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Abstract 

Bioinspired and biomimetic membranes represent a groundbreaking advancement in membrane 

technology, offering innovative solutions to critical global challenges in water purification, chemical 

separation, and energy conversion. These membranes leverage the exceptional transport properties of 

biological systems, particularly through the incorporation of aquaporin proteins, which facilitate 

rapid and selective water transport. This review synthesizes recent developments in aquaporin-based 

membranes, highlighting their remarkable efficiency in desalination processes, where they serve as 

sustainable alternatives to traditional methods like reverse osmosis by significantly reducing energy 

consumption and enhancing water recovery rates. Furthermore, the versatility of these membranes 

extends to wastewater treatment, where they effectively remove contaminants while minimizing 

fouling, thereby improving operational longevity and efficiency. In the food processing industry, 

aquaporin membranes are utilized for juice clarification and concentration, retaining essential 

flavors and nutrients without compromising product quality. The advancements in fabrication 

techniques—such as lipid bilayer assembly, thin film nanocomposites, and electrospinning—have 

paved the way for scalable production of high-performance membranes tailored for specific 

applications. However, challenges remain in terms of scalability, defect formation during production, 

and environmental stability that must be addressed through ongoing research and innovation. Future 

directions include the development of hybrid membrane systems that combine biomimetic designs with 

traditional materials, advanced characterization techniques to optimize membrane structures, 

integration with nanotechnology to enhance performance, and a focus on sustainable material 

development to minimize environmental impact. As research continues to evolve in this dynamic field, 

biomimetic membranes hold significant promise for transforming water management practices and 

enhancing food processing methods globally, ultimately contributing to a more sustainable future.  
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INTRODUCTION 

The increasing global demand for efficient water 

purification and energy conversion technologies 

has prompted significant advancements in 

membrane technology. Traditional membranes 

often exhibit limitations, such as low permeability, 

selectivity, and susceptibility to fouling, 

necessitating the exploration of bioinspired 

solutions. Biomimetic membranes that replicate 

the structure and function of natural systems have 

gained traction due to their potential to outperform 
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conventional membranes in various applications. This review discusses the evolution of these 

membranes, highlighting key developments, current applications, challenges, and future directions 

[1]. 

 

The Role of Aquaporins in Membrane Technology 

Understanding Aquaporins 

Membrane proteins called aquaporins are essential for the selective movement of water across cell 

membranes. The maintenance of water homeostasis in living organisms depends on aquaporins. First 

identified by Peter Agre in 1992, the shape of their channels is highly selective [2]. This allows water 

molecules to flow through while dealing with ions and other solutes shown in Figure 1.  

 

Key Properties of Aquaporin Membranes 

1. High permeability: AQP-based membranes exhibit water flux rates significantly higher than 

conventional membranes. For instance, studies have shown that aquaporin-based membranes 

can achieve water permeabilities up to 100 times greater than standard polymeric membranes. 

2. Selective transport: These membranes increase the efficiency of the seawater desalination 

process by keeping ions and other solutes out and selectively allowing water molecules in. This 

selection is required for applications where specific pollutant removal is required. 

3. Stability: Advances in fabrication techniques have improved the stability and longevity of AQP 

membranes. Researchers have developed methods to stabilize aquaporins within polymer 

matrices, ensuring their functionality over extended periods. 

 

 
Figure 1. The structure of Aquaporin 1 shows its channel-like  

configuration that facilitates selective water transport [3].
 

 

Mechanisms of Water Transport 

Aquaporins function through a unique mechanism that allows them to transport water molecules 

rapidly while preventing the passage of protons (H) or other solutes. The narrow channel formed by 

the aquaporin protein restricts the size of molecules that can pass through, ensuring that only water 

can enter while maintaining a high flow rate [4]. 

 

Applications of Aquaporin Membranes 

Aquaporin-based membranes are being explored for various applications and applications of 

aquaporin membrane technology in water purification and desalination are shown in Figure 2. 
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 Desalination: These membranes offer a sustainable alternative to traditional desalination 

methods like reverse osmosis by reducing energy consumption and improving water recovery 

rates. 

 Wastewater treatment: AQP membranes can efficiently remove contaminants from wastewater 

while minimizing fouling. 

 Food processing: In food industries, aquaporin membranes can be used for processes like juice 

clarification and concentration. 

 

 
Figure 2. Applications of aquaporin membrane technology in water purification and desalination [5]. 

 

Fabrication Techniques for Biomimetic Membranes 

The successful development of bioinspired membranes hinges on effective fabrication techniques. 

Several methodologies have emerged [6]. 

 

Lipid Bilayer Assembly 

This technique involves forming lipid bilayers on porous substrates, allowing for the incorporation 

of aquaporins through methods, such as spray coating or solution dipping. Lipid bilayers mimic 

natural cell membranes closely, providing a suitable environment for aquaporins to function 

effectively. 

 

Thin Film Nanocomposites (TFNs) 

TFN membranes combine a selective layer containing aquaporins with a porous support layer. 

