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Abstract

Bionanotechnology research has surged to the forefront of scientific innovation, propelling the exploration of cutting-
edge technologies and interdisciplinary collaboration. Biomimicry, which harnesses nature’s ingenuity, drives the devel-
opment of novel research-based solutions in diverse fields such as vaccines, medicine, and biomedical devices. Nature’s
role is becoming increasingly pivotal in addressing complex challenges related to environmental conservation, human
health, and pandemic preparedness, including those posed by SARS-CoV-2 and other emerging pathogens. Progress in
this domain encompasses understanding nature’s mechanisms to develop advanced materials inspired by biological
structures. Biomimetic innovations have the potential to revolutionize industries, reduce environmental impacts, and
facilitate a more harmonious relationship between humans and nature while considering bioethics, underlining the
necessity of conducting responsible research and implementing biomimetic advancements conscientiously. As bio-
mimicry continues to grow, integrating ethical guidelines and policies will ensure these nature-inspired technologies’
sustainable development and application, ultimately contributing to a more resilient and adaptive society. This mini-
review article broadly overviews bionanotechnology applications based on natural examples.
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1 Introduction

From a chemical perspective, biomimetics is a branch of organic chemistry that imitates natural reactions and various
existing enzymatic processes [1]. The study of nature and its applications in human lives has seen remarkable develop-
ments in molecular structures, polymers, natural processes and designs, soft materials (body tissues and bones), and
biomaterial composites [2]. The importance of biomimetics lies in the innovative design and development of efficient
solutions that can be applied to commercial products and industrial processes. The International Standards Organiza-
tion, in their ISO 18458:2015, has stated a definition for biomimetics as “the application of research and development
approaches of interest to practical applications and which use the knowledge gained from the analysis of biological
systems to find solutions to problems, create new inventions and innovations, and transfer this knowledge to technical
systems.” [3].
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Organisms studied in biomimetics span a wide range, from bacteria to more complex organisms such as fungi, plants,
and animals. Some plants and animals in arid regions can collect water from mist and condensation; inspired by these
unique traits, researchers have developed bio-inspired mist collectors [4]. However, while investigating these applications,
itis crucial to consider the scope of the research and approach it with an understanding of how organisms produce and
maintain the compounds they release and how we can apply this knowledge to our technology. In addition, biomimet-
ics is not limited to mimicking organisms’ physical structures or behaviors. Researchers are increasingly exploring the
potential of biomimetics in materials science, for example, by studying how certain organisms can self-repair or self-
assemble, which could lead to the development of self-healing or programmable materials with self-assembly properties
[5]. As biomimetics continues to expand, the opportunities for innovation are limitless. By learning from nature’s vast
solutions, scientists and engineers can develop novel technologies and materials to address global energy, sustainability,
healthcare, and transportation challenges. A comprehensive list of examples of types of bioinspiration was published
recently by Aish and Sun (2020) as part of the Bioinspire-Museum project, and the reader is directed to that paper for
specific references binned by bioinspiration type [6]. This minireview focuses on giving a broad overview of bioinspired
applications at the nano and microscale.

Bioethics plays an important role in biomimicry research. It is responsible for regulating laws and principles that
determine the limits for the proper and conscious use of natural resources [7]. Benyus suggests that biomimetics can
be used to judge the ethical correctness of technological innovations because nature, through years of evolution, has
learned what works and endures [8]. Nature's principles often contribute to ecological health and ecosystem integrity.
As such, technological and biomimetic innovation should adhere to design principles aligning with natural principles
and promote an inclusive ethic considering ecological limits [9]. Biomimetic research aims to establish a new approach
to ecosystems, characterized not by domination and exploitation but by learning from nature [10]. Applying bioethics
in biomimetics encourages principles that connect human behavior with biological and medical management and the
environment. These connections are biomimetic hybrids that involve designing and managing a complex system [10].
Aish and Sun (2020) argue that the associated ecological footprints for bioinspired applications should be low or zero,
seeking to affect the environment positively and not only serve human needs [6].

