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ABSTRACT

Self-assembled nanofibers of peptide −amphiphile molecules have been of great interest because of their bioactivity both in vitro and in vivo.
In this work, we demonstrate the simultaneous self-assembly, alignment, and patterning of these nanofibers over large areas by a novel
technique termed sonication-assisted solution embossing. In this soft lithographic technique, the nanostructures self-assemble by solvent
evaporation while under the influence of ultrasonic agitation and confinement within the topographical features of an elastomeric stamp. The
nanofibers orient parallel to the channels as they assemble out of solution, yielding bundles of aligned nanofibers on the substrate after the
stamp is removed. Alignment is likely a result of steric confinement and possibly a transition to a lyotropic liquid crystalline phase as solvent
evaporates. This technique is not limited to uniaxial alignment and is shown to be able to guide nanofibers around turns. Alignment of
nanostructures by this method introduces the possibility of controlling macroscale cellular behavior or material properties by tuning the
directionality of interactions at the nanoscale.

Controlling the placement and orientation of nanometer-scale
objects is essential for many of the technological applications
envisioned for supramolecular self-assembly.1-3 Most self-
assembling materials are macroscopically disordered which
can limit their bulk properties and potential uses. Patterning
on the microscale may extend order in a predictable manner
over large areas, dramatically improving performance and
enabling new functions.4-9 Many strategies have been
investigated for controlling order in materials, and some of
these, including graphoepitaxy10 and soft lithographic
micromolding,11-14 rely on the effects that spatial confine-
ment have on the behavior of materials. These techniques
take advantage of the strengths of top-down fabrication such
as materials generality and facile control of feature shape
and pattern and apply them to a bottom-up system. The
idea of using spatial confinement to guide micro- or
nanoscale ordering has been extensively applied to self-
organized systems, including block copolymers,8-10,15,16

colloidal crystals,17,18 and liquid crystals.19-22 However,

systems that assemble into discrete, nanoscale objects from
dilute molecular solution present a unique challenge because
they often have poor mobility in the neat phase and therefore
must be patterned while solvated. Some of these materials
have been aligned by electric fields,14,23,24 Langmuir-
Blodgett techniques,25,26or mixing with liquid crystals,20,27-29

but these methods are limited in the patterns and molecular
orientations they can produce. To our knowledge, the
possibility of patterning such systems by spatial confinement
as the molecules self-assemble from solution into supramo-
lecular structures has not been reported.

Our interest in patterning is in its application to self-
assembling systems for the development of novel materials
that are useful, tunable, and easily processed. A class of
molecules known as peptide-amphiphiles (PAs) that consist
of an aliphatic tail linked to an oligopeptide segment have
been investigated in recent years and shown to assemble into
a wide range of one- and two-dimensional supramolecular
structures.30-32 In our laboratory, PAs have been designed
that self-assemble into cylindrical nanofibers from aqueous
solution by burying their alkyl segments in the core of a
nanofiber and displaying their peptide sequences on the
surface.33 Previous studies suggest thatâ-sheet formation is
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a strong determinant of the cylindrical architecture of the
supramolecular assemblies.34-39 The nanofibers intertwine
into three-dimensional networks that have been studied in
our laboratory for a variety of applications in regenerative
medicine, including biomimetic hydroxyapatite mineraliza-
tion,33 neural progenitor cell differentiation,40 and blood
vessel formation.41

Work on patterning surfaces with proteins and epitopes is
extensive,42-48 but the one-dimensional structure of the PA
nanofibers adds another level of order that may be exploited
to control cell behavior or templated mineralization. Align-
ment of the PA nanofibers would also enable more detailed
investigations of their internal structure. The nanofibers
assemble readily upon solvent evaporation but are difficult
to manipulate when completely dry. Collagen fibrils have
been aligned in arrays created by electron-beam lithography49

and dip-pen nanolithography (DPN).50 Similarly, we have
shown that DPN can produce a low degree of orientation of
PA nanofibers but only in small areas.51

Soft lithography techniques have proven to be inexpensive
and versatile methods for low-temperature patterning of soft
matter.11-14,44,48Micromolding and liquid embossing using
grooves cast from diffraction grating masters allow for facile
patterning and confinement of material in dense arrays of
submicrometer lines.52-54 In the present work, we achieve
long-range order of PA nanofibers starting from solution prior
to their self-assembly and using only spatial confinement.
We demonstrate the simultaneous self-assembly, alignment,
and patterning of PA nanofibers over an area approaching 1
cm2 by a sonication-assisted solution embossing technique.
The technique is shown not to be limited to unaxial alignment
but can be used to guide the nanofibers around corners.

