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ABSTRACT: Peptide-based nanostructures derived from natural
amino acids are superior building blocks for biocompatible devices
as they can be used in a bottom-up process without the need for
expensive lithography. A dense nanostructured network of L,L-
diphenylalanine (FF) was synthesized using the solid—vapor-
phase technique. Formation of the nanostructures and structure—
phase relationship were investigated by electron microscopy and
Raman scattering. Thin films of 1,L-diphenylalanine micro/
nanostructures (FF-MNSs) were used as the dielectric layer in
pentacene-based field-effect transistors (FETs) and metal—
insulator—semiconductor diodes both in bottom-gate and in
top-gate structures. Bias stress studies show that FF-MNS-based
pentacene FET's are more resistant to degradation than pentacene
FETs using FF thin film (without any nanostructures) as the
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dielectric layer when both are subjected to sustained electric fields. Furthermore, it is demonstrated that the FE-MNSs can be
functionalized for detection of enzyme—analyte interactions. This work opens up a novel and facile route toward scalable organic
electronics using peptide nanostructures as scaffolding and as a platform for biosensing.
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1. INTRODUCTION

The nanostructures obtained from biomolecules are attractive
due to their biocompatibility, ability for molecular recognition,
and ease of chemical modification. Peptide-based self-
assemblies derived from natural amino acids are superior
building blocks for biocompatible and other devices as they can
be used in a bottom-up process without any need for expensive
lithography.'~* By mimicking the structures occurring in
nature, peptide materials play a unique role in a new generation
of hybrid materials. Phenylalanine-containing polypeptides have
amphiphilic properties that help in their self-assembly and
result in a variety of well-defined structures, such as nanorods,
nanotubes, and nanospheres.>® Such molecular self-assemblies
are a result of various inter/intramolecular interactions: van der
Waals, electrostatic, and hydrogen bonds. The self-assembly
mechanism further depends on the preparation conditions,
such as concentration, pH, and temperature.”® Additionally,
due to the ease of manipulating peptide nanostructures on
various substrates for active materials, one can conjure up new
functionalities in electronic devices.

The 1,L-diphenylalanine micro/nanostructures (FF-MNSs)
have good thermal and chemical stability.’ The solid—vapor-
phase synthesis results in a dense network of horizontal FF-
MNSs on different substrates. Such a network not only
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provides scaffolding for other active materials but also enhances
the substrate surface area that may be used for applications in
sensors, transistors, and solar cells. Another unique property of
peptide nanostructures is their ferroelectric nature,"”'® which
may be induced by annealing at high temperatures. The polar
hexagonal form of FF-MNSs is known to show an irreversible
phase transition at ~140 °C to a nonpolar orthorhombic
structure.'’

Organic field-effect transistors (OFETs) are being actively
developed for applications in large-area flexible electronics.">">
A requirement for such applications is that both the active
semiconducting layer and the gate dielectric layer be solution
processable. Getting away from oxide dielectrics, such as SiO,
and ALO;, in OFETs not only is cost effective but has
tremendous advantages for improving carrier mobility and
stability of devices.'* Much effort has gone into modification of
the dielectric interface; appropriate gate dielectrics that are free
of electron-trapping groups, such as hydroxyl or silanol, have
allowed the demonstration of n-channel OFETs,"> which is
otherwise not observable with oxide dielectrics. In order to
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achieve stable and low-operating voltage OFETs, the dielectric
surface should be hydrophobic and must provide a relatively
high capacitance, which is often a challenge with many polymer
dielectrics because they have an inherently low dielectric
constant. Thus, other strategies involving solvent manipulation
have been used.'®"’

Peptide nanostructures pave the way for a novel class of
dielectrics in both bottom-gate and top-gate OFET architec-
tures, with applications in biosensing and piezoelectric devices.
Top-gate OFET's with polymer dielectrics are often a challenge
with low-cost spin-coating techniques, since the solvents used
for dissolving the polymer dielectric degrades the underlying
organic semiconductor layer. The solvents used for dispersing
peptide nanostructures are usually orthogonal to the organic
semiconducting layer and thus provide a simple fabrication
route toward top-gate OFETs. The hydrophilic and hydro-
phobic nature of the surface of FF-MNS can be controlled by
changing their phase. It was recently shown that the surface of
hypercin-conjugated FF-MNSs in the hexagonal phase is more
hydrophobic than the surface of the orthorhombic phase.%'®
The high surface area and hydrophobic nature of the hexagonal
phase of FF-MNSs provide a superior organic molecular/
polymer-dielectric interface.

