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Fluorescence Interferometry of Neuronal Cell Adhesion on Microstructured Silicon
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We measured the separation of cell membranes from a surface of silica with nanometer precision
taking advantage of the fluorescence of an organic dye in the standing modes of light above silicon. For
neural cells from rat brain we found about 105 nm on a surface coated with laminin and about 60 nm
with fibronectin. No plaques of close adhesion were seen within a lateral resolution of 400 nm. The
wide homogeneous cleft raises the question about the nature of the attractive and repulsive forces in cell
adhesion. [S0031-9007(98)07867-3]

PACS numbers: 87.22.Bt, 07.60.Ly, 33.50.Dq, 78.66.–w
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Migration and outgrowth of living cells are investi-
gated generally on solid substrates coated with proteins
the extracellular matrix [1–3]. Little is known about the
microscopic structure of the cell adhesion which is th
basis for any description on a molecular level. We me
sured the distance of the membrane of neuronal cells fro
a silica surface coated with laminin and fibronectin, takin
advantage of the fluorescence of a membrane-bound d
in the standing light waves above a microstructured si
con chip. The method is insensitive to ill known optica
parameters of the cell, yielding a systematic error of abo
1 nm. We found a surprisingly wide extracellular cleft o
105 and 60 nm on laminin and fibronectin, respectivel
which was surprisingly homogeneous within 5 nm with
out visible plaques of close adhesion.

Standing waves of the electromagnetic field form i
front of a reflecting interface. The fluorescence intensi
of a dye molecule depends on the distance from t
interface due to a modulation of excitation and emissio
[4–7]. We consider a cell grown across microscopic ste
of silicon dioxide (heightDdox  20 nm, width2.5 mm)
on silicon (Fig. 1) with a distancedcleft between cell
membrane and chip. The membrane is placed by the st
at different positions in the standing waves. If it is staine
with a dye, we expect a pattern of fluorescence intens
in register with the steps. The intensity as a function
the thickness of oxidedox depends on the distancedcleft.
Vice versadcleft can be obtained by fitting experimenta
data by a multireflection optical theory [8,9]. This metho
of fluorescence interference contrast (FLIC) microscop
was tested in model systems such as Langmuir-Blodg
films [8] and erythrocyte membranes [9]. It relies o
homogeneous staining, illumination, and sensitivity o
detection.

Chip.—Four inch silicon wafers (100 surface) were
oxidized at 1000±C in wet oxygen up to 320 nm [10].
A profile with sixteen levels of oxide (Fig. 2, inset) was
fabricated. Photolithography, etching with ammonium
fluoride, and cleaning with Caro solution (96% sulfuri
acid, 30% hydrogenperoxide, 3:1) were repeated with fo
alignments of a mask with5 mm stripes. The quadratic
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steps gave rise to homogeneous Newton-type interfere
colors in white light (Fig. 2, inset). After applying a
hydrophobic coating (2% dimethyldichlorosilane in toluo
for 15 min) their height was measured by ellipsometry o
larger reference squares with an accuracy of 0.3 nm [9]

Cells.—The chips were sterilized in UV light. Laminin
(Sigma, Heidelberg, F-2020) or fibronectin (Sigma
F-2006) was adsorbed from10 mgyml solutions in phos-
phate buffered saline (pH 7.0) for 12 h. (After drying,
the adsorbed laminin was optically equivalent to 3–4 n
silicon dioxide.) Polylysine (MW 10000, Sigma) was ad
sorbed to hydrophilic chips [9]. Neural cells were dis
sociated from the hippocampi of Wistar rats (Thoma
Biberach) at 18 days gestation considering rules of anim
welfare. They were preplated in DMEM/glutamax
(Gibco, Eggenstein, 61965-026) with 10% fetal bovin
serum (Gibco, 10270-031) and 1% penicillin/streptomyc
(Gibco, 15146-114) to remove glia [11,12]. They were r
suspended in L15/glutamax I (Gibco, 31415-029) with 5
serum (1000 cellsyml), applied to the chips and—after

FIG. 1. Fluorescence interferometry of cell adhesion. Th
electromagnetic field forms standing modes above silicon.
cell grows across microscopic steps of silicon dioxide. Ea
step has a height of 20 nm and a width of2.5 mm. The vertical
scale of the wave, of the steps, and of the contact region
blown up by a factor of 20. The cell membrane is stained wi
a fluorescent dye. The fluorescence depends on the heigh
the stepsdox and the widthdcleft of the extracellular cleft. The
set of experimental intensities is fitted by an optical theory wi
dcleft as a free parameter.
© 1998 The American Physical Society 5241
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FIG. 2(color). Fluorescence micrograph of an astrocyte
silicon with quadratic steps (2.5 mm 3 2.5 mm) of oxide
coated with laminin. The membrane was stained with t
dye S27yDiIC18. The checkerboard pattern originates from
the lower membrane. Bar:10 mm. Left inset: Unit cell of
the chip. The height (enhanced32) of the 16 steps of oxide
increases fromdox  20 nm to dox  320 nm in the order of
the numbers. Right inset: Micrograph of a unit cell in whit
light with Newton-type interference colors.

settling for 2 h—cultivated in a 1:1 mixture of both medi
for 3 days at 37±C and 10% CO2.

