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Aligned Microcontact Printing of Micrometer-Scale
Poly-L-Lysine Structures for Controlled Growth of
Cultured Neurons on Planar Microelectrode Arrays

C. D. James*, R. Davis, M. Meyer, A. Turner, S. Turner, G. Withers, L. Kam, G. Banker, H. Craighead, M. Isaacson,
J. Turner, and W. Shain

Abstract—We describe a method for producing high-resolution
chemical patterns on surfaces to control the attachment and
growth of cultured neurons. Microcontact printing has been ex-
tended to allow the printing of µm-scale protein lines aligned to an
underlying pattern of planar microelectrodes. Poly-L-lysine (PL)
lines have been printed on the electrode array for electrical studies
on cultured neural networks. Rat hippocampal neurons showed
a high degree of attachment selectivity to the PL and produced
neurites that faithfully grew onto the electrode recording sites.

Index Terms—Hippocampal neuron culture, microcontact
printing ( µCP), patterned protein, planar microelectrode.

I. INTRODUCTION

FOR STUDIES of neurons in culture, it is desirable to con-
trol the attachment and growth of the neurons. Surface

modification with chemical and topographical techniques have
been performed to influence the attachment and growth of cells
in culture [1]–[4]. Chemical modifications have generally been
made using photolithographic methods to pattern alkylsilanes
with different functional end groups on surfaces including glass,
silica, and silicon [3]–[6]. Chemical patterns have been used to
investigate surfaces that are conducive to long-term neural cell
network cultures [7], [8] and to control nerve cell polarity [9],
[10].

Microcontact printing (µCP) is a newer technique that has
been used to pattern surfaces with alkylsilanes for control of
cell attachment [2], [11]–[13].µCP has recently been extended
to print synthetic polypeptide and protein layers [14]–[16]. This
technique has advantages over photolithography in patterning
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these sensitive biomolecules because it does not require the use
of harsh solvents and bases. Patterned protein layers have appli-
cations in areas such as enzyme kinetics [17], antibody–antigen
complex studies [18], and biosensing of environmental chemi-
cals [19], [20].

Extracellular substrate electrodes have been used for a
variety of neuroscience applications: the correlation of intra-
cellular calcium transients with electrical activity in neural
networks [21], stimulation/recording from spinal cord slices
and cell networks [22]–[24], detailed evaluations of theoretical
models of the neuron/electrode interface [25], and biochemical
sensing [26], [27]. Extracellular electrodes present specific
advantages over their intracellular counterparts in that the latter
are invasive, difficult to use for making multiple simultaneous
measurements, and can often maintain connection with cells
for only several hours. Extracellular electrodes are noninvasive,
long-term in duration, and have been successfully used to
stimulate and record from neurons; however, signal-to-noise
ratios are much worse due to decreased sealing impedance, and
it is not always possible to achieve one-to-one electrode-neuron
correspondence. Several methods have been presented for
extracellular electrodes to enhance culture longevity and
cell-electrode coupling such as positioning contacts on cells
[28] and topographic modification to guide cells to electrode
sites [29]. We present a method for combining chemical
patterning and extracellular electrode arrays in order to address
issues of long-term cell cultures, extracellular electrode-cell
coupling, and multisite extracellular recording from single
cells.

II. DESCRIPTION

Several factors are instrumental to extendµCP to a
wide-range of applications. The flexible nature of the elastomer
stamp allows the stamp to make good contact with the surface,
but it can also be a source of limitation in geometrical control.
We have recently shown that elastomer collapse is a limiting
factor on the allowed printable geometries [14], particularly
when printing small isolated features. Although the lateral
compliance of the elastomer has been used purposely to alter
the pattern dimensions [30], it can limit the reproducibility of
printing aligned molecular layers. ExtendingµCP to produce
aligned chemical modifications of adjacent surfaces would
offer an ability to greatly increase control of cell attachment
and process outgrowth. This is especially important for cultures

0018–9294/00$10.00 © 2000 IEEE



18 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 47, NO. 1, JANUARY 2000

where electrical properties of individual neurons in neuronal
circuits are to be measured.

In thin-stampµCP of fine isolated features, the following
stamp dimensions become critical (Fig. 1): the stamp thick-
ness, the stamp corrugation depth, and the gap dimension (the
distance between printing features). Problems arise when pro-
truding stamp features become much smaller than the stamp
corrugation depth. Removal of the stamp may destroy fine fea-
tures and high aspect ratio features will lack structural stability.
During printing, the applied pressure can cause the features to
buckle, causing poor printing and low reproducibility.