In this work we demonstrate pentacene OFETs using FF-
MNSs as the dielectric layer in both bottom- and top-gate
geometries. The FF-MNSs were synthesized using a solid—
vapor-phase strategy and either spin coated or drop casted to
form thin films. The nanostructures were characterized using
scanning electron microscopy and Raman scattering. OFETs,
metal insulator semiconductor (MIS) diodes, and metal
insulator metal (MIM) capacitors utilizing FF-MNSs were
electrically characterized. The p-type charge carrier mobilities of
pentacene OFETs were ~1072—107> cm® V™! 57!, and the
bottom-gate devices operated at voltages lower than 10 V.
Preparing the FF-MNSs in the orthorhombic phase did not
significantly improve OFET performance over hexagonal phase
FF-MNSs. Interestingly, FF-MNSs also allow for straightfor-
ward top-gate pentacene OFET architecture, which is usually a
challenge with most polymer dielectrics due to solvent
incompatibility issues with pentacene. Furthermore, we show
that FF-MNSs may be functionalized for detecting enzyme—
analyte interaction using electrochemical methods. This work is
the first demonstration of the application of FF-MNSs in active
organic electronics and opens up many avenues for a new
generation of biocompatible materials for 2Ist century
electronics.

2. EXPERIMENTAL METHODS

2.1. Materials. All reagents used were of analytical grade. Sulfuric
acid, absolute ethanol, methanol, potassium dihydrogen phosphate,
and urea were purchased from Synth (Brazil). Aniline, 4-mercaptopyr-
idine (MCP), i,-diphenylalanine, 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP), 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC),
N-hydroxysuccinimide (NHS), 1-pyrenebutyric acid 97%, and urease
type III (EC. 3.5.1.5, from Jack Bean, 15.000—50.000 U g™') were
obtained from Sigma-Aldrich (USA). With the exception of aniline,
which was distilled prior to use, all reagents were used as received. All
solutions were prepared using ultrapure water from a Milli-Q_system
(resistivity > 18 MQ cm™).

2.2. Synthesis and Nanostructure Process. Fresh stock
solutions were prepared by dissolving the lyophilized form of the
peptide in HFIP at a concentration of S0 mg mL™". The peptide
solution was then dropped on aluminum-coated glass substrates (S0
uL) and spin coated at 1000 rpm for 30 s. The substrates that

contained the films were placed on an elevated platform in an
uncovered Petri dish that contained 20 mL of the appropriate solvent
(isopropanol in our case) such that only the vapor reached the film.
The entire setup was covered with aluminum foil and placed on a hot
plate at 80 °C. The incubation time was 720 min, after which a layer of
FF-MNSs was formed on the substrates. The FF-MNSs were used as
the dielectric layer in OFETs.

FE-MNSs were functionalized in order to study enzyme—analyte
interactions. A gold electrode was placed in a 100 mmol L' MCP
solution for 2 h to coat the metallic surface with a thiol layer. Self-
assembly of FE-MNSs was performed directly on the substrates using a
variation of the solid—vapor-phase approach proposed by Ryu and
Park.'"” This method was also detailed in a previous work.>
Functionalization of FF-MNSs was achieved by drop coating 15 uL
(7.0 mmol L") of 1-pyrenebutanoic acid (PBA) in ethanol solution
onto the FF-MNSs/MCP/Au electrode. The layer was then washed
with water to remove the nonadsorbed PBA and dried at room
temperature. For protein immobilization, 15 uL of a solution
containing 30 mg mL™" of urease (Urs) + 50 mmol L™" of EDC +
50 mmol L™" of NHS in a phosphate buffer with a pH of 6.5 (10 mmol
L) was cast with PBA-modified FE-MNSs/MCP/Au electrodes for 2
h at room temperature. Excess reagents were removed by washing with
the phosphate buffer, and the electrode was tested immediately in an
electrochemical cell.

