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Chitin is, after cellulose, the most abundant biopolymer on the planet and is biosynthesized as fibrous crystallites, namely microfibrils, by numerous organisms to confer their tissues with mechanical strength. [START_REF] Ling | Nanofibrils in nature and materials engineering[END_REF] The crystal structure of a chitin allomorph, β-chitin, is non-centrosymmetric and polar, similarly to cellulose I, II and III. Due to the low symmetry, those crystals are expected to display piezoelectricity, i.e., mechanical loading should induce polarization of the crystal and, conversely, applying an electric field should induce a deformation of the crystal. The electromechanical coupling of piezoelectricity is linear, and is characterized by a matrix of 18 coefficients d ij (pC/N or pm/V), whose non-zero terms depend on the crystalline class. [START_REF] Nye | Physical properties of crystals: their representation by tensors and matrices[END_REF], ANSI/IEEE 1988[START_REF] Newnham | Properties of materials: anisotropy, symmetry, structure[END_REF]) Cellulose Iβ and β-chitin have monoclinic unit cells with P2 1 symmetry. In these allomorphs, the molecular chains are in a parallel arrangement where all the reducing ends of the chains point in the same direction. Up to 8 piezoelectric coefficients are active in the monoclinic system (Figure 1 However, the experimental investigation of the piezoelectric properties of those crystals faces several challenges. First, precautions have to be taken to discard alternative electromechanical phenomena. [START_REF] Chae | Review on electromechanical coupling properties of biomaterials[END_REF] During converse measurement, any dielectric will experience electrostriction and Maxwell stress, characterized by a quadratic dependence on the applied electric field. Residual ions in the system can also induce an electromechanical coupling at low frequency. Direct piezoelectric measurements do not suffer such drawbacks, but can still be biased by residual space or surface charges (either trapped electrons or ions). Such biases will transform any dielectric material into an electret. A second difficulty in the investigation of those piezoelectric properties originates from the small size of the polysaccharide crystals, typically in nano to micrometer orders. It implies that measurements at the macroscopic scale can be performed only on polycrystalline samples.

Consequently, the measured polarization, or conversely the strain, is the sum of the contributions from each crystallite. [START_REF] Chae | Review on electromechanical coupling properties of biomaterials[END_REF]) Most of cellulosic and chitinous tissues have nanosized crystals in random packing or unidirectional orientated manner with co-existing opposite chain polarities. [START_REF] Lee | Probing crystal structure and mesoscale assembly of cellulose microfibrils in plant cell walls, tunicate tests, and bacterial films using vibrational sum frequency generation (SFG) spectroscopy[END_REF][START_REF] Lee | Quantum mechanical calculations of vibrational sum-frequency-generation (SFG) spectra of cellulose: dependence of the CH and OH peak intensity on the polarity of cellulose chains within the SFG coherence domain[END_REF][START_REF] Makarem | Distinguishing Mesoscale Polar Order (Unidirectional vs Bidirectional) of Cellulose Microfibrils in Plant Cell Walls Using Sum Frequency Generation Spectroscopy[END_REF] In such geometries, the contributions of individual crystals are compensated, and only marginal piezoelectricity is detectable at the macroscopic scale.

Ogawa and co-workers reported a single crystal-like three-dimensional orientation of β-chitin in housing tubes of Lamellibrachia satsuma. The β-chitin crystals are oriented along the tube axis and with the same polarity. [START_REF] Ogawa | Electron diffraction and high-resolution imaging on highlycrystalline β-chitin microfibril[END_REF][START_REF] Ogawa | X-ray texture analysis indicates downward spinning of chitin microfibrils in tubeworm tube[END_REF]) Thus, for this specific tissue, the macroscopic piezoelectric properties should be directly related to those of β-chitin . In the present study, we thus used this tissue to characterize the piezoelectric behavior of β-chitin based on macroscopic measurements. We present the evaluation of its piezoelectric properties in the direct and converse mode. We also discuss the significance of our results in relation to the properties of the β-chitin crystal, and to other works devoted to the piezoelectric properties of polysaccharide materials.

EXPERIMENTAL

2.1. Materials. All chemicals were used as received without further purification.

Soda, acetic acid, sodium acetate and ethanol were purchased from Carlo Herba. Sodium chlorite (NaClO 2 ), propylene oxide, and the resin kit Embed 812 were purchased from Sigma Aldrich.

2.2.