Fluorescence.—We prepared an aqueous dispersion
the amphiphilic cyanine dye S27yDiIC18 [13] by adding
10 ml of a 2.5 mM ethanolic solution to 30 ml of TRIS
buffered saline (pH 7.4). The cell membranes were
stained by substituting the culture medium for 5 m
and repeating the procedure once. For the measu
ments we kept the cells in DMEM/glutamax I buffere
with 7 mgyml HEPES. Fluorescence pictures were tak
through a water immersion objective (1003, numerical
aperture 1.0, lateral resolution 400 nm) (Zeiss Axiosko
at an illumination of 546 nm (mercury lamp) and a de
tection between 580–640 nm choosing appropriate fil
combinations with a CCD camera (effective pixel siz
90 nm 3 90 nm, illumination time 40–320 ms).

Results.—A micrograph of a stained astrocyte o
laminin is shown in Fig. 2. The checkerboard pattern
fluorescence corresponds to the2.5 mm 3 2.5 mm steps
of oxide. CCD pictures of the astrocyte and of neuro
(soma and growth cone) on laminin and of an astrocyte
fibronectin are shown in Fig. 3. Inhomogeneities with
the squares are small compared with the contrast betw
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squares differing in height by 20 nm. Some bright spo
are due to microcrystals of the dye. We assign t
checkerboard pattern to the fluorescence of the low
membrane: Some microcrystals of the dye were deposi
on top of the cells; when these came into focus th
checkerboard pattern disappeared. A possible undulat
of the upper membrane cannot give rise to a modulation
fluorescence because the higher orders of standing mo
are smoothed due to the large aperture and to defocus
[9]. Only in the periphery, the upper membrane give
rise to fringes [Figs. 3(c) and 3(d)] where it crosses th
first maxima of standing modes [9].

On the squares marked in Figs. 3(a)–3(d), we fitted h
tograms of fluorescence intensity with Gaussians. Ave
age and standard deviation were plotted in Figs. 3(e) a
3(f) versus the thickness of oxide. For laminin the in
tensity was highest on the thinnest oxide. This indicat
a wide extracellular cleft, as the standing modes have
node near silicon. For comparison Fig. 3(f) shows th
results of an erythrocyte on polylysine with a minimal in
tensity on the thinnest oxide due to a narrow cleft [9].

Theory.—We used an optical model with five layers
bulk silicon, silicon dioxide (dox  20 320 nm), extra-
cellular cleft (dcleft), cell membrane (dmem  4 nm), and
cytoplasm. Silicon was described by a refractive inde
and an attenuation factor [14]. Silicon dioxide, extrace
lular medium, cell membrane, and cytoplasm were chara
terized by refractive indicesnox  1.460, ncleft  1.333,
nmem  1.450, andncyt  1.333 [9]. The dye molecule
was placed near the outer surface of the membrane w
the transition moments of excitation and emission paral
to the surface [15]. The aperture was 47.3± for excitation
at 546 nm and 48.6± for emission at 580–640 nm (nu-
merical apertures 0.985 and 1.0) [9]. The observed ph
tons per unit timeJfl depend on the probabilitiesPex
and Pem of excitation under stationary illumination and
of emission into the detector according to Eq. (1) with
scaling factora and a backgroundb.

Jflsdoxd  aPexsdox, dcleftdPemsdox, dcleftd 1 b . (1)

The functionsPexsdox, dcleftd and Pemsdox, dcleftd are
given by a multireflection finite aperture theory for self
interference of exciting light and of emitted light [8,9]
All directions, polarizations, and wavelengths of illumina
tion and detection are taken into account as well as t
orientation and the absorption and fluorescence spectra
the dye. Changes of lifetime by radiative and nonradi
tive effects [4–6] can be neglected for large distances
dye and silicon (Lambacher & Fromherz, unpublished).

