
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 26, 2023

Controlling fluid flow to improve cell seeding uniformity

Reynolds, Paul M.; Rasmussen, Camilla Holzmann; Hansson, Mattias; Dufva, Martin; Riehle, Mathis O.;
Gadegaard, Nikolaj

Published in:
PLOS ONE

Link to article, DOI:
10.1371/journal.pone.0207211

Publication date:
2018

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Reynolds, P. M., Rasmussen, C. H., Hansson, M., Dufva, M., Riehle, M. O., & Gadegaard, N. (2018). Controlling
fluid flow to improve cell seeding uniformity. PLOS ONE, 13(11), [e0207211].
https://doi.org/10.1371/journal.pone.0207211

https://doi.org/10.1371/journal.pone.0207211
https://orbit.dtu.dk/en/publications/ff679800-36fb-4265-91b6-8fc9abcdf1e5
https://doi.org/10.1371/journal.pone.0207211


RESEARCH ARTICLE

Controlling fluid flow to improve cell seeding

uniformity

Paul M. ReynoldsID
1*, Camilla Holzmann Rasmussen2,3, Mattias Hansson2, Martin Dufva3,

Mathis O. RiehleID
4, Nikolaj Gadegaard1

1 Division of Biomedical Engineering, School of Engineering, University of Glasgow, Glasgow, United

Kingdom, 2 Novo Nordisk A/S, Novo Nordisk Park, Maaloev, Denmark, 3 DTU Nanotech, Technical

University of Denmark (DTU), Lyngby, Denmark, 4 Centre for Cell Engineering, Institute of Molecular, Cell, &

Systems Biology, University of Glasgow, Glasgow, United Kingdom

* Paul.Reynolds@Glasgow.ac.uk

Abstract

Standard methods for seeding monolayer cell cultures in a multiwell plate or dish do not uni-

formly distribute cells on the surface. With traditional methods, users find aggregation

around the circumference, in the centre, or a combination of the two. This variation is intro-

duced due to the macro scale flow of the cell seeding suspension, and movement of the dish

before cells can settle and attach to the surface. Reproducibility between labs, users, and

experiments is hampered by this variability in cell seeding. We present a simple method for

uniform and user-independent the cell seeding using an easily produced uniform cell seeder

(UCS) device. This allows precise control of cell density in a reproducible manner. By con-

taining the cell seeding suspension in a defined volume above the culture surface with the

UCS, fluctuations in cell density are minimised. Seeding accuracy, as defined by the actual

cell density versus the target seeding density is improved dramatically across users with

various levels of expertise. We go on to demonstrate the impact of local variation in cell den-

sity on the lineage commitment of human embryonic stem cells (hESCs) towards pancreatic

endoderm (PE). Variations in the differentiation profile of cells across a culture well closely

mirror variations in cell density introduced by seeding method–with the UCS correcting vari-

ations in differentiation efficiency. The UCS device provides a simple and reproducible

method for uniform seeding across multiple culture systems.

Introduction

Experiments involving cell culture, from biomaterial testing[1–3] to drug discovery[4] often

begin with cells seeded onto a flat surface to form a two dimensional culture. This is the foun-

dation on which the experiment as a whole is built and is arguably one of the most critical

steps. Seeding density influences cellular behaviour in sparse versus dense cultures due to dif-

ferences in cell-cell communication, local concentration of auto- and paracrine factors, cell

shape and mechanical interaction. The commitment and differentiation of stem cells are

highly regulated by cell density, and so the initial seeding density has been shown to influence
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the differentiated phenotype of pig articular chondrocytes in culture[5], human embryonic

stem cell (hESC) differentiation towards pancreatic endocrine cells[6], and other cell fate deci-

sions[7,8]. Issues with uneven seeding also arise in the case of array and screening platforms,

whereby a disparity in cell density can introduce noise and variability–leaving the assays open

to errors[6,9–11]. Whilst rarely considered in the literature, uneven seeding may also skew

results when conducting biomolecular assays across an entire well, including measures in

supernatant, cell lysate and DNA/RNA[12]. Human bone marrow cells plated at high density

show increased Notch signalling[13], density dependent metabolic profiles[14], and modified

viability[15]–which are measurements aggregated from a single culture vessel with uneven cell

density.

