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Nano-systems in nature and their biomimetic applications


Abstract:
Nature has a great ability to create intricate nano-systems that perform complex functions with unexampled precision and efficiency. These naturally synthesized nanomaterials and nanostructures, under ambient conditions in living organisms, are the source of inspiration for the design of new technologies in many scientific disciplines. Nanotechnology is a growing field of research, and research in this field has been incorporated into most aspects of human life. There are many examples in natural systems where presence of nanostructures enhanced efficiency and survival by plants, animals and microbes. Nano structures in natural systems are tiny, organized structures at the nanoscale (1 to 100 nanometers) and enable biological, chemical, and physical processes with remarkable efficiency.  This article reviews the intricate nanostructures employed by various biological entities, highlighting how these systems contribute to survival and efficiency. Presence of nanostructures aid in functional adaptations of various organisms. Key examples include the super-hydrophobicity of lotus leaf, super adhesion properties of gecko feet, and specialized glands of carnivorous plants like Drosera to trap prey. Hydrodynamic advantages of shark skin, the structural coloration of butterfly wings, and the antireflective properties of moth eyes, also showcase the engineering powers of nature at the nanoscale.  Exploration of the remarkable adaptations found in nature and a deeper understanding of hierarchical nanoscale structures can inspire advancements in bioengineering, ultimately leading to cost-effective and sustainable technological applications.
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Introduction
Nanostructures, with their unique properties arising from their minuscule scale, play a pivotal role in the natural world. Flora and fauna have ingeniously adapted to these nanoscale features, utilizing them for survival and thriving in diverse environments. This fascinating interplay between nature and nanotechnology showcases the remarkable ways organisms enhance their quality of life through nano-engineering. Nature utilizes nanotechnology in different forms, using nanoscale structures for numerous functions such as producing intense colors, forming waterproof coatings, and allowing effective energy transfer. These natural nanotechnologies provide inspiration for manufactured technologies, resulting in advances in biomimicry and novel material designs. Humans have created their own adaptations mimicking these nanoengineered systems present in nature. These naturally occurring nanomaterials and nanostructures, synthesized within biological systems, serve as inspiration for the development of novel technologies across various scientific disciplines. These microscopic wonders contribute to the resilience and functionality of different species, highlighting the beauty of nature's design at the nanoscale.
1.	The Lotus Effect
The lotus plant (Nelumbo nucifera) is a semi-aquatic species renowned for its exceptional self-cleaning properties, which can be attributed to the unique nanostructure and chemical composition of its leaf surface. The phenomenon of super-hydrophobicity is characterized by a high contact angle and a low roll-off angle, indicating that a surface is superhydrophobic when water droplets exhibit minimal adhesion. Wetting can occur in two forms: homogeneous and heterogeneous. In homogeneous wetting, liquid droplets infiltrate the rough outer layer to access the troughs beneath, whereas heterogeneous wetting confines additional fluid or air within the surface's rough troughs [1]. Nature generally favors heterogeneous wetting, which significantly impacts the hydrophobic characteristics of materials. Observations reveal that the lotus leaf demonstrates heterogeneous wetting behavior, largely due to its surface roughness, which consists of numerous nanostructured pillars measuring between 200 nm and 1 μm in size. 
The surface of the lotus leaf features micro-papillae that create a rough texture, which is essential for achieving superhydrophobicity. This roughness enhances the water contact angle, allowing it to exceed 150°, a characteristic of superhydrophobic surfaces [2]. The combination of these microstructures and the waxy coating leads to a Cassie-Baxter state, where water droplets rest on the tips of the microstructures, minimizing contact with the solid surface and thus reducing adhesion [3], [4]. This state is crucial for the self-cleaning properties observed in lotus leaves, as droplets can roll off and pick up dirt particles along the way [5], [6]. The implications of the lotus effect extend beyond natural phenomena; they have inspired the development of biomimetic materials and coatings that replicate these superhydrophobic properties for various applications. These include self-cleaning surfaces, anti-fogging coatings, and materials designed for water repellency in industrial contexts. The insights gained from studying the lotus leaf have led to innovations in material science, where researchers aim to engineer surfaces that mimic the lotus leaf's structure and chemical properties to achieve similar functionalities [7], [8]. 
