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A
wealth of applications in the field of
neuroscience and neuroprosthetics1�4

will benefit from hybrid neural
electronic/photonic systems to investigate
neural processes and neuron�neuron
interactions and to achieve controlled
stimulation/readout of cell activity. However,
in spite of all the efforts directed to build
neural culture scaffolds and neuropros-
thetic devices,1,4�13 a successful integration
of devices and cells on the same substrate is
still far from reality. Coupling between bio-
logical tissue and a solid-state device can be
established through chemical, electrical, or
optical signals and through their mutually
exerted mechanical forces. Although bio/
inorganic interactions have been widely
viewed from electrical, optical, or chemical
standpoints, mechanical compatibility has
been infrequently considered. In our work,
we focus on this aspect of neurodevice
integration.
A major challenge in this regard derives

from the high elastic-properties mismatch

between the microenvironment of neurons
and traditional culture platforms and device
substrates. For instance, the elastic modulus
of a central nervous system (CNS) environ-
ment is on the order 0.1�10 kPa,14 whereas
metals, semiconductors, and other materi-
als commonly used as culture substrates
have elastic moduli in the range of 1�200
GPa.15 This large discrepancy in mechanical
microenvironments affects neuronal devel-
opment, outgrowth, and migration, even
altering neuron cell features and func-
tionality.16�20 What is therefore needed, in
contrast to the use of traditional cell culture
(e.g., glass, polystyrene) or semiconductor
device materials (e.g., bulk single-crystal
Si and SiO2), is a compliant substrate that
enhances material�cell contact and pre-
serves the physiological condition of cells/
tissues, while enabling electronic/photonic
sampling, sensing, and stimulation.
A second challenge concerns stimula-

tion or probing of single neurons with high
signal-to-noise ratio (SNR). Neurons can be
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ABSTRACT Neurons are often cultured in vitro on a flat, open, and rigid substrate, a platform that does

not reflect well the native microenvironment of the brain. To address this concern, we have developed a

culturing platform containing arrays of microchannels, formed in a crystalline-silicon nanomembrane (NM)

resting on polydimethylsiloxane; this platform will additionally enable active sensing and stimulation

at the local scale, via devices fabricated in the silicon. The mechanical properties of the composite

Si/compliant substrate nanomaterial approximate those of neural tissue. The microchannels, created in the

NM by strain engineering, demonstrate strong guidance of neurite outgrowth. Using plasma techniques, we developed a means to coat just the inside

surface of these channels with an adhesion promoter (poly-D-lysine). For NM channels with openings larger than the cross-sectional area of a single axon,

strong physical confinement and guidance of axons through the channels are observed. Imaging of axons that grow in channels with openings that

approximate the size of an axon suggests that a tight seal exists between the cell membrane and the inner surface of the channel, mimicking a myelin

sheath. Such a tight seal of the cell membrane with the channel surface would make this platform an attractive candidate for future neuronal repair.

Results of measurements of impedance and photoluminescence of bare NM channels are comparable to those on a flat NM, demonstrating electrical and

optical modalities of our platform and suggesting that this scaffold can be expanded for active sensing and monitoring of neuron cellular processes in

conditions in which they exist naturally.
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stimulated by electrodes that are capacitively coupled
to the cell membrane to change their potential21 or for
genetically modified cells containing light-sensitive
channels by photonic devices emitting in the visible
range.22 In both cases, close proximity of the stimulat-
ing device to individual neurons is required to guaran-
tee neuronal activationwith high spatial resolution and
SNR. The electric activity of individual neuronsmay also
be recorded by electrodes or field-effect transistors
(FETs) adjacent to the cell body or its processes.21,23

The amplitudes of action potentials to be measured
are very small (∼40 μV) and decay rapidly away
from the cell, becoming easily overwhelmed by back-
ground noise.24,25 In an ideal scenario, photonic
devices and electrodes should be in close contact
and compliant with the neuronal membrane. Further-
more, the cell/device interface should ideally be
electrically isolated from nearby cells to maximize
the SNR.
We describe here a nanomaterial approach with the

potential of overcoming these limitations. In an earlier
work,26 we have shown that themechanical properties
of crystalline-semiconductor nanomembranes (NMs)27�29

bonded to compliant substrates can be tailored to match
those of cell microenvironments, including the CNS envi-
ronment. Yet such semiconductor NMs easily retain all the
properties required for fabrication of sensing, amplifica-
tion, and stimulating devices.27�29

