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    Marine ecosystems provide human communities with organic and inorganic sources of food and food additives. Moreover, marine ecosystems provide recreational space used for sports, relaxation and culture. To enjoy the important benefits provided by marine ecosystems for many years to come, we must understand and conserve marine ecology, as well as make an effort to implement and follow sustainable natural resource management.




    To conserve and take control marine ecosystems, it is important to evaluate the various components to support marine ecosystems. Unfortunately, about 20% of coral reefs have already disappeared globally. In addition, seaweed beds depletion has become common in coastal areas over the last several decades. Putting flesh on the above information, marine ecosystems are also supported by plankton, which might be underrepresented because of their invisibility to the naked eye. This loss of marine diversity, and hence the diversity within them, have considerably reduced marine-ecosystem services.




    To provide systematic and comprehensive coverage of these topics, from marine ecosystems to environmental monitoring, with a focus on evaluating the role of microorganisms particularly, we have assimilated the expertise of an excellent group of international experts, including marine ecologists, marine biologists, environmental scientists, microbiologists, material scientists, and industrial engineers. This book summarizes fundamental knowledge about marine ecology, as well as exploring the applied aspects of marine ecosystems. In addition, this book presents practical approaches to detect and evaluate microbes, even in marine environments. A significant feature of this book is the description of pilot and challenging approaches focused on improving marine ecosystems, such as using steelmaking byproducts as materials for rehabilitation.




    This book will benefit both academics and other professionals, including marine ecologists, microbiologists, environmental engineers, and engineers associated with industrial applications, such as bioremediation and algal biorefineries. As shown in the Table of Contents, this book is separated into three parts. “Part 1” is of utility to beginners, because it includes an informative guide of each presented field. Consequently, this book could be used as an informative book for undergraduate courses in marine biology, ecology, and microbiology. After beginning with fundamental topics, including seaweed and coral reefs for entry-level beginners, this book expands to incorporate the importance of microbes and their associations in marine ecosystems, including interactions of marine organisms with artificial materials.




    Although the Great East Japan Earthquake, which struck Japan on March 11, 2011, was an unfortunate disaster, the subsequent changes, including the availability of nutrient salts, to the coastal environment were analyzed in detail. This analysis includes information on how the disaster impacted the coastal ecosystem. Therefore, “Part 1” presents this information within the context of an actual example of sustainable environmental assessment, ahead of evaluating microbial parameters in the latter parts of the book.




    “Part 2” presents high-quality and constructive information with technical components for practical application. To conserve marine environments and achieve a green design for artificial materials used in the marine environment, it is important to detect and evaluate marine organisms precisely, particularly easily missed microorganisms. Instead of simply presenting the basic concepts about these microorganisms in the field of marine ecology, this book introduces readers to methodologies used to collect, detect, and evaluate microorganisms as constituents of marine ecosystems, because it is easy to overlook elements that are invisible to the naked eye. Our book presents highly sensitive in situ analytical methods using optical and scanning probe microscopy-based imaging, single-cell detection, and DNA-sequence-based techniques. Furthermore, several of the highly sensitive and specific techniques presented in the book could be applied to evaluating microbes in a variety of situations, including diagnostics in clinical situations, as well as industrial applications, such as water treatment. Thus, “Part 2” is also a useful book text for university students at both the undergraduate and graduate level.




    Finally, “Part 3” presents the results of several demonstration experiments that could be used in practice by experts and professionals. To conserve marine ecosystems, artificial materials or structures could be used to facilitate the recovery of depleted seaweed beds in coastal areas. This book also describes existing knowledge of how aquatic organisms interact with artificial materials. Using the biofouling of cooling industrial pipes by biofilms as an example, this book presents the mechanisms of biofouling on surface materials, as well as providing clues towards controlling this problem.




    After explaining the chemical properties of steelmaking slag in the aqueous environment, “Part 3” of this book presents a pilot approach towards improving marine ecosystems with steelmaking byproducts. This topic is also an important case study towards understanding how microbes, visible-scale organisms, and metallic materials interact. Consequently, this book provides useful insights towards resolving the loss of marine-ecosystem services caused by decreased cover of seaweed beds and coral reefs.




