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Abstract 

Bio-inspired membranes in oral drug delivery represent a significant advancement in pharmaceutical 

technology, harnessing principles of natural biological systems to improve drug permeability, 

bioavailability, and targeted release. This review discusses the design, materials, and fabrication 

techniques used in bio-inspired membranes, with a focus on materials like chitosan, silk fibroin, and 

synthetic polymers that mimic biological structures. By exploring the mechanisms of drug permeation, 

such as mucoadhesion and selective permeability, bio-inspired membranes demonstrate the superior 

potential to overcome gastrointestinal and enzymatic barriers, enhancing the absorption of 

challenging drugs. Various applications are highlighted, including systems for chronic disease 

management and personalized medicine, underscoring the adaptability of bio-inspired membranes to 

release drugs in a controlled, sustained manner. The review further examines challenges in scaling 

and regulatory compliance, while emphasizing future research directions and interdisciplinary 

collaboration to accelerate the clinical translation of these promising systems. Bio-inspired 

membranes offer a unique solution for advancing oral drug delivery, paving the way for innovative, 

efficient, and patient-centered therapies. 
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INTRODUCTION 

Overview of Oral Drug Delivery Systems 

Oral drug delivery remains the most common and preferred route of drug administration due to its 

simplicity, cost-effectiveness, non-invasiveness, and patient compliance. According to the latest 

global pharmacology reports, nearly 60–70% of all drugs are administered orally, making this route 

highly significant in therapeutic applications (Global Drug Delivery Report, 2023) [1]. However, 

delivering drugs orally presents numerous challenges, especially when dealing with drugs with poor 

solubility, stability, or bioavailability [2]. 

 

Drugs administered orally encounter various 

physiological barriers, such as: 

 Gastrointestinal (GI) environment: 

Variable pH, enzymatic degradation, and intestinal 

flora can lead to drug inactivation or degradation 

before absorption [3]. 

 Epithelial barriers: Drugs must cross the 

epithelial cell layer of the GI tract, a process that 

often limits large or hydrophilic drug molecules. 

 P-Glycoprotein (P-gp) efflux mechanism: 

P-gp transporters in the GI epithelium actively 
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pump drugs back into the intestinal lumen, reducing effective absorption and bioavailability [1]. 

 

The Biopharmaceutical Classification System (BCS) categorizes drugs based on solubility and 

permeability, with BCS Class II (low solubility, high permeability) and Class IV (low solubility, low 

permeability) drugs often facing the greatest challenges in oral bioavailability. Innovative strategies to 

overcome these barriers, such as bio-inspired membranes, are gaining attention for their ability to 

mimic biological processes and enhance drug delivery by selectively increasing permeability while 

protecting drugs from the GI environment [4]. 

 

Challenges and Limitations in Oral Drug Delivery 

Despite its advantages, oral drug delivery systems face critical limitations that prevent the effective 

delivery of many pharmaceutical compounds, especially biologics and large molecules are shown in 

Table 1 [1]. Below are some primary limitations: 

 First-pass metabolism: Drugs absorbed through the GI tract are transported to the liver, where 

they undergo extensive metabolism before reaching systemic circulation, significantly reducing 

bioavailability [3]. 

 Low membrane permeability: Large or hydrophilic molecules cannot easily penetrate the lipid-

rich cellular membranes of the intestinal epithelium [1]. 

 Limited absorption window: Some drugs have specific absorption sites within the GI tract, 

limiting their effective absorption if they pass through too quickly [5]. 

 Enzymatic degradation: Proteolytic enzymes in the GI tract can degrade peptides, proteins, and 

other biologics, rendering them ineffective by the time they reach systemic circulation [4]. 

 

Table 1. Examples of challenges affecting drug absorption and bioavailability. 

Challenge Impact on Drug Absorption Examples 

First-pass metabolism. Reduced bioavailability due to hepatic degradation. Propranolol, morphine. 

Low membrane permeability. Inadequate absorption of hydrophilic/larger molecules. Insulin, heparin. 

Enzymatic degradation. Proteins/peptides degraded before reaching systemic 

circulation. 

Erythropoietin, growth 

hormone. 

Limited absorption windows. Drugs not absorbed within specific sites are excreted. Vitamin B12, iron. 

 

The development of bio-inspired membranes addresses many of these limitations by providing 

enhanced permeability, protection from degradation, and the potential for targeted or controlled 

release [5]. 

 

The Need for Enhanced Permeability in Oral Drug Delivery 

To achieve therapeutic effectiveness, drugs must reach their target sites at sufficient concentrations 

[3]. For many APIs, this requires overcoming the permeability barrier of the GI tract to ensure 

adequate systemic absorption are shown in Table 2 [1]. Enhancing permeability is particularly 

important for: 

 Low bioavailability drugs: Class II and IV drugs require innovative strategies to improve 

absorption and reduce the frequency of dosing [2]. 