Tube tissue samples and processing into cube. L. satsuma tubes were collected in Kagoshima Bay at a depth of about 100 m. Tubes were kept in deionized water in refrigerator before being cut. To purify the tissue and remove the protein fraction, the tube was first immersed overnight in a 1 M NaOH bath under stirring at room temperature, and then put 3h in a buffered solution of 0.1 M acetic acid and sodium acetate with 0.3% wt NaClO 2 at 70°C. Samples were rinsed several times with deionized water between each step until reaching pH 7. After two cycles, the swollen purified tube was sufficiently soft to be cut along its length with scissors to obtain a flat sheet. That sheet was then cut into squares which are subsequently stacked and successively immersed in ethanol, in a 50/50 v mixture of propylene oxide and ethanol, and in propylene oxide. They were then immersed into a 50/50 v mixture of propylene oxide and resin A&B (50/50), and finally in the resin A&B (50/50) with 1,7% of accelerator. The resulting samples were set one night at 70°C to ensure a complete polymerization of the resin. Finally, a LEICA RM 2265 microtome was used to remove the excess resin and to shape the sample into a parallelepiped.

Characterization

ATR-FTIR. Nicolet iS-10 Fourier Transform InfraRed spectroscopy with

Smart itR Attenuated Total Reflectance (ATR-FTIR) was used to monitor the presence of chemical groups on small dry samples (about 1 mm 2 ). Analyses were performed with 4 cm -1 resolution and averaged over 32 scans.

Scanning Electron Microscopy (SEM). Hydrated lamella samples have been

solvent exchanged to ethanol and subsequently dried with supercritical CO 2 using a LEICA EM CPD300. The dry sample surface was sputter-coated with a thin layer (ca. 10 nm) of copper. SEM observations have been performed on a ZEISS MERLIN COMPACT VP microscope operating at 5 kV, and using the in-lens secondary electron detector. 

Wide Angle X-ray Scattering (WAXS). X-rays

RESULTS AND DISCUSSION

The tubes consist of conical sections about 10 mm long, 5 mm wide, and 0.5 mm thick, with a cross sectional area varying from 5 to 10 µm². The native hydrated tissue contains approximately 40% wt of water, 30% wt of chitin, and 30% wt of proteins as estimated after protein extraction. We assessed the purity of chitin during the purification process based on ATR-FTIR spectra (Figure 2) where we observed a loss of the proteinderived signal sub-contributions at 1528 and 1654 cm -1 , corresponding to the amide bonds in proteins [START_REF] Gaill | The chitin system in the tubes of deep sea hydrothermal vent worms[END_REF]. As the tube shape constrains the measurement geometry, we prepared a centimetric cuboid sample, having thus face area larger than 50 mm², by cutting and stacking purified tube tissue squares while preserving their common polarity (Figure 3c). The resulting pile was glued via resin inclusion, and the final geometry was adjusted using a microtome. The observation under an optical microscope of the cuboid sample (Figure 3d) confirmed the presence of tissue layers held together by the resin. The cuboid sample axis (x,y,z) matched with the parent tube ones. In addition, based on the previous description of the tube texture, [START_REF] Ogawa | Electron diffraction and high-resolution imaging on highlycrystalline β-chitin microfibril[END_REF][START_REF] Ogawa | X-ray texture analysis indicates downward spinning of chitin microfibrils in tubeworm tube[END_REF]) the chain axis (c axis or axis 3) of β-chitin is roughly parallel to the cuboid z axis (Figure 3e). The architecture of the fibrous network of β-chitin crystals of native and purified samples dried with supercritical carbon dioxide was characterized by SEM (Figure 3). Long β-chitin microfibrils (>50 µm) were observed in both samples. Their width was approximately 50 nm, in good agreement with previous TEM analyses. [START_REF] Ogawa | Electron diffraction and high-resolution imaging on highlycrystalline β-chitin microfibril[END_REF][START_REF] Ogawa | X-ray texture analysis indicates downward spinning of chitin microfibrils in tubeworm tube[END_REF] The microfibrils in the native sample bear numerous granular aggregates with a diameter of ca. 50 nm. These granules disappear after the purification, and thinner and more separated nanofibrils are visible among thicker fibrillar bundles.