2.3. Microscopy and Optical Spectroscopy. Scanning electron
microscope (SEM) images were obtained using a JEOL FEG-SEM
JSM 6330 F and a JEOL LV-SEM microscope at the Laboratory of
Electron Microscopy of the Nanotechnology National Laboratory,
Campinas, Brazil.

Raman spectra were collected by an Invia Renishaw spectrometer
attached to a microscope with a X SO lens. The system is equipped
with two lasers, a 785 nm diode laser and a 514 nm argon ion laser.

2.4. Organic FET Fabrication. In order to prepare bottom-gate
structures, we first thermally evaporate 60 nm of aluminum onto 1”7 X
1”7 organically cleaned glass microscope slides as the gate electrode. We
fabricated both bulk FF devices (with no nanostructures) and devices
with FF-MNSs as the dielectric layer. As discussed in section 2.2, FF-
MNS films were deposited on Al-coated glass substrates. For the bulk
FF films, the peptide compound was dissolved in HFIP (50 mg/mL)
and spin coated on Al-coated glass substrates. The bulk FF films were
left at room temperature in a nitrogen glovebox for a few hours before
adding the pentacene layer on top. The thickness of the bulk FF
dielectric layer is estimated to be ~500 nm when using the
accumulation cagacitance of the MIS device and assuming a dielectric
constant of 3.6." This result was further confirmed by reflectometry.
The thickness of the FE-MNS dielectric layer varied between 500 and
600 nm. Pentacene films (with 60 nm thickness) were thermally
evaporated on top of bulk FF and FE-MNS layers, followed by thermal
evaporation of a 40 nm thick layer of gold through a shadow mask
containing both FET and capacitor structures for the top contacts.

Top-gate devices were prepared by depositing 40 nm of gold
through a shadow mask onto 1”7 X 17 organically cleaned glass
microscope slides. This was followed by thermal evaporation of 60 nm
of pentacene. FF-MNSs were formed using identical spin-coating and
nanostructure processes as in bottom-gate devices for the dielectric
layer. This layer was thicker (~800 nm) compared to the bottom-gate
devices. A thin strip of aluminum was deposited through a shadow
mask to a thickness of 60 nm on top of this dielectric layer to act as the
gate electrode.

2.5. Electrical Characterization. The OFET characteristics were
measured at room temperature with two source meters, Keithley 2400
and Keithley 236, configured together using a program written in
LabVIEW. The source-drain current and source-gate leakage currents
were measured with the Keithley 236, which has a resolution of 10 fA.
Capacitance versus voltage characteristics were measured from both
MIS and MIM structures with an HP 4284A LCR meter.

2.6. Electrochemical Measurements. Square-wave voltammetry
(SWV) and electrochemical impedance spectra (EIS) were performed
using a pAutolab Fra 2, Type III potentiostat/galvanostat. pH
measurements were obtained with a Metrohm-Pensalab 827 pH
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meter equipped with combined glass electrodes. All electrochemical
measurements were performed in a conventional three-electrode
electrochemical cell. The FF-MNSs/MCP/Au assembly was the
working electrode (geometrical surface area = 0.07 cm”), Pt wire
was used as the auxiliary electrode, and a saturated calomel electrode
(SCE) was used as the reference electrode. SWV assays were
completed by applying a frequency of 50 Hz, a pulse amplitude of 70
mV, and a step potential of 2 mV vs SCE. The supporting electrolyte
was a solution of 0.1 mol L' phosphate buffer solution (pH 6.2).

