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rane fluctuations provide important insights into cell states. We present a spatial
analysis of red blood cell membrane fluctuations by using digital holographic microscopy (DHM). This
interferometric and dye-free technique, possessing nanometric axial and microsecond temporal sensitivities
enables to measure cell membrane fluctuations (CMF) on the whole cell surface. DHM acquisition is
combined with a model which allows extracting the membrane fluctuation amplitude, while taking into
account cell membrane topology. Uneven distribution of CMF amplitudes over the RBC surface is observed,
showing maximal values in a ring corresponding to the highest points on the RBC torus as well as in some
scattered areas in the inner region of the RBC. CMF amplitudes of 35.9±8.9 nm and 4.7±0.5 nm (averaged
over the cell surface) were determined for normal and ethanol-fixed RBCs, respectively.

© 2009 Elsevier Inc. All rights reserved.
Introduction

The red blood cell membrane possesses particular mechanical
characteristics which enables it to undergo large deformation when
passing through narrow capillaries. Understanding the origin of cell
membrane fluctuations may provide information about the functional
status of erythrocyte under normal and pathological conditions.

There are two types of forces that were suggested to drive cell
membrane fluctuations. The first is thermal motion [1,2]. The second
one points to metabolic activity underlying ATP dependent mecha-
nochemical dynamic assembly of the membrane skeleton [3] and the
involvement of actin, as a part of a putative motor molecule, in this
process [4,5]. Explanations for a possible coexistence of both causes
for the CMF have been given. Thermally driven fluctuations are
expected to be more prominent in membrane regions with small
curvature, i.e. in the central region, while lower amplitudes of CMF are
expected to occur in regions with high curvature, i.e. the erythrocyte
rim, where the elastic membrane energy is comparatively high [6].

Different techniques including phase contrast microscopy [1],
reflection interference contrast microscopy [7], light scattering
technique based on point dark field microscopy [3] and recently
bright-field microscopy [8] have been used to measure fluctuations of
l rights reserved.
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RBC membranes. However, these methods are not inherently
quantitative in terms of absolute CMF measurements (often requiring
interpolation of the membrane edge) and do not investigate the
spatial distribution of membrane fluctuations. Basically, 3-D quanti-
tative erythrocyte shape measurements have been limited to atomic
force and scanning electron microscopies. Because of the limitations
imposed by the sample preparation, these techniques have limited
applicability to cells under physiological and dynamic conditions [9].

Recently, new emerging imaging approaches, called quantitative
phase microscopy (QPM) have demonstrated their capability to
provide accurate 3D imaging of transparent living cells [10–13]. A
first attempt to measure CMF using QPM has been achieved by [11].

The QPM technique we have developed, called digital holographic
microscopy (DHM) is an interferometric approach based on the
holographic principle [14]. DHM allows to measure quantitatively
phase shift corresponding to a few nanometers, with a high temporal
stability and without using very demanding and costly opto-
mechanical designs as required by conventional interferometric
techniques. DHM allows not only visualization of transparent
biological specimens but also provides quantitative information
about cell morphology [12,15].

In this study, DHM was used to measure the refractive index of
individual living erythrocyte and to quantify the erythrocytemembrane
fluctuations amplitude over the whole cell surface in normal and
ethanol-fixed cells. Practically, the calculation of the CMF was achieved
te membrane fluctuations by digital holographic microscopy, Blood
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taking into account the membrane orientation, the refractive index
value of the cells and by subtracting measured background noise.

Methods

Cell preparation

Cells were prepared according to [16]. In short: 100–150 μl of blood
was drawn from healthy laboratory personnel by fingerpick, collected
and diluted at a ratio of 1:10 (v/v) in cold HEP buffer (15mMHEPES pH
7.4, NaCl 130 mM, KCl 5.4 mM and 10 mM glucose). Blood cells were
sedimented at 200 g, 4 °C for 10min and buffy coatwas gently removed.
Redblood cellswerewashed twice inHEPbuffer (1000 g×2min at4 °C).
Finally, erythrocytes were suspended in HEPA buffer (15 mMHEPES pH
7.4, 130 mM NaCl, 5.4 mM KCl, 10 mM glucose, 1 mM CaCl2, 0.5 mM
MgCl2 and 1 mg/ml bovine serum albumin) at 0.2% hematocrit. The
erythrocyte suspension was introduced into a closed experimental
chamber consisting of two cover glasses separated by spacers 1.2 mm
thick, and incubated for 20 min at 37 °C. This allows the erythrocytes to
adhere to the glass coverslip.

