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Absolute interfacial distance measurements by dual-wavelength reflection
interference contrast microscopy

Jörg Schilling, Kheya Sengupta,* Stefanie Goennenwein, Andreas R. Bausch,† and Erich Sackmann
E-22 Biophysik, Physik Department, Technische Universita¨t München, James-Franck-Strasse, D-85748 Garching, Germany

~Received 21 May 2003; published 12 February 2004!

Dual-wavelength reflection interference contrast microscopy~DW-RICM! is established as a microinterfero-
metric technique to measure absolute optical distances between transparent planar substrates and hard or soft
surfaces such as colloidal beads or artificial and biological membranes, which hover over the substrate. In
combination with a fast image processing algorithm the technique was applied to analyze the trajectories of
colloidal beads sedimenting under gravity. As the beads approach the surface of the substrate, they slow down
because of hydrodynamic coupling of the bead motion to the substrate. The effective surface friction coeffi-
cients were measured as a function of the absolute distance of the beads from the surface. The height depen-
dence of the friction coefficient was found to be in quantitative agreement with previous theoretical predic-
tions. Furthermore, we demonstrate that the DW-RICM technique allows the determination of the height of
membranes above substrates and the amplitude and direction of height fluctuations. Without any further need
to label the membrane the unambiguous reconstruction of the surface profile of soft surfaces is possible.

DOI: 10.1103/PhysRevE.69.021901 PACS number~s!: 87.68.1z, 68.47.Pe, 87.64.Rr, 83.85.Jn
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I. INTRODUCTION

The technique of reflection interference contrast micr
copy ~RICM! was originally introduced to observe adhesi
of cells and to visualize focal contacts without the need
fluorescent labeling@1#. Quantitative RICM has been applie
in the past to measure the local bending elastic module
red blood cells by spectral analysis of the membrane ben
fluctuations@2#. Further, the local adhesion strengths of ce
@3# and of giant vesicles@4# could be measured quantitative
by contour analysis of these soft shells close to the subst
An advantage of the RICM technique over other optical te
niques like microellipsometry@5# is that it exhibits high sen-
sitivity below water. In combination with dynamic imag
processing, rapid measurements of distances with 10 ms
resolution are possible. Over the last few years the techn
to study stratified films by RICM has been improved in va
ous ways. A contrast enhancement technique was devel
which is based on coating the substrate with a thin film
transparent, low refractive index material such as MgF2 @6#.
The theoretical basis of the technique has been improve
accounting for the divergence of the incident light beam@6#
and the nonlocal contributions to the image formation as
ciated with the spatial and temporal variations of the cur
ture of nonplanar interfaces@7#. More recently a scanning
type RICM technique has been developed which allows
study of the dynamics of wetting by partially wetting fluid
on solid surfaces@8#.

The major drawback of conventional RICM technique
that the information about the absolute phases of the be
reflected by the various interfaces of a stratified film is n
known. Therefore, absolute distances cannot be measu

*Electronic address: ksengupt@ph.tum.de
†Electronic address: abausch@ph.tum.de
1063-651X/2004/69~2!/021901~9!/$22.50 69 0219
-

r

of
g

te.
-

e
ue

ed
f

by

-
-

e

s
t
ed.

This also implies that it is not possible to determine una
biguously the direction of the local vertical deflections
fluctuating interfaces, for example, those arising from lo
bending excitations of soft membranes@2#. In this paper we
demonstrate that this drawback can be overcome by com
ing the interferograms obtained simultaneously with two d
ferent wavelengths. In other words, by observing a sec
wavelength an additional periodicity and boundary condit
is introduced. This enables the measurement of absolute
tances of colloidal beads above a planar surface with an
curacy of63 nm.

In the past, colloidal beads hovering over surfaces h
been extensively used as force probes to determine w
interfacial interaction forces of the order of femtonewto
@5,9–13#. The height of the bead was probed by conventio
RICM and the interaction potential was reconstructed
measuring the distribution of the mean-square displacem
of the beads undergoing Brownian motion. The frictional c
efficient characterizing the hydrodynamic interaction of t
colloidal probes with the surface was obtained from the ti
correlation functions of the random displacements. The c
loidal probe technique, in conjunction with total internal r
flection microscopy has more recently been employed
measure the weak retarded van der Waals interaction@11#, to
probe the hydrodynamics@12#, to determine the charge o
colloidal beads@14#, and to probe interactions under no
equilibrium conditions@15#.

