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  1.     Introduction 

 The emergence of complex molecular 
assemblies in natural biological systems 
highlights the potential of using proteins 
and peptides to rationally encode the 
assembly of functional synthetic struc-
tures in water. [ 1–3 ]  For example, while the 
peroxiredoxin (Prx) family of proteins 
principally exists as obligate homodimers 
that further self-assemble into toroidal 
oligomers, [ 4 ]  some Prx proteins can be 
induced to form other supramolecular 
assemblies [ 5 ]  such as toroidal stacks, [ 6,7 ]  
tubes, [ 4,8 ]  clusters, [ 9 ]  and cages. [ 10 ]  Identi-
fying the native binding interfaces opens 
the possibility of exploiting them as 
building blocks in hybrid materials. Such 
materials may then be used in devices 
with entirely different functionalities from 
their parent proteins. Here, we advance 

this idea by augmenting organic semiconductor materials with 
peptides identifi ed from Prx proteins to create organic semicon-
ductor assemblies and transistor devices. 

 Central to the Prx architectures is the antiparallel 
β-continuous interface that enables the noncovalent dimeriza-
tion of two protein units via the same β-strand of each. Isola-
tion of the β-strand peptides (typically a seven to eight amino 
acid sequence) out of such interfaces from a variety of protein 
types has been shown to yield sequences which show liquid 
crystallinity and which intrinsically self-assemble into nano-
architectures while also retaining some properties of their 
parent protein interfaces. [ 11 ]  Thus, peptides collected from these 
types of naturally optimized protein interfaces [ 12,13 ]  are excellent 
candidates as tectons for synthetic self-assembly. [ 11 ]  

 While natural peptide interfaces have yet to be exploited in 
electronic devices, a number of related studies using natural 
materials highlight the potential of this approach to create new 
properties and applications. [ 14 ]  For example, peptides, [ 15 ]  natural 
proteins, [ 16 ]  and DNA-based biopolymers derived from meat 
processing waste [ 17 ]  have been used as insulating gate dielec-
tric layers in fi eld-effect transistors. Peptides, proteins, and 
DNA have also been explored as the active layer components 
of transistor devices; [ 18–21 ]  however, this approach is hindered 
by the wide bandgap and low conductivity of the naturally avail-
able electroactive units. Coupling peptides to synthetic organic 
semiconductors offers a more promising avenue to exploit 
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peptide assembly in the conductive components of electronic 
devices. [ 22–24 ]  Non-natural peptides have been used to control 
the assembly of synthetic molecular semiconductors [ 25–28 ]  and 
have been shown to enhance charge mobilities in organic pho-
tovoltaic and fi eld-effect transistor devices. [ 29 ]  

 Herein, we present a new family of bioelectronic materials 
featuring the semiconducting molecule perylene diimide (PDI) 
coupled to derivatives of the natural self-assembling peptide 
identifi ed in the bovine Prx3 protein. The β-continuous inter-
face is retained in the hybrid material upon triggered aggre-
gation of nanofi bers. The electronic coupling between neigh-
boring PDIs is profoundly affected by the peptide tecton, as 
revealed by optical spectroscopy. These new properties are 
exploited through fabricating a water-processed bio-organic 
fi eld-effect transistor (biOFET) based on a native β-interface.  

