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We present a batch-fabricated, biocompatible and optically transparent lab-on-a-chip device that
incorporates a planar array of nanoholes that can potentially be used for electrical or pharmaco-
logical interrogation of large numbers of cells as well as for precise biochemical delivery to cells.
The nanoholes are defined in a silicon nitride layer using electron beam lithography and chemi-
cal etching techniques. Each nanohole in the array is microfluidically accessible and individually
addressable from both sides via a PDMS microchannel network, allowing for rapid perfusion and
exchange of fluids. A thin PDMS layer between the silicon nitride and the PDMS microchannels
electrically isolates each nanohole. The electrical properties of our nanohole devices are within the
typical range for traditional glass patch-clamp micropipettes of similar diameters and appear suitable
for low-current measurements of ion diffusion through the nanoholes. Various types of cells cultured
in these devices proliferated normally, showing the biocompatibility of our devices. We have also
demonstrated the efficacy of our nanohole device for studies of cell chemotaxis using interleukin-8
directed migration of neutrophils as our model system.

Keywords: Nanohole, Nanoaperture, Electron Beam Lithography, Soft Lithography, BioMEMS,
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1. INTRODUCTION

Micron- and submicron-size holes or apertures
(“nanoholes”) are used in many cell and molecular biology
applications. They come in two different configurations:
(1) the tip of a micropipette, or (2) a pore communicating
the two sides of a thin membrane. Micropipettes are fab-
ricated by heating a glass capillary in its middle section
while pulling its ends to produce a nanohole at the end
of a tapered tip where the capillary splits. Micropipettes
are inexpensive, are readily available in many biomedical
laboratories, and have been widely used for decades for
single-cell injection (reviewed in Ref. [1]), patch-clamp
electrophysiology (reviewed in Ref. [2]), iontophoretic
stimulation3�4 (reviewed in Ref. [5]), and “puffing” (pres-
sure ejection) delivery of gradients of signaling factors
(reviewed in Ref. [5]). In addition, micropipettes can be
used for mechanical manipulation of single cells, e.g., to
bring a given cell into contact with other cells for secre-
tion studies6 or to sever a portion of the cell membrane
for cellular transport studies,7 among other applications.

∗Author to whom correspondence should be addressed.

Unfortunately, micropipette techniques generally require
substantial operator expertise and suffer from low through-
put and high failure rates. Expensive micromanipulators
are also required to precisely position the micropipette,
and mechanical vibration and drift are common sources of
failure in electrophysiological applications.8 Additionally,
due to the fragility and bulky geometry of micropipettes,
they are difficult to incorporate into arrays.

Planar nanoholes promise to overcome the limitations
of micropipettes, however they also face fabrication chal-
lenges if they are to be suitable for routine use. In contrast
to the heat-and-pull simplicity of producing micropipettes,
planar nanoholes are fabricated using micro- and nano-
fabrication techniques9�10 such as ion track etching,11�12

ion-beam sculpting,13 electron-beam lithography (EBL),14

conventional silicon-based techniques15–17 or elastomeric
micromolding of a point-contact in poly(dimethylsiloxane)
(PDMS).18 Planar nanoholes have been used for cellu-
lar immunoisolation,15 biomolecular separation,15 chip-
based patch-clamping,12�17–20 lipid bilayer-based single ion
channel studies,16 and show potential for use in single-
molecule DNA sequencing.13 However, the present planar
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nanohole fabrication approaches have several limitations.
Ion-track etching and ion-beam sculpting both require
prohibitively expensive equipment not available to most
researchers. PDMS micromolding of a point-contact18 (i.e.,
replica-molding of two bodies that are pressed in contact
at a few points) is limited by the difficulty to control the
contact point area as a function of applied pressure (result-
ing in holes not significantly smaller than a micrometer
and with irregular, hardly reproducible shapes).