Maintain high efficiency while achieving scalable production this way. By optimizing the 

composition of the selective layer, researchers can tailor membrane properties for specific 

applications. 
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Bioinspired 2D Nanofluidic Membranes 

Recent research emphasizes developing 2D nanofluidic membranes that mimic biological ion 

transport systems. These membranes demonstrate excellent energy storage and conversion 

capabilities, with applications ranging from osmotic energy harvesting to lithium batteries, are shown 

in Figure 3. 

 

 
Figure 3. Schematic representation of bioinspired nanofluidic membrane structures [7]. 

 

ELECTROSPINNING TECHNIQUES 
Electrospinning allows for the creation of nanofibrous membranes that mimic natural structures, 

improving the surface area and permeability. This technique produces fibers with diameters in the 

nanometre range, enhancing filtration capabilities due to increased surface area-to-volume ratios. 

 

Applications of Bioinspired Membranes 

Bioinspired membranes have shown promise across various applications. 

 

Water Purification 

In the realm of wastewater treatment, aquaporin membranes have shown exceptional capabilities in 

removing contaminants while minimizing fouling—a common challenge faced by conventional 

membrane technologies. Fouling can lead to reduced permeability and increased maintenance costs, 

making it a critical issue in membrane applications. This is because aquaporin membranes have the 

ability to be selectively permeable. Therefore, it can effectively filter various contaminants, such as 

organic molecules, heavy metals, germs, and others. Studies indicate that these membranes can 

maintain high flux rates even in challenging wastewater conditions, thus ensuring efficient treatment 

processes. For example, research has indicated that aquaporin membranes can reduce chemical 

oxygen demand (COD) levels significantly, making them an effective solution for treating industrial 

effluents [8]. 
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Chemical Separation 

These membranes can selectively separate chemicals based on size or charge, making them 

valuable in industrial processes, such as solvent recovery or gas separation. 

 

Energy Applications 

Bioinspired 2D nanofluidic membranes are being explored for advanced energy devices due to their 

superior ion transport properties [9]. Potential energy applications using bioinspired nanofluidic 

membranes are shown in Figure 4.  

 Osmotic energy harvesting: Utilizing salinity gradients to generate power through pressure-

retarded osmosis (PRO) techniques. 

 Flow batteries: Enhancing energy storage systems through improved ion transport mechanisms. 

 

 
Figure 4. Potential energy applications using bioinspired nanofluidic membranes

 
[10]. 

 

Drug Delivery Systems 

The development of advanced drug delivery systems (DDSs) has become a pivotal area in 

biomedical research, particularly in enhancing the efficacy and specificity of therapeutic agents. 

Biomimetic membranes, which replicate the properties of natural cell membranes, play a crucial role 

in this field by improving the biocompatibility, targeting capabilities, and overall performance of 

drug-delivery vehicles. These systems utilize various strategies to encapsulate drugs within 

nanoparticles (NPs) that are coated with biomimetic membranes derived from natural cells, such as 

red blood cells (RBCs), platelets, or tumor cells. This approach not only camouflages the drug-loaded 

NPs but also leverages the inherent properties of the cell membranes to evade the immune system, 

prolong circulation time in the bloodstream, and enhance the targeting of specific tissues or tumors. 

One of the primary advantages of using biomimetic membranes in DDS is their ability to facilitate 

targeted drug delivery. These methods can minimize off-target effects by modifying the surface of 

NPs with specific ligands or antibodies that bind to overexpressed receptors on target cells. To 

achieve high selectivity for patient tissue. For instance, studies have shown that RBC membrane-

coated NPs can effectively mimic the natural behavior of RBCs, allowing them to navigate through 

the circulatory system without triggering immune responses. This property is particularly beneficial in 

cancer therapy, where targeted delivery can significantly enhance therapeutic efficacy while reducing 
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systemic toxicity. Moreover, biomimetic membranes can improve the pharmacokinetics and 

pharmacodynamics of drugs. Natural cell membrane proteins can be added to improve drug loading 

capacity and control the release profile. This guarantees that the therapeutic drug is administered at 

the best possible concentration for a long time. For example, NP formulations that utilize platelet 

membranes have been shown to effectively target thrombus sites due to their ability to recognize 

specific receptors on activated platelets. This targeted approach not only enhances drug accumulation 

at the site of action but also improves treatment outcomes for conditions, such as thrombosis and 

cancer metastasis. In addition to targeting capabilities, biomimetic DDS can also facilitate the 

crossing of biological barriers, such as the blood-brain barrier (BBB) [11]. Traditional drug delivery 

methods often struggle with this challenge due to the BBB’s selective permeability. However, 

biomimetic nanocarriers have demonstrated promising results in penetrating this barrier by employing 

mechanisms like active targeting through receptor-mediated endocytosis or passive diffusion 

facilitated by their small size and lipophilicity. In the treatment of central nervous system diseases, for 

example, NPs coated with nerve cell membranes have shown an improved ability to cross the BBB 

and deliver medicine directly to the brain area. Furthermore, advancements in nanotechnology have 

allowed for the development of multifunctional biomimetic delivery systems that can combine 

imaging and therapeutic functions into a single platform. These systems enable real-time monitoring 

of drug distribution and therapeutic responses within the body, providing valuable insights into 

treatment efficacy and facilitating personalized medicine approaches. In summary, biomimetic 

membranes represent a transformative approach in DDSs by enhancing targeting precision, improving 

biocompatibility, and enabling the effective crossing of biological barriers. As research continues to 

advance in this field, these innovative systems hold great promise for revolutionizing treatment 

modalities across various medical applications, particularly in oncology and chronic disease 

management. In addition to improving medical outcomes combining biomimetic technology with 