2 Biomimetics: development and applications

The advancement of biomimetic studies has broadened the scope of scientific research, enabling the development of
enzyme models that can be used alongside synthetic enzymes. New ideas have emerged regarding the potential appli-
cations of biomimetics in bionanotechnology, including enzyme trials, vaccines [11], protein-based biological deriva-
tives, polysaccharides, corals, and sponges for scaffolding [12]. Additionally, the development of bio-inspired surfaces
should aim for durability [4], with examples that show the potential biological control of structures when they are on
the nanoscale, being able to exhibit a variety of desirable properties and polymorphisms [13].

The implications of biomimetics are significant, as they contribute to research and facilitate the observation of natural
behaviors for imitation, ultimately providing solutions in medicine and advancements in new technologies. Biomimetics
is closely related to green technology, presenting research based on biological inspiration. This allows the development
of solutions derived from the evolution of nature and promotes the efficient and sustainable use of natural resources,
which helps to foster environmentally friendly practices [4]. Biological scaffolds based on proteins like collagen, elastin,
gelatin, silk, or polysaccharides like alginate, cellulose, chitin/chitosan, and hyaluronic acid [12], have been widely used
due to their biodegradability, biocompatibility, and applicability in tissue engineering. Developing new biomimetic
structures with a wide range of chemical and physical properties promotes the use of bio-based scaffolds resembling
the original tissue, which enables new tissues to grow in their environment in a naturally controlled manner, as da Silva
et al.[14] showed with collagen/nanotube biocomposites for bone regeneration: their biocomposite is bioresorbable
and biodegradable and has the desired mechanical rigidity while maintaining a 3D nanostructured surface resembling
the original bone. A natural nanoparticle (NP), human serum albumin (HSA), has been extensively used as a drug vehicle
due to its advantages of biocompatibility and non-toxicity before or after degradation [15]. However, it faces challenges
such as poor structural stability in circulation due to its characteristics and complex in vivo composition of proteins and
enzymes [16]. Gao and coworkers overcame these [16] by developing red blood cell (RBC) membrane-camouflaged HSA
NPs (RBC-NPs) based on a cell membrane-coating strategy: coating the RBC membrane on the surface of HSA NPs endows
RBC-NPs with both suitable physicochemical properties of HSA NPs (complete biodegradation, sustained release, and
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compatibility with hydrophobic drugs) and unique biological functions of RBCs (prolonged systematic retention time,
less reticuloendothelial system (RES) uptake, and reduced immunorecognition).

3 Bionanotechnology approaches

The adoption of biomimetics in various industries has increased over time, with innovations such as Michael Kelly’s
barbed wire inspired by the Osage orange bush [17] and micropatterns that mimic shark skin microstructured roughness
which disrupt the formation of bacterial biofilms without the use of bactericidal agents [18, 19] (Fig. 1). Line patterns
observed on the periostracum of M. edulis (blue mussel) have a similar pitch and width as those used in an engineered
structure recently published by Cordero-Guerrero (2023) [20] on an aluminum alloy; the former natural surface offers
reduced algal spore attachment and germination [21] while the latter synthetic surface was proven to reduce E. coli
attachment.

Marine organisms have been extensively researched for their biomimetic potential, including the tubeworm Phrag-
matopoma californica’s adhesive composition [22]: this bioadhesive is organized into two sets of polyelectrolytes with
opposite charges. Initially, the bioadhesive is fluid, but it quickly becomes insoluble when the two components interact
and come into contact with seawater. A dormant catechol oxidase, ready for the swift oxidation of peptidyl-DOPA,
triggers the creation of a uniformly cross-linked matrix. Polyphosphate shells, stabilized by divalent cations, surround
water-filled pores. The final product is a robust and flexible water-filled adhesive foam. Further exploration of the worm'’s
clever adaptations could provide insights into the design principles for creating self-activating, fluid-filled foam adhe-
sives underwater from water-soluble macro-precursors. Another marine organism, Actinia (anemones), inspired the
development of a biomimetic micellar nanocoagulant for effective water pollutant removal based on the invertebrates

’ tentacles, which trap food, as recently published by Liu and coworkers [23]: the Actinia-like micellar nanocoagulant,
which has a core—shell structure, can easily disperse in water while resisting aggregation. For effective coagulation, the
nanocoagulant inverts its structure like Actinia. The shell undergoes hydrolysis into large aggregates that destabilize and
entrap colloidal particles. At the same time, the core is exposed to water, akin to the extended tentacles of Actinia, and
absorbs dissolved contaminants. With its capability to eliminate a wide range of contaminants and yield high-quality
water, this technology holds promise as a cost-efficient alternative to existing water treatment processes.