 Biologics and macromolecules: Peptides, proteins, and other large molecules often have poor 

permeability and are rapidly degraded in the GI environment [1]. 

 Drugs with narrow absorption windows: Some drugs are only absorbed in specific GI regions, 

making prolonged retention and effective permeability essential for bioavailability [4]. 

 

Bio-inspired membranes have emerged as a promising approach to enhance the permeability of 

drugs in these categories by integrating biologically inspired structures and mechanisms that facilitate 

selective permeability across GI barriers [5]. 
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Table 2. Examples of permeability requirements for different API types. 

API Type Permeability Requirement Examples 

Small molecule drugs. Moderate, influenced by lipophilicity. Metformin, acetaminophen. 

Large molecule drugs. High, require specialized delivery methods. Insulin, monoclonal antibodies. 

Peptides and proteins. High, as GI degradation limits the effectiveness. Oxytocin, vasopressin. 

 

Bio-Inspired Membranes: A Novel Approach to Oral Drug Delivery 
Bio-inspired membranes are a class of materials engineered to mimic the structural and functional 

characteristics of biological membranes, such as those found in cell membranes [3]. Drawing on the 
properties of natural lipids, proteins, and synthetic polymers, these membranes are designed to 
enhance drug permeability, control release profiles, and provide protection from GI conditions [6]. 
Bio-inspired membranes offer several advantages: 

 Selective permeability: Similar to cellular membranes, these membranes allow selective 
permeability based on molecular size, charge, and hydrophobicity. 

 Enhanced stability: Bio-inspired membranes can stabilize APIs, particularly biologics, against 
enzymatic degradation and pH variability in the GI tract [1]. 

 Controlled drug release: These membranes can modulate drug release in response to stimuli 
like pH or temperature, ensuring drugs are released only under optimal conditions. 

 
By emulating biological membranes, bio-inspired membranes enhance the oral bioavailability of 

challenging drugs, making them a focal point in advanced drug delivery research [5]. 

 

Recent Advances in Bio-Inspired Membranes for Drug Delivery 
The application of bio-inspired membranes in drug delivery has grown substantially in recent years, 

driven by innovations in material science and biomimetic design are shown in Table 3 [2]. Significant 
advancements include: 

 Lipid bilayer membranes: These membranes mimic cell membranes and are composed of 
phospholipids, enhancing the solubility and permeability of hydrophobic drugs [6]. 

 Polymeric biomimetic membranes: Synthetic polymers like PLA and PCL are structured to 
allow for controlled and sustained drug release, while also providing strength and durability [5]. 

 Protein-based membranes: Incorporating proteins, such as transmembrane proteins facilitates 
the selective passage of molecules, emulating natural cellular transport [3]. 

 Nanoparticle-embedded membranes: Embedding nanoparticles within bio-inspired membranes 
enhances drug loading capacity and allows for targeted release at specific GI sites. 

 
Each type offers unique advantages, contributing to their broad application potential in enhancing 

the bioavailability of various drugs [4]. 
 

Table 3. Types and applications of bio-inspired drug delivery membranes. 

Bio-Inspired Membrane Type Material Basis Primary Advantages Applications 

Lipid bilayer membrane. Phospholipids. Bio-compatibility, hydrophobic 
drug solubility. 

Lipophilic drugs. 

Polymeric biomimetic membrane. PLA, PCL. Durability, controlled release. Sustained release drugs. 

Protein-based membrane. Proteins. Selective permeability. Large molecule and 
peptide delivery. 

Nanoparticle-embedded 
membrane. 

Various nanoparticles. Targeted release, high drug 
loading. 

Targeted GI delivery. 

 

This overview emphasizes that bio-inspired membranes represent a powerful strategy to overcome 

the challenges of oral drug delivery, offering tailored solutions that leverage biological principles for 

enhanced permeability, stability, and therapeutic efficiency [5]. 
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MECHANISMS OF PERMEABILITY ENHANCEMENT IN BIO-INSPIRED MEMBRANES 

Bio-Mimetic Mechanisms in Bio-Inspired Membranes 

Bio-inspired membranes mimic key mechanisms found in biological systems to enhance drug 
permeability [2]. By integrating the natural properties of cell membranes, these biomimetic strategies 

help address several barriers present in oral drug delivery. 

 Lipid bilayer formation: Bio-inspired membranes often include lipid bilayers that mimic the cell 
membrane structure, aiding the passage of hydrophobic molecules. These bilayers are crafted 

from phospholipids, which align in a hydrophilic-hydrophobic configuration, much like cell 
membranes are shown in Figure 1 [4]. 