In the recent past there has been a strong interest in
behavior of colloidal particles close to hard surfaces, wh
is still poorly understood@16,17#. An essential first step in
understanding such systems is to reconstruct the three
mensional potential in which the colloidal particles resid
This can be done by following the position fluctuations
the beads by various microscopic methods. However, m
of these techniques allow the measurement of either the
plane or the out-of-plane fluctuations. DW-RICM offers a
unique opportunity to simultaneously track both the in-pla
©2004 The American Physical Society01-1
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and the out-of-plane fluctuations of the beads.
In the present work the dual-wavelength technique~DW-

RICM!, in combination with a fast image processing alg
rithm, is first applied to follow the trajectories of colloida
beads sedimenting under gravity. The sedimentation velo
of the beads was analyzed in terms of the modified Sto
law of the frictional forces on spherical objects moving clo
to surfaces@18,19#. Thereby the velocity of the beads is e
pected to be drastically reduced as they approach the sur
Quantitative agreement with theoretical predictions
@18,19# was obtained. This enables us to measure sur
friction coefficients as a function of the absolute bead hei
of solid surfaces covered by thin films of hyaluronic ac
~HA!, which is an ubiquitous polysaccharide of the extrac
lular matrix and can be used to generates a soft surface
erage@20#.

We further show that the DW-RICM technique is we
suited to measure local distances between lipid bilayer m
branes and solid substrates. The fast image processing
ware@21# enables us to determine both the direction and
absolute height of local deflections of membranes exhibit
thermally excited bending fluctuations. With convention
RICM these information were not accessible.

II. MATERIALS

Substrates. Glass cover slides were cleaned thoroughly
sonicating them in a 2 vol.% detergent solution~Hellmanex
Hellma, Germany! followed by repeated washing and son
cation in pure deionized water~Millipore, France!. This
cleaning procedure renders the glass highly hydrophilic
imparts a high negative charge to it.

Soft polymer films were generated by surface grafting
HA. The molecule exhibits one negative charge per rep
unit and the procedure for HA deposition has been descr
elsewhere@20#. In brief, the cleaned glass slides were coa
~by Langmuir-Blodgett/Langmuir-Schaefer technique! with a
lipid bilayer bearing metal-chelating groups. A naturally o
curring HA-binding protein called p32 was genetically mod
fied to exhibit a histidine tag which can bind to meta
chelating groups. This modified p32 was bound to
deposited lipid bilayer and finally HA was bound to the p3
both by simply incubating the ingredients together.

Beads. Polystyrene beads were obtained fromPoly-
sciences Industries, Washington, PA with a diameter of 10.
61.3 mm. The beads were used either after washing in m
lipore water~referred to as bare beads! or after coating with
Bovine Serum albumin~BSA! ~purchased fromSigma-
Aldrich, Germany! followed by a washing step~referred to as
BSA-beads!.

Vesicles. Giant vesicles were prepared following the ele
troswelling method of Ref.@22#. Lipids were dissolved in
chloroform (1 mg ml21). Some droplets~.10–50ml! were
deposited onto indium-tin-oxide~ITO! electrodes and store
in a vacuum chamber for at least 12 h so that the solvent
evaporated completely. The swelling chamber consisted
two teflon wells, pressed together by screws. The cham
was filled with 2 ml of a 170 mM sucrose solution and t
ITO electrodes were opposed to each other as in a capa
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Then an ac electric current of 10 Hz and 1 V was applied
2 h while the whole chamber was kept at 40 °C. Under th
conditions giant vesicles formed spontaneously by a s
assembly process.

Buffers. All the experiments were done in 5 mM or 2
mM HEPES buffer as specified. The ionic strength was
justed by adding KCl.

III. RICM TECHNIQUE

Conventional RICM. As illustrated in the inset of Fig. 1
the RICM images are formed by superposition of the lig
waves reflected from the top surface of the underlying pla
substrate~intensity I 1) and from the bottom surface of th
object under observation~intensityI 2). The intensitiesI 1 and
I 2 are related to the intensity of the incident beam
Fresnel’s law. The contributions of the stray light to the im
age is suppressed by the antiflex illumination technique@23#.
The incident linearly polarized light is rendered circular
polarized by a quarter-wave plate integrated with the obj
tive. Reflection at both interfaces of the sample~1,2! reverses
the direction of polarization of this circularly polarized ligh
When it passes through the quarter-wave plate again
emerges as linearly polarized light but with the polarizati

