day of inoculation. In a first step the

cell suspension was centrifuged at 1500 rpm for 5 min. Finally, the

resulting supernatant was additionally sterilely filtrated using a

0.2‐µm cut‐off filter (Filtropur S 0.2; Sarstedt AG & Co. KG).

2.4 | Microfluidic single‐cell cultivation

Single‐cell cultivation in microfluidic devices was performed on an

automated inverted microscope (Nikon Eclipse Ti2; Nikon Instru-

ments), enabling high‐throughput time‐lapse microscopy. Cultivation

temperature was kept constant at 37°C by using a microscope in-

cubator system (Cage incubator, OKO Touch; Okolab S.R.L.). An ad-

ditional CO2 incubation chamber (H201‐K‐FRAME GS35‐M; Okolab

S.R.L.) enabled a constant CO2 atmosphere of 5% (95% compressed

air). Monitoring growth and morphology was achieved by live‐cell
imaging: time‐lapse images of relevant positions were taken every

20min (NIS Elements AR 5.20.01 Software; Nikon Instruments)

applying 40× objective with phase‐contrast microscopy.

Cells were seeded into cultivation chambers by manually flush-

ing the microfluidic chip with cell suspension until loading of the

chambers was sufficient. Medium supply was realized by low‐
pressure syringe pumps (neMESYS; CETONI) and single‐use syringes

(Injekt® 10ml; B. Braun Melsungen AG) connected to the chip via

PTFE tubing. During cultivation, the medium was constantly perfused

through the cultivation device with a flow rate of 2 µl/min.

2.5 | Image evaluation and growth analysis

Cell number was manually counted on time‐lapse images every 10h to

evaluate growth behavior. The colony growth rate µ was estimated

graphically by determining the slope of the linear regression from the

resulting semi‐logarithmical plot using OriginPro (OriginPro 2020

9.7.0.188; OriginLab Corporation). Under the assumption of exponential

colony growth, Equation (1) was applied to convert µ to doubling times tD

=t
ln(2)

μ
.D (1)

As the exponential growth of mammalian cell lines can be de-

scribed by a geometric sequence, the respective mean values for tD

and µ were determined using the geometric mean (Phoenix, 1997). In

comparison to the arithmetic mean, which is especially suitable for

linear sequences, the geometric mean is less prone to the influence

of outliers in a broad distribution of values. For quantification of

single‐cell doubling time distribution, single cells were tracked

manually and the time span between two cell divisions was de-

termined. The single‐cell area was analyzed using ImageJ 1.52p

(Schindelin et al., 2012). For determination of area growth, cellular

contours on scaled microscope pictures were manually retraced. The

cellular area was subsequently determined and plotted against cul-

tivation duration. Analog to colony growth rates, these charts were

used to determine area related single‐cell growth rates. The calcu-

lation of possible correlations was performed according to Pearson.
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3 | RESULTS AND DISCUSSION

3.1 | Device design and working principle

Derived from a previously introduced microbial system, the micro-

fluidic device presented in this study was optimized for single‐cell
cultivation of mammalian cell lines in high throughput, with high

spatiotemporal resolution, and at highly controlled environmental

conditions. One microfluidic device consists of four independent

cultivation arrays with one inlet and one outlet each for environ-

mental interfacing (Figure 2a). Each array is composed of four par-

allel running supply channels with a width of 200 µm (Figure 2b).

Between two supply channels, 30 cultivation chambers with

dimensions of 200 × 200 µm are arranged in line, summing up to

60 chambers in total per array. 50 × 50 µm entrances link the culti-

vation area with the supply unit of the array. Growth chambers and

entrances are approximately 8 µm high, while supply channels

are designed with a height of 16 µm. The difference in height of

the structures is intended to restrict flow from the channel into the

chambers and facilitate cell retention inside the chamber. Likewise,

the narrow chamber entrances improve withholding seeded cells.

As a result of the limited height, cellular growth inside the chamber is

restricted to a monolayer. Resulting from its dimensions, the array's

total volume sums up to approximately 2.3 × 108 µm3, equaling

230 nL. Due to the chip's fabrication using soft‐lithography, silicon
wafers with varying channel and chamber heights can easily be

fabricated to adapt chip dimensions to specific scientific question

and cell lines.

