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Abstract In vitro culture models have become an

indispensable tool for assessing a vast variety of

biological questions in many scientific fields. How-

ever, common in vitro cultures are maintained under

static conditions, which do not reflect the in vivo

situation and create a non-physiological environment.

To assess whether the growth characteristics of cells

cultured at pulsed-perfused versus static conditions

differ, we observed the growth of differentially

cultured cells in vitro by life-cell time-lapse imaging

of recombinant HEK293YFPI152L cells, stably express-

ing yellow fluorescent protein. Cells were grown

for * 30 h at 37 �C and ambient CO2 concentration

in biochips mounted into a custom-designed 3D

printed carrier and were imaged at a rate of ten images

per hour using a fluorescence microscope with envi-

ronment control infrastructure. Cells in one chip were

maintained under static conditions whereas cells in

another chip were recurrently perfused with fresh

media. Generated image series were quantitatively

analyzed using a custom-modified cell detection

software. Imaging data averaged from four biological

replicates per culturing condition demonstrate that

cells cultured under conventional conditions exhibit

an exponential growth rate. In contrast, cells cultured

in periodic mode exhibited a non-exponential growth

rate. Our data clearly indicate differential growth

characteristics of cells cultured under periodic versus

static conditions highlighting the impact of the culture

conditions on the physiology of cells in vitro.

Keywords Cell growth � Biochip � Microfluidics �
HEK293 � YFPI152L � Long-term time-lapse

microscopy

Introduction

Common in vitro culture models in cell biology

In vitro culture models have become an indispensable

tool for assessing a vast variety of biological questions

in a broad spectrum of scientific fields. Common

in vitro experiments applied for example in drug

screening or chemical susceptibility testing, are based

on the assessment of the function of cells, either grown

in suspension, in a monolayer, or in three-dimensional
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configuration, e.g. in spheroids or in multi-cell-

configuration such as organ-on-chip approaches

(Alexander et al. 2018; Bhise et al. 2014; Cho and

Yoon 2017; Gu et al. 2004; Walzik et al. 2015; Wiest

et al. 2005, 2006). These cultures are typically being

established by seeding cells in culture medium at

defined density and volume into culture ware, such as

flasks, dishes, multi-well plates or lab-on-a-chip

devices, followed by incubation for several hours,

days or even weeks according to the principles on

‘Good Cell Culture Practice’ (GCCP) (Pamies et al.

2017; Hartung et al. 2001). Typical in vitro culture

models employed for the aforementioned applications

include e.g. HEK293 (human embryonic kidney 293)

cells. The cells are reported to represent an important

manufacturing platform in bioengineering as this

culture model allows production of recombinant

proteins in large scale and at high efficiency (Hu

et al. 2018).

Assay types for assessment of cellular growth

characteristics

Cellular growth during the incubation period is

typically measured by assessing the cell number using

either label-free or label-based readout technologies in

continuous mode (time-lapse evaluation) or by quan-

tification of the cell number at experiment initiation

and at the end of the incubation period (endpoint

observation). Label-free technologies, such as optical

or electrochemical methods measure the cell number

by assessment of e.g. the cellular contrast in trans-

mission light images, extrusion of H3O
?, cellular

consumption of dissolved oxygen, electrophysiologi-

cal activity or changes in the dielectricity of cells

(Fang 2007; Liu et al. 2014; Walzik et al. 2015; Weiss

et al. 2013;Wiest et al. 2005). Label-based approaches

analyse the cell number based on luminescence or

fluorescence markers reflecting, e.g. intracellular ATP

content (e.g. CellTiterGlo� Assay Kit), nuclear DNA

content (e.g. Hoechst 33342 stain), activity of non-

specific intracellular esterases (e.g. Calcein-AM) or

the integrity and function of the cell membrane and

membrane proteins such as ion channels (e.g.

YFPI152L) (Kuenzel et al. 2016, 2017; Menzner

et al. 2015; Gilbert and Boutros 2016; Gilbert et al.

