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Abstract: Self-assembling peptides have emerged as promising materials for pharmaceutical and biomedical 

applications due to their unique biocompatibility, biodegradability, and multifunctionality. These properties 

make them ideal candidates for addressing the challenges posed by biofilm-associated infections linked to 

implanted medical devices. Additionally, these peptides can form a variety of nanostructures, including 

nanotubes, hydrogels, and nanosheets, which facilitate targeted drug delivery and enhance therapeutic 

efficacy. The successful translation of peptide-based materials into clinical applications is exemplified by 

products like RADA16 and lanreotide, which improve therapeutic outcomes and enhance patient compliance. 

Furthermore, the development of peptidomimetics extends the versatility of these materials across various 

biomedical applications. This review highlights the potential of peptide-based biomaterials as effective tools in 

combating infections and as innovative platforms for drug delivery, emphasising their significance in modern 

medical therapies. 

Keywords: self-assembling peptides; implant coating; antimicrobial gels; drug delivery; peptoid 

sheet 

 

1. Introduction 

Proteins exhibit remarkable versatility, performing various functions in biological systems with 

a wide range of applications including therapeutics. However, using proteins outside their natural 

environments presents significant challenges including chemical stability issues due to protease 

activity, as well as complex supply chain requirements such as the need for refrigeration for many 

protein-based therapeutics and vaccines. Additionally, the large-scale synthesis and purification of 

proteins are often energy-intensive, can have high waste levels and can be difficult to scale up 

production. There is a growing interest is in developing complex macromolecular assemblies that 

combine proteins with other synthetic materials to address the intrinsic limitations of proteins. These 

macromolecular assemblies offer enhanced chemical tunability beyond what is possible with 

traditional protein modification strategies [1]. 

Creating synthetic materials that mimic the functional complexity of proteins requires a 

synergistic approach, combining multiple material types to form these composite macromolecules. 

Synthetic macromolecules can self-assemble on various length scales, from nanometres to 

micrometres, via single-chain folding and multichain assembly processes. Although synthetic 

macromolecules do not possess the same degree of structural control as proteins, they offer 

advantages in terms of scalability, stability, and chemical diversity [2,3]. Recent advances, such as 

controlled polymerisations and efficient macromolecule conjugation reactions, have expanded the 

toolkit for creating these new hybrid materials. For example, controlled radical polymerisations allow 

the production of low polydispersity polymers with versatile end groups suitable for post-

polymerization modifications. Coupling reactions, such as Diels-Alder reactions and click chemistry 

reactions, enable the efficient assembly of building blocks, including protein fragments or polymer 

chain ends. These methodologies facilitate the creation of hybrid materials, which blend natural and 

synthetic components. Furthermore, advances in architectural control enable the design of synthetic 
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assemblies with well-defined structures, imparting bioinspired functionalities such as catalysis, 

protection and transport of small molecules, directed mineralisation, and responsiveness to 

environmental stimuli. 

One prominent class of protein-mimetic self-assemblies is the aqueous solution-phase assembly 

of peptides. Peptides, composed of multiple amino acid monomers linked by peptide bonds in a 

specific sequence, are common in living organisms and play crucial biological roles. Through 

molecular design and peptide synthesis, numerous peptides with distinct structures and functions 

can be produced, facilitating the exploration of different self-assembly and optimising assembly 

conditions. Self-assembling peptides can form nanostructures with enhanced stability by utilising 

intramolecular free energy to drive the assembly process. These new nanostructures have significant 

implications for biomedicine [4,5]. For example, Ghadiri et al. pioneered the use of self-assembly 

technology to create nanotubes from synthesised cyclic polypeptides into peptide nanotubes [6]. 

Subsequently, the discovery of self-assembling ionic peptides by the Zhang group sparked 

considerable interest in peptide self-assembly and its applications in drug delivery and biomedical 

fields [7]. In summary, following the introduction of the molecular self-assembly concept, it has 

earned significant scientific interest. Continuous efforts across various disciplines have shown that 

self-assembled peptides can aid in studying complex biological phenomena and enable diverse 

applications.  

2. Classification of Self-Assembled Peptides 

Peptide self-assembly can occur spontaneously or be induced under specific solution conditions. 

Like other macromolecules, peptide self-assembly predominantly relies on non-covalent 

intermolecular interactions. The driving forces behind peptide self-assembly are primarily 

determined by the physico-chemical characteristics of the amino acids within the peptide and its 

sequence. These forces include hydrogen bonding, π-π stacking, hydrophobic interactions, 

electrostatic interactions and van der Waals forces and often coexist within aggregates, with certain 

forces dominating [8]. Broadly, peptides can be classified into different categories as outlined below 

(Figure 1 and Table 1). 

