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Recently, numerous innovative approaches have attempted to overcome the shortcomings of
standard tissue culturing by providing custom-tailored substrates with superior features. In
particular, tunable surface chemistry and topographical micro- and nanostructuring have been
highlighted as potent effectors to control cell behavior. Apart from tissue engineering and the
development of biosensors and diagnostic assays, the need for custom-tailored platform systems is
accentuated by a variety of complex and poorly characterized biological processes. One of these
processes is cell-to-cell communication mediated by tunneling nanotubes �TNTs�, the reliable
statistical analysis of which is consistently hampered by critical dependencies on various
experimental factors, such as cell singularization, spacing, and alignment. Here, the authors
developed a microstructured platform based on a combination of controlled surface chemistry along
with topographic parameters, which permits the controllable attachment of different cell types to
complementary patterns of cell attracting/nonattracting surface domains and—as a consequence—
represents a standardized analysis tool to approach a wide range of biological questions. Apart from
the technical complementation of mainstream applications, the developed surfaces could
successfully be used to statistically determine TNT-based intercellular connection processes as they
are occurring in standard as well as primary cell cultures. © 2011 American Vacuum
Society. �DOI: 10.1116/1.3567416�
I. INTRODUCTION

In addition to the development of biosensors and diagnos-
tic assays, the control of substrate surface features has turned
out to be of pivotal importance for the analysis of eukaryotic
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cell culture systems and their growth characteristics. Over
the past years, diverse physicochemical parameters, such as
surface topography1–3 and chemistry,4–6 have been high-
lighted as potent effectors to manipulate the behavior of cells
on varying substrates. To date scientists can draw on a large
variety of surface engineering approaches that provide the
22/22/10/$30.00 ©2011 American Vacuum Society
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necessary tools in order to cope with an increasing range of
complex biotechnological applications.

Most of the methodologies reported rely on the handling
of extracellular matrix �ECM� constituents such as laminin,
collagen, and fibronectin, which—unlike unspecific adhesion
molecules—provide specific receptor-mediated cell binding,
as it occurs in the in vivo situation. “Short” peptide se-
quences from respective proteins are being explored as alter-
natives to long protein chains, which fold randomly upon
surface adsorption, causing active protein domains to be
sterically unavailable. One example is the IKVAV peptide,
which represents the main cell-binding domain of the
�-chain of laminin7 and which was shown to promote rapid
and stable cell adhesion of “neuronlike” pheochromocytoma
PC12 cells8 as well as neuronal networks in vitro.9 Other
approaches are based on the use of adhesive molecules, e.g.,
the cationic surfactant poly-L-lysine or different alkanethi-
ols. In the latter case, for instance, methyl and carboxylic
acid-terminated monolayers of alkanethiols on gold have
been used to modulate surface wettability and thereby the
behavior of murine 3T3 fibroblasts.10

Along with the formation of self-assembling monolayers
�SAMs�, the controlled application of molecules to surfaces
is accomplished by various methods, including microcontact
printing technology.11 For example, microscale patterns of
deposited polylysine-conjugated laminin have been used to
guide neuron attachment and axon outgrowth.12 Neurons
have been enticed to grow on microelectrode arrays �MEAs�
using poly-L-lysine lines, printed in close proximity to the
contact elements.13 Photolithographic methods are also com-
monly used, as demonstrated by, e.g., the generation of ac-
tive patterns of ECM proteins, prepared by UV photolithog-
raphy, which facilitated guided outgrowth and bifurcation of
neurites from leech neurons.14

In addition or as an alternative to chemical surface struc-
turing, controlled modification of the micro- and/or nanoto-
pography of the substrate is used to elicit controlled cellular
responses. Also here, a multitude of techniques, including
electron beam or photolithography in combination with reac-
tive ion etching,1–3 has been employed in order to establish
iso- or anisotropic topology changes. These changes include
“simple” modifications, starting from controlled surface
roughness to the generation of grooves and ridges, as well as
the production of “complex” surface patterns such as cylin-
drical fibers and/or pillar structures.3 As an example, the in-
fluence of surface roughness on the adhesion and viability of
neural cells has been demonstrated by following the out-
growth of growth cones and filopodia on silicon wafers of
differing nanoscale topography created by hydrofluoric acid
etching.15 Other studies report how the guiding of individual
cells of neuronal networks to the electrodes of MEAs was
achieved by covering the electrode surfaces with carbon
nanotubes generated by chemical vapor deposition.16

In order to realize complementary patterns of cell attract-
ing and repellent surface regions, many of the described
technologies rely on the application of cell adhesion inhibi-

tors, such as polar and uncharged polyethylene glycol �PEG�

Biointerphases, Vol. 6, No. 1, March 2011
derivatives. Hydrophilic PEG surfaces are nonfouling and
efficiently resist attachment of proteins and cells by exploit-
ing stable surface hydration.17 However, respective passivat-
ing and patterning strategies—in particular when “isolating”
cell individuals from each other—may have substantial im-
plications for complex and poorly characterized intercellular
communication processes, such as tunneling nanotube �TNT�
mediated network formation.

