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An image-processing technique for measuring the dynamic movement of
cell membranes
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Abstract

An automated method has been developed to measure and compare the dynamic movement of cell membranes. Using the red blood cell
as a common example the method locates the edge of the cell, with sub-pixel precision at multiple points on the periphery. This method is
a different implementation to a technique used for giant unilamellar vesicles and addresses issues relating specifically to biological cells, in
particular relating to finding a local minima, calculating equi-spaced measuring points for arbitrary shapes and using the perpendicular direction
to the edge for position measurement. Parameters have been defined to characterise the cell’s membrane behaviour and the analysis program
allows the automatic compilation of multiple tests under varying conditions, and statistical comparison of identical populations of cells.
� 2008 Published by Elsevier Ltd.
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1. Introduction

There are three broad reasons for the movement of cell mem-
branes: firstly movement may be caused by a motile process
such as chemotaxis or contractions; this type of movement is
associated with activity in motor proteins, in particular myosin,
and is the subject of a large field of study [1]. Secondly, mem-
brane movements may occur because of changes in the chemi-
cal environment, such as osmotic pressure changes causing the
cell to change its internal volume, or introduction of substances
in the external medium, such as amphipathic molecules; these
may be unequally distributed in the lipid bilayer and so cause
the cell to change shape [2]. Thirdly cell membranes may move
because of external forces acting on them, an example of this
is a red blood cell which deforms during its travel through the
circulatory system or through interactions with Brownian noise
as is discussed below.

The mechanics of the red blood cell are an essential fea-
ture of its function, since in the course of travelling through
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the circulatory system it must withstand large deformations, as
when squeezing through small capillaries (smaller in diameter
than the cell’s principal dimension) and resist large fluid shear
forces [3]. Since the average red cell has a life of three months
under varying stress and has no mechanism for regeneration of
proteins or lipids, it is a remarkable mechanical structure. Ge-
netic disorders, which affect the protein structure commonly
also affect cell survival and cause debilitating anaemic condi-
tions [4]. Understanding the mechanics of red cells and how
they relate to protein structure is an important step towards de-
veloping treatments for such conditions. There are also other
reasons for studying red cell mechanics. The red cell membrane
is the paradigm for the general study of biological membranes
and much of our knowledge of the behaviour of membranes
has come from studies of the red cell—the simplest and best
understood. Over the years a number of in vitro methods have
been developed to study load–deformation response of cells,
including micropipette [5,6], flow channels [7], ektacytometry
[8] and optical tweezers [9], all of which involve deforming the
cell membrane through artificially created perturbations.

The phenomenon of red blood cell flicker, which has been
known for over a century [10] and first studied in detail 50
years ago [11], is the 1–100 nm movement of the cell mem-
brane that occurs with no artificial external stimuli, and which
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is visible under light microscopy. It is generally thought to
be the result of the third category of movement (as described
above), the external force being the result of Brownian inter-
actions [12], although it has been inferred that a motile compo-
nent is also present [13]. A number of methods have been used
to measure membrane fluctuations: Some workers have stud-
ied intensity fluctuations of the cell surface in phase contrast,
reflection interference contrast (RIC) and darkfield optics. The
first to attempt this were Brochard and Lennon [12], who also
developed a parallel membrane model to explain the flicker in
terms of thermal interactions. A number of more recent stud-
ies in particular by Sackmann and co-workers [14–17], have
used similar techniques for further study. In the case of us-
ing phase contrast imaging, one limitation of the method is
that the intensity is actually a measure of the cell thickness,
the distance between the top and bottom surface membranes,
and as such does not reflect a single membrane’s lateral move-
ment. Another problem is that for these types of image there is
no direct relationship between intensity and membrane thick-
ness, and so it is not possible to directly calibrate the thick-
ness explicitly. An alternative approach at measuring flicker
has been to attach fluorescent marker beads to the membrane
and measure the movement of the beads’ centre using image
processing [18].

A method used by Strey and Sackman [19] quantified flicker
by measuring the movement of the cell edge at four equally
spaced points on the cell azimuth. By this means they were able
to characterise the behaviour in terms of modes and identify
these by looking at the correlation between the movement at
four points. Although a significant advance, the limited number
of spatial measurement points used in that work does not give
sufficient data for a spatial parameters, such as space power
spectra and autocorrelation, to be measured.

