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Abstract 

Peptide-based piezoelectric carrier materials demonstrate unique advantages in biocompatibility, tunability, and 

self-assembly capabilities, making them highly promising for applications in sensors, energy harvesting, and 

bioelectronics. This paper reviews the research progress of peptide-based piezoelectric carrier materials, starting 

with an introduction to the basic principles of piezoelectric materials and the application of peptides in material 

science, with a focus on the mechanisms of peptide integration with piezoelectric materials. The paper then 

analyzes the current main research directions, including peptide-inorganic material composite systems, peptide-

organic material composite systems, and peptide-nanomaterial composite systems, summarizing the characteristics, 

performance optimization strategies, and potential applications of each type of system. Finally, this paper discusses 

the challenges faced in the current research on peptide-based piezoelectric carrier materials, such as material 

stability, controllability, and scalability issues, and looks forward to future research directions, including 

improving material stability, optimizing peptide sequence design, and exploring their application prospects in new 

smart materials. 
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1. Introduction 

Piezoelectric materials, capable of converting mechanical energy into electrical energy, are widely used in sensors, 

smart materials, energy harvesting, and bioelectronics. Traditional materials include inorganic piezoelectric 

ceramics (e.g., PZT, ZnO) and organic piezoelectric polymers (e.g., PVDF), which, despite their excellent 

performance, have limitations in biocompatibility, flexibility, and tunability. As a result, researchers have explored 

new bio-piezoelectric materials for flexible electronics, biosensors, and implantable devices. Peptides, composed 

of amino acids, offer promising biocompatibility, self-assembly, and mechanical flexibility. Recent studies show 

that specific peptide sequences can exhibit piezoelectric effects, making them potential candidates for flexible, 

bio-compatible piezoelectric materials. Peptides can further optimize piezoelectric performance through sequence 

design, opening possibilities in bioelectronics, artificial neural networks, and MEMS. This paper reviews peptide-

based piezoelectric carrier materials, covering the principles of piezoelectricity, peptide characteristics, and 

advances in peptide-inorganic, peptide-organic, and peptide-nanomaterial composites. It also addresses challenges 

such as material stability, controllability, and large-scale production, and discusses future directions like 

optimizing peptide sequences, improving environmental stability, and exploring new application areas to advance 

peptide-based piezoelectric materials in flexible electronics, medical sensing, and smart materials[1]. 

2. Peptide-Based Piezoelectric Carrier Materials: Fundamentals 

2.1 Basic Principles and Properties of Piezoelectric Materials 

Piezoelectric materials are functional materials capable of converting mechanical energy into electrical energy and 

vice versa. This characteristic is attributed to the piezoelectric effect, which includes both the direct piezoelectric 

effect and the converse piezoelectric effect. The direct piezoelectric effect refers to the generation of electric charge 

on the surface of a material when it is subjected to external force, leading to a rearrangement of the material's 

internal electric dipoles. The converse piezoelectric effect, on the other hand, refers to the change in shape or size 

of the material under an applied electric field. Since the piezoelectric effect establishes a direct conversion 

relationship between mechanical force and electrical energy, piezoelectric materials are widely used in sensors, 

actuators, energy harvesting systems, bioelectronics, and micro-electromechanical systems (MEMS).Traditional 

piezoelectric materials mainly include inorganic piezoelectric ceramics and organic piezoelectric polymers. 

Inorganic piezoelectric ceramics such as lead zirconate titanate (PZT), lithium niobate (LiNbO₃), and zinc oxide 

(ZnO) exhibit high piezoelectric coefficients and stable physical and chemical properties, making them widely 
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used in high-precision sensors, ultrasonic equipment, and piezoelectric transducers[2]. However, these materials 

are often brittle, lack flexibility, and some, like PZT, contain lead, which is harmful to the environment and living 

organisms, limiting their use in wearable devices, bioelectronics, and implantable medical devices. Organic 

piezoelectric materials, such as polyvinylidene fluoride (PVDF) and its copolymers, have gained attention in 

flexible electronics, wearable devices, and energy harvesting due to their excellent flexibility, lightweight, and 

ease of processing. The piezoelectric effect in these materials mainly relies on the polarity rearrangement of 

