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Abstract. Standing modes of light in front of the reflecting RIC-microscopy and TIRF-microscopy cannot be used
surface of silicon modulate the excitation and emission ofor cells on silicon, which is not transparent in the visible
fluorescent dyes. This effect was used to determine the disange. For that reason a new method of fluorescence inter-
tance of a biomembrane from an oxidized silicon chip. Thderence contrast (FLIC) microscopy was proposed to map
membrane of a red blood cell (ghost) was stained with a cyahe distance between a membrane and oxidized silicon [16].
nine dye and attached with poly-lysine to a surface structureBLIC-microscopy takes advantage of the Wiener effect [17—
with microscopic steps of silicon dioxide on silicon. The sys-19], the interference of incident and reflected light above
tem was illuminated in a microscope. The fluorescence intera mirror. The standing modes of the electromagnetic field
sity of the membrane depended on the height of the steps. Tladove the surface of silicon modulate the excitation and the
data were fitted by an optical theory which accounts both foemission of a fluorescent dye which is dispersed in an ad-
the interference of the exciting light and for the interferencgacent solvent or bound to a macromolecule or membrane.
of the emitted light at a finite aperture. The distance betweeSome features of FLIC-microscopy were tested with a dry
the membrane and the silicon dioxide was determined to bemonomolecular film [16].

12 nm In this paper we consider FLIC-microscopy as a tool to
study cell adhesion. It is applied to determine the distance be-
PACS: 33.50.D: 68.35.G: 78.66: 87.22 tween a biomembrane and a silicon chip. As a test system

we used ghosts of human erythrocytes because of their homo-
geneous membrane. In the first part we describe the concept
of the method and explain the experimental technique. In the

Nerve cells and silicon devices can be joined by electrical ingecond part we present the data and discuss the results.
duction when the cell membrane is attached closely to an ox-

idized chip [1]. Recording as well as stimulation of neuronal

activity from oxidized silicon have been reported [2, 3]. Thel Materials and methods

strength of coupling depends on the width of the electrolyte

which separates the insulating layers of the cell membraniirst we consider the principles of FLIC-microscopy as ap-

and the silicon dioxide. This width was estimated to be in theplied to cell adhesion. Then we describe the fabrication of the

range10-100 nmon the basis of the coupling experimentschips, the preparation of stained erythrocyte membranes, the

themselves [4]. No direct measurements are available. attachment of the cells to the chip, the photometric set-up, the
Usually the attachment of cells to surfaces is studied byptical theory and the evaluation of the data.

reflection interference contrast microscopy (IRRICM) [5—

9] or by total internal reflection fluorescence microscopy. T _mi

(TIRFM) [10—-15]. In both methods the cell is illuminated 1.1 Principles of FLIC-microscopy

by visible light through a transparent support. In the RICMsijjicon reflects visible light. The interference of the incident
method the light is reflected from the substrate/electrolytqght with the reflected light gives rise to standing modes of
and electrolyte/cell interfaces and gives rise to an interfereng@e electromagnetic field. As a result the electronic excitation
pattern. In the TIRFM metr_\od the cell is illuminated undergf 5 dye molecule depends on its position in front of the mir-
the condition of total reflection; the membrane or electrolytegq,. By analogy, the fluorescence emission of a dye molecule
are labelled with a fluorescent dye which is excited by thes affected due to the interference of light which is emitted
evanescent wave. with and without reflection, or in other words due to emis-
I sion into an unoccupied standing mode of the electromagnetic
*Correspondence author field.
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Fig.;. Fluorgscence inte_rferometry of_ cell adhesion. A cell is_ a_ttached21_23] with two dodecyl-chainsD@lClz Molecular Probes)
to microscopic steps (height 50 nm width ~ 5um) of silicon dioxide . ! . .
on silicon. The extracellular surface of the membrane is stained with atFi9- 2). Three aspects were relevant for the choice of this
amphiphilic fluorescent dye. The fluorescence intensity depends on the pélye: (i) The transition dipole of excitation and emission is
sition of the dye with respect to the standing modes of light in front of theparallel to the cell membrane [24]; (ii) the flip-flop of the dye
reflecting surface of silicon, i.e. on the variable heigbf of the steps and  from one side of the membrane to the other side is slow [25];
on the constant distan@® et between oxide and membrane (iii) photobleaching of the dye is rather weak [26].
We made & mM solution of the dye in ethand.ul were