FIG. 1. Schematic view of the dual-wavelength RICM set
consisting of anAxiomat ~Zeiss, Germany! inverted microscope
equipped with an antiflex, 633, oil immersion, N.A.51.3, Zeiss,
objective. The sample is illuminated through the objective by t
monochromatic light beams (la5546 nm,lb5436 nm) generated
by passing the light from a 100-W mercury vapor lamp (Osram,
Germany! through a interference filter~IF! that allows the two se-
lected wavelengths~green and blue! to pass through. The beam
reflected from the sample are separated by a dichroic mirror~DM!
and a filter~436 nm!. They are projected onto two separate charg
coupled device cameras~10 bit camera Hamamatsu, Japan! with
two different image processing units. The image recording is d
at approx. 100 Hz and the analysis of the height can be perfor
immediately from the stored data. Inset at upper left: Representa
of the image formation by interference of light reflected from t
top surface of the substrate~interface 1! and the bottom substrate o
the object~interface 2!.
1-2
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ABSOLUTE INTERFACIAL DISTANCE MEASUREMENTS . . . PHYSICAL REVIEW E 69, 021901 ~2004!
turned by an angle ofp/2 with respect to the incident light. A
second polarizer, crossed byp/2 with respect to the first one
allows this light to go through but cuts off all stray ligh
reflected from other surfaces.

The intensity distribution of the interference pattern fo
given wavelength is given by

I „h~x,y!,l…5I 11I 212AI 1I 2 cosS 4pnh~x,y!

l
1d D ,

~1!

whereI „h(x,y),l… is the intensity on the interferogram co
responding to a point whose lateral position is defined by
coordinates (x,y) and the height is given byh(x,y). n is the
refractive index of the medium andd is the phase shift of the
light reflected from the object. The intensitiesI 1 and I 2 are
unknown. For images exhibiting Newton fringes they ca
however, be expressed in terms of the minimum (I min) and
maximum (I max) intensities of the interference pattern. Th
curvature of the object has been neglected here and
incident and reflected light rays that are parallel to the opt
axis have been considered. The corrections due to the cu
ture of the object can be accounted for by applying the n
local theory@7#. The following relation between the heigh
h(x,y) and the intensity distributionI (h(x,y),l) of the
RICM image is obtained@6#.

2I „h~x,y!,l…2~ I max1I min!

I max2I min
5cosS 4pnh~x,y!

l
1

pl

2p D ,

wherep is an integer andpl/2p accounts for the unknown
phase of the reflected beams. Inverting Eq.~2! yields the
height but with an ambiguity of a factor ofDh5pl/2p.
Equation ~2! assumes a point light source. For a fin
aperture, the termAI 1I 2 in Eq. ~1! has to be replaced
by g12AI 1I 2, where g125sin$2qh(x,y)sin2 a/2%/
2qh(x,y)sin2 a/2 ~a is the aperture angle andq is the wave
number given byq52p/l). The factorg12 results in a de-
crease of the differenceI max2I min . Moreover, the phase
4ph(x,y)/n is stretched by a factorA12sin2 a/2.

DW-RICM technique. The intensityI „h(x,y),l… in Eq. ~2!
can be considered as a parametric representation of a
odic function withh as the variable parameter. In the ca
where information about the intensity is available for tw
wavelengths~say, la and lb), the phasepl/2p can be
eliminated from Eq.~2! and I b can be expressed as a fun
tion of I a ~whereI a andI b are the corresponding intensities!.

I b5Da2SbcosS la

lb
D cos21S Db2I a

Sa
D , ~2!

where Da5I a
max2I a

min , Sa5I a
max1I a

min , and Sb5I b
max

1I b
min . It is most instructive to displayI a and I b in a para-

metric plot withh as parameter as shown in Fig. 2. From th
figure it becomes clear that to every pair of valuesI a andI b
an unambiguous heighth can be assigned that fulfils Eq.~2!.

A different approach yielding a better insight into th
range of unambiguity of the present technique can be ga
by considering plots of the normalized intensitiesĨ a and Ĩ b
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as a function of the heighth(x) ~see Fig. 3!. Here the peri-
odicity of the intensity of each wavelength is shown, alt
nating between a minimum~0! and maximum~1! value,
which corresponds to destructive and constructive inter
ence, respectively. The two oscillating functionsI a ~546 nm!
andI b ~436 nm! exhibit a common periodicity of 816 nm~cf.
Fig. 3!, which defines the upper limit of the unambiguity o
the technique with this choice ofla andlb .

