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ABSTRACT
This paper presents a novel method for studying cilia forming cells in asymmetric

microfluidic environments. It has previously been shown that bending the primary cilium
by a fluid flow will give rise to a calcium signal, but the sensitivity for flow direction has
so far not been studied. The microfluidic device presented here was designed for control of
the local direction of fluid flow on the cellular level, and thus, enables studies of cellular
response to a direction controlled cilium movement. Cells seeded on cover slips form cilia
with the average length 2.9 µm after three days in culture and 4.3 µm after four days.
Distinct calcium peaks were found after the initiation of flow in the channel. By using a
microstructured flow system we have been able to study the sensitivity of confluent COS 7
cells expressing primary cilium to changes in fluid flow.
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1. INTRODUCTION
The understanding of many biological

processes can greatly benefit from the ability to
analyze single cells in controlled environments.
Cilia forming cells are interesting to study as
the coupling between movements of cilia and
cellular response is not fully understood. The
primary cilium is a hair like extension from the
cell formed by nine tubulin doublets. Recent
studies have suggested that cilia are present in
virtually all cell types, and that the asymmetry
of the shape and position of the internal organs
in vertebrates is established by extracellular
fluid flow driven by rotating cilia. Bending of
cilia will give rise to a calcium signal that is
likely due to release of calcium from intracellular stores. Whether the endoplasmic
reticulum extends into the cilia and if calcium release occurs in cilia or in cell body is not 
known. Little is also known about the importance of flow direction. Until now it has not
been possible to study intracellular responses of controlled ciliar movement on a cellular
level.

2. METHOD
Previous studies of cellular responses to external stimuli of cilia are limited to one-

dimensional cilia movements. This has been done mechanically with micropipette clamping 
of cilia or using constant flow over the cell [1, 2, 3]. Here we present a novel method to
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study cilia forming cells and the responses of cilia movements during asymmetric flow
conditions (figure 1). By controlling the flow direction on a cellular level we now have the
possibility to study the cellular response to controlled ciliar movement and the directional
sensitivity of cilia. Miniaturization through micromachining enables high definition
channels for precise flow directionality, laminar flow profiles and minimization of flow
disturbances.

3. EXPERIMENTAL 
Figure 2 shows a microfluidic chip manufactured in PMMA with two orthogonal

channels (width=500 µm, depth=400 µm) for different flow directions. COS 7 cells were
cultured on cover slips until a confluent layer had been formed and cilia were formed.
Figure 3 shows a micrograph of cilia formed 3 days after seeding. Cilia are visualized by
immuno staining using a fluorescently tagged antibody against acetylated tubulin. Living 
cells were loaded with the calcium sensitive fluorescent dye fluo-4 and the cover slip with
cells was clamped to the PMMA channel structure. A syringe pump was connected (flow
rate 1 µl/min) and the chip was placed in a confocal microscope (Zeiss, LSM 510 META)
for fluorescent imaging of the cells.

4. RESULTS AND DISCUSSION
Cilia lengths of COS 7 cells are shown in figure 4. We have found that the average cell

cilium length is 2.9 µm 3 days after seeding, 4.3 µm 4 days and 5.2 µm 5 days after
seeding. Primary cilia of renal tubular cells are generally 2-3 µm long [1]. Here, cells
cultured for 3 to 4 days were used for the experiments, as they would have cilia with
similar length as in vivo. Also, the number of cells expressing cilia seem to increase with
culture time. We have identified cilia in about 16 percent of the cells 3 days after seeding
and about 26 percent after 5 days. We found two distinct calcium peaks following the
initiation of fluid flow in the channel, as seen in figure 5. The secondary calcium peak is
likely due to activation of store operated calcium channels initiated by the massive release
of Ca2+ from ER seen in the primary peak. The majority of the cells responded at the flow
start and many cells showed the same characteristic calcium response. The cilia bending-
induced calcium response is reported to spread to neighbouring cells by diffusion of IP3 via

Figure 2. Prototype PMMA-glass device. Figure 3. Confocal microscopy picture of COS 7-
cell expressing primary cilium.
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gap junctions [1]. COS 7 cells are known to form gap junctions when cultured to
confluence [4], which gives one explanation to why a response was seen in the majority of
cells even if only a fraction of the cells were found to have a primary cilium..

0
1
2
3
4
5
6
7
8

3rd day 4th day 5th day
0

5

10

15

20

25

30

Average length % of cells with cilia

0,4

0,6

0,8

1

1,2

1,4

1,6

700 800 900 1000 1100 1200

Time [s]

Flow (1 µl/min, 83 µm/s)

50 s ±2 s

Secondary response
individual from cell to cell!

t =1030±30 s

[Ca2+]i

Figure 4. Length of COS 7 primary cilia
and fraction of cells expressing cilia, 3, 4
and 5 days after seeding.

Figure 5. Calcium response from five cells in
response to flow. ( Ca2+ in arbitrary units)

5. CONCLUSIONS
In conclusion: by using a microstructured flow system we have been able to study the

sensitivity of confluent COS 7 cells expressing primary cilium to changes in fluid flow.
Cells respond with a characteristic double peak in intracellular calcium. The designed
system now opens up for future studies of directional sensitivity and for a detailed analysis
of the intracellular mechanisms involved in cellular flow sensitivity.

ACKNOWLEDGEMENTS
This work was funded through the Nano Chemistry Program at KTH financed by The

Swedish Foundation for Strategic Research (SSF). We would like to acknowledge the
inspiring thoughts and support from Mårten Stjernström. We would also like to thank Rolf
Helg for help in manufacturing.

REFERENCES
[1] H. A. Praetorius and K. R. Spring, Bending the MDCK Cell Primary Cilium Increases

Intracellular Calcium, Journal of Membrane Biol, 184, 71 (2001).
[2] W. Liu et al, Effect of flow and stretch on the [Ca2+]i response of principal and

intercalated cells in cortial collecting duct, Am. J. Physiol. Renal Physiol, 285, 998,
(2003)

[3] S. M. Nauli et al, Polycystins 1 and 2 mediate mechanosensation in the primary cilium
of kidney cells, Nature Genetics, 33, 129, (2003)

[4] C. H. George et al, Connexin-Aequorin Chimerae Report Cytoplasmic Calcium
Environments along Trafficking Pathways Leading to Gap Junction Biogenesis in
Living COS-7 Cells, J Biol Chem, Vol. 273, Issue 45, 29822-29829, 1998

length [µm] %