TNTs were initially characterized as thin intercellular
membrane channels, tensed between cultivated PC12 cells at
their nearest distance and without contact to the substratum,
displaying diameters from 50 to 200 nm and lengths of up to
several cell diameters.18 The structures with their remarkable
architecture were shown to mediate membrane continuity, to
contain a F-actin and/or microtubule backbone, and to facili-
tate the intercellular transmission of various cellular
components—including organelles as well as plasma mem-
brane constituents.19,20 Above all, they were proposed to be
involved in different physiological as well as pathological
processes of medical interest, including viral infections,20,21

cancer,20,21 and—recently—degenerative brain disorders.22

However, the precise quantitative examination of TNT-
related processes has turned out to be difficult because of �i�
their pronounced sensitivity, �ii� their peculiar architecture
requiring sophisticated experimental approaches, and �iii� the
critical dependence on spacing, density, and singularization
of respective cell systems.23 Further complications arise from
observations indicating that the occurrence of TNTs can be
�i� transient, �ii� dependent on age, condition, and develop-
mental stage of the analyzed cell system, and �iii� of hetero-
geneous character, i.e., occurring between cells of different
origins and locations.23 These considerations support the
view that the quantitative determination of TNT-related
parameters—or that of congeneric biological questions—can
benefit from standardized and precisely controllable growth
conditions, as provided by the described surface structuring
technologies.

Here we present a novel platform system consisting of
biofunctionalized gold disk microarrays which facilitate or-
dered cellular arrangements along with improved cell singu-
larization. The system is based on a combination of con-
trolled surface chemistry and topography resulting in
complementary patterns of cell attracting/nonattracting sur-
face domains. It, thus, represents a standardized and sensitive
analysis tool to approach numerous biological questions—
also in technical complementation of established methodolo-
gies. To highlight potential fields of application, we em-
ployed the microarrays to quantitatively determine TNT-
based intercellular communication processes occurring in
standard as well as primary cell cultures.

II. EXPERIMENT

A. Generation and characterization of micropatterned
substrates

1. Photolithography

Microstructured surfaces were produced using standard
2
lithographic techniques: glass cover slips �24�24 mm ,
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Carl Roth GmbH, Karlsruhe, Germany� were coated with
positive photoresist AR-P 5350 �Allresist GmbH, Strausberg,
Germany� and overlaid with a chromium mask written on a
maskwriter �DWL-66; Heidelberg Instruments Mikrotechnik
GmbH, Heidelberg, Germany�, performed on a mask aligner
�MJB-3; Karl Suess MicroTec Lithography GmbH, Garch-
ing, Germany�. After exposure to the mercury lamp, the pho-
toresist was solubilized in alkaline developer AR300-35 �Al-
lresist GmbH�. The mask was removed, leaving photoresist-
free holes on the blocked glass surface. Cover slips were
sputtered with 5 nm titanium and 50 nm gold by a sputter
coater �MED020; Bal-Tec GmbH, Witten, Germany� fol-
lowed by a “lift-off” procedure with acetone p.a. and dim-
ethylformamide p.a. �Merck KGaA, Darmstadt, Germany�.

2. Biofunctionalization of gold microstructures

Microstructured cover slips were cleaned for 5 min hydro-
gen plasma and incubated for at least 12 h at 4 °C in 40 �l
solutions �50 �M� of one of the following ligands: �1�
IKVAV peptide �here a 19-amino acid peptide corresponding
to residues 2091–2108 of the laminin �-chain, plus an
N-terminal cysteine; Bachem Distribution Services GmbH,
Weil am Rhein, Germany� solved in phosphate buffer �PB�
buffer; �2� 11-mercaptoundecanoic acid �Sigma-Aldrich,
Taufkirchen, Germany�; or �3� 10-aminodecane-1-thiol solu-
tion �kindly provided by Fritz�, both solved in phosphate
buffered saline �PBS�. After incubation, samples were rinsed
three times with PB buffer or PBS on a shaker. Covalent
binding of ligands to gold microstructures is expected based
on their covalent binding to nonstructured gold crystals but
not to silica crystals, as confirmed by quartz crystal mi-
crobalance �QCM�.