2.	Gecko Feet
Gecko lizards inhabit warm climates globally and possess specialized feet that allow them to effortlessly traverse both smooth and rough surfaces, including vertical and inverted orientations. This remarkable ability is attributed to the unique microstructure setae-keratin-based hairs, found in the millions on its foot surfaces. Each seta is subdivided into hundreds of nanoscales spatulae, measuring between 3 to 6 micrometers in diameter and 20 to 70 micrometers in length. These specialized setae confer superhydrophobic properties and enhance adhesion to water, facilitating their climbing capabilities.
The adhesive capabilities of gecko feet are attributed to their intricate micro- and nanoscale structures, which have inspired a range of industrial applications. The gecko's toe pads are covered with millions of hierarchical setae, composed of β-keratin and ending in spatula-like tips. This unique design allows geckos to exploit van der Waals forces effectively, enabling them to adhere to various surfaces, including both smooth and rough textures, without the need for wet adhesives or suction mechanisms
[9], [10], [11]. The hierarchical arrangement of these structures maximizes the contact area, enhancing the adhesive force while allowing for easy detachment when needed. 
Recent advancements in materials science have led to the development of synthetic adhesives that mimic the gecko's adhesion mechanism. For instance, researchers have fabricated micro- and nanostructured surfaces using techniques such as MEMS (Micro-Electro-Mechanical Systems) and NEMS (Nano-Electro-Mechanical Systems) to create synthetic adhesives that replicate the gecko's unique foot structure [12], [13], [14]. These biomimetic adhesives exhibit properties such as reusability, self-cleaning capabilities, and adaptability to various surfaces, making them suitable for applications in robotics, medical devices, and construction [15], [16]. The ability to control adhesion through mechanical or thermal means further enhances their utility in diverse industrial contexts. The incorporation of carbon nanotubes into adhesive designs has been shown to improve mechanical and chemical properties, resulting in stronger and more versatile adhesives [17]. 
Additionally, the exploration of self-cleaning mechanisms, inspired by the natural shedding of dirt from gecko feet, has led to the development of surfaces that maintain their adhesive properties over time without degradation [10], [18]. This aspect is particularly valuable in applications where cleanliness and reliability are critical, such as in surgical tools or in environments where contamination is a concern.
4.	Legs of pond skaters
Pond skaters, or Gerris lacustris, are insects that live on the surfaces of still waterways, ponds, and slow-moving streams. Even when raindrops larger than themselves hit them, they manage the amazing feat of standing and moving on the water's surface without sinking or becoming wet. This is explained by the peculiar anatomy of their legs, which are coated in cuticle wax and covered in a large number of small, directed hairs called microsetae that have fine nanogrooves. The presence of this unique surface makes the pond skater’s legs extremely water-repellent, or superhydrophobic, enabling them to stay buoyant and glide quickly across the water. SEM images reveal that the legs have several needle-shaped setae, with diameters ranging from 3 mm to a few hundred nanometers. Every seta has minute nanoscale grooves that combine to create a sophisticated hierarchical structure [19].
The microsetae on the legs of pond skaters have diameters that range from a few hundred nanometers to several micrometers, forming a complex surface texture that contributes to their superhydrophobicity. Feng et al. demonstrated that the air trapped in the spaces between the microsetae and nanogrooves leads to a contact angle of approximately 167°, which is indicative of superhydrophobic surfaces [20]. This high contact angle means that water droplets bead up and roll off the surface rather than spreading out, thus keeping the legs dry and buoyant.
