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Self-assembled diphenylalanine (FF) peptide nanotubes (PNTs) have attracted significant attention due to

their well-ordered supramolecular structure and wide range of functional capabilities that may enable

potential nanobiotechnology applications. However, self-assembled PNTs are generally inhomogeneous

at the macroscale, which has limited their potential use. Reproducibly controlling the assembly and

alignment of PNTs is therefore critical to enable the widespread use of PNTs, e.g., in sensing

applications. In this study, a surface patterning technique based on UV/ozone exposure through a mask

is used to align PNTs. Exposed regions become hydrophilic, leading to directed spreading of the FF

solution and alignment of the PNTs that improves as the difference in wettability between adjacent

regions increases. Alignment was further found to depend on the concentration- and temperature-

dependent diameter of the PNTs formed and the size of the hydrophilic area. Finally, aligned PNTs

decorated with silver nanoparticles are used to sense an analyte molecule using surface enhanced

Raman spectroscopy.
1. Introduction

Self-assembling diphenylalanine (FF) peptide nanotubes (PNTs)
are one of the most promising organic building blocks for
nanobiotechnology applications owing to their thermal
stability, functional properties, and straightforward
synthesis.1 8 However, PNTs are generally macroscopically
disordered, which limits their potential use,9 e.g., as a replace-
ment for lead zirconate titanate in integrated piezoelectric
sensors.10 Despite extensive efforts to understand and control
the self-assembly process, e.g., through evaporation,11 temper-
ature,4,12 15 and external elds,1,2,16 19 the ability to tailor both the
orientation and distribution of these nanostructures remains
a challenge.1,2,9,11,20,21 In order to improve the suitability of PNT-
based devices for tissue engineering, molecular sensing, and
organic electronics applications, methods to improve the
organisation and alignment of PNTs in a predictable manner
over large area have been explored.1,4,5,9,22 25 For example,
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vertically aligned PNTs have been prepared by vapour deposi-
tion through mask openings with the aim of developing, e.g.,
high surface area electrodes that can be used for energy storage
applications.9 Horizontal alignment has also been reported
using magnetic and electric elds.1,2,19 Horizontal alignment by
drop casting onto substrates with patterned wettability was
achieved by Adler-Abramovich et al. who used electron irradia-
tion and/or UV illumination through regularly spaced 100 mm
openings to create a substrate with hydrophobic and hydro-
philic regions.16 Horizontal alignment of PNTs occurred at the
edges within hydrophilic regions and the alignment was
attributed to differences in wettability.16 Despite these efforts,
horizontal alignment of PNTs has not advanced signicantly
beyond this initial demonstration nor has it been explored
systematically.

In this study, a surface patterning technique is used to align
PNTs. Patterned regions are created by growing a silicon oxide
layer on a Si surface via UV/ozone exposure through a Si mask.
The degree of alignment is quantied as a function of FF
concentration and mask opening size. Further control over the
diameter and density of the PNTs is achieved by heating the FF
solution prior to drop casting. While Raman spectroscopy is
widely used in the chemical characterisation of materials,
including PNTs,26 29 a relatively large amount of analyte is
necessary for Raman-based biosensing. Noble metals such as
silver (Ag) can enhance the Raman signal, a method referred to
as surface enhanced Raman scattering (SERS).30 The ability to
ll or coat PNTs with metallic nanoparticles (NPs) has been
RSC Adv , 2016, 6, 41809 41815 | 41809
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previously demonstrated, highlighting the potential use of
PNTs in nanoelectronic devices.31 33 Using aligned PNTs as
a template for SERS-active materials may provide a route to
improving the reproducibility of the SERS signal by tailoring the
density and location of the materials. In the present study, Ag
NPs are incorporated into PNTs during self-assembly/alignment
and the suitability of the device for sensing an analyte molecule
by SERS is explored.
2. Experimental
2.1. Preparation of surface-patterned substrates