We introduce an innovation to address geometrical control
of the stamp topography: a multilayer master that provides a
further improvement in structural support for isolated,µm-scale
features. We have successfully patterned a grid of 1.0-µm-wide
poly-L-lysine (PL) lines printed at a 200-µm spacing using
thin-stampµCP. The rigid backing involved in thin-stampµCP
also provides the needed lateral rigidity to the stamp that is
essential for aligned printing of multiple layers. Finally, an
alignment tool was constructed to alignµCP protein features
with microelectrode sites on a substrate.

III. M ETHODS

A. Planar Microelectrode Array Fabrication

Planar microelectrodes were fabricated at the Cornell
Nanofabrication Facility. Titanium (5 nm) was deposited on
fused silica wafers by electron-beam evaporation, followed
by thermal evaporation of gold (500 nm). The gold/titanium
layer was patterned into 25 arrays of five gold traces, as shown
in Fig. 2, using an argon ion mill and a PECVD oxide mask.
Wafers were insulated and planarized with a 6.0-µm layer of
Probimide 9753 polyimide. The polyimide was dried for 30 min
in a 90 C oven, and finally cured for 15 min in a 175C oven.
A final PECVD oxide layer (300 nm) was deposited to provide
a glass-like surface for cell culturing. Holes on both ends of
each electrode trace were etched. Preliminary measurements of
electrode impedance using a method described by Junget al.
yielded a value of approximately 650 M-µm2 at 1 kHz for
bare gold in a 0.9% NaCl solution [31].

B. Multilayer Resist Profile

We have developed a process yielding a profiled master for
µCP. This fabrication process employs two photolithography
steps (Fig. 3). The first step creates a 1-µm-wide trench in a
silicon wafer, and the second step creates a 1.5- to 3.0-µm-wide
trench in 10-µm-thick resist (Shipley 1075). Following this step,
the master is placed on a hotplate at 115C for 1 min to allow
the resist to reflow, resulting in the profile shown in the optical
micrograph in Fig. 3. Polydimethylsiloxane (PDMS) elastomer
stamps are then produced from this master using Sylgard 184
cured at 60C for 3 h with an optical flat as a rigid back support.
The elastomer on the support is trimmed to an area of approxi-
mately 1 cm.

C. High-Resolution Aligned Patterned Protein Layers

FITC-labeled PL was dissolved at 1 mg/ml in phos-
phate-buffered saline. Stamps were treated in an radio-fre-

Fig. 1. Important design dimensions for improvingµCP techniques.

Fig. 2. Top view optical micrograph of two planar microelectrode arrays. Inset
diagram shows a cross section of the wafer.

Fig. 3. Photolithographic steps for producing masters with geometrically
stableµm-size features. The final image is an optical micrograph of the profile
of a µCP master.

quency plasma cleaner for 30 s to produce a hydrophilic
surface, and then were coated with the protein solution for ten
minutes. Stamps were subsequently blown dry with a filtered
nitrogen gun and placed over the objective of the inverted
microscope.

The critical components of ourµCP aligner are indicated
in Fig. 4. The vacuum chuck holds the substrate to be pat-
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terned, and the stamp, which has been coated with protein,
is fastened underneath to the stage of an inverted Olympus
IX70 optical microscope. The microscope objective is held
below the transparent stamp, allowing both surfaces of the
substrate and the stamp to be visualized on a video screen.
Then, the distance between the two surfaces is measured at
several locations by focusing on the two surfaces and noting
the distance in the travel of the objective piece. Wedge error
between the two surfaces is removed using the three–
micrometers [Fig. 4(b)] to alter the tilt of the substrate. The
and translational stages are used to position the substrate,
and the rotary stage with a micrometer-replacement ac-
tuator is used to remove rotational error. A digital crosshair
allows the , and positioning of stamp features to gold
traces while alternating the focus between the two surfaces.
Fig. 4(c) shows a cross section of the alignment tool arm as
the stage brings the wafer to the surface of the stamp. Both
the and stages are controlled by motorized picomotor
drivers. A kinematic mount (with an opening in the center to
allow for the neck of the chuck to pass through) was fixed to
the stage. Before contact, the three tilt micrometers rest in
the kinematic mount, and when the stamp surface is reached,
the chuck loses contact with the kinematic mount [Fig. 4(d)]
as the stage continues moving in the direction. The
chuck then remains on the stamp under the force of its own
weight (400 g). After contact, the stamp was allowed to re-
main for 15 min, and then the substrate was lifted off and
rinsed in PBS and deionized water.