The ecological implications of these adaptations are significant. The ability to walk on water not only aids in locomotion but also enhances predation efficiency. Pond skaters can quickly dart across the water surface to capture prey, while their water-repellent legs allow them to evade potential predators. The superhydrophobic nature of their legs is thus a critical adaptation that facilitates both their hunting strategies and their survival in aquatic environments. Researchers have sought to replicate the superhydrophobic properties observed in pond skaters to develop advanced materials that can resist water and other liquids, which could have applications in various fields, including textiles, coatings, and self-cleaning surfaces [21].
5.	Shark skin 
Shark skin is covered with unique nanostructures known as dermal denticles, which play a crucial role in their hydrodynamics and overall efficiency while swimming. These structures vary significantly in size and morphology depending on their location on the shark's body and the species. Dermal denticles are small, tooth-like structures that cover the skin of sharks. They can vary widely in size, shape, and density across different species and body parts. The nanostructured surfaces of shark skin reduce drag by creating a turbulent boundary layer that minimizes pressure drag as they swim. This adaptation allows sharks to move more efficiently through water, making them effective predators.
The hydrodynamic efficiency gained from this unique surface structure is essential for predation and escape from predators, enabling sharks to reach speeds of up to 90 km/h [22]. The specific arrangement of these denticles creates a complex surface texture that promotes a phenomenon known as "superhydrophobicity." This property allows water to bead up and roll off the skin, effectively cleaning the surface of debris and microorganisms, which is particularly advantageous in preventing biofouling [23]. The self-cleaning ability of shark skin is attributed to both its microstructural features and the presence of a hydrophobic chemical composition that repels water [24]. Researchers have developed artificial surfaces that mimic the riblet structure of shark skin to create low-drag coatings for boats and submarines, as well as self-cleaning surfaces in various industrial applications [25]. These innovations aim to replicate the natural efficiency of shark skin to improve performance and reduce maintenance costs.
7.	Spiderweb 
Spider silk is primarily composed of proteins known as spidroins, which are rich in glycine and alanine. These proteins form repetitive sequences that contribute to the mechanical properties of silk, including its tensile strength and elasticity. Under a scanning electron microscope, spider silk reveals a structure made up of two long nanofibrils forming the main axis, with larger, semi-transparent "puffs" of randomly oriented nanofibrils spaced along the length. This unique configuration aids in the silk's ability to stretch and absorb energy. The nanostructures present within spider silk and webs, particularly their hierarchically organized architecture, contribute significantly to their exceptional mechanical properties, flexibility, and adhesion capabilities [26]. These qualities make spiderwebs a fertile ground for innovations in material science. 
In the biomedical field, spider silk’s biocompatibility, strength, and elasticity make it an ideal candidate for load-bearing applications, such as braided microsurgical sutures used in neurosurgery and bladder reconstruction [27], [28]. Moreover, the inherent nano- and microstructural properties of spider silk facilitate processes such as supercontraction, which can be exploited to tailor fiber properties in situ, potentially enabling adaptive damping materials for high-performance composites [29]. The nanoscale assembly of spider silk proteins has also been harnessed for advanced materials engineering. Engineered spider silk fibers are being explored as substrates for composite materials that require high toughness and lightweight characteristics. The fine control over the protein assembly at the nanoscale may also yield functional materials with specific optical or surface properties, offering a route to innovative sensor platforms and bioinspired coatings [30], [31]. 