  2.     Results and Discussion 

  2.1.     Material Design 

  Scheme    1  A illustrates the natural self-assembly of the Prx3 
protein via a β-continuous interface with the IKHLSVN 
sequence. Before attempting to synthesize this sequence and 
couple it to PDIs (Scheme  1 B), the synthetic route must be 
carefully considered. Standard solid-phase peptide synthesis 
(SPPS) protocols are used to access the 7-mer peptide [ 28,30 ]  
and after cleaving from the resin, the peptide amine groups 
are condensed with perylene anhydride precursors in molten 
imidazole. [ 28,31 ]  Accordingly, the native IKHLSVN sequence 
presented the possibility of amine condensation reactions at 
both the peptide amino terminus and on the lysine side chain. 
While perylene imides formed exclusively with the lysine side 
chain were initially synthesized as test compounds (see the 
Supporting Information Compounds S1 and S2), coupling 
through the peptide amine terminus was of primary interest 
since it would not disrupt the β-interface. This issue was 
addressed via two alternate strategies. The lysine residue of 
the original IKHLSVN sequence could either be protected until 
after forming the imide, or it could be replaced with arginine 
to permit the terminal coupling mode depicted in Scheme  1 B 
(i.e., IRHLSVN). Based on residue substitution matrices, 
which assess the probability of a given amino acid substitution 
in natural systems, [ 32,33 ]  arginine was expected to be a favorable 
natural mutation and synthetically advantageous. While acting 
as a favorable natural replacement preserving the charged char-
acter of the lysine position in the peptide sequence, arginine 
also afforded the advantage of being inert toward the amine 
condensation reaction. 

  The primary aggregating IRHLSVN sequence was further 
augmented at either end with groups to control its hybridi-
zation with perylene and to manipulate the hybrid material, 
as shown in  Scheme    2  A. The opposite end to where the per-
ylene imide core is to be coupled featured three glutamic acid 
residues. These ionizable residues assisted with solubility of 
the fi nal peptide–perylene imide product and also provided 
a means to invoke pH-triggered self-assembly in the com-
pounds. [ 25,27,28,34,35 ]  At the other end, a two-carbon linking unit 
with a reactive amino moiety was added to provide a low steric 

demand spacer unit between the perylene core and the central 
binding region of the peptide. 

  Using this three-region strategy, two versions of the pep-
tide moiety were synthesized in order to permit two modes of 
attachment to the perylene imide core and investigate how the 
peptide assembly infl uenced the electronic properties of the 
core. In the “forward-attached” case, the peptide was attached 
via the amino terminus using a glycine linker such that peptide 
backbone extends away from the core with an N to C orienta-
tion. In the “reverse-attached” case, the peptide was attached 
via the carboxyl terminus using an ethylamino linker, allowing 
reversal of the peptide backbone orientation to C to N extending 
away from the core. This did not simply represent the reversal 
of residue sequence order relative to the core (which would 
conserve the N to C peptide backbone orientation relative to the 
perylene imide core); rather, as shown in Scheme  2 , this design 
produced compound pairs in which the same central binding 
sequence is attached in each compound within the pair by 
opposite ends of its backbone with the Glu Glu Glu region 
always positioned distal to the perylene imide core. 
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 Scheme 1.    A) Protein homo-oligomer (pdb crystal structure for perox-
iredoxin III (Prx3) homo-dodecamer (1ZYE) with enlarged view into the 
homodimer IKHLSVN peptide interface (interface contacts shown in red 
(dark arrows), as determined by PISA software). B) Incorporation of a 
modifi ed IKHLSVN interface peptide into a perylene diimide, yielding 
organic semiconductor nanofi ber self-assembly from perylene core 
π-stacking directed by interface peptide β-sheet formation.
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 Additionally, for the forward- and reverse-attached peptide 
modes, two different perylene imide core variations were exam-
ined for self-assembly using the adapted Prx3 interface. Com-
pounds  1  and  2  represented a complementary pair of symmet-
rically disubstituted PDIs, while compounds  3  and  4  provided 
an analogous pair of perylene imide bisesters (PIBEs) each sub-
stituted with a single-peptide substituent.  