We consider a cell membrane which is labelled at its exadded tol5 ml TRIS buffer such that a suspension of mi-
tracellular surface by a fluorescent dye. The cell is attachecrocrystals was formed. It was used to resuspend the upper
to silicon covered with a thin film of silicon dioxide as il- (liquid) part of the centrifuged pellet of ghosts. We isolated
lustrated in Fig. 1. We use different heights of the oxide bethe stained ghosts immediately afterwards by centrifugation
neath a single cell. The fluorescence intensity depends @t 3000 gfor 10 min The supernatant with the microcrystals
the thicknesglox of the oxide and on the distandgeft be-  of the dye were discarded and the ghosts were resuspend-
tween oxide and membrangyef; is determined by the local ed in15 mI TRIS buffer. Most ghosts had an erythrocyte-like
forces between membrane and oxide. A changed wddth shape. Some were spherical with a diameter of aboum.
of the spacer brings the membrane to a different position in
the electromagnetic field at constahiest. We expect a peri-
odic modulation of the fluorescence intensify(dox)with in- 1.4 Chips
creasing thicknesdyx. The phase of that modulation depends
on the incrementest. If we know the theoretical relation We prepared chips from polished n-dopdd-& 2cm) four-
Ji (dox, delet) Of the fluorescence intensity, we can fit the datainch silicon wafers (Freiberger, Freiberg, Germany). They
with the unknown separatiaiyer; s a free parameter. were cleaned by the standard RCA procedure [27]. We pre-
pared a homogeneous layer of silicon dioxide with a thickness
of about135 nmby thermal growth in an oven a000°C
(E1200 Lab, Centrotherm, Blaubeuren). The wafer was cov-

red with a photoresist by spin-coating and illuminated in
We prepared the membranes of human erythrocytes ap.corg'mask-align%r through aymeaal mask g\]/vith stripeaim
ing to a standard procedure [20] with some minor mOd'f'Ca'width, separated b um. After development we removed

tions.4 ml of blood from healthy colleagues were sucked |ntoElbout83 nmof the oxide in the open areas by etching with
|

a tube coated with EDTA to prevent coagulation (Vacutaine . . - X

367861 Becton Dickinson l\eleylan Fragce). The( blood waduoric acid [27]. Then the phot_ores_,lst was strlp_ped, the wafer

centrifuéed forlO minat 1660g The bellet L5 mi) was col- was plea}ned and coated again with photoresist. In a second
: illumination we used the same mask rotate®by. After de-

lected in a pipette. We washed the erythrocytes three time{?elopment we removed abod nmof the oxide in the open

by resuspension and centrifugation @minat1600 gusing . .
areas. Then the photoresist was stripped and the wafer was cut
20 mlof 2300 mOsmTRIS buffer 6.059TRIS,6.42 g NaC into chips @.4 cmx 1.0 cm). The surface exhibited a pattern

420 ml Q1 M HCI, 580 mIMilli-Q water (Millipore), pH 7.4). X . g

1.5 ml of the final pellet were (gigluted w(itﬂl SEnI TI)?I% buffe?r of sguares Witt wm edge length as illustrated in Fig. 3. The

ahd kept for several hours 4¢C ’ heights of the oxide were about 11, 53, 92 43% nm
Transient lysis of the erythrocytes was performed on

ice with precooled solutions. At first we adddd ml of

oxide

1.2 Ghosts

a 30 mOsmlysing solution 801 mg MgSQ, 372 mg KClin —Sio,

500 mlI Milli-Q water) to 0.5 ml of the cell suspension. Im- Si J/
mediately afterwards ml of a resealing solutiorb@.7 g KCl, ‘ / 7 /
10.5 g NaClin 400 mIMilli-Q water) was added. The suspen- [ , f 100nm

sion was kept fob min on ice and for30 minat 37°C. The

) : oxidation 1st etchin 2nd etching  5um
ghosts were centrifuged fdi0 minat3000 g g 9