Uneven seeding arises due to three factors–the macro scale turbulent flow of cell seeding

suspension as it is added to the dish or well, disturbing the cell suspension as plates are moved

to the incubator, and to a lesser extent the meniscus that forms around the wall of the culture

plate (this effect is more pronounced with smaller well sizes). The problems associated with

uneven cell seeding are apparent in the volume of forum posts[16] from students seeking help

in improving their seeding, after struggling with variability. Studies investigating the optimal

means of cell seeding have sought to identify the source of uneven cell distribution[17] but the

number of published studies lags behind the apparent need expressed online. There are com-

mercial culture vessels available which remove the meniscus effect[18], purporting to improve

uniformity in hematopoietic CFU assays—but they still suffer from uneven distribution due to

the remaining effects of fluid flow. Common practice for this crucial step also varies between

disciplines, laboratories, individual researchers, and even from day to day. Furthermore, high

user dependence of cell seeding introduces variability to the results and leaves others strug-

gling to reproduce work[19–21]. Suggested protocols exist that are not uniformly adopted, nor

included in the detailed methods as they are deemed too basic to mention[22]. These standard

laboratory methods additionally still cause variations in density across the vessel[23]. Applying

our method effectively eliminates this variation. In light of this, achieving a consistent and

reproducible seeding density across each sample is imperative for the production of high qual-

ity data[14].

Results

A simple device to increase seeding uniformity

Redistribution of cells in an uneven manner can occur due to fluid flow, convection in the sus-

pension[24], and vessel movement after seeding (Fig 1A). We propose a method of cell seeding

which makes use of a simple lid above the culture surface to confine the cell suspension and

maintain uniform seeding volume per unit area. This uniform cell seeder (UCS) device has

only two strict design parameters: 1) the upper surface is flat and rigid, and 2) it is close enough

to the target surface to efficiently wick the suspension into the cavity and hold it by capillary

force (Fig 1B). Rather than dispensing a droplet of cell suspension onto a sample, or pipetting

cell suspension over a surface already immersed in media, the UCS is placed on the surface

and cell suspension is pipetted through an inlet (Fig 1C & S1 Video). After moving the culture

vessel to an incubator to allow for cell attachment (2-4h) the vessel is back-filled with culture

media. The UCS device floats away from the surface and can be removed without disturbing

the culture. The device corrects for seeding artefacts such as clustered regions of high and low

density, however some edge effects remain in the seeding of well plates due to the meniscus

formed by the cell suspension at the outer circumference (Fig 1D).

As the only design criteria is that the surface and lid are held at a constant distance, these

devices can be fabricated by simple spacers attached to flat material which can be laser cut to
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custom sizes and sterilised in ethanol, by UV, or by autoclave. We have also demonstrated pro-

duction by 3D printing and mass production of thousands of disposable devices by injection

moulding (Figure A in S1 File). To determine time required to allow settlement of a seeding

cell suspension to the surface, settle time was measured on a modified internal reflection

microscopy setup (Figure B in S1 File). Cells were introduced into the UCS device and imaged

from below, only being illuminated when they contacted the surface. After 3 mins the majority

of cells had settled to the surface, and after 10 mins the number of cells at the surface was in an

established steady state. After this waiting time, the culture can be moved to the incubator with

minimal disruption to the distribution.

UCS improves seeding accuracy and uniformity in a group of users

To compare the proposed method against current techniques we seeded human fibroblast cells

with regular and UCS controlled seeding. Six users with varying personal technique and levels

of experience were tasked with seeding at three different densities in a 12-well plate, in as uni-

form a manner as possible. A cell suspension was provided for each density, and the multiwell

plate for each user was carefully moved to the incubator after allowing cells to attach to the

well for 10 mins at room temperature. After 24h, cells were fixed and stained with nuclear

stain DAPI followed by imaging the full well area. Our results demonstrate a marked variation

in uniformity, both between methods and also between users (Fig 2A). Plotting the cell num-

ber across the well showed aggregation in the centre at low and medium cell densities, and

more uniform seeding at higher densities (Fig 2A). This varied between users and was not nec-

essarily improved by more experienced users. An increase in cell number at the well edge was

more apparent for some users. Seeding at the same densities using the UCS to control the cell

suspension effectively corrected seeding defects in all users at all tested densities–with similar

edge effects across the user group (Fig 2A). To quantify this improvement in seeding accuracy

we calculate the mean absolute error (MAE) of observed cell density across the full culture

area versus the target density (Fig 2B and 2C). Given ideal seeding in which cells are perfectly

distributed at the target density MAE = 0. We found MAE was reduced by a factor of 3 when

the UCS device was used to seed the culture. Whilst the error was not completely removed by

the UCS device, it modified the distribution of cell densities on the sample to normally distrib-

uted across users. This is as expected of the biological reality of cell seeding—wherein a num-

ber of cells will fail to attach and others will be clumped together.