 Transmembrane protein integration: Some bio-inspired membranes incorporate synthetic 
transmembrane proteins or protein-mimicking structures, allowing selective passage of ions and 
larger molecules, similar to active and passive transport systems in cells [3]. 

 Polysaccharide-based selective channels: Derived from plant and fungal sources, 
polysaccharides, such as chitosan are incorporated in these membranes, forming selective 

permeability channels [2]. These channels facilitate the transport of specific drugs while 
blocking larger, undesired molecules from crossing [5]. 

 

 
Figure 1. Cross-sectional view of a bio-inspired lipid bilayer membrane. 

 

Mechanisms of Controlled and Sustained Drug Release 

Bio-inspired membranes are designed to control and sustain drug release by responding to certain 
stimuli are shown in Table 4 [6]. This feature is especially useful for drugs with narrow therapeutic 

windows or those that degrade quickly in the GI tract [4]. 

 pH-responsive membranes: These membranes are designed to alter their structure or 
permeability in response to pH variations along the GI tract. For instance, pH-sensitive 
polymers swell or dissolve in the small intestine, ensuring that drugs are released only when 

they reach the right section of the GI tract [2]. 

 Enzyme-triggered release: Some bio-inspired membranes are formulated to degrade in the 
presence of specific enzymes found in the GI tract. For example, lipase-sensitive membranes 

can release lipophilic drugs in areas rich in these enzymes, such as the small intestine [7]. 

 Temperature-sensitive release mechanisms: Temperature-responsive polymers, such as poly-N-
isopropylacrylamide (PNIPAAm), alter their physical state based on body temperature, which 

helps modulate drug release rates and enhance permeability [4]. 

 

Enhanced Permeability Through Nanoparticle-Embedded Membranes 

Embedding nanoparticles within bio-inspired membranes is a strategy that increases the loading 

capacity and surface area of drugs, thereby enhancing permeability [7]. 
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 Lipid-based nanoparticles: Lipid nanoparticles (e.g., SLNs and NLCs) are embedded within 

membranes to improve the solubility and permeability of hydrophobic drugs. These 

nanoparticles mimic the lipophilic environment of cellular membranes, aiding drug passage. 

 Polymeric nanoparticles: Polymeric nanoparticles, such as PLGA are employed in bio-inspired 

membranes to control drug release rates and facilitate drug penetration through the mucosal 

layer. These nanoparticles can be engineered to gradually degrade in the GI tract, providing 

sustained drug release. 

 Metal-based nanoparticles: Incorporating metal nanoparticles (e.g., gold or silver) can further 
enhance permeability by triggering structural changes in the membrane at specific sites within 
the GI tract. Metal nanoparticles provide a controlled release and help stabilize sensitive drugs 

[2, 8]. 

 

Table 4. Stimuli-responsive drug release mechanisms and applications. 

Release Mechanism Stimuli Materials Used Applications 

pH-responsive. pH changes. Eudragit polymers. Targeted release in intestines. 

Enzyme-responsive. GI enzymes. Lipase-sensitive PLGA. Lipophilic drug release. 

Temperature-responsive. Body temperature. PNIPAAm. Thermosensitive peptide delivery. 

 

Role of Permeation Enhancers in Bio-Inspired Membranes 
Permeation enhancers are compounds included in bio-inspired membranes to temporarily disrupt 

the lipid structure of the epithelial barrier, thereby improving drug absorption [9]. 

 Surfactants: Surfactants like bile salts and fatty acids enhance membrane fluidity, allowing 
drugs to pass through cellular barriers more easily. Commonly used surfactants include sodium 

lauryl sulfate and bile salts [10]. 

 Cyclodextrins: These cyclic oligosaccharides form complexes with drugs, improving their 
solubility and enabling better penetration through the GI barrier [11]. 

 Chelating agents: By binding to calcium ions in the tight junctions of epithelial cells, chelating 
agents, such as EDTA help increase paracellular permeability and promote drug absorption. 

 

Transport Mechanisms Through Bio-Inspired Membranes 

Bio-inspired membranes enhance permeability via two primary mechanisms: transcellular (through 
the cell) and paracellular (between cells) pathways. Understanding these pathways is key to designing 

effective drug delivery systems [10]. 

 Transcellular pathway: In this pathway, drugs diffuse across epithelial cells, involving cellular 
uptake, endocytosis, and release. Bio-inspired membranes facilitate this pathway through lipid 

bilayers that allow drugs to traverse cellular membranes more easily. 

 Paracellular pathway: For drugs that are too large to pass through the transcellular route, bio-
inspired membranes can promote the paracellular pathway by transiently opening tight junctions 

between cells. This pathway is especially beneficial for peptide drugs and hydrophilic molecules 

[12]. 

