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Anchorage-dependent cells (mouse fibroblasts L929 and 3T3) were cultivated on 
microstructures made by semiconductor technology. Both cell lines showed normal growth 
on silicon surfaces covered with microelectrode arrays as well as on microperforated silicon 
membranes with square pores made by anisotropic etching (5, 10 or 20 I~m edge length at 
the top and 1.2, 6.2 or 16.2 lain at the bottom). The cells spread over the 5 and 10 l~m pores, 
but mostly failed to cover the 20 I~m ones. They were able to cross the silicon membrane 
through the pores and to grow and spread on the under side of the membrane. Small pores 
(about 1 i~m 2) impeded but did not prevent cells crossing the membrane. Medium and large 
pores were freely crossed. Negative dielectrophoresis was used to achieve accurate 
positioning of cells above pores or to repel them from the chip surface (a.c., square wave, 
2.5 V peak-to-peak, 5 MHz). The results are discussed with respect to their microtool 
applications for single-cell technologies. 

1. Introduction 
Many vertebrate cells cultured in vitro are "anchorage 
dependent" and require a substrate upon which they 
can grow and divide. Commonly used substrates for 
these cells are glass and negatively charged'polysty- 
rene or other plastics with specially prepared or 
coated surfaces. Materials such as palladium, stainless 
steel and other metals have been tested. Recently, 
semiconductor materials like silicon and its oxides 
have become relevant for animal cell culture as micro- 
structures produced by semiconductor technology of- 
fer outstanding possibilities for the handling and 
monitoring of cells, especially single cells. 

Microstructures and microstructuring techniques 
have been used to guide cells by micropatterns of 
differential adhesiveness [1-5],  to study the effects of 
topographic cues (steps and grooves) on cell guidance 
[6-10] and to simulate three-dimensional tissue-like 
systems [11]_ Microstructures have also been used for 
monitoring electrogenic cells in culture [6, 10, 12-14] 
and for the detection of cell motility and adhesion 
processes [15, 16]. 

In our laboratory, microstructures have been used 
in single-cell dielectric spectroscopy and as cell traps 
and manipulators utilizing high frequency electric 

fields El7]. This work has been done with freely sus- 
pended cells. The ability of anchorage-dependent 
mammalian cells to grow on our semiconductor struc- 
tures must be demonstrated before we can adapt these 
techniques. 

Recently a combination of impedance and noise 
analysis using microelectrode systems has been pre- 
sented [-18, 19]. If the electrodes are small enough, any 
cell motion (movements in the nanometre range), cell 
adhesion process or cell cell interaction can be detec- 
ted by the electric current between the electrodes. 
Measurements have been made with confluent cell 
layers as there is only a small shunt pathway around 
cells_ Embedding cells in the pores of a polycarbonate 
filter also reduces the shunt current and allows an 
increase in the sensitivity of cell impedance spectro- 
scopy [20]. 

We would expect similar effects if a microperforated 
silicon membrane is used instead of a filter. Such 
membranes have the advantage that the numbers and 
the positions of the holes can be adjusted to develop 
special cell sensing devices. If cells growing on perfor- 
ated membranes were able to cover the holes, passive 
electric properties should be measurable. Motion over 
the surface and cell-cell interactions should produce 
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quantitative electrical signals. With microelectrode ar- 
rays this may be possible at the single-cell level. The 
design of optimal structures with individually address- 
able micropores requires information about the growth 
behaviour of cells on perforated silicon membranes. 

We need to deposit cells accurately over the holes. 
Possibly, this can be done by means of microfab- 
ricated three-dimensional field cages [,17,21]. In- 
homogeneous fields either attract cells to a high-field 
region (positive dielectrophoresis) or repel them from 
it (negative dielectrophoresis). Whether attraction or 
repulsion occurs depends on the field frequency and 
the passive electric properties of the cell and surround- 
ing medium [22]. The use of repulsive forces protects 
the cells from extremely high-field regions and other 
troublesome effects at the electrode surfaces. If the 
effective permittivity or the conductivity of the cell is 
smaller than that of the surrounding solution, there is 
a frequency above or below which negative dielec- 
trophoresis occurs [23]. For living cells suspended in 
culture medium, both permittivity and conductivity 
are lower than that of the solution and negative dielec- 
trophoresis is found over the whole frequency range 
(Hz to GHz). In the case of most animal cells, the 
conductivity of the cytoplasm ranges between 0.1 and 
0.6 S/m and the permittivity between 30 and 60. By 
comparison, typical culture media have conductivities 
of 0.6 to 2 S/m and permittivities up to 70 [24]. 
We have shown [-25] that it is possible to cultivate 
adherently growing fibroblasts (3T3, L929) under the 
prolonged application of a field large enough to ma- 
nipulate cells. Fields of 50 kV/m had no marked influ- 
ence on cell viability, morphology or motility for peri- 
ods of up to 3 days. Consequently, negative dielec- 
trophoresis is a possibility for positioning cells on 
a perforated membrane. Electrodes arranged on nar- 
row bridges might repel suspended cells and allow 
their settlement only at the holes. However, little is 
known about the behaviour of adherently growing 
cells on electrode arrays and surfaces structured in the 
micrometre and submicrometre range. 