In the following, we overview the fabrication of
topographically patterned NMs on polydimethylsilox-
ane (PDMS), demonstrate neurite guidance through
and on the fabricated structures, and show integration
of electrical and optical functionalities in the buckled
channels. A consequence of the exceptional com-
pliance of NMs is the ability to define ordered 3D
microarchitectures, in particular, here micron-size
channels, fabricated using ultrathin crystalline-silicon
sheets (Si nanomembranes, SiNMs) on an elastomeric
substrate, PDMS.30 (We have also made microarchitec-
tures on evenmore compliant substrates; see Figure S1
in the Supporting Information.) These channels,
created by strain engineering of the above combina-
tion, are arranged into ordered 2D arrays, with ampli-
tudes ranging from∼10 to∼1.5 μm, sizes comparable
to the diameter of a typical neurite (we use “axon”,
“neurite”, and “neuronal process” interchangeably
throughout this paper). Combining a novel plasma-
based approach to coat the inside of the microchan-
nels, we show that primary cortical neurons interact
specifically with these channels. We demonstrate
strong physical confinement and guidance of single
neuronal processes through them.
Conversely, we show that, if NM channels have

smaller openings than the dimension of a single axon,
neuronal cells send processes on top of the NM
channels, preferentially along the channel axis. We
compare chemical and topographic guidance.

Other types of biomaterial scaffolds exist as alter-
natives to commonly used substrates for cell culture,
such as glass and polysterene. It is worth noting,
however, that our NM scaffold is made completely of
silicon, a widely studied nontoxic semiconductor. In
contrast to other scaffolds, given the optical and
electrical functionalities of the NM system, it is not
unrealistic to anticipate the integration of this platform
with microelectrodes in the use of neuroprosthetics.

RESULTS AND DISCUSSION

Patterned Substrates. We perform cell cultures on two
different types of substrates: (1) single-crystal SiNMs,
bonded on PDMS, patterned in a 2D array of rectan-
gular islands connected by buckle-delaminated 3D
channel structures; and (2) single-crystal SiNMs pat-
terned in stripes (Si nanoribbons, SiNRs) and formed
into periodic parallel wrinkles (1D) on close-to-
coherently deformed PDMS substrates. The fabrication
of 3D structures on hard/soft substrates and the me-
chanics and chemistry underlying the process are de-
tailed in our earlier work.30 In brief, a SiNM is transferred
onto a PDMS thin substrate and patterned. The PDMS
support is then swollen in an organic solvent. Evapora-
tion of the solvent causes the PDMS to recontract and
createmechanical strain, which eventually leads to local
and periodic buckling delamination of the SiNM.

Our technique allows fabrication of any desired
number of buckle-delaminated structures arranged in
various fashions, with different in-plane separations, by
selecting patterns with connected bonded regions
(“islands”) of appropriately defined shapes. The relative
arrangement of the buckle-delaminated structures is
controlled by the shape and arrangement of the inter-
connecting sections of the NM. Figure 1a�d shows
top-view optical images of buckle-delaminated chan-
nels arranged in various fashions on the PDMS surface.
For example, in Figure 1a,d, 72 nm thick SiNMs are
formed into four buckled-up channels of similar length
but different channel widths, as defined by the relative
distance of the interconnects. Bare PDMS regions from
which six and eight channels emanate are obtained by
patterning hexagonal and cross-shaped holes arranged
in a near-checkerboard fashion (see Figure 1b,c).

As a second category of 3Dmicrotopography, linear
arrays of wrinkled (as opposed to buckle-delaminated)
NM structures can be fabricated, as described in the
Materials and Methods section. Figure 2 shows images
ofwrinkledNMstructures and their scalabilitywith strain.
When wrinkling occurs, the PDMS substrate close-to-
coherently deforms along with the NM.30�32 As a result,
the open area between the NM and the substrate is
significantly lower than for buckle-delaminated chan-
nels, for which the PDMS remains flat. The origin of this
mechanical instability is discussed in our earlier work.30

Figure 2c illustrates the behavior of out-of-plane
dimensions (i.e., amplitude versus length) of wrinkled
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structures as a function of applied strain. The two data
sets in Figure 2c correspond to 17 and 55 nm thick
NM/PDMS systems, treated with several solvents for
20 h (although no further swelling of the PDMS sub-
strateoccurs after 2h30). Each solventproduces adifferent
degree of swelling of the PDMS and hence a different
value of strain applied to the SiNM during deswelling.30

Neurite Guidance. We access neurite guidance using
a primarymouse cortical cell culture, a commonly used
in vitro model. We initially verify cell viability in the
fabricated structures, as any residual organic solvent
from the template fabrication process may damage
neurons, even though the individual raw materials,
silicon and PDMS, are intrinsically not cytotoxic. All
scaffolds support healthy neural growth for 2 weeks, as
judged by cell morphology, cytoskeletal immunostain-
ing, and membrane integrity (see Figure S2 in the
Supporting Information). This outcome suggests that
the solvent extraction step has thoroughly depleted
solvents to benign levels. Additionally, all scaffolds are
functionalizedwith poly-D-lysine (PDL) to ensure proper
adhesion of neurons to the inorganic substrate.33,34

The details of this procedure are described in the Materi-
als andMethods section; they vary slightly depending on
the sample type, as detailed below for each experiment.