  2.2.     Aggregation in Peptide–Perylene Imide Conjugates 

 Since the peptide sequences to be coupled with perylene imides 
were adaptations of the original Prx3 peptide, synthetic pep-
tides lacking the perylene imide were fi rst compared with the 
original peptide. Several complementary experiments con-
fi rmed that the adapted peptides retained the strong β-sheet 
forming behavior of the original sequence after the modifi ca-
tions. Spectral features indicative of β-sheets are characterized 
in the UV range of circular dichroism (CD) spectra via a spec-
tral profi le with a positive band maximum near 190–200 nm 

followed by a single, often broad, and trailing negative band 
with a minimum near 215–220 nm. [ 36 ]  Consistent with this pro-
fi le,  Figure    1  A shows that each of the peptide mutants retains 
the same CD spectral shape that characterizes β-sheets in the 
native sequence. The formation of β-sheets was further verifi ed 
via a thiofl avin-T (ThT) fl uorescence assay of the peptide muta-
tions (Figure  1 B). When this fl uorophore binds to β-sheets, its 
excitation and emission maxima shift from 385 and 445 nm to 
450 and 485 nm, enabling simple quantifi cation of the extent of 
β-sheet assembly, [ 37,38 ]  which is what was observed when ThT 
was blended with the native and mutant peptide sequences 
investigated here. These observations were found to be in agree-
ment with analysis of the amide I band of the IR spectra [ 39–42 ]  
for the targeted GIRHLSVNEEE and Ac-EEEIRHLSVN-eth-
ylamine sequences (see Supporting Information Figures S25 
and S26), which displayed a band near 1630 cm −1  indicative 
of β-sheet structures. The β-sheet interactions expressed by 
the native peptide variants were additionally found to produce 
ordered peptide nanostructures as observed via transmis-
sion electron microscopy (TEM; Figure  1 C–F). The results in 
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 Scheme 2.    Structures of the compounds investigated in this study, employing adaptations of the Prx3 homo-dodecamer protein interface peptide: 
A) dipeptide-PDIs and B) peptide-PIBEs.
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Figure  1  confi rmed that each of our modifi cations to the native 
sequence was innocent with respect to self-assembly; the lysine 
residue can be replaced with arginine, short linking units can 
be added, likewise for solublizing glutamic acid residues. 

  The CD signature of peptide β-sheet formation was also 
retained in the peptide–perylene imide conjugates. As shown 
in  Figure    2  , PDIs  1 ,  2  and PIBEs  3 ,  4  all displayed CD spec-
tral profi les in the UV range consistent with that of β-sheet 
secondary structures. These spectra importantly demonstrate 
that the peptide substituents themselves are actively involved 
in the self-assembly of secondary structures for the overall pep-
tide–perylene imide conjugates and are not just unnecessarily 
complex substituents exerting simple steric effects (or other 
bulk substituent infl uences) on the perylene core. Overlapping 
absorption and fl uorescence from the perylene chromophore 
meant that the ThT assay could not be applied to these hybrid 
materials; however, the amide I bands of the IR spectra [ 39–42 ]  for 
the PDIs and PIBEs (see Supporting Information Figures S27, 
S28, S29, and S30) were found to exhibit a band near 1630 cm −1  
providing additional verifi cation of β-sheet structure forma-
tion. Polarized IR spectroscopy could not be applied as a deeper 
probe of  β -sheet structure because the TEM and atomic force 
microscopy (AFM) results (below) indicate that the relatively 
large optical IR beam will average over all orientations of fi bers. 

    2.3.     Optical Spectroscopy of Aggregates 

 Assembly of perylene moieties results in signifi cant changes to 
visible optical absorption spectra. Since imide substituents do 
not directly affect the frontier molecular orbitals responsible for 
the visible electronic transition, [ 43 ]  spectral changes can be used 
to understand how the substituents affect the relative orienta-
tions and electronic coupling between neighboring perylene 
monomers. [ 44,45 ]  The UV–visible absorption spectra shown in 
 Figure    3   show that solutions of each of the peptide-substituted 
perylene imides exhibited clear signatures of aggregation and 
reveal important distinctions between each other. 