Table 1. Examples of peptide sequences used to create biomaterials and their application in 

biomedicine. 

Peptide 

Classification 
Peptide Sequence 

Structure/Formati

on 
Biological Role/Application Ref. 

Ionic Peptides 

EFK16-II β-sheet 
Glucose biosensing, biosensor 

design 
10 

EAK16-II β-sheet 
Anticancer activity, biomaterial 

mimicking ECM 
11 

RADA16 Nanofibers 
Tissue engineering, hemostatic 

agent 

102, 

103 

Amphiphilic 

Peptides 

C16IKPEAP/C16IKPEA

PG 

Micelles and 

fibrils 

Gastrointestinal peptide hormone-

related applications 
18 

KLVFFAK 
Amyloid 2D 

nanosheets 

Antimicrobial hydrogels, biofilm 

prevention 
27 

Ac-RKKWFW-NH2 

(PAF26) 
β-sheet hydrogel 

Antimicrobial activity against 

Candida and S. aureus 
60 

NAVSIQKKK 
Lipopeptide 

hydrogel 
Antibacterial, wound healing 61 
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Peptidomimet

ics 

KLVFFAK (KKd-11) 

(D-amino acids) 
Hydrogel 

Antimicrobial efficacy, biofilm 

prevention 
59 

Fc-FFRGD 
Nanostructure 

and hydrogel 

Biomimetic material for drug 

encapsulation 
76 

Cyclic 

Peptides 

Lanreotide Hydrogel 
Treatment of acromegaly and 

tumours 

95, 

96 

P6 and P9 
Short cyclic 

peptides 

Drug delivery to EGFR-targeted 

cells 
67 

Antimicrobial 

Peptides 

Tet213 
Collagen-

integrated 
Wound healing, antimicrobial 43 

Piscidin-1 
Chitosan scaffold 

integration 

Porous biomaterial, 

biodegradation 
44 

LL-37 
Conjugated onto 

collagen 

Antibacterial against various 

pathogens 
53 

Dipeptides Diphenylalanine (FF) Nanotubes 
Drug release, stable 

nanostructures 
23 

2.1. Ionic Peptides 

Ionic peptides are a class of peptides with an alternating arrangement of negatively and 

positively charged residues, leading to electrostatic interactions that drive self-assembly, along with 

hydrogen bonding and van der Waals forces. These peptides can form stable β-sheet structures in 

aqueous solutions, making them valuable in designing biomaterials that mimic the natural 

extracellular matrix (ECM). Due to their pure amino acid composition and sol-gel transition 

properties, they have gained significant attention in biomaterials science and regenerative medicine 

[9]. For instance, Yang et al. used the ionic complementary peptide EFK16-II to modify electrodes for 

glucose biosensing, demonstrating its potential in biocompatible interfaces for molecular sensing 

[10]. Wan et al. studied EAK16-II-derived peptides, revealing that peptide length and the amino acid 

arrangements influence the morphology and anticancer activity of peptide-drug complexes [11].  

2.2. Amphiphilic Peptides 

Peptide amphiphiles (PAs) consist of hydrophilic bioactive sequences linked to hydrophobic 

regions, such as fatty acid lipids or hydrophobic amino acid chains or synthetic polymers. These 

peptides self-assemble into structures with specific morphologies and sizes driven by intermolecular 

hydrophobic interactions [12,13]. Diverse structures of proteins across different length scales, from 

intrachain folding to the complex assembly of multiple protein units, are driven by the precise 

sequences of amino acids. Similarly, PAs, which consist of peptides coupled to synthetic hydrophobic 

tails, mimic this versatility by offering tunable structures and multichain assembly behaviour. 

Synthetic methods, including solid-phase peptide synthesis, enable precise control over amino acid 

sequences, allowing for the strategic placement of functional groups. Typically, PAs feature diblock 

or triblock structures with both hydrophobic and hydrophilic segments. 

Amphiphilic peptides can be further divided into some subcategories, including surfactant-like 

peptides, bolaamphiphilic peptides, and lipidated peptides, depending on the number of hydrophilic 

groups, and the composition of hydrophobic region. Surfactant-like peptides contain either positively 

charged or negatively charged amino acids in the hydrophilic head linked to the hydrophobic tail, 

such as Ac-A6K2, Ac-V6K, and Ac-A6D [14,15]. This structure enables the peptides to self-assemble in 

aqueous solution with hydrophobic groups orientating away from the water molecules in the 

formation of different nanostructures. In contrast to surfactant-like peptides, which typically feature 
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one single polar head group in the structure, bolaamphiphilic peptides, or bolaforms, are 

characterised by the presence of two polar head groups connected by a hydrophobic spacer. 

