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ABSTRACT

Peptide nanomaterials, formed through self-assembly at biointerfaces, present a promising avenue in biomedical research due 
to their tunable properties and versatile applications. This review discusses the fundamental principles underlying the self-
assembly of peptide nanomaterials, emphasizing molecular engineering strategies that govern their structure and function. 
Key non-covalent interactions such as hydrogen bonding, hydrophobic interactions, electrostatic forces, and π-π stacking drive 
the spontaneous organization of peptides into various nanostructures including nanofibers, nanotubes, and hydrogels. The 
molecular design of peptide sequences, coupled with considerations of amphiphilicity, charge distribution, and length, allows 
precise control over nanostructure formation and properties. In biomedical applications, peptide nanomaterials demonstrate 
significant potential in drug delivery systems, tissue engineering scaffolds, diagnostic imaging agents, and biointerface coatings. 
Their biocompatibility, ability to target specific biological environments, and potential for controlled release systems highlight 
their utility in addressing challenges in modern medicine. Challenges such as scalability, stability, and immunogenicity are 
discussed, along with future directions aimed at optimizing peptide nanomaterials for clinical translation. Overall, peptide 
nanomaterials represent a promising class of biomaterials with multifaceted biomedical applications, offering opportunities 
for advanced therapeutic strategies and enhanced biomedical technologies.
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Commentary

INTRoduCTIoN

Peptide nanomaterials have garnered significant attention in recent 
years for their unique ability to self-assemble at biointerfaces, 
offering unprecedented opportunities in molecular engineering 
and biomedical applications. These materials, composed of 
short chains of amino acids, exhibit remarkable structural 
versatility and functionality owing to their inherent ability to 
form ordered nanostructures through non-covalent interactions 
[1,2]. The controlled manipulation of peptide sequence, length, 
and physicochemical properties allows precise engineering of 
their assembly behavior, leading to diverse nanostructures such 
as nanofibers, nanotubes, and hydrogels. At biointerfaces, which 
encompass biological interfaces ranging from cell membranes to 
tissue surfaces and biomedical devices, peptide nanomaterials 
interact dynamically with biological environments [3,4]. This 
interaction is crucial for their applications in drug delivery, tissue 
engineering, diagnostic imaging, and biointerface coatings [5]. The 
biocompatibility and tunable properties of peptide nanomaterials 
enable tailored interactions with biological systems, facilitating 

targeted therapeutic delivery, promoting tissue regeneration, 
enhancing diagnostic capabilities, and improving the performance 
of medical implants and prosthetics. In this review, we delve 
into the molecular principles that underpin the self-assembly of 
peptide nanomaterials at biointerfaces. We discuss the strategies 
employed in molecular engineering to control their assembly, 
emphasizing the roles of amphiphilicity, charge distribution, 
and secondary structure formation. Furthermore, we explore 
the broad spectrum of biomedical applications where peptide 
nanomaterials have demonstrated efficacy and versatility [6,7]. 
Despite these advancements, challenges such as scalability, stability, 
and immunogenicity remain areas of active research aimed at 
optimizing the translation of peptide nanomaterials into clinical 
practice. Overall, peptide nanomaterials represent a cutting-
edge class of biomaterials poised to revolutionize biomedical 
technologies. Their ability to combine molecular precision with 
multifunctional capabilities makes them indispensable tools 
for advancing therapeutic strategies and improving healthcare 
outcomes in the 21st century [8]. Peptide nanomaterials represent 
a burgeoning field at the intersection of nanotechnology, materials 
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science, and biomedicine. Their unique ability to self-assemble at 
biointerfaces opens up a plethora of opportunities for designing 
novel biomaterials with tailored properties and functionalities 
[9,10]. This article explores the molecular principles behind 
the self-assembly of peptide nanomaterials at biointerfaces and 
examines their diverse biomedical applications.

Fundamentals of peptide self-assembly

Peptides are short chains of amino acids that exhibit specific 
sequences and folding patterns, dictated by their primary structure. 
The self-assembly of peptides into nanomaterials is primarily 
driven by non-covalent interactions such as hydrogen bonding, 
hydrophobic interactions, electrostatic forces, and π-π stacking. 
These interactions allow peptides to spontaneously organize into 
well-defined nanostructures, including nanofibers, nanotubes, 
nanospheres, and hydrogels, depending on their amino acid 
sequence and environmental conditions.

Molecular engineering of peptide nanomaterials

The design of peptide nanomaterials involves precise molecular 
engineering to control their assembly and functionality. Researchers 
manipulate several parameters, including peptide sequence, 
length, charge distribution, and hydrophobicity/hydrophilicity 
balance, to achieve desired nanostructures and properties. For 
instance, amphiphilic peptides containing both hydrophilic 
and hydrophobic segments can assemble into bilayer structures 
resembling cell membranes, offering potential applications in drug 
delivery and tissue engineering.

Biomedical applications

drug delivery systems: Peptide nanomaterials can encapsulate 
drugs within their nanostructures or serve as carriers for therapeutic 
molecules. Their biocompatibility, tunable degradation rates, 
and ability to target specific cells or tissues make them promising 
candidates for drug delivery systems. Additionally, the ease of 
modifying peptide sequences allows for the incorporation of 
targeting ligands and stimuli-responsive motifs, enabling controlled 
release at disease sites.

Tissue engineering: Peptide nanomaterials mimic the extracellular 
matrix (ECM) of tissues, providing a supportive scaffold for cell 
growth and tissue regeneration. They can be engineered to display 
bioactive motifs that promote cell adhesion, migration, and 
differentiation. Furthermore, the mechanical properties of peptide 
nanomaterials can be tailored to match those of native tissues, 
enhancing their utility in regenerative medicine.

diagnostic imaging: Peptide nanomaterials functionalized with 
imaging agents such as fluorescent dyes or contrast agents can 
be employed for non-invasive imaging of biological structures. 
Their small size, biocompatibility, and ability to target specific 
biomolecules or cellular receptors make them valuable tools in 
molecular imaging and early disease detection.

Biointerface coatings: Peptide nanomaterials can modify 
biointerfaces (e.g., implants, prosthetics) to enhance 
biocompatibility, prevent biofouling, and promote tissue 
integration. By mimicking the ECM's adhesive properties, peptide 
nanomaterials facilitate interactions with host cells, reducing 

inflammation and improving long-term device performance.

CoNCluSIoN

Peptide nanomaterials self-assembled at biointerfaces represent 
a promising frontier in biomedical research and technology. 
Throughout this review, we have explored the fundamental 
molecular principles governing their self-assembly, highlighting 
the crucial role of non-covalent interactions such as hydrogen 
bonding, hydrophobic interactions, and electrostatic forces. 
These interactions enable peptides to organize into well-defined 
nanostructures with tailored properties, offering unprecedented 
opportunities for molecular engineering. The versatility of peptide 
nanomaterials is evident in their diverse biomedical applications. 
They serve as effective platforms for drug delivery, providing 
controlled release and targeted delivery to specific tissues or cells. 
Additionally, peptide-based scaffolds in tissue engineering mimic 
the extracellular matrix, promoting cell adhesion, proliferation, 
and differentiation. Their integration into diagnostic imaging 
agents enhances the sensitivity and specificity of medical imaging 
techniques, contributing to early disease detection and monitoring. 
Biointerface coatings using peptide nanomaterials improve the 
biocompatibility of medical devices, reducing immune responses 
and enhancing tissue integration. The ability to modify peptide 
sequences allows for the incorporation of bioactive motifs that 
interact selectively with biological targets, further expanding their 
utility in personalized medicine.
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