In this study, we explore an alternative approach for pla-
nar nanohole fabrication that is easily fabricated and meets
basic criteria for several assay techniques. We present a
robust, optically transparent device that incorporates a pla-
nar array of nanoholes that can potentially be used for
electrical or pharmacological interrogation as well as bio-
chemical stimulation of large numbers of cells in parallel.
The nanoholes are defined using EBL, which is com-
monly available in most research universities and is capa-
ble of generating features with dimensions on the order
of tens of nanometers. Additionally, the EBL patterns are
software-generated and not in physical form like in other
lithographic techniques, allowing for easy and inexpen-
sive scaling and design iterations. Most of the fabrica-
tion steps are appropriate for large batches, which reduce
fabrication time and lower production costs. Addition-
ally, our device is biocompatible, in the sense that cells
can be cultured on it for several days. Each nanohole
in the array is microfluidically accessible and individu-
ally addressable from one or both sides (depending on the
assay requirements), allowing for rapid perfusion, deliv-
ery, and exchange of fluids. Each nanohole is fluidically
and electrically isolated from all the others in the array as
well as from the rest of the substrate—essentially behav-
ing like the nanohole of a micropipette—, which makes
them suitable for low-current measurements of ion diffu-
sion through the nanoholes.

We also show the efficacy of our nanohole device for
studying cell chemotaxis—the ability of cells to sense gra-
dients of extracellular molecules and to migrate towards
attractants and away from repellents21—using interleukin-8
(IL-8) directed migration of neutrophils as a model system.
Neutrophils, formally known as neutrophilic polymor-
phonuclear leukocytes, are the most abundant white cells
in the blood.22 They play a crucial role in the body’s
response to injuries and are the primary defense against
infections.23 By correctly interpreting and following the
gradients of specific chemotactic factors released from
the affected areas, such as interleukin-1 (IL-1) and IL-8,
these cells migrate to and accumulate at the sites of
inflammation and kill the invading organisms.24�25 Neu-
trophil chemotaxis has been qualitatively studied in vitro
since 1917.26 Several techniques and tools have been
developed to create gradients of chemotactic factors
and study chemotaxis, such as Boyden chamber,27 Zig-
mond chamber,28 Dunn chamber,29 and microfabricated

devices.30 However, none of them are capable of generat-
ing stable and well-defined gradients of chemotactic fac-
tors diffusing from a point source (as found in vivo) in
a straightforward and high-throughput manner. To demon-
strate the efficacy of our device in studying this complex
system, we used our device to establish concentration gra-
dients of IL-8 diffusing out of the nanoholes, acting as
point sources, and observed the migration of human neu-
trophils towards the nanoholes. In addition to neutrophil
migration, our nanohole device promises to be equally use-
ful for other similar cell migration applications.

2. MATERIALS AND METHODS

2.1. Silicon Device Fabrication

Using a low pressure chemical vapor deposition (LPCVD)
system, we first deposited a 300 nm layer of silicon-
rich (i.e., low-stress) silicon nitride (LSN) onto a 3 in.-
diameter, 400 �m-thick Si�100� wafer (Silicon Sense,
Inc., NH) (Fig. 1A). In an electron-beam evaporation
system, a 10 nm-thick layer of chromium (to facilitate
adhesion of gold) followed by a 100 nm-thick layer of
gold was deposited on the front (polished) side of the
wafer (Fig. 1B). Gold alignment marks as reference
points for subsequent lithography processes were created
by standard photolithographic techniques using AZ1512
photoresist (Clariant Corporation, AZ) and a 3600 dpi
transparency photomask (Publication Services, University
of Washington, WA) followed by Au and Cr wet etch-
ing (Fig. 1C). A 750 nm-thick layer of poly(methyl-
methacrylate) (PMMA) EBL resist (NANO 950 PMMA
A 6; MicroChem Corp., MA) was spin-coated onto the
front side of the wafer. Using a scanning electron micro-
scope (SEM) (Sirion; FEI Company, OR) interfaced to
an EBL system (Nabity Lithography Systems, MT) to
scan the electron beam, an array of (sub)micron-diameter
dots was exposed in the PMMA film in registry with
the alignment marks. The wafer was then developed in
PMMA Developer (MicroChem Corp., MA), which selec-
tively dissolves the exposed sections of the PMMA film,
leaving cylindrical holes in the PMMA layer. This pro-
cess can generate features with linewidths ranging from
tens of nanometers to tens of micrometers. Using the
PMMA layer to mask a reactive ion etch (RIE) with SF6