Density dependent differentiation of hESC to the pancreatic endoderm

To demonstrate the impact of local density variations on the lineage commitment of stem

cells, hESCs were seeded by standard methods and with the UCS device. We obtained similar

results as with fibroblast cells in terms of seeding uniformity. Using the UCS we were able to

obtain much more uniform seeding density as compared to standard seeding at all tested seed-

ing densities (1000–3000 cells/mm2). We found that differentiation towards pancreatic

Fig 1. Improving the uniformity of cell seeding. (A) Uniform spacing between each cell is the targeted distribution of cells in a dish when seeding to

form a monolayer. The reality is that the same number of cells aggregate around the well edge and well centre resulting in a heterogeneous density

distribution. Dashed outline shows example of a surface such as a coverslip in the well, which would often not be centred and suffer from further

uneven distribution. Movement of the culture vessel to the incubator causes further redistribution of cells due to fluid flow, ultimately resulting in

variation in cell phenotype depending on local changes in density. (B) The uniform cell seeder (UCS) device can be used to control the cell suspension,

and therefore cell density, across a surface. A capping lid (blue) above the culture surface (grey) holds the cell suspension (pink) at a uniform height

across the area (arrows), which evenly distributes the cell population. (C) The UCS device is filled by pipetting the cell suspension through an inlet. In

this case, a 22mm coverslip in a 24 well plate is seeded with a uniform distribution of cells. Through capillary force, the cell suspension is held between

the UCS and culture surface. (D) Nuclear staining of cells seeded in a 24-well plate without (left) and with (right) the UCS device after 2 weeks culture.

Some aggregation around the edges remains, but the uniformity across the well is significantly improved.

https://doi.org/10.1371/journal.pone.0207211.g001
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endoderm (PE), as indicated by positive stain for PDX1, across the well depended on the seed-

ing method and seeding density (Fig 3A–3C). With standard seeding of a low density (1000

cells/mm2), PDX1 positive cells were only observed in the centre of the well. Thus, differentia-

tion into PE cells was only possible in areas with high cell density—which standard seeding

Fig 2. The UCS corrects seeding uniformity. (A) Six users of varying experience were tasked with seeding cells in a 12-well plate as evenly as possible at high (400 cells/

mm2), medium (200 cells/mm2), and low (400 cells/mm2) densities. Cell number across the well centre is shown for each user without (left) and with (right) the UCS

device. The y-axis shows the cell number normalised to the target density for each dataset indicated as a dashed line. (B) & (C) Histograms show the local cell density for

all users (n = 6) across the entire well after seeding with a target density of 400 cells/mm2 (indicated by red dashed line). Insets show heatmaps of n = 6 samples seeded

by each method. Mean Absolute Error (MAE) is shown for each method. Scale bar: 5mm.

https://doi.org/10.1371/journal.pone.0207211.g002
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provides only in the well centre while the UCS device mitigates. With intermediate seeding

density (2000 cells/mm2) it was possible to obtain PDX1 positive cells both with standard seed-

ing and UCS device seeding. However, a more uniform distribution of clusters of PDX1 posi-

tive cells across the entire well was obtained when using the controlled seeding technique

compared to using standard seeding (Fig 3D). With high seeding density (3000 cells/mm2) the

differences in the seeding were less pronounced between the two different seeding techniques,

however a change in PDX1 positive cluster distribution was still observed. It has been shown

that patterning of hESCs into size controlled clusters can benefit yield of PE cells[25] and we

propose that the UCS is a simple means of repeatedly doing so. Variations in PDX1 expression

across the well persist using the UCS device, but are far less pronounced. We assume that edge

effects are caused by the local density of signalling factors dominating towards the well edge

after backfilling the well with media, leading to a reduction in effective differentiation.

Discussion

In this study we present a simple to use device which effectively eliminates large variations in

cell density across a culture vessel. Variability in the uniformity of cell seeding in a dish is a

fundamental problem which is especially critical in studies of population sensitive cells. These

cells respond to trophic, mechanical, and chemical factors presented by their local environ-

ment–and so changes in the local cell number across a culture vessel can result in entirely dif-

ferent cell phenotypes. By using a simple device to allow users to control the way in which cell

suspension flows and covers the culture surface, we have removed variable aspects of cell seed-

ing arising from fluid flow in the dish redistributing cells. The UCS corrects for differences in

user technique and experience, to provide a repeatable cell seeding distribution without

regions of high and low density in a single well. Consistent seeding at target cell densities

improved reliability and reproducibility across experiments and users.

Monolayer cultures are seeded by one of two methods, either a droplet of fluid is placed on

the surface (for example a glass coverslip), and the vessel back filled with culture media after

cells have attached, or the coverslip is immersed in culture media, with a concentrated cell sus-

pension then pipetted over the dish in as even a manner as possible. This is followed in some

cases by a slight shake of the dish north/south/east/west to redistribute the cells evenly. Neither

of these methods guarantee reproducible distribution of the cells, but are often considered ade-

quate. The literature also suffers from confusion stemming from interchangeable use of seed-

ing densities quoted in either cells/ml or cells/cm2. Methods to control and correct for uneven

cell seeding in 3D cultures[26] and microfluidic systems[27] have been reported, however

there are no published methods for improving uniformity in the most common culture vessels.