2011). A generic approach for label-based evaluation

of cellular growth in continuous mode uses fluorescent

proteins such as variants of green fluorescent protein

(GFP) for labeling. Fluorescent proteins are superior

to label-based monitoring of cellular growth compared

to e.g. loadable fluorescence indicators or luminescent

markers, as these proteins are 1. typically fairly

stable with respect to bleaching, 2. non-toxic, 3.

cheap, i.e. resource effective, and 4. are not diluted by

cell division, thus maintaining strong fluorescence

intensity across several generations of cells.

YFPI152L, a genetically engineered variant of yellow

fluorescent protein (YFP), fulfills the requirements for

fluorescence-based long-term life-cell analysis and

has been successfully applied for a variety of biolog-

ical questions including assessment of cellular growth

in time-lapse experiments (Balansa et al.

2010, 2013a, b; Chung et al. 2010; Gebhardt et al.

2010; Gilbert et al. 2009a, b, d; Kruger et al. 2005;

Talwar et al. 2013; Walzik et al. 2015). Using this

assaying method, the growth or proliferation rate of

cells is typically quantified by analyzing either the

number of single cells or the confluence, i.e. the

percentage of the overall area covered by cells, in

images obtained from automated fluorescence micro-

scopy using high-content fluorescence imaging infras-

tructure (Gilbert et al. 2009c; Schneidereit et al. 2017;

Spitzer et al. 2016).

Static versus periodic growth conditions

While many aspects of experimental conditions such

as cell culture media composition, cell culture ware,

composition of gaseous phase, mechanical stimulation

and shear stress have been investigated in detail, the

difference of static culture conditions versus periodic

exchange of cell culture medium has only raised

marginal interest (Yao and Asayama 2017; McGil-

licuddy et al. 2018; van der Valk et al. 2018; van

Midwoud et al. 2012; Abolpour Mofrad et al. 2016;

Huh et al. 2010; Inamdar and Borenstein 2011;

Khademhosseini and Langer 2016; Liu et al.

2006, 2014; Pfister et al. 2015; Demmel et al. 2015;

Mahto et al. 2010). Static culture types are probably

the most frequently employed in vitro model, but the

culturing conditions obviously may create a non-

physiological environment. Due to the fact, that the

medium remains unchanged throughout several days,

the cells presumably suffer from decreasing availabil-

ity of nutrients, build-up of cellular metabolites, and

accumulation of indicators of cell stress as well as

altered physiology and viability, compared to cells
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cultured under in vivo-like conditions that mimic the

native environment of tissue. It is well known that the

extracellular micro-environment acidifies in static

cultures within minutes (McConnell et al. 1992),

creating a non-physiological situation. Cells in their

native environment in vivo are continuously perfused

with extracellular fluid, creating a dynamic extracel-

lular microenvironment of physiological abundance of

nutrients and metabolites. To address the issue

encountered with conventional in vitro cultures

described above, (micro-) fluidics devices, allowing

for continuous or periodical perfusion with fresh

media, are increasingly being developed and proposed

for in vitro models used e.g. in the context of drug

susceptibility testing (Eklund et al. 2004; Marx et al.

2016; McConnell et al. 1992; Weltin et al. 2014; Wolf

et al. 1998).

To assess whether the growth characteristics of

cells cultured at periodic i.e. dynamically changing,

conditions differ from conventional, i.e. static, condi-

tions, we aimed to observe the growth of differentially

cultured cells in vitro by life-cell time-lapse fluores-

cence imaging. For assessing the growth characteris-

tics, we aimed to employ recombinant

HEK293YFPI152L cells, stably expressing a variant of

yellow fluorescent protein, and to quantify the growth

area or confluence in image series. In order to evaluate

whether the growth rates differ between the employed

approaches, we further aimed to calculate the fold-

change in growth area after 30 h culturing duration.

Materials and methods

Reagents

Poly-D-lysine (PDL) was obtained from Sigma

(Taufkirchen, Germany). PDL was prepared as

109 stock in water and stored at 4 �C.