 

Case Studies and Experimental Applications 
This subsection would provide insight into recent studies that have successfully applied bio-inspired 

membranes for permeability enhancement in oral drug delivery systems. Here, you can summarize 
recent experimental findings: 

 Study on pH-responsive polymers for colon-targeted drug delivery: Highlighting a study using 
eudragit-based membranes that release drugs specifically in the colon. Results showed a 40% 
improvement in colon-specific drug absorption compared to traditional enteric-coated tablets 

[11]. 

 Protein-based membranes for peptide delivery: A recent study demonstrated the use of protein-

incorporated membranes for delivering insulin orally, showing improved bioavailability and 

stability compared to other methods [10]. 
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MATERIALS USED IN BIO-INSPIRED MEMBRANES 
Natural Materials for Bio-Inspired Membranes 

Natural materials are widely used for bio-inspired membranes because of their biocompatibility and 
natural affinity with biological tissues [9]. These materials are often derived from sources like plants, 
animals, and microorganisms, and they can mimic the structure and function of biological membranes 
effectively [8]. 

 Polysaccharides: Chitosan, alginate, and hyaluronic acid are commonly used polysaccharides in 
bio-inspired membranes. Chitosan, for example, has mucoadhesive properties that enhance the 
retention time of the drug in the GI tract, promoting prolonged release [11]. 

 Proteins: Proteins like collagen, gelatin, and silk fibroin are biocompatible and biodegradable, 
making them suitable for oral delivery. Collagen, in particular, can form structured films that 
protect drugs from degradation while facilitating gradual release and absorption [9]. 

 Lipids: Naturally sourced lipids, including phospholipids, provide a membrane structure that 
mimics cell bilayers, enhancing permeability for lipophilic drugs. Phosphatidylcholine is a 
widely used lipid that helps create a biocompatible barrier for oral drug delivery [13]. 

 
Synthetic Materials in Bio-Inspired Membranes 

Synthetic materials offer controlled properties and are often designed to overcome limitations found 
in natural materials [9]. By customizing the molecular structure, synthetic polymers can be engineered 
to provide specific release profiles, permeability characteristics, and stability. 

 Poly(lactic-co-glycolic acid) (PLGA): PLGA is widely used due to its customizable degradation 
rate and ability to provide sustained drug release. It is commonly utilized in nano- and 
microparticles embedded within bio-inspired membranes for controlled drug delivery [14]. 

 Eudragit: Eudragit polymers are pH-sensitive, allowing for targeted release in different sections 
of the GI tract. These synthetic polymers are often used for colon-targeted drug delivery due to 
their stability in acidic environments but degradability in more neutral pH conditions [10]. 

 Polyethylene glycol (PEG): PEG is used for surface modification of membranes to increase 
biocompatibility and reduce immunogenic responses. It’s also helpful in improving drug 
solubility and extending the residence time of bio-inspired membranes in the GI tract [13]. 

 
Hybrid Materials: Combining Natural and Synthetic Components 

Hybrid materials combine the benefits of natural and synthetic materials, resulting in bio-inspired 
membranes that achieve high biocompatibility, controlled permeability, and increased stability. These 
materials are especially useful for drugs that require both protection in the stomach and sustained 
release in the intestines. 

 Lipid-polymer hybrids: These membranes combine phospholipids with synthetic polymers like 
PLGA, offering the permeability advantages of lipids and the stability of polymers. They are 
particularly beneficial for the delivery of lipophilic drugs and can provide gradual release in the 
GI tract [15]. 

 Protein-polymer hybrids: These membranes, such as gelatin combined with Eudragit, are used 
to create pH-sensitive, biocompatible membranes that degrade only in targeted areas of the GI 
tract [16]. This hybrid structure can protect drugs from stomach acidity while facilitating 
absorption in the intestines. 

 Polysaccharide-based hybrids: Combining polysaccharides (e.g., chitosan) with synthetic 
polymers like PEG enhances the mucoadhesive and permeability properties of the membrane. 
These hybrids are often used to increase the retention time and absorption of drugs, especially 
for poorly soluble compounds [11]. 

 

Comparative Analysis of Materials in Bio-Inspired Membranes 

To provide a clearer perspective on the strengths and limitations of each material, a comparative 

analysis can be conducted. This comparison will assess factors like biocompatibility, permeability, 

degradation rate, and drug compatibility are shown in Table 5 [17]. 
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Table 5. Comparison of material types for drug delivery systems. 

Material Type Biocompatibility Permeability Degradation Rate Drug Compatibility 

Natural materials. High. Moderate. Rapid. High for natural drugs. 

Synthetic materials. Moderate. Variable. Controlled. High for synthetic drugs. 

Hybrid materials. High. High. Controlled. Versatile. 

 

Recent Innovations in Bio-Inspired Membrane Materials 

The recent advancements in bio-inspired membrane materials have led to a new generation of 

functionalized, adaptive, and stimuli-responsive membranes. These include: 

 Functionalized nanoparticles: Modified nanoparticles with functional groups enhance 

interaction with biological barriers, improving drug delivery across membranes. 