3. QCM measurements

Measurements were performed using a Q-Sense E4 sys-
tem �Q-Sense, Gothenburg, Sweden� as previously
described.24 The system was operated in flow mode with a
time resolution of �1 s. Sample solutions �10 �M ligand in
PB or PBS buffer� were continuously delivered �flow rate:
60 �l /min� to the measurement chamber by means of a
peristaltic pump �ISM597D; Ismatec, Zürich, Switzerland�.
To switch between sample liquids, the flow was interrupted
for a few seconds without disturbing the QCM signal. Prior
to functionalization, silica and gold-coated QCM sensors �Q-
Sense, Gothenburg, Sweden� were cleaned by immersion in a
2% sodium dodecyl sulfate solution for 30 min, rinsing with
Milli-Q water, blow drying with a stream of nitrogen, and
exposing to oxygen plasma �0.4 mbar, 150 W� �100-E
Plasma System; TePla, Feldkirchen, Germany� for 30 min.
Cleaned substrates were stored in air and were again exposed
�5 min� to oxygen plasma prior to use.

B. Cell culture and transfection

PC12 cells �rat pheochromocytoma cells, clone 251�25

were cultured in Dulbecco’s Modified Eagle Medium

�DMEM� supplemented with 10% fetal calf serum and 5%
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horse serum according standard procedures. For transfection
experiments, the following cDNA construct was used: ve-
sicular stomatitis virus glycoprotein-enhanced cyan fluores-
cent protein �kindly provided by Keller�. Electroporation was
performed as described26 and cells were replated on micro-
structured arrays 24 h after transfection. Primary hippocam-
pal neurons and astrocytes from fetal E18 Wistar rats were
prepared as previously described.27 Prior to microscopic
analysis, the cells were plated on biofunctionalized gold disk
arrays at 5�105 cells/surface, i.e., at a ratio of one cell per
gold disk. Whereas neurons were plated directly after the
preparation, astrocytes were first cultured for 7, 14, or 21
days in cell culture flasks �Nunc GmbH & Co. KG, Wies-
baden, Germany� coated with poly-L-lysine. The cell culture
medium consisted of modified neuronal minimum essentail
medium with B27 neurobasal supplement and penicillin-
streptomycin-neomycin antibiotic mix �Invitrogen GmbH,
Darmstadt, Germany� and was changed after 2, 3, and 8
days. For coculturing experiments, astrocytes and neurons
were coplated at 5�105 cells/surface for 4 h at a ratio of 1:2.
In order to be able to distinguish unequivocally between both
cell types, astrocytes were fluorescently labeled with DiI and
neurons with CellTracker™ blue �see below�. During all
steps, particular attention was paid to the singularization of
cells by thorough resuspension.

C. Microscopy and dye staining

1. High resolution scanning electron microscopy

For scanning electron microscopy �SEM�, cells were care-
fully fixed with 2.5% glutaraldehyde and 0.1M sodium ca-
codylate �pH 7.4�, dehydrated in a graded series of ethanol,
and critically point dried using CO2. Afterward, a carbon
layer was sputtered �Sputter-Coater MED020, Bal-Tec
GmbH� on the samples. Samples were imaged by a ZEISS
LEO 1530 in-lens field emission scanning electron micro-
scope �Carl Zeiss NTS GmbH, Oberkochen, Germany�.

2. Bright field and fluorescence microscopy

Bright field as well as fluorescence microscopy was per-
formed with a monochromator-based imaging system
�T.I.L.L. Photonics GmbH, Martinsried, Germany� mounted
on an Olympus IX70 microscope �Olympus Optical Co. Eu-
ropa GmbH, Hamburg� equipped with 100� PlanApo NA
1.40 or 40� PlanApo NA 0.95 objectives �Olympus Optical
Co. Europe GmbH� and a triple-band filter set DAPI/FITC/
TRITC F61-020 �AHF Analysentechnik AG, Tübingen, Ger-
many�. For three-dimensional �3D� analysis, a piezo-z-
stepper �E-662; Physik Instrumente GmbH & Co., Karlsruhe,
Germany� controlled by the TILLvisION System was used.
The microscope was surrounded by a 37 °C heating control
device and equipped with a 5% CO2 supply �Live Imaging
Services, Olten, Switzerland�. Pictures were taken by a
charge-coupled device camera �IMAGO-QE; T.I.L.L. Photo-
nics GmbH, Martinsried, Germany� controlled by TILLVISION
software �Version 4.01; T.I.L.L. Photonics GmbH�.
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3. Spinning disk microscopy

Confocal microscopy was performed on a Perkin Elmer
Ultraview system mounted on a Nikon TE 2000E inverted
microscope with Nanoscan z-device, equipped with Nikon
Plan Apo VC 100� NA 1.4 or VC 60� NA 1.4 oil-
immersion planapochromatic objectives �Nikon GmbH, Düs-
seldorf, Germany� and surrounded by a heating chamber �To-
kai Hit Microscope Incubation System; Tokai Hit Co., Ltd.,
Japan�. The system uses a Perkin Elmer spinning disk con-
focal ERS-FRET Unit �laser lines: 405, 488, and 568 nm� in
combination with the following filter sets: CFP-YFP, GFP-
mRFP, or CFP-mRFP �Perkin Elmer Inc., MA�. Pictures
were taken by a 30 Hz charge-coupled device camera �reso-
lution: 1024�1024 pixel� �EM-CCD; Hamamatsu Photon-
ics Deutschland GmbH, Herrsching am Ammersee, Ger-
many�. For 3D analysis, a piezo z-stepper �Perkin Elmer,
Inc.� was used. Camera and z-stepper were controlled by the
ULTRAVIEW ERS software system. Images were processed
with the Perkin Elmer Volocity acquisition software �Version
5.21�.