Also looking at a body’s edge, but of a giant unilamellar
vesicle rather than a cell, Dobereiner et al. [20] developed a
method for measuring the position at multiple points around
the contour. The method involved identifying by manually the
vicinity of the halo of the vesicle edge (the vesicle being illu-
minated using phase contrast optics) and then determining the
edge where the intensity profile crosses the background value
(using interpolation). The intensity profile was determined from
either the x- or y-pixel direction (whichever is steeper) with a 5
pixel wide strip. As noted by Pecreaux et al. [21] this method
leads to artefacts in regions where the contour is not close to
the vertical or horizontal line. To address this Pecreaux et al.
[21] used a more sophisticated method: Initially the edge is de-
tected by obtaining the global minima in x direction scans of
the whole vesicle. Once the approximate edge point has been
determined a more precise point is found by a weighted mean
of the slopes through intensity profiles in the x, y and two diag-
onal directions, in each case the intensity profile coming from
a single pixel width strip. The complete path length of the con-
tour was then detected and any contour longer or shorter than
the mean contour length by 10% or more was discarded as
being physically impossible. Finally the co-ordinates of the
detected points were transformed from Cartesian to polar, with
the pole at the centre of the vesicle.

This paper describes a new method developed for measur-
ing the edge position at multiple points around the periphery
which has the following advantages over the two methods de-
scribed above: (1) it is suitable for arbitrary contour shapes
at measuring points equally spaced along the path length; (2)
it measures the membrane position in a single optimal direc-
tion while still allowing for strip width filtering; and (3) it is
fully automated, including the compilation of multiple results
and conditions. The details of this method are described in this
work. To illustrate the method a specific example of red blood
cells in various osmotic conditions is used and so some detail
of the microscopic and biochemical methods for these tests is
also given. Some specific issues such as the use of strip thick-
ness as a filtering method have also been illustrated.

2. Methods

2.1. Microscopic and biological methods

Fresh red cells were obtained from a healthy donor by cen-
trifugation of fingertip blood, drawn into 10% citrate dextrose
solution (Sigma C-3821). They were washed with phosphate-
buffered isotonic saline (PBS), and suspended in PBS, con-
taining 1 mg ml−1 bovine serum albumin (Sigma). Osmolarities
were adjusted as required by addition of sucrose or water. To
generate an adhesive surface coverslips were cleaned by flam-
ing and then covered with a solution of 20 �g ml−1 poly-L-
lysine. For microscopy, a chamber was constructed consisting
of a coated coverslip separated from its slide by streaks of
Vaseline (petroleum jelly) at opposite edges, and cemented at
the four corners with Superglue (Cyanoacrylate). Cells at 0.5%
haematocrit in the PBS containing 0.1% albumin were applied
to this chamber at one of the open ends and allowed to enter
by capillarity. The slide was then inverted and left to rest 5 min
to allow the cells to settle and adhere. Unattached cells were
flushed out by perfusing the chamber several times with PBS
(without albumin). The slide was then ready for observations.
Single cells were examined in a Zeiss microscope bolted to an
anti-vibration table. Three types of illumination were used. All
the optics were illuminated with a Zeiss HBO100W/2 mercury
arc lamp. The optics used were (1) dark-field (with a 100 times
1.32 NA Zeiss oil immersion dark field objective and oiled
dark-field condenser); (2) phase contrast (using a 63 times 1.4
NA Zeiss phase 3 lens and condenser); and (3) a bright-field
(with a 63 times 1.4 NA planapo lens) with a 415 nm inter-
ference filter mounted below the condenser.

The suspending medium could be repeatedly changed with-
out disturbing the focus with the aid of a paper wick saturated
with the new medium. Observations on the cell in each medium
were recorded on a video (Watec 120N camera, with 25 fps,
and manual gain control) and digitised with a frame-grabber
(Data Translation 3120K) into a video file for processing by
Matlab on a standard computer (1.8 GHz Athelon). Each
medium change and the associated data measurement were
completed in 1–2 min. To render the cells rigid a gradually
increasing concentration of glutaraldehyde up to a maximum
of 10 mg ml−1 was added to the suspension.
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