Si substrates (100 orientation, Si Mat) were cleaned of surface
contaminants by dipping in acetone for 2 minutes, washing
with ethanol and isopropanol, rinsing in deionised water, and
drying using nitrogen.6 The mask, comprising pieces of a Si
substrate cut using a diamond scribe, was placed in contact
with a Si substrate during exposure to UV/ozone (ProCleaner,
BioForce) for a specied duration, allowing an oxide layer to
grow on the unmasked Si surface (see Fig. 1). The opening size
of the mask was varied between 0.9, 0.5, and 0.3 cm and the
width of the central mask region was kept at 0.2 cm for all
experiments. In lieu of cleaning, some samples were etched
using hydrouoric acid (48%) for 60 seconds to remove the
native oxide, washed in deionised water, and blown dry using
nitrogen. The etched samples were subsequently stored in
ethanol and blown dry using nitrogen prior to UV/ozone expo-
sure. In order to fabricate a wettability gradient, the substrates
were selectively exposed to UV/ozone for 1, 2, 3, 5, 10 15, 20 or 30
Fig. 1 (a) Optical image of randomly oriented PNTs. (b) Schematic of
themask used to achieve alignment. (c) Optical image of aligned PNTs.
(d) Radial summation of the FFT intensity versus angle showing
Gaussian fits (blue line) used to determine the FWHM, i.e., the degree
of alignment.
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minutes through the mask openings. Chemicals were
purchased from Sigma-Aldrich unless stated otherwise.

2.2. Preparation of FF stock solution

Stock solutions of FF were prepared by dissolving the L-diphe-
nylalanine peptide (Bachem, Bubendorf, Switzerland) in
1,1,1,3,3,3-hexauoro-2-propanol at an initial concentration of
100 mg ml�1 that was further diluted in deionized water to nal
concentrations of 4, 2, and 0.5 mg ml�1. New solutions were
prepared for each alignment experiment.

2.3. Alignment of PNTs

Upon removal of the mask, 20 ml of FF solution was pipetted
onto the centre of the central masked region of the Si substrate
(see Fig. 1). In some cases, prior to deposition onto a room
temperature substrate, the 2 mg ml�1 FF solution was heated at
100 �C for 5 minutes, at which point the solution turned from
opaque to clear, a phenomenon previously reported by Huang
et al. and attributed to the reversible disassembly of the PNTs.13

2.4. Coating PNTs with Ag NPs

Aer heating at 100 �C for 5 minutes, 90 ml of 2 mg ml�1 FF
solution was added to a 10 ml aqueous solution of 0.02 mg ml�1

20 nm diameter Ag NPs (795933, Sigma-Aldrich), which was also
heated at 100 �C for 5 minutes prior to mixing. The combined
solution was stirred for 3 minutes and then 20 ml was deposited
on the room temperature Si substrate that was exposed to UV/
ozone for 20 minutes using a mask with 0.5 cm openings.

2.5. Contact angle measurements

A contact angle (CA) measuring system (DSA10, Krüss) equipped
with a camera was used to measure CAs of sessile 10 ml droplets
of deionised water on UV/ozone exposed and unexposed regions
of each Si substrate. The mean and standard deviation of 6 CA
measurements is reported.

2.6. Scanning electron microscopy

Scanning electron microscopy (SEM) (JSM-7600F, JEOL, oper-
ated at 5 kV) was performed to characterise the morphology of
the PNTs. Before imaging, a thin (�8 nm) layer of gold was
sputtered on the substrates (Hummer IV, Anatech USA). The
diameters of the PNTs were determined from SEM images. Each
value reported is the average diameter of 20 PNTs.

2.7. Optical microscopy

Optical micrographs (10� objective) were used to quantify the
alignment of the PNTs. The radial summation of the fast
Fourier transform (FFT) of each image was determined using
ImageJ and the radial prole plug-in (National Institutes of
Health). The full width at half max (FWHM) of each of the two
peaks in the resulting plot of sum versus angle was determined
by tting to a Gaussian function using OriginPro 8.5.1 (Ori-
ginLab). For all samples studied, the mean FWHM and stan-
dard deviation were calculated typically from 6 images (i.e., 12
peaks), 3 from each mask opening, to account for slight
This journal is © The Royal Society of Chemistry 2016
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variations in the placement of the drop on the centre of the
central masked region.

2.8. Raman spectroscopy

SERS measurements were performed using a bespoke Raman
system comprising an inverted optical microscope (IX71,
Olympus) as outlined previously.34,35 In brief, a monochromatic
laser (HeNe, ThorLabs) with beam splitter and long pass lter
(RazorEdge, Semrock), a spectrograph (SP-2300i, Princeton
Instruments), and a CCD camera (IXON, Andor). A 50� objec-
tive was used to focus the laser (532 nm wavelength, 5 mW
incident power) and collect the Raman signal with an exposure
time of 1 s. 10 ml of 10�4 mol meso-tetra (N-methyl-4-pyridyl)
porphine tetrachloride (TMPyP) (T40125, Frontier Scientic)
analyte molecule was deposited above the aligned PNTs in the
presence and absence of Ag NPs. TMPyP was also deposited
above the randomly oriented PNTs for comparison. The average
of typically 10 measurements, e.g., within an aligned region, is
reported. Calibration of the Raman signal over the spectral
window used in this paper was performed using toluene.