Fig. 3. Fabrication of chip. A homogeneous layer of thermal oxide with
a thickness~ 130 nmis grown on silicon. A step is etched down to an oxide
1.3 Staining thickness~ 50 nm Two further levels with heights- 90 nmand ~ 10 nm
are obtained by etching a step in the perpendicular orientation. Using a pe-
. . riodic mask, the surface of the chip is modulated by a periodic pattern of
We stained the ghost membrane with a homolog of the amgeps with a lattice constant aDum. Note that the height of the steps is

phiphilic trimethin-indocarbocyanine dy827/DilC1g [18,  scaled by a factor of five
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The chips were sonicated f@O minat 70°Cin an acidic 1.7 Theory
detergent (5% Ultrax 102, KLN Heppenheim), rinsed with

Milli-Q water (Millipore Inc.), sonicated fo2 minat70°Cin  The fluorescence intensities (average with standard deviation)
an alkaline detergent (2% Tickopur RP100, Bandelin, Berlinpn the four oxides of different thickness were fitted by an op-
and rinsed with Milli-Q again. Then the chips were sonicat+ical theory of interference. We summarize here the crucial
ed four times in Milli-Q water forl0 min (twice at70°C, relations. For details see [16,31].

twice at room temperature) and dried with nitrogen [16,28].  The probability per unit timePex for excitation of a dye
After cleaning, the thickness of the oxides was measured biolecule is determined by the intensity of illuminatitiin)

an ellipsometer (SD 2000, Plasmos, Minchen) using a rqguanta per area, time and wavelength interval), the extinc-
fractive indexnox = 1.460 at633nm For that purpose we tjon coefficient of the dye(in) and the relative strengthi,
used a quadruple of reference squares with aSMm x  of the electrical field of incident light at the position of the
500pm which were arranged on the chip at a separation ofiye projected onto the directiany of the transition dipole
1cm They were fabricated together with the microscopicof excitation. We obtain (1) by averaging over all directions

steps under identical conditions of etching. and polarizations of the incident light within the aperture of
the microscope, by averaging over all orientations of the dye
1.5 Adhesion in the plane of the membrane and by integration over all

wavelengths.in of the incident light:

The chips were placed into a petri dish 38 mm diameter
(Falcon 3001, Becton Dickinson, Plymouth). The ghost mem-

brane did not adhere to clean silicon dioxide as it is negativelPey x / dinl Rin)ein) (| Fin-€ex|?) . (1)
charged [29]. We used poly-lysine to induce attachment [30].

The chips were incubated in a solution of poly-L-lysine (MW
10,000, Sigma, Heidelberg) in TRIS buffer at a concentratio
of 0.5 mg/ml for2 h at room temperature. They were rinsed
three times with TRIS buffer. (The layer of poly-L-lysine had
a thickness of abold.7 nm after rinsing with milli-Q water
and drying, as estimated by ellipsometr$.jinl of the sus-
pension of ghosts were added to the wet chip. The ghos
were allowed to sediment f&0 min We removed the liquid
with non-adhering cells carefully and add8anl of TRIS
buffer.

The probability per unit timePey to detect an emitted
I&uantum from an excited molecule is given by (2) below. It
depends on the quantum yiefgiet(Aoyt) Of the detection sys-
tem, on the fluorescence spectrum (quanta per wavelength
interval) of the dye, on the relative strenghyy of the local

lectrical field of that mode which accepts the emitted photon
d on the directiorem Of the transition dipole of emission.
We average over the polarizations and directions of detected
light within the aperture of the microscope and over the orien-
tations of the dye in the plane of the membrane. Finally we
integrate over the wavelengths of detectig:

1.6 Photometry

The fluorescent ghosts were studied in the same set-up p;gmo(f dAoui@detrout) T(rout) {|F out- €eml?) - )
used for monomolecular films [16]. A water immersion ob-

jective (100«) with a numerical aperture 1.0 was used in the o
microscope (Axioskop, Zeiss, Oberkochen). The cells were The local relative field strength&, and Four depend on
focused in red light£ 630 nn). Then the chip was illuminat- the optical properties of the assembly and on the position
ed monochromatically 46 nmby a high pressure mercury Of the dye molecule, in particular on the thicknels of
lamp (Zeiss) through a dichroic mirror (Q565LP, AHF Anal- the oxide and on the distancger between membrane and
ysentechnik, Tubingen) and a bandpass fil&46/10nm  Support. They are computed by matrix methods [16, 32].
546FGS, Andover, Salem, NH, USA). The fluorescence was Under stationary illumination we detect an average flow
detected around10 nm through the dichroic mirror and Jfi Of quanta per unit time from a dye molecule. It depends
a bandpass filter§10/70 nm AHF Analysentechnik, Tiibin- ©n the probability of detected quanta per unit tifig, from
gen). an excited molecule and on the probability that the molecule
A fluorescence picture was taken by illumination for—
40 ms We used a CCD camera with 75582 pixels (Sony 1The various directions of exciting radiation may be integrated in the
Chip ICX039AL. HRX. Theta System MUnchen) The Sizemembrane (medium 3) at the position of the absorbing dye and the di-
- L ! ! . . rections of emitted radiation in water (medium 4) at the entrance of
of a single plXQl correspo.nded to appfOleatgl?_nm X the detecting objective. The energy flows per unit polar ang@l
90 nmof the object. The signal of every second line of the;,g deg™, respectively, depend on the direction, even if the illumina-
camera was transferred to a PC by a frame grabber (ITEXon through the objective and the emission from the dye are homoge-
AFG, Stemmer, Miinchen) with 8-bit resolution. We evalu-neous with respect to different directions within the angle of aperture.
ated the stored fluorescence pictures in three steps: (i) tH@is effect is due to refraction and becomes important for high apertures
adhesion area of a single ghOSt Was approximated b)./ an S used in the present experiments. It can be described as a modula-

. L ; - ~1.on of the intrinsic aperture functions — which aan (©§') =1 and
lipse and divided into four sectors on each oxide step; (i), (9" =1 within the angle of aperture and zero elsewhere — as

the number of pixels with a certain brightness was county ‘i, _ out
. . o[ ngcosOM ) i ngcosey out
ed on each sector to form four histograms of the intensi{ ;i | An (03 and 3 cosogT Aout (©31) .
4

ties; (iii) Gaussians were fitted to the histograms. The low_respectively, withell expressed byll and O by 6 according to

est components<(10% ) of a histogram were not consid- sneliius’ law. Appropriate substitutions are to be made when the integration
ered. of illumination is computed in water (medium 4), too.
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is in its excited state. We obtain (3) with the total transitionspectrumf(ioy) was used as measured inlgaM ethano-
probabilities of fluorescendg and of nonradiative decdy:  lic solution with a maximum ab65 nm The spectrum of the
guantum yield of detectio®get(Aout) Was given by the da-
1 ta sheet of the camera and the transmission of the dichroic
Ji=—— Paoy Pemn. (3)  mirror and the optical filter.
ki + Knr Examples of theoretical relation¥ (doyx) are shown in

If the transition probabilities of fluorescence and non-F19- 5 for three different distancedyier = 0, 10, 20 nm be-

" . ) - fween membrane and oxide. The fluorescence intensity is
radiative decay are independent of the thickness of the Ox'd%/Ery low close to the silicon. It increases and decreases with

we may use (4). This approximation was shown to be adthe thickness of the spacer. The phase of that modulation

equate for the cyanine dyes S9 [16] aBd7/DilCyg [31] . . : X
in a dry monomolecular lipid film as well as in a wet lipid ﬁ;ﬂg&igy an enhanced distantg. between oxide and

membrane:

i o¢ Pox: Parn. 4) 1.9 Fit of data

We used three parameters to fit the theory to the experi-

mental fluorescence intensities of the membrane on four ox-
1.8 Optical model ides with defined thicknesy: (i) the unknown widthdgest