In this study we investigated the following questions: 

• How do fibroblasts grow on microstructures used 
for cell trapping, characterization and manipulation ? 

• How does a perforated silicon surface have to be 
structured so that fibroblasts can cover the pores? 

• Are fibroblasts actively able to cross small pores 
with sharp edges? 

• How must electrode arrays be designed to prevent 
anchorage of fibroblasts on a silicon surface? 

2. Materials and methods 
2.1. Fabrication of microstructures 
2. 1. 1. Microe lect rode arrays 
Microelectrode arrays were fabricated using different 
substrate and electrode materials. Platinum electrodes 
on Si-wafer and gold electrodes on Si-wafer and 
Pyrex-glass were made. For platinum electrodes, a lift- 
off process was used. Thermal oxide (500 nm thick) 
was grown on 4-inch silicon wafers. Evaporated hexa- 
methyldisilazane (HMDS) served as an adhesion pro- 
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moter for the subsequent resist layer. Lithography was 
done by contact printing in standard optical resist. In 
the opened resist areas, oxide was etched 150 nm deep 
using an anisotropical reactive ion etching (RIE) pro- 
cess. The wafers were dipped in buffered HF-solution 
to obtain an undercut at the resist edges. Titanium 
(20 nm thick) serving as an adhesion layer and plati- 
num (up to 150 nm thick) for the electrode and con- 
nector material were evaporated. The lift-off process 
was carried out in dimethylformamide (DMF) solu- 
tion under sonication. Areas which acted as working 
electrodes could be encapsulated by a plasma-en- 
hanced chemical vapour-deposited silicon nitride 
(PECVD SiN~:H) or silicon oxynitride (PECVD 
SiON) layer (400 nm thick). 

For the gold electrodes an electroplating process 
was used. A thermal oxide layer (500 nm thick) was 
grown on 4-inch silicon wafers. Pyrex-glass was dir- 
ectly used after a cleaning step. The substrate was 
covered with sputtered silicon nitride and a gold plat- 
ing base. The lithography was performed by contact 
printing with a standard resist process for electrodes 
of up to 900 nm thickness. For  submicrometre elec- 
trodes, e-beam lithography was used. In this case, 
300nm polymethyl methacrylate (PMMA 600000) 
was spin coated. A prebake was performed for 30 min 
at 160 °C in a convection oven. The e-beam writing 
dose varied between 350 and 500 gC/cm 2 depending 
on the line and space dimensions [-25]. The immersion 
development was done in methyl isobutyl ketone:iso- 
propanol (MIBK:IPA, 1:2) for 90 s. A 30 rain post- 
bake at 100 °C completed the resist process. Trenches 
were filled with 200 nm thick gold by pulse plating 
using a sulfidic plating solution [-26]. Subsequently, 
the resist was dissolved in an acetone bath. The plat- 
ing base was removed with an ion-milling step. Op- 
tionally, the electrode areas could be encapsulated 
wilh a 300 nm thick layer of sputtered silicon nitride. 

The silicon and Pyrex wafers were sawn into single 
chips (9 mm x 9 mm), and the chips cleaned in D M F  
or acetone under sonication. 

The chips were mounted in a standard semiconduc- 
tor leadless ceramic carrier (JEDEC B Type, 68 Leads, 
Kyocerea Fineceramics, Japan) and connected by gold 
wire bonding. Gold bonding wires as well as extensive 
side feed lines of the electrodes were sealed and 
covered with 2-component glue (Epo-tek 302-3, Wald- 
bronn, Germany), which has been found to show very 
low water absorption (see also Fig. 1 la). Prior to cell 
inoculation, the chips were cleaned with one drop of 
30% (w/w) hydrogen peroxide and three drops of 
concentrated HzSO4 for 3 min in an ultrasonic bath. 
They were then rinsed ten times with distilled water 
and sterilized for 20 min at 121 °C. Alternatively, the 
mounted chips were rinsed several times with distilled 
water, washed twice with 70% ethanol and sub- 
sequently sterilized at 110 °C for 3 h. 

