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Tunable Nanochannels Fabricated by Mechanical
Wrinkling/Folding of a Stiff Skin on a Soft Polymer

So Nagashima, Hamid Ebrahimi, Kwang-Ryeol Lee, Ashkan Vaziri,*

and Myoung-Woon Moon*

Nanochannels can effectively be used for manipulating nano-
materials, such as DNA,["® proteins,”# and nanoparticles.!
Nanolithography-based methods, including electron-beam
lithography,!'®!1 focused ion beam (FIB) patterning,!!%13
and nanoimprint lithography,!'*!3! have been widely used for
the fabrication of nanochannels owing to their excellent pat-
terning resolution, reproducibility, and flexibility. However,
they often involve multistep processes with costly equipment
and expertise, and therefore, are not readily accessible. Alter-
native methods that exploit thin film instabilities (e.g., sur
face wrinkling®'®l and cracking!'”-*! have been proposed to
overcome the abovementioned limitations. Surface wrinkles
appear when a thin stiff skin attached to a soft substrate (e.g.,
poly(dimethylsiloxane) (PDMS)) is compressed beyond a crit-
ical value,?% while surface cracks emerge in the same physical
system as a result of strain energy release due to mechanical
fracture of the stiff skin.l'l The formed patterned surfaces can
be used to create closed channels when they are used with a
sealing material such as PDMS or glass. However, the sealing
process generally requires relatively high external forces to
ensure proper bonding, resulting in distortion of the original
wrinkled or cracked surface morphology. Moreover, the sealing
material cannot easily be removed because of its strong adhe-
sion to the counter surface. The process is thus irreversible and
direct analysis of the fluids or materials inside the channels is
infeasible.

Here, we present a straightforward method for fabricating
nanochannels that exploits another type of thin film instability
called folding, which emerges during post-instability evolution
of surface wrinkles.?'24 In our experiments, a flat PDMS sub-
strate was uniaxially stretched and treated with oxygen plasma
for varying durations, resulting in formation of a stiff-oxidized
skin of varying thickness on the surface.?”! Thereafter, the
stretch was released to induce a compressive strain (g), defined
as the change in length per unit of the initial length of the sub-
strate, in the skin. At small strain levels, wrinkles appeared on
the substrate surface, forming open channels with a specific
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wavelength and amplitude (Figure 1a). Further increase in
the strain level triggered the transition from wrinkles to folds,
creating well-defined closed channels with a diameter in the
nanoscale range (Figure 1Db). The characteristic dimensions of
the channels such as wavelength, amplitude, and diameter were
robustly tunable by changing the duration of oxygen plasma
treatment and strain level. Furthermore, the configuration of
the channels was switchable from open to closed and vice versa
by controlling the strain level. We demonstrated a unique appli-
cation of the tunable nanochannels for “on demand” trapping
and releasing gold (Au) nanoparticles.

Surface morphological changes of a substrate treated with
oxygen plasma for 20 min were analyzed by in situ atomic force
microscopy (AFM) with respect to the nominal strain induced in
the skin. The surface morphology can be categorized into three
distinctive regimes: wrinkling, transition, and folding (Figure 2a).
In the first regime, wrinkles were observed on the surface,
and the wavelength (Ay) was decreased in a relatively linear
fashion with an increase in the nominal strain (Figure 2b),
while the amplitude (Ay) was increased approximately with the
square root of the nominal strain (Figure 2c). When a PDMS
substrate is subjected to large deformation, the wavelength
decreases while the amplitude increases with increasing strain

Figure 1. Morphological instabilities of a stiff skin formed on soft PDMS
substrates. Cross-sectional scanning electron microscope (SEM) images
of a) open channels formed by wrinkling instability (¢ = -0.12) and
b) closed ones created by folding instability (€ = —0.53). These samples
were prepared by 10 min oxygen plasma treatment at a power of 200 W.
The images were obtained at a tilt angle of 52°.
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Figure 2. Evolution of surface morphology as a function of the nominal strain applied. a) Schematic illustrations of the representative surface mor-
phologies and the corresponding AFM images acquired at various nominal strains: £=-0.11 (top: wrinkling); € =-0.36 (middle: transition); £ =-0.38
(bottom: folding). b,c) The wavelength(s) (Aw, A1) and amplitude(s) (Ay, A;) were measured for a PDMS substrate treated with oxygen plasma for
20 min. The blue shadowing indicates the regime of transition from wrinkling to folding.