as the etching gas, the array of holes was transferred into
the LSN layer. The residual PMMA was then removed
in an acetone bath (Fig. 1D). Next, square “windows”
with 760 �m sides were formed in the LSN layer on
the backside of the wafer by standard photolithographic
techniques (using AZ1512 photoresist and a second film
photomask, again in registry with the alignment marks on
the front side) followed by RIE with SF6 as the etching
gas (Fig. 1E). An aligner/exposer system with backside
infrared illumination (AB-M, Inc., CA) was used to visual-
ize the frontside gold alignment marks through the wafer;
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Fig. 1. (A–H) Fabrication of the nanohole device: First, a thin layer of
LSN is deposited on the whole wafer (A) followed by a layer of gold
on the front (polished) side of the wafer (B). Using photolithography
and gold etching, gold alignment marks are created (C). Next, nanoholes,
which are in registration with the alignment marks, are etched in the
LSN layer using e-beam lithography followed by RIE (D). Etch windows,
which are in registration with the alignment marks, are patterned in the
LSN layer on the back side of the wafer via photolithography followed
by RIE (E). The wafer is then immersed in KOH bath, which anisotrop-
ically etches inverted-pyramid pits (microwells) until the pits reach the
bottom of the front LSN layer and creates an array of suspended LSN
membranes with a nanohole at the center of each membrane (F). To
address each of the nanoholes microfluidically, a microchannel network
made of PDMS is fabricated using soft lithographic methods (G). Last,
the complete PDMS microchannel network is bonded onto the front side
of the wafer in registration with the suspended LSN membranes (H).
(I) Backside of a wafer (after step F) with nine identical chips (in a 3×3
array), each with a 4×4 array of microwells; the inset (yellow) shows a
magnified view of a microwell and the inset (cyan) shows SEM image of
a suspended LSN membrane with a 500 nm diameter hole at its center.
(J) Top view of a finished device; the inset shows a PDMS microchannel
network underneath the silicon chip.

the only purpose of the gold features is thus to serve
as a reference for proper alignment of the backside LSN
windows and the frontside LSN nanoholes. The wafers
were then immersed in a KOH bath (5 M, 80 �C), which
anisotropically etched inverted-pyramid pits9 in the back-
side (which we term “microwells”), until the pits reached
the bottom of the front LSN layer. This process created
an array of suspended LSN membranes with a nanohole
at the center of each membrane (Fig. 1F).

2.2. Fabrication of PDMS Microchannel Network

To address each of the nanoholes microfluidically, a micro-
channel network made of PDMS—a transparent biocom-
patible elastomer (Sylgard 184; Dow Corning, MI)—was
fabricated using soft lithographic methods31 independently

of the wafer containing LSN membranes. First, using
SU-8 negative photoresist (MicroChem Corp., MA) and
high-resolution acetate film photomasks (Publication Ser-
vices, University of Washington), two master mold pat-
terns were formed on silicon wafers and replicated in
PDMS using standard soft lithography processes.31 The
first (bottom) PDMS replica was designed to incorporate
square openings (microfluidic windows) spatially matching
(but with sides at least 25% shorter than) the suspended
LSN membranes, whereas the second (top) replica formed
the microchannels, which connected the microfluidic win-
dows to the inlets and outlets (Fig. 1G). After the surfaces
of the two PDMS layers have been chemically activated
using oxygen plasma exposure in order to get a robust,
permanent bond,32 they were aligned and sealed together.

2.3. Assembly of PDMS Microchannel Network to
Silicon Device

The complete PDMS microchannel network was assem-
bled onto the front side of the wafer in registry with the
suspended LSN membranes. The LSN and the PDMS sur-
faces were chemically activated using an oxygen plasma
exposure prior to assembly.32 A good alignment between
the wafer and the PDMS microchannel network was
achieved by suspending the PDMS on top of the wafer
using four pea-sized clay balls placed around the edges,
aligning both parts under a dissection microscope, and
gently pressing the PDMS onto the wafer (starting from
the middle). Once the seal formed in the center, the flat-
tened clay balls were removed to allow the rest of the
surface to come in contact and bond (Fig. 1H). The design
can be easily altered to permit access to the microfluidic
inlets from either the front side or the backside of the
wafer as required by a specific experimental setup.