DDS also opens the door to more personalized and successful treatment plans in contemporary 

medicine. 

 

Challenges and Limitations 

Despite their potential, several challenges hinder the widespread adoption of bioinspired 

membranes. 

 

Scalability 

Many fabrication techniques remain unsuitable for large-scale production, limiting commercial 

viability. Researchers are actively working on methods to scale up production without compromising 

performance. 

 

Defect Formation 

Achieving defect-free membranes remains a significant hurdle; even minor defects can drastically 

reduce performance. Advanced characterization techniques are needed to identify and mitigate defects 

during fabrication. 

 

Environmental Stability 

AQP membranes often require specific environmental conditions for storage and operation, 

complicating their practical use in diverse settings. Research is ongoing to enhance the environmental 

stability of these materials without sacrificing performance [12]. 

 

Future Directions 

To address the existing challenges in biomimetic membrane technology, future research should 

prioritize several key areas. Hybrid membrane systems that combine biomimetic designs with 

traditional polymeric materials could enhance scalability while retaining essential properties, such as 

selectivity and permeability [13]. This integration can lead to the development of membranes that are 

not only efficient but also cost-effective for large-scale applications. Furthermore, employing 
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advanced characterization techniques will be crucial for identifying defects and optimizing membrane 

structures during fabrication processes. Sophisticated imaging methods can provide insights into 

membrane morphology and performance, guiding improvements in design. The integration of 

nanotechnology presents another promising avenue; incorporating nanomaterials can significantly 

enhance membrane performance by improving mechanical strength and resistance to fouling. NPs can 

also be utilized to modify surface properties, further reducing fouling tendencies. Lastly, focusing on 

sustainable materials development is essential for minimizing the environmental footprint of 

membrane technologies. Research into biodegradable polymers and sustainable sourcing will be vital 

as industries increasingly shift towards greener practices. Collectively, these future directions hold the 

potential to revolutionize biomimetic membranes, making them more efficient, scalable, and 

environmentally friendly while addressing critical global challenges in water purification, energy 

conversion, and chemical separation [14]. 

 

CONCLUSIONS 

Bioinspired and biomimetic membranes represent a significant leap forward in membrane 
technology, providing innovative solutions to critical challenges in water purification, chemical 

separation, and energy conversion. These advanced systems, particularly aquaporin-based 
membranes, have demonstrated exceptional water permeability and selectivity, making them highly 

effective for applications, such as desalination and wastewater treatment. Their ability to facilitate 
rapid water transport while excluding unwanted solutes positions them as a sustainable alternative to 

traditional methods like reverse osmosis, which often require substantial energy inputs. The versatility 
of biomimetic membranes extends beyond water purification; they are also applicable in chemical 

separation processes and energy technologies, such as osmotic energy harvesting and flow batteries. 
Moreover, the potential for controlled drug release through biomimetic systems opens new avenues in 

pharmaceuticals, enhancing therapeutic efficacy while minimizing side effects. Recent advancements 
in fabrication techniques, including lipid bilayer assembly, TFNs, and electrospinning—have paved 

the way for scalable production of high-performance membranes. These methods allow researchers to 
tailor membrane properties for specific applications, broadening their usability across various 

industries. However, there are still several obstacles that must be overcome before biomimetic 

membranes can be widely used. Continued research and innovation are needed to address concerns 
about environmental stability, scalability, and creating errors in production. Developing hybrid 

systems that combine the best features of biomimetic designs with traditional materials may provide a 
pathway to overcoming these limitations. Looking ahead, the future of bioinspired membrane 

technologies lies in interdisciplinary collaboration that merges insights from biology, materials 
science, and engineering. Continued research into sustainable materials and advanced characterization 

techniques will be crucial for optimizing membrane performance and ensuring their viability in real-
world applications. Additionally, integrating nanotechnology into membrane design may further 

enhance their efficiency and durability. 

 

In summary, bioinspired and biomimetic membranes hold great promise for revolutionizing various 
fields by providing efficient solutions to pressing environmental challenges. As research progresses 

and technologies mature, these membranes could play a pivotal role in addressing global issues, such 
as water scarcity, pollution control, and energy sustainability. Further exploration of the possibilities 

will certainly lead to creative uses that promote environmental stewardship and benefit society. 
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