2. 1.2. M ic roper fo ra ted  si l icon membranes  
The process for microperforated silicon membranes 
started with an epitaxial grown layer with a phospho- 
rous concentration of 1016 atoms/cm 3. Thicknesses 



of 3 ktm and 5 pm were made. Both sides of the wafer 
were coated with thermal oxide (300 nm thick) fol- 
lowed by a low-pressure chemical vapour  deposited 
silicon nitride (LPCVD Si3N4) layer (140 nm thick). 
Silicon nitride was removed from the front, then op- 
tical l i thography was performed to define the holes 
(first exposure) and the electrode structures (second 
exposure). The electrodes were produced as described 
under "microelectrode arrays". A third lithography 
step was used to define the rear cavities shown in 
Fig_ 1. These cavities were anisotropically etched with 
30% K O H  at 80°C using a pn-etch stop technique. 
A nitride protection layer was sputtered on the back of 
the membrane,  then the epitaxial layer was opened 
from the front with 30% K O H  at 80 °C. The nitride 
layer was subsequently removed. 

Membranes of thickness 3 pm were chosen for use, 
one structure being shown in Fig. 1. There are three 
types of perforated fields with square pores whose 
edge length is 5 lam, 10 gm and 20 lam at the front 
surface of the membrane.  The corresponding lengths 
are 1.25 ktm, 6.25 ~tm and 16.25 lam at the back. The 
smaller pore dimensions at the back are a conse- 
quence of the manufacturing process (anisotropic 
etching). They may vary by a few micrometres, de- 
pending on the exact membrane thickness. The 
bridges between the pores at the front were 11.25 lain, 
6.25 gm and 16.25 lam wide, respectively_ The arrange- 
ment of electrodes on the bridges is shown in Fig. 10a 
for a field with large pores. 

The microperforated chips were cleaned by heating 
in 70% ethanol, rinsed ten times with distilled water 
and sterilized as described above_ 

2.2. Origin and maintenance of cell lines 
Swiss mouse embryo fibroblasts (NIH 3T3) were ob- 
tained from "Deutsche Sammlung von Mikroorganis- 
men und Zellkulturen" (DSM, Braunschweig, Ger- 
many). Mouse fibroblast cell line L929 was a generous 
gift from Dr U. Zimmermann (University Wiirzburg, 
Germany). The L929 cell line was cultured in R P M I  
1640 Medium with 5% foetal calf serum (FCS) and the 
3T3 cell line in Dulbecco's modified Eagles Medium 

(DMEM) with 10% FCS at 37 °C in a humidified incu- 
bator gassed with 5% CO2 in air. The confluent cells 
were split twice a week using 0.05/0.02% trypsin/ 
ethylenediaminetetraacetic acid at 37 °C for 3 5 rain. To 
remove the enzyme, the cells were subjected to 2 3 
washing cycles with culture medium. Harvested cells 
were counted in a T H O M A  counting chamber and 
seeded into fresh medium at 1 x 10 4 cells/ml. 

2.3. Cell cultivation on microstructures 
Experiments were carried out with cells cultivated for 
one day in a subculture. Harvested cells from the 
subculture were diluted with the culture medium to 
a final concentration in the range 2.5x 104 to 
2 × 105 cells/ml and seeded into Corning Disposable 
Multiple Well Plates (24 wells, 2 ml/well) containing 
the cleaned microstructures. The microstructures had 
been rinsed with phosphate buffered saline (PBS) 
without Ca 2 + and Mg 2 + and in some cases chips were 
coated with poly-L-lysine (Biochrom, Berlin, Ger- 
many) by incubating them with 0.5ml solution 
(0.1 mg/ml) at 37 °C for 20 min. 

2.4. Field application during cell cultivation 
In these experiments special equipment (Fig. 2) was 
used, which allowed for the sterile incubation of the 
microstructures mounted and bonded in the ceramic 
carriers. The culture chamber containing the micro- 
structure was sterilized as described for the microelec- 
trode arrays_ 1-4 x l0 s cells were seeded in 1.5 ml of 
medium in the chamber which was then incubated at 
37 °C in humidified air containing 5% carbon dioxide. 
Electric fields were applied using a rectangular pulse 
generator (pulse/function-generator 50 MHz, 8116A, 
Hewlett Packard, US). The output waveform at the 
electrode chamber was monitored by a digitizing oscillo- 
scope (54503A, 500 MHz, Hewlett Packard, US). The 
application of high frequency a.c. fields to the incubator 
started 2 4 min after inoculation and was extended over 
a period of up to 30 h. Symmetrical a.c. fields with 
a frequency of 5 MHz (duty cycle 50%) and a voltage 
range from 1.5 to 3.5 V peak-to-peak were used. 

