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Inspired from the pathogenic process of diphenylalanine (FF) self-assembly, a key structural motif in
forming Alzheimer’s f-amyloid peptide fibrils, a facile way for preparation of FF aromatic dipeptide
fibrils and fabrication of an electrochemical biosensor were developed. Long persistence length FF
fibrils with ultra-high aspect ratio over 1000 were obtained using cationic surfactant assisted
evaporation induced self-assembly. The Cotton effects indicate a signature of dominant B-sheet
arrangement and the thickness of the B-sheet monolayer is estimated to be 2.38 nm. The obvious blue-
shift of intrinsic fluorescence indicates an extended H-aggregate between the phenyl rings in a parallel
mode. The FF fibrils based electrochemical biosensor, taking horseradish peroxidase as a model
enzyme, displayed an excellent electrocatalytic activity to the reduction of H,O,. The peak current was
a linear function of concentrations ranging from 7.5x107 to 1.4x10° M, with a detection limit of
2.5x107 M. The apparent Michaelis-Menten constant was 7.2 uM. These results indicate that the FF
fibrils with ultra-high aspect ratio providing a new and promising platform for construction of
electrochemical biosensors.

Keywords: Diphenylalanine; Aromatic dipeptide; Self-assembly; Nanofibrils; Electrochemical
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1. INTRODUCTION

The efficacy of the electrochemical biosensing device can be improved by careful choice of
novel functional micro- and nanomaterials [1-3]. These materials fabricated from biological building
blocks have excellent biocompatibility. Many biomolecules, such as peptide, can self-assemble into
highly ordered architectures with aimed functionality [2-6]. The peptide building blocks can interact
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with each other to form supramolecular structures via non-covalent interactions, including ionic,
hydrophobic, hydrogen bonding and n-n stacking [7]. A known example is the diphenylalanine (FF)
aromatic dipeptide, a key structural motif in forming amyloid peptide fibrils by Alzheimer’s B-amyloid
peptide [8]. Inspirited from the pathogenic process, researchers find that FF can spontaneously
assemble into nanotubes and spherical vesicles, as well as form new ordered nanoarchitectures These
peptide-based micro- and nanomaterials are believed to be important for next generation of biosensors
not only because of their high biocompatibility but also their remarkable thermal and chemical stability
[9]. It is reported that remarkable metallic-like point stiffness of FF dipeptide nanospheres is up to 885
N m™ and Young’s modulus up to 275 GPa [10]. These nanostructures are reported to date as the
stiffest organic materials, even than macroscopic aramids. Interestingly, FF nanowire structures are in
high stability up to 200°C and no changes in pH 1 to 14 aqueous solutions or in polar to non-polar
solvents [11].

Extensive coarse-grained molecular dynamics simulations of the FF assembly pathway find
that the dipeptides not only spontaneously assemble into spherical vesicles and nanotubes, but also can
form ordered nanoarchitectures [12]. Energetic analysis suggests that the delicate balance between
peptide-peptide and peptide-water interactions results in the formation of different nanostructures. The
interactions between the hydrophobic side chains play an important role in the formation of the
assemblies. Simulation of crystalline structural fragments also shows that the strongest interactions
occur between side chains rather than between charged terminals. Furthermore, the amphiphilic nature
of FF is the most important to understand its self-assembly, and that the early precursors to nanotube
structures are possibly involved in substantial hydrophobic clustering [13]. Therefore, to control the
morphologies of the resultants in FF self-assembled micro- and nanostructures, the surrounding
microenvironment for the hydrophobic aromatic sides in the precursor solutions should be created.

Soft template synthesis using various surfactant aggregates may be a more general method. The
non-covalent interactions induced self-assembly of surfactants provides a powerful tool for building
well-defined nanostructures [14]. The quaternary ammonium salt cationic surfactant is the most
commonly used in the shape-controlled synthesis due to their hydrophobic chains linked to charged
hydrophilic heads [15]. In this paper, we demonstrate a facile way for evaporation induced self-
assembly of FF dipeptide and fabrication of an electrochemical biosensor (as schematically illustrated
in Fig. 1). A typical cationic surfactant of CTAB assisted preparation was performed under a mild
condition and the resultants are fibrils with ultra-high aspect ratio. The FF fibrils based biosensor,
taking horseradish peroxidase (HRP) as a model enzyme, was obtained and high sensitivity was
displayed. The biosensor constructed on the bio-inspired peptide fibrils also demonstrated good
reproducibility, selectivity, long-term stability and low detection limit for H,O, detection.
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Scheme 1. Schematic illustration of the preparation of FF ultra-long peptide fibrils using CTAB
assisted evaporation induced self-assembly and the fabrication of hydrogen peroxide
electrochemical biosensor.