Neurons at a low density (∼500 cells/cm2) are
seeded on the hard/soft substrates to ensure that

overlapping cell growth does not affect guidance. After
5 days in vitro, cell cultures were immunostained with
antibodies against actin and tubulin and subsequently
imagedwith upright confocal microscopy. Tubulin and
actin are labeled to capture the neurite and small
filopodium processes, respectively. This approach is
used to confirm 3D confinement of the cell process
inside the buckle-delaminated channels.

Figure 3 shows the neural culture results on sub-
strates with 2D arrays of buckle-delaminated channels.
The inside of the NM channels is functionalized with
PDL to promote adhesion of neurons in proximity of
the channels and achieve neurite guidance by the
buckled NMs. Selective PDL coating in the 3D scaffolds
is achieved by spin-coating a uniform layer of PDL on
the combination substrate and performing a transient
oxygen plasma etch at low RF power. The key concept
is that during this oxygen plasma step the diffusion of
the etching gas in the NM channel is limited by the low
power and the short duration of the etching pro-
cess. As a result, the PDL is removed everywhere on
the sample surface except in the buckle-delaminated
channels. The seeded individual neuronal soma (cell
body) adheres on the unfunctionalized PDMS surface
in the vicinity of the inlets to SiNM channels and
extends processes through the channels. Robust guid-
ance is observed both for a single neurite growing

Figure 1. Effect of NMpattern on number and arrangement
of buckle-delaminated channels. (a�d) Top-view optical
images of 2D arrays of ordered buckled channels formed
by NM/PDMS immersed in acetone for 2 h, rinsed in iso-
propyl alcohol for 120 s and exposed to air for 15min. From
left to right, buckles of different widths are shown (see inset
for definition of length and width). Two-dimensional arrays
of buckled channels are obtained by patterning the NM in a
near-checkerboard pattern with rectangular islands con-
nected by narrowportions of the NM. The SiNMs in a�d and
b�c are 72 nm and 17 nm thick, respectively. (e) Tilted SEM
image showing 72 nm thick SiNMs formed into buckled
channels at the interconnects of the near-checkerboard
pattern. The inset shows a 3D AFM image of a single
buckle-delaminated channel formed by a 72 nm SiNM.

Figure 2. Microscopy images of a wrinkled (as opposed to
buckle-delaminated) NM/PDMS system, upon treatment in
different solvents, and scalability of wrinkling with NM
thickness and applied strain. (a) Top-view optical image
and (b) tilted off-axis SEM image of a periodic array of 55 nm
thick wrinkles after 20 h immersion in acetone and 15 min
exposure to air at room temperature. The inset illustrates
schematically linear arrays of wrinkled structures in
Si/PDMS. (c) Scalability of the wrinkled structures with
thickness and applied strain. Different values of applied
strain are obtained using different solvents, as described in
the Materials and Methods section. The plot shows that
various combinations of NM thicknesses and applied strain
can be used to tune the amplitude and spacing of wrinkled
structures.
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serially through multiple scaffolds (see Figure 3a) and
formultiple cells extending neurites into and through a
single channel (see Figure 3b,c), for both multipolar
(Figure 3d) and bipolar neurons (Figure 3d,e). On
the other hand, no guidance is observed on samples
uniformly coatedwith PDL, as shown in Figure S2 in the
Supporting Information. In contrast, guidance is also
observed for unfunctionalized tubes if a PDL pad is
provided at the tube opening for adhesion of the
soma.34 Three-dimensional rendering of the confocal
microscope images confirms that neurites are spatially
confined inside the buckle-delaminated channels
(Figure 3f,g). Figure 3f shows the cytoskeletal structure
of two single neurons that grow toward each other,
guided through a single channel. The processes of
these neurons appear to branch inside the channel,
extensively interact with each other, and even gener-
ate putative synaptic contacts. The above results con-
firm that an appropriately functionalized substrate
with buckle-delaminated SiNM channels can effec-
tively support neural culture, guide neurite outgrowth,
and formputative neuron networks in various patterns.