Figure 1 Structure of the microperforated silicon chip (SEM). View 
of a microchannel opening and a chip surface overgrown with 
fibroblasts (white dots). The small squares marked by an arrow are 
the perforated areas of the silicon membrane. 

2.5. L igh t  microscopy 
Cells were momtored  in the culture medium or PBS 
and after fixation in 3.9% formalin and staining with 
Giemsa azure-eosin-methylene-blue (Merck, Darm- 
stadt, Germany) using a Leitz Metallux (Leica, Wetz- 
lar, Germany) designed for reflected light microscopy 
and a Leitz Aristoplan (Leica, Wetzlar, Germany) with 
differential interference contrast. Images were re- 
corded on Fujicolor 200 colour negative film. 

2.6. Scanning electron microscopy (SEM) 
Cells adherently grown on silicon and glass chips were 
washed three times with warmed PBS and fixed with 
2.5% (v/v) glutaraldehyde in PBS at 4'~C for 30 min_ 
Glutaraldehyde was diluted from a 25% stock solu- 
tion immediately before fixation. The specimens were 

87 



cerumi¢ ¢ ~ r i e r  

(b) ih 

I I ~ s  e, jnna~r 

Figure 2 Device for cell cultivation under electric field: (a) cultiva- 
tion chamber; (b) experimental setup. Microstructures were moun-  
ted and bonded in a ceramic carrier. Electrical connections were 
made with short cables soldered to the gold connections of the 
carrier and terminated with a BNC plug_ A removable glass cylinder 
( 2 2 m m  in diameter and 11 m m  high) coated with silicone 
(0.2-0.5 m m  thickness) at the ends was fixed on the carrier by means  
of two Perspex elements clamped with four screws_ An opening in 
the top enabled inoculation with cells, microscopic observation and 
changes of solutions (medium, dye). This was closed with the gas 
permeable cover of a cell culture flask. A 50 cm BNC cable (the 
short total cable length is necessary to avoid reflections) connected 
the culture chamber to the pulse generator. The oscilloscope was 
used to monitor  the output  waveform at the electrode chamber, and 
the microscope to follow cell growth. 

then well rinsed with PBS, postfixed with OsO4 (2%, 
w/v) in PBS for 10min at room temperature and 
further washed with PBS (once) and double distilled 
water (twice). The specimens were immersed in 30% 
(v/v) ethanol, transferred through a concentration 
series of ethanol (40, 50, 60, 70, 80, 90, 96%) and 
finally brought into absolute ethanol or acetone. The 
organic solvent was removed by critical point drying 
with CO2 (CPD 030, Balzers Union Company, Liech- 
tenstein) or, in some cases, by simply drying in air. 

The dried specimens were mounted onto an alumi- 
nium specimen holder covered with conducting adhe- 
sive tape. To increase the conductivity a "bridge" of 
conducting carbon was deposited between the chip 
and the holder. Finally the surface of the specimen was 
sputter-coated with platinum for 5 min at 30mA 
(SCD 050, Balzers Union Company, Liechtenstein). 
The specimens were examined at an accelerating volt- 
age of 15 20 kV using a Leica S 360 scanning electron 
microscope. Images were recorded on Polaroid 4 x 5 
instant sheet film, Type 53. 
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3. Results 
3.1. Growth of fibroblasts on conventional 

substrates 
Fibroblasts of 3T3 and L929 cell lines used in our 
experiments showed the well known phenomena of 
anchorage, flattening and moving on plastic (well 
plates) and glass (cover glasses) surfaces. At the begin- 
ning of subculture, after trypsination the cells were of 
spherical shape with a diameter of about 15 pm. After 
inoculation they sedimented onto the substrate sur- 
face and anchored there. These processes were com- 
plete after 25 min (3T3) or 45 min (L929). 

After anchoring, the cells began to flatten and to 
spread. During this process the cell borders became 
less visible with simple transmitted light microscopy 
but could be observed with Nomarski interference 
contrast (Figs 3a, 4a). Giemsa staining after formalin 
fixation as well as vital staining with fluorescein-di- 
acetate (FDA) produced highly contrasted images but 
could be applied only if permanent maintenance of cell 
vitality was not necessary. 