Figure 1. (a) The optical microscope and (b) SEM images of the FF fibrils.

2. EXPERIMENTAL

2.1 Materials

Diphenylalanine (FF) was purchased from Bachem. 1,1,1,3,3,3-hexafluoro-2-propanol (HFP)
was obtained from Aladdin (Shanghai, China). Hexadecyl trimethyl ammonium bromide (CTAB) and
30% H,0, aqueous solution, HRP (250 U mg™) were purchased from National Medicine Group
Chemical Reagent Co., Ltd. Mixing the stock standard solutions of Na,HPO, and NaH,PO,, the 0.1 M
phosphate buffer solutions (PBS) with different pH values were prepared. All chemicals and solvents
were analytical grade and all solutions were prepared with twice-distilled deionized water.
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2.2 Apparatus

Powder X-ray diffraction (XRD) was conducted on a D8 X-ray diffractometer (Bruker AXS,
Japan). Scanning electron microscopy (SEM) image was taken by an S-4800 scanning electron
microscope (Hitachi, Japan). Optical microscope images were taken by an AM413T5 digital optical
microscope (Suzhou Oka optical Ltd., China). Fourier transform infrared spectra (FTIR) analysis was
carried out by using an 1S10 Fourier infrared spectrometer (Nicolet, America). circular dichroism (CD)
analysis was carried out by using a MOS-450 circular dichroism spectrometer (Bio-Logic, France).
Fluorescence analysis was carried out using an F-7000 Fluorescence spectrophotometer (Hitachi,
Japan). Cyclic voltammetric (CV) and amperometric experiments were carried out with a CHI660c
electrochemical workstation (Chenhua, China). A conventional three electrode cell with FF fibrils
modified glassy carbon electrode (GCE, diameter=3 mm)) as the working electrode, a platinum wire as
the auxiliary electrode and a saturated calomel electrode (SCE) as the reference electrode.

2.3 Preparation of FF fibrils

In a typical process, 1.00 mg FF was dissolved in 20 uL HFP and then volume-equally 4 mM
CTAB was added into the solution. 10 pL of mixture was transferred to a clean glass slide or GCE
using a fresh pipet tip and then self-assembled for 12 h at 30°C. Allowed the solvent evaporation under
a controlled relative humidity at 0.75. It was further incubated inside a humid chamber overnight for
the purpose of the full development of peptide nanostructures. With the evaporation of the solvent, FF
ultra-long fibrils were obtained.

2.4. Fabrication of FF fibrils-based electrochemical biosensor

GCE was polished carefully to a mirror-like by 0.3 and 0.05 pm alumina slurry and then
ultrasonically cleaned in ethanol and ultrapure water. At last, the electrode was dried with nitrogen gas.
The FF fibrils were self-assembled on the substrate of GCE by the above mentioned method. The HRP
stock solution was prepared by dissolving 2 mg HRP in 100 pL. PBS buffer (pH 7.0). Then, 20 puL
HRP solution was dropped on the surface of FF fibrils modified GCE and allowed to dry under
ambient condition.

3. RESULTS AND DISCUSSION

3.1 Self-assembly of the FF ultra-long fibrils

Aromatic interactions between the molecules of FF were considered to be critical for the
formation of B-amyloid fibrils, whicn induced the Alzheimer’s disease!®. FF tends to form a tubular
structure in aqueous solution due to aromatic stacking of FF molecules in a hierarchical array
surrounding water clusters tightly [16]. Therefore, we choose a typical cationic surfactant of CTAB,
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whose hydrophobic chains are buried from water and charged sides are situated on the water-exposed
surface, to prevent the formation of water channels assembled by FF. With the assistance of CTAB, we
prepared ultra-long FF fibrils on solid substrates using solvent-vapor growth method.