Dynamic determination of the in-plane position of bead.
The interferogram of a bead depends sensitively on its he
over the substrate. Since the beads exhibit three-dimensi
Brownian motion, i.e., they fluctuate both out-of-plane~ver-
tical! and in-plane~horizontal! around a mean position. Th
out-of-plane movement leads to drastic changes in the in
ferogram with time. The center of the bead appears dar
one moment and bright some instances later, additionally
diameter of the interference rings increase or decrease,
pending whether the bead moves up or down in the obse

FIG. 2. Plot of the intensityI a corresponding to wavelengthla

against the intensityI b corresponding to wavelengthlb . The solid
line is plotted according to Eq.~2!. The crosses represent the co
responding experimental data from a fluctuating bead. The d
were collected by following the Brownian motion of a bead hov
ing above a substrate of hyaluronic acid fluctuating betwee
height of about 100 and 270 nm. The images from the two differ
wavelengths were recorded with two different cameras as show
Fig. 1. The beads were tracked by the algorithm explained later
the intensities of their centers were monitored.

FIG. 3. Normalized IntensitiesĨ a and Ĩ b plotted as a function of
the height, according to Eq.~2!. The dotted lines represent the th
oretical curves Eq.~2! and the heavy stretches~indicated by 1, 2,
and 3! represent data for three different beads fluctuating ab
different substrates~polymer films of different thicknesses on glas
substrates!. The heights are calculated according to Eq.~4!. For the
data shown here, the beads fluctuate in time from 140 to 200 nm
position 1, from 420 to 460 nm for position 2, and from 540 to 5
nm for position 3.
1-3
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time interval. The in-plane motion leads to a lateral shift
the interferogram, which requires the tracking of the be
position in lateral direction. Due to the complicated chang
in the interferogram as the bead fluctuates, it is not poss
to track the bead by conventional tracking techniques suc
convolution with a mask. Therefore a new tracking algorith
is needed which is independent of the details of the inten
distribution in the image. To achieve this, an algorithm wh
exploits the spherical symmetry of these beads was de
oped. It allows a subpixel determination of the lateral po
tion and is described in the Appendix.

Determination of the out-of-plane position of beads. As
explained before, in the conventional RICM technique,
height h(x,y) is determined by measuring the intens
I „h(x,y),l… at that point. Since it is difficult to measure an
compare absolute intensities, we have developed a techn
to measure the height of the beads which makes use o
circular symmetry of the interferogram arising from th
spherical symmetry of the beads. The interferogram o
bead hovering over a planar substrate consists of a conce
array of circular interference fringes. From simple geome
cal optic considerations, the heighth is related to the radius
r l of the l th interference ring according to

h~r l !5
l l

2n
2R1AR22r l

2, ~3!

whereR is the radius of the bead. To get an idea of the er
involved in assuming such a simple relation, we plot in F
4 the bead height@calculated from the measured intens
values according to Eq.~2!# against the experimentally de
termined radius of the corresponding interference ring. T
agreement between the data and the theoretical curve ac
ing to Eq.~3! is fairly good for radiir l smaller than 1500 nm
Above r l51500 nm, the corrections arising from the fini
curvature of the bead get important and Eq.~2! is no longer
applicable. This error could be overcome by applying
nonlocal theory@7#. A smaller but still significant discrep
ancy is observed for small values of the ring radius where
height, as determined from intensity considerations@Eq. ~2!#,
is lower than the height expected from geometrical cons

FIG. 4. Plot of the height calculated according to Eq.~2! against
the radius of the corresponding circular fringe measured from
interferogram. The crosses are the data and the dotted line r
sents the theoretical expectation according to Eq.~3!. The drawn
line is a polynomial fit to the data, given by Eq.~4!.
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erations@Eq. ~3!#, which is due to the fact that the pixe
resolution is below the optical resolution. In order to accou
for these corrections, we fitted the data to the following po
nomial law:

f ~r !5408.720.027 04r 20.000 078 6r 2, ~4!

shown in Fig. 4. This empirical equation was used to de
mine the height of the beads in the present work. Note,
Eq. ~4! holds only for beads of diameter of 10.5mm. For
beads of other diameter the coefficients would be differe

To demonstrate the accuracy of the height measureme
we present in Fig. 5 the intensity distribution of the interfer
grams of two beads whose bottom-most points are at hei
of 4 nm and 29 nm, respectively, above the surface of
substrate. Care was taken to choose beads of equal diam
~as determined from independent bright-field measuremen!.
Though typically latex beads may have protrusions of s
eral nanometers, such large protrusions disfigure the circ
pattern of the RICM interferograms. Care was taken
choose beads whose interferograms were not marred by
presence of protrusions. Further, the effect of small unev
ness of the surfaces of the beads was minimized by tak
radial averages. The height profiles were reconstructed
are shown in Fig. 5. The expected profile representing a
of the cross section of the spherically symmetric beads
recovered~it should be noted that the expected profile is n
strictly circular since the corrections due to the curvature
the bead has not been taken into account!. The fact that at
each point along the reconstructed profile the heights of
beads differ by 2566 nm, indicates that the profiles can b
reconstructed with 6-nm accuracy.

