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ABSTRACT: Fibrous peptide networks, such as the structural framework of self-assembled
fluorenylmethyloxycarbonyl diphenylalanine (Fmoc-FF) nanofibrils, have mechanical properties
that could successfully mimic natural tissues, making them promising materials for tissue
engineering scaffold materials. These nanomaterials have been determined to exhibit shear
piezoelectricity using piezoresponse force microscopy, as previously reported for FF nanotubes.
Structural analyses of Fmoc-FF nanofibrils suggest that the observed piezoelectric response may
result from the non-centrosymmetric nature of an underlying B-sheet topology. The observed
piezoelectricity of Fmoc-FF fibrous networks is advantageous for a range of biomedical

applications where electrical or mechanical stimuli are required.
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1. INTRODUCTION

Self-assembling aromatic peptides have an intrinsic ability to form highly ordered
nanostructures, i.e., nanospheres, nanotubes, nanofibrils, ete.!™ Spontaneous self-assembly
occurs at the nanoscale through conformational packing and linkage between amino acid
sequences.”” The presence of aromatic interactions, non-covalent interactions (hydrogen bonds,
van der Waals and electrostatics) and n-n stacking stabilize the structure with superior stiffness,
thermal and chemical stability possible.* Additionally, the biological nature of the building
blocks facilitates their application to many areas such as bio-sensing, drug delivery and tissue
engineering.'”

Diphenylalanine (FF) is a common peptide occurring naturally as the core derivative of
amyloid beta (B) protein. It self-assembles into a number of well-characterized nanostructures,
including nanotubes, through thermodynamic folding of the B-sheet.**''!* The PB-sheet
conformation is the well-established structure of many peptides and proteins, most notably the
structure of amyloids, a protein with many functional properties in nature'* associated with
numerous diseases.'”'® FF nanotubes are widely regarded as useful nanomaterials, possessing
good thermal, mechanical and piezoelectric properties.'”'® Piezoelectricity is an inherent
characteristic of non-centrosymmetric materials, whereby the material will generate electric
charge under a mechanical stress or the material will undergo a mechanical deformation when
subjected to an applied electric field.* The presence of electromechanical coupling in biological
systems is an established phenomenon, e.g., both neurons and muscle control utilize a voltage-

controlled stress or strain mechanism.'”?* Using piezoresponse force microscopy (PFM),
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Kholkin et al. have demonstrated that FF nanotubes are piezoelectric, exhibiting shear
piezoelectricity along their longitudinal axis attributed to the non-centrosymmetric nature of the
B-sheet.”

A similar system consists of FF peptides modified with an added fluorenyl-methoxycarbonyl
(Fmoc) side group, which self-assembles to form a three-dimensional network of ordered Fmoc-
FF nanofibrils via molecular stacking, facilitated by the presence of the Fmoc moiety and

11,13,25

mediated by non-covalent interactions. The Fmoc-FF molecular structure has been

suggested to consist of molecules in a [B-sheet conformation with a high degree of =n-m

stacking.'*°

The structural similarity of the Fmoc-FF nanofibrils to the piezoelectric FF
nanotubes suggests that Fmoc-FF hydrogels may also be piezoelectric.
In general, hydrogels are highly adaptable materials, which can be used to mimic natural tissue,

27-29
1.7

support cell attachment and enhance cell differentiation and surviva Fmoc-FF hydrogels

have a structure and viscoelasticity comparable to that of extracellular matrices and are

promising organic materials for tissue engineering applications.'>*

For example, Liebmann et
al. have shown that cells suspended in an Fmoc-FF hydrogel tend to adopt a three-dimensional
structure that may more accurately represent cellular shapes in vivo, in contrast to the elongated
cellular conformations observed for surface cell cultures.’® The hydrogels were further shown to
have improved biocompatibility for cell cultures as compared to alternative biopolymer
materials.”® Fmoc-FF hydrogels have also been reported to be cytotoxic upon dissolution,’’
highlighting the need to carefully control the parameters of such assays.

In the field of tissue engineering, a scaffold possessing piezoelectric properties could be

particularly useful, as bone remodeling and nerve regeneration have both been identified as being

sensitive to piezoresponse. The direct piezoelectric effect has been linked with the ability of bone
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. - 22,3233
to remodel in response to an applied stress.” "

Piezoelectricity has also been identified as a
precursor to successful axonal regeneration following nerve injury.’* Therefore, a robust,

biocompatible piezoelectric scaffold could provide functional tissue analogues. Here, we

investigate piezoelectricity in dried Fmoc-FF peptide hydrogels using PFM.