Polymeric membrane separation technologies have contributed to purifying contaminated or underground water
through low-energy consumption filtration. Yang and coworkers (2019) [24] recently demonstrated that an eco-friendly
biomimetic coating inspired by the amazing adhesive chemistry found in mussels (via polydopamine) can increase hydro-
philicity in typically hydrophobic poly(vinylidene fluoride) (PVDF) membranes, thereby resulting in enhanced infiltration
capacity (Fig. 2). This demonstrates the potential for bionanotechnology to merge with industrial biomimetics, creating
innovative solutions for various applications across diverse industries.

Another innovation related to energy-saving is the development of aerogels. The Thalia dealbata plant has a porous
stem featuring an anisotropic architecture of interlocking sheet bridges, which provides lightness and robustness.
Wang et al. utilized this structure as inspiration to create a biomimetic aerogel made of cellulosic nanofibers with
interconnected sheet bridges [25]. This resulted in ultra-low thermal conductivity and high mechanical stiffness.
Using spatial confinement, the researchers synthesized ZrP/RGO (graphene-confined zirconium phosphate) nano-
spheres. Using a unidirectional freezing technique, they incorporated cellulose nanofibers to prepare a ZrP/RGO/
CNF ((graphene-confined zirconium phosphate with cellulose nanofiber) biomimetic aerogel. The aerogel exhibited
a biomimetic architecture of interconnected sheets with low density and high porosity, providing differentiated
thermal insulation, mechanical rigidity, and flame resistance [25].

Geckos have been extensively studied for their unique adhesive capabilities. Their legs can stick to surfaces without
losing adhesion, even after repeated use [26]. This remarkable feature is primarily attributed to the complex structure
of the animal’s fingertips, [27] whose fibrillar structure has large adhesion controlled friction in one direction and
no adhesion in the reverse direction; gecko-inspired adhesives can be useful, for instance, in soft robotic grippers.
The Nelumbo nucifera plant, commonly known as "lotus," possesses leaves with superhydrophobic and self-cleaning
properties due to the microstructure coupled with the non-polar waxes coating, which results in a Cassie-Baxter
(non)wetting regime, where water rests on top of air bubbles trapped within the waxy microtubules [28, 29]. These
characteristics have inspired research into cleaning and liquid-repellent applications [17, 30]. For instance, biogenic
silica-based microparticles, a by-product of the nanocellulose extraction process from pineapple peels, have great
potential as a substitute for manufactured microparticles [31] and have been proven to function as a bacterial
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Fig.1 Scanning electron micrographs of surfaces: a Naturally textured spinner shark skin and bSharklet AF™ microstructure on
poly(dimethylsiloxane). Reproduced with permission from (A) Magin et al. (copyright Elsevier 2010) and (B) Chung et al. (Creative Commons
CCBY, AVS 2007) [18, 19]

anti-adhesive when modified with octadecyltriethoxysilane (OTES) due to Cassie-Baxter wetting regime (Fig. 3)[32].
This application highlights how bio-waste materials could be incorporated into circular economy efforts with minimal
ecological footprints, per bioethical requirements for bioinspired applications per Sun and Aish [6]

4 Therapeutic applications

Nanotechnology, in particular, presents a wealth of opportunities for biomimetic exploration, as it involves manipulat-
ing materials at molecular and anatomical scales to create novel nanostructures. These advancements can potentially
revolutionize various aspects of healthcare, including drug delivery, tissue engineering, and diagnostic tools [33, 34].

One key area of interest is the development of innovative solutions for chemotherapy and regenerative medicine
treatments. Researchers can stimulate and control the body’s repair mechanisms by designing biomimetic materials that
interact with the biomolecules in their environment, enabling more effective therapies. As potential nanoscale vectors,
these materials can target specific areas of the body, reducing side effects and improving patient outcomes [35].