We observe that neurites confined within the
buckle-delaminated channels have a strong tendency
to grow along an inside edge of the channel, an
interesting phenomenon that has not been commonly
observed in other confined-guidance cues, such as
rolled-up tubes34,35 with circular cross sections or
microfluidic channels with flat tops.36 Our observation

may be explained by the uniquely bell-shaped cross-
sectional area of NM channels, where the space near
the channel edge is significantlymore confined than at
the center and therefore provides enhanced cell sur-
face contact.

Turning now to the linear arrays of wrinkled struc-
tures shown in Figure 2 (as opposed to the buckle-
delaminated structures shown in Figure 1), we find two
distinct guidance effects. These are dependent on
the size of the opening of the channel formed by the
buckled NM. Figure 4a shows four channels in a 55 nm
SiNM that appear similar to buckle-delaminated struc-
tures but are created by interfacial defects.30 The
channels are ∼10 μm long but with an amplitude of
only∼1.5 μm,much lower than the∼3.5μmamplitude
of the deliberately buckle-delaminated channels
shown in Figure 1 and used in the results shown in
Figure 3. The Materials and Methods section describes
how these wrinkled structures are characterized. Be-
cause the amplitude is less, the cross-sectional area
available for neurite outgrowth is smaller than for the
channels in Figure 3. In Figure 4a, neurite guidance
through the NM channels is shown, similarly to that
observed for the larger channels shown in Figure 3.
However, the relatively small size (with amplitude
comparable to the diameter of axons) of the channels
in Figure 4a results in neurites being spread evenly
throughout the entire channel space instead of being
restricted to the channel edge, as they predominantly
are in Figure 3. In addition, the spatial confinement of
the cell within the channel is tight, judging by the
absence of tubulin antibody staining (red color) in
the middle of the channel. The apparent exclusion of
these types of macromolecules from the intracellular
space suggests that a tight seal exists between the cell
membrane and the inner surface of the channel. Such a
tight seal of the cell membrane with the channel
surface would make our device an attractive candidate
to mimic myelin, whose tight enclosure around the
axon is crucial to salutatory propagation, a key process
that maintains efficient nerve communication.37 For
future application of this flexible neuro-electrode inter-
face, close contact would also provide the neuron pro-
cess with protection from an immunoresponse and
better potential signal transfer with electrodes.21,23,24

Furthermore, the 3D confinement provided by the
scaffolds is commonly believed to increase cytoskeletal
tension of the growth cone, a desirable feature to
guide axon extension or branching, similar to the
native topographic environment (e.g., myelin, packed
interstitial space) of CNS.

We also culture neurons on a 55 nm thick SiNM that
has formed wrinkles on PDMS (i.e., where the PDMS
coherently deforms along with the NM).30 In these
samples, the open area between the NM and the
supporting wrinkled PDMS substrate is on the order
of a fewhundrednanometers, that is,much smaller than

Figure 3. Confocal fluorescence microscope images show-
ing strong guidance of neuronal outgrowths by buckle-
delaminated channels, while excluding the neuronal cell
body (indicated by arrows). Neuronal processes have been
observed to be guided through up to five channels (a) and
to form putative networks with each other (b,c), whether
the cell is multipolar (d) or bipolar (e). Three-dimensional
rendering of confocal images confirms that neuronal pro-
cesses are confined inside the channel for both a putative
network (f) and a single cell (g). The channels are formed by
72 nm thick SiNMs on PDMS after immersion in acetone for
2 h, rinse in isopropyl alcohol for 120 s, and subsequent
15 min exposure to air at room temperature. The measured
amplitude of the channels is ∼3.5 μm. Actin is labeled in
green. Tubulin is labeled in red. Tubulin and actin are
labeled to capture neurites and small filopodiumprocesses,
respectively. Scale bar in all cases: 20 μm.
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the axon dimensions. As a result, neurite outgrowth
between the NM and the PDMS substrate is prevented.
In order to investigate any topographic guidance of
the neurites by the wrinkled NMs, the samples are
uniformly coated with PDL. Figure 4b shows that,
similar to the topographic guidance provided by com-
monly studied substrate topographies of comparable
dimension,36,38 neurite outgrowthonwrinkles (Figure 4b)
displays a parallel guidance (preference to grow along
the topographic feature). In contrast, outgrowth on the
control substrate (i.e., a flat NM/PDMSuniformly coated
with PDL) displays no preferred guidance.

In addition to the topographic guidance provided
by the periodically arrangedwrinkles, we also explored
guidance effects of a combination of periodic wrinkled
structures and micropatterns of adhesion molecules.
Instead of coating PDL uniformly over a large area, we
deposited 8 μm spaced and∼1.6 μmwide PDL stripes
onto the flat (Figure 4d) or wrinkled (Figure 4e) NM
surfaces by microcontact printing.11 The subsequent
neurite outgrowth follows the PDL stripe pattern on
both the flat NM and the PDMS (see Figure 4d), similar
to what has been previously observed,11 suggesting
that adhesion-based guidance is viablewith our SiNMs.
For comparison, we applied the same PDL pattern per-
pendicular to the periodic wrinkled structures, whose
topography alone induces a guidance parallel to the
wrinkle ridges/grooves. As shown in Figure 4e, the

neurites now predominantly followed the PDL pattern,
suggesting that chemical (adhesion) guidance has a
higher hierarchy than that of topography.