EIS was performed in the presence of 5 mmol L' [Fe(CN),]*~4"
and 0.1 mol L™" KCl by applying an alternating current voltage with 5
mV amplitude in a frequency range from 1.0 Hz to 100 kHz. The
electrolyte solution was purged with high-purity nitrogen for at least
15 min prior to each electrochemical experiment, and a nitrogen
environment was then maintained for the solution in the cell during
the measurement process.

3. RESULTS

3.1. Morphological Characterization. Since the perform-
ance of an OFET critically depends on the semiconductor—
dielectric interface, high-resolution SEM images were obtained
from neat FF-MNS films as well as from pentacene-deposited
FF-MNS films. The growth conditions and substrates chosen
for this study were identical to the OFET fabrication
conditions. In order to minimize gate current leakage in the
devices, the nonannealed FF-MNS film was deposited from a
high concentration so as to form a dense network of
nanostructures. Figure 1 shows SEM images of (a) annealed

) L/ —

Figure 1. SEM images of (a) annealed and (b) nonannealed FF-MNS
films. Isopropanol vapor was used to promote the nanostructuring of
FF. (a) Film was annealed at 150 °C for 1 h.

and (b) nonannealed FF-MNS films that were deposited on Al-
coated glass substrates. In nonannealed FF-MNS films (Figure
1b), the self-assembly process may not be complete and there
appears to be a resemblance to the amorphous phase. Upon
annealing, clear micro/nanotape-like structures are seen in the
SEM images (Figure 1a). Annealing of the films was carried out
at 150 °C for 1 h, resulting in the orthorhombic phase. X-ray
diffraction measurements from nonannealed and annealed FF-
MNSs clearly show the two different phase formations: the
hexagonal phase with P6, symmetry changes to an
orthorhombic phase with P22,2; symmetry upon annealing.*

Since pentacene was vacuum evaporated on top of the FF-
MNS films in bottom-gate OFETs, we analyzed the
morphology of these films in detail. Keeping in mind that the
process of thermal deposition of the semiconductor layer can
reach moderately high temperatures on the substrate and
further promote penetration of the material into the underlying
layer, Figure 2 gives us clues as to how the underlying FF-MNS
film may be modified upon deposition of the pentacene film.
The SEM image (top view) in Figure 2 is from an identical

Figure 2. SEM image of a pentacene-coated nonannealed FF-MNS
film grown on Al-coated glass. (Inset) Section of the pentacene film
that was grown just on Al (with no FF-MNS layer underneath).

nonannealed FF-MNS film as the one shown in Figure 1b but
with a thin film of pentacene (~60 nm) deposited on top. It
clearly shows that the morphology of the FF layer changes
compared to the nonannealed pristine film; there is formation
of self-assembled structures upon which pentacene coats itself.
The inset shows a section of the pentacene film where the FF-
MNS layer was absent and the pentacene layer was grown on
Al Although typical dendritic features are not seen in the inset,
the SEM image of pentacene grown on Al resembles %rowth of
pentacene on other cross-linked polymer dielectrics."

Our results thus indicate that the thermal energy during
deposition of pentacene further promotes a nanostructuring
effect in highly concentrated nonannealed FF-MNS films.
Preliminary cross-sectional SEM images show a difference
between the top layer (after pentacene was deposited) and the
layers beneath it for nonannealed FF-MNSs; the nano-
structuring effect is mainly seen at the surface, as shown in
Figure S1, Supporting Information. A comparison of device
performance with nonannealed FF-MNSs, annealed FF-MNSs,
and bulk FF films (no nanostructures) provides some insight
into the nature of the nanostructuring process, as discussed in
section 3.5.