Lipidated self-assembling peptides contain peptide sequences modified with hydrophobic lipid 

chains which facilitate the formation of secondary structures and enable the self-assembly into a 

range of well-defined morphologies. The most commonly investigated lipidated peptides feature a 

single alkyl chain attached to the N-terminus, which allows for the attachment of various bioactive 

ligands at the C-terminus, expanding their functional applications [16,17]. For instance, lipopeptides 

C16IKPEAP and C16IKPEAPG which are derived from gastrointestinal peptide hormone PYY3−36 can 

self-assemble into micelles, and further develop into β-sheet amyloid fibrils when deprived of water 

[18].  

Similar to traditional surfactants and lipids, many of these amphiphilic peptides also have a 

defined critical aggregation concentration (CAC), above which the peptides will self-assemble into 

various nanostructures depending on solution pH, temperature, and ionic strength [19,20]. For 

example, Mondal et al. designed a cationic bolaform, which formed elongated micelles with a 

relatively low CAC due to its hydroxyl functionality and demonstrated good gene transfection 

efficiency despite their strong DNA-binding affinity [21]. 

2.3. Peptidomimetics 

Synthetic peptides or peptidomimetics, including peptoids, are gaining significant attention in 

materials science, nanotechnology, medicine, and biomedical engineering for their stable and 

intriguing self-assembled structures. 

The synthesis of functional two-dimensional (2D) nanomaterials, especially polymer- and 

protein-based varieties, is gaining prominence across diverse applications. Peptoids, which are 

protein-mimetic polymers, exhibit potential for constructing 2D nanostructures applicable in 

molecular recognition, catalysis, membranes, and nanoparticle assembly. Recently discovered 

peptoid nanosheets form through a distinctive monolayer collapse mechanisms at either the air-water 

or the oil-water interface. Chemical modifications to the peptoid sequence affect nanosheet 

formation, presenting challenges in maintaining the necessary hydrophobicity for interfacial 

adsorption. Peptoids featuring alternative sequences of ionic and hydrophobic monomers which 

spontaneously adsorb at the liquid-air interface, creating a highly ordered monolayer intermediate 

in a dilute aqueous solution. Compression of these surfaces layers induces monolayer buckling and 

collapse into a bilayer in the aqueous phase, with the hydrophobic groups forming an interior core 

and ionic groups exposed on the surface. To assess the chemical modification tolerance for nanosheet 

formation, the Zuckermann group systematically examined chemical analogues of prototype sheet-

forming peptoids. Decreasing the peptoid hydrophobicity may disrupt nanosheet formation, 

affecting interfacial adsorption, while an increase in peptoid hydrophobicity may result in unwanted 

aggregation. Recent studies, however, reveal that the ability to form a monolayer is not the sole 

requirement for nanosheet formation [22].  

2.4. Cyclic Peptides 

Cyclic peptides are commonly found in natural products, sometimes offering a range of 

pharmacological activities.  Compared to linear peptides, cyclic peptides often show higher binding 

affinity, improved protease stability, and enhanced cellular uptake. They can be classified based on 

their origin, physicochemical properties, and conformation. Zhang et al. demonstrated the efficient 

synthesis of cyclic peptides using ortho-phthalaldehyde (OPA)-amine-thiol reactions, offering a new 

tool for constructing DNA-encoded peptide libraries [23]. Shirazi et al. synthesised a peptide-based 

cyclic [WH]5 drug delivery system that improved the cellular uptake of cell-impermeable cargo [24].  

2.5. Multidomain Peptides 

Multidomain peptides (MDPs) consist of hydrophilic, hydrophobic, and charged regions that 

can drive their self-assembly into nanofibers by eliminating water from the hydrophobic core and 
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forming hydrogen-bonding networks [25]. Their structural properties can be tuned by manipulating 

the electrostatic interactions between the peptides, including changes in the solution ionic strength, 

pH and salt concentration of the solvent, allowing the formation of hydrogels that are shear 

recoverable [26,27]. MDPs have demonstrated antimicrobial properties and can be tailored to exhibit 

a range of biological functions through structural modifications. For instance, Wickremasinghe et al. 

demonstrated that MDP nanofibers, when combined with growth-factor-loaded liposomes, can 

create composite hydrogels that enable time-controlled release of placental growth factor-1 (PlGF-1) 

[28]. It was demonstrated that these MDP-liposome hydrogels offered enhanced angiogenic 

responses and promoted vessel regeneration, offering a biocompatible platform for drug delivery 

and potential treatments for ischemic tissue diseases. 

The classification provided above is a broad approach to categorising self-assembled peptides, 

primarily based on structural attributes such as hydrophilic, hydrophobic, and charged domains. 

However, numerous other classification systems exist due to overlapping and complex characteristics 

and multifunctional behaviours of SAPs. For instance, SAPs can also be grouped according to their 

self-assembly mechanisms, peptide length, or biofunctional roles [29] 

 

Figure 1. Different categories of peptides that can form biomaterials by self-aggregation. 