Cell line

HEK293 cells (CRL-1573TM) were purchased from

The American Type Culture Collection (ATCC,

Manassas, VA, USA). Generation of the recombinant

HEK293YFPI152L cell line is described in Walzik et al.

(2015).

Cell culture

Recombinant HEK293YFPI152L were maintained in

DMEM (Invitrogen, Darmstadt, Germany) supple-

mented with 10% fetal bovine serum (FBS, Biochrom,

Berlin, Germany) and penicillin (100 U/ml)/strepto-

mycin (100 mg/ml) (Invitrogen) and were cultured in

T75 flasks (TPP, Trasadingen, Switzerland) at 37 �C,
5% CO2 according to standard procedures. Cells were

passaged every 2–3 days and used in long term

imaging experiments when approx. 80–90%

confluent.

Preparation of cell chips

As a preparatory step prior to long-term imaging

experiments and in order to promote adherence of cells

onto the growth surface of the employed cell

chips (Cellasys GmbH, Kronburg, Germany), cleaned

and sterilized chips were filled with 200 ll 19 poly-D-

lysine (PDL, Sigma) and were incubated for 10 min at

room temperature in a laminar flow hood. Upon

aspiration of the PDL solution the chips were left in the

laminar flow hood for approx. 10 min for drying. In a

next step, PDL-coated chips were filled with 300 ll
standard cell culture medium supplemented with a

total of 6 9 104 cells and were placed into an

incubator for 12–24 h.

Preparation of long-term imaging experiments

Approx. 30 min prior to long-term imaging experi-

ments, the culture medium within the chips was

replaced by 300 ll Leibovitz’s L-15 medium (Merck,

Darmstadt, Germany) without phenol red, supple-

mented with 10% fetal bovine serum and penicillin

(100 U/ml)/streptomycin (100 mg/ml). To prevent

evaporation of the culture medium during long-term

experimentation, the chip to be used in static culture

mode was closed with a plastic conical cap and was

sealed with parafilm. The second chip to be used in

periodic or pulsed-perfused culture mode was closed

with a different lid, equipped with in- and outlets to

allow for media exchange during experimentation.

Both chips were mounted into a purpose-designed chip

carrier and the assembled chip carrier was transferred

to the motorized stage of a of a high-content long-term

imaging system (Nikon Eclipse Ti, Nikon, Tokyo,

Japan) equipped with a cell culture incubator (Okolab,
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Pozzuoli, Italy) capable of maintaining a constant

temperature during the time-lapse experiment. An

image of the set-up including the assembled chip

carrier is shown in Fig. 1a.

Long-term imaging experiments

Cells were imaged with a 109 objective (CFI Plan

Fluor DL 10X Phase, N.A. 0.30, Nikon). Illumination

from a xenon lamp (Lambda LS, Sutter Instruments,

Novato, CA, USA), passing through a filter block (C-

FL Epi-FL FITC, EX 465–495, DM 505, BA 515–555,

Olympus, Tokyo, Japan) was used to excite and detect

the YFPI152L fluorescence signal. Fluorescence was

imaged by a sCMOS camera (NEO, Andor, Belfast,

Northern Ireland, UK) and digitized to disk onto a

computer (Dell Precision T3500, Dell, Round Rock,

TX, USA) with Windows 7 operating System (Mi-

crosoft Corporation, USA). The primary resolution of

the camera was 2560 9 2160 pixel. The experimental

protocol involved imaging each chip every 6 min for a

total of 30 h. Cells cultured in periodic culture mode

were perfused repeatedly every 10 min for a period of

5 min and at a rate of 60 ll per minute with a total

Fig. 1 Setup and workflow for long-term culture and parallel

time-lapse imaging. a 3D printed chip carrier. The carrier was

printed using the biocompatible thermoplast ABS and has the

dimensions of a standard multi-titer plate. It provides wells for

two biochips and a standard 6 cm cell culture dish (see ‘h’ in b).
During life-cell imaging the culture dish is filled with 4 ml

water, serving as a reference for the thermistor (see ‘k’ in b) and
the environment control infrastructure of the microscope. Cells

are imaged through a pinhole at the bottom of the carrier.