The UCS device is a simple to fabricate tool which guarantees reproducible seeding by accu-

rately controlling the distribution of cell suspension over the surface. It also lends itself to the

reporting of cell seeding densities per unit area (i.e. cells/cm2) which can be easily reproduced

between labs and users.

That variations in cell density occur after seeding, and that this variation in density is mir-

rored by variation in differentiation behaviour is not a surprising observation. It is well known

Fig 3. hESC differentiation mirrors seeding density across a well and can be controlled by the UCS device. (A) hESCs seeded with (top) and

without (bottom) the UCS device at three seeding densities–low (1000 cells/mm2), medium (2000 cells/mm2) and high (3000 cells/mm2). A full

15x15 image array of a 12-well plate diameter is shown. PDX1 positive cells (red) and DAPI (blue). Scale bar: 2mm. (B) cross section montage of

PDX1 labelled cells for each condition, as outlined in dashed white box in (A). Seeding cells without the UCS device (labelled -UCS) results in

central regions with higher expression of PDX1 whereas PDX1 expression is more evenly distributed where cells were seeded in an even manner.

Scale bars: A = 1mm, B = 0.5mm. (D) Quantification of total PDX1 cluster area across the centre of the culture well, measuring average size of PDX1

positive clusters in across the centre (n = 6, bars 95% CI).

https://doi.org/10.1371/journal.pone.0207211.g003
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that local cell density in the microenvironment plays a key role in determining cell fate and dif-

ferentiation[6,23,28]. That such a simple device can provide such a drastic increase in unifor-

mity may provide an important tool in improving the reproducibility of experiments. The

extent of the problems associated with uneven cell seeding is not clear from the literature.

Using the method described here we hope the community will assay their seeding uniformity,

and attempt to understand how experimental procedures could be improved by controlled

seeding with the UCS. Uneven cell seeding may even be advantageous for certain cell lines at

low density, where valuable primary or pluripotent cells are used at the minimum acceptable

concentrations. We saw increased expression of early PE markers in very low density cultures

which were seeded in an uneven manner which was effectively removed by uniform seeding

(Figure E in S1 File).

The profile of cell density across multiwell plates seeded in Fig 2 was mirrored in the profile

of PDX1 positive cell cluster size after differentiation of hESCs to the pancreatic endoderm.

The efficiency of differentiation was linked cell density, and in instances where cell density was

not uniform across the plate at the time of seeding, it followed that differentiation was not uni-

form. The negative effects of cell seeding uniformity on differentiation consistency were not

uniform across all densities in this case, with lower densities appearing to be more susceptible

to larger differences in differentiation. Presumably, this is because regions of high local density

passed a threshold for cell-cell signalling which induced differentiation more effectively.

Understanding that the local cell distribution affects the differentiation potential of hESC

towards their target differentiation state allows users to limit cells which are seeded and ulti-

mately unlikely to differentiate. Protocols which appear to work, and use a large number of

cells in a 12 or 24 well plate, may be more effective if used in a smaller culture area at higher

density with uniform seeding.

By controlling the shape of the cell seeding suspension, the UCS device minimises varia-

tions in cell density across the culture surface. Removing such variations reduces the risk of

variable outcomes which arise from variable cell density. By ensuring that cells are seeded in a

similar manner irrespective of technique or user, it is less likely that results are simply an arte-

fact of variable cell density. The UCS device is a simple to fabricate and use approach for stan-

dardisation of cell seeding density across users and experiments.

Materials and methods

We have used two methods to manufacture the devices used in the experiments. A simple and

flexible route is the use of 3D printing which is becoming ubiquitous to most labs and research

facilities. 3D printing exists in different formats with varying level of resolution, ranging from fil-

ament printing (FDM) to stereolithography (SLA). Filament printing is the most common 3D

printing method but is also limited in resolution–in particular edge definition. 3D printing pro-

vides ease of device design to fit a wide range of applications from custom made samples to petri

dishes and well plates (Figure A in S1 File). The UCS designs were either made in SolidWorks

or Rhino3D. STL files for some of the most common formats are provided as supplementary

files. The devices are designed to provide a well-defined and constant separation distance

between the surface and the UCS. This distance is provided by three legs placed at the periphery

of the device. Near the edge, a 5mm inlet is provided to match a pipette tip through which the

cell suspension is delivered. With the aim that the UCS could be widely adopted by the scientific

community, we have also demonstrated volume scaling by injection moulding. Here, an insert

was CNC milled in aluminium and fitted in the tooling of our injection moulding machine

(Engel Victory 28 tons). UCS devices were then moulded in polycarbonate (Makrolon OD2015)

with a cycle time of 10s. Such devices also benefit from full optical clarity which eases use during
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filling. Before use, UCS devices were either sterilised in 70% Ethanol for at least 1 hour or by UV

irradiation. An alternative route for the injection moulded devices was autoclaving as the poly-

carbonate can sustain such a temperature treatment without failing (Tg 145˚C).