of the extracellular cleft; it affects mainly the phase of the
We describe the optics of an adhesion site by a model witlvave Jq (dox) of detected fluorescence; (ii) a scaling factor
five homogeneous and isotropic layers as sketched in Fig. f the fluorescence intensity; it determines the amplitude of
It consists of bulk silicon, a layer of silicon dioxide (thicknessthe wave of detected fluorescence; (iii) a constant increment
dox), a layer of the extracellular medium (thicknelgs), the ~ which accounts for background fluorescence; it was main-
cell membrane (thicknesnem) and the intracellular medi- ly due to the upper side of the cell which was out of focus.
um. The complex refractive index of silicon (refractive index From the data we calculated the values of the scaling factor
nsi, attenuation indexs;j) was taken from [33]. We used the and of the background analytically. Then we fittegbs by
table of refractive index of silica from [34] and matched thethe regression algorithm of Powell [35], adopting the estimate
dispersion of the table to a refractive indey = 1.460 at  of the standard deviation afet from the Marquardt algo-
6328 nm of our thermally grown oxide. (The same value rithm [35]. This evaluation presumes that the cell membrane
was used to determine the thickness of the oxide by ellipsds stained homogeneously and that no dye is adsorbed to the
metry.) We described the extracellular cleft by the refractiveoxide.
index of watemgleft = 1.333. The membrane was character-
ized by a thicknesslnem=4 nm[7] and a refractive index
Nmem= 1.450 [7]. For the cytoplasm we used the refractive2 Results and discussion
index of watemncyt = 1.333. In the model the dye molecule
was placed within the membrane layer close to its lower surA photograph of fluorescent erythrocyte ghosts on a silicon
face. The transition moments of excitation and emission werehip is shown in Fig. 6. Four levels of fluorescence intensity
aligned parallel to the membrane with random orientation irare seen for each cell. They are due to the stained membrane
the plane. The angles of aperture in water w&ve3° for  attached to the four steps of silicon dioxide with different
excitation an48.6° for emission. These values correspond
to numerical apertures of 0.985 and 1.0 of the objective, re-
spectively. The lower aperture for excitation was assigned

on the basis of systematic measurements of fluorescence in- ‘o '
terference with supported lipid membranes [31]. The exci-
tation was monochromatic withj, = 546 nm An emission £
3
g
S,
>
Non ¥
‘1:’ 0,5
‘_nmem’dmem z 7
Noertr oo §
3
@\
Noxs dox g
]
K 0,0
Asi» Ksi 0 50 100 150 200 250
Fig. 4. Five-layer model of the optics of cell adhesion with bulk sili- oxide thickness d__[nm]

con (refractive indexg;, attenuation indexs;), silicon dioxide (thickness

dox, refractive indexngy), extracellular medium (thicknesdgjes;, refrac- Fig. 5. Theory. Relative fluorescence intensity of the dy#C1, in a cell
tive index ngjeft), membrane (thicknessmem, refractive indexnmem) and membrane versus thicknedsy of silicon dioxide for the distancedyeft =
cytoplasm (refractive indeRrcyt) 0, 10, 20 nmbetween membrane and silicon dioxide
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The second error was due to the different positions of ellip-
sometry and ghost on the chip. The uncertainty of the oxide
thickness withinl cmalong the chip was0.1 nm Thus the
total statistical error of the distance between membrane and
oxide wasAdgleft = £0.41 nm

There were three sources of systematic errors: (i) the
measurement of thickness by the ellipsometer; (ii) the meas-
urement of fluorescence intensity by the CCD camera and by
digitization; and (iii) the uncertainty of the parameters which
enter the optical model. We estimated the precision of the
ellipsometer to beAdox = 0.2 nm This corresponds to an
error of dejeft = £0.22 nm The error of the intensity due to
the detection system was0.5 units in a range of 0—255
units. The resulting error was aroudgles = +0.15nm The
Fig. 6. Photograph of fluorescent erythrocyte membranes (ghosts) stainegsnmate-d err_ors of the parameters -Of the opt|cal_ model are
with the dyeDilC15 on stepped silicon dioxide on silicon. Four areas of ummarized in Table 1 together with the resulting errors
homogeneous fluorescence are seen in each cell due to the membrane at-

tached to four levels of oxide. In some cells this pattern is superposed by
a sequence of rings. The scale babjsm

135.4nm 92.1nm

height. On each step the intensity is rather homogeneous.
some cells a ring-shaped pattern is superposed. Itis due to t
upper part of the cell when it has the shape of a flat cupol
being within the focus of the microscope.