    Overall, this book helps readers to evaluate microbial communities in marine environments, providing many insights on methods that could be used to help recover marine environments and marine-ecosystem services.




    Finally, I thank many co-authors of this book for their dedication in sharing their expertise in both a concise and accessible way.






    

      Toshiyuki Takahashi
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      Abstract




      Japan has different climatic zones running from the south to the north of the country, which include subtropical to cool continental zones. Within these zones, 78 genera and 415 species of corals are found. Coral reefs are continuing to decline worldwide owing to large-scale bleaching events that have accompanied climate change. In Japan, the decline of reef-building corals occurred from 1998 to 2007, with many corals also dying during a large-scale bleaching event in 2016. In this chapter, I introduce our studies regarding coral reproduction, “Hybridization and speciation in Acropora” and “Elucidation of synchronous spawning mechanism in Acropora.” The importance and contribution of coral reproduction to the restoration of coral reefs are discussed because the influence of bleaching on reproduction is not limited only to the existing coral colonies, but it might also affect next generation colonies and the maintenance of coral populations.
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      INTRODUCTION




      Hermatypic corals that form coral reefs are mostly species belonging to Scleractinia, Hexacorallia, Anthozoa, and Cnidaria, although some belong to Octocorallia and Hydrozoa [1]. Many corals inhabit the shallow sea, and they show intracellular symbiosis with dinoflagellate algae.




      Japan has different climatic zones running from the south to the north of the country, which include subtropical to cool continental zones. Within these zones, 78 genera and 415 species have been identified to date [1-4]. In our previous study [5], we divided the area inhabited by corals into three parts. The “coral reef region” (24–30° N) has high coral species diversity and includes the Yaeyama Archipelago, Okinawa Islands, Amami Archipelago, Tokara Archipelago, and




      Ogasawara Islands. The “non-coral reef region” (30–33° N) shows moderate coral species diversity and includes Kyushu, Shikoku, and the Kii Peninsula. In this region, corals assemble without making a reef structure. The “peripheral region” (33–35°N) shows undeveloped coral assemblages with low coral species diversity, and includes the Izu Peninsula, Boso Peninsula, and Izu Islands (Fig. 1). The number of species decreases with increasing latitude owing to lower temperatures, with the number of species in each region estimated at 415 in the coral reef region, 200 in the non-coral reef region, and 55 in the peripheral region.
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Fig. (1))


      Map of Japan showing the three coral regions (coral reef region, non-coral reef region, and peripheral region). Squares surrounded by a black line with white color show the coral reef region; squares with pale gray color show the non-coral reef region and the square with dark gray color shows the peripheral region (modified from Isomura and Fukami 2018 [5]).



      In recent years, coral reefs have continued to decline worldwide owing to large-scale bleaching events that have accompanied climate change or by becoming prey for the crown-of-thorns starfish (Acanthaster spp.). In Japan, the decline of reef-building corals has continued after the large-scale bleaching in 1998, and Kawagoe [6] reported that approximately 70% of corals in Sekisei Lagoon (a barrier reef lying between the coasts of Ishigaki, Taketomi, and Iriomote Island) died owing to a large-scale bleaching event in 2016. Corals that previously dominated the subtropical zone have extended their habitat northwards in recent years, and the seaweed beds have been increasingly replaced by corals in fishing grounds [7]. Meanwhile, the area that the coral has joined by moving north has become a shelter of coral species that are reduced in the temperate areas [8]. The northern part of the peripheral region is a “marginal zone,” which never existed previously or had an extremely small quantity of coral populations, and is now where coral communities are expected to behave differently from those in subtropical areas.