Cells appeared to be well adherent. They were not 
washed away by shear forces during medium exchange 
or rinsing with PBS before microscopy. However, 
after reaching confluence, the whole cell layer (espe- 
cially 3T3 cells) might detach from untreated cover 
glasses during these procedures. This could be pre- 
vented by coating the glass with polylysine. 

3.2. Growth of fibroblasts on microchips 
The fibroblasts were able to grow on microstructured 
silicon and glass substrates if chips were cleaned as 
described in the methods section. The adherance 
of the cells could be improved by coating the chips 
with polylysine (important for 3T3 cells after reaching 
confluence). Different microstructures with typical 
electrode dimensions in the micrometre and sub- 
micrometre range were tested successfully. In all cases 
normal anchorage and spreading of the cells was ob- 
served. Differences in cell density resulted only from 
the inoculation. 

In Figs 3 and 4 some examples with simple arrays of 
gold and titanium/platinum electrodes on glass 
and silicon chips are presented. The figures show 
that the cells are distributed more or less uniformly 
over the whole chip surface and did not prefer one or 
other of the surface materials. Similar results were 
obtained with more sophisticated microstructures, 
where electrodes were made from Ti/Pt and partly 
covered with a thermally sputtered silicon oxynitride 
(Fig. 3d). 

In the experiments presented here only electrodes 
less than 1 lam in height were used. They did not act as 
growth obstacles to the tested cells. Scanning electron 
microscope (SEM) images (Fig. 4c, d) show that the 
cells were able to cross the boundary between the chip 
surface and the electrode, presumable in both direc- 
tions. Therefore, they have to cross two right angles, 
one external and one internal. Disruptions of cell 
filopodia as well as fissures in the cell body are arte- 
facts caused by shrinking during dehydration or by 
critical point drying of the specimen. 



Figure 3 L929 cells grown on glass and silicon surfaces covered with metal electrodes: (a) glass chip, differential interference contrast; (b) glass 
chip with gold electrodes (950 nm height, 50 p.m width), transmitted/reflected light; (c) silicon chip with 950 nm high gold electrodes, distance 
between the opposite electrodes was 200 gin, reflected light; (d) silicon chip with Ti/Pt [25 nm/150 nm height, 30 ~m width) electrodes partly 
sputtered with silicon oxynitride ~400 nm PECVD-SiON). The structures in b, c and d can be used for single-cell manipulation, cultivation 
and characterization by electrorotation (see [25]). 
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Figure 4 3T3 cells grown on glass and silicon surfaces structured with gold electrodes: (a) glass chip, differential interference contrast; 
(b) silicon chip with gold electrodes (950 nm height, 75 pm width), reflected light; (c, d) glass chips with gold electrodes (950 nm height, 50 gm 
width) (SEM). 

3.3. Growth of fibroblasts on 
microperforated membranes 

Fibroblasts of the cell lines 3T3 and L929 were culti- 
vated on silicon chips containing pore fields with 
square holes of different size (5 x 5 pm, 10 x 10 pm, 
20 x 20 gin). The overall thickness of the wafers was 
500 pm but in the area of the pore fields they formed 
a perforated membrane of only 3 pm. This membrane 
is translucent and therefore cells on it can be observed 
by transmitted light microscopy_ 

Cells of both cultures were able to grow on the 
perforated membranes. If the cells were seeded at 
sufficient density (about 105 cells/ml), they formed 
a confluent layer on the whole chip including the pore 
fields after about 20 h (Figs 7b, 8a). In this paper, we 
mainly report the behaviour of L929 cells on perfor- 
ated membranes; the 3T3 cells showed very similar 
behaviour but adhered less strongly to the membrane 
surface (see above). 

The cell distribution on the pore fields was studied 
by SEM_ Cell density has been chosen so that cells 
covered all the chip surface but did not reach complete 
confluence_ This allowed better distinction of the cell 
boundaries. In the case of small pores (5 pm x 5 pm) 
the lengths and shapes of the cells growing on the pore 
fields did not differ from those growing on smooth 
glass and silicon chips. This is clearly demonstrated in 
Fig. 5a. Here the boundary between the perforated 
membrane (left side) and the surrounding unper- 
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forated area (right side) is shown. On both surfaces 
cells were distributed uniformly; some cells are located 
directly on the boundary. It seems clear that small 
pores did not disturb attachment and spreading of the 
cells. The cells were able to spread over the pores and 
to cover them completely, in some cases more than 
one pore (Fig. 5b). With pores of 1 0 p m x  10 gm 
(Fig. 5c, d) cell spreading mainly occurred on the 
bridges between the pores, but cells inserted their 
filopodia into the pores and sometimes more or less 
filled them. The 20 pm x 20 gm pores were larger than 
the cells. Cells were found mainly on the relatively 
wide bridges between the pores where they were able 
to spread (Fig. 6a, b). The cells also sent filopodia into 
the pores. Some cells were localized in pores, did not 
spread within them and kept their spherical shape 
(Fig. 6c). Occasionally cells were found which partially 
covered a pore (Fig. 6d). The coverage remained in- 
complete although on the unperforated surface 
a single cell could cover an area greater than 
1000 ],tm 2. However, with 20 pm x 20 pm pores com- 
plete coverage of the pore fields occurred if high cell 
densities were reached and cells began to form a multi- 
layer. 