b Setup for establishing static and periodic culturing conditions

during time-lapse long-term imaging. (a) medium waste bottle,

(b) peristaltic pump, (c) medium reservoir bottle, (d) waste

tubing, (e) perfusion tubing, (f) imaging chamber, (g) 3D printed

chip carrier, (h) water reservoir for thermistor, (i) chip for

perfusion culture, (j) chip for static culture, (k) thermistor cable

and connector. c Experimental workflow for comparative cell

growth analysis. Details see text
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volume of 300 ll Leibovitz’s L-15 medium without

phenol red, supplemented with 10% fetal bovine

serum and penicillin (100 U/ml)/streptomycin

(100 mg/ml). Liquid-handling was performed with a

peristaltic pump (Ismatec Reglo ICC 4CH, Cole-

Parmer, Wertheim, Germany).

Image analysis

Image series of fluorescent HEK293YFPI152L cells

were automatically analyzed using a modified version

of DetecTIFF� software (Gilbert et al. 2009c) written

in LabView (National Instruments, Dublin, Ireland).

In brief, images were segmented using an iterative size

and intensity-based thresholding algorithm and the

image area covered by cells, i.e. the confluence, was

calculated as percentage of the overall image area.

Data analysis and visualization

Image data were annotated in Microsoft Excel as well

as analyzed and plotted using Origin 7G (OriginLab

Corporation, Northampton, MA, USA). For compar-

ison of cell growth, the fold-change, i.e. the increase of

the growth area covered by cells within a period of

30 h, was calculated using the following equation:

Averagefoldchange ¼ Areafinal

Areainit

where Areainit is the growth area observed at exper-

iment initiation and Areafinal is the growth area

calculated after 30 h culture duration. Statistical

analysis was done based on one-way ANOVA tests,

checking for data normality and performing post hoc

tests (Dunn or Bonferroni method). ‘n.s.’ in the graph

indicates that the difference between the analyzed

populations is not statistically significant.

Linear and exponential fits were obtained using

Origin 7G (OriginLab Corporation). The fit accuracy

is expressed as coefficient of determination (R2).

Results

Custom infrastructure for comparative culture

analysis

To assess whether the growth characteristics of cells

cultured at periodically changing, conditions differ

from conventional, i.e. static, conditions, we aimed to

observe the growth of differentially cultured cells

in vitro by life-cell time-lapse imaging. To support

direct comparison of generated imaging data, we

intended to observe the different cultures in the same

experiment. As the dimensions of the employed

biochips differ from those of standard culture ware,

we purposely designed a chip carrier using computer

assisted design (CAD, see Methods for details) and

printed it with a custom-grade 3D printer. An image of

the chip carrier without mounted chips is shown in

Fig. 1a, mounted chips as prepared for automated

imaging are shown in Fig. 1b.

Experimental workflow for comparative cell

growth analysis

In a first step prior to comparative imaging, recombi-

nant and fluorescent HEK293YFPI152L cells were

seeded into biochips at defined density in DMEM,

supplemented with fetal calf serum and antibiotics

(see Methods for details) and were incubated at

standard culture conditions over night (see step 1 in

Fig. 1c). We decided to use recombinant

HEK293YFPI152L cells as the HEK293 (human embry-

onic kidney-derived) host cell line is robust and

modest with respect to culturing conditions. Further-

more, HEK293 cells are a commonly employed

culture model for answering a vast variety of biolog-

ical questions in a broad range of laboratories world-

wide. In addition, the cells stably express a variant of

yellow fluorescent protein (YFP), exhibiting a high

signal-to-noise ratio in fluorescence microscopy, and

thus enable quantitative and automated analysis of

cellular growth based on fluomicrographs obtained

from life-cell time-lapse imaging. The next day, the

standard culture medium was replaced by 300 ll
Leibowitz’s L-15 medium without phenol red. We