      Currently, we are mainly conducting research on “Hybridization and speciation in Acropora” and “Elucidation of synchronous spawning mechanism in Acropora.” The genus Acropora is the largest group of reef corals and consists of approximately 150 species worldwide. This group of corals consists of very important organisms that are the foundation for the construction of coral reef ecosystems. The response and/or behavior of the genus Acropora under climate change conditions is expected to affect not only corals but also the organisms that use coral reefs as their habitats as well as the environment surrounding them. In this chapter, I introduce our studies of Acropora and discuss the future of corals including Acropora.




      

        Species Diversity of Acropora via Hybridization




        Among scleractinian corals (hereinafter referred to as “corals”), the genus Acropora is an important component in tropical, subtropical, and temperate areas, and contains approximately 150 species. Due to its large number of species, “hybrid speciation” is believed to have occurred within this genus [9]. Evidence of hybrid speciation in Acropora has been shown as follows: (1) many colonies of intermediate forms have been observed and (2) many species showed inter-specific synchronized spawning, which causes multi-specfic crossing. Examples of. (1) are the three coral species in the Caribbean Sea, A. cervicornis, A. palmata, and A. prolifera, withA. prolifera shown to be a hybrid of A. cervicornis and A. palmata [10]. Although genetic information confirmed these hybrids, it was predicted that this species was a hybrid because it contained two other intermediate forms. Regarding point (2), multi-specfic synchronous spawning has been reported on the Great Barrier Reef [11] and inter-specific hybridization experiments have been conducted at various locations, which have revealed that they can cross between genetically similar species [12, 13]. Although these studies reveal the ability of crossbreeding and hybrid formation in Acropora, actual “hybrid speciation” has not been confirmed to date. In addition to the above conditions (1) and (2), two more conditions may be required as follows: (3) hybrids can survive at any stage of life history as well as the parent species, and (4) hybrids are fertile, which is required for the success of the next generation. Moreover, two sub conditions of point (4) exist as follows: (4a) mating between hybrids is established more frequently than crossing with other species or parent species, and (4b) under inter-specific synchronous spawning conditions, inter-specific breeding is equivalent to or more effective than intra-specific crossing.




        We focused on two species, A. florida (Fig. 2A) and A. intermedia (Fig. 2B) in Akajima Island, Okinawa, to study the hybrid speciation of Acropora. These two species can hybridize artificially and are distinguished morphologically because A. florida has a bottle-brushed morphology (Fig. 2A), in which, a number of short branches protrude from the main thick branches, whereas A. intermedia has a long branching morphology (Fig. 2B). Previous studies in the Caribbean suggest that hybrids are likely to exhibit an intermediate form of the parent species; however, it is expected that hybrids can be easily discriminated, such as in these two species with distinctly different colony shapes. In fact, putative hybrids showing intermediate forms of both species were confirmed from Akajima Island (Fig. 2C). In 2007, two types of cross breeding were performed. The obtained larvae (confirmed hybrids) were cultivated for 7 years and it was confirmed for the first time globally that these confirmed hybrids spawned gametes and were fertile (Fig. 2D). Furthermore, from the results of cross breeding experiments over some years, it was possible to verify the above four conditions that are required for hybrid speciation to occur in A. florida and A. intermedia [14-16].




        From 2007, the authors bred hybrids of artificially produced A. florida and A. intermedia outdoors, and measured their morphological traits in 2011 and 2014. The morphological traits of the parent species colonies were also measured during the same period, and morphological analysis using the multinomial logit model was performed. The hybrids showed an intermediate morph between the two parents and the traits were similar to the mother species [17]. In addition, the mother species was estimated from the morphology of the putative hybrids that were found in the field. Therefore, the parent species of the hybrids could be estimated more accurately together with the results from the gene analyses.