When the cell layer was gently removed from the 
front surface of the silicon membrane, it could be seen 
that cells had also reached the back (Fig. 7a). These 
were localized mainly below the pore fields and ex- 
tending radially from them. The cells near a pore field 
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Figure 5 The covering of pores by fibroblasts (L929) grown on microperforated silicon membranes  of 3 pm thickness (SEM); pore size: 
(a, b) 5 × 5 rtm and (c, d) 10 x 10/am (for details see text). 

Figure 6 Fibroblasts (L929) surrounding, occupying or incompletely covering 20 × 20/am pores in a silicon membrane  of 3 tam thickness 
(SEMi. 
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Figure 7 Distribution of fibroblasts on both sides of a perforated silicon membrane  seen from the bottom. (a) L929, transmitted light, pore size 
20 x 20 lain; cells o n  the top surface have been removed, only the cells on the bot tom side remain. (b d) In order to visualize cells 
simultaneously at both sides of the membrane  (pore size 10 x 10 jam) they were overstained with Giemsa dye solution_ The cells behind the 
membrane  appear less stained and so could be distinguished clearly from the others using transmitted (b, 3T3) or a combination of 
transmitted and reflected light il lumination (c, d, L929). 
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Ftgure 8 SEM-view of the distribution pattern of fibroblasts (L929) grown on microperforated silicon membranes in comparison to Fig. 7: 
(a) top of the membrane, 20 x 20 lain pores; (b-d) bottom of the membrane, pore size: 16.2 × 16.2, 6.2 × 6.2, 1.2 × 1.2 pm corresponding to 
20 × 20, 10 × 10, 5 x 5 lain at the top. 

Figure 9 Detailed view of the localization and shape of fibroblasts at the bottom of a silicon membrane after and during crossing th rough  
pores or fissures. (a) Cells surrounding a membrane fissure: (b) cells spread at the bottom side of a field with 20 × 20 gm pores; some cells had 
not left the pores: (c) single cell crossing a 20 x 20 gm pore; (d) cells localized in/below 5 × 5 IJm pores• 
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were of long narrow shape and roughly perpendicular 
to the field boundaries. There were a few non-oriented 
cells below the unperforated membrane area between 
pore fields. The number of cells below the pore fields 
depended on the pore size at the rear of the membrane. 
After 24 h incubations, many cells were found below 
the large and medium pores but only a few, very small 
cells (possibly only a part of the whole cell body) 
below the small ones (Fig. 8). 

We tested the hypothesis that cells were able to 
crawl through the pores to the back of the membrane. 
We attached a glass cylinder to the chip so that it 
surrounded one or two medium-sized pore fields. The 
open end of the cylinder stood out above the cell-free 
medium in which the chip was immersed. Cells were 
introduced only into the cylinder. There was no possi- 
bility that cells could reach the rear of the membrane 
by convectional streaming in the bulk medium. After 
an incubation time of 24 h cell distribution on both 
sides of the chips was observed (Fig. 7b-d). Cells were 
found above and below the membrane but only in that 
area which was bounded by the cylinder. They showed 
the same distribution pattern as in the former experi- 
ments. On the upper side of the membrane, cells were 
distributed uniformly. On the underside, they were 
located mainly below the pore fields as shown in 

Fig. 8. In some cases thin fissures (several micrometres 
in width) appeared in the silicon membrane during 
preparation. Cells were found also around such fis- 
sures (Fig. 9a). 

In order to visualize cells on both sides of the 
membrane at the same time, contrast was enhanced by 
Giemsa staining after formalin fixation (Fig. 7b d). 
Chips were examined from the underside with trans- 
mitted light (Fig. 7b) or using a combination of trans- 
mitted and reflected light (Fig. 7c, d). Cells located 
behind the membrane,  i.e. on the upper side, appear  
less intensely stained. Fig. 7c shows that cells ap- 
peared below the pore fields before those on the upper 
side of the membrane reached confluence. The silicon 
membrane pores do not show uniform staining. Those 
which appear stained are covered by cells on one or 
both sides, whereas the white ones are uncovered. 