2.4. Electrical Characterization of the Nanohole
Device

Standard electrolytic patch-clamping solution (Ringer’s
solution) was dispensed into a microwell and injected into
its corresponding microchannel, at which point both sides
of the LSN membrane contacted the solution (Fig. 2A).
Two Ag/AgCl electrodes were immersed into the solu-
tions, one in the microwell and the other at the inlet of
the corresponding microchannel. A patch-clamp amplifier
(Multiclamp 700A; Axon Instruments Inc., CA) was used
to apply a square-wave voltage signal across the electrodes
and record the resultant current trace. Resistance was
obtained using Ohm’s law by dividing the steady state cur-
rent by the voltage change. The capacitance was measured
by two different methods: (1) numerically integrating the
transient current following the voltage change; (2) using
the built-in patch-clamp amplifier capacitance compensa-
tion feature (pCLAMP 8.0; Axon Instruments Inc., CA).
The capacitance of the amplifier and associated wiring was
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Fig. 2. (A–B) Cross-sectional schematics of the nanohole devices (top)
and top-view micrograph (bottom). The microchannel was filled with
red dye, the unsuspended LSN appears green, and the suspended LSN
appears white (transparent). Ag/AgCl wires for electrical characterization
were inserted at the locations as shown. A illustrates a properly aligned
PDMS window, whereas in B the PDMS window is partially misaligned,
hence exposing a section of the silicon-backed LSN layer. (C-E) Resis-
tance and capacitance measurements using properly-aligned devices (e.g.,
as shown in A) featuring 0 nm- (C), 1500 nm- (D) and 2000 nm-diam.
(E) nanoholes, respectively. Shown are the current responses to a 10 mV
amplitude square wave voltage command; capacitive transients have been
subtracted. (F) Resistance and capacitance of device shown in B with a
misaligned PDMS window which blocks the nanohole; here, capacitive
transients could not be fully subtracted (see text for details).

measured separately and subtracted from the total capaci-
tance to yield the stray capacitance of the device alone.

2.5. Biocompatibility of the Nanohole Device

The cells were seeded on the LSN membranes of the nano-
hole devices. All cell cultures were incubated in a water-
jacketed CO2 incubator with HEPA filtration (Series II;
Forma Scientific, OH) at 37 �C under a humidified atmo-
sphere of 5% CO2 and 95% air for several days. Mouse
fibroblasts (NIH/3T3), Chinese hamster ovary cells (CHO-
K1), human embryonic kidney cells (HEK293), and
mouse myoblasts (C2C12) were purchased from Ameri-
can Type Culture Collection (ATCC, VA). NIH/3T3 cells
were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; GIBCO/Invitrogen Corporation, CA) supple-
mented with 10% heat-inactivated newborn calf serum
(GIBCO/Invitrogen) and inoculated with 1% penicillin-
streptomycin solution (Pen-Strep; GIBCO/Invitrogen).

CHO-K1 cells were cultured in Ham’s F12K medium with
2 mM L-glutamine adjusted to contain 1.5 g/L sodium
bicarbonate (ATCC), supplemented with 10% fetal bovine
serum (GIBCO/Invitrogen), and inoculated with 1% Pen-
Strep. HEK293 cells were cultured in Eagle’s minimal
essential medium with Earle’s Balanced Salt Solution and
2 mM L-glutamine that is modified by ATCC to con-
tain 1.0 mM sodium pyruvate, 0.1 mM nonessential amino
acids, and 1.5 g/L sodium bicarbonate (ATCC), supple-
mented with 10% heat-inactivated horse serum (ATCC),
and inoculated with 1% Pen-Strep. C2C12 cells were cul-
tured in DMEM (GIBCO/Invitrogen) supplemented with
20% fetal bovine serum and inoculated with 1% Pen-Strep.
All cell cultures were grown to 90% confluence.

2.6. Time-Lapse Microscopy of Neutrophil
Chemotaxis

Neutrophils isolated from the blood of human subjects
were suspended in Hanks’ Balanced Salt Solution (HBSS)
(GIBCO/Invitrogen) with 0.1% Bovine Serum Albumin
(BSA) (Sigma, MO) at a concentration of 106 cells/ml.
The cells were seeded on the flat (membrane) side of the
device and allowed to settle to the LSN surface. The device
was then turned upside down and sealed to the bottom
of a 35 mm petri dish. The microwell side of the device
(now facing upward) was filled with IL-8 (Sigma) solu-
tion (1 �g/ml in HBSS) and covered with a coverslip to
minimize evaporation (Fig. 3A). Time-lapse microscope
images of the neutrophils migrating towards the nanoholes,
which were serving as point sources of IL-8, were taken
using an inverted microscope (Eclipse TE2000-U; Nikon,
Japan) in phase contrast mode at two-minute intervals.