        Furthermore, it was confirmed that there was an intermediate form of colonies that did not have a clear branching structure similar to A. intermedia, although it had a bottle-brushed form that is a feature of A. florida (Fig. 2E). This colony had a larger axial corallite and possessed the characteristics of A. gemmifera (Fig. 2F), which inhabited the same area as the other two species. We are now examining the ability of hybrid formation in A. gemmifera using A. florida and A. intermedia to verify how many species of Acropora can form hybrids under multi-specific synchronous spawning in Okinawa.
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Fig. (2))


        Photographs of the Acropora species that were used in our study. A: A. florida, B: A. intermedia, C: Putative hybrid considered to originate from A. florida and A. intermedia, D: Spawning of real hybrid by A. florida and A. intermedia, E: Putative hybrid considered to be related to A. gemmifera, F: A. gemmifera. Scale bars = 10 cm. This figure is modified from Isomura 2018 (Umiushi Tsushin, 98, 8-10, written in Japanese).



        Although this is only a preliminary analysis, we examined the multiple exon regions of A. florida, A. intermedia, A. gemmifera, and putative hybrids, and found the following: (1) the haplotype was shown to be shared among A. florida, A. intermedia, A. gemmifera, and the putative hybrids, (2) another haplotype was shared between A. intermedia and the putative hybrids, and (3) another haplotype was shared only among the A. florida colonies. These results indicate that A. gemmifera may be related to hybrid production and introgression. Further detailed genetic analysis will clarify how many hybrids exist and how much introgression is occurring among these species. Moreover, hybrid speciation will be elucidated, which has been a longstanding mystery of coral research, by integrating crossing experiments, distribution surveys, and genetic analyses.


      




      

        Search for Endocrine System Regulating Multi-specific Synchronous Spawning in Acropora




        The genus Acropora develops their gametes throughout the year, and they spawn eggs and sperm synchronously during the summer season. Synchronization of these reproductive activities was thought to be due to changes in the external environment such as the lunar age, water temperature, and the tide. Corals receive changes in the external environment as stimuli and regulate gametogenesis and spawning by hormones and/or neurotransmitters. However, the physiological mechanism for synchronous spawning is almost unknown. Sex steroid hormones are produced from cholesterol, and sex hormones containing male and female sex hormones are formed as metabolites from cholesterol. Among these hormones, estrogen is known as the female hormone and plays an important role in reproductive activities such as the formation of ovaries and uteri. Estrogens act via the estrogen receptor (hereinafter referred to as “ER”). After estrogen is secreted, it enters the nucleus, binds to the ER, and regulates the transcription of reproductive genes. Invertebrates already have the same ER gene as that of humans [18] and the association between sexual maturation and the ER has been reported in oysters [19]. In scleractinian corals, estrogen has been detected in Euphyllia ancora and the estrogen level increases during the spawning months [20].




        Catecholamine acts as a neurotransmitter and regulates important functions such as locomotion, biological rhythm, blood pressure, and the reproductive and endocrine systems. Noradrenaline, a type of catecholamine, functions via a noradrenaline transporter (hereinafter referred to as NAT). Even in invertebrates such as bivalves, catecholamines have been reported to be related to reproduction and spawning [21]. It has been reported that dopamine, a catecholamine, inhibited the spawning of Acropora [22]. Due to next generating sequencing, the whole genome decoding of A. digitifera was performed [23], and this genomic information can be used in studies of reef corals. We found both the ER and NAT genes using the genome database of A. digitifera.




        Recently, we began to examine the expression kinetics of the ER and NAT genes in gametogenesis and spawning in A. intermedia to elucidate a part of the endocrine mechanism concerning the reproductive activity of Acropora. Although only a preliminary result, it was suggested that A. intermedia secreted much estrogen during the initial formation of the oocyte and regulated the amount of secretion during the development of the oocyte. In contrast, the expression level of the NAT gene decreased toward spawning and recovered after spawning. Noradrenaline and dopamine, a precursor of noradrenaline, are known to inhibit spawning and reproductive activity in corals and invertebrates [22, 24]. It has also been suggested that noradrenaline suppresses spawning and that a reduction of noradrenaline secretion triggered spawning in A. intermedia. In previous studies, catecholamines containing noradrenaline have been detected as substances in Acropora spp. before and after spawning [25]. Moreover, it is necessary to detect the proteins and substances related to reproduction in coral tissues, and to the clarify changes that take place before and after spawning and between seasons.