3. Results and discussion

PNTs deposited on a Si substrate appear macroscopically
disordered, having random orientation (Fig. 1(a)). Within the
hydrophilic mask openings (Fig. 1(b)) of the UV/ozone
patterned substrates, however, alignment of the PNTs is ach-
ieved (Fig. 1(c)). The degree of alignment is quantied as the
average FWHM of the radial summation of the FFT of the
optical micrographs, determined by Gaussian t (see Fig. 1(d)).
The FWHM decreases from 68 � 1� (Fig. 1(a)) to 17 � 1�

(Fig. 1(b)) upon alignment of the PNTs.
To understand the alignment mechanism, the wettability

gradient between the Si substrate having a native oxide, and the
UV/ozone exposed regions has been determined as a function of
UV/ozone exposure (Table 1). The difference in CA between
unexposed and exposed regions increases with increasing
Table 1 Contact angle measurements for Si substrate and etched Si
using different exposure times and resulting FWHM values (2 mg ml 1;
0.5 cm opening). See Fig. S1 for optical images

Sample
UV exposure
(min) CA (�)

CA difference
(�)

FWHM
(�)

Si 0 58 � 1 NA 68 � 1
Si 1 45 � 1 13 � 1 40 � 1
Si 2 41 � 1 17 � 1 35 � 1
Si 3 33 � 2 25 � 2 30 � 1
Si 5 28 � 1 30 � 1 28 � 1
Si 10 20 � 1 38 � 1 24 � 1
Si 15 9 � 1 49 � 1 22 � 1
Si 20 4 � 1 54 � 1 17 � 1
Si 30 4 � 1 54 � 1 18 � 1
Etched
Si

0 74 � 1 NA 71 � 2

Etched
Si

20 5 � 1 69 � 1 18 � 1

This journal is © The Royal Society of Chemistry 2016
exposure time until the exposed surface is completely hydro-
philic (20 minutes). The degree of alignment improves with
increasing exposure time, suggesting the difference in wetta-
bility between regions leads to a chemical force, which drives
the alignment process. This mechanism is similar to that
described by Adler-Abramovich et al. in which the aligned PNTs
formed in the hydrophilic regions due to the ‘repulsion’ of the
FF solution from the hydrophobic regions.16 Chemical force
gradients have also been used to describe water transport on,
e.g., spider silks.36 and can be used to align other high aspect
ratio materials.37 While the horizontal alignment of PNTs
observed in this study was not only at the mask edges as
previously reported16 and instead covered most of the area of
the mask openings, the results presented here validate the
mechanism of alignment proposed in ref. 16. No further
improvement in the alignment was achieved by etching the Si
substrate to remove the native oxide prior to surface patterning.
To rule out that the alignment resulted from a topographical
feature, if present, at the mask edge arising due to the oxide
growth, a Si substrate was exposed to UV/ozone rst with the
mask for 20 minutes and then for an additional 20 minutes
without the mask. Thus, this sample had a similar topography
as a sample exposed once using amask and uniform wettability,
however, no alignment was observed (Fig. S1;† FWHM of
69 � 3�).

Having identied the driving force for alignment and the
optimal UV/ozone exposure time (20 minutes; the exposure time
used for all subsequent experiments), the inuence of FF
concentration and mask opening size was investigated. The
SEM images presented in Fig. 2 show that PNT alignment
depends on both FF concentration and the opening size of the
mask. It was found that using 4 and 2 mg ml�1 FF with a 0.9 cm
Fig. 2 SEM images of aligned PNTs formed using 4, 2, and 0.5mgml 1

FF solutions and (a c) 0.9 cm, (d f) 0.5 cm, and (g, e and h) 0.3 cm
mask openings, respectively.

RSC Adv , 2016, 6, 41809 41815 | 41811



Fig. 3 SEM images of aligned heated PNTs (2 mg ml 1 FF) prepared
using (a and b) 0.9 cm, (c and d) 0.5 cm, and (e and f) 0.3 cm mask
openings.
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opening can yield aligned PNTs with a high degree of alignment
(14 � 1� and 14 � 2�, respectively), as determined from optical
micrographs (Fig. S2†) and illustrated using SEM images
(Fig. 2(a) and (b)). However, for 0.5 mg ml�1 FF, the 0.9 cm
opening results in relatively poor alignment (31 � 5�, Fig. 2(c)).
Changing the value of the opening size from 0.9 cm to 0.5 cm
also results in aligned PNTs with different degrees of alignment
depending on the FF concentration. The FWHMwas 19� 4�, 17
� 3�, and 26 � 2�, for 4 (Fig. 2(d)), 2 (Fig. 2(e)), and 0.5 mg ml�1

FF (Fig. 2(f)), respectively. Upon reducing the opening size to 0.3
cm, the degree of alignment was determined to be 28 � 4�, 21�
3�, and 20� 2�, for 4 (Fig. 2(g)), 2 (Fig. 2(h)), and 0.5 mgml�1 FF
(Fig. 2(i)), respectively. These results are summarised in Table 2.