3. RESULTS AND DISCUSSION

3.1. Fabrication of the Nanohole Device

Figures 1A through 1H illustrate the fabrication flow of the
nanohole device. Using standard fabrication procedures,
we were able to create nanoholes as small as 50 nm in
diameter in suspended LSN membranes. (See the Meth-
ods section for a step-by-step explanation of the flow pro-
cess.) Figure 1I is an image of the backside of a finished
wafer with nine identical devices, with the inset (yellow)
showing a magnified view of a microwell and the inset
(cyan) showing an SEM image of a finished 220 �m-
wide, 300 nm-thick suspended LSN membrane with a
500 nm diameter hole at the center. Figure 1J is the top
view of a finished device, with the inset showing a PDMS
microchannel network underneath the silicon chip.

3.2. Electrical Properties of the Nanohole Device

Measuring the passage of ions through nanoholes is para-
mount in electrophysiological recordings of electrically-
active cells,33 in the study of bilayer-embedded synthetic
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Fig. 3. (A) Schematic cross-sectional illustration of the experimen-
tal setup for studying neutrophil chemotaxis. (B) 8-minute time-lapse
sequence of phase-contrast micrographs showing the migration of a sin-
gle human neutrophil towards the nearest of the four 2 �m-diam. holes,
which is acting as a point source of IL-8.

ion channels,16�34 and in probing DNA structure as the
molecule passes through the hole,13 to cite a few examples.
To evaluate the suitability of the device for measure-
ments of ionic currents through the nanoholes, we mea-
sured the resistance and capacitance of a fluidic circuit that
connected a microwell through the nanohole to its cor-
responding fluidic inlet; Figure 2A shows the schematic
cross-section and top-view micrograph of the device when
the LSN membrane was properly aligned to the PDMS
window (the microchannel was filled with red dye for visu-
alization and the silicon-backed LSN appears green). Com-
pared to the topology of a traditional electrophysiology
micropipette, the microchannel side of the suspended LSN
membrane in our device is analogous to the inside of the
micropipette and the microwell side of the suspended LSN
membrane is analogous to the outside of the micropipette.
The measured capacitance of our microdevice is similar
to that of a micropipette within 10%. The capacitance-
compensated current responses to the square wave volt-
age command are shown in Figures 2C–E for nanohole
diameters of 0 (no hole), 1.5 �m, and 2 �m; the mea-
sured resistances were >10 G� (too high to measure with
our electronics setup), 2.8 M�, and 1.9 M�, respectively,
whereas the measured capacitances were on the order of
0.8 pF in all cases. Figure 2C shows that the suspended
LSN membrane without a nanohole is a very effective
insulator (R > 10 G�), as no measurable current flows
through the device without a nanohole. To test the effect of
PDMS insulation, the microfluidic window was (purpose-
fully) partially misaligned as shown in Figure 2B. In this
case, the nanohole was completely blocked by PDMS, and
part of the Si-backed part of the LSN layer was exposed.
This results in large capacitive transients (>36 pF) which
could not be fully compensated for by the amplifier as
shown in Figure 2F. Additionally, the two sides of the
LSN membrane are not fully electrically isolated when
(due to the partial misalignment of the PDMS window)
the Si-backed LSN is exposed to fluid, as shown by the
very low resistance in Figure 2F (∼100 M�, nanohole
blocked and Si-backed LSN exposed to electrolytic solu-
tion) compared to Figure 2C (R > 10 G�, no nanohole
but no Si-backed LSN is exposed to electrolytic solution).
Thus, we conclude that the Si-backed part of the LSN
layer is not a good ion insulator (possibly caused by the
fact that LSN is a thin, silicon-rich material in intimate
contact with silicon, a very good charge donor), whereas
freestanding LSN is an excellent ion insulator. Hence the
PDMS microfluidic windows in our device were designed
to be smaller than the suspended LSN membranes so they
effectively isolated the rest of the fluidic network from the
underlying Si-backed LSN surface when properly aligned.
Taken together, these results indicate that the electrical iso-
lation of the fluidic path by its all-PDMS walls on one
side of the device is crucial to the performance of the
device.