      




      

        Contribution of Coral Reproduction to the Restoration of Coral Reefs




        The NOAA (2015) predicted that a global bleaching event, which was the third largest in recorded history, would occur from 2015 to 2016 [26], with this predicted global bleaching event beginning at the Mariana Islands in 2014 and expanding to the South Pacific and Indian Ocean in 2015, and the northern Great Barrier Reef in 2016 [27]. Subsequent to this, a mass coral-bleaching event occurred in Ryukyu Islands, Japan, during the summer of 2016. Severe damage was observed, especially around Miyako Island and in Sekisei Lagoon [6, 28].




        The amount of energy resources available to the coral hosts may decrease by the loss or reduction of zooxanthellae during bleaching. Energy resources are allocated among the processes of growth, survival, and reproduction to maximize evolutionary fitness [29], and thus the effects of bleaching on reproduction may be expected. The effects of bleaching on reproduction have been reported in Japan [30, 31] as have the effects of climate change and/or ocean acidification on reproduction [32, 33].




        The influence of bleaching on reproduction is not limited to the present coral colonies; it may also affect next generation colonies and population maintenance. The recovery of Acropora depends on the density of nearby adult colonies [34]; therefore, adequate fecundity of adult colonies that are sexually mature will be important for both population fitness and recruitment to self and/or other populations. However, we have only limited information regarding coral reproduction, even for the well-studied genus Acropora, although there are more than 400 corals species around Japan. Further studies on coral ecology and reproduction are required to understand how corals are affected by ongoing climate change and how to minimize the influence of the declining coral cover in the future.
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      Abstract




      Nanofibers with diameters between 100 nm to 200 nm were easily prepared from various water-soluble marine polysaccharides by combining ultrasonic atomization with freeze casting. Scanning electron microscopy demonstrated considerable differences in fiber diameter and morphology between the types as well as the concentrations of polymers. Nanofibers with uniform orientation were obtained by rapid freezing. The anti-bacterial activity of chitosan nanofibers is suitable for their use as food packaging material. Biodegradable composites of chitosan nanofibers and cellulose paper could be a solution to the problem of ocean pollution from single-use petroleum-based plastics.
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      INTRODUCTION




      Nanofiber production from polysaccharides has attracted a great deal of research attention because of properties of the nanofibers, including biodegradability and biocompatibility [1].




      Marine polysaccharides, which are present in many marine organisms, are very important biological macromolecules. Chitin is a long-chain polymer of N-acetylglucosamine (Fig. 1A). It is one of the most abundant polysaccharides isolated from the shells of crabs and shrimps. Chitosan is a natural cationic polysaccharide (Fig. 1B) produced commercially by deacetylation of chitin. Other types of polysaccharides are rich in seaweed, such as carrageenan from red sea-weeds and alginates from brown seaweeds. Carrageenan consists of linear sulfated polysaccharides. There are three main varieties that differ based on their degree of sulfation. κ-carrageenan has one sulfate group per disaccharide (Fig. 1C). Alginate is a natural anionic polysaccharide with a linear structure (Fig. 1D) composed of β-(1–4) linked D-mannuronic acid and its epimer comprised of α-guluronic acid units. Along its polymer chain, alginate has regions rich in sequential mannuronic acid units, guluronic acid units, and regions in which both monomers are equally prevalent.
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Fig. (1))


      Chemical structure of marine polysaccharides.



      Spinning methods, such as electrospinning [2] or wet spinning, are commonly used for nanofiber fabrication. Wet spinning requires complex processes and is expensive. In addition to the risk of electric shock, electrospinning using high-voltage electrical fields is limited by the difficulty in controlling fiber orientation and is sensitive to the conductivity of the spinning dope solution.




      A novel and unique technique of fabricating nanofibers with a uniform orientation combines ultrasonic atomization and freeze casting. In this study, the applicability of this technique to various marine polysaccharides was investigated. Furthermore, biodegradable composites of chitosan nanofiber with cellulose paper were developed. The potential of these composites as food packaging material was evaluated. Such a biodegradable packaging material could provide a solution to the problem of ocean pollution with single-use petroleum-based plastics.