Figure 2. Optical microscope images of FF fibrils preparing with different molar ratios of CTAB to
FF, (a) 1:40, (b) 1:13, (c) 1:5, (d) 1:3.2, (e) 1:2.5, (f) 1:1.7.

The topographical information of the resultants was obtained by optical microscope and SEM
(Fig.2). Diameters of the FF fibrils range from about 100 nm to 1 pum. It is reported that one
dimensional nanostructures with high-aspect-ratio have large surface-to-volume ratios, which are
suitable for biomedical applications [17-18]. Note that the as-prepared FF fibrils have a long
persistence length over millimeters. Thus, these fibrils have a very high aspect ratio of more than1000.
Generally, high aspect ratio 1D nanostructures were obtained by hydrothermal method [19], hard
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template fabrication [20] or metal-assisted chemical etching [21] and so on. The soft templates can be
used to control the shape and size to prepare 1D nanostructures with high aspect ratios [22]. Here, the
aromatic amino acid of FF are easily embedded inside the cationic surfactant micelles, wherein the -
NH; and -COOH groups interact with hydrophilic headgroups of the surfactant, and the phenyl group
associates with the hydrophobic site. These interactions bring about the formation of the FF fibrils with
ultra-high aspect ratio.

We propose that evaporation of the solvent results in a supersaturation of FF, which facilitates
to reach the critical micelle concentration of CTAB. Therefore, we fixed the concentration of the FF
and changed the molar ratios of CTAB and FF to observe the morphology changes of the resultants
(Fig 2). At low concentration of CTAB (CTAB to FF are 1:40 and 1:13, shown in Fig 2a and 2b),
several fibrils are formed with diameters of about 7 um and 5 pum, respectively. Further increase the
amount of CTAB made the diameters of the fibrils reduce dramatically. The resultant fibrils in Fig 2d,
Fig 2e and 2f showed the uniform and smooth morphologies. The diameter of the formative 1D fibrils
were significantly decreased with the increase of CTAB.
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Figure 3. (A) The FTIR spectra of (a) FF powder and (b) FF fibrils; (B) CD spectrum of FF fibrils; (C)
XRD patterns of FF fibrils; (D) Normalized FL spectrum (Aexcitation =265 nm) of (a) FF in DMF
and (b) FF fibrils.

FTIR of FF powder and the as-prepared FF fibrils were shown in Fig.3. Strong amide |
absorption bands in the vicinity of 1687 cm™ indicates the predominant hydrogen-bonded B-sheet
secondary structures with an anti-parallel configuration [23-27]. Compared with powder, FTIR
spectrum of fibrils shows two strong absorption bands in 3000-2840 and 1487 cm™, which are caused
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by the symmetrical and anti-symmetrical stretching vibration of CHz(N¥), and the anti-symmetrical
angle of vibration of CH3(N+), assigned to the CTAB [28]. In addition, position, shape and the
relative intensity of FF fibrils are similar to FF powder, indicating no chemical bond formed during the
process of self-assembly. Non-covalent interactions among peptides, such as ionic, hydrophobic,
hydrogen bonding and n-r stacking, are helpful to form these micro- and nanostructures. Therefore,
circular dichroism (CD) spectra (Fig. 2B), X-ray diffraction (XRD) (Fig. 2C) and fluorescence (Fig.
2D) were used to characterize the FF fibrils for further understanding the mechanism. The Cotton
effects for the FF fibrils at characteristic peaks of 193 and 219 nm can be interpreted as signatures of
dominant B-sheet arrangements [29-32]. The band at 193 nm corresponds to the n—n* transition, and
the broad positive band centered on 219 nm is indicated to an n—n* transition. Four correlative
diffraction peaks of 3.71°, 7.59°, 19.75° and 28.34° in the XRD patterns are observed, which
correspond to d spacings of 23.79, 11.71, 4.48 and 3.14 A, respectively. The thickness of the B-sheet
monolayer in the fibrils is estimated to be about 2.38 nm. Each FF molecule contains two aromatic
amino acid residues of phenylalanine, which may contribute to its intrinsic fluorescence. A striking
feature of the structure is using phenylalanine side chains to stabilize the inter-sheet packing by means
of m-m stacking. The importance of aromatic rings n-m stacking has been demonstrated in FF
nanotubes'®], which is attractive in general FF self-assembly. The fluorescence of FF powder dissolved
in DMF was observed at an emission maximum (Amax) around 306 nm, which is an intrinsic property
of the monomeric unit itself due to the presence of aromatic side chain residues. After self-assembling
into fibrils, the emission peak shifted to 288 nm. The obvious blue-shift indicates an extended H-
aggregate between the phenyl rings in a parallel mode. The aggregates are similar to the organization
of n-n stacking in self-assembled amyloid fibrils [33-35].