J. Biomed. Nanotech. 1, 1–7, 2005 5
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Low-current recordings of ion diffusion through
nanoholes also require a low resistance between the two
Ag/AgCl electrodes (when a nanohole is present) and low
stray capacitance to ground. Figures 2D and 2E show
the current traces, resistance and capacitance values for
devices with 1.5 and 2.0 �m diameter nanoholes, respec-
tively. As expected, the resistance decreases with increas-
ing nanohole diameter. The resistances (1.9–2.8 M�)
for the 1.5 and 2.0 �m-diam. nanoholes in Figures 2D
and 2E are within the typical range for traditional glass
patch-clamp micropipettes of similar nanohole diameter
(1–10 M�).35�36 The stray capacitances (∼0.8 pF) are
slightly higher than those of traditional micropipettes
(<0.25 pF) but well within the range of the patch-
clamp amplifier’s capacitance compensation capabilities
(tens of pF). The slightly larger capacitance of our device
compared to traditional micropipettes can probably be
attributed to the larger surface area of the device fluidics,
which can in principle be reduced in future designs by
minimizing the fluidic path lengths/widths and/or by opti-
mizing the placement of the Ag/AgCl electrodes. Since
low device resistance and capacitance are essential for
decreasing the background noise levels in patch clamp
recording, our nanohole device may be suitable for low-
current (such as patch-clamp) measurements. For partic-
ular applications, other (to be tested) requirements may
be needed; for example, it remains to be determined
whether live cells (or which cells) can form high resistance
(“gigaohm”) seals with cells, another important require-
ment for patch-clamp applications.35

3.3. Biocompatibility of Nanohole Device

In this device cells may contact surfaces of both PDMS
and LSN. PDMS has been increasingly used in biological
applications and is shown to be compatible with mam-
malian cell lines.37 Additionally, silicon nitride has been
targeted for development of implants and has been shown
to support proliferation of human cell lines.38 To assess the
biocompatibility of the finished device—more specifically,
the ability of the LSN surface to support cell attachment
and growth after microfabrication processing–we cultured
NIH/3T3, CHO-K1, HEK293, and C2C12 cells (a skeletal
muscle cell line) for several days inside microwells and/or
on the flat (membrane) side of the device. All cultures
appeared morphologically normal and viable, and prolif-
erated comparably to the controls grown in tissue culture
dishes.

3.4. Neutrophil Chemotaxis

Last, we evaluated our nanohole device for controlled
delivery of biochemical factors to cells as a method
for modulating the fluidic microenvironment of cells in
culture. As an example, we tested its efficacy for study-
ing cell chemotaxis. As our model system, we chose the

directed migration of neutrophils towards the chemoattrac-
tant IL-8. Figure 3A illustrates our experimental setup in
cross-section view. The nanoholes served as the only con-
duits for IL-8 to diffuse into the lower cell culture cham-
ber. Phase contrast micrographs were used to document
neutrophil migration towards the IL-8 releasing holes. The
time-lapse sequence of five images in Figure 3B, which
were taken at 2-minute intervals, shows the movement of a
single human neutrophil towards the nearest of four trans-
membrane holes (2 �m diameter), which is acting as a
point source of IL-8. More work is underway to determine
the distribution of migration rates as single neutrophils
migrate towards the evolving point source, a good in-vivo
analog of the injury repair process whereby neutrophils are
recruited to the wound sites by IL-8-secreting cells.

4. CONCLUSIONS

In summary, we have presented a biocompatible device
that incorporates arrays of microfluidically-addressable
nanoholes on transparent membranes that is easy to fab-
ricate and to scale up. The device has electrical proper-
ties suitable for electrophysiological studies that require
the measurement of ionic currents through nanoholes. Our
device can potentially be used for a range of applica-
tions in cell biology and high-throughput screening that
require simultaneous electrical, optical and/or pharmaco-
logical interrogation of a large number of cells. Compared
to other planar nanohole approaches,12�17–19 our device is
inexpensive, scalable, simple to use, and straightforwardly
fabricated as a reliable microarray for highly parallel mea-
surements. Additionally, the small volume and addressabil-
ity of the microwells and channels allows for electrical
interrogation to be combined with (or replaced by) focal
delivery of biomolecules or pharmacological agents. By
forming concentration gradients of chemotactic factors
using the nanoholes as point sources, we have also demon-
strated the efficacy of our nanohole device for future stud-
ies of cell chemotaxis. Because of the optical transparency
of thin LSN membranes, various types of microscopy, flu-
orescence and photometric techniques can also be used.
In sum, the device presented here is a versatile, inexpen-
sive tool that meets basic criteria for a number of powerful
biological assay techniques.
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