To capture single cells inside the cultivation chambers, cell sus-

pension is flushed through the supply channels and cells randomly

enter the chambers. As cell seeding is not actively controllable,

loading efficiency meaning the percentage of seeded and empty

chambers is directly connected to cell density of the inoculum. Here,

concentrations around 30 × 105 cells/ml proved to be a reasonable

compromise between loading efficiency and cell number per loaded

chamber. If cell density is lower, only a few chambers are loaded with

cells. If cell density is too high, the starting cell number exceeds one

to five cells per chamber promoting nonisogenic microcolonies.

Once enough cultivation chambers are loaded with cells, con-

stant perfusion of the array is initiated through the chip's inlet by

syringe pumps (Figure 2c). With a steady flow of 2 µl/min, cells

are constantly provided with fresh nutrients while metabolic

(a) (b)

(c)

F IGURE 2 Design and working principle of MaSC. (a) Microfluidic PDMS‐glass cultivation device for single‐cell cultivation of mammalian
suspension cell lines. To illustrate the device's dimensions a wasp is arranged next to the glass slide. (b) Schematic figure of the cultivation
device: Each cultivation array consists of four parallel supply channels, between two of them 30 cultivation chambers with an area of
200 × 200 µm and a height of approximately 8 µm are located. The adjacent supply channels are twice as high and show a width of 200 µm. (c)
Three‐dimensional illustration of the microfluidic device at different stages of the cultivation. t1, a single cell is seeded into the cultivation
chamber; t2, the starter cell begins to proliferate and exponential growth starts; t3, approaching the end of a cultivation the chamber is filled
with up to 170 cells [Color figure can be viewed at wileyonlinelibrary.com]
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by‐products are washed out through the outlet. This flow rate pro-

vides an exchange of the entire microfluidic device's volume about

10 times every minute, which assures constant environmental con-

ditions over the whole cultivation course. Starting the cultivation

with a small number of cells, the final cell number per cultivation

chamber can reach up to 170 cells. Further exponential proliferation

is only limited by the chamber's restricted volume of 3.2 × 10−7 ml.

3.2 | Device characteristics and functionality

CFD simulations were performed for detailed evaluation of fluid

profiles inside the supply channels and cultivation chambers as well

as the nutrient related cultivation conditions. With the presumed

flow rate of 0.5 µl/min for each supply channel (4 channels per inlet),

a parabolic velocity profile and a maximal velocity of 30 × 10−4 m/s is

observed inside the channels (Figure 3a). Due to the symmetric

layout of the design as well as the narrow entrance, fluid flow inside

the cultivation chamber is too slow to cause perturbations

(Figure 3b). Thus, exchange of nutrients and by‐products is pre-

dominantly diffusive. To examine whether cells inside a completely

filled cultivation chamber can possibly experience limiting glucose

concentration, another simulation was performed. With 171 cells

per chamber and the specific glucose uptake rate of CHO‐K1 cells,

glucose concentration inside the chamber does not drop below

43.8mmol/L in a steady‐state (Figure 3c). Furthermore, a medium

switch was simulated to determine the duration until full equilibrium

from zero glucose to a cultivation sufficient glucose concentration of

approximately 45mmol/L is accomplished. The simulation indicates

that after 25 s the cultivation chamber already shows half‐maximal

(d)(c)

(a) (b)

F IGURE 3 CFD simulations of flow and nutrient profile inside the microfluidic device. (a) Flow velocity inside supply channels. (b) Flow
velocity inside representative cultivation chamber. (c) Glucose concentration profile assuming a steady‐state at a cell number of 171 cells inside
the chamber. (d) Glucose concentration inside the supply channels and cultivation chamber after quick medium change from non‐glucose to
45mmol/L glucose [Color figure can be viewed at wileyonlinelibrary.com]

6 | SCHMITZ ET AL.

http://wileyonlinelibrary.com


glucose concentration, whereas 99.9% of the medium's glucose

concentration is reached after approximately 150 s homogeneously

throughout the whole chamber (Figure 3d).

3.3 | Mammalian single‐cell cultivation

As CHO cell lines are the most frequently used cells in biopharma-

ceutical bioproduction processes (Walsh, 2018), CHO‐K1 cells were

used as a model system for the developed microfluidic device. For

process near growth conditions, a commercially available cell culture

medium, optimized for growth and production with CHO cell lines,

was employed.