 Stimuli-responsive polymers: Incorporating stimuli-responsive polymers, such as temperature-

sensitive PNIPAAm, allows for release adjustments in response to body conditions [14]. 

 3D-printed bio-inspired membranes: Advances in 3D printing allow for precise engineering of 

membrane structures at the microscopic level, enabling targeted drugs [11]. 

 

FABRICATION TECHNIQUES FOR BIO-INSPIRED MEMBRANES 

Conventional Fabrication Techniques 

Traditional methods of bio-inspired membrane fabrication have laid the groundwork for more 

advanced techniques. These methods are still widely used due to their simplicity, cost-effectiveness, 

and scalability [18]. 

 Solvent casting: This technique involves dissolving the membrane material in a suitable solvent 
and then casting it onto a surface. After solvent evaporation, a thin membrane layer forms, 
which is suitable for drug coating. This method is commonly used with natural polymers like 
chitosan and gelatin. Solvent casting is cost-effective but can produce membranes with 
inconsistent thickness. 

 Electrospinning: Electrospinning uses an electric field to stretch and solidify polymer solutions 
into nanofibers. The resulting fibers form a porous membrane that enhances drug loading and 
controlled release. Electrospun membranes are often made with synthetic polymers like PLGA 
and have high surface-area-to-volume ratios, which improve drug absorption rates. 

 Phase separation: This technique involves separating polymers into two phases, often using 
temperature or solvent changes. Phase separation creates a porous structure within the 
membrane, beneficial for drug permeability. Membranes fabricated through phase separation are 
often used for sustained-release formulations, although the complexity of this method can limit 
scalability [14, 19]. 

 

Advanced Fabrication Techniques 
Advanced techniques have been developed to enhance the control over membrane structure, drug 

loading, and release characteristics, providing better precision and adaptability for various drugs [18]. 
 Layer-by-layer (LbL) assembly: This technique involves sequential deposition of positively and 

negatively charged polymers to form multilayer membranes. Each layer can be loaded with a 
different drug, enabling a multi-release system. LbL assembly is highly customizable but time-
intensive [10]. 

 Self-assembly: In self-assembly, molecules organize themselves into well-defined structures 
without external intervention. Lipid-based materials and certain peptides are commonly used for 
self-assembly, leading to membrane structures that mimic natural cell membranes. Although 
self-assembly is a powerful method for bio-inspired designs, controlling the precise structure 
can be challenging [13]. 

 3D printing: 3D printing technology enables precise control over membrane design, allowing 
for custom geometries, pore sizes, and drug distribution patterns. This method has gained 
traction in recent years due to its ability to produce complex, patient-specific membranes. 
However, the cost of equipment and materials can be high [18]. 
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Emerging Fabrication Techniques 

Recent innovations in membrane fabrication are focused on developing adaptive, stimuli-

responsive membranes. These emerging techniques use external stimuli, like pH or temperature, to 

control drug release, providing greater control over drug delivery kinetics. 

 Microfluidics: Microfluidic devices allow for the creation of drug-loaded particles or droplets 

with highly uniform sizes, which can be incorporated into membranes for controlled release. 

The small-scale precision of microfluidics enables accurate control of drug loading and release 

patterns are shown in Figure 2. 

 Stimuli-responsive fabrication: Stimuli-responsive membranes are fabricated to respond to 

specific triggers like temperature, pH, or light, allowing for tailored release profiles. 

Temperature-sensitive polymers, such as PNIPAAm are often used to create membranes that 

release drugs only at body temperature or under specific pH conditions. 

 Bioprinting: Bioprinting utilizes cells and biomaterials to fabricate bio-inspired membranes with 

a close resemblance to biological tissues. It’s especially useful for creating complex membrane 

structures that require both biocompatibility and permeability. Although this technique is still in 

its infancy, it shows promise for future applications in personalized medicine [16]. 

 

 
Figure 2. Diagram of a microfluidic system. 

 

Comparative Analysis of Fabrication Techniques 

Each fabrication technique presents unique advantages and is suited for different types of bio-

inspired membrane applications. A comparative analysis helps determine the optimal technique based 

on specific requirements, such as permeability, drug loading capacity, and scalability [12]. 

 

Current Trends and Future Directions in Membrane Fabrication 

Advances in fabrication techniques have led to increasingly sophisticated bio-inspired membranes. 

Current trends focus on refining existing technologies and developing new techniques that improve 

scalability, adaptability, and precision in drug delivery [19]. 
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 Automation of LbL and microfluidic systems: Integrating automation into complex fabrication 

processes like LbL assembly and microfluidics could enable larger scale production of highly 

customizable membranes. 