The 3D topography provided by wrinkles (ridges or
grooves) may enhance a neurite's cytoskeletal tension,
as for the filled channels, even though the guidance
effect should be much weaker because of the lower
level of confinement. However, without the presence
of any other guidance cue, the neurites follow the
wrinkle ridge direction. With a stronger adhesion
guidance cue, the weaker guidance of topography is
ignored.

Electrical and Optical Modalities. Finally, we demon-
strate that both electrical and optical functionalities
can be integrated in a buckle-delaminated NM, with
the potential to stimulate or probe electric activity of
neurons. In these experiments, the scaffolds were not
coated with PDL as we expect that a coating of PDL
could not change the outcomes of what is shown here.

Figure 5a shows four buckle-delaminated channels
formed by a 42 nm thick SiNM on PDMS. Rectangular
contact pads are fabricated on the NM prior to its
release and transfer to the PDMS substrate, using
conventional patterning and deposition techniques,
as described in the Materials and Methods section.
Immersion in solvent does not affect the contact pads,
leaving them planar and well-adhered to the SiNM
surface. A typical I�V curve for a buckled NM/PDMS

Figure 4. Schematic illustration and confocal optical microscope images of neural growth in or on periodic arrays of buckle-
delaminated or wrinkled NMs. (a) Linearly arranged buckle-delaminated NMs three-dimensionally confine and guide
neuronal processes. In (a), the dotted lines mark the edges of four channels. The sample in (a) was functionalized as described
in the Materials and Methods section to obtain a PDL coating inside the channel only. (b) Wrinkled NMs guide neurites along
their axis becauseof topography. The dotted linemarks the directionof thewrinkle axis andof theguidedprocesses. (c) No such
guidance is exhibitedby theflatNMonPDMS. The samples in (b,c) wereuniformly coatedwithPDL. (d)MicropatternedPDL lines
applied to the flat NM. (e) Micropatterned PDL lines applied to wrinkled NMs. In (d,e), neuron processes are guided by the PDL
lines. The dotted lines specify the direction of the micropatterned PDL lines. Scale bar equals 15 μm in all cases.
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structure is shown in Figure 5c. Schottky con-
tacts between the p-SiNM and the deposited Cr/Au
are responsible for the threshold-like behavior in
Figure 5c. An average resistivity on the order of 4 (
0.5 Ωcm is inferred from the ohmic region of the I�V

curves measured for 10 different buckled structures on
the same sample. A comparable resistivity is calculated
from the I�V characteristics measured for the films
prior to buckling (see dash-dotted line in Figure 5c).
Four-probe measurements across the SOI wafer prior
to NM fabrication yield values of 2( 0.3Ωcm, suggest-
ing that the fabrication process, including treatment in
solvent, has little effect on the NM electronic conduc-
tivity or the integrity of the electrical contact between
the Cr/Au film and the NM. The I�V response acquired
between two contact pads on PDMS is also shown, in
the inset of Figure 5c. A measured current fluctuating
in the range of a few picoampere excludes the exis-
tence of a low-resistance parasitic path in the PDMS
substrate. In our experiments, low current values are

obtained because we use undoped NMs. However, our
approach can be applied to NMs that are uniformly
doped to achieve a higher current flow.

