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Plastination represents the most advanced technique for preserving biological specimens, widely adopted in education, scientific research, and popular science. This study employed the technique of plastination to explore an innovative method for preserving and exhibiting minke whales, addressing challenges to optimize the use of rare marine mammal specimens and the multi-layered understanding of cetacean anatomy. A 6.5-meter-long adult female minke whale cadaver, weighing 3,368 kg, was dissected, plastinated with polymers, and assembled with internal support frames. Subsequently, skin, muscle, bone, and viscera specimens were prepared separately. The four specimens of the minke whale can be displayed together or individually, and their internal and external structures have been mostly well preserved, with superb surface textures and fine details. This marks the first application of plastination technique to create four distinct presentations from a single minke whale cadaver globally, which significantly conserves biological materials by maximizing the use of a single rare animal body. The innovative plastination technique not only broadens our understanding of cetacean biology but also establishes a sustainable model for preserving rare marine specimens, offering insights into the relationship between structures and functions, as well as environmental adaptations. This study will provide valuable tools for education, research, and popular science education.
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1 Introduction

The minke whale (Balaenoptera acutorostrata) is a relatively small baleen whale belonging to the mammalian order Cetacea, family Balaenopteridae, and genus Balaenoptera. Adult minke whales typically reach lengths of 6.5 to 8.8 meters and weigh up to 9.2 tons (Perrin et al., 2018). In recent years, commercial whaling and climate change have severely impacted the habitats and ecosystems of baleen whales, leading to a marked decline in their populations (Glover et al., 2010; Brown et al., 2014; Tulloch et al., 2019; Pitcher et al., 2022). Therefore, public engagement through popular science education, particularly in ocean sciences, is essential for raising awareness and fostering a sense of responsibility toward ocean conservation.

Current research on minke whales focuses mainly on their echolocation, foraging behaviors, and migratory patterns, aiming to enhance our understanding of their ecological interactions (Eerkes-Medrano et al., 2021; Rossi-Santos et al., 2022; Ten et al., 2022; Cade et al., 2023). This knowledge is essential for developing effective conservation policies for the species (Risch et al., 2019). Some studies have explored the evolutionary processes of minke whales by examining specific systems or structures, such as the olfactory or reproductive systems, skull, and temporomandibular joint (Godfrey et al., 2013; Sasaki et al., 2013; Nakamura and Kato, 2014; Werth et al., 2020). However, the large size and long growth cycles of whales pose significant challenges in accurately reconstructing their overall anatomical structures. Moreover, the scarcity of sufficient samples and technological limitations complicate research on the ecological conservation and evolutionary development of whales. This suggests that effective conservation of whale cadavers is crucial for advancing our understanding of marine ecosystems and evolutionary processes.

With the advent of plastination technology, the long-term preservation and display of large specimens have become feasible (Nader et al., 2019). For instance, previous studies have successfully plastinated a sperm whale, which is now the largest plastinated marine specimen in the world (Jiang et al., 2021). Traditional biological preservation methods primarily focus on maintaining the appearance and skeletal structure of whales by preserving their skin and bones. Fortunately, the introduction of plastination techniques allows for the preservation of soft tissues, including muscles and internal organs (von Hagens, 1979; von Hagens et al., 1987; Yu et al., 2015; Samuel and Sui, 2019; Sora et al., 2019). These techniques enhance the visualization of anatomical structures and provide more comprehensive information for scientific education and public outreach (Sora et al., 2019). By preserving and studying large whales, researchers can gain deeper insights into their ecological habits, behavioral characteristics, and evolutionary processes (Nader et al., 2019; Jiang et al., 2021). Most importantly, this approach offers a robust scientific foundation for the study and conservation of these invaluable marine organisms (Nader et al., 2019; Jiang et al., 2021).

Currently, the plastination technique is limited to isolating one or two independent specimens from a single large vertebrate (Yu et al., 2015; Jiang et al., 2021). This method hinders the ability to fully understand the detailed relationships between hierarchical structures and restricts the representation of specific living states in vertebrates. Moreover, this splitting approach often requires more raw materials to create multiple specimens, making it unsuitable for rare specimens.

In response to these challenges, we planned a study to address the high demand for raw materials and the limitations in anatomical accuracy presented by biological plastination methods. This study transformed traditional specimen exhibition by offering a multi-angle view of the internal structures of a minke whale. It helped clarify the adaptive relationships between structure and function, as well as structure and environment, in whales during cetacean evolution, thereby deepening our understanding of their evolutionary history and ecosystems.