molecular chains, which exhibit high piezoelectric response after polarization treatment. However, compared to 

inorganic ceramics, organic piezoelectric materials generally have lower piezoelectric performance and poorer 

stability, with performance degradation being a potential issue over long-term use.The microscopic mechanism of 

the piezoelectric effect is primarily related to the rearrangement of internal electric dipoles[3]. In inorganic 

piezoelectric materials, the asymmetry of the crystal structure is the main source of the piezoelectric effect. For 

example, PZT has a typical perovskite structure, and under external force, the displacement of central ions relative 

to surrounding oxygen ions induces internal polarization, thus generating the piezoelectric effect. For hexagonal 

crystal systems like ZnO, the relative displacement of Zn²⁺ and O²⁻ ions under external force also leads to the 

rearrangement of internal electric dipoles, exhibiting piezoelectricity. In organic piezoelectric materials, molecular 

polarity rearrangement is a key factor influencing piezoelectric performance. For instance, in PVDF, the strong 

polar bonds formed between fluorine atoms and carbon atoms in the molecular chains undergo a rearrangement 

after polarization, resulting in a significant charge response under external mechanical forces. Furthermore, factors 

such as the material’s orientation, crystallinity, and doping modifications can significantly affect its piezoelectric 

performance. For example, controlling the orientation of polymers can enhance the piezoelectric response along 

the polarization direction, while introducing dopant ions like Nb or La into inorganic piezoelectric materials can 

optimize the crystal structure and improve the piezoelectric coefficient.Factors influencing the performance of 

piezoelectric materials mainly include the material's structural characteristics, polarization treatment methods, and 

composite modification strategies. First, the crystal structure and symmetry of the material determine the 

magnitude of its piezoelectric effect. In inorganic piezoelectric materials, the piezoelectric coefficients vary on 

different crystal faces, and thus, designing the orientation of the material can optimize its piezoelectric performance. 

In organic piezoelectric materials, increasing the crystallinity helps to enhance the orientation of molecular chains, 

improving the piezoelectric response. Second, polarization treatment is an important factor influencing the 

performance of organic piezoelectric materials. By applying a high electric field during manufacturing, the 

reorientation of molecular chains can significantly improve the material's piezoelectric output. Lastly, doping and 

composite modifications are effective means to enhance the performance of piezoelectric materials. For example, 

doping PVDF with nanoparticles such as ZnO or BaTiO₃ can enhance the overall piezoelectric performance of the 

polymer by utilizing the high piezoelectricity of inorganic fillers, while maintaining the material's flexibility and 

processability.In recent years, with the development of flexible electronics and bioelectronics, bio-based 

piezoelectric systems have attracted widespread attention. Peptide materials, with their superior biocompatibility, 

sequence programmability, and self-assembly ability, are considered potential candidates for the next generation 

of flexible piezoelectric materials. Studies have shown that specific peptide sequences can self-assemble into 

highly ordered nanofibers, which can exhibit significant piezoelectric responses under external force. Moreover, 

by designing the peptide sequence rationally, it is possible to regulate its molecular polarity arrangement, further 

optimizing the piezoelectric properties of the material. Compared to traditional inorganic and organic piezoelectric 

materials, peptide-based piezoelectric materials not only offer better flexibility and biocompatibility but also 

enable functional optimization through precise molecular design. As a result, peptide materials show significant 

potential in applications such as biosensors, energy harvesting, and medical implant devices. In future research, 

the key issues driving the development of this field include improving the piezoelectric performance of peptides, 

enhancing material stability, and exploring innovative applications of peptide-based composite materials[4]. 