3.2. Raman Scattering Results—Annealed versus
Nonannealed FF-MNS Films. Raman spectroscopy is a
sensitive tool for probing self-assembly in biological macro-
molecules. For organic semiconductors this technique is
particularly informative on chemical composition, segmental
orientation, conformational distribution, and phase identifica-
tion.”! Both Raman and infrared (IR) signatures from FF
nanostructures are well known®**® and can be used to
determine the phase and other electronic effects (for
functionalized tubes). The 1000 cm™ Raman peak is the
strongest in FF and FF-MNS, which arises from a ring
deformation mode. There are clear differences between the
Raman spectra of the annealed vs nonannealed films (Figure 3).
New peaks are seen at 660 and 1507 cm™' in the annealed
sample. Also, the 1200 cm™ region in the annealed FF-MNS
sample shows additional Raman peaks. Due to a change in the
structural symmetry of FF-MNSs from P6, in the hexagonal
phase to P22,2, in the orthorhombic phase,” it is conceivable
that silent Raman modes in the hexagonal phase become
observable in the orthorhombic phase. The 1507 cm™ peak is
seen in FTIR; it is likely that this peak becomes Raman active
in the orthorhombic phase. One could also apply such
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Figure 3. Raman spectra of nonannealed (black) and annealed (blue)
FF-MNS film.

symmetry arguments to the 1200 cm™ region, which mainly

arise from C—H bending modes. However, full-scale ab initio
calculations of the vibrational frequencies of the two phases of
FF-MNSs are required to ascertain the exact origin of the peaks.

3.3. MIM Capacitors with FF-MNS—Capacitance
versus Voltage. Prior to using FF-MNS films as a dielectric
layer in OFETs and MIS diodes, MIM capacitors were
fabricated by sandwiching the FF-MNS layer between Al and
Au. For the orthorhombic phase, the FF-MNS film was first
annealed at 150 °C for 1 h, after which Au electrodes were
deposited. The thicknesses of the nonannealed and annealed
films were 630 and 560 nm, respectively. These values were
calculated from MIM capacitance measurements (Figure 4)
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Figure 4. Capacitance vs voltage of MIM structures with nonannealed
(black) and annealed (blue) FF-MNS films.

using a dielectric constant of 3.6 for both nonannealed and
annealed FF-MNS. Film thicknesses were further confirmed by
a profilometer and a reflectometer, and they were found to be
within 2% of the values determined from the capacitance
measurements.

3.4. Pentacene OFETs with Bulk FF Film as the
Dielectric Layer. As a prelude to using FF-MNS as a
dielectric layer in an OFET, we wanted to make sure that the
FF layer itself acts as a good dielectric layer. Bottom-gate
structures using bulk FF film, as discussed in the Experimental
Methods, were used.

Figure S shows the transfer and output characteristics; the
inset of Figure Sa shows the capacitance—voltage characteristics
of a pentacene MIS device with bulk FF as the dielectric layer.
The charge carrier mobility is extracted using the standard
saturation regime FET current—voltage (I-V) characteristics
Hpgr = 2L/WC0(6((IdS)l/z/an))z, where C, is the effective
capacitance, W is the channel width, and L is the channel length
of the transistor. V, and I are the gate voltage and source-drain
current, respectively. The on—off ratio and charge carrier
mobilities are 10> and 4 X 107> cm® V™' 57, respectively. As
discussed in the next section, these devices result in a
catastrophic breakdown upon bias stress.

3.5. Pentacene OFETs with FF-MNS Film as the
Dielectric Layer in Bottom-Gate Architecture. Both
pentacene MIS and OFET devices were fabricated using FF-
MNSs as the dielectric layer in a bottom-gate architecture. The
FE-MNS layer was spin coated on Al-coated glass as discussed
in the Experimental Methods. These micro/nanostructures
were in the hexagonal phase, confirmed by Raman scattering.
The inset of Figure 6a shows the capacitance vs voltage curve at
S kHz from an MIS diode; a slight hysteresis is seen. The
accumulation capacitance of 7.6 nF cm™ is similar to what was
seen for the bulk film, suggesting that the thicknesses of the
dielectric layers are similar. The output characteristics (Figure
6b) show an increased modulation in output current compared
to the bulk FF film-based OFET. Using the saturation region
FET characteristics, the on—off ratio and charge carrier
mobilities were determined to be 10° and 5.5 X 107> cm?
V™! 57!, respectively.