level.2 In this study, the transition from wrinkles to folds
started at the nominal strain of approximately —0.36. During
the transition regime, some of the wrinkles moved toward their
neighboring wrinkles, creating a new morphology consisting of
wrinkles and folds characterized by wavelengths (Ay, 4;) and
amplitudes (Ay, A;). The surface morphology during the transi-
tion regime depends on the relative Young’s moduli of the skin
(Esin) and the substrate (Eg,,), and such a coexistence of wrin-
kles with folds has been reported for a bilayer polymeric system
under biaxial compressive stress, where 10*< Eqq, [ Eqp < 10°.123]
Here, Young’s moduli of the PDMS substrate and the stiff skin
used in this study are =0.5 MPal?’l and =1.5 GPa,?8! respectively,
yielding Egin/ Egu, = 103,

When the nominal strain was further increased, the complete
transition to folds eventually occurred with characteristic wave-
lengths (A, Aw, A1) and amplitudes (Ay, A,), where Az = Ay, + A,.
In the folding regime, two adjacent wrinkles evolved to create
a single fold, where the wavelength of folds right after the
transition was approximately equal to twice that of wrinkles
prior to the transition, i.e., Az =2Ay. As can be seen, the
value of A; saturated with an increase in the nominal strain,
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whereas Ay was decreased from 1084 to 889 nm. Similarly,
A; was decreased from 65 to 34 nm, not displaying a strong
dependence on the nominal strain, while Ay was significantly
decreased from 127 to 71 nm with an increase in the strain.
Although a higher order bifurcation, i.e., a period-quadrupling
mode, has been reported,?2?*! it was not observed in this study
even at a high level of compressive strain. This behavior would
probably be due to the high level of stretch applied to the sub-
strate prior to formation of the stiff skin. The surface mor-
phological evolution of a system consisting of a stiff layer and
a soft substrate is significantly affected by pre-stretch of the
substrate and its level (Table S1, Supporting Information). In
addition, the critical strains for post-wrinkling bifurcations are
shifted to higher levels with increasing pre-stretch ratio.[?%3%
In this study, the stiff skin was formed on the surface of pre-
stretched PDMS substrates by oxygen plasma treatment, and
various levels of compressive strain were induced by release of
the pre-stretch. The prestretch ratio employed here was 111%,
which is the highest among the values reported.?2°3% The
onset of period-quadrupling mode would thus be delayed to
a strain level higher than the others reported to date, which

Adv. Mater. Interfaces 2015, 2, 1400493
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Figure 3. Evolution of surface morphology as a function of the duration of oxygen plasma treatment. Representative AFM images of PDMS substrates
treated with oxygen plasma for varying durations, followed by compression at the strains of a) e=-0.08 and b) £=-0.53. c) Cross-sectional SEM images
of PDMS substrates treated with oxygen plasma for 5 to 30 min, followed by compression at the nominal strain of € = -0.53. A magnified image of a
closed channel of each sample indicated by the orange arrow is shown next to the original image. These images were obtained at a tilt angle of 52°.
d) The wavelength (4y) and amplitude (Ay) of the wrinkles formed at the strain of € =-0.08 as a function of the duration of oxygen plasma treatment.
e) The wavelength (Ay, A¢), amplitudes (A;, Ay), and diameter (d) of the folds created at the strain of £ =-0.53 as a function of the duration of oxygen

plasma treatment.

could be over the range of compressive strain investigated
here. Note that the folding behavior of the stiff skin can be
affected by the release rate of the pre-stretch applied to the
PDMS substrates (Figure S1, Supporting Information), and
release rates appropriate for the formation of well-defined
folds were employed here.
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Figure 3a,b shows the AFM images of surfaces compressed
at nominal strains of —0.08 and -0.53 after oxygen plasma
treatment for varying durations, respectively, and Figure
3c presents the cross-sectional SEM images of the samples
compressed at the nominal strain of —0.53. With increasing
duration of oxygen plasma treatment from 5 to 30 min, the
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Figure 4. Surface morphological changes with repeated compression/stretch. a) AFM images of a PDMS substrate surface treated with oxygen plasma
for 20 min obtained at various strain levels. b) The surface profile analyzed by in situ AFM at various strain levels. Each tick mark on the horizontal

and vertical axes denotes 1 pm and 100 nm, respectively.