2.2 Applications of Peptides in Material Science 

Peptides are biopolymers composed of amino acids connected by peptide bonds. Due to their structural diversity, 

excellent biocompatibility, self-assembly ability, and sequence programmability, peptides have shown broad 

application prospects in material science. In recent years, with the rapid development of synthetic biology, 

nanotechnology, and functional materials, researchers have utilized the molecular recognition ability and self-

assembly characteristics of peptides to develop a range of materials with unique functions, including biosensors, 

nanocomposites, functional coatings, and flexible electronic devices. Peptide-based functional materials, 

particularly in smart materials, energy storage, and biomedical materials, have become a major research hotspot.In 

the biomedical field, peptides are widely used in tissue engineering, drug delivery, and biosensing due to their 

excellent biocompatibility. For example, short peptides can self-assemble into nanofibers, hydrogels, or other 

three-dimensional scaffold materials that serve as artificial extracellular matrices, promoting cell adhesion, 
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proliferation, and differentiation. In drug delivery, researchers have utilized the degradability and targeting abilities 

of peptide molecules to construct peptide-based nanocarriers for the precise delivery of anticancer drugs, protein 

therapeutics, and nucleic acid drugs[5]. Additionally, peptide-based materials have significant applications in 

biosensing, such as peptide-based colorimetric sensors, fluorescence probes, and electrochemical biosensors, 

which can detect disease biomarkers, pollutants, and pathogens.In nanomaterial research, the self-assembly 

properties of peptides are widely used to construct nanostructures with specific shapes and functions. Peptides 

with different sequences can self-assemble into nanotubes, nanosheets, nanofibers, or colloidal microspheres, 

which not only exhibit unique physical and chemical properties but can also be regulated through rational sequence 

design. For instance, certain peptide sequences can form stable nanofiber networks through hydrogen bonding, π-

π interactions, or electrostatic forces, which can be further applied in biosensing, catalysis, and nanoelectronics. 

In recent years, researchers have also explored peptide-based composite materials with nanoparticles such as gold 

nanoparticles, silica nanoparticles, and carbon nanotubes. These composites show unique advantages in optical, 

electrical, and magnetic properties, making them suitable for high-performance optoelectronic devices and smart 

responsive materials.In functional coatings and biocompatible materials, peptide materials have been used to 

develop antimicrobial coatings, anti-fouling surfaces, and biomineralization materials. For example, antimicrobial 

peptides can form stable antimicrobial coatings on metals, glass, or polymer surfaces, inhibiting bacterial adhesion 

and biofilm formation, thus enhancing the infection resistance of medical devices. Furthermore, it has been 

discovered that peptides can regulate the biomineralization process, guiding the controlled growth of inorganic 

materials. Specific peptide sequences can induce the mineralization of hydroxyapatite, which can be used for bone 

tissue repair materials. These peptide-based mineralized materials not only have important applications in 

biomedicine but also hold potential for environmental remediation, catalysis, and energy storage material 

development.In flexible electronics and smart materials, peptides, with their unique molecular programmability, 

provide an important foundation for developing new functional materials. For instance, researchers have recently 

adjusted peptide sequences to impart charge transfer, piezoelectric response, or self-adaptive deformation 

capabilities, creating flexible electronic devices for biosensing, energy harvesting, and neural interfaces. In 

particular, in piezoelectric material research, certain peptide sequences can self-assemble into highly ordered 

nanofibers and produce a significant piezoelectric effect under external force. This discovery provides a new 

research direction for developing flexible piezoelectric materials based on peptides, especially in wearable devices, 

bioelectronics, and medical implant devices, where peptide-based piezoelectric materials show tremendous 

application potential.In summary, peptides have applications in several areas of material science, including 

biomedical materials, nanocomposites, functional coatings, and flexible electronic devices. Thanks to their unique 

self-assembly ability, biocompatibility, and programmability, peptide-based materials are driving the development 

of new functional materials and showing important research value in biomedicine, energy storage, and smart 

materials. In the future, by combining computational simulation, bioengineering, and materials design technologies, 

researchers can further optimize peptide sequences, improve their performance and stability in functional materials, 

and promote the development of peptide-based materials in practical applications[6]. 

2.3 Mechanism of Peptide Integration with Piezoelectric Materials 

The integration of peptides with piezoelectric materials is primarily based on the programmability, polarity 

orientation, and self-assembly properties of their molecular structure. Amino acid residues in peptide molecules 

can form ordered molecular arrangements through hydrogen bonding, electrostatic interactions, and hydrophobic 

interactions, leading to changes in electric dipoles under external force, thereby imparting piezoelectric responses. 