8.	Antireflective moth’s eye
Moth eyes exhibit antireflective properties for visible light, a phenomenon known as the moth-eye effect, which was identified in the 1960s through investigations of insect ocular structures. Moth's eye antireflective properties are natural coatings that significantly minimize light reflection. These properties, on the eyes of certain moths, utilize a set of microscopic bumps to produce a smooth, gradual transition in refractive index from air to cornea, reducing unwanted reflections and maximizing light transmission. This basically gives moths better night vision and prevents predators from viewing them. The eyes of moths are composed of numerous hexagonally arranged nanoscopic pillars, each approximately 200 nm in both diameter and height, contributing to their remarkably low reflectance of visible light [32]. The optical characteristics of these nanostructures render the eye surface nearly antireflective from all viewing angles. Researchers have successfully reproduced these “moth-eye” nanostructures using methods such as in situ formation via spontaneous nano-phase separation and nanoimprint lithography, enabling the fabrication of thin films with broadband antireflective properties that outperform conventional coatings. [33]. 
These nanostructured coatings can adopt various geometries, including nanocones, nanopillars, and nano-dimples. Altering structural parameters such as shape, period, and height has been shown to precisely control optical performance. For instance, tailored biomimetic moth-eye structures with dimpled or conical profiles have demonstrated excellent antireflective effects over the wavelength range of 400–1500 nm and maintain performance over a wide range of incident angles [34]. In some designs, asymmetric plasmonic moth-eye nanoarrays even offer additional functions such as enhanced light absorption and angle insensitivity, further broadening their application potential [35]. 
9.	Peacock feathers 
The peacock, renowned for its vibrant plumage, frequently exhibits a spectacular display during courtship rituals. Variations in appearance can be observed among different species of peafowl. Specifically, the Indian peacock is distinguished by its strikingly colorful feathers, featuring a vivid blue head and neck, which it utilizes to attract potential mates. These feathers are known for their stunning iridescent colors that change with the viewing angle. These colors are not produced by pigments, but rather by sophisticated nanostructures within the feather barbules. 
The coloration arises primarily from the optical interference created by layered structures formed by the feather's micro- and nanoscale features [36]. Peacock feathers contain photonic crystals made up of cylindrical melanin pigment granules called melanosomes, air channels and keratin protein. These components are arranged in a two-dimensional lattice within the feather barbules. The periodic arrangement of melanosomes and air channels acts as a photonic crystal, selectively reflecting certain wavelengths of light to produce the observed colors [37]. Recent advancements highlight the potential of leveraging these unique nanostructural characteristics for various industrial applications. For instance, embedding nanoparticles, such as zinc oxide (ZnO) and cadmium sulfide (CdS), into the photonic crystal matrix of peacock feathers can enhance their optical properties and lead to the development of novel materials for optoelectronics [38]. 
Moreover, the structural coloration mechanisms observed in peacock feathers illuminate pathways for synthetic material design. Researchers have demonstrated the ability to replicate these natural architectures, enabling the creation of synthetic materials that mimic the dynamic iridescent effects of peacock plumage. This control and replication of nanostructured materials can lead to advances in fields such as coatings, textiles, and biomimetic materials. 
10.	Butterfly wings (morpho butterfly)
Butterfly wings are remarkable not only for their beauty but also for their complex nanostructures that play critical roles in coloration, hydrophobicity, and potential applications in technology. The wings of butterflies are primarily composed of chitin, a biopolymer that forms a layered structure. These layers consist of alternating chitin and air, creating a multilayer system that interacts with light to produce vibrant colors through structural coloration rather than pigments. These nanocomposites manipulate incident light via mechanisms such as constructive interference, diffraction, and scattering, thus generating a broad spectrum of colors without the use of chemical pigments [39].
This phenomenon is responsible for the iridescence observed in many butterfly species, such as the Morpho butterflies, where colors change with the angle of light and viewing. The nanostructures on butterfly wings typically include periodic arrangements of scales and ridges, with dimensions ranging from 50 nm to several micrometers. These structures scatter light in specific ways, enhancing color visibility and creating effects similar to those seen in soap bubbles or peacock feathers. For instance, the Gretaoto butterfly features transparent regions due to its unique nano-pillars that allow light to pass through while also exhibiting iridescent colors [40]. The translation of these naturally optimized nanostructures into industrial applications has become a vibrant area of research. Incorporation of butterfly wing-inspired architectures into sensor materials has led to devices capable of enhanced optical detection and transduction, a functionality further improved by decorating these structures with plasmonic metal nanoparticles like gold (Au) and silver (Ag) [41]. 