SEM gives a more detailed picture of cells crossing 
pores (Figs 8, 9). Fig_ 9b shows cells which had crossed 
the large pores from the top, anchored and spread on 
the bridges between pores. Some cells are still local- 
ized within the pores. Fig. 9c shows a cell just leaving 
one of the large pores. Similar pictures could be ob- 
tained below the medium pores. Small pores (usually 
1.2 lam × 1.2 lam, but 0.8 lam × 0.8 I.tm here) slowed 
down cell crossing. After 24 h, cells were still restricted 

Figure 10 Selective positioning of cells on a microperforated membrane  by negative dielectrophoreses caused by a high frequency electric field 
(a.c. square wave, 5 MHz, 0.6 V p  to p) applied to thin electrodes on the narrow bridges between the holes. The pore size (within the heavy 
black border) is 16.2 × 16.2 ~tm. (a) Overview of the electrode arrangement; (b) fibroblasts (3T3) deposited in the pores. Suspended cells were 
forced to the pores between the electrodes and allowed to anchor. Those cells which did not anchor were washed away. (In order to avoid cell 
crossing through these pores the pores were closed at the bot tom by an Epo-tek layer. Small latex particles (3 10 ~m, Standard Dow Latex, 
SERVA, Heidelberg, Germany) can also be moved to the pores by negative dielectrophoresis. Sometimes they could not be washed away due 
to their small size in comparison with pore dimensions.) 
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to a relat ively small  a rea  a r o u n d  the single pores  
(Fig_ 9d), a l though  at  the top  side of the m e m b r a n e  the 
cell layer  was a l ready  confluent.  The  cells below the 
m e m b r a n e  differ m a r k e d l y  from the others  in size and  
shape (compare  also Fig. 8) as well as being fewer in 

number.  Probably ,  a par t  of the cell body  remained at 
the other  side of the silicon membrane .  In  most  of these 
cells a nucleus was found by fluorescence detect ion after 
staining with p rop id ium iodide (images not  shown). 

3.4. Prevention of cell anchoring by means 
of high frequency electric fields 

To depos i t  cells accura te ly  over  holes we deve loped  
a s t ructure  combin ing  mic roper fo ra ted  square pores  
with in te rd ig i ta ted  electrodes as shown in Fig. 10a. 
The pores  and  e lect rodes  are of s imilar  d imensions  to 
the cells (edge length 20 p-m; e lec t rode  width and gap 
20 gm; cell d i amete r  16 p,m). Wi th  no field appl ied,  
the cells d i s t r ibu ted  uni formly over  the whole  chip 
surface. High  frequency a.c. fields repel cells into the 
in tere lec t rode  space. Fie ld  s t rength  in the holes is 
lower than  in the regions between them, consequent ly ,  
cells collect  preferent ial ly  in the square  pores  (see 

Fig. 10b). Unfor tuna te ly ,  dur ing  p ro longed  cult iva-  
t ion under  appl ied  field, adheren t ly  growing cells 
could  cross the e lectrodes and field gradients  by active 
mot ion.  Elec t rode  geomet ry  in this p re l iminary  struc- 
ture is not  yet opt imized.  It may  be poss ible  to over-  
come this p rob l e m by using in te rd ig i ta ted  a r rays  of 
mic romet re  or  submic romet re  e lectrodes to increase 

the gradients .  
U l t r a -mic roe lec t rode-a r rays ,  consis t ing of 32 indi- 

v idual ly  addressable ,  in te rd ig i ta ted  l inear  e lectrodes 
were used in p re l iminary  exper iments  (Fig. 1 la;  elec- 
t rode  space and width  each 0.2 to 3 p-m in central  
area). The electrodes were as small  as poss ible  to 
achieve high field s t rength near  the surface and to 
increase the negat ive  d ie lec t rophore t ic  effect_ The  elec- 
tric field spreads  no further than  a few in tere lec t rode  
gaps from the surface. Cells enter ing this region are 
repelled, canno t  a p p r o a c h  the surface and  therefore 
canno t  at tach.  Ini t ia l ly  cell adhes ion  did not  occur  in 
the central  (high field) pa r t  of the array.  Fig_ l i b  
shows the device after 48 h of cu l t iva t ion  of mouse  
3T3 f ibroblas ts  under  high frequency field. Dur ing  this 
t ime cells had  gradual ly  occupied  the in te rd ig i ta ted  
e lect rode a r ray  para l le l  to the e lectrodes and  the 