In three consecutive experiments, precultured cells were seeded

into the microfluidic device. As cell loading is a mere statistical

process, the number of loaded cultivation chambers varied in a range

of 15–25 chambers. The number of cells in each chamber after

loading varied between one and seven cells. As the medium exchange

rate in the chambers is very high and to mimic the substrate and

metabolite situation in standard bioreactors, a 1:1 mixture of fresh

and conditioned medium was used as cultivation medium.

Cell growth in the chambers was analyzed on the colony level as

well as on single‐cell level. Here, colony growth rate µcolony refers to

the characteristic average values obtained from the cell number of

each colony. In contrast, single‐cell doubling times tD, single‐cell refer to

characteristic values obtained from single cells. In addition, single‐
cell area growth rates µarea are obtained from single‐cell area de-

velopment. Under the assumption of an exponential growth beha-

vior, each growth rate µ can be converted into the respective

doubling time tD and vice versa using Equation (1).

3.4 | Colony growth analysis

During the experiment, cells grew exponentially until the whole

chamber was filled. The time‐lapse sequence of Figure 4a illustrates

an example of a growing microcolony. Random migration of cells

inside the cultivation chambers could be observed (Video S1). After

6–7 days, a maximal cell number of approximately 150 cells per

chamber is reached. At this state, cellular boundaries blur, as dividing

cells are squeezed so tightly that individual cell membranes cannot

be identified microscopically anymore. A cell number of 150 re-

presents a cell density of 4.8 × 108 cells/ml inside the cultivation

chamber, which is similar to the cellular density of human tissue

(Skylar‐Scott et al., 2019). In cultivation devices like flasks or bior-

eactors, cell culture does not reach these densities supposedly due to

contact inhibition, microlimitations, and shear stress. In the micro-

fluidic device, cells grow until they are tightly squeezed, thus it can

be assumed that cells do not experience contact inhibition in the

cultivation chamber, and therefore, contact inhibition may not be the

cause for limited cell densities in other cultivation scales as well.

Hence, we assume microlimitations and shear stress to be the critical

factors restricting growth in flasks and bioreactors. Protuberances of

cellular membrane are observed during cultivation and are assumed

to be caused by microvilli, extracellular matrix, endocytosis, and

vesicle formation. Right before cell division, cells become sphere‐
shaped and smooth until cytokinesis takes place and the originated

daughter cells start to show protuberances again (Figure 5a).

Depending on seeding cell density within the chambers, colony

growth curves rise slightly shifted in the beginning, but initial cell

number does not have a notable influence on growth progression of

each microcolony (Figure 4b). Most likely, cell cycle distribution in-

fluences time until first cell division starts, as cells were randomly

distributed across cell cycle phases before loading the microfluidic

device. This can result in a delay of up to 20 h for cells being in G1

phase compared to cells in G2 phase, which start mitosis very rapidly.

A lag‐phase for chambers with low initial cell number seems unlikely,

given that semi‐logarithmic growth curves show exponential growth

right from the experimental start (Figure S1). Linear fits show similar

colony growth rates between 0.75 and 0.95 day−1 for the colonies

presented here (Table S1).

3.5 | Single‐cell growth analysis

Besides evaluating microcolony growth, MaSC explicitly enables

single‐cell data acquisition (Figure 5a). Therefore, we determined

single‐cell doubling times and single‐cell area development to ana-

lyze cellular division behavior throughout the microcolony. As can be

seen in Figure 5b, the distribution of single‐cell doubling times

tD, single‐cell underlies certain variabilities, especially the distribution

width differs and rare cellular events can be identified; most of them

show an extended doubling time longer than 25 h, only few fall below

10 h. Looking at the respective mean doubling time, they alternate

between 14.3 and 19.6 h, whereas the cumulative determined mean

doubling time is 15.9 h (Figure S2). Looking at colony A.5, B.1, and

B.3 (Figure 5b) shows that starting cell number influences tD only

marginally as each colony started with a cell number ≥ 5 and

broadness as well as mean tD, single‐cell differ clearly. As the correla-

tion coefficient for starting cell number and mean tD is R = 0.394,

only a weak trend can be assumed (Figure S3).

