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Abstract

:

Here, we report a two-dimensional (2D) amorphous photonic structure (APS) discovered in the central layer of the periostracum of the mussel Perna canaliculus, based on field emission scanning electron microscopy, X-ray diffractometer, attenuated total reflection Fourier transform infrared spectroscopy, and fiber optic spectrometry combined with the image processing technology and pair correlation function analysis. This APS contains ~29% in volume of protein fibers embedded in a protein matrix. These fibers, with diameters of 103 ± 17 nm, are densely arranged and unevenly crimped. In addition, they are locally parallel with each other and exhibit short-range order with a nearest-neighbor distance of 189 nm. Interestingly, the APS is humidity-responsive with a vivid green structural color (~530 nm) in the wet state, which disappears in the dry state. Moreover, the APS is sandwiched by two dense layers in the periostracum, which is flexible in wet and can spontaneously or artificially deform into various shapes. We hope this APS may provide new inspirations for the design and synthesis of 2D amorphous photonic materials.
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1. Introduction


Natural photonic materials are defined as such materials that use nano-architectures (often called photonic structures) to produce striking optical effects in the human visible spectrum [1,2]. These photonic materials can be directly used as optical sensors and/or serve as templates to make novel photonic materials [3,4]. The latter shows important technical applications in solar energy manipulation and information technologies [5]. Therefore, we are interested in discovering and studying new photonic materials in living organisms.



Various natural photonic materials in organisms such as insects, birds, plants, and marine animals have been well reviewed in the literature [6,7,8]. Their nanostructures vary periodically or quasi-periodically in one- (1D), two- (2D), or three-dimensional (3D) directions and then are called 1D, 2D, or 3D photonic structures, respectively [9]. Comparatively, 2D photonic structures are less common in nature. To my knowledge, they only have been found in the spine of sea mouse [10,11], the feathers of peacocks and other bird species [12,13,14], the skin of birds and mammals [15,16], in comb rows of Ctenophores [17] and ligaments of bivalve animals [18,19,20]. Their structural colors are usually understood by scattering from fibrous structures coherently.



Molluscan shells can be simply divided into a two-layered structure: (1) The inner layer is CaCO3 layer (such as the well-known mother of pearl), (2) the outermost layer covering the CaCO3 layer is the most organic coating layer called the periostracum [21]. The latter is secreted by specialized cells called basal cells and stabilized by quinone tanning (an undefined process relating to protein cross-linking) [22]. Their formation, development, and functions have been well reviewed by Checa and Salas [22]. Moreover, the periostracum is multifunctional, such as waterproof, and acid-resistant, serving as a substrate for the deposition of the CaCO3 layers [22,23]. Therefore, periostracum plays a key role in shell growth and survival.



Mussels, such as blue mussel Mytilus edulis and green mussel Perna canaliculus are a type of ecologically and commercially important bivalve mollusk [24] with a particularly thick (5 to 428 μm) periostracum [25]. To date, for the M. edulis periostracum its structure has been extensively investigated and is well-known. Namely, the periostracum in M. edulis has an interesting sandwich structure with a middle vacuolated layer bounded by two dense layers [26]. In addition, this periostracum is composed of quinone-tanned sclerotized protein [26,27]. However, for the P. canaliculus periostracumits structure as well as composition has been little investigated and is largely unknown.



Here, we investigate the structure and composition of the P. canaliculus periostracum, particularly focusing on the origin of the green structure color found in the periostracum. We first find that this color results from an unusual fibrous photonic structure within the periostracum.




2. Materials and Methods


The green mussels P. canaliculus (length: 8~10 cm) were obtained from a commercial firm in Guangdong province, southern China. The samples were processed as follows: (1) The soft tissues were gently removed from the shell by a scalpel, (2) the shells were washed with distilled water and dried in air for 2 days, then dried in an oven at 35 °C for 12 h, (3) the shell was manually broken into fragments, (4) some fragments were decalcified with 3% HCl for 24 h to obtain the pure periostracum, which was then cut into strips and rinsed three times by distilled water, (4) the powder samples were prepared by scraping the shell and periostracum with a scalpel.