2 r am 

Figure 11 Prevention of cell anchoring by high frequency electric fields. (a) Ultramicroelectrode array, consisting of 32 individually 
addressable, interdigitated hnear electrodes (gold, height 900 nm, electrode width 1 lain and space 2 lam in central area of 200 × 100 ~m). The 
chip was mounted and bonded in the ceramic carriers. Gold bonding wires as well as extensive side feed lines of the electrodes were sealed and 
covered with two-component glue. (b) The same mlcroelectrode structure after 48 h cultivation of 3T3 fibroblasts (inoculated with 
8 × 10  4 cells/ml in 1.5 ml, correspond to a cell density of 423 cells/ram 2) under permanent field (a.c. square wave, 2 Vp to p, 5 MHz). The 
whole chip surface was covered by a confluent layer of vital cells. An area of 124 x 100 lain of the interdigitated electrodes (200 × 100 gm) 
remained completely free of cells. During culture cells gradually occupied the electrode array parallel to the electrodes and the interelectrode 
gaps up to a depth of 38 ~tm. Directly around the cell free-electrode region the fibroblasts were multi-layered. 
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interelectrode gaps up to a depth of 38 ~tm, but an area 
of 124 x 100 ~tm remained completely free of cells. 

4. Conclusions 
The questions developed in the introduction can now 
be answered. 

Fibroblasts grow without marked changes in be- 
haviour on microstructured glass or silicon surfaces, 
even under prolonged field application. Strong high 
frequency electric fields can be used to repel cells from 
surfaces by negative dielectrophoresis. Active ad- 
hesion control of areas in the square micrometre or 
square millimetre range can be achieved (see also 
[28]). Surface topography, such as walls, edges or 
holes, influences the motility and spreading of cells 
and can be used to control the direction and localiza- 
tion of cell growth (see review [9]). Silicon membranes 
perforated by square pores are well suited for the 
study of fibroblast motility near edges. We have to 
distinguish between two kinds of fibroblast growth: 
(i) covering the pores and (ii) crossing the pores. Both 
types of growth are important for characterization of 
single cells by impedance or noise analysing tech- 
niques (see also [16, 18, 19]). For  the fibroblasts used 
here, 5 x 5 pm pores could be completely covered by 
a cell (Fig. 5a, b). It would be interesting to investigate 
the organization of the cytoskeleton in a cell spreading 
over a pore, especially in that part of the cell body 
which is not in contact with the surface of the sub- 
strate. 10 x 10 ~tm holes were sometimes covered by 
cells and sometimes contained cells (Fig. 5c, d). At 
a pore size of 20 x 20 Ilm cells adhered to the silicon 
bridges or moved into the pores (Fig. 6). 

Cells could go through pores much smaller than 
typical cell dimensions. Pores larger than 6.2 ~tm x 
6.2 ~tm (bottom side of the 10 x 10 ~tm pores) were 
freely crossed by fibroblasts. Most smaller pores 
(Fig. 9) are completely filled by one (only) fibroblast 
with parts of the cell anchored on both sides of the 
silicon membrane. Note that such an arrange- 
ment/fixing of single cells is very suitable for their 
passive electrical characterization (impedance, micro- 
pipette technique, current analysis, patch clamp). 

The fibroblasts grew around an angle of more than 
50 degrees from the top side of the silicon membrane 
into the pore and an angle of more than 120 degrees 
from the pore to the back of the chip. Obviously 
fibroblasts are able to do this although Dunn and 
Heath [29] claimed that motion over an angle of pitch 
greater than 16 degrees is impossible, probably due to 
the cytoskeleton in the leading lamellae. However, 
there is some evidence from other investigations [6, 30] 
that this behaviour of cells cannot be generalized. 

Three-dimensional structuring of silicon and glass 
substrates opens up new possibilities for the develop- 
ment of single cell measuring and manipulation tech- 
niques. The accuracy of the etching technique is in the 
submicrometre range. Pores between several hundred 
nanometres and several hundred micrometres can be 
made. However, little is known about cell behaviour 
on such structured surfaces. A practical application of 
the ability of cells to traverse micropores might be 
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powerless separation devices [31]. Different cell types 
require different pore dimensions and geometries to 
cross thin silicon membranes. So they could be separ- 
ated in counter current fluid microchannel systems_ 
However, the production of accurate working micro- 
systems requires a profound knowledg e of cell behav- 
iour. To contribute to this work was the aim of this 
paper. 
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