Figure 5c shows the single‐cell area development of two cells

originated from a mutual progenitor cell. The area increase shows

small variations, the corresponding µarea differ between 1.14 and

1.39 day−1. Noteworthily, second‐generation cells originated from

the slower initial cell both show slightly lower area growth rates than

those that originated from the faster initial cell. Comparing the area

growth rate with the corresponding doubling times of the analyzed

cells shows no correlation between µarea and tD, single‐cell (Figure S4).

One explanation might be the continuous secretion of vesicles, which

makes the cellular area a continuously fluctuating property and thus

the exact determination of the cell area difficult. Another more

relevant reason lies in the dependency of cellular growth on cell

cycle phases combined with the cell's mechanism to ensure

constant cellular size over generations. In general, there are three

different models that describe how cells can reach size homeostasis.
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The sizer‐mechanism controls the beginning of mitosis by a size

threshold, for the adder‐mechanism, the cell size increases by a

constant amount independent of initial cell size, and with the timer‐
mechanism cells grow exponentially for a constant duration (Cadart

et al., 2018; Vuaridel‐Thurre et al., 2020). To determine if this cor-

relation applies to the area development of CHO‐K1 cells, we com-

pared the cell area of single cells at their birth and at their mitosis.

For better clearness, the data in Figure 5d were normalized by the

average cell area at mitosis. As sizer‐cells undergo mitosis at a

consistent cell size independently from their size immediately after

mitosis, this mechanism can be illustrated by a horizontal line. The

dashed line with a slope of 1 and an intercept of 0.5 in Figure 5d

represents cells with adder‐behavior while timer‐cells are consistent

with the dashed line through the origin and a slope of 2 (assuming

exponential cell growth). Comparing the single‐cell data with the

expected trends, an adder‐mechanism to assure size homeostasis can

be identified for the here analyzed CHO‐K1 cells. In addition, a

correlation between cell areabirth and the ratio of cell areamitosis and

cell areabirth casts a timer mechanism in doubt (Figure S5). This

behavior is in accordance with already analyzed mammalian

cells, which were analyzed in an microfluidic flow‐through system

(Cadart et al., 2018).

Growth rates obtained from single‐cell level are noteworthily

higher than those obtained from colony level (Table S1). Here, the

main reason for this discrepancy is the technical insufficiencies of the

developed microfluidic setup, as occasionally single cells can escape

the cultivation chamber by random movement reducing the apparent

colony growth rate. Such events can be identified as bends in some

colonies' growth curves (Figure 4b). Therefore, the here determined

colony growth rates underestimate growth rates which would be

(a)

(b)

F IGURE 4 Colony growth of CHO‐K1 cells at constant environmental conditions. (a) Time‐lapse image sequence showing microfluidic
growth of one initial CHO‐K1 cell to a microcolony over an experimental duration of 150 h (scale bar = 50 µm). (b) Colony growth of CHO‐K1
microcolonies. Here, 10 selected chambers from three technical replicates are shown. Black squares (A.1–A.5), red dots (B.1–B.3), and blue
triangles (C.1–C.2) represent one technical replicate each. Depending on starting cell number and cell cycle distribution, exponential growth

starts slightly shifted between the microcolonies [Color figure can be viewed at wileyonlinelibrary.com]
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obtained without the described cell loss. Nevertheless, they match

growth rates derived from classic shake flask or lab‐scale bioreactor

cultivaions of CHO‐K1 suspension cells (data not shown).

Consistencies between microfluidic cultivation and larger cultiva-

tion scales have already been described before by Kolnik et al. (2012),

who compared the growth of adherent CHO cells in a microfluidic

device with six‐well plate cultivation. Transferring common cultivation

scales into microfluidic devices does not always show comparable

growth behavior, as steady perfusion leads to constant washout of

secreted molecules and beneficial factors (Taheri‐Araghi et al., 2015).
Preliminary tests showed that CHO‐K1 cells do not grow in fresh

medium (data not shown). For this reason, we supplemented the

commercial medium with an already conditioned one in our study.