The error introduced in the height measurement due
errors in measuring the radius is given by

Dh~r i !5AF S R

R22r i
2D DRG 2

1S r iDr i

AR22r i
2D 2

, ~5!

where DR and Dr i are the errors in measuring the be
radius, and the ring radius, respectively. As an example, f
bead of radius 10mm at a height of 100 nm, an error of 10
nm in the bead radius and an error of 10 nm in the r
radius gives rise to an error of 6 nm in the height.

e
re-

FIG. 5. ~a! Intensity distribution~averaged over the full 2p
angle! along the radial direction for two different beads at heights
4 nm and 29 nm. The drawn curves define the optimal fits of Eq.~2!
to the data points which are indicated by open circles and o
squares for the two different beads.~b! Reconstructed profile ac
cording to Eq.~4! of the two beads shown in~a!.
1-4
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IV. RESULTS

A. Sedimentation of beads under gravity

The trajectories of beads sedimenting under gravity
be reconstructed in real time using our fast image proces
technique. Due to the divergence of the incident light ra
RICM interferograms are clearly visible only for bea
heights up to about 7mm with our setup. In Fig. 6 example

FIG. 6. Height versus time plot of five different beads sedime
ing under gravity. The thin noisy lines are experimentally det
mined trajectories for bare beads falling in HEPES buffer abov
bare glass substrate. The noise in the data is due to thermal flu
tions of the beads. The thick dotted line is a fit to Eq.~7! with the
density difference between the bead and the mediumDr
553 kg m23.
ta

th
ds
o
g

02190
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of experimentally observed trajectories of beads sedimen
under gravity are shown as thin unsteady lines.

The expected heightz of the bead at a timet is determined
by the equilibrium between the gravitational force and v
cous force

6phe f f~z!R
dz

dt
5

4

3
pR3Drg, ~6!

whereDr is the density difference between the bead and
medium,g is the acceleration due to gravity,R is the bead
radius,he f f(h) is the effective height dependent viscosity,dz
is an infinitesimal increment in the distance through wh
the bead falls anddt is the time it takes to fall through
distancedz.

Integration of Eq.~6! yields

E
z5ho

h

he f f~z!dz52
2DrR2g

9
~ t2t0!, ~7!

where ho is the initial height andto is the corresponding
time.

For a spherical bead moving close to a rigid wall t
friction coefficientg(h) is determined by the coupling of th
hydrodynamic flow field of the bead with the substrate a
can be expressed in terms of the modified Stoke’s law@9,18#:
g(h)56phRL(h/R) whereh is the bulk viscosity of the
solvent, andL(h/R) is the correction factor to account fo
the hydrodynamic coupling between the bead and the w
@18,19# and thereforehe f f(h)5hL(h/R) is the effective vis-
cosity. For the out-of-plane motion,L(h/R) is given by

-
-
a
ua-
L~h/R!5
4

3
sinh~h/R! Sn

n~n11!

~2n21!~2n13! S 2sinh@~2n11!~h/R!#1~2n11!sinh~2h/R!

4sinh@~2n11!~h/R!#2~2n11!2sinh~2h/R!
21D . ~8!
n-

e
alt.

tive
s of
en-
ic-

u-
at
For smallh/R this reduces toL(h/R)5R/h, such that

he f f5hbulkR/h. ~9!

The thick dotted line in Fig. 6 is a fit to Eq.~7! with the value
of he f f from Eq. ~8!. It can be seen that the experimen
trajectories closely follow the calculated trajectory.

Steady state dynamics of fluctuating beads. With the DW-
RICM technique, it is possible to simultaneously measure
height and the effective viscosity felt by fluctuating bea
This provides an unique opportunity to test the validity
Eq. ~8!. The effective viscosity can be determined by fittin
the height correlation function̂h(t)h(t1t)& to an exponen-
tial function given by

^h~ t !h~ t1t!&5
kBT

V9
expS 2

V9 t

ge f f~h! D , ~10!
l

e
.
f

whereV9 is the spatial double derivative of an effective i
terfacial potential andge f f(h) is an effective friction coeffi-
cient~see Refs.@9,10#, or @20# for more detailed description!.
As discussed above,g(h)56phe f f(h)56phL(h/R),
whereL(h/R) is given by Eq.~8!. In Fig. 7 we have plotted
the observedhe f f(h) as a function of the heighth for beads
hovering over a soft polyelectrolyte film made of HA. Th
bead height was controlled by addition of a monovalent s
The solid lines are generated by takingL(h/R) from Eq.~8!
for h51, 1.5 and 2 mPa s. It can be seen that the effec
viscosity experienced by the beads correspond to value
the bulk viscosity between 1 and 2 mPa s. The height dep
dence of the viscosity clearly follows the theoretical pred
tion.