D. Neurons Grown on Patterned Electrode Array

Cultured rat hippocampal neurons were isolated as previously
described [32] and grown on the PL printed electrode array
using the following methodology. Briefly, hippocampi were dis-
sected from the brains of embryonic 18-day-old rats, incubated
in trypsin, and then dissociated by vigorously pipetting up and
down with a Pasteur pipette. Cells were plated at a low den-
sity of 3000–4000 cells/cm2 onto the electrode array surface in
a 100 mm dish containing minimal essential medium [MEM]
supplemented with 10% horse serum. Once the neurons became
attached (2–4 h), the electrode was transferred (neurons facing
up) into a new 100-mm dish containing four 18-mm coverslips
on which a confluent layer of astroglia were growing. The neu-
rons were maintained in glial conditioned serum-free medium
[MEM containing N2 supplements [33], pyruvate (0.1 mM) and
ovalbumin (1 mg/ml)]. Neurons were fixed one day later in 4%
formaldehyde/4% sucrose in phosphate-buffered saline (pH 7.4,
warmed to 37C, 15 min). Images were acquired using a Leica
DM-R microscope, interline charge-coupled device camera, and
Metamorph software.

IV. RESULTS

The multilayerµCP master has enabled the production of thin
elastomeric stamps with the following attributes: a 1-µm fea-
ture supported on a mechanically stable pedestal with a corru-
gation depth of 11 µm. A scanning electron micrograph of
an elastomer stamp is shown in Fig. 5. The profile increases
the geometrical control of the stamp, reduces the lateral com-
pliance of the fine features, and facilitates an easier release of

(c) (d)

Fig. 4. Device for µCP aligned protein patterns. (a) Indicated are the
translation stages forx andy, the rotational stage for� , and the vacuum chuck
used to hold the wafer. (b) The stepper motor controlledz-stage and the wafer
tilt adjustment micrometers. (c) Drawing of the� andz stages to illustrate the
aligned stamping procedure. The chuck holding the wafer is attached to three
tilt micrometers that rest on a kinematic mount. (d) As thez stage moves the
wafer down, it contacts the stamp and allows the chuck to rest under its own
free weight on the stamp.

Fig. 5. SEM micrographs of an elastomer stamp cast from the multilayer resist
master. Scale bars in the top and bottom image are 20 and 100µm, respectively.

the stamp from the master. We can consistently produce 1-µm
to 2-µm-wide lines spaced by 200µm in a continuous grid pat-
tern. TheµCP aligner produced high-precision overlay align-
ment of a protein layer to an electrode substrate. Fig. 6(a) is an
optical micrograph through a transparent stamp in contact with
the electrode surface. A PL grid pattern was printed on the oxide
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Fig. 6. AlignedµCP. (a) Optical micrograph during the stamping process. The
stamp features can be seen making contact with the oxide surface of the wafer.
(b) Fluorescent micrograph showing aµCP PL grid printed on the oxide surface
of a microfabricated electrode array. Holes through the oxide and insulating
layer are at the tips of each trace.

surface of an electrode array to guide the attachment and growth
of neurons. Fig. 6(b) shows the electrode array with the printed
PL grid pattern printed on the surface in alignment with the un-
derlying Au electrode traces. Positioning to within ±1µm has
been achieved using this apparatus.

The cultured neurons adhered preferentially to the stamped
PL pattern. These neurons appeared to have a healthy mor-
phology and produced processes that also followed the stamped
pattern. Fig. 7 shows fluorescent micrographs [Fig. 7(a) and
Fig. 7(c)] and their corresponding phase-contrast micrographs
Fig. 7(b) and Fig. 7(d)] where cells have attached and grown
near the electrode sites. Within one day of culturing, a number
of the growing processes had extended along the PL patterns
and crossed over electrode sites. These results demonstrate
thatµCP PL provides a favorable substrate for healthy neurons
to adhere and survive, and that thisµCP pattern is capable of
directing process outgrowth to defined points on an electrode
array. Preliminary results indicate that cell networks cultured
on µCP PL patterns can last at a minimum of four weeks.
Further analysis of the viability of longer-term cultures on such
patterns will be explored in future research.