First we evaluate the fluorescence intensities of the al
tached membrane of one selected cell. Then we consid
a population of attached ghosts. Finally we evaluate the prd
file of the upper membrane from the ring-shaped pattern.

2.1 Single cell

A digitized image of a selected cell is depicted in Fig. 7. The
height of the steps of silicon dioxide is indicated. The fluores
cence is low on the thinnest oxide 0.9 nm modest on the
oxide of52.7 nm bright on the oxide 0B2.1 nmand mod- " 10.9nm
est again on the oxide df354 nm The histograms of the
intensities within the four areas are shown in the figure. Th
data were fitted by Gaussians. The average intensities and {
width of the distributions£o) are plotted versus the height
of the steps in Fig. 8.

The four data points in Fig. 8 were fitted with the op-
tical theory of interference using (4) with (2) and (3). The
wavelength of excitation, the spectrum of emission, the ser 400 -
sitivity spectrum of detection and the apertures of excitatiot 52.7nm
and emission were defined by the optical set-up. They dete% L],
mine the period of the wave. The five-layer model (Fig. 4).3 [_
with silicon, silicon dioxide, extracellular medium, mem- 4 |
brane and intracellular medium determined the phase of trg g0} 10.9nm
wave. The distanceyef of the outer surface of the membrane €
from the silicon dioxide was a free parameter. The other fre 2
parameters were the amplitude of the wave and a consta 100
background. As a result we obtainggki = 12.1 nm

135.4nm 4

0 50 100 150

2.2 Accur
ceuracy b fluorescence intensity [arb. units]

The total statistical errror of the distandgef; of a single Fihg-7ﬁ;bkF'“°resf°f]”°$ of as_g‘g'le ghoa“m%g_e ta'ée”Tﬁya C(I?Dt-);ama-
. ) : e thickness of the four oxide layers is indicated. The scale bayis.
ghost had two sources: the error of the fit of the optical theorgThe bright spots are dye crystalfi)Histogram of fluorescence intensity

and the UnC.erFaimy Of th_e thiCkneS_S of the oxides. We foung the four regions. The number of pixels with a certain intensity is plotted
that the statistical deviation of the fit waslgeft = £0.4 nm  versus the intensity in 8-bit resolution
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150 T ¥ T 2.4 Photobleaching

A problem with the fluorescence measurements is the se-
lective photobleaching of the dye. The light intensity at the
position of the membrane is not identical on the four steps
of different height. As a consequence the rate of irreversible
bleaching of the dye by photochemical reactions from the
excited state is not identical. The relative intensity of fluores-
cence on the four steps may change. An example is shown
in Fig. 9 when a cell was observed fdO ms before and
after 10 sof illumination. The first data set led to a distance
deleit = 12.2+ 0.3 nm(stochastic error). The relative intensi-
ties of the four data points were changed in the second meas-
urement due to photobleaching. We obtainggi = 16.0+
3.5nm The quality of the fit was lower, as the condition of

0 : : : homogeneous staining was no longer fulfilled.
0 50 100 150 200

oxide thickness d_ [nm]

—

8
T
1

fluorescence intensity [arb. units)
o
(=]
T
1

2.5 Cell population

Fig. 8. Fluorescence intensity of a ghost stained with the DJ€ 1, ver-

sus the thicknessdox of silicon dioxide. The mean aneto-values of the e evaluated the fluorometric data of 25 ghosts. The mean
Gaussians are shown as obtained from the histograms of Fig. 7. The opticVY - L .
theory is fitted with a distancégjeft = 12.1 nm (stochastic erroe-0.4 nm) 8 St_anceSdC'eﬁ of th_e membrane from _SI|ICC_)n dioxide with
between membrane and oxide. The dotted line marks the background ~ their total stochastic error are shown in Fig. 10. As an av-

erage of the distances weighted with their stochastic error

Adcleft. We obtainedAdgjet = £0.77 nmfor the total system-
atic error. 200 '