2 Materials and methods



2.1 Materials

The specimen used in this study was a 6.5-meter-long adult female minke whale, weighing approximately 3368 kg. The minke whale became stranded on the beach in Changhai County, Dalian City, Liaoning Province, and showed no signs of life. This specimen was successfully collected under permission from the Chinese Authorities for Animal Protection. After discussions between the Dalian municipal government and experts, the minke whale was transported to Dalian Hoffen Biotechnique Institute, Dalian City, Liaoning Province, for preservation by plastination.




2.2 Method



2.2.1 Anatomy

The adult mink whale was dissected according to Figure 1.




Figure 1 | Flowchart of the study and pattern diagram of three internal support frames for four plastinated specimens.



Firstly, the skin of the head and trunk was carefully stripped along the median sagittal axis. The incisions along each fin followed the edges toward the distal ends. Skin was separated along these incision lines toward the dorsal side until it was completely removed. The dimensions of the peeled skin were measured and recorded to ensure accurate positioning during reassembly. The minke whale, after peeling off the skin, was dissected to show the superficial structures, including muscles, nerves, blood vessels, and glands.

Secondly, muscles were carefully peeled from the bone surface layer by layer, from superficial to deep, maintaining clear connections between them. Special care was taken with smaller, deeper muscles to avoid damaging the bone or ligaments. Blood vessels and nerves were cut at their distal ends but left attached to the muscles. All structures were meticulously dissected while preserving their original anatomy and integrity.

Thirdly, the visceral organs were dissected and removed as a whole from the mink whale. The visceral organs were completely removed from the thoracic and abdominal cavities and dissected to display the structures of each system and their adjacent relationships. Then, the skeleton and its connecting ligaments were dissected to better display the skeletal landmarks and the ligaments attached to the skeleton.

Finally, the skull was cut open and brain tissue was dissected and collected. The skull was cut along the median sagittal line, and the brain, along with its cranial nerves, was fully removed, leaving about 0.5 cm of nerve roots intact. The skull was then restored to its original state.




2.2.2 Fixation, dehydration/defatting, and impregnation

The dissected body parts of the specimen were fixed for several months using a combination of vascular perfusion and immersion in a 10% formalin solution. After selecting a suitable container for the samples, the anatomical specimens, including skin, muscles, bone ligaments, internal organs, and brain, were dehydrated, degreased, and impregnated with polymer using Hoffen-S10 technology (developed by Hoffen independently). Firstly, the anatomical specimens were dehydrated and defatted by immersing them in gradient acetone. This process was strictly monitored. Dehydration was performed at -25°C with the concentration of acetone increasing from 85% to 98%. Acetone levels were checked every 2 to 3 days and replaced with fresh acetone approximately six times to maintain the desired concentrations. Defatting was performed with the concentration of acetone increasing from 98% to over 99.95%, lasting for more than 60 days. The process was considered complete when the color of acetone was clear and not yellowed. Then, the dissected specimens were removed from the acetone bath and separately transferred to specially designed tanks containing silicone rubber for forced impregnation. The impregnation process was carried out in an environment of -25°C and -0.1 MPa, taking approximately 50 days.




2.2.3 Design of internal support frame

This method was based on previous literature with minor adjustments (Jiang et al., 2021). The internal support frame, composed of stainless steel, iron, copper, or high-strength plastic rods, was designed using skeletal and muscle data to replicate the anatomy of the minke whale. Key structural regions, joint connections, and movement patterns were carefully recreated, with special attention to muscle layers, craniofacial contours, and nerve and vessel course. Three types of internal support frames were designed for four specimens, and their schematic diagrams are shown in Figure 1. Among them, the internal support frames of the skin specimen and the muscle specimen were similar.




2.2.4 Assembly

The assembly process involved positioning the skin, muscles, skeleton, and internal organs, including the brain, on internal support frames to accurately recreate the natural anatomical structures of the minke whale. Careful adjustments were made to restore the appearance of muscles, nerves, bones, ligaments, and brain features.




2.2.5 Artificial restoration

The structural damage caused during the process of dissection and other processes was repaired by professionals to restore the original anatomical structure of the minke whale. As the brain tissue was severely damaged during collection, the sulci and gyri on its surface were artificially reconstructed. After artificial restoration, the specimens were placed in a closed chamber at 45°C and cured with the curing agent (Hoffen S6, developed by Hoffen independently) over one month. Hoffen S6 was vaporized using a small peristaltic pump, facilitating a cross-linking reaction of the silicone polymer within the tissues, which achieved the purpose of effect. Finally, the specimens were colored using a proprietary brand of water-based paint and a soft-tissue brush.