Next, we demonstrate that our approach can be
applied to NMs containing light-emitting elements. For
this purpose, we deposit a symmetric multilayer
stack including 10 nm of amorphous Si (a-Si)/10 nm
SiO/10 nm a-Si on 400 nm a-Ge on a handle Si
substrate. The a-Ge and a-Si/SiO/a-Si films serve, re-
spectively, as sacrificial and functional layers. The NM is
then patterned in a checkerboard fashion and under-
goes rapid thermal annealing at 800 �C for 30 min.
Annealing promotes the formation of Si nanoclusters
in the SiO matrix, which produce photoluminescence
(PL) in the visible range.39,40 The Si/SiO/SiNM is re-
leased by selective removal of the Ge sacrificial layer,
via etching in (31 vol %) H2O2 at room temperature.
After dry transfer to a PDMS substrate, the combination
Si/SiO/SiNM/PDMS system is immersed in acetone for
30min and rinsed in isopropyl alcohol (IPA) for 120 s. As
the solvent evaporates, themultilayered NMbuckles at
the interconnects, in the same manner as the SiNM.
Figure 5b shows a top-view optical image of the NM
formed into rectangular regions interconnected by
buckle-delaminated structures. We measure PL from
the films in the buckled areas using a 633 nm laser
source focused to a ∼3 μm spot on top of a buckle-
delaminated area, as shown in Figure 5b. Typical
PL spectra obtained from the film before and after
buckling are shown. For comparison, PL acquired from
the bare PDMS surface is also plotted. A broad spec-
trum centered at ∼590 nm is acquired from the NM at
the interconnects before immersion in solvent. No
changes in the peak emission wavelength or the
maximum intensity of the PL spectrum are observed
after subsequent fabrication of the 3D scaffolds (buckle
delamination), confirming that the fabrication process,
including solvent treatment, is not detrimental to the
mechanism responsible for the PL. Figure 5b shows
that our technology allows integration of room tem-
perature light emitters in a 3D scaffold for neuron
culture. This result has significant implications for the
rapidly developing field of optogenetics.22 In opto-
genetics, genetically modified neurons are activated or
silenced by light stimuli at specific wavelengths in the
visible spectrum. Successful experiments have been
conducted using 470 and 590 nm as excitation wave-
lengths. More recently, researchers have used other
channels that enable red light to excite/inhibit specific
groups of neurons.41,42 In this scenario, 3D confine-
ment of neurons by channels formed by optically
active NMs may enable delivery of the light stimuli
with a high degree of specificity and spatial resolution.
A further advantage of our process is the capability of
tuning the luminescence spectra acquired from the
NM to match all the specific wavelengths used to
control cell activity.39�43

Figure 5. Buckle-delaminated NMs as electrical intercon-
nects and light emitters. (a) Top-view optical image of a
42 nm SiNM formed into four buckle-delaminated channels
at the interconnects of rectangular areas of PDMS, labeled
as “Buckled NM”. Four rectangular-shaped 5 nm Cr/200 nm
Au contact pads are fabricated on theNMprior toNMrelease
and treatment in solvents. (b) Top-view optical image of an
annealed 10/10/10 nm Si/SiO/SiNM formed into buckle-de-
laminated channels at the interconnects between rectangu-
lar areas of PDMS. Photoluminescence spectra are acquired
for the buckled film using a laser beam focused to a ∼3 μm
diameter laser spot (orange colored), as shown in (b). The
edges of the photoexcited buckled channel and the rectan-
gular holes in the NM are marked by dotted lines. (c) Typical
current�voltage characteristics measured for the NM be-
tween the contact pads before (solid line) and after (dash-
dotted line) buckling has occurred. Schottky contacts be-
tween the undopedNMand the contacts cause the threshold
behavior. The inset shows the I�V curve measured between
contact pads on bare PDMS. The current fluctuates in the
range of few tens of pA, indicating that no low-resistance
parasitic path exists on the PDMS substrate. (d) Typical
photoluminescence spectra acquired from the annealed
10/10/10 nm Si/SiO/SiNM and the bare PDMS. PL spectra
for both an unbuckled (red solid line) and buckled (black
solid line) NM are shown. Broad spectrum luminescence is
attributed to Si nanoclusters in the oxidematrix and radiative
defects at the nanoclusters/oxide interface.
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CONCLUSIONS

When crystalline materials are fabricated with at
least one dimension in the nanoscale, their mechanical
properties become significantly different from those of
corresponding bulk material. In the present context,
if that thin sheet is a semiconductor, it retains all its
valuable signaling and sensing functions, whilemaking
its mechanical properties compatible with biological
environments, thereby creating an ideal fit for investi-
gations in neuroscience. We have successfully used
strain engineering of silicon-based NMs to pattern 3D
microscale structures on a compliant substrate with

sizes that match cellular dimensions. By themselves,
these structures provide topographic guidance for indi-
vidual neuronal growth/outgrowth, through either chan-
nel confinement or an underlying wrinkle topography,
providing in some situations configurations that mimic a
myelin sheath. The electrical and optical modalities of
these semiconductor NMs are also preserved in these 3D
structures through all the required processing steps.With
these unique features, our NM platform makes an ideal
neural interface substrate, with high resolution, high
signal-to-noise ratio, and high compliance, thereby ad-
dressing and overcoming prominent existing challenges.