The order of magnitude decrease in p-type charge carrier
mobility with FF-MNSs compared with bulk FF film may be
attributed to the morphology of pentacene. Due to the high
surface roughness of the FF-MNS layer, the pentacene layer
does not show its typical large dendritic features,'” although the
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Figure 5. (2) Transfer and (b) output characteristics from pentacene OFETs using FF film as the dielectric layer. (Inset in a) Capacitance vs voltage

characteristics at S kHz from an MIS structure.
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crystalline nature of pentacene appears to be similar to
pentacene films deposited on other substrates, as inferred
from Raman scattering (Figure S2, Supporting Information).
Annealing the FE-MNS layer such that it is in the orthorhombic
phase does not improve the device performance in terms of
carrier mobility and on—off ratios. There is a slight change in
the thickness of the FF-MNS layer upon annealing, also seen in
the MIM performance (Figure 4), which translates to a slightly
higher leakage in the I-V characteristics in pentacene OFETs.
The gate leakage current was at least 1 order of magnitude
lower than Iy for all bottom-gate OFETs.

To investigate the bias stress effect in OFETs, which is
typically manifested as a change in threshold voltage (V7,)
and/or hysteresis in the output current characteristics, we
applied V, = Vg = —6 V for set times and the I-V transfer
characteristics were measured after each set. The OFETs were
subjected to a total of 3600 s of bias stress. Figure 7a shows the
transfer characteristics of an annealed FF-MNS/pentacene
OFET. A shift of ~0.5 V is observed in Vpy, after 1 h of bias
stress. Bias stress investigations with similar time scales on
SiO,-based pentacene OFETs typically show large Vi, shifts™
and can be further correlated to structural changes.25’26 Similar
bias stress measurements were also conducted on pentacene
OFETs using bulk FF as the dielectric layer (Figure 7b);
surprisingly, after 30 min of bias stress the devices completely
breakdown.

Although OFETs fabricated with bulk FF films perform
slightly better than with FF-MNS films, it is clear from the bias

21412

stress analysis that FF nanostructures make the devices far
more robust compared to bulk FF when subjected to a
sustained electric field. Furthermore, bias stress measurements
were also performed on nonannealed FE-MNS/pentacene
OFETs. These devices did not perform as well as the annealed
FF-MNS films but were better than the bulk FF devices. As
seen in the SEM images (Figure 2), pentacene growth
promotes a nanostructuring effect in nonannealed FF-MNS
films. The bias stress results indicate that a significant portion of
the bulk of the nonannealed FF-MNS film may not have the
same nanoscale morphology as the surface, as is evident from
Figure S1, Supporting Information. The above results clearly
show that as long as FF is in the form of nanostructures they
can withstand the force due to the applied electric field (~10° V
cm™") because of their larger surface area compared to bulk FF.
For robust working devices, it is thus important that FF should
be highly nanostructured, opening up several applications
where one may use FF-MNSs as scaffolds for solution-
processable conjugated polymers/oligomers to improve the
stability and alignment preferences of the organic semi-
conductor itself.

3.6. Pentacene OFETs with FF-MNS Film as the
Dielectric Layer in a Top-Gate Architecture. A large
challenge lies in top-gate pentacene and other vacuum-
evaporated organic semiconductor-based OFETs. In such
structures, polymer dielectrics are typically used and the
solvent incompatibility, especially with pentacene, is a major
problem. Most organic solvents used for dissolving the polymer
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Figure 8. (a) Transfer and (b) output characteristics from top-gate FF-MNS-based pentacene. (Inset in a) Capacitance vs voltage characteristics at S

kHz from an MIS structure.

dielectric damage the pentacene layer. There are a few reports
of top-gate pentacene OFETs;*’ > however, in most cases the
gate dielectric is not simply spin coated on top of the pentacene
layer but rather lift-off, lamination, or other techniques are used
for incorporating the gate dielectric layer.