3 Results

An adult female minke whale cadaver, measuring 6.5 meters in length and weighing approximately 3,368 kg, underwent dissection, polymer impregnation, and internal support frame construction (Figure 1). It was then reassembled into its correct anatomical position, resulting in four specimens: skin, muscle, bone, and internal organs, which could be displayed either together or separately. Macroscopically, the external and internal structures of the plastinated minke whale were well-preserved (Figure 2). Each specimen highlighted specific anatomical features and the morphological characteristics associated with various activities of daily living. Additionally, the plastinated specimens were dry, non-toxic, and required no additional storage medium, enhancing their value for scientific collections in museums.




Figure 2 | Overall presentation of the four plastinated specimens of the fully assembled minke whale: skin specimen (A) muscle specimen (B) bone specimen (C) and viscera specimen (D).



First, as shown in Figure 3A, the minke whale skin specimen revealed a thick, smooth outer epidermis (Figure 3a1), which was nearly hairless.




Figure 3 | Skin plastination specimen (A) and muscle plastination specimen (B). (a1) Thick and smooth skin; (b1) Deltoid and trapezius muscles around the glenohumeral joint; (b2) Strong ventral lateral muscles (M. serratus anterior, M. obliquus externus abdominis, etc.); (b3) The lumbar and caudal muscles; (b4) Artificially drawn veins on the caudal fin.



Secondly, the muscle specimen (Figure 3B) showed a concentration of muscle tissues in the forelimbs, particularly the thick deltoid and trapezius muscles surrounding the glenohumeral joints (Figure 3b1). The triceps brachii complex exhibited atrophy, and the flippers lacked muscle tissue (Figures 3b1-2). Strong muscles, such as obliquus externus abdominis and serratus anterior muscle, were present along the belly of the whale (Figure 3b2). The caudal fin was composed of strong muscles (Figure 3b3), and the caudal fin veins have been artificially drawn (Figure 3b4).

Thirdly, well-preserved connecting structures such as vertebra (Figures 4C–E, G) ligaments, intervertebral discs, joint capsules, and cartilage were clearly shown in the skeletal specimen (Figure 4J). The glenohumeral joint was polyaxial (Figure 4B), while the digits showed signs of supernumerary phalanges and joints (hyperphalangy) and were reinforced by dense connective tissues (Figure 4F). The hind limbs were degenerated, leaving only bone fragments (Figure 4I). The baleen plates in the whale’s mouth, resembling human gums, were covered with baleen (Figure 4A). Additionally, hyoid bone also can be seen (Figure 4H).




Figure 4 | Skeleton plastination specimen of the minke whale (J) Lateral view of the skeleton specimen). (A) Whale baleen; (B) Glenohumeral joint; (C) Lumbar vertebra; (D) Transverse and spinous processes of the vertebrae; (E) Cervical vertebra; (F) A flipper; (G) Sacral vertebra; (H) hyoid bone; (I) Degenerated hind limb bones.



Finally, the viscera specimen (Figure 5) clearly displayed the sulci and gyri on the surface of the brain (Figures 5A, D), lung tissues (Figure 5E), kidney tissues (Figure 5F), heart structure (Figure 5B), and the large arteries that originate from the heart (Figure 5B). The kidney was a compound structure, consisting of multiple independent renal lobules (Figure 5F). Incompletely digested krill were still present in the stomach (Figure 5H), and the intestines were approximately the diameter of a human arm (Figure 5G). Additionally, the whale had a thick diaphragm (Figure 5C).




Figure 5 | Viscera plastination specimen of the minke whale (A) Front view of the specimen; (G) Lateral view of the specimen). (B) Heart; (C) Adjacent diaphragm, liver and stomach in situ; (D) Surface view of brain; (E) Lung; (F) Kidney; (H) Stomach contains undigested krill.






4 Discussion

Cetaceans are unique mammals that spend their entire lives in water and, over millions of years of evolution, have become integral to marine ecosystems. To adapt to a fully aquatic environment, whales have undergone extensive morphological, anatomical, physiological changes, and behavioral adaptations (Arnason et al., 2004; Slater et al., 2010; Gatesy et al., 2013). Therefore, conducting anatomical studies on stranded or accidentally deceased whales provides valuable insights into their physiological structure, biological characteristics, and ecological roles. This comprehensive knowledge is crucial for protecting marine animals and their complex ecological relationships (Chenoweth et al., 2022). In addition, their survival is increasingly threatened by factors such as overhunting, environmental pollution, and climate change (Gissi et al., 2021). Therefore, enhancing the understanding of cetaceans and improving the public’s scientific literacy has also become extremely important.

Traditional anatomical methods have been employed to study cetacean anatomy (Jiang et al., 2021). With the development of technology, plastination has become an advanced technique for the preservation and study of large cetaceans (von Hagens, 1979; von Hagens et al., 1987; Nader et al., 2019; Jiang et al., 2021). Plastinated specimens are durable, free of hazardous chemicals, odorless, capable of displaying intricate anatomical details, and require no additional storage medium, making them ideal for museum exhibitions. High-quality plastination specimens can last for decades and have been used to preserve large marine mammals (Ottone et al., 2015; Nader et al., 2019).