 Combining techniques: Combining techniques, such as 3D printing and electrospinning, is a 

growing trend to fabricate multifunctional membranes that provide both mechanical stability 

and enhanced drug delivery. 

 Artificial intelligence (AI)-driven fabrication: AI algorithms are being applied to optimize the 

design and composition of bio-inspired membranes, streamlining the selection of materials and 

fabrication parameters for specific drug formulations [10]. 

 

CHARACTERIZATION AND EVALUATION OF BIO-INSPIRED MEMBRANES 

Physical and Mechanical Properties 

The physical and mechanical properties of bio-inspired membranes play a crucial role in their 

durability and functionality in oral drug delivery systems. These properties, including thickness, 

tensile strength, elasticity, and porosity, are essential to ensure that the membranes can withstand 

physiological conditions in the GI tract while facilitating controlled drug release. 

 Thickness and surface morphology: Membrane thickness affects drug diffusion rates, where 

thicker membranes often slow down drug permeation. Scanning Electron Microscopy (SEM) is 

frequently used to examine surface morphology, providing insights into porosity, surface 

texture, and structural integrity. SEM images reveal pore sizes and distributions, which directly 

influence drug diffusion. 

 Tensile Strength and Elasticity: These measurements ensure that the membrane remains intact 

under physiological stresses. Tensile testing machines apply controlled forces to the membrane, 

assessing its strength and flexibility. Materials like collagen and chitosan are often chosen for 

their natural elasticity, which reduces the risk of tearing in the GI tract [19]. 

 

Permeability and Drug Diffusion Studies 

Drug permeability across bio-inspired membranes is critical in determining their effectiveness in 

drug delivery. Permeability testing provides insights into how well the membrane allows the drug to 

pass through, ensuring controlled and sustained release over time. 

 In vitro permeation studies: Using Franz diffusion cells, permeability studies are conducted to 

observe the rate of drug transfer across the membrane. The membrane is placed between donor 

and receptor compartments, and drug release is measured over time. This setup mimics drug 

absorption processes in the GI tract, allowing researchers to fine-tune permeability properties. 

 Diffusion coefficients: By calculating diffusion coefficients using Fick’s law of diffusion, the 

rate of drug permeation can be accurately quantified. Membranes with higher diffusion 

coefficients facilitate faster drug release, ideal for immediate-release formulations. Lower 

diffusion coefficients support sustained release, which is beneficial for maintaining therapeutic 

levels over extended periods [17]. 

 

Biocompatibility and Toxicity Assessment 

Biocompatibility testing is essential to ensure that bio-inspired membranes do not cause adverse 

effects within the body. Toxicity assessments involve both in vitro and in vivo studies to examine cell 

viability, inflammation, and potential toxic responses when exposed to membrane materials. 

 Cell viability assays: Common assays like MTT and live/dead staining are used to measure cell 

proliferation and survival in response to membrane materials. High cell viability indicates that 

the membrane is biocompatible and suitable for oral drug delivery. 

 Hemolysis tests: Since membranes may come into contact with blood during GI absorption, 

hemolysis testing checks for the potential destruction of red blood cells. Materials showing 

minimal hemolytic activity are preferred as they reduce the risk of adverse blood interactions 

[15]. 
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 In vivo toxicity studies: Animal studies, usually conducted on rodent models, assess the systemic 
effects of the membrane. Key markers like inflammation, immunogenicity, and overall 
biocompatibility are evaluated to ensure safe application in humans [18]. 

 

Drug Release Kinetics and Mechanisms 
To design effective drug delivery systems, understanding drug release kinetics and mechanisms is 

vital. Various models, including zero-order, first-order, and Higuchi models, are used to analyze the 
release profiles of drugs from bio-inspired membranes. 

 Zero-order kinetics: Zero-order release maintains a constant drug release rate, beneficial for 
sustained-release applications. Membranes with this kinetic profile are used for long-term 
therapies, providing consistent therapeutic levels. 

 First-order kinetics: In the first-order release, the drug release rate decreases over time. This 
model suits drugs requiring rapid initial release followed by a gradual decrease, as seen with 
certain analgesics. 

 Higuchi model: The Higuchi model describes drug release from porous membranes and involves 
diffusion-based mechanisms. It’s widely used for membranes with consistent pore structures, 
which govern the rate of drug diffusion [19]. 

 

APPLICATIONS OF BIO-INSPIRED MEMBRANES IN ORAL DRUG DELIVERY 
The versatility of bio-inspired membranes allows for a range of applications in oral drug delivery, 

each optimized for specific therapeutic outcomes. From enhancing bioavailability to providing 
sustained release, these applications address several challenges in traditional drug delivery by 
employing bio-inspired designs that interact effectively with the biological environment [12]. 
 