3. Different Types of Self-Assembled Nanostructures 

Peptides can self-assemble into diverse hierarchical structures, including 0D nanoparticles and 

1D, 2D, and 3D conformations (Figure 2) [30]. In contrast to bulk materials which can exhibit three-

dimensional characteristics such as height, length and width, 0D nanostructures are individual 

particles or clusters without these three canonical dimensions. Due to their small size and high 

surface-to-volume ratio, they offer many reactive sites per unit mass, making them ideal for 

nanomaterial applications [31]. Such self-assembled peptide nanoparticles and nanospheres are 

common examples of 0D nanostructures, typically formed through noncovalent π-π interactions, van 

der Waals and hydrophobic forces between different peptide sequences [32]. Hydrophobic 

interactions are crucial in the self-assembly of these spherical nanoparticles. Following the principles 

of entropy minimisation and stability, the hydrophobic regions of amphiphiles aggregate into a core. 

At the same time, hydrophilic segments arrange themselves on the outer surface to form a shell-like 

morphology, thereby enhancing their interactions with water [33]. 

Amyloid fibrils represent a well-characterized example of a 1D self-assembly structures, where 

peptides form nanofibrillar structures characterised by β-sheet-like secondary structures [34]. 

Amyloids, which are aggregates of peptides or proteins, result from the oligomerisation of 

amyloidogenic sequences and are often associated with degenerative and chronic diseases [35]. A 

minimalistic model developed by the Gazit group demonstrated the self-assembly of 

diphenylalanine (FF), the shortest functional unit, into nanofibrillar structures [36]. Furthermore, the 

non-destructive self-assembly of Y-rich peptide nanofibers was conjugated with silver nanoparticles 
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and carbon nanotubes to create functional nanoelectrodes [37]. Similarly, Cormier et al. explored the 

self-healing properties of nanofibers formed from the peptide RADA16-1. In this case, alternating 

hydrophobic and charged subunits led to the formation of β-strands, creating a hydrophobic core 

and hydrophilic surface, with two β-strands stacking into the fundamental fibril unit [38]. 

2D nanostructures have a planar lattice geometry extending in two dimensions. The inherent 

chirality of amino acids facilitates 1D elongation while limiting lateral growth, with peptide helices 

often employed to generate 2D morphologies [39]. The self-assembly of heptapeptide KLVFFAK 

resulted in amyloid 2D nanosheets, as distinct from traditional amyloid fibrils, and was investigated 

in aqueous solutions, The study revealed a two-dimensional expansion along the fibril axis and a 

perpendicular “zippering” axis. In classic amyloid fibril assembly, β-sheets extend through hydrogen 

bonding, while perpendicularly arranged β-sheets pair into “steric zippers” with hydrophobic 

interfaces formed by side chains [40]. Lee et al. identified a peptide sequence (YFCFY) that underwent 

a transition from monomer to dimer via disulfide bridge formation between cysteine subunits. This 

disulfide linkage initiated and stabilised helix formation, resulting in 2D macroscopic flat sheets [41]. 

Peptides can also form 3D structures like hydrogels, commonly used in drug delivery and 

wound healing. The formation of these hydrogels depends on a balance between hydrophobic and 

hydrophilic interactions and the presence of aromatic residues [42]. Various secondary structures 

contribute to this hierarchical assembly, including β-pleated sheets and α-helices. These hydrogels 

can offer stimuli-responsive properties (e.g., pH and enzyme responsiveness), enabling targeted drug 

delivery. For example, a pH-responsive octapeptide, FOE, can self-assemble into a hydrogel at 

physiological pH, displaying injectability and anticancer properties [43]. Peptide hydrogels, 

especially β-peptide hydrogels, have shown promise in several applications in tissue engineering due 

to their enhanced metabolic stability. 

 

Figure 2. Peptides can aggregate to give different materials that can be classified according to height, 

length and width. 

4. Hybrid Materials 

Substantial progress has been achieved in conjugating peptides to various biomaterials, 

significantly enhancing their functional properties. Peptides offer several advantages, including high 

specificity, potency, cost-effectiveness, small size for improved tissue penetration and targeted 

delivery, biodegradability, and novel therapeutic potential. By incorporating these unique features 

into biomaterials, numerous advancements have been made. Among the various methods used for 

biomaterials modification, chemical techniques are the most well-established, providing an efficient 

means to immobilise target molecules onto specific surfaces. 
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Bioconjugation is a chemical process that links two substances through covalent or non-covalent 

bonds. Covalent bioconjugation is a preferred approach due to the stability of the bond and, 

generally, requires more stringent conditions than molecule organic synthesis. For instance, it is 

essential to maintain mild reaction conditions such as temperatures below 37°C, neutral pH, and 

aqueous buffers, to preserve the integrity and functionality of biomolecules. Furthermore, the 

presence of charged amino acids, including negatively charged acidic residues and positively 

charged basic residues, can affect the bioconjugation process, so controlling the pH conditions is an 

essential requirement and conjugation strategies must be tailored to the specific peptide sequence 