The optical images were taken with an optical (Optec MIT300) and Stereo microscope (Optec SZ66), both of which were equipped with a digital camera (Tucsen, Fuzhou, China, USB2.0, GT5.0). A halogen lamp (50 W) was used as the light source. In addition, the reflectance spectra were collected using an optical microscope (Optec MIT300) with a fiber optic spectrometer (AvaSpec-2048, Avantes, Broomfield, CO, USA) under normal incidence, during which a Teflon white reference tile (WS-2, Avantes) was used for reflectance calibration.



The power XRD patterns were collected with a diffractometer (Rigaku D/max-2500) using Cu Ka radiation (λ = 0.15406 nm) at 40 kV (200 mA), which were analyzed using the software MDI Jade 6.0. Additionally, the attenuated total reflection Fourier transform infrared (ATR-FTIR) patterns were collected by an FTIR spectrometer (Bruker, Billerica, MA, USA, VERTEX 70) with a resolution of 4 cm−1 and a range of 500 to 2000 cm−1.



SEM images were obtained with a field emission scanning electron microscopy (FE-SEM) (Hitachi, Tokyo, Japan, SU8020) operated at 10 kV and 10 μA. Then, the images were processed using Quantitative Image Analysis (QIA-64) (Reindeer Graphics, Asheville, NC, USA), cooperated with Adobe Photoshop 2020 (Adobe, San Jose, CA, USA). Finally, the predicted reflectance spectrum was calculated by the Prum and Torres’ Fourier tool as detailed elsewhere [28].




3. Results and Analysis


3.1. Optical Observation and Analysis


Figure 1A shows that the external surface is almost covered with a periostracum, which is absent near the umbo area. It generally shows nonuniform brown to dark colors. However, it shows a dim green color near the shell edge, which is called exterior green color in this work. It has the following basic characteristics: (1) It is limited only near the shell edge and on the external surface of the periostracum, (2) it is humidity-independent, i.e., both the dry and wet periostracum show identical green colors (Figure S1), (3) it is independent on both the incident and viewing angle (angle-independent) (Figure 1A). Therefore, this exterior green color is characteristic of chemical colors, which is beyond the scope of this work.



In cross-sections, the periostracum, which covers the CaCO3 layers near the shell edge, can be divided into two parts: The growing periostracum located on the interior surface and the mature periostracum on the exterior surface (Figure 1B). The latter is the focus of this work and abbreviated as periostracum hereafter. Obviously, the periostracum has a tri-layer sandwich structure, of which the outer and inner layers show uniform dark brown color, while the central layer has bright nonuniform green colors (in set in Figure 1B). These three layers are called outer dense layer, inner dense layer, and central fibrous layer (CFL), respectively, based on the optical and SEM observations as will be detailed in the following Section 3.3.



It should be emphasized that the bright green color from the CFL has the following basic characteristics: (1) It occurs not on the surfaces of the periostracum but within it, namely, this green color cannot be observed unless the periostracum is broken, (2) it occurs in the entire periostracum, including the part of periostracum with brown surface color (Figure S2), (3) it is humidity-dependent, i.e., it only appears in the wet periostracum but disappears in the dry one (Figure S4). Therefore, the bright green color from the CFL is characteristic of the structural colors and clearly different from the exterior green color mentioned above. Please note this bright green color is the focus of this work.



Interestingly, as the periostracum is peeled away from the CaCO3 layers and cut into rectangular stripes oriented with different angles to the growth lines, these strips will spontaneously deform into various shapes, such as concentric (strip 2) and helicoid (strip 1) spirals with axes always parallel to the growth lines (Figure 1(C1–C3)). This should result from the relaxation of the residual stress in the periostracum. In addition, rectangular stripes are highly flexible and can be manually deformed into arbitrary shapes, such as the letter M (Figure 1D).