4. Atomic force microscopy

The atomic force microscopy �AFM� system contained a
Nano-Wizard I AFM with a CellHesion module �JPK Instru-
ments AG, Berlin, Germany� mounted on an AxioVert 200
microscope �Carl Zeiss, Göttingen, Germany�. The AFM was
placed in a CO2 incubator box controlled by an EMBL
GPI68 IV custom-tailored system. Data were analyzed and
force curves were corrected for cantilever drift and different
support positions via MATLAB software �MathWorks, Natick,
USA�. The cantilevers �Veeco NanoProbe NP-S; Veeco, Ca-
marillo, USA� were used in standard intermittent contact
mode operation in PBS. For AFM studies, modified petri
dishes were used as described �see D. Microinjection�.

5. Dye staining

For plasma membrane staining, WGA Alexa Fluor® 488
conjugate at a concentration of 1 mg/ml �Invitrogen GmbH�
was added directly to the culture medium �1:300�. Vybrant™
DiI cell labeling solution �Molecular Probes, Invitrogen
GmbH� and CellTracker™ blue solution �Invitrogen GmbH;
20 �M final concentration� were used for labeling cells in
suspension according to the supplier’s instructions.

D. Microinjection

Microstructured arrays biofunctionalized with IKVAV
peptid were prepared as described and glued to a 1.4 cm
opening, drilled in a petri dish. 5�105 PC12 cells were
plated on the surfaces. After 1 h of incubation, selected cells
were injected with Cytochrome C solution �10 �l �12.5 mg/
ml� Cytochrome C dissolved in 3 �l TRITC-dextran;
Sigma-Aldrich� and loaded into a microinjection needle, us-
ing a micromanipulation system �FemtoJet®; Eppendorf AG,
Hamburg, Germany� mounted on a conventional fluores-
cence microscope �Olympus IX70; Olympus Optical Co. Eu-

ropa GmbH�. Pictures were taken at given time points.
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E. Flow cell analysis

A custom-tailored flow cell comprised of a teflon-based
body �external diameter of 5.4 cm and bore diameter of 2.5
cm� and a cover plate consisting of acrylic glass was con-
structed. Microstructured and biofunctionalized surfaces
were glued to the cutout at the bottom side of the base body.
For the experiments, 3.5�105 cells were plated in the cell
chamber and incubated for 1–3 h at 37 °C and 5% CO2. The
chamber was mounted on the stage of the spinning disk mi-
croscope. Cell culture medium flow was guided by a tubing
system connected to the teflon body and regulated via plugs
at the junctions. The flow speed was controlled by a syringe
pump �Harvard Spritzenpumpe 11 �RS-232�; Harvard Appa-
ratus, MA� connected to the tubing system. Flow rates of
0.25, 0.5, and 0.75 ml/min were applied and pictures taken
and processed as described.

F. Statistical analyses

All statistical data provided represent the mean of ten in-
dependent experiments. In each experiment at least 15 ran-
domly chosen microscopic areas �each covering no fewer
than 20 cells� were analyzed. Error bars represent the stan-
dard deviation of the mean.

III. RESULTS AND DISCUSSION

A. Preparation and application of microstructured
gold disk arrays

The general procedure used for the fabrication of micro-
patterned surfaces consisting of regular arrays of circular
gold disks and their subsequent biochemical functionaliza-
tion is outlined in Figs. 1�A�–1�C�. In brief, according to
standard lithographic techniques, the positive photoresist was
spin coated to glass slides, irradiated through a chromium
mask by exposure to UV light, followed by the developing
process and sputtering of a basic layer of titanium and a top
layer of gold to the surfaces. A lift-off process revealed the
final disk arrays �Fig. 1�A��. Surface parameters were se-
lected to match an average cell diameter of 13 �m with
regard to the PC12 model cell system in focus of this study.
Because gold disks can—in dependency on the thickness of
the sputtered metal layers—be opaque, their diameter was set
to 10 �m which causes attached cells to marginally overlap
in order to ease the light microscopic visualization of their
peripherals. The bearing corner radius was set to 20 �m in
order to avoid contact of individual cells with more than one
gold disk. The disk pattern was arranged in a regularly “qua-
dratic” configuration to be able to monitor distance depen-
dent variations, provoked by permitting orthogonal as well as
diagonal cell interactions.