[44,45]. Currently, no single method for peptide conjugation is universally accepted, as each 

technique presents distinct advantages and limitations. Key factors to consider include the selectivity 

of the binding site, reaction efficiency, accessibility of reactants, and reaction rate. Among the most 

common methods are amine-reactive, thiol-reactive, and click chemistry reactions, which offer high 

levels of accessibility and selectivity [46,47]. 

Peptides are particularly suitable for bioconjugation due to their protein-like functionality and 

relative ease of their synthesis including specific amino acid sequences. Attaching peptides to the 

structural components of synthetic and natural materials is a common strategy to confer bioactive 

properties for clinical applications [48]. Peptide-biomaterial conjugates can perform various 

functions, such as mimicking the native extracellular matrix (ECM) and enhancing cell adhesion with 

application in tissue regeneration. Peptides can also provide degradable linkers for scaffold 

remodelling or modulate cell signalling to promote tissue growth and differentiation.  

5. Application of Peptide Materials to Prevent Biofilm-Associated Infections 

The use of surgically implanted medical devices has significantly increased over the past five 

decades, greatly enhancing the quality of life for millions of patients worldwide. Progress in 

biomedical research has led to the development and improvement of various medical devices, such 

as stents, catheters and pacemakers. However, introducing foreign materials into the body carries an 

inherent risk of microbial colonisation and infection. Infections can occur during surgery or post-

operatively, often originating from the patient's own microbiota [49]. 

Infections associated with implanted medical devices pose a particular challenge due to the 

formation of bacterial biofilms. In natural environments, nearly all bacterial species have the capacity 

to form biofilms. Biofilms are organised systems that protect bacteria from host immune responses 

and antibiotics, making infections difficult to eradicate [50]. 

Biofilm-related infections on implanted devices often lead to device failure, requiring high doses 

of antibiotics and subsequent removal and replacement of the infected device. This procedure 

subjects patients to additional surgeries, which carry significant risks and can increase mortality. 

Current treatments for device-associated infections are both expensive and often ineffective, largely 

due to the emergence of antibiotic-resistant bacterial strains and the risk of reinfection in newly 

implanted devices. As matter of fact, when biofilms are mature, nutrient depletion and the 

accumulation of toxic byproducts can cause the outer bacterial layers to revert to a planktonic state, 

enabling them to spread and cause new infections throughout the body. As a result, bacterial biofilms 

are a major reservoir for chronic infections, contributing to up to 80% of chronic bacterial infections 

[51]. 
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5.1. Peptide-Modified Polymers as Promising Antimicrobial Materials 

To address the problem of chronic infections, the development of antimicrobial materials has 

become an active area of research. These materials, which include polymers, ceramics, metals, and 

composites, exhibit microbicidal activity against a single or a combination of pathogens (Figure 3). 

One example of such material that has garnered significant attention are hydrogels. Hydrogels are 

soft biomaterials composed of highly hydrated polymeric networks, which can be engineered with 

various functional groups for applications in antibacterial therapy, tissue regeneration, and drug 

delivery [52]. Due to their customisable nature, hydrogels can incorporate or tether a wide range of 

antimicrobial agents, offering a versatile platform to combat biofilm-associated infections [53–55]. 

 

Figure 3. Antimicrobial peptides incorporated into biomaterials can defeat different microbes within 

biofilms. The common mechanism of action is for the peptides to interact, and destroy, the microbial 

lipid membranes and such that the cellular materials cannot leave the cells, provoking the death of 

the microbes. 

In many instances, antimicrobial peptides (AMPs) have been directly incorporated into polymer 

blends without requiring extensive preparation while still retaining their functional efficacy. For 

example, the antimicrobial peptide Tet213 was directly added to a collagen solution following direct 

mixing with no reported decline in its functional activity [56]. Similarly, the AMP piscidin-1 was 

introduced into chitosan scaffolds after scaffold fabrication [57]. Alternatively, AMPs can be 

chemically conjugated to polymers. Cathelicidin LL-37 was conjugated onto a collagen scaffold by 

reacting the peptide on hydrophobic PDMS mats [58]. Cross-linkers can also be utilised to attach 

AMPs to polymers. For instance, extracellular matrix-derived peptides were added to a chitosan 

matrix using the cross-linker maleimidobenzoyl  [59]. 