B. Determination of membrane fluctuations

The development of the DW-RICM technique was stim
lated by previous studies of the physics of cell adhesion
1-5
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SCHILLING et al. PHYSICAL REVIEW E 69, 021901 ~2004!
our laboratory whereby a method for the measurement
the adhesion strengths of soft elastic shells~giant vesicles or
cells! was developed@4#. This technique is based on th
analysis of the contour and shape changes of the soft s
hovering over planar surfaces by RICM. A further proble
arises when the adhering membranes exhibit pronoun
~thermally excited! bending fluctuations which give rise to
generic~entropy driven! repulsion force and thus contribut
to the interfacial interaction potential@24#. In order to deter-
mine interaction potentials as a function of the membra
substrate distances it is necessary to measure both the
lute height of the soft surface and the direction of loc
deflections of undulating membranes which is not poss
with the conventional RICM. Below we show that DW
RICM can overcome these drawbacks@26#.

The leopardlike intensity pattern of the contact area o
giant vesicle with a planar glass substrate is shown in F
9~a!. It represents the instantaneous deflection of the
membrane. From a single wavelength micrograph it is
possible to determine the absolute value of the local m
brane deflection or the direction of the deflection due to
arbitrary phase of the reflected light.

The DW-RICM technique allows us to determine the a
solute height of a fluctuating small area of the vesicle me
brane in time.

As in the example of the position analysis of colloid
beads we can determine the absolute height of a point (x,y)
within the contact area of the membrane by a parametric
of the intensities as a function of the heighth. Again the
reflected intensity of the green wavelengthI a is plotted
against the reflected intensity of the blue wavelengthI b . A
comparison of the obtained data to the numerical cu
@black line in Fig. 8~b!# reveals that the membrane fluctuat
in time between 0 and 120 nm above the substrate. The l
scatter of the data at a given height~approx 30%! is attrib-
uted to bending fluctuations of the membrane. Further
low reflectivity of membranes compared to PS beads
local lateral phase separations within the membrane incr
the noise in the signal.

FIG. 7. The observed viscosityhe f f(h) plotted against the
height for beads fluctuating near a surface. The symbols repre
different beads hovering over a soft polymer film of hyaluron
acid. Note that the variability for each symbol is due to the hete
geneity of HA films. The solid lines are generated from Eq.~8! for
h51, 1.5, and 2 mPa s.
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Next we discuss the method adopted to determine the
rection of one exemplary bending excitation along the l
indicated by the arrow in Figs. 9~a! and 9~b!. Figure 9~a! is
the interferogram of the green wavelengthla and Fig. 9~b!
shows the micrograph recorded for the blue wavelengthlb .
The height reconstruction along thex axis is analyzed by first
plotting the intensities of the two wavelength along that li
in Fig. 9~d!. Although it is possible to conclude that th
contact area fluctuates between 0 and 140 nm from the ab
analysis, the direction of the deflection of the membrane
still ambiguous. The dip in the intensity ofla @between the
positions 1.5 and 2.5mm in Fig. 9~d!# can result either from
an upward~1! or downward~2! deflection of the mem-
brane, as depicted in Fig. 9c. These two possible reconst
tions are also indicated in the height reconstruction fromI a ,
Fig. 9~e!. From this reconstructed height the intensity oflb
is calculated for each point along the axis according to
~2! and the result is shown in Fig. 9~f!. By comparing the
calculated intensities with the measured intensity values
lb displayed in Fig. 9~d!, it is evident that the solid line in
Fig. 9c is the correct reconstruction. The deflection is th
directed upward, as indicated by the~1! possibility in the
sketch Fig. 9~c!.

It should be noted that it is important to evaluate exac
the same position of the membrane on the two cameras
achieve this the following procedure was developed. A sm

nt

-

FIG. 8. ~a! RICM micrograph of a giant lipid vesicle in contac
with a glass substrate. The leopardlike texture displays region
different heights in the contact area, whereas the interference r
indicate the bending away of the membrane from the substrate.
black square marks a region from where the intensity values
analyzed.~b! The crosses display the measured intensity of theb
wavelengthI b versus the intensity of thea wavelengthI a for a
0.6 mm30.6 mm2 patch indicated in~a!. The line is the parametric
plot, according to Eq.~2!. The comparison with the experimenta
data yields that the membrane of the vesicle is fluctuating in t
between 0 and 120 nm above the substrate.
1-6



e
a
a
e

f
-
la
tu
a

tw

g
ing

rent
rent
-
lly
e of
lute
tive
tive
au-

mit
ose
ess
han

-
ary.