Measurement of cell settle time during UCS use

Settle time of cells delivered to a surface using the seeding device was assessed using a modified

internal reflection microscopy setup. A 10mm thick glass plate was mounted on an inverted

microscope, with LEDs used to illuminate through the glass plate in total internal reflection

(TIR). As cells sediment to the surface, light is coupled out of TIR and imaged by a 4x objective

placed perpendicular.

hESCs pancreatic endoderm differentiation

Human embryonic stem cells (hESCs) (SA121, Cellartis AB) were cultured in the feeder-free

and defined DEF-CSTM 500 system according to instruction from the supplier (Cellartis AB).

The hESCs were cultured and differentiated in a humidified incubator with 5% CO2.

For the differentiation towards pancreatic endoderm the following protocol was used. The

cells were first differentiated to definitive endoderm in fibronectin coated cell culture flask

using a highly effective patented protocol (WO 2012175633 A1). Subsequently, the cells were

rinsed with PBS and dissociated to single cell suspensions with TrypLE Select at room temper-

ature. Seeding of the cells was performed with 1000–3000 cells/mm2 in basal media with 100

ng/ml Activin A and 1 μM RockI. The cells were seeded in 12 well plates using differentiation

medium with 2% B27 at 3 different seeding densities both with and without the UCS device.

With standard seeding, the wells were filled with 2ml of cell suspension followed by short

movements in a north/south/east/west direction to distribute cells as evenly as possible With

the controlled seeding 0.3ml of cell suspension was injected into the UCS device and placed in

the incubator. The UCS device was removed 1.5–2 hours after seeding and media was added

to a total volume of 2ml per well. The pancreatic endoderm differentiation was initiated the

day after seeding. The cells were differentiated towards pancreatic endoderm for 13 days with

RPMI medium containing 64ng/ml FGF2 (Peprotech), 12% knockout serum replacement

(Gibco) and 0.1% pen strep 21[29]. Media was changed daily.

The cells were fixed by washing once with phosphate buffered saline (PBS) (Invitrogen and

adding 4% formaldehyde (Lilly’s fixative, Mallinsckridt Baker) for 20 minutes. The cells were

rinsed 2 times with PBS and permeabilized in 0.5% TritronX-100 (Sigma Aldrich) in PBS. The

cells was washed in PBS and blocked with TNB blocking buffer (0.1M tris-HCL pH 7.5, 0.15M

NaCl and 0.5% Blocking reagent from Perkin Almer TSA kit) for 30 minutes. Primary anti-

bodies were diluted in in 0.1% TritronX- 100 in PBS and applied to the cells, followed by incu-

bation overnight at 4C. The following primary antibodies were used: goat polyclonal anti-

PDX1 (1:8000, Abcam, ab47383) and mouse anti-Nkx6.1(1:500, in house facility, F55A10).

F55A12 was deposited to the DSHB by Madsen, O.D. (DSHB Hybridoma Product F55A12).

Cells were washed 3 times with PBS for 5 minutes. The secondary antibodies Alexa Fluor 594

conjugated donkey-anti-mouse IgG (Invitrogen) and Alexa Fluor 488 donkey-anti-goat IgG

(Invitrogen) were added in a 1:1000 dilution together with DAPI (1:2000) (SigmaAldrich) in

1% TritronX-100 in PBS for 45 minutes at room temperature. The cells were rinsed 3 times

with PBS for 5 minutes.

Image acquisition and quantification

Images were acquired using either an Olympus CX51 upright microscope equipped with a

Prior motorized stage and 10X objective operated by ImageProPlus (Media Cybernetics, UK),
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or a GE InCell analyser with a 10X objective. Contiguous arrays were captured across the full

extent of each plate well, including the curved wall which was later cropped from the image to

leave only the complete culture area for analysis. Images were analysed using CellProfiler

(Broad Institute, Harvard) to detect individual cells using DNA stains. After detection of indi-

vidual cells, their centroids were computed. Processing of 1,000 2 megapixel images takes

approximately 12h using CellProfiler 2.0 on an Intel Core i7 2600 CPU @ 2.4 GHz with 16Gb

DDR2 RAM. The processing pipeline used in this work has been made available online at

www.cellprofiler.org.

Supporting information

S1 Dataset. Dataset. Dataset underlying Figs 2 & 3.

(ZIP)

S1 File. Supplementary information. This file contains all supplementary figures and infor-

mation.

(DOCX)

S2 File. 3D CAD file. STL file used to 3D print UCS device.

(STL)

S3 File. 3D CAD file. STL file used to 3D print UCS device with patterned gaps in cell layer.