  Solutions of PDIs  1 ,  2  in dimethysulfoxide (DMSO) 
(Figure  3 A) both displayed a monomeric spectral profi le with 
minimal differences between each other. Their monomeric 
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 Figure 1.    A) CD spectra of the native peptides for fi ve relevant sequence 
variations (aqueous buffer solution, 0.1 mg mL −1  peptide concentration). 
B) Results of a thiofl avin-T assay of the native peptides (24 h duration, at 
three peptide concentrations). Selected TEM images of the self-assem-
bled native peptide nanofi bers are shown for C) Ac-IKHLSVN-NH 2 , 
D) GIRHLSVN, E) Ac-EEEIRHLSVN-ethyl-NH 2 , and F) GIRHLSVNEEE (all 
scale bars = 200 nm).

 Figure 2.    CD spectra along the 180–260 nm ultraviolet range, showing 
peptide substituent β-sheet formation in an aqueous solution of self-
assembled PDIs  1 ,  2  and PIBEs  3 ,  4 .
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nature was indicated by a band with a distinctive three-peak 
vibronic progression with ≈1400 cm −1  splitting and diminishing 
intensity for higher energy transitions. However, in aqueous solu-
tion, spectra of compounds  1  and  2  were dramatically different, 
indicating very different modes of monomer self-assembly. In 
water, PDI  1  displayed a very broad spectral profi le, echoing traits 
of spectra reported for ordered liquid crystalline phases of PDI 
derivatives. [ 46–50 ]  The suppression of vibronic structure, along 
with the enhanced low-energy absorption beyond 600 nm, sug-
gests strong coupling between delocalized π-orbitals, which is 
a highly desirable property for electronic devices. Moreover, a 
Cotton effect observed in the visible region of the CD spectrum 
(inset, Figure  3 A) indicated that the peptide directs assembly of 
the perylene monomers into ordered, chiral aggregates. [ 51,52 ]  

 PDI  2 —in which the peptide backbone orientation is 
reversed—gave a very different spectral profi le than PDI  1  
in water, in spite of their similar composition. The absorp-
tion spectrum of PDI  2  does not show the broadening to low 
energy found for PDI  1 , yet it still differs considerably from the 

monomer spectrum. In PDI  2,  the intensity of the 0–0 vibronic 
transition near 540 nm is diminished relative to the 0–1 transi-
tion near 500 nm. This intensity pattern is a signature of an 
H-aggregated system in which cofacially stacked perylene units 
are rotational displaced with minimal lateral displacement. [ 53 ]  
For strongly exciton-coupled H-aggregates, the 0–0 transition is 
dipole forbidden, while higher vibronic transitions gain inten-
sity via symmetry breaking vibrational modes. Observing a 
weaker 0–0 transition relative to the 0–1 transition, as in this 
case, is expected in a weaker coupling regime and when there 
is a rotational offset between chromophores. [ 54 ]  The aggregates 
formed by PDI  2 , however, did not show a Cotton effect in the 
visible region of the CD spectrum (inset, Figure  3 A), indicating 
that the assembly of the perylene units did not produce a chi-
rally ordered arrangement. The contrasting absorption spectra 
of PDIs  1  and  2  for the aqueous solutions show that coupling 
between neighboring electronic units can be impacted by the 
backbone orientation of the naturally derived β-sheet forming 
peptide. 