used Leibowitz’s L-15 medium without phenol red as

it allows culturing cells at ambient CO2 concentration

and minimizes background contamination through

scattered light in fluorescence microscopy as com-

pared to phenol red-containing medium. Prepared

chips were mounted into the chip carrier (see image in

Fig. 1b and step 2 in Fig. 1c) and were transferred to

the motorized stage of an automated Nikon Eclipse Ti

microscope with cell culture incubator for maintaining

a constant temperature during time-lapse experimen-

tation. In this configuration, the cells were recurrently
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imaged every 6 min for a total of * 30 h at 37 �C and

ambient CO2 concentration (see step 3 in Fig. 1c). Cell

chips used in static mode were imaged in 300 ll
Leibowitz’s L-15 medium added prior imaging initi-

ation as described above. Chips used in periodic mode

were recurrently perfused with new medium during

automated imaging using the setup shown in Fig. 1b as

detailed in the Methods section. Generated images

sequences were subsequently quantitatively analyzed

using a modified version of DetecTiff� software

(Gilbert et al. 2009c) (see step 4 in Fig. 1c).

Growth of cells cultured under periodic

versus static conditions

Figure 2a shows representative images of recombi-

nant HEK293YFPI152L cells at experiment initiation

(start) and after 30 h imaging duration (end) captured

from cells cultured in cell chips in static (upper row)

and periodic culture mode (bottom row). For compar-

ison of the growth characteristics of differentially

cultured HEK293YFPI152L cells, the growth area or

cellular confluence was quantified in single images of

the generated image series using image analysis

software. Figure 2b shows time courses of the mean

confluence (in %, ± SD) of HEK293YFPI152L cells,

cultured in static (black) and periodic (red) culture

mode, respectively, averaged from a total of four

biological replicates each. These data demonstrate that

cells cultured under conventional, i.e. static conditions

exhibit an exponential growth rate. Exponential

growth of cells in vitro has previously been reported

for different cell lines, including HEK293 cells and

HEK293YFPI152L cells and thus, was somewhat

expected (Walzik et al. 2015). In contrast, cells

cultured in periodic mode exhibited a non-exponen-

tial, linear growth rate within the observed time

period. In order to evaluate whether the differences

observed for the cellular growth rate also affected the

overall increase in confluence, we calculated the

average fold change in growth area for each culturing

mode based on the first and last image taken during

long-term experimentation. The histogram inset in

Fig. 1b clearly indicates that the fold change values

(mean ± SD, N = 4) calculated for cells cultured in

periodic (1.8 ± 0.6) and static mode (2.0 ± 0.7),

Fig. 2 Comparative analysis of cellular growth characteristics

of HEK293YFPI152L cells at static versus periodic culturing

conditions. a Representative fluomicrographs of

HEK293YFPI152L cells cultured in multi-parametric cell chips

in static (upper row) and periodic (bottom row) culture mode at

experiment initiation (start) and after 30 h imaging duration

(end). Scale bar: 200 lm. b Time courses of the average

confluence (in %, mean ± SD, N = 4) of cells cultured in static

(black) and periodic (red) culture mode, respectively, calculated

from images as shown in (a). The time courses indicate

exponential and linear growth for cells cultured in static and

periodic mode, respectively. The inset histogram displays the

average fold-change in growth area (mean ± SD, N = 4) and

indicates that the final growth area is comparable for both

culture conditions after 30 h culture duration. ‘n.s.’: not

significant. (Color figure online)
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respectively, are not significantly different. This result

is expected as normalization of the depicted time

courses to the initial confluence value reveals inter-

secting curves at approx. 30 h culture duration.

In order to provide an additional and more

comprehensive indicator, also reflecting the time-

course of the growth rate, we fitted the generated time-

course data using linear and exponential functions for

assessing time-resolved growth characteristics of cells

grown under dynamic and static conditions, respec-

tively (see Methods for details). The fit accuracy is

expressed as coefficient of determination (R2) and was

0.97 ± 0.27 and 0.99 ± 0.17 for cells cultured in

periodic mode and under static conditions,

respectively.