    




    

      MATERIALS AND METHODS




      Chitosan 10 powder (deacetylation degree: 80%, MW = approximately 22 kDa), sodium alginate, and κ-carrageenan were all purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). All the chemicals were of analytical grade, for laboratory research and investigational use only, and were used as received.




      Chitosan hydrogels (4wt%) were obtained by dissolving chitosan powder (4.0 g) and l-lactic acid (2.0 ml) in distilled water (94.0 ml). The hydrogels were diluted to the desired low concentrations with distilled water. Alginate was dissolved in distilled water at 25°C to obtain aqueous solutions of concentration 0.1wt%, 0.2wt%, 0.4wt%, and 0.8wt%. κ-carrageenan was dissolved in hot water at 85°C.




      The polymer solution was poured into the reservoir of the model HX8111/32 Sonicare AirFloss (PSAF) device (Philips, Amsterdam, Netherlands) and atomized several times until the nozzle produced a full solution mist. A stainless-steel dish was filled with liquid nitrogen, ice/NaCl, or dry ice/ethanol and covered with a silicon wafer until the wafer surface just began to freeze. The PSAF nozzle tip was 5 cm from the wafer center and flush with its edge. It was kept parallel to the wafer surface while one single layer was atomized along this edge. Next, the wafer was immediately placed into an FDU-1200 freeze dryer (EYELA, Tokyo, Japan) and lyophilized under vacuum for approximately 5 hr at −52°C (Fig. 2).
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Fig. (2))


      Schematic illustration of ultrasonic atomization-freeze casting process for nanofiber fabrication.



      For morphological observation, nanofibers were removed from the wafer using conductive tapes after freeze–drying. Fiber samples were immediately coated with a conductive platinum layer by sputtering using a model E-1030 device (HITACHI, Tokyo, Japan). Their morphologies were examined by wet scanning electron microscopy (HITACHI). Scanning electron micrographs were evaluated using ImageJ software (NIH, Bethesda. MD, USA). At least 100 isolated nanofibers were randomly selected and their diameters were measured.


    




    

      RESULTS AND DISCUSSION




      Uniformly oriented, small diameter chitosan nanofibers were successfully produced by combining ultrasonic atomization and freeze casting [3], as shown in Fig. (3). In our preliminary studies, chitosan concentrations exceeding 4wt% produced a lamellar or porous structure upon freeze–drying. Here, lower concentrations ranging between 0.1 and 2.5wt% were chosen with the aim of obtaining fibers. Fiber diameters showed no obvious change with increasing con-centration before sharply increasing at 0.8wt%. The 0.1 to 0.2wt% chitosan solutions yielded thinner fibers with an average diameter of 63.56 ± 24.05 nm. However, these fibers presented short, sparse, and disordered structures mixed with a small number of particles (Fig. 3A). Above 0.4wt% chitosan, most con-tinuous fibers adopted the same orientation (Fig. 3A). Similarly oriented fibers with an average diameter of 102.98 ± 23.98 nm were obtained at 0.8wt% (Fig. 3B), which was slightly larger than that obtained at 0.4wt%. When the chitosan concentration increased, the number of fibers decreased, but their diameters were greater. A lamellar structure appeared at 1.4wt% and completely replaced the fibers at 1.6wt% (Fig. 3C). However, ultrasonic atomization largely maintained the fiber structure, delaying the emergence of this lamellar structure. At 2.5wt% chitosan, honeycomb-like compartments appeared (Fig. 3D).
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Fig. (3))


      SEM images of nanofibers at different chitosan concentrations. (A) 0.1wt%, (B) 0.8wt%, (C) 1.6wt%, and (D) 2.5wt%.