However, current methods typically allow for the extraction of only 1-2 anatomical layers, limiting the ability to fully demonstrate its morphological and behavioral features. This approach fails to capture the complexity of anatomical structures in a single individual. More detailed layers and features typically require multiple specimens of similar size (Yu et al., 2015; Nader et al., 2019; Jiang et al., 2021). Fortunately, the method used in this study—creating four plastinated specimens from a single minke whale—maximizes the use of a rare specimen. This approach effectively preserves biological materials and addresses the challenges associated with specimen scarcity in marine mammal research.

This method conserves raw materials and simplifies storage. For instance, the skin specimen overcomes issues like deformation and decay. Importantly, this method allows for a comprehensive presentation of anatomical structures from different perspectives and levels of detail. The skin specimen of minke whale shows a thick and smooth outer epidermis, almost hairless. Meanwhile, its skin lacks sweat and sebaceous glands and has a thick layer of whale blubber that provides insulation and mechanical protection (Jablonski, 2021). The muscle specimen, supported by stainless steel bars replicating the whale’s bone morphology and muscle attachment points, provides detailed views of muscles, nerves, blood vessels, and ligaments. Their forelimbs contain the most muscle tissues, allowing their flippers to act as stabilizers (Fish, 2002). The caudal fin, composed of strong muscles, propels the whale by swinging up and down (Woodward et al., 2006).

Moreover, the bone and viscera specimens were assembled based on normal physiological morphology, preserving rare specimens for in-depth anatomical studies, facilitating comparisons with other species, and offering insights into better assessing their environmental adaptability. The baleen plates of the minke whale, similar to human gums, are covered with whalebone which is used to filter small food particles. The degenerated hind limbs of the minke whales, now reduced to residual bone fragments, help reduce resistance in water during movement. Their digits showed signs of hyperphalangy and were reinforced by dense connective tissues, limiting the mobility of the metacarpophalangeal joint and interphalangeal joint. The presence of dense connective tissue surrounding these digits results in the absence or reduction of muscles that allow them to bend and extend (Cooper et al., 2007). Their flippers and digits with hyperphalangy effectively increase the surface area of the cetacean manus, which allows the limb to act as a control surface and may assist in aquatic locomotion (Cooper et al., 2017). The glenohumeral joints are polyaxial and primarily located within the body wall, with the surrounding muscles responsible for the movement of the flippers in cetaceans (Cooper et al., 2017). This contrasts with other aquatic species, such as penguins, seals, and sea lions, which retain flexibility in their glenohumeral joints, though the mobility of their metacarpophalangeal and interphalangeal joints varies (Fish, 2004). Consequently, this method of dissecting and plastinating multiple specimens from one same minke whale allows for a comprehensive visualization of the internal and external structures of the minke whale, offering insights into the relationships between structure and function, as well as environmental adaptations.

This study marks the first application of the plastination technique to create four plastinated specimens with different structural levels from one minke whale, effectively addressing the complexity of hierarchical structures and the diversity of living forms in plastinated vertebrate specimens. By presenting specimens that highlight various anatomical features in an accessible and durable format, observing these structures in more detail enhances our understanding of their functions, and analyzing these functions deepens our knowledge of the structures. In addition, the plastinated specimens are non-toxic, odorless, and require no additional storage medium, making them an ideal choice for museum exhibitions. By describing the evolutionary process of structures and how they adapt to the marine environment, it will help to stimulate the public interest in marine life and raise awareness of environmental and animal protection. This innovative plastination technique will provide valuable tools for marine biology, anatomical education, preservation science, and public engagement.

Despite the great effort we have made in this work, there is no guarantee that this work was carried out perfectly. In terms of anatomy, design, and display, we can choose asymmetric methods. For example, muscle specimens can be displayed with superficial muscles on one side and deep muscles on the other. Alternatively, different layers of muscle distribution can be presented through windowing techniques. This selective dissection is based on the needs of the display. In the future, this technology will be applied to more vertebrates, not just marine organisms.




5 Conclusion

This study presents a groundbreaking application of plastination, demonstrating an innovative method for the preservation and exhibition of four specimens derived from a single minke whale cadaver. The innovation of this technology lies not only in promoting the effective preservation of rare species such as cetaceans, but also in providing novel exhibition methods for museums around the world. Importantly, it offers scientists a valuable opportunity to study the ecology and evolution of whales, thereby significantly advancing the popularization of marine education and conservation efforts.
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