The chemical structures of PA molecules1 and 2
employed in this study are shown in Figure 1. PA1 is
terminated with the tripeptide RGD, a well-known epitope
that among other things can promote cell adhesion.55,56 PA
2 displays the pentapeptide IKVAV found in laminin-1 that
has been demonstrated to promote process outgrowth in
neurons.57,58Solid-phase synthesis and in vitro studies of PA

1 and 2 have been previously reported.33-36,40 PA 2 is of
interest for its ability to promote and guide neurite outgrowth
in the regeneration of the nervous system or in the creation
of in vitro assays for neuroscience.

Optical diffraction gratings (Edmund Industrial Optics)
with groove densities of 2400 and 3600 lines/mm (line
periods of 416 and 278 nm, respectively) were used as master
molds to cast patterned poly(dimethylsiloxane) (PDMS)
stamps following procedures reported by Roman et al.53 To
improve the fidelity and mechanical stability of the PDMS
replica, a composite structure was employed in which the
surface features were cast in stiffer PDMS (h-PDMS) and
supported with a thick backing of soft PDMS (see Supporting
Information).59 Prior to use, the stamps were cleaned of dust
and debris by ultrasonication in 2-propanol and then in
deionized water. The stamp was placed on a piece of glass
that served as a rigid backing, and a circular weight used to
apply a load on the stamp of roughly 30 g/cm2.

Borosilicate glass or silicon substrates (0.5 mm thick,
single side polished, 1500Ω cm, University Wafer) were
cleaned in a hot piranha mixture to render them hydrophilic.
A substrate was placed in the bottom of an empty glass
beaker immersed in an ultrasonic bath. Four microliters of
1-5% by weight PA solution in water was pipetted onto it,
and the weighted PDMS stamp brought down on top of the
solution. The circular weight was sized to fit snugly within
the glass beaker and prevent excessive translational move-
ment of the stamp. The entire setup was sonicated for 1 h at
40 kHz in a Branson 1510 ultrasonic cleaner and allowed to
dry for a day without any further agitation before the stamp
was removed. Samples were imaged by tapping mode atomic
force microscopy (AFM) using a JEOL 5200 scanning probe
microscope. Samples made on glass substrates were exam-
ined by AFM and used for cell studies. Scanning electron
microscopy (SEM) images were collected on a Hitachi S4500
scanning electron microscope.

Figure 2 shows AFM images of nanofibers of PA1
embossed from a 5 wt %solution in capillaries with periods
of 416 and 278 nm. Qualitatively, the supramolecular

Figure 1. Chemical structures of PA molecules1 and2.
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nanofibers conformed to the pattern of the grating and
appeared to be very well aligned in long bundles along the
direction of the grooves. For the 416 nm lines, most of the
bundles were, as in Figure 2a, cleanly separated from each
other with no residual layer of nanofibers coating the
substrate in between. For the 278 nm lines, there was a
ubiquitous residual layer of nanofibers between the nanofiber
bundles, but excellent alignment within the bundles was still
observed and the uniformity of deposition was very good.

AFM images of PA2 nanofibers embossed in capillaries
with periods of 416 and 278 nm from a 1 wt %solution are
shown in Figure 3. For the 416 nm lines, the degree of order
appeared to be comparable to that of PA1 with nanofibers
aligned in neatly spaced bundles. However, the deposition
was not as uniform, with some lines completely lacking
nanofibers. This characteristic was more pronounced for the
finer lines (Figure 3b). In some areas, good alignment was
observed for cleanly spaced bundles of small numbers of
nanofibers, but in other areas the nanofibers were poorly
aligned or completely absent. It is possible that in this case,

the channels were too shallow and actually hindered the
mobility of the nanofibers.

For the 2400 lines/mm grating, the heights of the lines
produced using 5 and 1 wt % solutions were 50( 9and 23
( 6 nm, respectively. The finer grating yielded line heights
of 32 ( 2 and 17( 9 nm, respectively. Differences in line
height between PAs1 and2 were not significant. While the
difference in line height due to concentration was not
surprising, the overall magnitude of the heights was larger
than expected, suggesting that the nanofibers collected within
the channels at concentrations of roughly 20% to 50% by
volume. If the stamp was in contact with the substrate during
the entire process, achieving these concentrations would
require extensive mass transport down the length of the
channels. This seems unlikely given that PAs1 and2 begin
to form self-supporting gels at concentrations of 1-2% by
weight.