Studies have shown that specific peptide sequences, such as those rich in polar or charged residues, can enhance 

the piezoelectric effect[7]. Moreover, peptide molecules can self-assemble into nanofibers, nanosheets, or films, 

and these highly ordered molecular arrangements can further improve the piezoelectric performance of the 

material.In peptide-inorganic material composite systems, peptides can act as templates to induce the growth of 

inorganic nanoparticles (e.g., zinc oxide (ZnO), barium titanate (BaTiO₃)), forming composite materials with 

enhanced piezoelectric effects. Functional groups such as carboxyl and amino groups on the peptide chains can 

form coordination bonds with inorganic ions, allowing the nanomaterials to arrange in an ordered manner on the 

peptide scaffold, thereby improving charge transfer efficiency. In peptide-organic material composite systems, 

peptides can combine with polymers to improve the flexibility and mechanical stability of the material while 

providing additional polarization capacity to enhance the piezoelectric effect. For example, doping PVDF with 

piezoelectric-active peptides can increase its polarization degree, thereby improving overall 

performance.Furthermore, the sequence programmability of peptides enables the optimization of piezoelectric 

performance through computational design. Researchers can adjust the peptide sequence to form highly polarized 

structures during self-assembly, tailored to different application needs. Compared to traditional piezoelectric 

materials, peptide-based piezoelectric systems offer superior biocompatibility and biodegradability, making them 
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especially suitable for flexible electronics, biosensors, and implantable medical devices. In the future, optimizing 

peptide sequence design, improving environmental stability, and exploring innovative applications of peptide-

based piezoelectric composites will be key directions for advancing this field[8]. 

3. Research Progress on Peptide-Based Piezoelectric Carrier Materials 

3.1 Peptide-Inorganic Material Composite Systems 

Peptide-inorganic material composite systems are emerging functional materials that combine the biocompatibility 

and self-assembly capabilities of peptides with the high piezoelectric performance of inorganic materials, 

enhancing the overall performance of the material and showing broad application prospects in fields such as 

biosensors, energy harvesting, and flexible electronics. Inorganic piezoelectric materials, such as zinc oxide (ZnO), 

barium titanate (BaTiO₃), and lithium niobate (LiNbO₃), typically exhibit high piezoelectric coefficients, but often 

lack flexibility and processability. The introduction of peptides not only improves the material's plasticity but also 

enables molecular interactions that can regulate the structure of inorganic materials, optimizing their piezoelectric 

response.In peptide-inorganic material composite systems, the role of peptides is primarily reflected in three 

aspects. First, peptides can act as templates to guide the self-assembly and growth of inorganic nanoparticles. 

Specific peptide sequences contain charged groups such as carboxyl (-COOH) and amino (-NH₂), which can bind 

to inorganic ions, promote the nucleation of nanocrystals, and form well-ordered nanostructures. For example, 

studies have shown that peptides rich in arginine or aspartic acid can induce the directional growth of ZnO 

nanosheets, improving their piezoelectric performance. Second, peptides can enhance the mechanical flexibility 

and stability of composite materials, making them suitable for flexible electronics and wearable devices. The 

flexible structure of peptide chains can effectively disperse stress, improving the material's durability and 

preventing the inorganic nanoparticles from breaking due to mechanical fatigue during use. Finally, the polar 

structure of peptide molecules can further regulate the piezoelectric response of the material[9]. By designing 

peptide sequences rationally, highly oriented molecular arrangements can be formed under external force, leading 

to increased changes in electric dipoles and enhancing the overall piezoelectric effect.In recent years, researchers 

have explored the potential of peptide-inorganic material composite systems in various applications. For example, 

in biosensing, peptide-ZnO composites have been used to manufacture high-sensitivity pressure sensors for precise 

biological signal detection. In energy harvesting, peptide-based BaTiO₃ composite films are used in low-power 

self-sustaining systems, improving piezoelectric energy conversion efficiency. Additionally, peptide-inorganic 

material composite systems also show great potential in flexible electronics, biomedical implant devices, and 

environmental monitoring. In the future, optimizing peptide sequence design, exploring new inorganic materials, 

and understanding their synergistic effects will be crucial directions for further development in this field[10]. 