The biomimetic approach in nanomedicine for drug delivery applications has been explored since 1995, dealing with
synthesizing and characterizing a supramolecular biovector [36]. The nanocarrier showed an enhanced therapeutic

Plant-derived
Polyphenol

Mussel-inspired

Water remediation

Protein
astewate

Hydrophobic PVDF Co-deposition Biomimetic Hydrophilic
MF/UF membrane membranes

Fig.2 Co-deposition of dopamine (DA) and tannic acid (TA) on hydrophobic polyvinylidene fluoride (PVDF) membranes for oily emulsion
and protein wastewater remediation. MF and UF refer to microfiltration and ultrafiltration, respectively. Reproduced with permission from
Yang et al. (2019), Copyright Elsevier [24]
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potential due to the biomimetic property of low-density lipoproteins. Aside from the well-known stealth nanocarriers
to avoid fast elimination by the mononuclear phagocyte system (MPS), these novel nanoparticles can evade immune
detection through surface engineering and preservation of cell membrane antigens (Fig. 4). The synergy between both
strategies allows them to acquire ligand recognition, targeted delivery, prolonged blood circulation, and immune escape
[37]. Furthermore, the loaded active compounds can benefit from this surface modification, being released at a controlled
rate and at the required biological site to exert their therapeutic effect [38, 39].

Gold nanoparticles are being investigated due to their potential for drug vectorization to treat cancer. Current studies
focus on targeting macrophages owing to their low toxicity and ability to perform tasks such as drug administration [40,
41]. These cells demonstrate high internalization of the inorganic nanoparticles and have garnered significant interest
due to their ability to localize tumors [42]. Magnetic nanoparticles have also been evaluated considering their stimuli-
responsive nature upon applying a magnetic field. For instance, Ren et al. immobilized lipases on magnetic iron oxide
nanoparticles through a polydopamine film using a biomimetic approach based on an in-situ coating bio-inspired by
the adhesive proteins secreted by marine mussels. Their positive results highlighted the potential for reusing lipases
with high activity and stability at varying temperatures and pH levels [43].

Extracellular matrices have also been addressed, involving the organic-inorganic interface, which aids in the nuclea-
tion and growth of hydroxyapatite nanoparticles. Organic matrices contribute to nanoparticle morphology, function,
and self-assembled architecture. The use of biomimetic matrices has demonstrated enhanced drug release efficiency and
biocompatibility [44]. Other works have explored developing drug delivery systems based on biomimetic red blood cell
membrane-coated nanoparticles. Zhang et al. prepared nanoparticles of uniform size and core-shell structure, which
showed prolonged in vivo circulation and highly active targeting toward human liver cancer cells through endocytosis
mediated by the folic acid receptor. Additionally, the system demonstrated efficient tumor-killing activity by generating
singlet oxygen [45].

Furthermore, biomimetic applications have also reached vaccine delivery, as presented in Table 1, gaining interest
since 2015. The potential transformative character of nanotechnological techniques stands out as promising strategies
for developing nanovaccines (i.e., comprising nanoparticles ranging from 50 to 250 nm to deliver antigens and other

n-Octadecyltriethoxysilane

Fig. 3 Spin-coated biogenic silica rosette (BSR) film on polydimethylsiloxane (PDMS) increased the roughness of PDMS film and its water
repellency while decreasing the Escherichia coli (E. coli) bacteria adhesion. Functionalization of the BSR with octadecyltrietoxysilane yields
superhydrophobicity, further decreasing bacteria adhesion. Reproduced with permission from Castro-Mora et al. (2022, Copyright Elsevier)
[32]
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immunomodulatory agents) containing biomimetic nanoparticles as versatile approaches for immunization. These bio-
mimetic nanovaccines possess robust antigenic and immunostimulatory properties, which can contribute to future vac-
cine designs to create multifunctional nanosystems containing multiple antigens [46]. Noteworthily, their development
is being investigated, especially for anticancer [47] and antiviral [48] purposes.

As mentioned, conventional nanoparticles require surface modification to avoid clearance by the MPS, which the deco-
ration and functionalization of biological components can achieve. These bio-engineered nanoparticles are not only able
to target the delivery of antigens and adjuvants to antigen-presenting cells, such as dendritic cells (DCs), but also mimic
their antigen-presenting function [56] and reduce off-target effect [47]. The activation of DCs and stimulation of T-cells
are especially relevant for cancer immunotherapy [57]. Biomimetic nanosystems have demonstrated a suitable safety
profile and improvement of the immune response, overcoming conventional subunit formulations’ known limitations
(e.g., viral vector, attenuated organisms). This application’s most relevant emerging platforms are cell membrane-coated
nanoparticles, exosome-based nanoparticles, and albumin-binding nanovaccines [58, 591.