FF nanoforest-based biosensor for phenol detection was more sensitive than those modified
with carbon nanotubes [36]. The FF-based biosensor provides a novel platform with high
biocompatibility. Herein, the FF fibrils could be self-assembled on the working electrode for
electrochemical biosensors. Fig. 4A shows the relative CV responses for (a) bare GCE, (b) FF
fibrils/GCE, (c) FF powder/GCE in 50 mM [Fe(CN)s]*/* solution containing 0.1 M KCI. After
modified with FF powder, both the oxidation and reduction currents of the electrode were obviously
decreased and the peak-to-peak separations were enlarged (AE,=157 mV). While self-assembled with
fibrils, the redox peak currents and the reversibility (AE,=78 mV) of the electrode were equivalent to
the bare GCE. The result demonstrates that FF fibrils have a good electrochemical activity . CV was
also employed to evaluate the stability of FF fibrils film (Fig. 4B). Both the oxidation and reduction
peak currents of FF fibrils modified electrode kept over 99% of its initial response after 100 circles
scanning (Fig. 4B).
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Figure 4. (A) CVs of (a) bare GCE (b) FF fibrilssGCE and (c) FF powder/GCE. (B) FF fibrils
modified electrode at cyclic numbers of (a)1* and (b) 100™. (C) CVs of FF fibrils/GCE at
different scan rates: 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95 and 100 mV/s,
respectively (D) Plots of cathodic and anodic peak currents against scan rate.

These results show that FF fibrils film, which was facilely self-assembled on the electrode, has
good adsorbability. The effect of scan rate on the current response of FF fibrils was also investigated
(Fig. 4C). The peak currents of cathode and anode increased, and the peak potentials exhibit a small
shift as the scanning rate increased from 30 to 100 mVs™. The cathodic and anodic peak currents were
in linear proportion to the scan rate with the correlation coefficients (R) values of 0.9953 and 0.9949,

respectively (Fig. 4D). The results demonstrate that the reaction is a quasi-reversible and surface
controlled electrochemical process.

3.2 Hydrogen peroxide biosensor based on FF fibrils

HRP is widely used as a model enzyme for construction of electrochemical biosensors. The
electrocatalytic reduction of H,O, on the HRP/GCE and HRP/FF fibrils/GCE is studied (Fig. 5). Only
non-faradic signals were observed with HRP/GCE after adding 1.0x10° M H;O, (Fig. 5A). In
contrast, an obvious improvement in the cathodic current at the HRP/FF fibrils/§GCE was obtained in
the presence of 1.0x10™° M H,0,, which indicates that triggers a bioelectrocatalytic reaction. The
current response of the biosensor increased along with H,O, concentration.
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The pH value of the buffer solution has is influence on the sensitivity of biosensors. The
experimental results in the current study at pH 5.5-8.0 showed that the current increases with pH up
until pH 7.0, and then decreased. The high response current at neutral pH may be due to high enzyme
activity. Optimization of applied potential on working electrode is the basis for reaching a low
detection limit and avoiding electrochemical interference. The effects of working potentials were
investigated and an optimized potential of -0.7 V was selected.
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Figure 5. (A) Cyclic voltammograms of (a) HRP/GCE, (c¢) HRP/FF fibrils/GCE in 0.1 M PBS
(pH=7.0) and (b)HRP/GCE, (d) HRP/FF fibrils/GCE adding 1.0x10° M H,0,. Scan rate: 100
mV/s (B) Amperometric response of the HRP/FF fibrils/GCE at -0.7 V upon successive
additions of H,0, to PBS (pH 7.0). Inset: the current responses vs. H,O, concentration.