(STL)

S1 Video. UCS device use. Video showing use of the UCS device, filling the device with cell

suspension.

(3GP)

Acknowledgments

Staff and technicians of the Centre for Cell Engineering and in the School of Biomedical Engi-

neering at the University of Glasgow. The staff of the mechanical workshop in the School of

Engineering at the University of Glasgow for their assistance in fabricating injection moulding

tooling. We gratefully acknowledge test users of the device, and Marie Francene Cutiongco for

necessary critical reading of the manuscript and valuable ideas to improve it.

Author Contributions

Conceptualization: Paul M. Reynolds, Camilla Holzmann Rasmussen, Mattias Hansson, Mar-

tin Dufva, Mathis O. Riehle, Nikolaj Gadegaard.

Data curation: Paul M. Reynolds.

Formal analysis: Paul M. Reynolds.

Investigation: Paul M. Reynolds, Camilla Holzmann Rasmussen.

Methodology: Paul M. Reynolds.

Supervision: Mattias Hansson, Martin Dufva, Mathis O. Riehle, Nikolaj Gadegaard.

Writing – original draft: Paul M. Reynolds.

Writing – review & editing: Paul M. Reynolds, Camilla Holzmann Rasmussen, Martin Dufva,

Mathis O. Riehle, Nikolaj Gadegaard.

Controlling fluid flow to improve cell seeding uniformity

PLOS ONE | https://doi.org/10.1371/journal.pone.0207211 November 15, 2018 10 / 12

http://www.cellprofiler.org/
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207211.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207211.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207211.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207211.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207211.s005
https://doi.org/10.1371/journal.pone.0207211


References
1. Yliperttula M, Chung BG, Navaladi A, Manbachi A, Urtti A. High-throughput screening of cell responses

to biomaterials. Eur J Pharm Sci. 2008; 35: 151–60. https://doi.org/10.1016/j.ejps.2008.04.012 PMID:

18586092

2. Anderson DG, Levenberg S, Langer R. Nanoliter-scale synthesis of arrayed biomaterials and applica-

tion to human embryonic stem cells. Nat Biotechnol. 2004; 22: 863–6. https://doi.org/10.1038/nbt981

PMID: 15195101

3. Lutolf MP, Gilbert PM, Blau HM. Designing materials to direct stem-cell fate. Nature. 2009; 462: 433–

41. https://doi.org/10.1038/nature08602 PMID: 19940913

4. Fernandes TG, Diogo MM, Clark DS, Dordick JS, Cabral JMS. High-throughput cellular microarray plat-

forms: applications in drug discovery, toxicology and stem cell research. Trends Biotechnol. 2009; 27:

342–9. https://doi.org/10.1016/j.tibtech.2009.02.009 PMID: 19398140

5. Watt FM. Effect of seeding density on stability of the differentiated phenotype of pig articular chondrocytes

in culture. J Cell Sci. 1988; 89 (Pt 3): 373–8. Available: http://www.ncbi.nlm.nih.gov/pubmed/3058725

6. Gage BK, Webber TD, Kieffer TJ. Initial Cell Seeding Density Influences Pancreatic Endocrine Develop-

ment During in vitro Differentiation of Human Embryonic Stem Cells. PLoS One. 2013; 8: e82076.

https://doi.org/10.1371/journal.pone.0082076 PMID: 24324748

7. Chetty S, Pagliuca FW, Honore C, Kweudjeu A, Rezania A, Melton DA. A simple tool to improve pluripo-

tent stem cell differentiation. Nat Methods. 2013; 10: 553–6. https://doi.org/10.1038/nmeth.2442 PMID:

23584186

8. Ghosh S, Dean A, Walter M, Bao Y, Hu Y, Ruan J, et al. Cell density-dependent transcriptional activa-

tion of endocrine-related genes in human adipose tissue-derived stem cells. Exp Cell Res. Elsevier B.

V.; 2010; 316: 2087–2098. https://doi.org/10.1016/j.yexcr.2010.04.015 PMID: 20420826

9. Reynolds P, Pedersen RH, Stormonth-Darling J, Dalby MJ, Riehle MO, Gadegaard N. Label-free seg-

mentation of Co-cultured cells on a nanotopographical gradient. Nano Lett. 2013; 13: 570–6. https://doi.

org/10.1021/nl304097p PMID: 23252684

10. Almarza AJ, Athanasiou K a. Effects of Initial Cell Seeding Density for the Tissue Engineering of the

Temporomandibular Joint Disc. Ann Biomed Eng. 2005; 33: 943–950. https://doi.org/10.1007/s10439-

005-3311-8 PMID: 16060535

11. Bitar M, Brown R a, Salih V, Kidane AG, Knowles JC, Nazhat SN. Effect of cell density on osteoblastic

differentiation and matrix degradation of biomimetic dense collagen scaffolds. Biomacromolecules.