2. EXPERIMENTAL SECTION

2.1 Peptide preparation. Fmoc-FF hydrogels were prepared using a solvent-based method.'**’
Fmoc-FF monomer (B2150, Bachem AG) was dissolved in dimethyl sulphoxide (DMSO)
(472301, Sigma Aldrich) at a concentration of 100 mg mL". The hydrogel was subsequently
prepared by diluting the stock solution in double distilled H,O (ddH,O) to a final concentration
of 5 mg mL™ (final hydrogel pH was 4-5).

FF nanotubes were also prepared as a reference sample by dissolving the FF monomer (G-2925
Bachem AQG) in lyophilized form in 1,1,1,3,3,3-hexafluoro-2-propanol (105228, Sigma Aldrich)
at a concentration of 100 mg mL™".” The FF stock solution was diluted to a final concentration of
2 mg mL™" in ddH,O for nanotube self-assembly.

2.2 Photoluminescence (PL) Fmoc-FF solution & gel. Fmoc-FF was dissolved in DMSO (1.1
mg mL™") in a quartz cuvette and using a silicone isolator, 500 pm-thick gel layers were prepared
on fused silica (U01-120924-1, University Wafer). PL spectra were acquired using a steady state
spectrofluorometer (Quantamaster 40, Photon Technology International Inc.) using a thin film
holder. Acquisition settings of 1 nm step size, 0.1 s integration time, and a 300 — 900 nm scan
range were used. Excitation and emission slits were set to 3 nm and 1 nm, respectively.

2.3 Circular dichroism. Circular dichroism (CD) spectra were acquired on a
spectropolarimeter (J-810, Jasco Inc.). Five fused silica capillaries (5010S-050, VitroCom) were

filled with gel solution, which was allowed to set. Each capillary was sealed with vacuum grease

4
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(Dow Corning) and mounted onto a glass frame, which was placed in the path of the light beam.
Scans were recorded from 170 nm to 350 nm, at 5 nm bandwidth and 1 s integration time. The
background signal was recorded from blank fused silica capillaries and subtracted to obtain each
CD spectrum.

2.4 Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy. 2 mL of
gel was deposited onto a zinc selenide horizontal flat plate ATR window (PIKE Technologies,
Inc.). The hydrogel layer was allowed to dry onto the window to minimize any water response.
The dried sample was then wetted three times with 2 mL of 2H20 (D,0). Scans were performed
on a FTIR spectrometer (Cary 680, Agilent Technologies, Inc.) at a resolution of 4 cm™ over 64
accumulations. The background signal was recorded from zinc selenide with D,O and subtracted
to obtain each FTIR spectrum.

2.5 Atomic force microscopy and PFM. Contact mode atomic force microscopy (AFM) and
PFM measurements (MFP-3D, Asylum Research) were performed using Pt-coated Si cantilevers
(MikroMasch CSC37 lever A, HQ:DPE-XSCI11 lever B and HQ:DPE-XSCI11 lever C with
nominal resonant frequencies of 30 kHz, 80 kHz, and 155 kHz and nominal spring constants of
08 Nm"2.7Nm'and 7Nm”, respectively). A lock-in amplifier (HF2LI, Zurich Instruments)
and a high voltage power supply (F10A, FLC Electronics AB) were employed to enable PFM.
The cantilevers were calibrated using the thermal noise method and force spectroscopy to
establish the spring constant and deflection inverse optical lever sensitivity.”> The lateral inverse
optical lever sensitivity was determined following Peter et al.*® and taking into account the gain
ratio between the deflection and lateral signals (measured to be 4.0 for the AFM used).
Uncertainty was estimated as 10% for the deflection inverse optical lever sensitivity, which was

then used to calculate errors for all derived values.
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Prior to measurements, 20 uL of the samples were deposited on as-received glass slides (631-
0907, VWR) and dried under ambient conditions (21 °C, humidity ~ 30%) for 24 hours, with
evaporation aiding the process of self-assembly in the case of the FF nanotubes. An AC voltage
was applied to the samples via a conductive tip scanned in contact with the surface with a typical
loading force of ~ 12 nN and a typical scan rate of ~ 0.3 Hz. Lateral PFM (LPFM) was
performed using an imaging voltage of 30 Vs applied at a frequency of 5 kHz (to FF sample)
and 12.5 kHz (to Fmoc-FF sample). The lock-in amplifier demodulated the cantilever response
due to sample deformations into amplitude and phase piezoresponse signals. A 3 ms time
constant was used throughout. For measurements of the piezoelectric coefficient,”’ the tip was
placed in contact with the surface of both samples with a loading force of 10 nN at specific
locations and a 5 kHz (FF sample) and 12.5 kHz (Fmoc-FF sample) AC voltage was swept from

0 to 60 Vs in 6 Vs increments whilst recording LPFM response.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization. PL spectra allowed monitoring of the environment of the Fmoc
moiety to assess the role of intermolecular interactions during peptide aggregation. The solution
emission spectrum of Fmoc-FF (i.e., Fmoc-FF/DMSO) had a peak with a maximum intensity at
313 nm; see Figure 1. By comparison, the emission spectrum of a gel sample (Fmoc-

FF/Hydrogel) showed an intensity maximum at 324 nm.
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Figure 1. Fluorescence emission spectra measured for Fmoc-FF in solvent and hydrogel phases.