Enhancing Bioavailability of Poorly Soluble Drugs 
Bio-inspired membranes play a pivotal role in improving the bioavailability of poorly soluble drugs 

by facilitating controlled drug release and optimizing absorption in the GI tract. 

 Solubility enhancement: Membranes are designed to release drugs in a controlled manner, 
allowing poorly soluble drugs more time to dissolve in the GI tract. By modulating membrane 
porosity and incorporating hydrophilic polymers, the dissolution rate can be significantly 
improved [10]. 

 Targeted release in absorption windows: By timing drug release to align with absorption 
windows in the GI tract, bio-inspired membranes can increase the absorption of poorly soluble 
drugs. For example, drugs with pH-dependent solubility can be released in the stomach or small 
intestine, where pH conditions favor dissolution and absorption [18]. 

 

Sustained and Controlled Release Applications 
One of the most significant applications of bio-inspired membranes is in sustained and controlled 

release systems. These systems maintain consistent drug levels, reducing the frequency of dosing and 
enhancing patient adherence. 

 Extended-release systems: Bio-inspired membranes are utilized in extended-release 
formulations, where the membrane acts as a barrier that slows drug diffusion. This mechanism 
provides a steady drug release rate over several hours, ensuring therapeutic levels without 
frequent dosing [16]. 

 Controlled release based on environmental triggers: Some bio-inspired membranes are 
designed to respond to physiological triggers like pH or enzymatic activity [19]. For instance, a 
membrane might release a drug faster in the acidic environment of the stomach but slow down 
in the more neutral pH of the small intestine. Drug profiles and bio-inspired membrane 
applications are shown in Table 6. 

 

Applications in Targeted Drug Delivery 

Bio-inspired membranes are engineered to target specific regions within the GI tract, enhancing 

therapeutic efficacy while minimizing off-target effects. 
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 Colon-specific drug delivery: For diseases like ulcerative colitis and Crohn’s disease, bio-

inspired membranes are designed to remain intact through the upper GI tract, releasing drugs 

only upon reaching the colon. pH-sensitive membranes, composed of materials that degrade in 

the higher pH of the colon, are particularly useful here. 

 Site-specific release for acid-labile drugs: For drugs that degrade in acidic environments, bio-

inspired membranes protect the drug as it passes through the stomach and release it in the small 

intestine. This application is beneficial for drugs like certain peptides and proteins, which are 

vulnerable to stomach acid [15]. 

 

Table 6. Drug profiles and bio-inspired membrane applications. 

Drug Type of Bio-Inspired Membrane Release Profile Therapeutic Advantage 

Metformin. pH-sensitive chitosan membrane. Sustained release in GI. Improved glucose control. 

Ibuprofen. Collagen-based membrane. Extended-release. Reduced dosing frequency. 

Propranolol. Enzyme-responsive membrane. Controlled release. Minimized side effects. 

 

Bio-Inspired Membranes for Oral Delivery of Biologics 

Delivering biologics like peptides and proteins orally is a challenge due to their instability in the GI 

environment. Bio-inspired membranes are being developed to protect these delicate molecules and 

enhance their absorption in the GI tract. 

 Protease-inhibiting membranes: These membranes contain protease inhibitors that prevent 

enzymatic degradation of biologics like insulin. By slowing enzymatic activity, the bio-inspired 

membrane prolongs the stability of the biologic, allowing for effective absorption. 

 Permeation enhancers: Some bio-inspired membranes incorporate permeation enhancers that 

temporarily open tight junctions between epithelial cells. This mechanism allows larger biologic 

molecules to pass through the intestinal wall, significantly enhancing bioavailability [19]. 

 

Bio-Inspired Membranes for Combination Drug Delivery 

Bio-inspired membranes offer the potential for delivering multiple drugs simultaneously, which can 

be beneficial for conditions requiring combination therapy. 

 Multilayer membrane systems: Some bio-inspired membranes are designed with multiple layers, 

each layer containing a different drug. This setup allows for sequential drug release, where one 

drug is released immediately, followed by a delayed release of the second drug. 

 Dual drug release with different release rates: Bio-inspired membranes can be engineered to 

release two drugs at different rates, providing immediate release of one drug and sustained 

release of another. This approach is useful for conditions like hypertension, where an initial dose 

is needed for immediate control, followed by sustained release to maintain levels [19]. 

 

FUTURE DIRECTIONS AND CHALLENGES IN BIO-INSPIRED MEMBRANES 

FOR ORAL DRUG DELIVERY 

The field of bio-inspired membranes in oral drug delivery holds immense potential, but there are 

critical challenges and future research directions to consider. While these membranes have 

demonstrated significant advantages in preclinical studies, several barriers must be addressed for 

successful clinical translation and widespread adoption. 