The analysis of respective surfaces by scanning electron
microscopy �see Sec. II� showed that gold disk arrays were
homogeneous and without visible defects �Fig. 1�B��, prov-
ing that the technique can be used to realize the fast prepa-
ration of large surface areas and thus providing advantages in
comparison to other techniques, such as, e.g., e-beam lithog-

raphy. Due to the use of a negative pitch angle of the photo-
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resist in combination with an adapted sputtering process �see
Sec. II�, it was possible to realize a brimlike edge of the gold
disks with a height of approximately 250 nm, as measured by
atomic force28 and scanning electron microscopy �Fig. 1�B�,
inlay 45°�. This “fencelike” topographic feature seems to
help constraining the lateral movements of rounded cells
prior to cell attachment and spreading as they are occurring
right after the plating process and may represent an advan-
tage over planar surfaces generated by primarily “two-
dimensional” patterning techniques.

The biofunctionalization of microstructured arrays was re-
alized by the application of SAMs of adhesion promoting
molecules, which covalently bind to the gold disk surfaces
via functional thiol groups �Fig. 1�C��. After plasma treat-
ment to remove organic impurities on the glass and to further
reduce its attraction for cells and molecules, three different
ligands were applied �see Sec. II�. In order to provide recep-
tor specific binding as well as unspecific ionic interactions,
we either used IKVAV peptide or two differently charged
alkanethiols, 11-mercaptoundecanoic acid and 10-
aminodecane-1-thiol. Covalent binding of thiolated ligands
to gold surfaces was evaluated by QCM measurements.28

Molecules physisorbed on the glass surface between the gold
disks were removed by a series of washing steps. The com-
bined effect of controlled surface chemistry and microtopog-
raphy was finally evaluated by comparing the growth char-
acteristics of PC12 cells cultivated on structured and
nonstructured surfaces �Figs. 1�D�–1�F��. Cells were plated
on conventional glass cover slips or biofunctionalized gold
disk arrays and analyzed 2 h later by fluorescence as well as

FIG. 1. �Color online� Preparation and application of microstructured gold
biofunctionalization are shown in �A� and �C�, respectively. SEM images of
a magnified area in 45° perspective as indicated and reveals the brimlike
conventional glass surfaces �D� and biofunctionalized substrates �E� and �F
mented by fluorescence �D� and �E� as well as scanning electron microscop
scanning electron microscopy �see Sec. II�. In contrast to
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cells grown on glass substrates, which tend to form large
clusters and display disordered growth patterns �Fig. 1�D��,
the use of microstructured arrays functionalized with IKVAV
peptide strongly increased cellular order �Figs. 1�E� and
1�F��. Cells appeared nicely singularized and arranged in
congruence with the predefined gold disk patterns. Only oc-
casionally small clusters of two to three cells were attached
to one disk, most likely due to an imperfect separation pro-
cess or—at later time points—cell divisions �see below�. The
use of 11-mercaptoundecanoic acid as well as 10-
aminodecane-1-thiol as ligands led to cell clustering as ob-
served on standard glass substrates,28 indicating that the non-
specific adhesion forces provided by these molecules are too
weak to attract cells to the disk surface. Interestingly, the use
of positively charged 10-aminodecane-1-thiol resulted in
strongly increased affinity of hippocampal cells to the gold
disks �see below�. These findings clearly document that the
biofunctionalization strategy has to be carefully adapted to
the specific requirements of the respective cell system. Cells
strictly kept their positions on the IKVAV-functionalized
gold disks even during longer observation periods, i.e., no
“jumps” between the disks were observable. They showed no
apparent morphological changes—apart from the “shape”
change induced by the predefined patterning—and still di-
vided attached to the gold disks, implementing that after pro-
longed time periods, larger cell clusters are formed. We
found no indication for an increased apoptosis rate, as ob-
served for, e.g., capillary endothelial cells restricted to fi-
bronectin coated islands with a diameter of 10 �m.29

In supplemental experiments, the microstructured arrays

arrays. Schematic illustrations of the principle of surface structuring and
urfaces prior to functionalization are shown in �B�. The inlay in �B� shows
of the gold disks. The comparison of WGA stained PC12 cells grown on
onstrates improved cell singularization and regular arrangement as docu-

. Scale bars: 30 �m.
disk
the s

edge
� dem
y �F�
functionalized with IKVAV peptide were successfully used in
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complementation with different standard methodologies in
order to address several PC12 cell related topics. These in-
clude microinjection experiments utilizing apoptosis induc-
ing molecules, whereby, when compared to the standard ap-
plication on conventional surfaces, �i� accessibility and
subsequent analysis of individual cells was strongly facili-
tated and �ii� the movement of cells was virtually disabled,
maintaining the initial cell configuration even during long-
term observations.28 Furthermore, in experiments subtle mor-
phological changes induced by the transient expression of
viral transmembrane proteins28 could be monitored, which
had been difficult to observe and quantitatively determine
under standard cell culture conditions. In conclusion, the
ability of the developed surfaces to control cell attachment
and singularization combined with their broad adaptability,
based on the flexibility of the gold/thiol based chemical
linker system and the lithography process, make these arrays
an ideal analysis platform for a wide range of applications.