V. CONCLUSION

An effective combination of extracellular electrode arrays
and chemical patterning has been accomplished. High-preci-
sion alignmentµCP of protein layers has been demonstrated to

Fig. 7. (a) Fluorescent micrograph showing the PL grid on the oxide surface
of the wafer. (b) Corresponding phase-contrast micrograph shows a neuronal
cell body and process outgrowth that is guided along theµCP PL grid. Note
that the cell body is directly covering an electrode site and that the process
makes a 90� turn to follow the protein pattern to a nearby electrode site. (c)
Another fluorescent micrograph showing the PL grid on the wafer surface. (d)
A phase-contrast image showing a cell body next to an electrode site with a
process being guided to another electrode site.

be an extremely useful method for spatially controlling the ad-
herence and subsequent growth of cells on substrates. A design
for improving structural stability and fine-feature printing pre-
cision has been shown to alleviate several complications with
usingµCP for µm-scale chemical modification of surfaces. A
tool for alignedµCP was constructed and successfully used to
pattern protein layers capable of yielding neural networks with
µm-scale alignment accuracy on a substrate. Aligned, patterned
protein successfully guided neuronal cell bodies and processes
into close proximity (<3µm) with electrode recording sites,
offering a significant advantage over uncontrolled neuronal
cultures on planar microelectrode arrays. This approach can
serve as an effective method for patterning multiple biolog-
ically active proteins with a high degree of spatial accuracy.
These techniques also present a new method for developing
controlled neuronal circuits for long-term electrophysiological
measurements that may include multisite recordings from
individual cells.

ACKNOWLEDGMENT

The authors would like to thank the Cornell Nanofabrication
Facility and the Cornell Materials Science Center for the use of
their facilities. They also would like to thank J. Muyskens for
his expert technical assistance.

REFERENCES

[1] C. Chen, M. Mrksich, S. Huang, G. Whitesides, and D. Ingber, “Geomet-
rical control of cell life and death,”Science, vol. 276, pp. 1425–1429,
1997.

[2] P. St. John, L. Kam, S. Turner, H. Craighead, M. Issacson, J. Turner,
and W. Shain, “Preferential glial cell attachment to microcontact printed
surfaces,”J. Neurosci. Meth., vol. 75, pp. 171–181, 1997.



JAMESet al.: ALIGNED µCP OFµm SCALE PL STRUCTURES 21

[3] D. Kleinfeld, K. Kahler, and P. Hockberger, “Controlled outgrowth of
dissociated neurons on patterned substrates,”J. Neurosci., vol. 8, pp.
4098–4120, 1988.

[4] M. Matsuzawa, P. Liesi, and W. Knoll, “Chemically modifying glass sur-
faces to study substratum-guided neurite outgrowth in culture,”J. Neu-
rosci. Meth., vol. 69, p. 189, 1995.

[5] M. Matsuzawa, F. Weight, R. Potember, and P. Liesi, “Directional neu-
rite outgrowth and axonal differentiation of embryionic hippocampal
neurons are promoted by a neurite outgrowth domain of the B2 chain
of laminin,” Int. J. Dev. Neurosci., vol. 14, p. 283, 1996.

[6] B. Lom, K. Healy, and P. Hockberger, “A versatile technique for pat-
terning biomolecules onto glass coverslips,”J. Neurosci. Meth., vol. 50,
pp. 385–397, 1993.

[7] D. Stenger, C. Pike, J. Hickman, and C. Cotman, “Surface determinants
of neuronal survival and growth on self-assembled monolayers in cul-
ture,” Brain Res., vol. 603, pp. 136–147, 1993.

[8] A. Schaffner, J. Barker, D. Stenger, and J. Hickman, “Investigation of
the factors necessary for growth of hippocampal neurons in a defined
system,”J. Neurosci. Meth., vol. 62, pp. 111–119, 1995.

[9] A. Lochter and M. Schachner, “Tenascin and extracellular matrix glyco-
proteins: From promotion to polarization of neurite growthin vitro,” J.
Neurosci., vol. 13, pp. 3986–4000, 1993.

[10] D. Stenger and J. Hickmanet al., “Microlithographic determination of
axonal/dendritic polarity in cultured hippocampal neurons,”J. Neurosci.
Meth., vol. 82, pp. 167–173, 1998.

[11] A. Kumar, H. Biebuyck, and G. Whitesides, “Patterning self-assembled
monolayers: Applications in materials science,”Langmuir, vol. 10, p.
1498, 1994.

[12] Y. Xia, M. Mrksich, E Kim, and G Whitesides, “Microcontact printing of
octadecylsiloxane on the surface of silicon dioxide and its application in
microfabrication,”J. Amer. Chem. Soc., vol. 117, pp. 9576–9577, 1995.

[13] P. St. John and H. Craighead, “Microcontact printing and pattern transfer
using trichlorosilanes on oxide substrates,”Appl. Phys. Lett., vol. 68, p.
1022, 1996.

[14] C. James, R. Davis, L. Kam, H. Craighead, M. Isaacson, and J. Turner,
“Patterned protein layers on solid substrates by thin stamp microcontact
printing,” Langmuir, vol. 14, pp. 741–749, 1998.