In general, it can be concluded that for high concentrations
(4 and 2 mg ml�1), alignment is best for larger (0.9 and 0.5 cm)
opening sizes, whereas for a low concentration (0.5 mg ml�1),
the alignment is best for the smallest (0.3 cm) opening size for
xed volume droplets. To investigate this effect further, the
average diameter of the PNTs was determined from the SEM
images (Fig. 2). The diameter was found to increase with
increasing concentration and opening size from 0.23 � 0.08 for
an opening size of 0.3 cm and a concentration of 0.5 mg ml�1 to
0.74 � 0.08 mm for an opening size of 0.9 cm and a concentra-
tion of 4.0 mg ml�1 (Table 2). Thus, the higher the concentra-
tion, the larger are the structures that form. As room
temperature FF solutions are opaque, dependent on concen-
tration, supramolecular structures have already formed in
solution.13 The results suggest that the requirements for align-
ing PNTs depend on their size (i.e., concentration) and the area
of the mask opening.

It has previously been reported that the size of the
supramolecular FF structures can be controlled by heating
the FF solution.13 The structures were reported to reversibly
disassemble upon heating at 90 �C for 5 minutes, resulting in
a transparent FF solution, and reassemble upon cooling to
room temperature, when the solution became opaque.13 To
investigate the inuence of using heated FF solution, having
disassembled PNTs, on the self-assembly and alignment of
PNTs on wettability-patterned Si substrates, the alignment
experiment was repeated using heated 2 mg ml�1 FF
solution.
Table 2 The influence of FF concentration and mask opening size on
the degree of alignment determined from optical micrographs (not
shown) and the PNT diameter. See Fig. S2 for optical images

Concentration
(mg ml 1)

Opening
size (cm)

FWHM
(�)

Diameter
(mm)

4.0 0.9 14 � 1 0.74 � 0.08
4.0 0.5 19 � 4 0.61 � 0.08
4.0 0.3 28 � 4 0.57 � 0.08
2.0 0.9 14 � 2 0.59 � 0.08
2.0 0.5 17 � 1 0.40 � 0.08
2.0 0.3 21 � 3 0.39 � 0.08
0.5 0.9 31 � 5 0.31 � 0.08
0.5 0.5 26 � 3 0.29 � 0.08
0.5 0.3 20 � 2 0.23 � 0.08
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From the SEM images (Fig. 3), the average diameter of the
resulting PNTs was determined to be 0.10 � 0.05 mm for an
opening size of 0.5 cm, a reduction in size consistent with the
ndings reported in ref. 13. As the diameter of the PNTs is
reduced even compared to the unheated 0.5 mg ml�1 solution,
one might expect improved alignment for the 0.3 cm opening
for a xed volume size. From the optical micrographs (Fig. S3†),
the FWHM was determined to be 21 � 2�, 17 � 1�, and 15 � 2�

for 0.9, 0.5, and 0.3 cm opening sizes, respectively. The trend is
opposite to that reported for the unheated 2 mg ml�1 FF solu-
tion (Table 2) and matches that of the unheated 0.5 mg ml�1

solution. In general, as the PNT diameter increases, so too
should the mask opening area in order to achieve optimal
alignment. PNT length may be a critical size factor as well, but
was not studied here. Comparison of Fig. 2 and 3 suggests that
heating the FF solution also appears to provide a route to tailor
the density of the PNTs, which is qualitatively reduced on PNT
surfaces prepared using the heated FF solution.

In order to investigate the suitability of the aligned PNTs for
sensing applications, a prototype device was fabricated by
aligning PNTs decorated with Ag NPs prepared by heating the 2
mgml�1 FF and Ag NP solution and using an opening size of 0.5
cm (Fig. 4). Equivalent alignment (Fig. S4;† FWHM ¼ 17 � 1�)
was achieved of PNTs with and without Ag NPs. The average
diameter of the resulting PNTs remained unchanged (0.10 �
0.06 mm).