Furthermore, even if the microfibrils are preferentially oriented along the tube axis, the orientation is not a perfect uniaxial orientation. The organization of chitin crystals in the cube sample was further characterized using X-ray diffraction. We used the azimuthal intensity distribution of 110 reflection to evaluate the distribution of the fibril angle with respect to the tube axis (Figure 5). For both native tube and cube samples, the related full width at half maximum is between 30° and 40°, confirming that the preparation of a cubic sample had a minimal effect on the orientation of chitin, and that the chitin microfibrils had a certain angular distribution about the tube axis. We then investigated the piezoelectric properties of the cube sample. We first considered the direct d zz measurements corresponding to axial loading and polarization variation of the cube sample along the tube axis (z axis) (Figure 6). Experiments were performed on cubic samples at low frequencies (1-15 Hz) while simultaneously monitoring the force applied and the resulting electrical charge emerging on the sample surface (Figure 6a). The applied force and the electric charge presented a stable sinusoidal modulation at the same frequency. It is noteworthy that when the cube was turned upside-down (data not shown), the sinusoidal polarization variation kept the same frequency but shifted in time by half a period, changing the signal sign. Those observations are consistent with a piezoelectric behavior associated to the variation of a permanent polarization along the z axis. The amplitude of both steady state sinusoids could be estimated for a range of experiments whereby the dynamic stress amplitude was varied from 2 to 9 MPa, and the frequency from 1 to 15 Hz (Figure 6b). As expected for a piezoelectric behavior, one can see an affine evolution among various conditions. The coefficient d zz = 0.8 ± 0.2 pC/N was then determined as an average value from the several individual experiments. Direct piezoelectric coefficients were also determined with a piezometer while operating at a higher frequency (110 Hz) and under a lower dynamic mechanical loading (0.25 N) than in the previous measurements. The resulting d zz value reached 1.3 ± 0.2 pC/N (average value over 5 samples), confirming again the presence of a piezoelectric behavior along the tube axis. This value is associated to the d 33 coefficient of the β-chitin crystal along its chain axis. In contrast, no significant polarization (the sensitivity threshold being 0.1 pC/N) has been measured when compressing along the two other axis (coefficients d xx and d yy ), which is also in good agreement with the fact that for the β-chitin crystal, d 11 =d 22 =0.

In order to confirm that d zz , d xx , and d yy coefficients measured herein are related to the properties of the β-chitin crystal, we previously checked that the pure resin itself did not present any piezoelectricity. Its role is only to allow the obtention of a sample that could be characterized along the three axes. Yet the characterized β-chitin tissue is not a true monocrystal considering the angular distribution of the microfibril and the porosity of their network (they constitute only about 20% of the volume tissue). Consequently, the measured d zz coefficient is only an underestimation of the β-chitin crystal one.

Converse piezoelectric measurements were performed to determine the same d zz coefficient by applying an electric field on the sample and measuring the displacement by interferometry (Figure 7a). From the amplitude of both signals, one obtains an apparent coefficient d zz close to 100 pm/V (or pC/N). However, the displacement frequency (0.2 Hz, Figure 5a) was twice the one of the electric field (0.1 Hz), and the evolution of the displacement with the applied voltage was quadratic and not linear (Figure 7b). Altogether, these observations indicate the presence of electrostriction effects. Such a phenomenon is expected at the high electric field employed in our measurements (between 0.6 and 2 MV/m) that was necessary to reach displacement amplitude above the setup sensitivity threshold (0.15 µm). suspensions or in wood slices. [START_REF] Gindl | Converse piezoelectric effect in cellulose I revealed by wide-angle X-ray diffraction[END_REF][START_REF] Csoka | Piezoelectric effect of cellulose nanocrystals thin films[END_REF], Rajala, Siponkoski et al. 2016[START_REF] Chae | Review on electromechanical coupling properties of biomaterials[END_REF][START_REF] Zhai | Alignment Effect on the Piezoelectric Properties of Ultrathin Cellulose Nanofiber Films[END_REF][START_REF] Miao | Moisture-tunable, ionic strength-controlled piezoelectric effect in cellulose nanocrystal films[END_REF]) Any electromechanical coupling in the converse mode is thus most probably related to electrostriction, as observed for electric field in the range of 1 MV/m in our study (Figure 7). Those in the direct mode are likely related to the presence of residual ions or space charges. We thus think that the sole previous macroscopic piezoelectric measurement related to the properties of a polysaccharide crystal is found in the seminal work from Fukada. [START_REF] Fukada | Piezoelectricity of wood[END_REF] Performing direct and converse measurements on wood samples with different orientations, he demonstrated that the sole detected electromechanical signal was from the compression of a cube having a fiber axis tilted by 45°, which results in a polarization on the lateral cube faces. The related coefficients were in the range of 0.1 pC/N, and associated with the non-zero shear coefficients for cellulose Iβ. Indeed, approximating wood as a uniaxial and antiparallel assembly of cellulose microfibrils, the symmetry of the material corresponds to the point group ∞2, and two opposite shear coefficients (d 14 =-d 25 ) associated with a polarization transverse to the microfibril axis are still active. More recently, a coefficient as low as 0.001 pC/N was reported for wood and attributed to the tensile piezoelectricity [START_REF] Hirai | New piezoelectric moduli of wood: d 31 and d 32[END_REF]. Such value, which is thousands of times smaller than the piezoelectricity observed in our study, further confirms the importance of a uniaxial and polar assembly of their constitutive crystals to observe a significant piezoelectricity at the macroscopic scale.