3.2 Peptide-Organic Material Composite Systems 

Peptide-organic material composite systems, which combine peptides with organic materials, take full advantage 

of the biodegradability of peptides and the flexibility and tunability of organic materials, making them a hotspot 

of research in recent years. Compared to inorganic materials, organic materials generally offer better flexibility 

and processability, making peptide-organic composite systems particularly advantageous in flexible electronic 

devices, wearable devices, and biomedical materials. By combining peptide molecules with organic polymers, the 

mechanical flexibility and biocompatibility of the material can be enhanced on top of the piezoelectric effect, 

improving its performance in medical, sensor, and energy harvesting applications.For instance, the composite of 

peptides with organic polymers such as polyvinyl alcohol (PVA) and polylactic acid (PLA) can maintain high 

piezoelectric performance while increasing the material's biocompatibility and degradability. This is especially 

important for the preparation of biodegradable biosensors or medical devices. Peptide molecules not only self-

assemble into ordered structures but also interact with the organic matrix to further regulate the material's 

properties. By rationally designing peptide sequences, researchers can control the material’s piezoelectric response, 

mechanical strength, and bioactivity, offering ideal performance in various application scenarios.Another 

significant advantage of peptide-organic composite materials is their excellent processability. Compared to the 

difficulty of processing inorganic materials, organic materials are more flexible and can be easily fabricated into 

various forms through techniques such as solution casting, spraying, and coating, making them adaptable to 

different application needs. The introduction of peptides not only enhances the functionality of the materials but 

also opens up more possibilities for their processing and application. 

3.3 Peptide-Nanomaterial Composite Systems 

Peptide-nanomaterial composite systems combine the biological activity of peptides with the unique physical and 

chemical properties of nanomaterials, offering significant advantages in piezoelectric performance, sensing 

capability, and biocompatibility. Nanomaterials possess extremely high surface areas and quantum effects, which 
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can enhance the material's piezoelectric response and improve interactions with biomolecules through surface 

modifications. Peptide molecules, as natural biomolecules, have excellent biocompatibility and self-assembly 

characteristics, effectively regulating the structure and function of nanomaterials, enabling directed performance 

control.In peptide-nanomaterial composite systems, common nanomaterials include nanoparticles, nanowires, and 

nanofilms, which can form more stable and electrically conductive composite structures when modified with 

peptides. Especially for metal or semiconductor nanomaterials, such as gold nanoparticles or zinc oxide nanowires, 

combining them with peptide molecules often significantly improves the composite system's piezoelectric 

performance and mechanical response sensitivity. For example, peptide molecules can regulate the crystal 

structure and piezoelectric properties of nanomaterials through interactions at the nanoparticle interface, achieving 

more efficient energy conversion under external stress.Moreover, peptide-nanomaterial composite systems show 

tremendous potential in flexible sensors, energy harvesters, and biomedical fields. Due to the size effects and 

surface effects of nanomaterials, composite materials can provide precise mechanical responses at a microscale 

and are compatible with biological systems, making them suitable for biosensing and disease monitoring. By 

directional design and optimization of peptide molecules, researchers can precisely control the structure and 

performance of composite materials, achieving higher efficacy and stability in practical applications.Overall, 

peptide-nanomaterial composite systems, with their highly functionalized properties, excellent piezoelectric 

characteristics, and good biocompatibility, have become one of the important directions in modern piezoelectric 

material research. They offer new insights into the development of next-generation smart materials and 

bioelectronic devices. 

4. Challenges and Prospects of Peptide-Based Piezoelectric Carrier Materials 

4.1 Current Challenges 

Despite the progress made in theoretical and experimental research on peptide-based piezoelectric carrier materials, 

their widespread application still faces multiple challenges. First, the stability of peptides in materials is a critical 

issue. While peptides have good biocompatibility, their stability under various environmental conditions is often 

poor, especially in high-temperature, acidic, or alkaline environments, or when subjected to prolonged mechanical 

stress. These factors may lead to peptide degradation or denaturation, which in turn affects their piezoelectric 

performance. Therefore, improving the stability of peptides, particularly under non-physiological conditions, is 