de-
t is
ird
nm
n-
ure
een

ich
with
ing
ons
ve
e-
s by

h-
ned,

ng
ers
5
tial
of

of

for
e-

also
tion

ge-

ng
o-

a

ch

-
s

e.
th
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areaAg of the interferogram obtained with the green wav
length is considered. In order to find exactly the same are
the image obtained by the blue wavelength, an approxim
position of the areaÃb is first located. Subsequently, th
intensity changes in time of areaÃb is correlated with the
intensity changes inAg . By comparing the correlation o
different patches aroundÃb , the position corresponding ex
actly to Ag is determined by the maximum of these corre
tion functions, since the intensity changes due to the fluc
tion of the membrane motion is almost identical for identic
points. Further, a time correlation ofAg and Ab allows the
determination of the exact time difference between the
time series recorded.

V. DISCUSSION

In this paper we have demonstrated that dual-wavelen
microinterferometry opens up the possibility of measur

FIG. 9. RICM micrograph of a giant vesicle in contact with
glass substrate.~a! Intensity I a of the green wavelength and~b! of
the blue wavelengthI b along the blackx axis are shown.~c! Two
possible reconstructions of the membrane profile are depicted s
matically and labelled by~1! for the upward deflection and by~2!
for the downward deflection. In~d! the intensity of the green (I a)
and blue (I b) wavelength along this axis is displayed.~e! Two
possible surface profiles, denoted by~1! and~2! of the membrane
reconstructed from the interferogramI a are given. They are calcu
lated according to Eq.~2!. In ~c! the two possible reconstruction
are depicted schematically and labeled by~1! for the upward de-
flection and by~2! for the downward deflection of the membran
~f! Intensity distribution of the beta wavelength calculated from
two height profiles given in~e!. Since the line denoted by~1!
agrees with the measured intensity profile displayed in~d!, the up-
ward deflection is the correct height reconstruction.
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absolute values of optical distances between a transpa
surface and a reflecting object, which can be nontranspa
or transparent~for example a colloidal bead or a lipid mem
brane!. Since the refractive index of the medium is genera
known, absolute distances can be determined. In cas
spherical beads of known size, the accuracy of the abso
distance measurement is about 6 nm and that of the rela
height measurement is 0.5 nm. The accuracy of the rela
height measurement can be estimated by looking at the
tocorrelation of the data; for bead fluctuations above the li
of resolution, the autocorrelation function ceases to be cl
to an exponential function and is instead a flat featurel
line. To measure the height of objects that are higher t
816 nm, a third wavelength~for example, the 677 nm red
line of mercury! can be used@21#. In this case, the simulta
neous recording of all the three wavelengths is not necess
After determining the height using two wavelengths as
scribed above, which yields the height modulo 820 nm, i
enough to reconstruct the relative height from the th
wavelength. A comparison with Fig. 3 removes the 820
ambiguity. It is advisable to use the third wavelength in co
junction with one of the colors already used before to ens
that the bead did not change its height drastically betw
the successive experiments.

A fast image processing algorithm was developed wh
enables measurements of distances of moving beads
10-ms resolution. This opens up new possibilities of study
simultaneously the hydrodynamic and the static interacti
of colloidal beads with solid surfaces. The quantitati
agreement of measured effective coefficient of friction b
tween beads and substrates with theoretical consideration
Happel and Brenner@18#, demonstrate the power of the tec
nique. Moreover a large macroscopic area can be scan
which can yield information about the heterogeneities~both
in surface profile and in the viscoelastic parameters! of the
substrate. This would be specially relevant while probi
surface grafted polymer films and the effect of cross link
on such a system@20#. Since relative height resolution is 0.
nm this method is limited to the measurement of poten
strengths~characterized in terms of the double derivation
the potential! of about 10kBT nm22. In combination with
magnetic tweezers rheometry, the viscoelastic moduli
stiffer polymer films ought to be accessible.