 In contrast to PDIs  1  and  2 , the spectral profi les of PIBEs  3  
and  4  (Figure  3 B) were mutually very similar. In DMSO, PIBEs 
 3 ,  4  both exhibited vibronically structured spectral profi les con-
sistent with predominantly monomeric species; however, the 
vibronic peak ratio and the presence of a feature near 580 nm 
suggested some extent of aggregation. Regardless, a distinc-
tive transition to a more highly aggregated state was evident in 
the aqueous solutions of PIBEs  3 ,  4 . Similar to PDI  2  (above), 
the spectra of PIBEs  3  and  4  in water both displayed traits con-
sistent with H-aggregate formation, and Cotton effects were 
absent in the visible CD spectra (inset, Figure  3 B). The band 
observed for PIBE  3 , however, expressed a shoulder feature 
between 580 and 660 nm, suggesting additional contributions 
from some other aggregate species with a band-like character 
similar to that seen for PDI  1 . The absorption spectrum of 
PIBE  4  was slightly red-shifted compared to PIBE  3 , and with a 
slightly different vibronic ratio; however, these differences were 
minimal relative to the comparison of PDIs  1  and  2 . Since the 
same peptides are compared in both pairs of hybrids, the spec-
tral similarity of PIBEs  3  and  4  may be explained by greater ori-
entational freedom of the perylene moieties with aggregating 
peptides on only one side. Conversely, the peptide β-sheets 
in the symmetrical structures of PDIs  1  and  2  appear to con-
strain the perylene moiety in a specifi c confi guration, which 
is strongly π-stacked in the case of PDI  1 . Although beyond 
the scope of this investigation, the strong variation of optical 
and electronic coupling as a function of the peptide structure 
suggests these materials may also have promising nonlinear 
optical properties. 

 The reversed peptide backbones of PDIs  1  versus  2  sug-
gested the possibility of blending the two materials to assemble 
them via antiparallel β-sheets that more closely mimic the 
natural protein system. Such an arrangement could be sup-
ported in alternating stacks of PDIs  1  and  2 , and may result 
in modifi ed electronic properties for the central PDI core. 
However, equimolar binary mixtures of PDIs  1  and  2  were not 
found to produce any synergistic spectroscopic effects, rather 
the spectra could be explained by a statistical mixture of the 
two compounds (Supporting Information Figure S31). These 
results do not exclude the possibility of realizing an antiparallel 
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 Figure 3.    UV–vis spectra in DMSO and water with visible CD spectra of 
the aqueous solutions (insets) for A) PDIs  1 ,  2  and B) PIBEs  3 ,  4 .
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self-assembly motif, but they suggest that the assembly condi-
tions may need to be optimized and the linker groups refi ned 
(length, conformational fl exibility, etc.) in order to achieve the 
desired registry between neighboring molecules.  

  2.4.     Nanostructure Formation 

 The aggregate species spectroscopically characterized in solu-
tion were confi rmed, in most cases, to result from ordered 
nanofi ber assemblies that were visualized by AFM and TEM. 
As shown in  Figure    4  A–C, PDI compounds  1 ,  2  and PIBE  3  
assembled into diffusive interlaced networks of narrow fi bers. 
The notable exception was compound PIBE  4  (Figure  4 D), 
which appeared to form only amorphous, plate-like accretions 
under the conditions tested. Extensive fi brillar formation was 
also seen for PDIs  1 ,  2  via TEM, as shown in  Figure    5  . Out of 
the fi ber-forming compounds, PDI  1  appeared to have a slight 
morphological distinction, presenting clusters of fi ber networks 
with greater fi ber density, length, and width. By AFM, the fi ber 
segments formed by PDI  2  and PIBE  3  appeared to be roughly 
100–200 nm in length, whereas the fi bers formed by PDI  1  
were longer, being roughly 200–300 nm long within the fi ber 
clusters and exceeding a micrometer for isolated strands vis-
ible between the clusters. By both TEM and AFM, PDI  1  was 
clearly seen to form fi bers of greater size than PDI  2 , with PDI 
 1  forming more ribbon-like structures in comparison to the 
thread-like assemblies of PDI  2  (Figure  5 ). 

   The morphological differences between compound pairs  1 ,  2  
and  3 ,  4  (along with the spectroscopic distinctions noted previ-
ously) highlight the relevance of the mode of peptide sequence 
attachment toward self-assembly outcomes. Comparison of the 
morphologies observed via microscopy informed by the spec-
troscopic indications from solution suggested that PDI  1  pro-
vided larger, longer range nanostructures that were the most 
promising for fi eld-effect device applications out of the four 
compounds studied.  