The total error — stochastic and systematic — of a singl
measurement waddgjeft = +0.87 nm

2.3 Roughness

sity [arb. um%]

We estimated the inhomogeneity of adhesion from the widthg 100} 1

of the distributions of fluorescence intensity on regionsE

with constant oxide thickness (Fig. 7). The theory of fluo- § e e

rescence interference (Fig. 8) indicates a change of inteng

sity of 1.39 units perl nm oxide atdox = 52.7 nm From o

o = 1.71 we obtained a variation odgest = +1.3 nm the é
S

. . a

water layer between membrane and chip. At a thicknes 0 :
Adox = 1354 nm the slope is—1.47 units perl nm oxide. 0 100 200
With ¢ = 1.37 we.ot.)tained a variatiol dgjeft = j;l.o nm oxide thickness d_, [nm]
These are upper limits of the roughness, as an inhomogene-
ity of illumination and the noise of the camera contribute to
the variation of intensity, too. .

T 50 after 10s illumination

.E "

=1

£
Table 1. Parameters of the optical theory. The values in the second columng‘
are used in the computations. The third column presents the errors of th&
parameters. They are estimated on the basis of the pertinent literature ar%
on the physics of the apparatus, respectively =
Parameter Value Systematic Resulting §

error error indgjeft §

]
nsi atA =633 nm 3.87 +0.05 +£0.00 nm 3 b
ksjati =633 nm 0.017 +0.005 F0.04 nm 0 )
Neleft 1.333 +0.05 —0.50 nm 0 100 200
Nmem 1.450 +0.05 F0.06 nm o
dmem 4.0nm 4+0.5nm F0.04 nm oxide thickness d_, [nm]
n 1.333 0.05 —0.02 nm
a%tle of transition dipole g0 jj__oo -0.03nm Fig. 9. Effect of photobleaching. Fluorescence intensity (mean #iad
aperturesxcitation 47.3° 410 10.42 nm value) versus thicknesspx of oxide without (upper figure) and with
apertureemission 48.6° 110 10.29 nm photobleaching (lower figure). The theory is fitted with a distadggg =
max. of Spectrumemission 565nm 5nm 10:01 nm 12.2 nm (stochastic errort0.3 nm) without bleaching and withdgjeft =

16.0 nm (stochastic errot=3.5 nm) after bleaching
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An attached cell has the shape of a spherical cap when
the bending energy of the membrane equilibrates with the
adhesion energy for strong adhesion [40]. We fitted the da-
ta of Fig. 11b by a circle of radiuR = 13um with a height
h=1.1um of the cap. The radius of the attached region

E a=5wum and the contact anglées = 24° follow from the
§ 8t + 1 stereometric relations of a spherical cap. The total deh

° 6l | the membrane and the volurireof the cap are

4L 4

2 wh?
2 1 1 A =n(4Rh—h?), VzT(3R—h). (5)
0 L . ! : :
0 5 10 15 20 250 4 8

measurement index frequency

Fig. 10. Population of ghosts. Distan@®|eft between membrane and oxide
of 25 freshly prepared ghosts. The bars indicate the stochastic error (
a single measurement. The average distancgidg = 124+0.7 nm

we obtaineddgest = 124 nm The standard deviation of
the population wast0.7 nm Modifications of the glyco-
calix by the preparation may give rise to a certain varia
tion.