3.2. XRD and FTIR Analysis


To evaluate the refractive index of PL, we carried out compositional analysis by XRD and ATR-FTIR. For the XRD patterns (Figure 2A), the full shell (including the periostracum and CaCO3 layers) shows a series of sharp peaks superimposed with a broad peak at 2θ = 21°. The former match well with those of aragonite (JCPDS no. 05-0453), and the latter indicates the existence of amorphous materials. In comparison, the periostracum shows only a broad peak at 2θ = 21°. This provide further evidence that the periostracum is amorphous without any crystalline phases.



For the ATR-FTIR spectra, the full periostracum and its corresponding three different layers show similar patterns. That is to say, all spectra show a prominent combination of peaks at 1633 cm−1, 1515 cm−1, 1236 cm−1, and 1226 cm−1, which are characteristic peaks of the proteins [29]. This means that the ODL, CFL, and IDL are of proteins, although their detailed composition and configuration should be different to some extent.




3.3. Structural Analysis


Figure 3 shows the SEM images of the periostracum in cross-section cut along the line a-a’ in Figure 1A. At low magnification (Figure 3A), the periostracum consists of three layers: IDL, CFL, and ODL, similar to those under an optical microscope (Figure 1B). Among those, both the IDL and ODL appear homogeneous and dense thick layers with horizontal orientation. In contrast, the central layer (CFL) appears fibrous, consisting of bundles of crimped fibers (Figure 3C). Globally, their oblique angle α, defined as the one between the fiber axis and shell exterior surface (ES), varies with regions. In more detail, α is nearly vertical at the interfaces between the CFL and IDL (or ODL) (blue dashed lines in Figure 3B,D), while ~60° in the top part of the CFL. However, locally, α is nearly constant, meaning that adjacent fibers are parallel with each other (boxed areas in Figure 3B). Please note that the tri-layer structure occurs in the entire periostracum (Figure S3).



Figure 4A–C shows the SEM images of the damaged periostracum in cross-section. At low magnification (Figure 4A), the fibers are severely curved, twisted, or broken. Interestingly, in some fractured surfaces, the fibers are still parallel with each other and projected outward (Figure 4B). However, in some fractured surfaces, the fibers are absent, and the numerous cavities are observed to be arranged like a honeycomb (Figure 4C). These cavities correspond to the imprints left by the fiber pull-out during fracturing (Figure 4D), which was evidenced by the fact that the diameter of the fibers and cavities are comparable, which are 81 ± 25 (n = 58) and 103 ± 17 (n = 980), respectively. In addition, during fracturing, some fibers are disrupted exactly at the fracture surfaces, leaving solid imprints (circles in Figure 4F).



On the other hand, the imprints in cross-sections look like near circular or elliptic shapes with slight irregularity, probably resulting from the deformation or nonuniformity of the global orientation of the fibers (Figure 4D–F). Essentially, its shapes depend on the relative orientation between the fibers and the fractured surface. That is to say, they may appear as hollow cylinders, circles, or elliptic when the fibers are parallel, perpendicular, or oblique to the fractured surface, respectively.



To analyze Figure 4E quantitatively, we used the software Quantitative Image Analysis (QIA-64) to transform it into a binary image (Figure 5A). Then, the fiber coordinates of centroids and sizes were extracted by QIA for g(r) and size analysis. The results of image analysis suggest that the fibers have a volume fraction of about 29% (Figure 5A), and their equivalent diameter is highly uniform with an average of 103 ± 17 nm (n = 980) (Figure 5B). The g(r) curve of fiber centroids shows a strong first peak at r = 189 nm, which suggests the fibers are arranged in short-range order with a nearest-neighbor distance (d = 189 nm) (Figure 5C). In conclusion, the image analysis proved that the CFL of P. canaliculus possesses a 2D amorphous photonic structure (APS) made up of proteinous fibers and matrix.