Previous studies that applied capillary micromolding
techniques most often involved positioning the stamp onto
the substrate first and then placing a drop of solution at one

Figure 2. AFM height and phase images of aligned supramolecular nanofibers of PA1. The fibers were embossed from a 5 wt %solution
into lines with periods of (a) 417 nm and (b) 278 nm (height scales 106 and 99.8 nm, respectively). In (a), the widths of the nanofiber
bundles were ca. 200-300 nm, and the average height of the lines was 55.1( 0.7 nm. The inset shows a fast Fourier transform (FFT)
of the phase image, revealing the periodicity of the grating pattern (brightest spots toward the center) and the nanofibers within each
line (diffuse bands to the outside). In (b), the widths were ca. 150 nm, and the average height of the lines was 33.3( 1.0 nm. The FFT
of the phase image shows similar alignment along the channels as well as some off-axis orientation of the underlying residual layer of
nanofibers.
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of the open ends of the channels and allowing the solution
to wick in by capillary action.12,13,52-54 This method was
initially attempted with PA1, but while the solution traveled
the full length of the channels, nanofibers were only
deposited about 1 mm into the channel, regardless of the
initial conditions. This likely occurred because as the size
and number of nanofiber aggregates increased with solvent
evaporation, their diffusivity decreased. Given this observa-
tion, it is improbable that the lines deposited with the current
method could result from diffusion down the confining
channels. More likely, the stamp does not actually sit in
contact with the substrate initially but instead on a thin film
of solution several hundreds of nanometers thick. As the
water evaporates, this fluid layer decreases in thickness until
the stamp finally contacts the substrate, trapping a high
concentration of PA nanofibers within each channel.

This mechanism also helps to explain the presence of the
residual layer in Figure 2b. By AFM and SEM, the depths
of the channels were 128( 4 and 63( 3 nm for the 2400
and 3600 lines/mm gratings, respectively. The smaller

volume in the 278 nm channels meant that less material could
be collected in them, and any nanofibers that could not be
moved out from under the stamp remained as a residual layer.
Furthermore, while the stiffer h-PDMS layer on the patterned
surface of the stamp should reduce compression of the chan-
nel, some deformation is still expected. As such, the stamp-
substrate contact area between each bundle of nanofibers was
larger for the 3600 lines/mm grating, which may have
decreased the actual pressure underneath the contact area.

Including an ultrasonication step in the procedure im-
proved the overall alignment and uniformity of deposition,
especially for nanofibers of PA2. Nonsonicated samples
tended to have a thicker residual film between the channels
and a greater occurrence of defects in line deposition. We
suspect that mechanical agitation during the initial stages of
drying imparted kinetic energy to the system, enabling the
nanofibers to adopt a more equilibrium packing geometry.
Ultrasonication could act on large length scales by smoothing
out concentration gradients and on smaller length scales by
increasing the mobility of both the supramolecular aggregates

Figure 3. AFM height and phase images of aligned supramolecular nanofibers of PA2. The fibers were embossed from a 1 wt %solution
into lines with periods of (a) 417 nm and (b) 278 nm (height scales 44.7 and 25.4 nm, respectively). In (a), the widths of the nanofiber
bundles were ca. 150 nm, and the average height of the lines was 23.1( 0.7 nm. The inset FFT of the phase image clearly shows the
periodicity of the nanofibers within each bundle oriented nearly parallel with that of the overall line pattern. In (b), the widths were ca.
50-100 nm, and the average height of the lines was 13.4( 1.2 nm. Overall, the degree of alignment and uniformity of deposition was
poorer for the 278 nm lines than for the 416 nm lines.
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and the molecules themselves, accelerating the process of
dynamic assembly and disassembly of the nanofibers.

Nanofibers of both PAs have persistence lengths greater
than 600 nm as estimated by transmission electron micros-
copy, SEM, and AFM images.33,34,51 This length is longer
than the dimensions of the confining capillaries, which are
416 nm wide and 128 nm tall at the largest. Because of this
fact, steric hindrance likely plays a role in the alignment of
the nanofibers within the channels. It is also possible that
the system undergoes a phase transition to a lyotropic liquid
crystalline phase as the concentration increases. Lyotropic
liquid crystal models such as those put forth by Onsager60

are particularly applicable for high aspect ratio mesogens
with limited interactive forces other than steric repulsion.
Figure 4 shows optical microscopy images of aqueous gels
of both PAs1 and2 at concentrations of roughly 15% and
7% PA by weight between crossed polarizers. Both gels
displayed birefringent textures that suggest self-organization
of the nanofibers into nematic phases at higher concentra-
tions. Drop cast films of both molecules showed only very
limited long-range orientational order, indicating that the
liquid crystalline phases are slow to organize. A liquid crystal
phase is not necessary to achieve good alignment with
adequate spatial confinement; however, in our systems the
cooperative effect of both phenomena would improve the
degree of order.