Figure 8 shows the transistor I—V characteristics from top-
gate pentacene OFETs with FF-MNSs as the dielectric layer.
Higher operating voltage compared to bottom-gate architecture
devices is most likely due to a higher thickness of the FF-MNS
layer (~800 nm). The on—off ratio and charge carrier
mobilities were determined as 10* and 2.5 X 107> cm® V!
s7!, respectively. We point out that all our measurements are
performed in air, and even after a few days, the I-V
characteristics of both bottom-gate and top-gate devices do
not degrade. Since the FF-MNS (mainly the hexagonal phase)
layer is hydrophobic, the impact of air and moisture in such
devices is minimal.

Organic FETs are being routinely used for biosensing
applications.’***> The top-gate OFET architecture demon-
strated above is a practical approach for applications in sensing,
such as enzyme—analyte and antibody—antigen interactions.
Functionalizing FF-MNSs is relatively straightforward and can
be readily used in top-gate OFETs. In the next section we
demonstrate a potential application of functionalized FF-MNSs
in urease detection using electrochemical methods.

3.7. Functionalized FF-MNSs/MCP/Au Electrode and
Enzyme—Analyte Detection. The assembly process of PBA
onto FF-MNSs/MCP/Au electrodes has been monitored by
electrochemical impedance spectroscopy (EIS). The aromatic
pyrenyl moiety interacts with the aromatic-like structure of the
FF-MNS walls through irreversible 7—m stacking at the FF-
MNS and PBA interface.”® The carboxylic acid functional
groups from the PBA-modified FF-MNS surface were used for
covalent coupling of complementary amino groups of urease
(Urs). In this case, the carboxylic acid residues were
functionalized to an active ester using carbodiimide and NHS
reagents prior to coupling of the functionalized monolayer
associated with the electrode to the protein.**

Figure 9 shows the impedance features of electrodes in the
presence of equimolar [Fe(CN),]>~*" at different steps of the
functionalization process. Significant differences in the
impedance spectra were observed during stepwise modification
of the electrodes. To obtain more detailed information about
the interfacial electrical properties between the electrodes and
the electrolyte, the Randles circuit (inset of Figure 9) was
chosen to fit the obtained impedance data.***® In the Randles
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Figure 9. Electrochemical impedance spectroscopy for the different
electrodes: FF-MNSs/MCP/Au (black), PBA/FF-MNSs/MCP/Au
(blue), and Urs/PBA/FF-MNSs/MCP/Au (red) in 0.1 mol L™ KCI
containing 5 mmol L™ [Fe(CN),]>#" as the probe. Solid lines are fit
to the equivalent circuit shown in the inset.

circuit, it is assumed that the resistance for charge transfer (R,,),
depicted as R,, is parallel to the interfacial capacitance (C,),
giving rise to a semicircle in the complex plane plot of Z,
(imaginary part of the impedance) against Z,, (real part of the
impedance). We note that in this circuit the diffusion
impedance can be neglected. R, for the FF-MNSs/MCP/Au
electrode was estimated to be ~6 kQ and increased to 60 kQ
when the electrode was modified with PBA; peripheral
carboxylate groups, which produced negative charge, decrease
the electron transfer for the [Fe(CN)4]*™/*" molecules. It is
also seen that the capacitance increases by almost a factor of 3
for the fully functionalized FF-MNSs, most likely due to the
presence of an excess of negative charge generated on the
surface, resulting in a pH change of the electrolyte solution
(6.5) in comparison to the pKpy, = 4.8.>” Furthermore, assembly
of Urs on the functionalized electrode produced an insulating
layer on the electrode surface that acts as a barrier to the
interfacial electron transfer. This was reflected by an increase of
R, to over 200 k. The results demonstrate that PBA and
subsequently the protein, Urs, were successfully immobilized
on the surface of modified electrode. SEM images of the
electrode with FF-MNSs were measured before and after
functionalization with PBA and Urs, as shown in Figure S3
(Supporting Information). Although the morphology of FE-
MNSs remain unchanged, functionalized FF-MNSs show the
presence of a polymeric film layer on the surface of the tubes,
which can be assigned to PBA and Urs self-assembled arrays
adsorbed preferentially along the longitudinal direction of the
nanotubes.
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Since the capacitance and R, of FF-MNSs change
significantly upon functionalization and further interaction
with the protein (Urs), functionalized FF-MNSs may serve as
an excellent dielectric in top-gate OFETs providing a simple
device architecture for enzyme—protein detection. Such
applications are currently being explored.