3.4. Spectral Analysis and Theoretical Predictions


To measure the reflected color quantificationally, we carried out a spectral reflectance measurement under normal incidence. Figure 6A shows the bright green color from the wet CFL has a reflection peak at 528 nm, which shifts to 500 nm after being air-dried for 30 min and disappears after being oven-dried for 24 h at 35 °C. In addition, Figure 6A also shows the periostracum has a dark brown reflection peak at 678 nm. These results coincide with optical observation and analysis in Section 3.1.



To explore the peak position of structural green, we calculated the constructive reflection of CFL under normal incidence. When the wavelength of incident light matches the Bragg condition, a strong constructive reflection occurs and gives rise to a band gap centered at wavelength λ = 2navgd, where m is a positive integer, navg is the average refractive index, and d is the nearest-neighbor distance determined by the first strong peak of g(r). For P. canaliculus CFL, d = 189 nm and navg can be determined by Gladstone and Dale’s law [30]:


navg = npfp + nm·H(1 − fm)








where np is the refractive index of protein fibers (np =1.56 according to Ref. [31]), and fp is the fiber volume fraction (29%). nm·H is the refractive index of the matrix containing water. To estimate nm·H, we assume that the refractive index of the dry matrix is very close to the protein fibers. We measured the lengths of CFL in dry and wet states, as shown in Figure S4, then nm·H =   1.56 ×   29   46   + 1.33 ×     46 − 29   46     = 1.48  , navg =  1.56 × 29 % + 1.48 ×   1 − 29 %   = 1.5  . Therefore, λmax = 2navgd = 567 nm.



Because the equation (λ = 2navgd) cannot take amplitude variations into consideration, we try to show the shape of the reflectance spectrum using Prum and Torres’ 2D Fourier tool [28]. This tool can provide an accurate prediction for the shape of the reflectance spectrum of amorphous biological nanostructure. The refractive index of black and light materials is 1.48 and 1.56, respectively. The predicted result (Figure 6B) correctly reproduces the main features of the experiment and show a broad peak with a center at 535 nm, which is in good agreement with the experimental observation, although there are some differences in shape. In addition, the Fourier power spectrum has a slightly ovoid pattern (Figure 6C), which suggests that the structure of CFL is nearly uniform in any direction (Figure 6C) [32]. In other words, the CFL possesses an isotropic band gap, which reflects non-iridescent green coloration coherently [32]. Based on the above results, we confirmed that the green color of CFL arises from 2D APS.



The theoretical prediction of the reflectance spectrum is carried out based on data from analyses of SEM images that require the sample are dry. However, the green is displayed in wet periostracum. Therefore, whether the length of periostracum changes after drying needs to be confirmed. Figure S4 indicates that inter-fiber space is constant when the periostracum attaches to the CaCO3 layer.





4. Discussion


Many molluscan shells are well known for their beautiful color of mother of pearl (nacre), which is caused by the grooved surface or multi-layered microstructure (1D photonic structure) or both [33]. For the first time, we reported structural green in CFL of the periostracum of P. canaliculus, which arises from the 2D APS. In contrast to 2D photonic materials that have been found in animals [10,11,12,13,14,15,16,17,18,19,20], such as sea mouses and peacocks, the photonic materials found in the periostracum of P. canaliculus are unique because (a) they have been packaged as a photonic device with ODL and IDL, (b) they are flexible (Figure 1D) and stretchable (Figure S4C,D). In contrast to those analogous engineered photonics materials [34,35], such as polymeric opal fibers, their compositional and structural complexity rarely captures the range of periostracum of P. canaliculus.



It is generally assumed that molluscan periostracum is among the strongest mechanically but most inert chemically in the animal kingdom [36]. The major reason is that it is a scleroprotein-containing structure, which forms through a chemical process called quinone tanning (i.e., forming protein cross-links) [26,27,36]. For periostracum P. canaliculus, the analysis results of its composition show that ODL, CFL, and IDL consist of identical protein materials. However, from the view of the degree of protein cross-links, it is obvious that both ODL and IDL are complete, but CFL is not, based on SEM observations. That is to say, the fibers of CFL are cross-linked, but the matrix is not. Moreover, we think the cross-linked degree of fiber of CFL is different between growing and mature periostracum. Therefore, we infer the diameter and space of fibers are different, which gives rise to the different colors of both, as shown in Figure 1B.