B. Ordered growth of hippocampal cocultures

To evaluate the usefulness of the designed microstruc-
tured platform system for challenging primary cell cultures,
we next analyzed the growth characteristics of cocultures of
neurons and astrocytes isolated from fetal rat hippocampus.
Cells were prepared and fluorescently labeled where required
according standard procedures �see Sec. II� and plated on
biofunctionalized gold disk arrays as described. In order to
achieve fast and selective cell attachment, disk surfaces were
functionalized with 10-aminodecane-1-thiol since the use of
IKVAV peptide or 11-mercaptoundecanoic acid leads to
strong cell clustering, affecting either one or both of the co-
plated cell types.28 Employing bright field as well as scan-
ning electron microscopy �see Sec. II�, we could show that
neurons as well as astrocytes attached selectively to the gold
disks �Fig. 2�A��. Whereas neurons with their relatively
small cell bodies attached selectively to one disk, larger as-
trocytes were able to span several disks �Fig. 2�B��. Remark-
ably, the outgrowth of cellular protrusions—in particular
neurites—followed exclusively paths determined by the disk
pattern, resulting in ordered cellular assemblies �Fig. 2�C��.
This observation agrees with an increasing number of studies
that employed various chemical and/or topographical surface
modifications to control the outgrowth of, e.g., neurites in
neuronal cultures.12,14 Apart from the general advantages of
an increased order parameter, it is important to note that the
tight association of neuronal cells or subcellular domains,
such as, e.g., defined segments of axons or dendrites, to in-
dividually accessible and electrically conducting metal sur-
faces could—upon the addition of isolated conducting
paths—represent a further step toward the development of
advanced bioelectronic devices, such as biosensors and neu-
ronal networks. Along with recent endeavors to develop
semiconducting silicon biointerfaces,30 such technologies
may, in the future, revolutionize, e.g., present MEA technol-
ogy.

Staining of cellular plasma membranes with labeled WGA

�see Sec. II� followed by high-resolution 3D fluorescence
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microscopy revealed that cocultured neurons and astrocytes
were frequently interconnected by thin membrane tubes �Fig.
2�D��, displaying the same dimensions and architectural
characteristics as previously described for TNT structures de-
tected in various cell culture systems �see above�. Due to the
increased order parameter induced by disk association, the
structures—suspended above the substratum—were clearly
distinguishable from other cellular extensions, like neurites
or filopodia. This was documented by precise analysis of the
corresponding 3D image information. A quantitative analysis

FIG. 2. �Color� Ordered growth of hippocampal cocultures on micropat-
terned surfaces reveals prospective TNT structures. Hippocampal neurons
and astrocytes of varying ages were prepared and coplated on micropat-
terned surfaces as described. Cells were analyzed by scanning electron �A�
and �C�, bright field �B�, and fluorescence microscopy �D� 4 h after plating.
Please note that neurons �closed arrowhead� as well as astrocytes �open
arrowhead� attach selectively to gold disks �A� and their protrusions �ar-
rows� follow exclusively paths determined by the microstructures �B�.
Whereas neuronal cell bodies �yellow� attach to single disks, larger astro-
cytes are able to span several gold structures �C�. 3D fluorescence micros-
copy of WGA stained cocultures revealed prospective TNT structures
spanned between individual cells at their nearest distance and without con-
tact to the substrate �black bordered arrowhead�—here between two astro-
cytes �D�. A comprehensive statistical analysis yielded cell type and age
dependent differences of the TNT number �E�. Scale bars: �A� and �B�
40 �m; �C� and �D� 10 �m.
revealed that the largest fraction of the TNT resembling
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structures was found among astrocytes, the second largest
fraction was detected between neurons and astrocytes, and
the lowest but still significant number was determined to
connect neurons to one another �Fig. 2�E��. These observa-
tions are in close connection with previous studies, showing
a TNT-dependent transfer of, e.g., prion proteins between
cells of the catecholaminergic mouse neuronal cell line CAD
as well as from bone marrow derived dendritic cells to pri-
mary neurons,31 thus, further strengthening the concept of a
complex and relevant participation of the respective mem-
brane channels in in vivo brain functioning—particularly
during intercellular exchange and communication processes.
Additional support for this theory comes from a recent study
proposing TNT-dependent exchange of mitochondria be-
tween cortical rat astrocytes or glioblastoma cells.22 An in-
teresting observation during our study was that—while the
cell type-dependent distribution widely persisted—the over-
all number of TNT resembling structures decreased by ap-