CONCLUSION

In conclusion, by exploiting the single crystal-like alignment and the noncentrosymmetric structure of the -chitin in the tube tissue, we demonstrated for the first time a tensile piezoelectricity of -chitin in the range of 1 pC/N. This measurement was directly related to the β-chitin crystal piezoelectric properties (d zz ~ d 33 ). However, the values reported here are an underestimation of the crystal coefficients, as the tube tissue presents a significant angular distribution of the microfibril axis in the tangential plane of the tissue, which shall result in a complex mechanical loading of the constitutive -chitin crystals. Future works will be devoted to the design of materials with a controlled structure and to their characterization in order to unravel the full potential of polysaccharide crystals for piezoelectric materials.
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 1 Fig. 1: Piezoelectric tensor d ij for a monoclinic P2 1 crystal, as expressed along its symmetry

  were generated by a pin-hole flat-plate camera mounted on a Philips PW3830 generator operating at 30 kV and 20 mA (Ni filtered CuKα radiation, λ = 1.5418 Å). X-ray diffraction (XRD) patterns were recorded on Fujifilm imaging plates in a Warhus vacuum chamber, read by a Fujifilm BAS 1800-II bioimaging analyzer. The diffraction data was calibrated using a diffraction pattern obtained from calcite powder. 2.3.4. Direct piezoelectric measurements. Direct piezoelectric measurements have been performed on two different pieces of equipment. At low frequency (< 20 Hz), a bespoke setup was used, which allowed for the measurements of both the polarization and the mechanical load signals. The polarization was measured in close circuit with a KISTLER 5015 coulombmeter (with ± 0.01 pC accuracy) connected to sample surfaces, which were previously metallized by sputtering. The force applied onto the sample was measured with a force gauge. The static force was applied manually with a screw and could be adjusted approximately from 5 N and with a precision of about 0.5 N. The dynamic mechanical loading was applied using a Keysight 33500b wave generator and a HVPZT power amplifier connected to a ceramic stack. The frequency can be tuned in the range 100 mHz to 1 MHz and the amplitude force in the range 4 N to 200 N. The measured mechanical load and electrical charge signals were processed with a Dewe Sirius acquisition system and the software Dewesoft X3 SP5. A 50 Hz AC was employed and had to be filtered with coulombmeter low pass filters (30Hz) and with an analytic IIR band-stop filter at 50 Hz. The exported electrical charge and mechanical load signals were converted to polarization and stress considering the electrode and contact surface respectively, and from their peak to peak amplitude, d ij coefficients were calculated. Moreover, measurements under a dynamic mechanical load of 0.25 N and at 110 Hz were performed with a piezometer YE2730A d33 METER, which directly provides d ij coefficient values in pC/N (detection threshold ca. 0.1 pC/N). For all the measurements, the sample surfaces were previously metallized by sputtering. 2.3.5. Converse piezoelectric measurements. Converse measurements were performed by measuring the sample displacement under an electrical field by interferometry (laser interferometer Agilent 5529A). The cube surfaces were metallized and a mirror was glued on one face of the sample. A signal generator (Agilent 33220), a high-tension amplifier (Trek 10 kV) and a current amplifier (Keithley 428) were employed to apply electrical fields and record induced currents. An interferogram was recorded and processed by Matlab to obtain the sample displacement as a function of time. The frequency was varied from 0.1 to 10 Hz and the applied voltage from 3 to 10 kV. The displacement detection threshold was 150 nm.
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 2 Fig. 2. Tubeworm tube FTIR spectra before and after protein extraction.
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 3 Fig. 3: Tubeworm tube before (a) and after purification (b), and its assembly (c) into a cuboid
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 4 Fig. 4: SEM pictures of the native (a) and purified (b) tube tissue (tangential plane) after
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 5 Fig. 5. 2D WAXS diffractogram obtained through the native tubeworm tube and through the
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 6 Fig. 6: Direct piezoelectric measurements of d zz at low frequency. (a) Transient charge and

Fig. 7 :

 7 Fig. 7: Converse piezoelectric measurements of d zz at 0.1 Hz. (a) Transient displacement
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