2008; 9: 129–35. https://doi.org/10.1021/bm701112w PMID: 18095652

12. Kim DS, Lee MW, Yoo KH, Lee T-H, Kim HJ, Jang IK, et al. Gene Expression Profiles of Human Adi-

pose Tissue-Derived Mesenchymal Stem Cells Are Modified by Cell Culture Density. PLoS One. 2014;

9: e83363. https://doi.org/10.1371/journal.pone.0083363 PMID: 24400072

13. Whyte JL, Ball SG, Shuttleworth CA, Brennan K, Kielty CM. Density of human bone marrow stromal

cells regulates commitment to vascular lineages. Stem Cell Res. Elsevier B.V.; 2011; 6: 238–250.

https://doi.org/10.1016/j.scr.2011.02.001 PMID: 21420373

14. Lee LCY, Gadegaard N, de Andrés MC, Turner L-A, Burgess K V., Yarwood SJ, et al. Nanotopography

controls cell cycle changes involved with skeletal stem cell self-renewal and multipotency. Biomaterials.

2016; 116: 10–20. https://doi.org/10.1016/j.biomaterials.2016.11.032 PMID: 27914982

15. Chang CW, Petrie T, Clark A, Lin X, Sondergaard CS, Griffiths LG. Mesenchymal stem cell seeding of

porcine small intestinal submucosal extracellular matrix for cardiovascular applications. PLoS One.

2016; 11: 1–19. https://doi.org/10.1371/journal.pone.0153412 PMID: 27070546

16. Szczerba B. How to ensure even distribution of adherent cells in 6-well plates? In: ResearchGate [Inter-

net]. 2014 [cited 19 Apr 2017] p. 1. Available: https://www.researchgate.net/post/How_to_ensure_

even_distribution_of_adherent_cells_in_6-well_plates

17. Lundholt BK, Scudder KM, Pagliaro L. A simple technique for reducing edge effect in cell-based assays.

J Biomol Screen. 2003; 8: 566–70. https://doi.org/10.1177/1087057103256465 PMID: 14567784

18. smartdish @ www.stemcell.com [Internet]. Available: https://www.stemcell.com/smartdish.html

19. Prinz F, Schlange T, Asadullah K. Believe it or not: how much can we rely on published data on potential

drug targets? Nat Rev Drug Discov. Nature Publishing Group; 2011; 10: 712. https://doi.org/10.1038/

nrd3439-c1 PMID: 21892149

20. Kandela I, Jin HY, Owen K. Registered report: BET bromodomain inhibition as a therapeutic strategy to

target c-Myc. Elife. 2015; 4: e07072. https://doi.org/10.7554/eLife.07072 PMID: 26111384

21. Mantis C, Kandela I, Aird F. Replication Study: Coadministration of a tumor-penetrating peptide

enhances the efficacy of cancer drugs. Elife. 2017; 6: 1–12. https://doi.org/10.7554/eLife.17584 PMID:

28100395

Controlling fluid flow to improve cell seeding uniformity

PLOS ONE | https://doi.org/10.1371/journal.pone.0207211 November 15, 2018 11 / 12

https://doi.org/10.1016/j.ejps.2008.04.012
http://www.ncbi.nlm.nih.gov/pubmed/18586092
https://doi.org/10.1038/nbt981
http://www.ncbi.nlm.nih.gov/pubmed/15195101
https://doi.org/10.1038/nature08602
http://www.ncbi.nlm.nih.gov/pubmed/19940913
https://doi.org/10.1016/j.tibtech.2009.02.009
http://www.ncbi.nlm.nih.gov/pubmed/19398140
http://www.ncbi.nlm.nih.gov/pubmed/3058725
https://doi.org/10.1371/journal.pone.0082076
http://www.ncbi.nlm.nih.gov/pubmed/24324748
https://doi.org/10.1038/nmeth.2442
http://www.ncbi.nlm.nih.gov/pubmed/23584186
https://doi.org/10.1016/j.yexcr.2010.04.015
http://www.ncbi.nlm.nih.gov/pubmed/20420826
https://doi.org/10.1021/nl304097p
https://doi.org/10.1021/nl304097p
http://www.ncbi.nlm.nih.gov/pubmed/23252684
https://doi.org/10.1007/s10439-005-3311-8
https://doi.org/10.1007/s10439-005-3311-8
http://www.ncbi.nlm.nih.gov/pubmed/16060535
https://doi.org/10.1021/bm701112w
http://www.ncbi.nlm.nih.gov/pubmed/18095652
https://doi.org/10.1371/journal.pone.0083363
http://www.ncbi.nlm.nih.gov/pubmed/24400072
https://doi.org/10.1016/j.scr.2011.02.001
http://www.ncbi.nlm.nih.gov/pubmed/21420373
https://doi.org/10.1016/j.biomaterials.2016.11.032
http://www.ncbi.nlm.nih.gov/pubmed/27914982
https://doi.org/10.1371/journal.pone.0153412
http://www.ncbi.nlm.nih.gov/pubmed/27070546
https://www.researchgate.net/post/How_to_ensure_even_distribution_of_adherent_cells_in_6-well_plates
https://www.researchgate.net/post/How_to_ensure_even_distribution_of_adherent_cells_in_6-well_plates
https://doi.org/10.1177/1087057103256465
http://www.ncbi.nlm.nih.gov/pubmed/14567784
http://www.stemcell.com
https://www.stemcell.com/smartdish.html
https://doi.org/10.1038/nrd3439-c1
https://doi.org/10.1038/nrd3439-c1
http://www.ncbi.nlm.nih.gov/pubmed/21892149
https://doi.org/10.7554/eLife.07072
http://www.ncbi.nlm.nih.gov/pubmed/26111384
https://doi.org/10.7554/eLife.17584
http://www.ncbi.nlm.nih.gov/pubmed/28100395
https://doi.org/10.1371/journal.pone.0207211