This red-shift of the emission maximum from 313 to 324 nm was likely due to an increase in
the dielectric constant of the environment around each fluorenyl chromophore and a transition
from free molecules in the solution phase to a more aggregated and organized molecular
structure in the gel phase. For example, fluorenyl aggregation could occur via n-m stacking
interactions, possibly with an anti-parallel arrangement of the fluorenyl moieties.'*®
Additionally, the gel PL emission spectrum also exhibited a broad feature with a maximum near
500 nm, likely due to emission from fluorenyl excimer species.*’

To obtain further insight into the nature of the aggregated state in the gel phase, CD
spectroscopy was applied to the Fmoc-FF hydrogels (gelation in ddH;0); see Figure 2a. A
Cotton effect at 226 nm (nm* transition) indicated a super-helical arrangement of the
phenylalanine residues, which induced a helical orientation of the fluorenyl moieties (the Cotton
effect at 273-301 nm, wr* transitions) in the hydrogel.**4**

More detailed information regarding the arrangement of the Fmoc-FF residues with the
hydrogel samples was obtained by acquiring FTIR spectra of hydrogels (gelation in ddH,O

followed by drying and subsequent treatment with D,0) in attenuated total reflectance mode; see

Figure 2b. The resulting spectra exhibited distinct spectral bands at 1695 cm™, 1645 cm™, 1533
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cm™, and 1255 cm™. While the feature at 1695 cm™ has in the past been associated with B-turn or
anti-parallel p-sheet conformations, it has recently also been attributed to carbamate
absorption.”*® Also in the amide I region, the peak at 1645 cm™ has previously been reported
for materials containing B-sheet, alpha (a)-helical or random coil peptide arrangements, and, in
the amide II and amide III regions, peaks at 1533 cm™ and at 1255 cm™, respectively, have been

associated with either a p-turn or an anti-parallel p-sheet secondary structure.**
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Figure 2. (a) CD spectrum of Fmoc-FF hydrogel and (b) ATR-FTIR spectra of Fmoc-FF

hydrogel and Fmoc-FF hydrogel prepared with D,0.

3.2. AFM. The topography of the samples was characterized by contact mode AFM.
Topography images of FF nanotubes and dried Fmoc-FF hydrogels are shown in Figure 3a,d.

The nanotubes are known to have a wide range of diameters from 100 nm up to several

ACS Paragon Plus Environment



Page 9 of 21

©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

microns.”*’” The average diameter of the nanotubes in this sample, as determined from their
height (Figure 3a), was 667 = 170 nm (n = 10). The nanofibrils within the dense, layered Fmoc-

FF matrix had an average diameter of 66 + 4 nm (n =21) (Figure 3d).

3.3. PFM. To characterize the piezoresponse of both samples, PFM was used. This method
involves a modified AFM, whereby an electric voltage is applied to the surface via a conducting
tip. Using LPFM piezoelectric deformations can be measured via the torsion of the cantilever. In
the case of an FF nanotube lying flat on a substrate, LPFM therefore allows shear deformation to
be measured. Previously, Kholkin et al. reported robust LPFM signals, with an expected
dependence on the angle between the cantilever and the FF nanotube, for this configuration.'’

Using LPFM, a piezoelectric response was found in self-assembled FF nanotubes in agreement

with literature.'” The LPFM amplitude and phase images of the FF nanotubes are shown in
Figure 3b and 3c, respectively. The LPFM amplitude signal is maximal when the cantilever and
nanotube longitudinal axes are orthogonal, such as the nanotube marked by an arrow in Fig. 3b.
In the LPFM phase image, nanotubes having opposite polarization directions can be identified
(the piezoresponse of purple and yellow nanotubes in Figure 3¢ have a 180° phase shift).
The LPFM amplitude and phase images for the dried Fmoc-FF hydrogel are shown in Figure 3e
and 3f, respectively. The Fmoc-FF nanofibrils within the gel exhibited an apparent shear
response, however, strong angle dependency of the LPFM amplitude of the nanofibers was not
observed, possibly due to the complex arrangement of the nanofibrils and resolution limits of the
technique. In some cases, the phase signal inverts along the length of a fibril, highlighting the
heterogeneous nature of the nanofibril network.