MATERIALS AND METHODS

Nanomembrane Fabrication and Transfer to the Compliant Host.
Two-dimensional and linear arrays of buckled structures
on PDMS are fabricated using SiNMs with thicknesses
varying between 17 and 270 nm. Silicon-on-insulator (SOI)
wafers, consisting of a 150�270 nm thick Si template, a
150�3000 nm-thick buried oxide (BOX) layer, and a bulk Si
handle layer, are used as starting substrates. Thinner Si
templates are obtained by thermally oxidizing the starting
substrates and removing the SiO2 grown in an HF (49 vol %)
solution. The thickness of the NM is measured by X-ray diffrac-
tion or reflectometry. SiNMs are patterned in 20�100 μm wide
stripes with a 20�100 μm pitch to fabricate linear arrays of
buckled structures. Networks of buckle-delaminated channels
are obtained by patterning NMs in a checkerboard fashion with
rectangular-shaped holes. The lateral size of the SiNMs varies
between 0.4� 0.4 and 1� 1 cm2. Patterning of the Si templates
before release is achieved by optical lithography and re-
active ion etching with SF6/O2. SiNMs are released from the
SOI wafer by selectively etching the BOX in the SOI wafer using
HF (49 vol %). After complete removal of the BOX, two different
techniques are used to transfer the released NMs to PDMS. In
one case, the SiNMs are floated off in deionized water and
transferred onto the PDMS. In the other case, the NMs are
released, allowed to rest on the original substrate (i.e., the Si
handle wafer), where they bond only weakly, and subsequently
peeled off using the PDMS substrate.28�30

Fabrication of PDMS Substrates. The PDMS substrate is prepared
by casting a liquid PDMS mixture (10:1 weight ratio of silicone
elastomer to curing agent, Sylgard 184, Dow Corning) onto a
chemically cleaned Si wafer and curing for 4 h at 85 �C. The
cured PDMS sheet is approximately 2 mm thick. Immediately
before bonding to the NM, the PDMS sheet is peeled off the Si
wafer and surface-activated by an oxygen plasma for 30 s at a
power of 50 W. Solvents are obtained from Sigma-Aldrich Co.
(St. Louis, MO), Fisher Scientific Co. (Pittsburgh, PA), and VWR
(Radnor, PA) and used as received.

Fabrication and Characterization of 2D and Linear Arrays of Buckled
Structures. SiNMs are transferred to the plasma-treated PDMS
substrate immediately after their release from the SOI and, after
a delay of∼20 h, immersed in solvent. The purpose of the delay
is to allow anywater trapped between theNMand the substrate
to diffuse out of the interface. The purpose of the plasma treat-
ment of the PDMS prior to NM transfer is to present a more
reactive surface to the NM.30 Treatment in solvent is performed
in glass beakers at room temperature. The duration of the treat-
ment is ∼20 h. We used N-methylpyrrolidone (strain, ε = 0.9%),
methanol (strain, ε = 1.5%), IPA (strain, ε = 3.7%), and acetone
(strain, ε = 7.2%).30 The values of applied strain are calculated
from the measured swelling ratio, S, of the PDMS in solvents, as
described in ref 30. Controlled buckling of the NM is then
achieved by exposing the sample to air, with solvent evaporat-
ing at room temperature. Measurements on the 17 and 55 nm
SiNM/PDMS systems undergoing the process illustrated in

ref 30 show periodic wrinkles on the substrate surface for all
levels of applied strain. Alongwith orderedwrinkles, we observe
occasional buckle delamination of the NM in localized areas and
formation of channels with a relatively large opening (∼1.5 μm),
but still much smaller than the openings in deliberately buckle-
delaminated channels (∼4�10 μm). We attribute the forma-
tion of these channels to defects at the NM/PDMS interface
(e.g., particles) between the NM and the PDMS. Particles result
in a pre-existing interfacial delamination that expands when
compressive strain is applied to the film during solvent
evaporation.30,32

The amplitude and length of buckled structures are
measured using three independent techniques: atomic
force microscopy in tapping mode (using a MultiMode
AFM (Digital Instrument-Veeco)), white-light interferometry
(using a Zygo NewView 7200 optical interferometer), and
scanning electron microscopy (using a Zeiss 1540XB cross-
beam focused ion beam SEM). Each data point in Figure 2c is
obtained as an average of amplitude versus corresponding
length of 20 buckled structures. The error bars in Figure 2c
include both the uncertainties in the three measurement
techniques and the standard deviation of the 20 measured
structures.

Preculture Treatment. After fabrication, all substrates/devices
are placed on a glass coverslip to fix the PDMS. The coverslip is
sterilized by UV treatment for 30 min and placed in a Petri dish,
ready for surface coating. Starting from this step on, every
procedure is carried out in a sterile environment.