Research on the conjugation of AMPs to polymers primarily aims to enhance their stability and 

reduce toxicity while preserving their antimicrobial efficacy. Thus, in place of entrapping the 

peptides within the polymeric network, AMPs are immobilised onto solid surfaces. This can be 

accomplished through methods like simple adsorption, electrostatic interactions, or more stable 

covalent bonding. While physical adsorption can increase peptide stability, it presents challenges in 

controlling the degree of immobilisation and the release rate, as these processes rely on passive 

diffusion. Covalent conjugation offers more precise control over peptide concentration and retention 
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time at the target site, thereby minimising side effects and reducing accumulation in organs such as 

the brain, liver, and spleen. This method typically involves modifying both the AMP and the polymer 

with functional groups necessary for chemoselective conjugation reactions. Given their moderate 

size, AMPs can be functionalised without significantly compromising their antimicrobial activity [60]. 

Additionally, it was observed that AMPs not encapsulated demonstrated higher antimicrobial 

activity than those which were encapsulated. However, this difference might be attributed to the 

intrinsic properties of the peptides themselves rather than the encapsulation method. 

Antimicrobial peptides can be conjugated to polymers via their N- or C-terminus. Since one of 

the termini is often more critical for antimicrobial activity, conjugation should be carried out via the 

terminus that is less involved in this activity. For example, anoplin that was conjugated to chitosan 

at the C-terminus was more effective against certain bacteria than N-terminal conjugation [61]. 

Similar results were observed with Dhvar5 conjugated to chitosan, where N-terminal conjugation 

provided stronger anti-adhesive effects, while C-terminal conjugation showed higher bactericidal 

activity [62,63]. Conjugation through amino acid side chains is usually avoided due to the potential 

loss of antimicrobial activity. Generally, hydrophobic amino acids should be positioned away from 

the linkage site to enhance antimicrobial activity. However, this is not a universal rule.  

Another key factor is the density of tethered AMPs on the surface with a minimum effective 

concentration required to achieve bacterial killing [64]. A direct correlation exists between peptide 

concentration and antimicrobial activity, as higher graft densities often force peptides to interact with 

bacterial membranes. However, some bacteria, like S. aureus, can become insensitive to increased 

AMP surface density. The choice of polymer plays a crucial role in enhancing AMP characteristics. 

Hydrophilic polymers, whether neutral or cationic, minimise the formation of a protein corona 

around the AMP-polymer conjugate, which can otherwise reduce antimicrobial activity by blocking 

interactions with bacteria. Neutral, hydrophilic polymers increase solubility and lower cytotoxicity 

to mammalian cells, while cationic polymers, despite increasing potency, may cause higher toxicity 

[65]. Attention should be also paid to the polymers molecular weight. Higher molecular weight 

polymers may hinder access to bacterial membranes due to steric hindrance, reducing their likelihood 

of promoting membrane destabilisation [65]. 

Antimicrobial peptides, being macromolecules, can have significant and varying impacts on the 

scaffolds into which they are incorporated, depending on the specific AMP used. For instance, the 

incorporation of AMP Tet213 into an alginate/hyaluronic acid/collagen wound dressing scaffold was 

found to negatively affect porosity. Although the porosity decreased, it remained close to the optimal 

porosity required for wound dressing applications. This reduction in porosity also contributed to a 

lower swelling rate. However, Tet213 had a slightly positive effect on the tensile strength of the 

scaffold, enhancing its mechanical stability in the presence of lysozyme [56]. Other AMPs, such as 

piscidin-1, have been shown to produce highly porous chitosan scaffolds with favourable 

biodegradation rates [57]. On the other hand, cathelicidin LL-37 exhibited strong antibacterial activity 

against a range of pathogens, including Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, 

methicillin-resistant Staphylococcus aureus (MRSA), and Bacillus subtilis. Cathelicidin was successfully 

bound to the Puracol skin model, demonstrating improved retention compared to unmodified 

sequence [66].  

Conjugation of AMPs to nanoparticles (NPs) is gaining interest due to their physicochemical 

properties, such as size and shape. NPs allow for higher AMP loading and require lower doses than 

soluble AMPs [67,68]. AMP-NP conjugates can more effectively penetrate bacterial biofilms, as their 

size, shape, surface charge, and composition facilitate initial interactions and penetration [69]. 

However, AMP conjugation to NPs often diminishes antimicrobial activity, potentially due to 

aggregation and surface effects that alter AMP secondary structures [65]. This issue can be mitigated 

by introducing large linkers like PEG, which provide conformational freedom, improving AMP-

bacteria interaction [70]. 
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5.2. Antimicrobial Peptide-Based Hydrogels 

Self-assembling hydrogels can be entirely peptide-based, forming 3D fibrous networks natively 

through noncovalent crosslinking involving ionic interactions, hydrophobic forces, hydrogen bonds, 

or π-π stacking interactions. 