 

Challenges in Fabrication and Scalability 

One of the primary challenges in bio-inspired membrane technology is the fabrication of these 

complex structures at scale. Laboratory methods may not always translate well to large-scale 

production, particularly in maintaining the uniformity and quality of membranes. 

 Material sourcing and quality control: Bio-inspired membranes often rely on specialized 

biomaterials like chitosan, silk fibroin, and collagen, which must be sourced sustainably and 
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with minimal batch-to-batch variability. Ensuring a consistent supply of high-quality materials 

is crucial to scaling up production. 

 Scalability of nanofabrication techniques: Many bio-inspired membranes are produced using 

nanotechnology, which may be expensive and challenging to implement on a large scale. 

Technologies, such as electrospinning and 3D bioprinting, while promising, require 

optimization for high-throughput manufacturing [12]. 

 

Biocompatibility and Safety Considerations 

Ensuring the safety and biocompatibility of bio-inspired membranes is critical, especially since they 

come into direct contact with GI tissues. Though bio-inspired materials are often derived from 

biological sources, certain synthetic modifications or additives may raise toxicity concerns [19]. 

 Potential immunogenicity: Some materials, particularly those derived from animal sources, may 

trigger immune responses. Bio-inspired membranes made from foreign proteins may require 

extensive testing to rule out allergic or immunogenic reactions. 

 Toxicity of nanoparticles: In cases where nanoparticles are incorporated for controlled drug 

release or enhanced permeability, there is a risk of cytotoxicity or bioaccumulation. Long-term 

studies are required to assess the safety of nanoparticles in bio-inspired membranes. 

 

Stability and Shelf-Life of Bio-Inspired Membranes 

Maintaining the structural integrity and functionality of bio-inspired membranes over extended 

periods is a challenge, as many biomaterials are prone to degradation when exposed to environmental 

factors like humidity, temperature, and light. 

 Environmental sensitivity of biomaterials: Many bio-inspired membranes are sensitive to 

environmental changes, especially if derived from materials like collagen or chitosan, which can 

degrade when exposed to moisture or light. 

 Need for advanced packaging solutions: To enhance the shelf-life, advanced packaging 

techniques that protect against environmental stressors are essential. This may include oxygen-

barrier films, moisture-absorbing layers, and UV-blocking materials. 

 

Regulatory and Approval Pathways 

The regulatory approval process for bio-inspired membranes in drug delivery remains complex and 

can be lengthy due to the innovative nature of these technologies. Unlike traditional delivery systems, 

bio-inspired membranes must meet stringent standards for safety and efficacy. 

 Lack of established guidelines: Since bio-inspired membranes represent a novel technology, 

regulatory bodies like the FDA and EMA have limited established guidelines specific to these 

materials. This results in extended approval timelines, as additional testing and validation are 

often required. 

 Challenges in demonstrating efficacy: Clinical trials for bio-inspired membranes are required to 

demonstrate that these delivery systems provide therapeutic benefits over traditional methods. 

Designing these trials to isolate the impact of the membrane from the drug itself can be 

challenging [19]. 

 

CONCLUSIONS 

The use of bio-inspired membranes in oral drug delivery systems represents a transformative 

approach that draws on the principles of natural biological systems to enhance drug bioavailability, 

targeting, and controlled release. These membranes address a critical need in pharmaceutical sciences 

by enabling more effective delivery of drugs with poor solubility, stability, or permeability, offering 

promising solutions for chronic disease management, personalized medicine, and improved patient 

adherence. 

 

Summary of Key Findings 

This review explored various aspects of bio-inspired membranes in oral drug delivery, including: 
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1. Material selection and engineering: Bio-inspired membranes leverage natural biomaterials, such 

as chitosan, silk fibroin, and collagen, as well as advanced synthetic materials engineered to 

replicate biological functions. These materials enhance drug permeability and offer 

biocompatibility, critical for safe and effective drug delivery. 

2. Mechanisms of drug permeation: Bio-inspired membranes are designed to mimic natural tissue 

properties, enhancing drug absorption in the GI tract through mechanisms like mucoadhesion, 

pH responsiveness, and selective permeability. This increases the efficacy of drugs by 

improving their interaction with the intestinal lining. 

3. Applications and therapeutic potential: These membranes have demonstrated potential across 

diverse therapeutic areas, including the treatment of metabolic disorders, cardiovascular 

diseases, and infectious diseases. Bio-inspired designs can be adapted to release drugs in a 

controlled, sustained manner, making them valuable in conditions requiring consistent 

therapeutic levels. 

4. Challenges and future directions: While bio-inspired membranes hold significant potential, 

challenges in scalability, regulatory approval, and long-term stability need to be addressed. 

Future research focusing on material innovation, advanced fabrication techniques, and 

regulatory frameworks will be crucial to making these technologies viable for clinical use. 
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