FIG. 3. �Color online� Quantitative analysis of TNT-based network formation
cells were grown on biofunctionalized gold disk arrays and analyzed by hig
different time points as described. Prior to fluorescence microscopy, cell mem
by arrowheads. Frequently, the formation of small �A, inlays� or extended
between cells at their nearest distance have no contact to the substrate and a
represent the cutting plane for the shown X-Z representation. The quantitativ
that the diagonal orientation �31°–60°� is less frequent than the orthogonal o
plating revealed a maximum at 2 h after plating �D�. Bars: 20 �m.
proximately one-third per week with progressing astrocyte

Biointerphases, Vol. 6, No. 1, March 2011
age �Fig. 2�E��. A finding which is in accordance with the
reduced TNT number was observed for PC12 cell cultures of
increasing passage numbers.32 Taken together, our results
may provide first indications of cell type-dependent as well
as development or age-related influences on brain related
TNT action, which will be the focus of future experiments.

C. Analysis of TNT-based network formation

To further investigate the applicability of the microstuc-
tured platform system with respect to membrane tube-
mediated communication processes, we proceeded by ana-
lyzing PC12 cells regarding their TNT-formation
capabilities. Cells were plated on functionalized disk arrays
and analyzed 2 h later by 3D fluorescence and high-
resolution scanning electron microscopy as described. As al-
ready shown, cells appeared nicely singularized and attached
selectively to the gold disks �Figs. 3�A� and 3�B��. TNT

icropatterned surfaces reveals distance dependency of TNT formation. PC12
olution 3D fluorescence �A� as well as scanning electron microscopy �B� at
es were stained with fluorescently labeled WGA. TNT structures are marked
networks �B� could be observed. 3D analysis revealed that TNTs formed

gned mostly parallel to the surface �A, bottom inlay, X-Z�. The dotted lines
lysis of the angle of TNT alignment with respect to the disk pattern revealed
C�. Evaluation of the overall TNT number at different time points after cell
on m
h-res
bran
TNT
re ali
e ana
nes �
structures tensed at their nearest distance and without contact
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to the substratum could be detected between them, frequently
forming expanded networks which consisted of three or
more individual cells. The overall length distribution of the
membrane tubes showed a maximum at 4 �m,28 which cor-
relates with previous studies based, e.g., on the computer
assisted analysis of TNTs in PC12 cultures grown on con-
ventional substrates,33 further fuelling speculations concern-
ing an optimal distance for membrane tube formation.33

However, it is important to stress that throughout literature
the TNT length distribution appears rather heterogeneous,
particularly when comparing structures formed between dif-
ferent cell types. For example, most TNTs between neuronal
CAD cells had an average length of around 25 �m.31 The
observed heterogeneity is certainly amplified by the depen-
dence of TNTs on cell morphology, culture conditions, and,
especially, cell density and singularization, once more em-
phasizing the need of standardized platform systems. The
discrepancy between the observed TNT lengths and the
20 �m bearing corner distance of the gold disks can be ex-
plained by the observation that cells on neighboring gold
supports do not necessarily attach to the central region of the
disks. This applies, in particular, to TNT-connected cells
�Fig. 3�A�, inlays� and points to drag forces mediated, e.g.,
by membrane tension or the cytoskeletal TNT backbone.
Nevertheless, TNTs bridging larger distances of more than
50 �m between cells attached to non-neighboring disks
were also frequently documented �Fig. 3�B��.

A statistical analysis of the height differences between
both TNT bases, based on 3D image information �Fig. 3�A�,
bottom inlay, X-Z�, revealed a strong maximum between 0.5
and 1.5 �m28 proving that most of the structures are aligned
relatively parallel to the surface. This represents an addi-
tional advantage of the microarrays over standard surfaces,
particularly in view of the challenging microscopic 3D TNT
visualization. Interestingly, a statistical analysis of TNT
alignment with respect to the disk pattern revealed that the
diagonal TNT configuration �31°–60°� was approximately
one-third as frequent as the orthogonal one �Fig. 3�C��. To-
gether with their overall length distribution28 this provides a
strong and to our knowledge first indication of a distance
dependency in the TNT-formation process.