Surface Coating. Devices are surface-functionalized by 1mg/mL
PDL in various ways to facilitate the uniform or selective
adhesion during the cell seeding process. The first step
is to activate the surface to favor PDL adhesion. For this
purpose, we perform a 2min oxygen plasma at 100WRF power.
This step is performed for all types of samples investigated in
our work, namely, 2D and linear arrays of buckle-delaminated
NMs on PDMS, wrinkled NMs on PDMS, and flat NMs on PDMS.
Next, the sample surface and the inside of the buckle-delaminated
channels are spin-coated with PDL. Samples incorporating
buckled-delaminated NM channels on PDMS undergo an addi-
tional processing step, namely, a transient oxygen plasma etch
at 25 W for 10 s to remove the PDL coating everywhere but
inside the buckle-delaminated NMs. We expect that diffusion
limitations of the etch vapor through channel inlets results in
the PDL coating the inside of channels to remain to form a
selective coating to enhance guidance. Wrinkled and flat NM
stripes were uniformly coated with PDL or patterned with
arrays of PDL lines. The PDL patterning is done by microcontact
stamping, which created 8 μm spaced parallel lines, as de-
scribed previously.11

Immunostaining and Fluorescent Imaging. The culture sample for
fluorescent imaging is fixed in 4% paraformaldehyde/Krebs/
sucrose fixative at pH 7.4 for 30 min. Cultures are then blocked
with 10% BSA/PBS, permeabilized in 0.2% Trition X-100/PBS,
and labeled with antibodies to tubulin at 1:1000 (YL1/2 clone,
Chemicon). Secondary antibodies coupled to Alexa 568 are
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used at 1:500, and Alexa 488/phalloidin (Invitrogen) is used to
label actin filaments (1:100). Fixed cell cultures are imaged with
a Fluoview500 AX70 upright (Olympus, USA) microscope through
a 40� water-immersion lens with a 0.8 numerical aperture.

Fabrication and Electrical Characterization of Single Buckled Intercon-
nects. We pattern a 42 nm Si template in a near-checkerboard
fashion while on its original SiO2/handle Si substrate. We use
photolithography, e-beam evaporation of a 5/200 nm Cr/Au
film, and lift-off to fabricate rectangular contact pads on theNM.
After release and transfer of the NM to the PDMS substrate, the
sample is treated in acetone for 2 h and rinsed in IPA for 120 s.
The NM/PDMS is then exposed to air at room temperature to
allow buckle-delaminated interconnects to form between con-
tact pads as the solvent evaporates.30

Current�voltage measurements are performed on a probe
station using an Agilent/HP4156C semiconductor parameter
analyzer. Reproducibility of the measurements is tested by
sweeping the bias five consecutive times with alternating
polarity for each measured structure. The series resistance of a
test device is estimated bymeasuring the slope of the I�V curve
in the ohmic portion. The series resistance depends on the
measurement instrument, method of connection, and current
path, as this is a two-terminal measurement.

Fabrication of Light-Emitting Buckled Structures. We use e-beam
evaporation to deposit a 10 nm a-Si/10 nm SiO/10 nm SiNM on
400 nm a-Ge sacrificial layer on a bulk Si substrate. The a-Ge
layer is previously deposited by e-beam evaporation on an
RCA-cleaned bulk Si wafer. We use photolithography and
reactive ion etching with CF4/O2 to pattern the Si/SiO/SiNM in
a checkerboard fashion. After rapid thermal annealing for
10 min at 800 �C in forming gas, the NMs are released by
selective etching of the Ge film in 31% H2O2 at room tempera-
ture. We perform dry transfer of the Si/SiO/SiNM onto PDMS. A
2D array of buckle-delaminated structures is obtained after
30 min immersion in acetone followed by a 120 s rinse in IPA
and 15 min exposure to air at room temperature.

Photoluminescence Spectroscopy of SiNMs. We perform micro-
photoluminescence using a LabRAM Aramis (Horiba Jobin
Yvon) confocal Raman microscope equipped with an excitation
source operating at ∼633 nm. In our measurements, the laser
power is attenuated from 6 to ∼0.6 mW focused to approxi-
mately 3 μm using a 50� microscope objective lens.

Neural Culturing. All of the cell cultures reported in this paper
used E15.5 cortical neurons obtained from Swiss Webster mice,
as previously described.44 Briefly, cortices were dissected. The
cells were dissociated by treating with trypsin (0.25%, 15 min,
37 �C), then triturated with a micropipette tip, diluted in plating
medium (neurobasal medium with 5% FBS, Hyclone, B27 supple-
ment, 2 mM glutamine, 37.5 mM NaCl, and 0.3% glucose), and
plated onto the substrates at lowdensity (3000�10000 cells/cm2).
After 1 h, the sample was flooded with serum-free medium
(plating medium without FBS) and incubated for 5�7 days.
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