In addition to optical sensing, the inherent multifunctionality of butterfly wing nanostructures has inspired the development of smart materials exhibiting dynamic responses to external stimuli. Thermoresponsive photonic crystals, for instance, have been engineered by combining polymer systems (e.g., poly(N‑isopropylacrylamide)-co-acrylic acid) with the bioinspired photonic architecture of Morpho butterfly wings, resulting in devices that modulate color in response to temperature variation [42]. Similarly, electrochromic devices that mimic the dual-sided differential coloration of certain butterfly species have been demonstrated, opening avenues for novel display and camouflage technologies [43]. 
11.	Edelweiss flower
`Edelweiss (Leontopodium nivale) is a resilient alpine flower found at high altitudes, known for its striking white appearance and ability to thrive in harsh environments. Recent insights from biomimetic research suggest that its survival in harsh alpine environments is augmented by specialized micro‐ and nanostructural features on its surface. While extensive studies have predominantly concentrated on its bioactive compounds, there is emerging interest in the potential role of hierarchical nanostructures in the flower’s adaptation to high‐altitude stressors such as intense ultraviolet radiation, temperature fluctuations, and desiccation. 
The nanostructures present in its flowers play a crucial role in protecting them from intense ultraviolet (UV) radiation and contributing to their unique visual characteristics. The petals of the edelweiss flower are covered with a layer of thin hollow filaments, which have nanostructures ranging from 100 to 200 nanometers in size. These structures are specifically adapted to absorb UV light, which is particularly intense at high altitudes. By absorbing harmful UV radiation, these nanostructures help protect the inner tissues of the flower from damage. They can scatter incident sunlight, thereby reducing direct UV exposure, help maintain thermal insulation, and repel water [44]. In addition to UV absorption, the nanostructures on the edelweiss petals reflect all visible light, which contributes to the flower's bright white coloration. This reflection occurs due to the specific arrangement and size of the nanostructures, making them effective at scattering light across a wide spectrum. Biomimetic antireflective surfaces patterned after edelweiss nanostructures could be employed on optical devices and architectural glass to reduce unwanted UV penetration while preserving high transmittance in the visible spectrum. Similarly, these structures offer a blueprint for designing novel optical filters and sensors that exploit tailored light scattering and interference effects [45]. 
12.	Nepenthes nanostructures
The Nepenthes genus, commonly known as pitcher plants, exhibits fascinating nanostructures that contribute to their unique ecological adaptations, particularly in capturing prey and managing water. The peristome (the rim of the pitcher) of Nepenthes plants features a highly specialized surface with nanostructures that create an ultra-slippery effect. This surface is covered with epicuticular wax, which consists of densely packed, plate-like crystals that form a complex micro- and nanoscale morphology. These structures enable insects to slip and fall into the digestive fluid of the pitcher, enhancing the plant's ability to capture prey. 
Nepenthes pitcher plants have inspired a range of advanced nanostructured surfaces that mimic their intrinsic liquid‐infused, slippery characteristics to achieve multifunctional performance in industrial applications. At the heart of these designs lies the concept of slippery liquid-infused porous surfaces (SLIPS), which replicate the micro-/nanostructural roughness and inherent lubricant retention found in the Nepenthes peristome. For instance, researchers demonstrated that bioinspired ultraslippery surfaces facilitate efficient bubble transport when submerged in liquids, an attribute that can be exploited in fluidic devices and microreactors [46]. Similar studies have shown that by engineering porous substrates to lock in lubricants, one can achieve liquid repellency and self-healing properties that are essential for antifouling, anti-icing, and self-cleaning applications [47].