If the system indeed entered a lyotropic phase, it might
be possible to observe a difference in behavior depending
on solution concentration. At an Onsager transition, the
material would be expected to phase separate into a dilute
isotropic phase and a more concentrated nematic phase.60

This behavior can be seen in concentrated gels of PA1
(Figure 4a) where strongly birefringent needle-like domains
on the order of tens of micrometers precipitate from a
disordered medium. The “empty” lines such as those in
Figure 3a and observed in samples of patterned nanofibers
of both PA1 and2 may be due to phase separation during

patterning, resulting in lines of nematic and isotropic phases.
Alignment in the former would be dominated more by liquid
crystalline behavior while alignment in the latter might be
affected more by drying effects. When the initial solution
concentration is increased from 1 to 5 wt % as shown for
PA 1 in Figure 2, very few “empty” lines were seen,
presumably because all of the material in solution collapsed
into the condensed phase within the channels. AFM and SEM
of used stamps revealed that liftoff of entire lines of
nanofibers with the stamp was extremely rare, and even so,
liftoff would not explain the concentration dependence.

The effectiveness of this method depends on not only the
degree of order of any liquid crystalline intermediate but the
dynamics of self-assembly as well. Instead of being a
detriment, self-assembly during the patterning process may
in fact improve the degree of order. Alignment of a
covalently cross-linked fiber requires the full rotation of the
whole fiber, whereas self-assembled nanofibers can break
and re-form, effecting alignment with a minimum of mass
transport. Differences in the degree of orientation between
PA 1 and PA 2 may reflect differences in self-assembly
kinetics. Despite these differences, alignment is observed in
both PAs, demonstrating the promise of this method for the
alignment of other self-assembling one-dimensional nano-
structures.

Having found that it is possible to align PA nanofibers
within parallel channels, we were interested in determining
whether we could arrange the nanofibers in more complex
patterns. Microchem A3 950K poly(methyl methacrylate)
(PMMA) resist was spin-coated onto a silicon wafer with a
100 nm oxide layer (University Wafer). Electron-beam
lithography was performed with a FEI Quanta ESEM to draw
patterns in the PMMA resist film, and the topological pattern
was transferred into the oxide layer by dry etching in a
PlasmaLab 80 reactive ion etcher. While electron-beam
lithography was time-consuming, it was required only once
to create the rigid master from which the pattern could be

Figure 4. Polarized optical microscopy images of concentrated aqueous gels of PA nanofibers. Both scale bars are 100µm. (a) PA1 at
roughly 15 wt % shows bright birefringence suggestive of a hexagonal liquid crystalline phase and possible phase separation from an
isotropic phase. At higher concentrations, fingerprint textures indicative of a cholesteric phase can be seen, similar to those reported
previously.24 (b) PA 2 at roughly 7 wt % is more weakly birefringent but does display a texture that suggests the formation of a nematic
phase.
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replicated multiple times by soft lithography. The pattern
consisted of parallel lines 200 nm wide and spaced 200 nm
apart similar to a diffraction grating, except the lines turned
sharp corners periodically at angles varying from 45° to 135°.
The silicon master was silanized by immersion in a 40 mM
solution of octadecyltrichlorosilane (Aldrich) in toluene to
prevent adhesion to PDMS and then applied in a similar
manner as the commercially available diffraction gratings
to mold PDMS stamps for use in solution embossing.

Figure 5 shows SEM images of nanofibers of PA1
embossed in the electron beam defined capillaries. The
nanofibers aligned along these channels just as they did in
the diffraction grating molded channels. When the nanofibers
reached a corner, they would either bend or break and then
continue traveling parallel to the new channel direction. At
a 135° turn in the channel, the nanofibers appeared to bend
but remain intact as they round the corner. At sharper angles
of 90° or 45°, the nanofibers usually terminated before taking
up the new channel direction. The minimum radius of
curvature of the nanofibers was generally observed to be
about 400 nm. This is perhaps the most definitive proof that
alignment in these submicrometer capillaries is due to spatial
confinement and not due to any shear force generated
between the stamp and the substrate. Such shear forces would
likely have resulted in uniaxial alignment of the nanofibers
over the substrate regardless of channel orientation.

We have previously shown that the PA self-assembles in
cell media into nanofiber networks40 and do not expect
significant dissolution of the aligned nanofibers under similar
conditions. Preliminary experiments do indicate that the
patterns are stable in cell culture medium. Thus, they are
potentially useful for studying cell behavior on bioactive
substrates patterned across multiple length scales.

We have shown that PA nanofibers can be simultaneously
oriented and patterned during their self-assembly from
solution within microchannels. We believe this process is
the result of a synergistic interaction between a liquid crystal
transition and spatial confinement. The method is not limited
to uniaxial alignment but can be used to guide self-
assembling nanofibers around corners and in complex
patterns. It is also versatile enough to be used in the
alignment of other self-assembling supramolecular systems
systems starting from solutions of small molecules.
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