The chamber was then mounted on the DHM stage and holograms
were acquired and numerically reconstructed on-line using a custom-
made C++ software [17]. Neither erythrocyte shape transitions nor
volume changes were detected during the experiment. All experiments
were conducted at room temperature (∼22 °C). For the decoupling
procedure presented later the cells were deposed in a dedicated
perfusion chamber [18] and either 60mMmannitol or 60mMNycodenz
(Histodenz, Sigma)was added to theHEPA buffer. In additionwater was
added to preserve the osmolarity of 298 mOsm (measured with a
freezing-point osmometer (Roebling, Germany)). For ethanol fixation,
the cells were deposed on a coverslip, fixed with 90% ethanol and rinse
twice with HEPA buffer, before being mounted on the DHM stage.

Digital holographic microscope setup

The experimental setup is a modified Mach–Zehnder configuration
(Fig. 1). Light transmitted by the specimen and collected by a Leica HCX
PL APO 100×, NA=1.4, oil microscope objective (MO) forms the object
wave O, which interferes with a reference wave R to produce the
hologram intensity IH recorded by the digital camera (Fig. 1B). Holo-
grams are recorded in an off-axis geometry i.e. the reference wave
reaches the CMOS camera (Sniper F-50, Akateck)with a small incidence
angle (∼1°)with respect to thepropagationdirectionof the objectwave.

A detailed description of the algorithm used for hologram
reconstruction in such an off-axis configuration and aberration
compensation has been previously described in [17,19].

Briefly, the reconstruction procedure consists in a numerical
calculation of the hologram re-illumination by a digital reference
Fig. 1. (A) Basic configuration for digital holographic microscopy (DHM). A laser diode pro
specimen (S) is illuminated by one beam through a condenser. The microscope objective (M
reference beam (R) to produce the hologram recorded by the CMOS camera. The sample is m
the camera (256×256 pixels). (C) 3D representation of a quantitative phase image of an eryth
legend, the reader is referred to the web version of this article.)
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wave and a numerical correction of thewave front aberrations induced
by the objective and by the off-axis geometry. Such a reconstruction
process also allows to correct wave front aberration [20] and to
compensate for experimental noise (time drift, vibration, etc.) there-
fore assuring a high phase stability making possible to explore
biological processes occurring on themicrosecond to hours time scale.

The acquisition time is currently limited by the exposure time of
the camera (down to ∼20 μs) and the intensity of the irradiating
source. The reconstruction process is achieved in real-time (N15
images/s) using a standard PC computer (Pentium IV, 3.2 GHz). For
experiments requiring higher hologram acquisition rates, the recon-
struction is achieved off-line at the end of the experiment.

256⁎256 pixels were acquired at the maximal camera speed
(∼102 Hz). To reduce noise a temporal summation of 4 images was
applied (leading to a final acquisition frequency of ∼25 Hz) and a
spatial summation of 2⁎2 pixels was also achieved (giving a 106 nm
lateral resolution, higher than the diffraction spot of the MO used).

Decoupling procedure

The procedure used to separately measure the cell refractive index
and thickness was described in detail in [16]. In brief, it consists of
measuring cell phase mapping, sequentially, in two iso-osmolar
perfusion solutions of different refractive indices. Specifically, the
refractive index of the second solution is increased by replacing
mannitol by Nycodenz. The procedure of exchange of the extracellular
mediumwas repeated three times to improve measurement accuracy.

An extensive quality assurance of the DHM technique has been
published in [16].