14.	Nacre (Mother of Pearl)
Nacre, commonly known as mother of pearl, is a biocomposite material produced by mollusks, characterized by its unique layered structure and remarkable mechanical properties. The nanostructures within nacre contribute to its strength, toughness, and aesthetic appeal. Nacre consists of alternating layers of aragonite (a form of calcium carbonate) and organic matrix (primarily conchiolin). The aragonite tablets are approximately 0.5 micrometers thick and about 10 micrometers wide, bonded by organic sheets that are around 25 nanometers thick. This "brick-and-mortar" architecture enhances the mechanical properties of nacre, allowing it to withstand significant stress while remaining lightweight.
Investigations using high-resolution electron microscopy have shown that the aragonite platelets are not simply stacked but interlocked, with mineral bridges forming between layers that provide additional toughening by hindering crack propagation [48], [49]. 
Biomimetic strategies have translated these natural design principles into innovative materials synthesis. Layer-by-layer assembly and block copolymer templating techniques have been employed to fabricate artificial nacre that mirrors the hierarchical and interlocked configuration of natural nacre [50], [51]. These synthetic analogs not only strive to emulate nacre's strength and toughness but also benefit from the finely tuned nanostructure that can be modified to optimize load transfer, crack resistance, and even optical responses, thereby opening new avenues for multifunctional composite materials [52]. The goal is to design bioinspired composites that can be used in applications ranging from protective coatings and lightweight construction materials to innovative optical devices. 
15.	Magnetotactic bacteria
Magnetotactic bacteria (MTB) are a diverse group of aquatic prokaryotes characterized by their unique ability to orient and swim along geomagnetic field lines using specialized intracellular structures called magnetosomes [53]. These magnetosomes are membrane-enclosed nanocrystals of magnetic minerals—typically magnetite (Fe₃O₄) in freshwater species or greigite (Fe₃S₄) in marine counterparts—that act as tiny compass needles, enabling the cells to navigate chemical gradients in their environments [54]. Beyond their biological and ecological importance, the unique properties of MTB have inspired various technological applications. In the field of biomedicine, isolated magnetosomes are being investigated for targeted cancer therapies, including magnetic hyperthermia and localized drug delivery, due to their intrinsic magnetic responsiveness and biocompatibility [55].  Furthermore, the consistent size and morphology of magnetosomes make them attractive as templates in nanomaterials engineering and other biomimetic applications [56].  

Conclusion:
It is evident that nature employs hierarchical structures, often composed of nanostructures, to attain desired performance levels. Gaining insight into the function of these hierarchical arrangements and developing cost-effective, flexible fabrication methods would enhance the potential for commercial applications. Organisms such as the lotus, gecko, pond skater, shark, spider, and various insects have evolved intricate nanoscale architectures that yield remarkable properties—ranging from superhydrophobicity and self-cleaning to exceptional adhesion and vibrant optical effects. These features, arising from precise hierarchical arrangements and special material compositions, not only enhance survival through improved water repellency, energy capture, or camouflage but also serve as blueprints for advanced materials design.
Biomimetic approaches inspired by such natural nanotechnologies have led to breakthroughs in industrial applications. For instance, the lotus effect exemplifies how micro- and nanostructured surfaces can be engineered to achieve dramatically high contact angles and self-cleaning capabilities, while the gecko’s setae demonstrate how nanoscale structures can maximize contact area and adhesion without relying on chemical adhesives. Similarly, the antireflective moth-eye design—and its scalable replication through techniques like nanoimprint lithography—reveals a pathway to develop energy-efficient optical coatings and transparent devices. Furthermore, filamentary structures in edelweiss, the iridescence of peacock feathers, and the complex assembly of butterfly wings and nacre underscore the potential for generating materials that combine mechanical resilience with tailored optical functionalities. The complex nanosystems found in nature are far more sophisticated than any systems created by humans. Understanding these natural systems can lead to the development of advanced, cost-effective technologies with applications in various industries.
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