The universal phenomenon of natural photonic materials is their complexity and nonuniformity, especially in structure [2,6,37]. It is no exception for CFL of periostracum P. canaliculus. Its structural analysis shows that the diameter, separation, and direction of fibers continuously vary: (a) The diameter changes gradually along the axis of fiber, which is evidenced by that the diameter of the fibers in area 1, 2, and 3 (Figure 3A) are 135 ± 23 nm (n = 11), 98 ± 17 nm (n = 12), and 75 ± 9 nm (n = 11), respectively, (b) the separation between fibers inversely changes with diameter, which is evidenced by the fact that the space between fibers is constant (Figure S4), (c) globally, the oblique angle (α) varies from 90° to 52°, and then to 90°, locally, the adjacent fibers are parallel with each other, as described in Section 3.3. Thus, in this case, these continuous variations give rise to the nonuniform color appearance of CFL. For example, we think the enhanced green color near the ODL (Figure 1B) is mainly due to a greater refractive index difference [38] in area 3, where the content of the matrix is relatively high.



Please note that the predicted reflectance spectrum for natural photonic materials is generally limited in a local area due to their complexity and nonuniformity [28,39]. In this work, we choose a small area located in the middle CFL to make a prediction. Although it provides solid evidence that the 2D APS is responsible for the green color, our understanding of CFL’s color-producing mechanism is still at an early stage. Therefore, more studies are needed, such as a more intensive theoretical study and using more advanced experimental ways (for example, FIB) of structure analysis in the future.




5. Conclusions


In cross-section, the central layer of periostracum of P. canaliculus has a bright green color. The cause of the color was studied via compositional and structural analysis of periostracum. The compositional analysis shows that the tri-layer periostracum is homogenous and protein. The structural analysis shows that the 2D amorphous structure comprised of fibers and matrix is responsible for the green color. Finally, we hope that this unusual 2D APS can provide new inspiration for the biomimetic structure of 2D photonic materials.
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Figure 1. Optical images. (A) Exterior view of green mussel shell. (B) Cross-section of the shell at direction a-a′ in (A). (C1,C2) Concentric spiral, (C1) cross-section view, (C2) top view, (C3) helicoid spiral. (D) Manually deformed letter. ODL: Outer dense layer, CFL: Central fibrous layer, IDL: Inner dense layer. 
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Figure 2. (A) XRD patterns of the periostracum and full shell. (B) The ATR-FTIR spectra of the periostracum. FP: Full periostracum, ODL: outer dense layer, IDL: Inner dense layer, CFL: Central fibrous layer. 
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Figure 3. SEM images of an undamaged periostracum in cross-sectional fractured along the line a-a’ in Figure 1A. (A) full view. (B–D) Detail of boxed areas 1, 2, and 3 in (A), respectively. ES: Exterior surface, ODL: Outer dense layer, CFL: Central fibrous layer, IDL: Inner dense layer. 
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Figure 4. (A–C) SEM images of the damaged periostracum in cross-section fractured along the line a-a’ in Figure 1A. (A) Overview (B,C) the magnified image of the red box and the blue box in (A), respectively. (D, E) Sections fractured along the directions oblique or perpendicular to the fiber axes. (F) The magnified image of the white dashed box in (E). 
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Figure 5. (A) Binary image of Figure 4E. (B) Histogram of the distribution of fibers’ equivalent diameter. (C) Pair correlation function of fiber centroids. 
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Figure 6. (A) Measured reflectance spectrum of cross-sectional fractured shell along line a-a’ in Figure 1A. (B) The predicted reflectance spectrum. (C) 2D Fourier power spectra of binary micrographs of nearly circular imprints. 
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