Discussion

For the sake of feasibility and cost reasons, in vitro

cultures are conventionally maintained under static

rather than under periodic culture condition, because

periodic cultures require a more complex infrastruc-

ture that is also much more resource-intensive com-

pared to the conventional culturing approach. Static

culture conditions, however, create a non-physiolog-

ical environment presumably altering physiology and

viability compared to in vivo-like culture conditions.

The initial benefit of static cultures may thus be

compromised by subsequent time-consuming and

cost-intensive validation of experimental results using

individual assay types and different culture

approaches. Using long-term time-lapse fluorescence

microscopy we have analyzed the growth of cells

in vitro cultured under static versus periodic condition.

Our data demonstrate that HEK293 cells cultured

under conventional conditions exhibit an exponential

growth rate, whereas HEK293 cells cultured in

periodic mode exhibited a non-exponential, rather

linear, growth rate. Exponential growth of cells

in vitro has previously been reported for different cell

lines, including stem cells and culture models such as

HEK293YFPI152L, RKO, HCT116, Lim1215 or HT29

cells (Shekar and Ranganathan 2012; Witzel et al.

2015; Walzik et al. 2015; Yates et al.

2017)_ENREF_46. Furthermore, exponential growth

is initially expected as a single parent cell divides into

two daughter cells during cell division.

There are numerous possible explanations for the

phenomenon of the observed non-exponential and

rather linear growth behavior of periodically cultured

cells. For example, mechanical stress or stimulation of

the cells may explain the observed differences. During

cell division, adherent cells in vitro change their

morphotype from flat and outspread to round and

loosely attached. When the cells are perfused during

cell division, the loosely attached cells may be

mechanically dislodged from the bottom of the

biochip and removed from the quantified cell popu-

lation. Visual observation would be the gold standard

and generally suitable for testing this hypothesis, but

the acquired image series are not suitable as the

employed sampling rate (ten images per hour) is too

small for identification of cells being washed away

during parallel cell division and perfusion. Also, a

phenomenon called contact inhibition of proliferation,

describing the inhibition of cell proliferation in a

density dependent manner, may be involved in the

observed linear proliferation characteristics in per-

fused cultures (Stoker and Rubin 1967). Mechanosen-

sitive ion channels such as piezo proteins, have been

associated with cellular development, volume regula-

tion, cellular migration, proliferation, and elongation

and may be activated through the liquid flow and

hence, interact with cellular growth (Bagriantsev et al.

2014). Besides mechanical stress or stimulation of the

cells, another mechanism may explain the observed

linear growth characteristics. Signaling molecules,

secreted by the cells and involved in cell cycle

progression, division and proliferation such as ligands

of intracellular signaling pathways and growth factors

may be accumulated at lower concentration in per-

fused cultures compared to static cultures and thus

may cause slower cell cycle progression. Another

consequence of the aforementioned accumulation of

signaling molecules and factors may also affect

synchronization of the cell cycle of the HEK293 cells

in culture. However, none of the hypothesized mech-

anisms has been evaluated in detail as this was not

within the scope of this study. We aimed at comparing

the growth characteristics of HEK293 cells cultured

under static versus periodic conditions and providing

the results to the community for several reasons. First,

to bring the relevance of perfusion cultures in the focus

of up-to-date cell biology emphasizing the importance

of the nutritional status of cells in vitro and in the

context of GCCP (Coecke et al. 2005; Hartung et al.
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2001; Pamies et al. 2017) and second, to spark the

interest for further experimentation towards gaining a

deeper understanding of the phenomenon observed in

the course of this study.

Despite the fact that our observation of a non-

exponential and rather linear growth behavior of

periodically cultured cells has been reproduced in a

total of four independently conducted biological

replicate experiments with recombinant HEK293

cells, further experimentation with additional in vitro

culture models would be required for validation of our

observations as a general phenomenon occurring in

cultures of periodically cultured cells.

While this work focuses on in vitro cultures of

HEK293 cells, the methodological approach could

also be adapted for other cell lines and strategies, such

as drug or toxicity screening, e.g. in the context of the

3Rs (Russell and Burch 1959; Alexander et al. 2018).
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