Other examples like the cultivation of microbial production hosts such

as Corynebacterium glutamicum showed significantly higher growth rates

in microfluidic single‐cell cultivation compared to lab‐scale cultivations

(Fritzsch et al., 2013; Grünberger et al., 2013), which most likely result

from the growth‐promoting environmental conditions concerning

nutrient supply inside the applied microfluidic devices.

3.6 | Cell‐to‐cell heterogeneity and rare cellular
events

During CHO‐K1 single‐cell cultivation described above, various ex-

amples of heterogeneous behavior between isogenic cells have been

(a) (b)

(c) (d)

F IGURE 5 (a) Cell division event for illustration of the accompanying cellular morphological changes (scale bar = 10 µm). (b) Distribution of
single‐cell doubling times of the microcolonies depicted in Figure 4 complemented with a cumulative tD distribution over all doubling events.
The colored segment marks the interquartile range from 25% to 75%. The whiskers represent the 10% and 90% percentile and the tilted
squares mark rare cellular events. (c) Determination of area growth rates of single cells from colony A.5. The analysis started with the origin of
Cell 1 and Cell 2 from one mutual progenitor cell and was conducted for 25 h in intervals of 20min. Depicted are the colony's total cell area and
the individual cells' areas. By exponential fit specific growth rates were determined from increasing cell area. (d) Cell size homeostasis analysis
of single cells from colony A.1. To determine which of the conventional cell size homeostasis models (timer, adder, and sizer) applies to CHO‐K1
cells, the correlation between cell area at birth and cell area at mitosis was analyzed. For clearness, all area data were normalized by the
average cell area at mitosis. The trend lines (dashed gray) show the expected trends in case of timer, adder, and sizer behavior [Color figure can
be viewed at wileyonlinelibrary.com]
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observed. Considering the rare cellular events of Figure 5b, varia-

tions in cell division happen in every cultivation but only single‐cell
analysis makes them visible. In the following, some of these outliers

with tD > 25 h were analyzed more closely on a single‐cell level.
Originating from a common mother cell, the subsequent dou-

bling time of the daughter cells (first‐generation) varied strongly

(Figure 6a and Video S2). Although one daughter cell (depicted in

red) grew in cell volume for another 18 h until it finally underwent

cell division, the other daughter cell (depicted in green) and its

progenies (second‐generation) finished two rounds of cell division.

Delay in proliferation of single cells is not the only incident being

observed. Cell division can also be aborted or even reversed in the

final step of cytokinesis. After a performed division, one daughter

cell reabsorbed the other (Figure 6b and Video S3). This observation

in some respects contradicts the hypothesis of the point of no return

in the eukaryotic cell cycle. One explanation might be the occurrence

of errors during mitosis so that reabsorption acts like a safety me-

chanism against formation of defective progenies (Potapova et al.,

2006). Few cells did not even start cytokinesis but nevertheless

underwent DNA replication. Hence, huge polynuclear cells appear

(Figure 6c and Video S4). As they also occur in microcolonies where

other cells show perfectly normal proliferation, detrimental en-

vironmental conditions are highly unlikely as a cause for poly-

nucleation. Surprisingly, in some cases, these polynuclear cells

(a)

(b)

(c)

(d)

F IGURE 6 Examples of cell‐to‐cell heterogeneity and rare cellular events during mammalian single‐cell cultivation. (a) Genetically identical
cells differ in their doubling time by 18 h (scale bar = 50 µm). (b) One cell reabsorbs the second cell immediately after cell division (scale
bar = 10 µm). (c) Absence of cell division leads to immense polynuclear cells (red arrow; scale bar = 10 µm). (d) One cell divides into four
daughter cells which all are viable (scale bar = 10 µm) [Color figure can be viewed at wileyonlinelibrary.com]
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eventually pass through cytokinesis. Sometimes, these cells divide

into two daughter cells which randomly are polynuclear as well. In

other cases, polynuclear cells divide into multiple mononuclear cells

(Figure 6d and Video S5).

We assume that the—partly surprising—incidences being

described in Figure 6 are not caused by the microfluidic cultivation

condition, but generally occur in CHO cell culture including

bioreactors and biopharmaceutical processes, and contribute to

population heterogeneity.