Peptides that self-assemble into these defined structures have gained attention for their diverse 

applications, ranging from materials to biomedical sciences. While AMPs produced by plants and 

animals exhibit natural antibacterial properties, their integration into self-assembling systems for 

biomedical applications has been limited.  

Specific amphipathic AMPs can create supramolecular hydrogels, with self-assembly rates 

controlled by pH adjustments. For example, Azoulay et al. developed self-assembling AMP 

hydrogels using the FKF peptide sequence [71]. This amphipathic, cationic peptide formed hydrogels 

when dissolved in an acidic buffer, with self-assembly occurring within minutes. The resulting 

hydrogels exhibited β-sheet structures stabilised by hydrogen bonding and π-π stacking interactions 

within a pH range of 3.3 to 4.3. In vitro antibacterial assays demonstrated significant activity against 

E. coli, P. aeruginosa, Acinetobacter baumannii, and S. epidermidis. In vivo, the hydrogel dressing reduced 

bacterial presence in a rat wound model inoculated with P. aeruginosa. However, a 50% reduction in 

bacteria was accompanied by delayed wound closure, likely due to the acidic conditions necessary 

for hydrogel formation. 

Amphipathic AMPs that self-assemble at physiological pHs can address biocompatibility 

concerns related to acidic aggregation conditions. D-amino acids, known for their resistance to 

bacterial proteases and inherent antibacterial properties, can be used to enhance the stability and 

efficacy of peptide hydrogels. The peptide KLVFFAK (KK-11) contains a self-assembling motif, and 

Guo et al. synthesised its D-amino acid analogue (KKd-11) to evaluate its antimicrobial potential. 

KKd-11 hydrogels formed rapidly at room temperature and effectively inhibited biofilm formation 

and eradicated bacteria within established biofilms of E. coli and S. aureus. Given their antimicrobial 

efficacy, biocompatibility, and resistance to proteolytic degradation, KKd-11 hydrogels show great 

potential for preventing wound infections and bacterial colonisation on medical devices [72]. 

Cao and colleagues created a self-assembling hydrogel using the hexapeptide PAF26 (Ac-

RKKWFW-NH2), which aggregates at physiological pHs. PAF26 permeabilises through the microbial 

cell wall, leading to cell death. This amphipathic peptide forms hydrogels upon a gradual increase in 

pH from acid values to 7.5, with β-sheet structures confirmed in the final gel. The antimicrobial 

activity of PAF26 hydrogels was assessed by co-culturing them with fungi and bacteria, 

demonstrating a 100% killing efficiency against Candida albicans, S. aureus, and E. coli. While these 

hydrogels show promise for clinical applications, further optimisation is needed to reduce potential 

cytotoxicity and ensure product safety [73]. 

Most research on peptide-based hydrogels has focused on amphiphilic peptides that form β-

sheet structures, disrupting bacterial cell walls. Lombardi et al. took a step further by integrating 

antimicrobial peptides into a self-assembling system, forming mixed β-sheet and α-helix structures, 

and offering opportunities to modulate their antimicrobial activity against a wide range of bacteria 

(Figure 4). Combining multiple components, including AMPs and conventional antibiotics, presents 

a promising avenue for reducing antibiotic doses and the development of resistance. The study 

introduces peptide amphiphiles PAs, molecules containing a hydrocarbon chain attached to a peptide 

segment, as a versatile platform for self-assembly into cylindrical nanostructures. The antimicrobial 

peptide WMR, developed by the same group,  is selected for its potent antibacterial activity, and the 

study aims to enhance antibiofilm activities against Gram-negative bacterium (Pseudomonas 

aeruginosa) and the fungus Candida albicans. [55] This work demonstrates the potential of multivalent 

presentation of AMPs (WMR peptide) and short charged sequences, GDDS (PA2) and WKRS (PA1), 

on self-assembled nanostructures to improve antibiofilm activities, addressing the challenges posed 

by biofilm-related infections. The proposed nanosystem offers a strategy for designing smart 

materials with enhanced antibacterial efficacy and the potential for stimuli-responsive drug release 

[54].  
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In a different approach, Adak et al. synthesised a novel antibacterial lipopeptide hydrogel 

containing palmitic acid conjugated to the peptide sequence NAVSIQKKK (PA-NV). These hydrogels 

exhibited biocompatibility, resistance to enzymatic degradation, and minimal cytotoxicity against 

mammalian cells. The cationic charge and amphiphilic nature of PA-NV enable interactions with 

bacterial membranes, facilitating disruption and bacterial killing. The formation of β-sheets here aids 

in gelation, producing a soft, biocompatible material. These properties make PA-NV hydrogels 

promising candidates for clinical applications, and their performance in in vivo models remains a 

topic of interest [74]. 