As PFM images can contain a background offset signal, in order to quantify the piezoresponse

of the FF nanotubes and the Fmoc-FF nanofibrils, the LPFM amplitude was measured as a
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function of applied voltage (Figure 4). The LPFM signal was observed to be linearly dependent
on the applied voltage within experimental error. This method provides a value for the dss
component of the piezoelectric tensor in the laboratory coordinate system,” the measured in-
plane effective piezoelectric coefficient obtained from the slope. All measurements carried out
on nanotubes and nanofibrils assume that the sample response is orthogonal to the cantilever in

the X-Y plane. Under this assumption, it is possible to directly determine the d;s component of
the piezoelectric tensor of a shear piezoelectric sample (hereafter called d105, where the
superscript denotes that the coefficient belongs to the sample coordinate system). The d105 for the

nanotubes was determined to be 33.7 + 0.7 pm V' (n = 5) and for the nanofibrils, d105 was
determined to be 1.7 + 0.5 pm V' (n = 5). The latter is significantly greater than the system
detection limits as estimated by measuring d3s on non-piezoelectric glass, which was determined

to be 0.002 + 0.103 pm V™' (n = 5).

10
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Figure 3. (a, d) AFM topography and LPFM (b, e) amplitude and (c, f) phase images of FF

nanotubes and Fmoc-FF nanofibrils, respectively. The Z-scale data ranges are 400 nm and 80 nm
for (a) and (d), 200 pm and 80 pm for (b) and (e) with both images offset by 150 pm, and 180°
for (c) and (f). The arrow in (b) indicates an FF nanotube orthogonal to cantilever axis. The inset

in (e) shows the laboratory coordinate system.
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Figure 4. LPFM amplitude versus applied voltage (RMS) recorded on (a) FF nanotubes and (b)

Fmoc-FF nanofibrils (black). The slopes provide the average local piezoelectric coefficient, d105,
for nanotubes and nanofibrils with an assumed orientation orthogonal to the cantilever. For
comparison, the piezoresponse signal measured for a non-piezoelectric glass slide (red) is shown

in (b).

3.4. Discussion. The source of piezoelectricity in amyloid fibrils and FF nanotubes is attributed
to the collective dipole, or polarization, present due to the arrangement of B-sheets.”>**° Recent
atomistic molecular dynamics simulations of FF peptides have shown that individual molecular
dipoles depend on the detailed charge state of peptide termini, on the molecular backbone
conformational dynamics, as well as on the magnitude of local electric fields.* The self-assembly
propensity of FF peptides in nanomaterials and their piezoelectric properties are therefore inter-
dependent.* Anti-parallel B-sheets present dipoles perpendicular to the direction of the p-strands,

creating an overall polarization along the fibril/nanotube axis.”' Mahler ef al. have shown that the
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structure of the Fmoc-FF nanofibrils is consistent with the B-sheet and B-turn conformation
present in amyloid fibrils and FF nanotubes.’® Smith ez al. have previously proposed a model
structure for the Fmoc-FF nanofibrils, formed from antiparallel B-sheets, whereby the natural
twist in the B-sheet leads to the combination of four sheets, creating a cylindrical nanofibril with
a typical diameter of ~ 3 nm."® The available evidence for Fmoc-FF secondary structure indicates
that the B-sheet is rolled in a similar fashion with each B-strand perpendicular to the fibril axis,
which suggests a net polarization along the fibril axis could be possible.51 The nanofibrils
observed in this study have an average diameter of 66 + 4 nm, suggesting the predicted ~ 3 nm
nanofibrils are in bundles, as has been previously observed for similar materials, e.g., peptide-
amphiphiles.”® These results highlight the ability of potentially biocompatible peptides to form

piezoelectrically-active structures, which may lead to possible bio-applications.

4. SUMMARY

Fibrous peptide networks composed of self-assembled Fmoc-FF nanofibrils were shown to
exhibit shear piezoelectricity by measuring their characteristic local in-plane piezoelectric
response using LPFM. Structural characterization suggested that Fmoc-FF nanofibrils present a
non-centrosymmetric 3-sheet structure, consistent with the mechanism reported for piezoelectric
FF nanotubes.'” Since peptide hydrogels are bio-mimetic materials with mechanical properties
comparable to those of biological gels, the added functionality arising from their piezoelectricity
could enable the application of these hydrogels in developing novel piezoelectric scaffolds for

tissue engineering.
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