2.6 Glycocalix

The surface of erythrocytes is covered with a coat of neg
atively charged carbohydrates attached to proteins sug
as glycophorin A and band-3 protein [29]. The three-
dimensional conformation of this glycocalix is unknown.
A distance ofdgest = 12.4 nm between the plane of lipid
headgroups in the membrane and the substrate of sil
con dioxide is compatible with a folded glycocalix on
the positively charged polyelectrolyte poly-lysine. Note
that the value ofl24nm was obtained with the refrac- ®
tive index of water (Table 1). If the actual refractive in-
dex in the cleft is larger due to protein, the thickness is i ’ ]
reduced accordingly. The adhesion of erythrocytes to suizm '] m 1
faces with and without poly-lysine was investigated ex- ol ]
tensively with RIC- microscopy and other techniques [30,
36-—38]. However, no value for the distance between memr
brane and substrate was given in these studies. An ave
age thickness of the glycocalix d&.9 nm was estimated
from binding of small gold particles as seen by electronmi- r : ~ "

d,, =0nm

-
o

croscopy [39].

2.7 Upper membrane

The fluorescence pattern of the attached membrane was ¢
perposed by circular fringes in some cells (Fig. 5). We as
sign this effect to the upper membrane. If the attached ce
has the shape of a flat cupola, the upper membrane is |
the focus of the microscope. Then the interference rings = 00 . . : )
which appear when the membrane crosses several maxir it e i i
of the standing waves of the electromagnetic field, are nc ¢ cleft thickness d ,, [nm]
blurred. Fig. 11a—c.Fluorescence of a ghost with fringesimage taken with a CCD

An example is shown in Fig. 11a. We counted the maxima&amera. The white line marks the position of the profileProfile of the
of interference along a cross-section and compared them Wimegre];itr;ean;grigi%p;?ﬁgd?ﬁse nifivgﬁtiggegp%zafot‘:‘gm t;‘ﬁebé'gg ;'pegsﬁt(’f
their position in the optical model as shown in Fig. 11C. ASy "yt 4 circle of radiusR = 13um with a heighth = 1.1m of the
aresult we obtained a set of distances of the upper membragg, ¢ Theoretical fluorescence intensity as a function of the distance of
as plotted in Fig. 11b. a membrane from the silicon in water

fluorescence intensity [arb. units)
(=]
v
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We obtainedA ~ 175pum? and V =~ 48um3. The vol-
ume of a sphere enclosed by the membrane woulddre
220pm?3 (radius Ry &~ 3.7 um). The origin of the consider-
able reduction of the volume is not known. It may be due to

© 0

3 Conclusions

7.

D. Gingell, I. Todd: Biophys. 26, 507 (1979)

. H. Verschueren: J. Cell S5, 279 (1985)

. M. Schindl, E. Wallraff, B. Deubzer, W. Wilke, G. Gerisch, E. Sack-
mann: Biophys. J68, 1177 (1995)

. . © 1010. D. Axelrod: J. Cell. Biol89, 141 (1981)
transient damage of the cell during the process of adhesion. 11,

D. Axelrod, N.L. Thompson, T.P.Burghardt: J. Microst29 19
(1983)

. D. Gingell, I. Todd, J. Bailey: J. Cell Biol00, 1334 (1985)

. 1. Todd, J.S. Mellor, D. Gingell: J. Cell S@9, 107 (1988)

. W.M. Reichert, G.A. Truskey: J. Cell S&6, 219 (1990)

15. J.D. Burmester, G.A. Truskey, W.M. Reichert: J. Microd@3 39

The present paper shows that FLIC-microscopy is an ad-

equate technique to investigate cell adhesion on siliconié.

It combines the advantages of the two established methl7: ] - ; ]
18. H. Kuhn: in Techniques of Organic Chemistry, Vol.1, part IlIB. Eds.

ods of RIC-microscopy and TIRF-microscopy — the pre-

cision of an interference technique and the specific la-1g
belling of the membrane by a fluorescent dye. The re-20.
sult with respect to the distance between membrane and?.

support is superior to the data obtained with the estab?2: ! _
&3. P.J. Sims, A.S. Waggoner, C.H. Wang, J.F. Hoffman: BiochemiSry

lished methods. The novel technique may be develope
further to measure distance maps at microscopic resoluyy

tions and to observe the dynamics of fluctuations. Appli-2s.
cations to nerve cells and lipid membranes may be envis26.

aged.
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