Virus-infectious diseases are under the scope of biomimetic nanovaccines, given the high risk represented by the
outbreak of a novel pathogen [60]. Virosome-based nanovaccines represent bioinspired nanocarriers as their surface
is modified with relevant viral fusion proteins (i.e., antigens) that interact with the targeted cell receptors and promote
internalization by endocytosis, leading to a humoral or cellular immune response. This system is currently employed
to develop a vaccine against SARS-CoV-2 by the European MI Matrix company [61]. Besides virosomes, other potential
vehicles for developing biomimetic nanovaccines against SARS-CoV-2 include lipid nanoparticles, protein nanoparticles,
and virus-like particles [62]. A study by Zhang et al. highlights the development of nanosponges derived from human
cell membranes to inhibit SARS-CoV-2 infectivity. These nanosponges consist of polymeric nanoparticle cores enveloped
by cell membranes from lung epithelial cells and macrophages. The design enables the nanosponges to display surface
antigens, acting as decoys for SARS-CoV-2 binding and potentially neutralizing the virus [63].

In addition to drug delivery, biomimetic approaches have been employed in tissue engineering, aiming to mimic the
native structure and function of tissues and organs. This involves using biological scaffolds made from proteins, such
as collagen and elastin, or polysaccharides, like chitin and alginate, which offer biodegradability and biocompatibility
[59]. By incorporating these materials into 3D structures that emulate the natural extracellular matrix, researchers can
create environments that promote cellular growth, differentiation, and tissue regeneration, as shown in Fig. 5. [64, 65].

Diagnostic tools have also benefited from biomimetic advancements. For example, biosensors incorporating biological
recognition elements, such as enzymes, antibodies, or nucleic acids, can detect and quantify specific target molecules in
complex biological samples. These biomimetic sensors offer improved sensitivity, specificity, and rapid response times
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Fig.4 Preparation of indocyanine green-loaded cancer cell membrane-camouflaged nanoparticles (ICNPs) via extrusion of self-assembled
PEGylated phospholipids (DSPE-PEG) with cancer cell membranes and nucleated indocyanine green (ICG) in poly(lactic-co-glycolic acid)
(PLGA). Reprinted with permission from Chen et al. (Copyright American Chemical Society 2016) [37]
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compared to conventional diagnostic methods [66, 67]. In summary, biomimetic applications as therapeutics are vast
and varied, potentially revolutionizing healthcare by offering more effective therapies, innovative tissue engineering
solutions, and advanced diagnostic tools. As research in this field progresses, we can expect even more groundbreaking
discoveries and developments.

5 Biomimicry from animals

Mosquitoes possess a bundle with an internal radius of less than 15 pm [68], though dimensions may vary among spe-
cies. By leveraging the unique characteristics of mosquito bites, researchers could develop micro-sized needles that offer
improved ease of use and aesthetics. The pain associated with injections typically increases with penetration depths
greater than 15 mm and larger needle diameters. In contrast, microneedles have a diameter between 40 and 100 um and
a submicron tip radius, making them less painful [69, 70], which could transform the medical treatment experience. For
instance, Terashima and coworkers fabricated a biodegradable microneedle with a diameter of 100 micronsand 1 mm in
length using polylactic acid sheets via thermal nanoimprint [70]; the resistance force during insertion was similar to that
of a 0.18 mm-diameter commercial stainless needle and was proven to penetrate the skin and blood vessel of a mouse,
showing its plausibility for medical use. As research continues, we can anticipate further advancements in biomimetic
needle technology, enhancing patient comfort and revolutionizing the administration of injectable medications.

In another example, researchers have examined octopus tentacles’ unique structure and flexibility to design soft robots
with enhanced adaptability, agility, and flexibility. These bioinspired robots hold potential for various applications, includ-
ing search and rescue operations or medical procedures [71]. Additionally, spider silk’s remarkable strength and elasticity
have spurred the development of biomimetic materials for numerous applications. Inspired by these natural properties,
scientists are creating materials for bulletproof vests, medical sutures, and lightweight structural components [72]. With
the advent of skin electronics, flexible and stretchable circuitry is under development, which mimics the epidermis and
holds great potential for applications in wound healing and tissue repair, as well as integrated, stretchable electronics
(such as microfluidics-based sensing). In one such study, Yuk et al. [73] reported synthetic hydrogel-elastomer hybrids
with functional microchannels and micropatterns inspired by blood and lymphatic vessels in mammalian skin, applicable
to a wide variety of commonly used elastomers and tough hydrogels (Fig. 6).