[15] B. Wheeler, J. Corey, G. Brewer, and D. Branch, “Microcontact printing
for precise control of nerve cell growth in culture,”J. Biochem. Eng.,
vol. 121, pp. 73–78, 1999.

[16] S. Zhang and L. Yanet al., “Biological surface engineering: A simple
system for cell pattern formation,”Biomaterials, vol. 20, pp. 1213–1220,
1999.

[17] N. Dontha, W. Nowall, and W. Kuhr, “Generation of biotin/avidin/en-
zyme nanostructures with maskless photolithography,”Anal. Chem.,
vol. 69, pp. 2619–2625, 1997.

[18] H. Morgan, D. Pritchard, and J. Cooper, “Photopatterning of sensor sur-
faces with biomolecular structures: Characterization using AFM and flu-
orescent microscopy,”Biosensors Bioelectron., vol. 10, pp. 841–848,
1995.

[19] J. Pancrazio, P. Bey, and D. Cuttinoet al., “Portable cell-based biosensor
system for toxin detection,”Sens. Actuators B, vol. 53, pp. 179–185,
1998.

[20] G. Gross, B. Rhoades, and R. Jordan, “Neuronal networks for biochem-
ical sensing,”Sens. Actuators B, vol. 6, pp. 1–8, 1992.

[21] Y. Jimbo, H. Robinson, and A. Kawana, “Simultaneous measurement
for intracellular calcium and electrical activity from patterned neural net-
works in culture,”IEEE Trans. Biomed. Eng., vol. 40, pp. 804–810, Aug.
1993.

[22] D. Borkholder, J. Bao, N. Maluf, E. Perl, and G. Kovacs, “Microelec-
trode arrays for stimulation of neural slice preparations,”J. Neurosci.
Meth., vol. 77, pp. 61–66, 1997.

[23] Y. Jimbo and A. Kawana, “Electrical stimulation and recording from
cultured neurons using a planar electrode array,”Bioelectrochem.
Bioenerg., vol. 29, pp. 193–204, 1992.

[24] G. Gross, B. Rhoades, D. Reust, and F. Schwalm, “Stimulation of mono-
layer networks in culture through thin-film indium-tin oxide recording
electrodes,”J. Neurosci. Meth., vol. 50, pp. 131–143, 1993.

[25] M. Bove, M. Grattarola, S. Martinoia, and G. Verreschi, “Interfacing
cultured neurons to planar substrate microelectrodes: Characterization
of the neuron-to-electrode junction,”Bioelectrochem. Bioenerg., vol. 28,
pp. 255–265, 1995.

[26] G. Gross, A. Harsch, B. Rhoades, and W. Gopel, “Odor, drug, and toxin
analysis with neuronal networksin vitro: Extracellular array recording
of network responses,”Biosensors Bioelectron., vol. 12, pp. 373–393,
1997.

[27] G. Gross, B. Rhoades, H. Azzazy, and M. Wu, “The use of neuronal net-
works on multielectrode arrays as biosensors,”Biosensors Bioelectron.,
vol. 10, pp. 553–567, 1995.

[28] W. Regehr, J. Pine, and D. Rutledge, “A long-termin vitro silicon-based
microelectrode neuron connection,”IEEE Trans. Biomed. Eng., vol. 35,
pp. 1023–1032, Dec. 1988.

[29] R. Lind, P. Connolly, C. Wilkinson, L. Breckenridge, and J. Dow, “Single
cell mobility and adhesion monitoring using extracellular electrodes,”
Biosensors Bioelectron., vol. 6, pp. 359–367, 1991.

[30] J. Rogers, K. Paul, and G. Whitesides, “Extending microcontact printing
as a microlithographic technique,”Langmuir, vol. 13, pp. 2059–2067,
1997.

[31] D. Jung, D. Cuttino, and J. Pancrazioet al., “Cell-based sensor mi-
croelectrode array characterized by X-ray photoelectron spectroscopy,
scanning electron microscopy, impedance measurements, and extracel-
lular recordings,”J. Vac. Sci. Tech. A, vol. 16, pp. 1183–1188, 1998.

[32] G. Banker, H. Asmussen, and K. Goslin, “Rat hippocampal neurons in
low-density culture,” inCulturing Nerve Cells, 2nd ed, G. Banker and
K. Goslin, Eds. Cambridge, MA: MIT Press, 1998, pp. 339–370.

[33] J. Bottenstein and G. Sato,Cell Culture in the Neurosciences. New
York, NY: Plenum, 1985.