Examination of the performance of Urs/PBA/FF-MNSs/
MCP/Au electrodes was carried out for different concen-
trations of Urs in a phosphate buffer solution (Figure 10) using

0.5
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Figure 10. Square wave voltammetric evolutions of the Urs-PBA/FF-
MNSs/MCP/Au electrode in 0.1 mol L™! phosphate buffer solution
containing different concentrations of Urs. (Inset) Plot of current
density versus concentrations of Urs.

SWV. At Urs concentration greater than 0.9 mmol LY the
current response did not increase any further, a phenomenon
usually attributed to saturation of the catalytic sites.

From the plot of the current response against concentration
(inset Figure 10), a linear relationship was obtained for the
concentration range of 0.1—0.8 mmol L™

j(uA cm™) = (4.57 + 0.36)[urea]/mmol I;'!

+ (1.64 + 0.16) (R* = 0.96284)

The sensitivity was estimated as 4.57 + 0.36 A cm™> mmol ™!

L, while the limit of detection (LOD = 3.3 s/m, where s is the
relative standard deviation of the intercept and m is the slope of
the linear current versus concentration of urea) was (0.15 +
0.04) mmol L™, The LOD of our electrode was much lower
and at about the same magnitude as values reported in the
literature for other modified electrodes used for Urs electro-
catalysis and detection.®® These findings reveal a highly
sensitive sensor capable of detecting urea even below the
physiological levels of 1—100 mmol L™, typically observed in
urine and blood samples.®® In our case, the samples require
dilution prior to analytical measurements, which is potentially
advantageous because it allows for a finer control of sensing
conditions. For example, by diluting the sample to low
concentration levels, it is possible to accurately adjust the pH
in solution and thus reduce the effect of interfering species.*’

4. SUMMARY AND PROSPECT

Peptide nanostructures have great potential in organic
electronics, either as scaffolds which can help align conjugated
polymers/molecules or as active materials when functionalized.
Our work reports for the first time the use of diphenylalanine
peptide nanostructures as the gate dielectric in OFETs. We
show that for OFETs to withstand a bias stress effect, the

nanostructured morphology of the peptide layer is essential.
FF-MNSs further allow a simple fabrication of top-gate
pentacene OFETSs, which could pave the way for enzyme—
analyte sensing applications in the future. Using electrochemical
methods we demonstrate that functionalized FF-MNSs are very
sensitive in protein (Urs) detection. Electrochemical impe-
dance spectroscopy shows that both interfacial capacitance and
charge transfer resistance change significantly when the FF-
MNS layer is functionalized with pyrenebutanoic acid and upon
interaction with Urs. A second method using square wave
voltammetry was also used to show the efficacy of FE-MNSs in
Urs detection. Functionalized FF-MNSs in top-gate OFETs are
thus a viable platform for future applications in protein—analyte
detection.

Future improvement in OFET performance will be achieved
by aligning the nanotube structures and reducing the thickness
of the FF-MNS layer. This will greatly reduce the surface
roughness and improve the interface between the conjugated
molecule/polymer and the dielectric layer. Since many of the
solvents used for dissolving organic semiconductors are
orthogonal to the FF-MNS layer, pentacene may be easily
replaced by other solution-processable conjugated polymers.
The combination of FF-MNSs with organic semiconductors
opens up a new generation of biocompatible materials in
organic electronics.
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Cross-sectional SEM images of the pentacene/FF-MNS
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