Results

Refractive index measurement

We measured the refractive index (RI) of 13 erythrocytes and
found a very stable value amongst different cells of n=1.394±0.008
(STD). This measured mean refractive index lies within the reported
range of 1.37 to 1.42 [16] and our previous measurements [16].
Repetitive measurement of the same cell showed a constant RI over
the recording period (lower than measurement accuracy).

Membrane fluctuations

Amplitude analysis

To assess the amplitude of membrane fluctuations the phase
temporal fluctuations – defined as the standard deviation of the phase
signal of a point in the image during a defined recording time period –
duces the coherent light (λ=683 nm) which is divided by a beam splitter (BS). The
O) collects the transmitted light and forms the object wave (O) which interferes with a
ounted in a chamber used for recording. (B) Typical example of a hologram acquired by
rocyte. Color scale in degree. (For interpretation of the references to colour in this figure
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Fig. 2. Phase signals of two different regions (1 pixel region outside the cell (blue) and
within the cell (red)) recorded at 25 Hz during a 10 s period. The standard deviations of
the signal are 0.44° and 1.37°, respectively. Inset: phase image of the monitored
erythrocyte with the corresponding regions indicated by color arrows. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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of a region within the erythrocyte has been compared with a region
outside the erythrocyte, serving as a control signal. A control experiment
with a laser scanning confocal microscope (LSCM) showed that the
lower membrane of the cell is attached to the glass coverslip and thus
does not contribute to membrane fluctuations (data not shown).

Phase signals were recorded during 20s. Membrane fluctuation is
measured in terms of temporal phase variation. The measured
standard deviations of the pixel inside and outside the cell are 0.44°
and 1.37°, respectively, indicating membrane fluctuation amplitudes
significantly larger than the background noise level (Fig. 2).

The fluctuation phase signal recorded within the cell perimeter
depends on both the parasitic phase fluctuations (associated to liquid
movement or vibration, noise from the CMOS camera, air turbulence,
etc.) estimated by the phase signal measured outside the cell perimeter,
and on the actual membrane fluctuations. Consequently, the temporal
variance of the phase signal recorded in the cell, Var(φcell+φbackground),
can be expressed by:

Var ucell + ubackground

� �
= Var ucellð Þ + Var ubackground

� �
+ 2Cov ucell;ubackground

� �
;

ð1Þ

where Var(φcell), Var(φbackgroundl) are the temporal variance corre-
sponding to the cell membrane fluctuations and to the parasitic phase
Fig. 3. (A) Thickness representation of a representative RBC, z-axis in μm, (B) Raw memb
amplitude in nm, (C) Model of the different parts of the fluctuation. Angle α is defined as t
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fluctuation respectively and Cov(φcell,φbackgroundl) is the covariance of
the two variables. Assuming that the two variables are independent,
Cov(φcell,φbackgroundl)=0, which is a proper hypothesis for a weakly
diffracting object such as a living cell. Thus, according to Eq. (1), the
temporal deviation of each pixel std(φcell)(x,y) can be evaluated by:

std ucellð Þ x;yð Þ =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
std ucell + ubackground

� �
x;yð Þ

� �2
− std ubackground

� �� �2
;

s

ð2Þ

where std(φcell+φbackground)(x,y) is the measured temporal deviation
within the cell (combining both the cell fluctuations and noise) and
std(φbackground) is the mean of the temporal deviation of all the pixels
outside the cell perimeter. The membrane fluctuations amplitude is
then derived from the deviation map (in degree), with the following
equation:

CMF nmð Þ x;yð Þ =
std ucellð Þ -½ � x;yð Þ × λ
2π nrbc − nmediumð Þ ; ð3Þ

where std(φcell)[°](x,y) is the deviation map expressed in degree, λ is
the light source wavelength, nrbc and nmedium are the refractive indices
of the RBC and medium, respectively. A representative raw CMF
fluctuation map, in nanometer, is shown in Fig. 3 (B).