22. van den Dolder J, Spauwen PHM, Jansen J a. Evaluation of various seeding techniques for culturing

osteogenic cells on titanium fiber mesh. Tissue Eng. 2003; 9: 315–25. https://doi.org/10.1089/

107632703764664783 PMID: 12740094

23. Wilson HK, Canfield SG, Hjortness MK, Palecek SP, Shusta E V. Exploring the effects of cell seeding

density on the differentiation of human pluripotent stem cells to brain microvascular endothelial cells.

Fluids Barriers CNS. BioMed Central; 2015; 12: 13. https://doi.org/10.1186/s12987-015-0007-9 PMID:

25994964

24. Kang KH, Lim HC, Lee HW, Lee SJ. Evaporation-induced saline Rayleigh convection inside a colloidal

droplet. Phys Fluids. 2013; 25. https://doi.org/10.1063/1.4797497

25. Van Hoof D, Mendelsohn AD, Seerke R, Desai TA, German MS. Differentiation of human embryonic

stem cells into pancreatic endoderm in patterned size-controlled clusters. Stem Cell Res. Elsevier B.V.;

2011; 6: 276–285. https://doi.org/10.1016/j.scr.2011.02.004 PMID: 21513906

26. Dar A, Shachar M, Leor J, Cohen S. Optimization of cardiac cell seeding and distribution in 3D porous

alginate scaffolds. Biotechnol Bioeng. 2002; 80: 305–312. https://doi.org/10.1002/bit.10372 PMID:

12226863

27. Mosadegh B, Agarwal M, Tavana H, Bersano-Begey T, Torisawa Y, Morell M, et al. Uniform cell seed-

ing and generation of overlapping gradient profiles in a multiplexed microchamber device with normally-

closed valves. Lab Chip. 2010; 10: 2959–64. https://doi.org/10.1039/c0lc00086h PMID: 20835429

28. Lee CM, Hu J. Cell density during differentiation can alter the phenotype of bone marrow-derived mac-

rophages. Cell Biosci. 2013; 3: 30. https://doi.org/10.1186/2045-3701-3-30 PMID: 23895502

29. Meri JAA, Ta ANS, Rtner ISA, Emb HES. FGF2 Specifies hESC-Derived Definitive Endoderm into

Foregut / Midgut Cell Lineages in a Concentration-Dependent Manner. Stem Cells. 2010; 28: 45–56.

https://doi.org/10.1002/stem.249 PMID: 19890880

Controlling fluid flow to improve cell seeding uniformity

PLOS ONE | https://doi.org/10.1371/journal.pone.0207211 November 15, 2018 12 / 12

https://doi.org/10.1089/107632703764664783
https://doi.org/10.1089/107632703764664783
http://www.ncbi.nlm.nih.gov/pubmed/12740094
https://doi.org/10.1186/s12987-015-0007-9
http://www.ncbi.nlm.nih.gov/pubmed/25994964
https://doi.org/10.1063/1.4797497
https://doi.org/10.1016/j.scr.2011.02.004
http://www.ncbi.nlm.nih.gov/pubmed/21513906
https://doi.org/10.1002/bit.10372
http://www.ncbi.nlm.nih.gov/pubmed/12226863
https://doi.org/10.1039/c0lc00086h
http://www.ncbi.nlm.nih.gov/pubmed/20835429
https://doi.org/10.1186/2045-3701-3-30
http://www.ncbi.nlm.nih.gov/pubmed/23895502
https://doi.org/10.1002/stem.249
http://www.ncbi.nlm.nih.gov/pubmed/19890880
https://doi.org/10.1371/journal.pone.0207211