Unambiguous height reconstruction becomes possible
membranes of vesicles or cell. It is not only possible to d
termine the absolute height of an adhesion patch but
possible to reconstruct unambiguously the local deforma
of the adhering membrane.
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APPENDIX

Determination of the temporary lateral position
of colloidal beads

In the following we describe a procedure for determini
the position of the center of symmetry of RICM interfer
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SCHILLING et al. PHYSICAL REVIEW E 69, 021901 ~2004!
grams of spherical beads without application of the refin
~finite aperture and nonlocal image formation! theories of
RICM image formation. By making use of the well know
optical transfer function of spherical objects the bead po
tion is determined by searching for the global center of sy
metry of the interference pattern by the following algorith

First, an arbitrary pointxW is chosen near the real center
the interferogram of the bead. Next, the average intens
^I i(xW )& along circles of increasing radii centered aroundxW
are calculated according to

^I ~xW ,r i !&5
1

2pEf50

2p

I ~xW1rW i ,f!df, ~A1!

with i 51 . . .N, wherer i is the radius of thei th circle and
the distance (r i2r i 21) between two circles is equal to th
pixel size.f50 . . . 2p is the angle that is averaged over
get the average intensity for each circle. The number
circles considered is typicallyN'37.

If xW coincides with the real center of symmetry of th
pattern, the intensityI (xW1rW i ,f) at each of the pointsxW
1rW i ,f ,f50 . . . 2p along a circlei will be equal to~or be
very close in value to! the average intensitŷI i(xW ,r i)&. A
quantitys2

„I (xW ,r i)… is now defined for each circlei which is
a measure of how differentI (xW1rW i ,f) at each point (xW
1rW i ,f) is from ^I i(xW ,r i)&.

s2
„I ~xW ,r i !…5

1

2pEf50

2p

@ I ~xW1rW i ,f!2^I ~xW ,r i !&#2df.

~A2!

s„I (xW ,r i)… is a measure of the proximity of the arbitrari
chosen pointxW to the real center of symmetry. IfxW is close to
the center,s„I (xW ,r i)… is small for each circlei whereas, ifxW
is far from the real center,s„I (xW ,r i)… is large for each circle.

Next, a quantity s tot is defined as s tot(xW )
5S i 51

N s(I (xW ,r i)). The global center of the intensity distr
bution should be at the point where 1/s tot(xW ) is maximum.
In other words, in principle, the center can be identified
maximizing 1/s tot(xW ) with respect to the position vectorxW .

But there is an additional effect that has to be taken i
consideration. A point that lies in the featureless backgro
e

Eu
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of the image~or a part of the image where the intensi
varies monotonously! will also give a maximum for
1/s tot(xW ). To overcome this problem, the gradient in the i
tensity distribution along the radial direction of the RIC
interferogram is considered. The radial gradient in the int
sity is low in the featureless background whereas it is
highest whenxW coincides with the center of symmetry of th
interferogram.

Consider the difference in the average intensity betw
two consecutive circles

Di~xW !5^I ~xW ,r i !&2^I ~xW ,r i 11!&. ~A3!

This quantity is large for eachi if the origin of the circle
chosen coincides with the real center of symmetry of
interferogram.Di(xW ) is now averaged over all the circles t
get ^D(xW )&5(1/N)S i

NDi(xW ). Note that^D(xW )& is also large
if xW lies at a point where the intensity shows a monotono
gradient away from the center and not a pattern of max
and minima that is characteristic of an RICM pattern.
eliminate this possibility, the deviation ofDi(xW ) from
^D(xW )& is calculated: sgrad

2 (xW )5(1/N)S i
N@Di(xW )

2^D(xW )&#2. Again, this quantity is small whenxW lies in the
featureless background and large whenxW coincides with the
global center of symmetry. Thus the global center of symm
try can be identified by simultaneously maximizing 1/s tot(xW )
and sgrad(xW ), in other words, by maximizingF(xW )
5sgrad /s tot with respect toxW .

The next task is to find the radius of the circular fringe
This is done by taking radial intensity averages around
center of symmetry and simply looking for the extremal v
ues. If the procedure described above is performed with p
resolution the accuracy of the determination of the bead
sition would be about 20 to 30 nm~for bead heights betwee
0 and 400 nm!. In order to achieve a subpixel accuracy, t
following procedure is applied. The intensity distribution
expanded in a Taylor series about the position of the disc
extremum: I (x)5I (a)1(x2a)I 8(a)1 1

2 (x2a)2I 9(a),
whereI 8(a) and I 9(a) are the first and second derivative
the intensity at positiona. The extremal values ofI (x) are
found by the conditiondI(x)/dx50, which yields for the
optimal positionx5a2@ I 8(a)/I 9(a)#.
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@6# J.O. Rädler and E. Sackmann, J. Phys. II3, 727 ~1993!.
@7# G. Wiegand, K.R. Neumaier, and E. Sackmann, Appl. Opt.37,

6892 ~1998!.
@8# B. Ovryn and J.H. Andrews, Appl. Opt.38, 1959~1999!.
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