  2.5.     OFET Fabrication and Performance 

 After examining the peptide-driven aggregation of each com-
pound, biOFET devices were fabricated using them as the 
active semiconductor layer. As shown in  Figure    6  A, the devices 
were fabricated on highly doped silicon substrates (serving as 
the back gate) using a bottom-contact gold electrode channel 
confi guration, with a spin-coated layer of polydimethylsiloxane 
(PDMS) acting as a dielectric layer. Flakes of the perylene imide 
active material were grown via slow solvent evaporation in small 
vials and transferred to span across an electrode channel on sub-
strates with prepatterned electrodes applied onto a PDMS die-
lectric layer. Contact between the fl akes and the gold electrodes 
was enhanced by the conductive silver paste. This approach was 
taken because the fi lms were too brittle to survive mechanical 
contact with the shadow mask required for thermal evaporation 
of contacts. The PDMS layer also acted as an adhesive for the 
fl akes on the device substrate. The brittle nature of the active 
material samples also made it very easy to break the devices by 
mechanical actions post deposition onto the PDMS fi lms. 

Adv. Funct. Mater. 2015, 25, 5640–5649

www.afm-journal.de
www.MaterialsViews.com

 Figure 4.    AFM images of dry nanofi bers deposited on mica of A) PDI  1  
(scale bar = 500 nm), B) PDI  2  (scale bar = 500 nm), C) PIBE  3  (scale bar 
= 25 nm), and D) PIBE  4  (scale bar = 500 nm).
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  Of the materials examined in this study, only PDI  1  yielded 
functioning devices, giving output and transfer characteristics 
as shown in Figure  6 B,C. Although n-type semiconducting 
behavior was anticipated as being most probable for PDI  1  
because of the high electron affi nity of the perylene core and 
numerous examples of n-type behavior reported for perylene 
imide materials in the literature, [ 55 ]  the output characteristics 
of PDI  1  (Figure  6 B) are consistent with weak p-type behavior, 
yielding a decreasing current with increasing positive gate 
bias. Ongoing investigations of this unexpected behavior, 
for example surface dipole measurements, may reveal the 
role of the peptide and associated ions in modulating charge 
injection and transport in this material. Using these output 
curves to extract the ratio between the magnitude of the 
drain current ( I  DS ) at the highest and lowest gate voltage ( I  DS  
taken at  V  DS  = 45 when  V  G  = ±50, the on/off ratio ( I  on / I  off ) 
for the device was evaluated to be 1.7. From the transfer plot 

in Figure  6 C, the threshold voltage for the device was evalu-
ated to occur near −55 V. It should be noted that the PDMS 
layer is on the order of 10 µm thick and therefore the fi eld-
dependent nature of the PDI  1  may be more apparent if a 
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 Figure 5.    Negatively stained, dry TEM images of self-assembled 
nanofi bers deposited on carbon-coated Formvar 200-mesh copper grids: 
A) PDI  1  (scale bar = 200 nm) and B) PDI  2  (scale bar = 100 nm).

 Figure 6.    Device performance measurements of an organic fi eld-effect 
transistor fabricated utilizing PDI  1  across a 40 µm channel. A) Device 
fabrication schematic; B) output characteristics; C) transfer characteris-
tics with threshold voltage evaluation (inset).
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thinner dielectric or a material with a higher dielectric con-
stant is used. The fi eld dependency was observed on several 
samples and the example shown in Figure  6  B,C is repre-
sentative of the behavior and was observed, irrespective of 
the doping polarity of the underlying Si back gate. The poorly 
defi ned channel dimensions in this contact confi guration pre-
vented deeper analysis of the device response. However, the 
proof-of-concept demonstration provides the impetus to create 
next-generation materials that are compatible with the tightly 
controlled dimensions and interfaces desired in devices. As 
well as optimizing device performance, next-generation mate-
rials may enable deeper insights into the electronic behavior of 
this new class of bioelectronic material, particularly its inter-
faces with electrodes and dielectric layers.   