Further quantitative analysis showed that the overall
amount of TNTs formed on microstructured surfaces was
reduced by 6%, as compared to the situation on conventional
glass surfaces. This slight reduction is in excellent agreement
with a recent study documenting that whereas 93% of TNTs
formed between PC12 cells on standard surfaces due to
filopodia interplay near the substrate, 7% were formed by the
dislodgment of neighboring cells34—a mechanism which is
efficiently blocked by the “entrapment” of single cells on the
gold disks. This indicates, in turn and along with a normal
length distribution, that the main formation process of
TNTs—most likely mediated by the action of filopodia—is
largely unaffected by the specific properties of the micro-
structured surfaces, e.g., their fencelike 3D topography. The
interesting question of whether TNT formation is dependent

on cell-matrix interactions or occurs exclusively via cell-cell
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interactions could be unambiguously answered using a pas-
sivation layer between the gold disks and will be a matter of
future experiments.

The maximal amount of TNTs between cells was ob-
served 2 h after plating, followed by an apparent decrease
�Fig. 3�D��. This result is consistent with previous studies
monitoring a strong increase in the TNT number during the
first 2 h after plating of PC12 cells on conventional glass
surfaces.18 At longer incubation times, the TNT number sta-
bilized at an average level �Fig. 3�D��. Together, this clearly
points to transient TNT promoting factors emerging contem-
porary to the plating process, i.e., a process of extensive
cellular reorientation. Our results demonstrate that the bio-
functionalized gold disk arrays effectively function as a sen-
sitive and quantitative analysis system, which in future may
serve as a valuable tool to study subtle effects on TNT-
related properties induced, e.g., by pharmacological sub-
stances or chemical compounds, such as, e.g.,
methyl-�-cyclodextrin35 which alters plasma membrane
composition via cholesterol depletion.

D. Influence of sheer stress on TNT formation

Another efficient way to influence TNTs is based on their
pronounced and, particularly under standard cell culture con-
ditions, hardly predictable sensitivity to various experimental
influences, ranging from mechanical stress up to prolonged
light exposure �see above�. Any or all of which consistently
hamper reproducible structural and functional analyses. We
were therefore interested in using the developed gold disk
arrays to quantitatively analyze the impact of mechanical
forces on TNT formation and stability under reproducible
conditions in order to gain insights into their mechanosensi-
tive properties and—potentially—their formation process.
One hour after plating, PC12 cells arranged on gold disk
arrays were exposed to a constant medium flow of 0.5 ml/
min in a custom-tailored flow cell setup �see Sec. II�
whereby disk patterns were aligned with the flow direction
�Fig. 4�A��. 3D spinning disk microscopy revealed a strong
reduction in the overall TNT number as documented by an
apparent drop of the TNT/cell ratio from 78.2% to 24.2%
and from 11.9% to 2.7% at 2 and 4 h after plating, respec-
tively �Fig. 4�C��. Whether these differences are related to
varying “mechanical” susceptibilities of the TNT-formation
process, which predominates 2 h after plating, or destruction
of already accomplished TNT structures will remain a matter
of speculation at this stage. It is important to note that more
than 75% of all TNTs detected were aligned in an angle of
0°–30°—i.e., mostly parallel—to the flow direction �Fig.
4�B��. The smallest TNT fraction, not even 5%, was ob-
served at an angle of 31°–60° relative to the flow, i.e., in
diagonal configuration �Fig. 4�B��. This finding seems con-
tradictory at first because the highest force is expected to act
orthogonal �61°–90°� to the flow. It is, however, relativized
by our previous finding that under “no-flow” conditions the
diagonal configuration is around one-third as frequent as the
orthogonal ones �see above�. That unquantifiable alterations

in the flow are responsible for the observed differences



the overall TNT number �C�. Scale bars: 20 �m.
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seems unlikely because experimental variations in the flow
rate, ranging from 0.25 up to 0.75 ml/min, evoked only mi-
nor effects.28 Our findings are in analogy to previous studies
that documented a decrease in TNT numbers in response to
shaking the cell culture dishes36–38 and clearly point to the
disruption of TNTs by mechanical shearing forces induced
by the medium flow. Whether or not also potential soluble
signaling molecules involved during TNT formation are uni-
laterally deflected by the continuous fluid stream remains
unanswered yet.

IV. SUMMARY AND CONCLUSIONS

The developed microstructured substrates proved to be a
sensitive platform system to quantitatively monitor distance
and—in combination with a flow cell—also orientation-
dependent aspects of TNT-mediated intercellular communi-
cation processes. Particularly with respect to the predicted
physiological and pathological implications, similar techno-
logical combinations may help to unravel the influence of,
e.g., soluble gradients of candidate signaling molecules on
TNT network formation. Moreover, with some specific fea-
tures, including fast production times, specific material com-
position, precise control over the positioning and immobili-
zation of different cell types, and—in particular—the
flexibility with respect to topographical as well as chemical
surface patterning, the straightforward methodology de-
scribed here may also assist in the development of novel
high-throughput fabrication methods for inexpensive biologi-
cally suitable substrates and electrically active biosensors,
having the potential to contribute to the standardized, repro-
ducible, and quantitative analysis of a variety of biological
questions.
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