wavelength (Ay) and amplitude (Ay) of wrinkles increased
from 559 to 1480 nm and from 49 to 138, respectively, as
quantified in Figure 3d. In particular, the increase in the
wavelength was in a relatively linear fashion with a slope of
37.0. The wavelength and amplitude of wrinkles are expressed
as a function of the thickness of a stiff skin.?3? Here, Ay
increased linearly with increasing duration of oxygen plasma
treatment up to 20 min, implying a linear increase in the skin
thickness. However, Ay, showed the initiation of a saturated
behavior with a further increase in the duration of oxygen
plasma treatment. This saturation can be accounted for by the
limited increase in the skin thickness during oxygen plasma
treatment.l**! Similarly, the wavelength of folds (Af) increased
approximately linearly from 660 to 1584 nm as the duration
of oxygen plasma treatment was increased, where the pro-
portionality constant measured 36.6 (Figure 3e). The primary
(A;) and secondary (Ay) amplitudes of the folds also increased
from 18 to 66 nm and from 7 to 53 nm, respectively. These
results suggest that A, A;, and A, are also a function of the
skin thickness, indicating that one can control the dimensions
of folds simply by changing the duration of oxygen plasma
treatment.

Figure 3c reveals arrays of closed channels with a teardrop
shape created by the contact of adjacent wrinkles. The diameter
of closed channels (d) was measured using Image] (National
Institutes of Health, USA) and plotted with respect to the dura-
tion of oxygen plasma treatment (Figure 3e), showing that the
channel diameter increased with increasing duration. This rela-
tionship can be explained by a simple geometrical argument
based on conservation of the total length of the skin. Assuming
that the cross sections of the closed channels are perfectly
round in shape and the top surface is flat, i.e., d > A;, Ay, the
following equation can be derived:

md=Lo—As (1)

where L, is the unit length of the skin before compression.
Since £ = (A — Ly) / L, Equation (1) can be rearranged as:
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Here, the actual cross sections of the closed channels are
teardrop shaped and the wavelength of folds is a function of the
duration of oxygen plasma treatment, as revealed in Figure 3e.
Therefore, Equation (2) can yield the equation below:

€
(1+e)m

d~p 3)

where f3 and t denote a prefactor and the duration of oxygen
plasma treatment, respectively. Equation (3) shows good agree-
ment with our experimental results with = —-12.9.

The surface morphological changes with repeated increase
and decrease in the strain were analyzed by in situ AFM.
Figure 4a,b shows the representative AFM images of a surface
area obtained at different strain levels and the corresponding
surface profiles, respectively. With an increase in the strain
from -0.11 to —0.53, the surface morphology evolved from
wrinkles to folds, which is in agreement with the results shown
in Figure 2. When the strain was reduced from —0.53 to —0.11,
the folds changed to wrinkles. The morphological transition
between wrinkles and folds was repeatedly achieved as shown
in Figure 4. These results clearly demonstrate that the open/
closed configuration of the channels is reversibly switchable by
controlling the strain level.

By taking advantage of the tunable nanochannels, one can
easily place nanomaterials in the closed channels by either trap-
ping or growing them inside. In this study, we used Au nano-
particles, which have found various applications in biomedical
fields, such as diagnosis, therapy, and imaging,**** to demon-
strate the potential usage of tunable nanochannels. Figure 5a
presents a series of AFM images of the nanoparticles dispersed
on the surface obtained at various strain levels, and Figure 5b
shows the corresponding surface profiles for nanoparticles in
wrinkled (A) and folded (B) regions. At the strain of —0.24, the
nanoparticles A and B were preferentially aligned along the
troughs of the wrinkles. When the strain was increased from

Adv. Mater. Interfaces 2015, 2, 1400493
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Figure 5. Trapping and release of Au nanoparticles using the tunable nanochannels. a) AFM images of Au nanoparticles on the surface of a PDMS sub-
strate treated with oxygen plasma for 20 min obtained at various strain levels. The red and blue arrows indicate compression and stretch, respectively.
b) The surface profile analyzed by in situ AFM at various strain levels. The nanoparticle A was in a wrinkled region, while the nanoparticle B was in a
folded one. The dashed lines indicate the location of the nanoparticles A and B. Each tick mark on the horizontal and vertical axes denotes 100 nm.
) A cross-sectional SEM image of Au nanoparticles trapped in the closed channels, indicated by the yellow arrows, formed at the strain of € =-0.53.

This image was obtained at a tilt angle of 52°.