one of the key focuses of current research.Secondly, the difficulty of effectively combining peptides with other 

materials is a significant challenge, particularly in terms of precisely controlling the interfacial interactions 

between peptides and inorganic, nanomaterial, or organic materials. While the self-assembly properties of peptides 

can facilitate the formation of composite materials to some extent, achieving efficient interaction between different 

materials to fully leverage the advantages of each component remains a challenge that needs to be 

addressed.Moreover, enhancing piezoelectric performance is still a bottleneck restricting the development of 

peptide-based materials. Although peptides exhibit some piezoelectric properties, their piezoelectric response is 

relatively weak compared to traditional inorganic piezoelectric materials. Therefore, optimizing peptide molecular 

design, improving material ordering, and enhancing the synergistic effects of peptide-material composite systems 

are important research directions to improve piezoelectric performance.Finally, the large-scale production and 

industrial application of peptide-based piezoelectric materials also face challenges in cost and production processes. 

While peptide synthesis is relatively simple, producing stable and high-performance peptide-based composite 

materials efficiently and at scale still requires overcoming technical challenges such as cost, reproducibility, and 

large-scale processing. 

4.2 Future Research Directions 

Although peptide-based piezoelectric carrier materials face certain challenges, their unique advantages provide 

significant potential for future research directions. Future studies could focus on the following aspects:First, 

improving the stability of peptide materials is a crucial research direction. To overcome degradation problems in 

harsh environments, more stable peptide sequences can be designed, or covalent crosslinking methods can be 

introduced to enhance their resistance to temperature, moisture, and acidity/alkalinity. Furthermore, protective 

coatings or the development of new peptide derivatives, such as peptide-polymer covalent composites, could 

improve the stability and durability of peptide materials.Second, optimizing the mechanism of peptide integration 

with piezoelectric materials is key to enhancing piezoelectric performance. Current research focuses primarily on 

peptide-inorganic or peptide-organic composite systems. Future studies could further enhance piezoelectric 

response and sensitivity by more precisely controlling the interaction between peptides and materials, such as 

optimizing peptide chain conformation or improving the electronic structure at the peptide-material interface. 

Additionally, utilizing the self-assembly properties of peptides to construct ordered peptide-piezoelectric material 

composite systems at the nanoscale could also help improve material piezoelectric efficiency and 
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stability.Multifunctional integration is also an important research direction for the future. Peptide-based 

piezoelectric materials not only have piezoelectric properties but may also exhibit biological activities such as 

antimicrobial or antitumor effects. By designing peptide-piezoelectric composite materials with multiple functions, 

future materials could integrate sensing, energy harvesting, and medical treatment capabilities, which are 

particularly important for biomedical applications. For example, in medical sensors and wearable devices, 

multifunctional piezoelectric materials could simultaneously monitor physiological signals and provide self-

sustaining energy, offering new avenues for precision medicine and health monitoring.Finally, large-scale 

production and application will be one of the key challenges in peptide-piezoelectric material research. Currently, 

many peptide-based piezoelectric materials are still at the laboratory stage, and practical applications are limited 

by synthesis costs and production processes. Future research will need to explore simpler and more cost-effective 

synthesis routes, improving material preparation efficiency and reproducibility to achieve large-scale production 

and application of peptide-piezoelectric materials.In summary, peptide-based piezoelectric carrier materials have 

broad application prospects, but their development still faces many challenges. By continuously optimizing 

material performance, exploring new composite systems, and addressing practical application issues, these 

materials are expected to play an important role in fields such as bioelectronics, energy harvesting, and smart 

sensing in the future. 

5. Conclusion 

Peptide-based piezoelectric carrier materials, with their excellent biocompatibility, tunability, and self-assembly 

capabilities, show immense potential in piezoelectric applications. By combining peptides with inorganic, organic, 

and nanomaterials, the performance of these materials can be further enhanced, facilitating applications in sensors, 

energy harvesting, and flexible electronics. However, challenges such as peptide stability, controllability, and the 

synergistic interactions with other materials remain. Future research should focus on improving the stability of 

peptide materials, functionalization, and multi-material composite strategies to achieve widespread adoption in 

practical applications. 
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