In the raw image (Fig. 3B) we observe large fluctuations at the cell
border and around the center of the cell. In these regions the
membrane has a high slope, thus a small lateral displacement of the
cell membrane have a strong impact on the phase value as phase
signal measures variations along the z-axis (blue vector in Fig. 3C). In
order to avoid systematic overvaluing the cell fluctuations in the high-
slope areas, it is necessary to evaluate the cell fluctuations in a
direction perpendicular (normal) to the cell membrane (green vector
in Fig. 3C). Practically, normal fluctuations have been estimated by
multiplying the raw image by the cosine of the angle α (Fig. 4, top-
right), evaluated from the cell thickness image in Fig. 3A.

Local movements normal to the cell membrane plane are also
measured in approaches based on interpolation of the cell edge [8,21].
Our analysis complements the analysis of previous studies by
providing information on the movement of the cell in regions other
than the cell edge.

The blue ring around the cell (bottom-right image in Fig. 4)
corresponds to regions where the cell signal passes through the area
of the cell edge, which is not in contact with the coverslip (observed
by LSCM) and is thus not correctly modeled by our approach. Such
regions were not taken into account in further analysis.

The other regions within the RBC show a rather constant normal
fluctuation amplitude (after membrane orientation correction) of
about 35.9±8.9 nm (mean±SD, n=9 cells), within the range of
previously measured values of 52.6 nm [21], 46.8 nm [22] and 23.6 nm
[8]. As a control we employed 90% ethanol-fixed cells. As expected we
obtained negligible CMF of 4.7±0.5 (n=6) close to the sensitivity of
rane fluctuations amplitude for the same RBC, z-axis denotes membrane fluctuations
he angle between the membrane and the horizontal plane.
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Fig. 4. Summary of the fluctuations amplitude analysis on a representative normal cell. Top left: cell thickness obtained with the decoupling procedure. Top right: maximum angle
map of the RBC membrane (α in Fig. 3C). Bottom left: raw membrane fluctuation amplitude and bottom right: corrected membrane fluctuations amplitude (the two bottom images
have the same colorscale). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the DHM (Fig. 5). It should however be stressed that themeasured cell
membrane fluctuations with amplitude of 36 nm (average over the
whole surface), were obtained under conditions confined to the
frequency range of 0.2–12 Hz.

Assuming that the membrane–cytoskeleton structural elements of
the erythrocyte are evenly distributed, a homogenous spreading of
fluctuation amplitudes over the cell surface would be anticipated.
However, one clearly observes uneven distribution of amplitudes
having maximal values in a ring corresponding to the highest points
on the RBC torus, as well as in some scattered areas in the inner region
of the RBC. Moreover, attributing Brownian motion as the sole driving
force for CMF one would expect to have higher fluctuation amplitudes
in the planar mechanically unstrained membrane at the cell center, as
compared to the mechanically strained curved region on the RBC
torus. The fact that the opposite is observed may point out to the
possible involvement of unevenly distributed putative molecular
motors.
Fig. 5. Normal cell membrane fluctuations displayed as color-code over the shape of the RBC f
the CMF of the analyzed regions for each representative cell. (For interpretation of the referen
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Discussion

Digital holographicmicroscopy is a full field optical interferometric
technique not requiring scanning and allowing to visualize, without
labeling procedure, transparent objects including living cells with a
nanometric axial sensitivity over the milliseconds time domain.
Basically, very small phase shifts produced by living cells provide
information about cell morphology as well as on the intracellular
refractive index related to the cell content. Thanks to decoupling
procedure and the fast acquisition time, the DHM phase signal allows
to calculate important red blood cell parameters including mean
corpuscular volume, mean corpuscular hemoglobin concentration as
well as to efficiently address the important issue of the erythrocyte
flickering.

This method provides new insights into the dynamics of the red
blood cells and will be further used to investigate the effect of
physiological and pharmacological effectors on RBCs.
or a representative normal and ethanol-fixed cells. Insets contain themean±SD [nm] of
ces to colour in this figure legend, the reader is referred to thewebversion of this article.)
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