Raman spectroscopy was then used to characterise the
prototype device. The Raman intensity for aligned PNTs (�30 �
103 counts) was stronger than that for randomly oriented PNTs
(�24 � 103 counts), as shown in Fig. 5(a). The spectra possess
features in agreement with those reported in the literature, e.g.,
This journal is © The Royal Society of Chemistry 2016



Fig. 4 (a and b) SEM images of PNTs coatedwith Ag NPs. (c and d) SEM
images of aligned Ag NP-coated PNTs after adding TMPyP.

Fig. 5 (a) Raman spectra of aligned PNTs with (green) and without
(red) Ag NPs and randomly oriented (blue) PNTs without Ag NPs. (b)
Raman spectra of aligned PNTs (red), TMPyP (pink), aligned PNTs +
TMPyP (black), and aligned PNTs + Ag + TMPyP (purple).
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an aromatic ring breathing mode at 1002 cm�1 and a phenyl
vibrational band at 1603 cm�1.38 It is likely that the stronger
intensity for the aligned versus randomly oriented PNTs results
from the higher density of PNTs that form as a result of the
hydrophobic connement of the FF solution (see Fig. 1(a) and
This journal is © The Royal Society of Chemistry 2016
(c)). The Raman spectrum for aligned PNTs formed with Ag NPs
revealed signicant enhancement in Raman intensity
compared to PNTs without Ag (Fig. 5(a)). The presence of Ag NPs
does not measurably alter the Raman band position or relative
intensities for PNTs, suggesting that the Ag NPs are predomi-
nantly on the surface of the PNTs, as visible in the SEM images
(Fig. 4(a) and (b)).

Raman spectra were also recorded aer applying an analyte
to the aligned PNTs coated with Ag NPs. It has been reported
previously that dried PNTs can dissolve in solution.39 Similarly,
when a drop of analyte solution was placed on aligned PNTs
without Ag NPs, the PNTs were no longer aligned (Fig. S5;†
FWHM of 67 � 2�), suggesting they disassembled and reas-
sembled. However, the presence of the Ag NPs appeared to
provide stability to the aligned PNTs, since the diameter (0.10�
0.06 mm) as determined by SEM (Fig. 4(c) and (d)) and align-
ment (Fig. S4;† FWHM of 17� 1� before and aer application of
the analyte) remained unchanged. The stability of dried PNTs
following exposure to solution has been shown previously to
improve with the incorporation of nanomaterials.40 The Raman
spectrum of the analyte molecule (TMPyP) is shown in Fig. 5(b).
The spectra for PNT + TMPyP with and without Ag NPs showed
similar spectral features (Fig. 5(b)), however, the spectrum with
Ag NPs showed a higher Raman spectral intensity (�44 � 103

counts), indicating plasmonic enhancement of the Raman
signal. The spectra for PNT + TMPyP with and without Ag NPs
both show bands in agreement with TMPyP Raman bands re-
ported in the literature,41,42 e.g., A1g modes at 1249 (C-pyrrole
bending), 1451, 1557 (C–C stretching), and 1639 (pyrrole
bending) cm�1.

While the demonstration of plasmonic enhancement both of
the PNT and the analyte is a promising result highlighting the
potential of aligned PNTs for sensing applications, further
improvements may be achieved by (i) exploring other methods
to incorporate and control the density and location of nano-
materials within or alongside the aligned PNTs,43 46 (ii) opti-
mising the stability of PNTs when exposed to solution, and (iii)
tailoring the density and diameter of the aligned PNTs.

4. Conclusions

Horizontal alignment of PNTs was successfully achieved using
UV/ozone exposure through a mask designed to create wetta-
bility gradients. The degree of alignment was found to improve
with increasing exposure time, coincident with an increasing
chemical force resulting from the difference in wettability
between regions. Optimal alignment was found to depend on
the interplay between the concentration- and temperature-
dependent diameter of the PNTs and the mask opening size
(hydrophilic area); larger diameter PNTs had better alignment
when the widest openings studied were used. Alignment of
PNTs decorated with Ag NPs was also demonstrated, which
served as a prototype sensing device of an analyte (TMPyP)
using Raman spectroscopy. The Ag NPs stabilised the PNTs
during the application of the analyte and plasmonically
enhanced the Raman signal. The tunable alignment of PNTs
and proof of principle demonstration of SERS-based sensing
RSC Adv , 2016, 6, 41809 41815 | 41813
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demonstrated here may enable the further development of
PNTs in nanobiotechnology applications, including as
a template for organising nanomaterials.
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