      The effects of parameters other than chitosan concentration, such as the atomization tool and temperature, were also investigated. Uniformly oriented, small diameter nanofibers with an average diameter of 91.58 ± 17.36 nm were obtained using PSAF for ultrasonic atomization. A network structure of randomly oriented fibers with an average diameter of 216.76 ± 76.86 nm was obtained using a common household sprayer. When the atomization tool was changed to an airbrush, air pressure affected the fiber structure. Randomly oriented fibers with an average diameter of 161.36 ± 40.67 nm were observed at 0.4 MPa. A comparison of different atomization tools revealed that the uniform fiber orientation relied on the ability of the tool to provide a solution mist at a high initial speed. Temperature impacts fiber structures by directly affecting the freezing rate and indirectly by changing the solution viscosity. Changes in freezing rates were investigated using different solutions and freezing temperatures. The average fiber diameter was 91.58 ± 17.36 nm at 0°C and slightly increased to 111.16 ± 23.10 nm at 25°C. When the solution temperature increased to 37°C, the average fiber diameter also increased to 184.88 ± 61.31 nm. This might have been due to the decreased freezing rate with increasing solution temperature, because slower freezing rates generate larger ice crystals, which act as a template for the formation of larger chitosan fiber morphologies. However, the influence of solution temperature on the fiber structure was not as pronounced as that of the freezing temperature. Randomly oriented fibers with an average fiber diameter of 287.88 ± 114.30 nm were obtained when an ice/NaCl mixture (approximately -15°C) was used instead of liquid nitrogen. The average fiber diameter decreased to 209.64 ± 47.88 nm when a dry ice/ethanol mixture (approximately -50 °C) was used as the coolant. Liquid nitrogen was the most suitable coolant for rapid freezing necessary to produce uniformly oriented, small diameter fibers.




      The applicability of this nanofiber fabrication technique combining ultrasonic-atomization and freeze casting was also assessed for other marine polymers, including alginate and κ-carrageenan [4].




      Alginate demonstrated an excellent fiber formation property similar to that of chitosan. At 0.1wt%, a small network structure of randomly oriented fibers with an average diameter of 118.81 ± 27.72 nm formed (Fig. 4A). When the concentration increased to 0.2wt%, nanofibers with uniform orientation at average diameter of 137.93 ± 45.22 nm were obtained (Fig. 4B). Average diameter increased along with its concentration, 180.22 ± 51.04 nm at 0.4wt% (Fig. 4C) and 244.77 ± 55.74 nm at 0.8wt% (Fig. 4D), which resulted in formation of a lamellar-like structure.
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Fig. (4))


      SEM images of nanofiber at different alginate concentrations. (A) 0.1wt%, (B) 0.2wt%, (C) 0.4wt%, and (D) 0.8wt%.



      This lamellar-like structure more obviously observed with κ-carrageenan. Only a small amount of fiber structure with an average diameter of 418.98 ± 99.01 nm was observed (Fig. 5A). When increasing concentrations of κ-carrageenan were used, the thickness of the lamellar-like structure increased and a porous morphology resulted (Fig. 5B-D).




      These morphological changes were considered to be due to the viscosity of the polymer solution. A highly viscous solution might lower the speed of ice crystal growth, resulting in a more random structure. Fig. (6) displays a schematic illustration of the ice segregation-induced self-assembly [5]. The combined ultrasonic atomization-freeze casting approach benefits from synergistic effects. When a solution with lower viscosity is applied, the ultrasonic atomization provides a high initial speed, thus producing a thin polymer solution layer on the cooled surface for unidirectional rapid freezing. Next, acting as templates, small and ordered ice crystals segregate the polymers and freeze–drying subsequently removes these ice crystals without damaging the resulting fibrous structured polymer (Fig. 6A). Both small diameter and uniform orientation resulted from the high freezing rate. Normally, higher freezing rates generate smaller ice crystals and smaller polymer template morphologies, unlike lower freezing rates [6]. In the presence of liquid nitrogen, the entire freezing process lasted less than 0.01 s, promoting the alignment into nanofiber structures under the template effects of the growing ice crystals. The high initial velocity ultrasonic atomization spread the solution into a thin liquid layer on the cold surface, enabling rapid and unidirectional freezing. High-viscosity solutions produce a lower initial atomization velocity than do their low-viscosity counterparts through the nozzle tip. As a result, the high-viscosity solutions form a thicker and uneven liquid film on the cooled surface, increasing the freezing time. Furthermore, strong intermolecular forces hinder the normal growth of ice crystals during freeze casting, reducing the driving force of the fiber formation. These forces alter the crystal growth direction, making it difficult to achieve a uniform template or fibrous morphologies.
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Fig. (5))