Amperometric measurements are in wide use to evaluate the performance of electrochemical
enzyme sensors. Fig.5B shows typical amperometric responses of the HRP/FF fibrils/fGCE with
successive additions of 0.75 uM H,0, to PBS (pH 7.0) at a potential of -0.7 V. The reduction currents
rise step by step at the HRP/FF fibrils/GCE. When the concentration of H,0, was higher than 1.4x10
M, a plateau was observed (inset in Fig.5B). This curve showed a characteristic of the Michaelis—
Menten relationship. The apparent Michaelis-Menten constant (Ky*") is an indicator of enzyme-
substrate kinetics. The Ky*" can be calculated using the Lineweaver-Burk equation:

1_ 1KY
I I

cat max max C H,0,

Where lc4: IS the electrocatalytic current, Inax is the maximum current measured under saturated
substrate conditions, and CH202 is the bulk concentration of H,O,. Ky* can be obtained by the

analysis of slope and intercept of the plot of the reciprocals of the steady-state current versus H,0,
concentration. The Ky value was calculated to be 29.1 uM, indicating the higher catalytic activity of
the HRP/FF fibrils film toward the reduction of H,O,. A lower value means that the substrate has a
strong affinity for the enzyme, which facilitates its catalytic reaction. The corresponding calibration
curve of the FF-based H,O,enzyme sensor exhibits a linear response in the concentration range from
7.5x10 " to 1.4x10° M (R?*=0.997), with a detection limit of 2.6x10™" M (S/N=3) and a sensitivity of
0.65 pAscm2euM™. The comparison of the developed method with the previous methods was made to
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evaluate the analytical performance (Table 1). The obtained results are comparable with the other
reported in the literature [37-40].The good performances were mainly attributed to the FF fibrils,
which provided a large surface area. The biosensor response reaches 95% of a steady-state value
within about 1.5 s at each H;O, injection, indicating a fast electron transfer process. We also
investigated the storage ability of the HRP/FF fibrils/GC electrode by comparing the changes in the
current response. The electrode was stored at 4°C for 7 days, and the response of sensor only decreased
6.9%. To study the reproducibility of the HRP/FF fibrils, we also repeated a series of successive
measurements, and the results show an acceptable reproducibility in the current response to the 5x10°
M H,0, with a RSD of 4.7%. These results demonstrate that the HRP/FF fibrils/GCE has a good
storage stability and reproducibility, which could be attributed to the good film forming ability and
excellent biocompatibility of organic FF fibrils.

Table 1.Comparison of the proposed method with the previous works.

Electrode LOD (uM) Sensitivity (uA-uM™*-cm®) | Linear range (uM) | Reference
HRP/FF fibrils 0.26 0.65 0.75-14 This work
HRP/Graphene-Fe;O, | 0.6 0.132 5-3810 37
CeO,NP/N-rGO 1.3 0.036 1.8-920.8 38
copper nanoparticles 3.4 -- 8-70 39
Fe;0,/GO-PAMAM 2.0 -- 20-1000 40

To test the practicability, the HRP/FF fibrils modified electrode was used to determine H,O- in
the local tap water and commercial mineral water and the results were illustrated in Table 2. The
recoveries were in the range of 98.0-103.1% with the RSD in the range of 2.7-4.3%. These results
confirm that the FF fibrils electrochemical biosensor was suitable for the determination of hydrogen
peroxide in simple water samples with satisfactory accuracy.

Table 2. Detection of hydrogen peroxide in water samples by the proposed method (n=3)

Samples Results Added (uM) Found (uM) Recovery (%) RSD (%)

Mineral water Not found 1.00 0.98 98.0 2.7
10.00 10.31 103.1 4.3

Tap water Not found 1.00 0.94 94.0 3.8
10.00 9.79 97.9 3.6

4. CONCLUSIONS

In conclusion, FF peptide fibrils were prepared using cationic surfactant assisted evaporation
induced self-assembly under mild conditions. Long persistence length peptide fibrils with ultra-high
aspect ratio over 1000 were obtained. We demonstrate that modifying with the peptide fibrils can
significantly enhance the sensitivity and ability of the electrochemical biosensor. This was assigned to
the good film forming ability, excellent biocompatibility and higher aspect ratio. This facile bottom-up
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method will open a new route for the growth of ultra-long 1D peptide materials, and may offer a novel
platform for biosensors design and fabrications.
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