  3.     Conclusion 

 We have created a new class of hybrid materials featuring 
organic semiconductors augmented with aggregating β-sheet 
peptide interfaces derived from natural Prx proteins. We con-
fi rmed that the peptides retain their β-sheet forming propen-
sity when additional amino acids and linker units were added 
to manipulate their solubility and coupling with perylene 
imides. A series of perylene imides substituted with the same 
core peptide sequence (IRHLSVN) were synthesized to com-
pare the effect of the number of peptide substituents and the 
directionality of their connectivity. Optical absorption and CD 
spectroscopy revealed distinct differences in the electronic 
coupling between neighboring perylene units imparted by the 
peptides, which was also manifest in different fi ber morpholo-
gies. The bis-substituted material where the peptides were ori-
ented in the N-to-C direction (away from the PDI) resulted in 
strong π-stacking and long-range order. These properties were 
exploited in the realization of a biOFET device with unexpected 
p-type behavior. The approach outlined highlights the opportu-
nity to create hybrid functional materials with new properties 
by repurposing natural peptide sequences to encode their self-
assembly. Next-generation materials may provide better per-
forming devices, for example by replacing the perylene imide 
component with an organic semiconductor whose order is addi-
tionally infl uenced by its own hydrogen bonding interactions.  

  4.     Experimental Section 
  Materials : Amino acid derivatives, synthetic resins, chemical 

reagents, and solvents were purchased in high purity from various 
commercial suppliers and used as received. Ac-IKHLSVN-NH 2  peptide 
was purchased from Mimotopes (Melbourne, Australia) with a purity 
of >95% (as an acetate salt). All other peptides were synthesized via 
standard Fmoc SPPS protocols. Synthesis of all peptide–perylene imide 
conjugates was accomplished via condensation of the terminal peptide 
amines (or amine linkers) with the desired perylene anhydride moiety. 
Full synthetic and characterization details (including nuclear magnetic 
resonance spectroscopy and mass spectrometry) for all compounds can 
be found in the Supporting Information. 

  AFM : AFM images were acquired using a Bruker MultiMode 8 with 
Nanoscope J controller. Samples were scanned in ScanAsyst mode using 
a ScanAsyst-Air tip (Silicon Nitride, 2–12 nm tip radius,  k  = 0.4 N m −1 ). 
The sample environment was a Bruker stainless steel cantilever holder 

(MFMA), and all samples were imaged in air. Images were processed 
using Gwyddion 2.28 software. In a typical experiment, 1 mg of sample 
was briefl y sonicated and gently heated into a pyridine/water mixture 
(9:1) yielding a red solution. An equimolar equivalent of glacial acetic 
was then added to neutralize the residual pyridine in solution. An aliquot 
(50 µL) of this solution was then spread onto a freshly cleaved mica 
substrate and left to dry for 24 h before imaging. 

  TEM : The peptide samples were pelleted by centrifuging at 10 000 rpm 
for 10 min. The pellet was then resuspended in 2.5% glutaraldehyde 
solution and stored overnight at 4 °C. Following overnight incubation, 
the peptide sample was repelleted and further suspended in water prior 
to grid preparation. (Note: The volume of water added was the same 
as that of the decanted supernatant to maintain the concentration.) 
Carbon-coated Formvar 200-mesh copper grids (ProSciTech, Australia) 
were deposited successively for 1 min each onto 15 µL drops of 
(i) aqueous peptide solutions, (ii) water (three times), and (iii) a 2% 
w/w uranyl acetate solution in water (as a negative stain). Filter paper 
was used to remove the excess liquid from the grids, which were then 
left to dry for a few hours before electron microscopy observations. The 
grids were examined with a FEI Morgagni 268D transmission electron 
microscope operating at 80 kV, with magnifi cations up to 180 000×. 
Micrographs were captured using an SIS/Olympus Megapixel III digital 
camera mounted above the phosphor screen. 