      SEM images of nanofiber at different κ-carrageenan concentrations. (A) 0.1wt%, (B) 0.2wt%, (C) 0.4wt%, and (D) 0.8wt%.



      The anti-bacterial property of chitosan nanofibers was compared using different types of gram-negative and positive bacteria (Fig. 7). A halo (zone of growth inhibition) was clearly observed for gram-negative and positive bacteria that cause food poisoning. The areas of the halos decreased using the different chitosan nanofibers (Sample 1 and 2). Cellulose paper combined with chitosan nanofibers (Sample 4 to 6) also inhibited bacterial growth in cases. Cellulose paper alone did not inhibit bacterial growth (Sample 3). Considering the difference of molecular structure between cellulose and chitosan, the amino moiety of chitosan could contribute to the anti-bacterial property [7].
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Fig. (6))


      Schematic illustration of (A) fiber formation by rapid freezing, (B) lamellar or porous structure formation by slow freezing.
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Fig. (7))


      Anti-bacterial test with various packaging material. (Left: Escherichia coli, Middle: Bacillus subtilis, Right: Staphylococcus aureus).



      The applicability of chitosan nanofibers as a food packaging material was explored for strawberry preservation (Fig. 8). After 5 days of preservation, strawberries without any packaging had changed color and were severely damaged, with some rotten spots observed in berries wrapped with plastic or filter paper. On the contrary, strawberries packaged with filter paper coated with chitosan nanofibers maintained an excellent appearance and good quality, with no loss in nutritional value, such as vitamin C content.
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Fig. (8))


      Comparison of the effectiveness of various packaging materials used in strawberry preservation.



      Other advantages of this packaging material combining cellulose filter paper with chitosan nanofiber included its superior mechanical property during usage and biodegradability after disposal. This biodegradable functional packaging material would help alleviate the pollution of marine ecosystems caused by single-use petroleum-based plastics.


    




    

      CONCLUSION




      Nanofibers with diameters between 100 nm and 200 nm were easily prepared from various marine polysaccharides by combining ultrasonic atomization with freeze casting. Scanning electron microscopy demonstrated that fiber diameter and morphology varied considerably between the types as well with the polymer concentrations. Nanofibers of uniform orientation were obtained from alginate and chitosan with lower concentrations below 0.4wt%. The simple combination of ultrasonic atomization and freeze casting can be applied to nanofiber fabrication for water-soluble polysaccharides and for other natural and synthetic polymers.




      As for industrial applications, continuous production or scale-up of this nanofiber fabrication method could be achieved using a rotating drum shaped reactor, as shown in Fig. (9). In this process, a solution containing polysaccharides is atomized onto the drum shaped reactor that is filled with liquid nitrogen for rapid freezing. The thin layer of frozen sample is scraped from the surface and freeze dried to obtain the nanofibers. This concept has already been applied for the production of carbon nanofibers from lignin [8].
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Fig. (9))


      Schematic diagram of continuous nanofiber fabrication by the freeze casting method.



      The functional application of chitosan nanofibers as an anti-bacterial food packaging material was successfully demonstrated. This potential of nanofibers from marine polymers needs to be further explored to fully utilize the unique properties of functional moieties.




      Finally, the biodegradable composites made from biodegradable plastics reinforced with nanofibers produced from renewable resources could provide solution to ocean pollution caused by conventional single-use plastics derived from petroleum.
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