-0.24 to -0.53, the nanoparticle A remained detectable on the
surface, whereas the nanoparticle B was concealed in a closed
channel (Figure 5c). As the strain was decreased to —0.11, the
nanoparticle B appeared on the surface again because of the
surface morphological transition from folds to wrinkles. With
increasing strain to -0.53, the nanoparticle B was hidden
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beneath the surface again. This process is repeatable by the
simple control of the strain level, providing a robust method
for trapping and revealing nanoparticles “on demand”. The
diameter of the nanoparticles used here was comparable to that
of the nanochannels employed for this experiment, and each
channel accommodated a single nanoparticle. Note that the
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technique discussed above can also be used to trap nanopar-
ticles with a higher concentration and/or a smaller diameter
(Figure S2, Supporting Information).

In summary, we have shown that nanochannels can easily
be fabricated by the facile method based on mechanical wrin-
kling/folding of the stiff skin formed on the surface of soft
PDMS substrates by oxygen plasma treatment. The charac-
teristic dimensions of the nanochannels such as wavelength,
amplitude, and diameter are robustly tunable by changing the
duration of oxygen plasma treatment and the level of strain
applied to the skin. Furthermore, the open/closed configura-
tion of the nanochannels is reversibly switchable by controlling
the applied strain, and we have demonstrated “on demand”
trapping and release of Au nanoparticles using the tunable
nanochannels. The characteristic length of the arrays of nano-
channels is limited to the tens of micrometer scale (Figure S3,
Supporting Information) because of the presence of structural
defects and cracks. However, owing to the facile tunability, the
nanochannels containing Au nanoparticles could effectively be
used to construct a 3D platform for specific biomedical applica-
tions. Moreover, the switchable configuration of the nanochan-
nels allows for subsequent direct analysis of the materials of
interest trapped inside the closed channels.

Experimental Section

Formation of Surface Wrinkles and Folds: PDMS prepolymer was
prepared by a mixture of silicone elastomer base with a curing agent
at a ratio of 20:1 by weight (Sylgard 184, Dow Corning Corp.). Prior to
curing, the air bubbles trapped were removed in a vacuum chamber.
The mixture was cured at 70 °C for 2 h, and the resulting PDMS sheet
with a thickness of 1.5 mm was cut into substrates of 10 X 25 mm?.
Each PDMS substrate was stretched uniaxially up to =111% of the
initial length and subsequently treated with oxygen plasma for 5 to
30 min with a low-pressure plasma system (COVANCE, Femto Science)
to form a stiff-oxidized skin of varying thickness on the surface.?’] The
flow rate, power, and working pressure during the plasma treatment
were 20 sccm, 100 or 200 W, and =0.6 Torr, respectively. Afterwards,
the stretch applied to the substrate was released to induce a nominal
compressive strain, defined as the change in length per unit of the initial
length of the substrate, in the skin. The nominal strain varied according
to the level of the release of stretch, and complete release of the stretch
corresponded to the nominal strain of —-0.53. Surface morphology of the
samples was analyzed by in situ AFM (XE-70, Park Systems Corp.) in
noncontact mode. Cross sections of the samples were observed with a
high-resolution SEM equipped with focused ion beam (FIB; NOVA200,
FEI). Prior to imaging, the samples were coated with platinum to prevent
any possible alteration of the surface morphology and any potential
damage by gallium ion irradiation.

Dispersion of Au Nanoparticles: The surface of a stretched PDMS
substrate was treated with oxygen plasma for 20 min and subsequently
modified with 10 pL of poly-D-lysine in borate buffer for 2 min, followed
by gentle rinse with distilled water and dry with N, gas. The initial
stretch was then partially released to create wrinkles on the surface,
where the nominal strain measured about —0.24. For dispersion of the
nanoparticles, spin coating, which can effectively be used for assembling
colloidal particles on wrinkled surfaces,?¢3° was employed. A droplet
(2.5 pL) of a solution containing Au nanoparticles with a mean diameter
of 100 nm (Sigma-Aldrich) was dispersed on the wrinkled surface by
a two-step spin coating; the first step was performed at 200 rpm for
60 s, followed by the second step at 2000 rpm for 30 s. Afterwards,
the nominal strain was varied and the distribution of the nanoparticles
on the surface was characterized with respect to the strain by in situ
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AFM. To analyze the distribution of the nanoparticles inside the folds, or
closed channels, cross sectioning using FIB was performed.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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