6 Cellular level biomimetism

There are a variety of biomimetic applications at the cellular level, such as cell membrane coated-nanoparticles as bio-
mimetic drug carriers (Fig. 7). Gaining a deeper understanding of cellular mechanisms or studying smaller particles that
may be part of previously unknown interactions could further advance the field of biomimetics. Such research could
provide insights into cellular behavior and facilitate the development of novel technologies and therapies based on the
biological principles observed in living systems. For instance, the construction of high-order structures by DNA nano-
technology can recreate cell-like structures for temperature-controlled encapsulation and release of guest molecules,
and tubular DNA origami nanoreactors are feasible for designing DNA could allow for the modification of certain cellular
components and biological processes [74].

Today, studies on the extracellular matrix are gaining traction to understand cellular mechanisms better. The interest
in hyaluronic acid in cosmetology stems from the extracellular matrix comprising collagen, elastin, proteoglycans, and
glycosaminoglycans. Researchers have developed gelatin-siloxane microspheres synthesized using a unique emulsion
technique, mineralized by immersion in a simulated body fluid solution. The precipitated layer proved the formation of
hydroxyapatite and hyaluronic acid pullulan hydrogels, where biomimetic hydroxyapatite was incorporated to achieve
durability and manufacture a semi-permanent dermal filler [76]. The presence of pullulan contributed to a uniform
distribution of micrometric-size particles and the creation of a homogeneous structure. Subsequently, hydroxyapatite
increased the storage modulus, viscosity, and mechanical stability.

Osorio et al. have studied bacterial nanocellulose for organ solid structures [77]. They selected a porcine kidney as an
animal model to study kidney failure and used biomimetic development to create 3D micro ducts of bacterial nanocel-
lulose. Additionally, they proposed a method to remove epoxy resin from nanocellulose without affecting its proper-
ties, which are essential in biomedicine. Research involving eukaryotic and prokaryotic cells has shown developments
in nanodevices with titanium surfaces. Cicciu et al. studied titanium surfaces with 50-100 nm tantalum oxide nano
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Fig. 5 Diagram of the preparation and grafting of a biomimetic artificial skin scaffold. Reproduced with permission from Song et al. (2023,
copyright Elsevier) [65]

points, demonstrating cell viability, which is crucial for regulating transcription factors and genes responsible for bone
protein secretion [78]. This nanotopographical characteristic is vital for controlling cell behavior and can be developed
for dental implants. Such research encourages further investigation in nanotechnology to promote healing processes
and human-body integration.

7 Conclusions

The numerous studies on biomimetic developments in bionanotechnology have extensive implications and poten-
tial for large-scale applications. The examples discussed demonstrate the importance of using alternative, bio-inspired
approaches to leverage new technologies and drive innovation in various fields. By doing so, we can revolutionize the
way we address challenges and develop solutions.

As we continue to explore biomimetic approaches, it is crucial to recognize and address the challenges that may arise
in the future. These challenges may include the scalability of biomimetic technologies, ethical considerations, regula-
tory hurdles, and potential unintended consequences. Addressing these challenges will ensure the safe and effective
implementation of biomimetic technologies and foster their widespread adoption and acceptance.

Ultimately, the continued advancement of biomimetics in bionanotechnology has the potential to lead to transforma-
tive innovations in areas such as medicine, environmental sustainability, materials science, and engineering, among
others. By emphasizing the importance of biomimetics and supporting ongoing research and development, we can
unlock the vast potential of these technologies to improve our world.
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Fig.6 A stretchable hydrogel
circuit board, bioinspired

on the flexibility of mam-
malian skin, patterned on an
elastomer connected to an AC
power source, can light up an
LED and maintain its electri-
cal functionality even under
severe deformation. Repro-
duced from Yuk et al. (2016)
under the terms of the CC BY
license [73]
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