Distance.—We fitted the data of Figs. 3(e) and 3(f
according to Eq. (1) and obtained an average distan
dcleft and its statistical error. On laminin we measure
109 6 1.4 nm for an astrocyte,104 6 1.1 nm for a neu-
ronal soma, and104 6 2.0 nm for a growth cone. For an
astrocyte on fibronectin we obtained65 6 2.1 nm. From
the error bars of the data points and the slopes of t
theoretical relation we estimated a local variatio
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FIG. 3. Fluorescence micrographs of stained neuronal cells. Size of the squares2.5 mm 3 2.5 mm. (a) Neuronal growth cone
on laminin. (b) Neuronal soma on laminin. (c) Astrocyte on laminin. The inset shows interference fringes near the per
due to the upper membrane. (d) Astrocyte on fibronectin with similar inset. (e) Intensity (average6 sigma) on marked areas of
growth cone, soma, and astrocyte on laminin versus thicknessdox of oxide fitted with the widthdcleft of the extracellular cleft.
(f ) Intensity versusdox of astrocyte on fibronectin (fitted withdcleft  65 nm) and on laminin. For comparison the data are show
for an erythrocyte ghost on polylysine.
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jddcleftj , 5 nm in all systems. The distances wer
reproducible for several cultures on various chips a
shown in Fig. 4, with a population average of 105 nm o
laminin and 60 nm on fibronectin.

Roughness.—We studied the adhesion of a neuro
on polylysine in order to check the sensitivity of the
method for structural roughness. Figure 5(a) shows th
the checkerboard pattern of fluorescence was disturb
drastically. The intensities of small homologous area
are plotted in Fig. 5(b). From a fit we obtained a

FIG. 4. Width dcleft of the extracellular cleft (average and
statistical errors) on laminin (growth cones, neuronal soma
and astrocytes) and on fibronectin (astrocytes). The avera
distance was105 6 6 nm on laminin and 62 6 5 nm on
fibronectin. The average distance of erythrocyte membran
on polylysine was12 6 1 nm.
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distance of 35 nm. With respect to that reference, th
bright patches on oxide No. 1 and dark patches on oxi
No. 3 indicate an upward bulging of the membrane. W
reconstructed a complete profile ofdcleft from the pattern
of fluorescence [area No. 3 in Fig. 5(a)] using Eq. (1
as shown in Fig. 5(c). For comparison a profile of
neuron on laminin [area No. 3 in Fig. 3(b)] is shown in
Fig. 5(d). Here the adhesion is smooth within 4 nm. W
never observed patches of close adhesion on laminin a
fibronectin within the lateral resolution of 400 nm.

Accuracy.—The careful analysis of FLIC microscopy
shows that the maximal systematic error ofdcleft is 1 nm—
independent of the value ofdcleft [9]. The main contribu-
tion originates in the aperture: A change of 0.5± affects
dcleft by 0.5 nm. Of course, a deviation of the refractive
index in the cleft fromncleft  1.333 would lead to a pro-
portional change ofdcleft. The results are insensitive to
the optical properties of the cell, because the interferen
is dominated by the interface of silicon and silicon diox
ide. A change of the refractive index of the cytoplasm
from 1.33 to 1.4 would affectdcleft by 0.5 nm. Intracellu-
lar structures play no role, as the cell membrane is label
specifically by the fluorescent probe. A 5% variation o
membrane thickness or of dye orientation has no signi
cant effect. The oxide spacers provide an internal calibr
tion for each cell, such that no absolute measurement
intensity and no difficult adjustment is required.

Cell adhesion has been observedin situ by interfer-
ence reflection microscopy [16,17] and by total inter
nal reflection fluorescence microscopy [18]. There
measurement ofdcleft is disturbed by light reflection
from intracellular surfaces [19,20] and by backgroun
5243
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FIG. 5. Profile of adhesion. (a) Fluorescence micrograph of neuronal soma (stained with S27yDiIC18) on polylysine. The size
of a step was5 mm 3 5 mm, the thickness of four oxides wasdox  20, 60, 100, and 140 nm. Bar:5 mm. (b) Intensity of
fluorescence (average6 sigma) on the marked areas versus thicknessdox of oxide fitted with a distancedcleft  35 6 1 nm.
(c) Profile of the distancedcleftsx, yd on area No. 3. (d) Profile of the distancedcleftsx, yd for a neuronal soma on laminin [area
No. 3 of Fig. 3(b)].
.

,

fluorescence, respectively [21,22]. Color and brightne
in interference reflection microscopy indicated a larg
separation of neuronal growth cones from a substra
coated with laminin and a somewhat smaller separati
for fibronectin [23,24]. Fluorescence interferometry pro
vides a precise measurement of these separations.
did not find patches of close contact on laminin and
bronectin that correlate with point contacts as defined
local binding of antibodies to integrins [25]. It may be
noted that the dark patches seen in interference refl
tion microscopy, which are interpreted usually as regio
of close adhesion, may be related to reflection at the c
toplasmatic surface of the membrane which is thicken
locally by protein complexes [16,17,19,20].