  UV–Vis Spectroscopy : UV–vis absorption spectra were collected on an 
Agilent 8463 UV–vis spectrometer using a 1.0 cm quartz cell. Micromolar 
solutions for spectroscopic analysis were prepared by diluting a 40 µL of 
a perylene imide stock solution into 5.0 mL of solvent. Stock solutions 
were prepared by dissolving 1.3–1.8 mg of compound into 1.0 mL of 
either trifl uoroacetic acid (TFA) (for the PDIs) or 1:4 pyridine/water (for 
the PIBEs). PDI stock solutions were diluted into water, and PIBE stock 
solutions were diluted into 1  M  HCl, producing spectroscopic solutions 
with residual acid to trigger compound self-assembly. Spectroscopic 
blanks were prepared analogously by diluting 40 µL of pristine stock 
solvent into 5.0 mL of the respective dilution solvent. All spectra were 
baseline corrected to remove effects attributed to scattering from 
aggregated particles. 

  CD Spectroscopy : Spectra were recorded at room temperature using 
a 1.0 cm quartz cell. Far UV CD spectra were collected with a Jasco 
J-815 spectrometer, and visible CD spectra were recorded on an Applied 
Photophysics Chirascan CD spectrometer. Solutions for analysis were 
prepared using the methods outlined for UV–vis spectroscopy. Solutions 
for analysis in the far UV were prepared from stock solutions dissolved 
in 0.1  M  NaOH and made with an adjusted dilution factor. 

  ThT Fluorescence Binding Assays : Peptide samples were dissolved 
in an aqueous solution of ThT, such that the fi nal concentrations in 
each sample were 25 × 10 −6   M  ThT and 1–10 mg mL −1  of peptide. The 
peptide solutions analyzed were prepared by diluting from aqueous 
stock solutions with concentrations of 20–30 mg mL −1 . Upon dilution, 
the resulting solutions to be analyzed were left to equilibrate at 4 °C for 
24 h before recording fl uorescence intensity. Fluorescence intensity was 
measured from 100 µL aliquots placed into sample well plates using a 
Molecular Devices SpectraMax M5 fl uorimeter equipped with a plate 
reader. Samples were excited at 440 nm, and fl uorescence intensity 
was recorded at 482 nm, using a 25 × 10 -6   M  ThT solution in water as 
a blank. The fl uorescence intensity values reported resulted from the 
average of three recordings for each sample. For the samples analyzed, 
an additional turbidity assay was also performed as supporting evidence 
for the aggregation of the peptide sequences, showing the absorbance 
of the peptide solutions recorded at 600 nm (Supporting Information 
Figure S34). 

  Device Fabrication : biOFET devices were fabricated by integrating 
fl akes of the hybrid peptide material as the active channel in a bottom 
contact, back gate device structure. Initially the device substrates were 
prepared by taking highly doped n-type silicon substrates (Silicon 
Quest International) and depositing a gold electrode onto the silicon 
to act as the back gate. P-type silicon substrates were also tested for 
a comparison. The top surfaces were then spin coated with PDMS 
(sylgard 184) at 6000 rpm for 60 s on highly doped (0.01–0.02 Ω cm) 
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n-type silicon substrates to provide the dual purpose of a gate dielectric, 
as well as being a soft and adhesive site for the peptide fl akes. Gold 
electrodes (70 nm) with channel widths of 40 µm channel spacing 
were deposited via a precision Ossila OFET shadow mask using the 
Angstrom Engineering Nexdep evaporator. Flakes of the active materials 
were then mounted across the gold electrode channels using conductive 
silver paste (ethyl acetate paste solvent). All device measurements were 
conducted in air at room temperature.  

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