3.7 | Future applications

The introduction of MaSC showed that long‐term cultivation of

mammalian suspension cells in chamber‐based microfluidic devices

is feasible. Besides growth analysis on colony level, also single‐cell
behavior can be examined and heterogeneity among individual cells

can be revealed. Prospectively, MaSC may not only be applied for

growth studies but also for systematic investigation of population

heterogeneity, cellular transfection, or cell‐to‐cell interactions in

basic research (Figure 7a). In a more application‐orientated way,

our tool can be installed in different disciplines of (bio)pharma-

ceutical research (Figure 7b), ranging from the first screening of

potential drug components and the development of new cell lines

for industrial production to stem cell research. Particularly for the

expansion of monoclonal cell lines descending from a single cell

with beneficial growth or production properties, microfluidic ap-

proaches are highly promising but difficult to realize. In this context

integration of optical tweezers for single‐cell isolation is a promis-

ing approach, but has mainly been employed for bacterial applica-

tions in microfluidic cultivation chambers so far (Luro et al., 2020;

Probst et al., 2013). With reference to bioproduction processes,

systematic design‐of‐experiment‐based media development and

process optimization represent possible fields of application for

MaSC (Figure 7c). Eventually, single‐cell cultivation of mammalian

cells can even serve as a starting point for bioprocess development

in terms of scale‐down approaches. However, beforehand com-

parability of microfluidic cultivation to shake flasks and lab‐scale
bioreactors needs to be shown by in‐depth validation studies to

ensure transferability from the single‐cell level.
Before systematic application, there are still technical aspects to

improve and obstacles to overcome. First, better cell retention needs

to be achieved by adapting the device's design to prevent cell loss

from the cultivation chamber due to the movement of the cells. Here,

narrowing the chambers' entrances or placing physical barriers in

front of the entrances might be a promising approach. Likewise, cell

loading efficiency must be increased. Concerning experimental data

evaluation, automated image analysis appears worthwhile, as cell

number, doubling times, and cell area were determined manually and

therefore are error‐prone and time‐consuming.

4 | CONCLUSION

The MaSC platform presented in this study allows long‐term culti-

vation of mammalian suspension cells starting from a single cell and

makes microfluidic systems available for industrially relevant bio-

pharmaceutical applications. Microfluidic cultivation ensures con-

trolled environmental conditions while live‐cell imaging enables

spatiotemporal resolution of cellular behavior. Consequently, not

only population dynamics but also individual single‐cell events can be

investigated. The device's modular concept permits scalability from

currently 60 individual cultivation chambers up to several hundred

to increase the amount of statistical data per run. Alongside its other

(a) Basic research

TrT ansfection studies

Heterogeneity studies

Cell interaction studies

(b) Pharmaceutical research

Drug screening

Cell line development

Stem cell research

(c) Process optimization

Media development

Process analytics

Scale-down

MaSCMaSCMaSCMaSCMaSCMaSCMaSCaSCaSCSCSCSSSCCSCCCCC

F IGURE 7 Examples of application fields for MaSC. (a) In basic research, MaSC can be applied for heterogeneity studies, investigating
transfection, and analyzing cellular interactions. (b) In pharmaceutical research especially drug screening, cell line development, and stem cell
research approaches can be realized with MaSC technology. (c) In bioprocess research, MaSC can simplify media development, function as
process analytical tool, or prospectively be the starting point for scale‐down approaches [Color figure can be viewed at wileyonlinelibrary.com]
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benefits, this aspect makes MaSC suitable for analytical studies of

industrially relevant cell lines.

The focus of our study was establishing microfluidic single‐cell
cultivation for suspension cell lines. Growth analysis was performed

on the microcolony as well as on a single‐cell level and showed re-

producible growth rates. Several, partly very surprising, incidences

resulting in population heterogeneity have been observed on a

single‐cell level and were investigated subsequently. This lays the

foundation for systematic single‐cell studies for suspension cell lines

in the fields of basic research, cell line development and character-

ization, stability studies, and bioprocess development.

For the future, it is interesting to extend the MaSC platform by

adding tools that allow epigenetic and functional genomic analysis of

individual cells and to include analysis of product quality when using

recombinant production cell lines. This will enable an increased un-

derstanding of the full scope and consequences of the observed

cellular heterogeneities and open the door for the development of

stable (production) cell lines and homogeneous bioprocesses

(Schmitz et al., 2019).
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