The length of laminin and fibronectin molecules is abo
120 nm [26]. The membrane-bound integrin recepto
point out from the membrane by about 15 nm [27,28
Thus, the attraction of cell and substrate can be media
over a large distance by laminin and fibronectin witho
deformation of the membrane. The question remains w
repulsive force keeps the membrane at a large and w
defined distance. We exclude major effects of a ste
force [29,30] of neuronal membranes, because we ne
saw fluctuations of fluorescence as in the case of lip
bilayers (Zeck and Fromherz, unpublished). Is there
steric force of dangling laminin and fibronectin molecule
which are not attached to the membrane in a bindi
equilibrium [31]?

We thank Doris Eckerlein for skillful culturing of
the cells. Erwin Neher and Rupert Timpl were helpfu
by critically reading the manuscript. The project wa
supported by the Bundesminister für Forschung u
Technologie.

*Author to whom correspondence should be addresse
Email address: fromherz@biochem.mpg.de

[1] Principles of Cell Adhesion, edited by P. D. Richardson
and M. Steiner (CRC Press, Boca Raton, 1995).

[2] D. A. Lauffenburger and A. F. Horwitz, Cell84, 359
(1996).
5244
ss
e
te

on
-
We

fi-
by

ec-
ns
y-

ed

ut
rs
].
ted
ut
hat
ell

ric
ver
id
a

s
ng

l
s
nd

d.

[3] S. P. Palaceket al., Nature (London)385, 537 (1997).
[4] H. Kuhn, in Techniques of Organic Chemistry, edited by

A. Weissberger and B. W. Rossiter (Wiley, New York,
1972),Vol. 1/IIIB, p. 577.

[5] K. H. Drexhage, Prog. Opt.12, 163 (1974).
[6] R. R. Chance, A. Prock, and R. Silbey, J. Chem. Phys.60,

2744 (1974).
[7] P. Fromherz and R. Kotulla, Ber. Bunsen-Ges. Phys

Chem.88, 1106 (1984).
[8] A. Lambacher and P. Fromherz, Appl. Phys. A63, 207

(1996).
[9] D. Braun and P. Fromherz, Appl. Phys. A65, 341 (1997).

[10] S. Wolf and R. N. Tauber,Silicon Processing for the VLSI
Era (Lattice Press, Sunset Beach, CA, 1986), Vol. 1.

[11] G. J. Brewer, J. R. Torricelli, E. K. Evege, and P. J. Price
J. Neurosci. Res.35, 567 (1993).

[12] S. Vassanelli and P. Fromherz, Appl. Phys. A66, 459
(1998).

[13] J. Sondermann, Liebigs Ann. Chem.749, 183 (1971).
[14] G. E. Jellison and F. A. Modine,Optical Constants for

Silicon Detected by Ellipsometry(Oakridge National
Laboratory, Oak Ridge, TN, 1982).

[15] D. Axelrod, Biophys. J.26, 557 (1979).
[16] A. S. G. Curtis, J. Cell. Biol.20, 199 (1964).
[17] C. S. Izzard and L. R. Lochner, J. Cell. Sci.21, 129 (1976).
[18] D. Axelrod, J. Cell. Biol.89, 141 (1981).
[19] J. P. Heath and G. A. Dunn, J. Cell. Sci.29, 197 (1978).
[20] D. Gingell and I. Todd, Biophys. J.26, 507 (1979).
[21] J. D. Burmester, G. A. Truskey, and W. M. Reichert,

J. Microsc.173, 39 (1994).
[22] D. Gingell and O. Heavens, J. Microsc.182, 141 (1996).
[23] P. C. Letourneau, Exp. Cell. Res.124, 127 (1979).
[24] T. M. Gomez and P. C. Letourneau, J. Neurosci.14, 5959

(1994).
[25] C. O. Arregui, S. Carbonetto, and L. McKerracher,

J. Neurosci.14, 6967 (1994).
[26] J. Engelet al., J. Mol. Biol. 150, 97 (1981).
[27] M. V. Nermut, N. M. Green, P. Eason, S. S. Yamada, and

K. M. Yamada, Eur. Mol. Biol. Organ. J.7, 4093 (1988).
[28] E. M. Erb, K. Tangemann, B. Bohrmann, B. Müller, and

J. Engel, Biochemistry36, 7395 (1997).
[29] W. Helfrich, Z. Naturforsch. A33, 305 (1978).
[30] U. Seifert and R. Lipowsky, Phys. Rev. A42, 4768 (1990).
[31] R. Lipowsky, Phys. Rev. Lett.77, 1652 (1996).