Polymerisation techniques and conjugation strategies have facilitated the synthesis of well-

defined peptide−polymer conjugates, introducing a wider range of hydrophobicity and tail flexibility 

compared to lipid tails [75,76]. These synthetic polymer tails also provide mechanisms to control PA 

morphology, allowing for the suspension of a hydrophobic peptide core in aqueous media. However, 

the introduction of solution dispersity by synthetic polymer tails can impact on self-assembly 

bahaviour, with shorter polymers stabilising multichain assemblies, particularly in micellar 

structures. 

In addition to multichain structures like micelles and vesicles, single-chain organisation is also 

significant for biological function. Recent advances in the design of single-chain polymer 

nanoparticles (SCNPs) aim to replicate the sophisticated folding observed in proteins. SCNPs, 

synthetic polymers with intrachain folding driven by crosslinking or noncovalent interactions, 

exhibit protein-mimetic structures. While SCNPs may lack the precision of folded proteins, their 

morphology resembles that of intrinsically disordered proteins (IDPs). Unlike well-defined proteins, 

IDPs fold on a complex energy landscape with transiently coexisting structures. SCNPs, with 

biomimetic functions like enzyme-like catalysis, demonstrate their potential to mimic and expand 

upon the roles of natural biomaterials, showcasing their importance in synthetic biology [77]. 

 

Figure 4. Molecular structures of WMR2PA, PA1 and PA2 and their suggested self-assembled 

nanostructure. "Reprinted with permission from Biomacromolecules, 20(3), pp.1362-1374. Copyright 

2019 American Chemical Society.". 

6. Application of Peptide Materials for Drug Delivery 

The biocompatibility, biodegradability, and multifunctionality of self-assembled peptides have 

made them efficient materials for delivering small molecules, protein drugs, cytokines, and genetic 

materials into the body. This delivery system can improve the bioavailability of poorly soluble drugs, 
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enhance the selectivity of active agents, and prolong drug action (Figure 5) [78,79]. Furman et al. 

identified two new EGFR-specific short cyclic peptides, P6 and P9, which, when combined with 

camptothecin (CPT), did not interfere with its chemotherapeutic effects. In fact, these peptides 

targeted drug delivery to tumoural cells overexpressing EGFR and EGFRvIII mutations [80].  

Mehrabi Nasab et al. created an asthma model using spherical nanoparticles combined with 

corticotropin peptides and treated it with nanomedicines. The results showed that the anti-

inflammatory effects of the peptide-nanoparticle combination were significantly greater than those 

of the peptide alone, indicating the potential of peptide-nanoparticle formulations to target and 

deliver drugs precisely to inflamed lung tissue [81].  

Peptide-based nanosystems, including nanotubes, nanofibers, and hydrogels, have emerged as 

promising drug delivery vehicles due to their inherent biocompatibility, gaining attention for 

anticancer drug delivery and enhancing cancer therapy outcomes. These peptide-based 

nanostructures are promising for developing new advanced, targeted, and effective anticancer 

therapies. 

Self-assembling peptides can form nanovesicles influenced by the hydrophilic and hydrophobic 

properties of their constituent amino acid chains. These nanovesicles can encapsulate a range of 

therapeutic agents, including vitamins, anticancer drugs, and antibiotics, and demonstrate sustained 

release behaviour [82]. Nanovesicles created from dipeptides exhibit excellent encapsulation and 

targeted release in response to specific stimuli. They have also been used for improved photodynamic 

therapy (PDT) and for targeted drug delivery by enhancing cellular uptake [83,84]. Tian et al. 

developed a peptide-paclitaxel conjugate (PPC) that naturally self-assembled into uniform 

nanospheres in an aqueous environment, leveraging the inherent self-assembly characteristics of 

paclitaxel. The formation of these nanospheres did not diminish the cytotoxic activity of paclitaxel, 

showing similar effectiveness to that of the free drug. This indicates the potential of this system as an 

efficient carrier for delivering anticancer agents such as doxorubicin [85]. Peptide-based micellar 

systems offer an inner hydrophobic core and a hydrophilic surface for drug encapsulation. Modified 

micelles incorporating targeting peptides have shown increased specificity and sensitivity toward 

tumour antigens, enhancing drug delivery efficiency [86]. Tumour-homing peptides and enzyme-

responsive micelles have been designed for improved tumour targeting and controlled drug release, 

demonstrating their potential in cancer therapy [87]. 

Due to their nanoscale size and shape, peptide nanotubes are efficient drug delivery scaffolds, 

facilitating cell membrane interaction and intracellular transport. Drugs can be easily encapsulated 

within these structures, effectively targeting cell organelles. Diphenylalanine (FF) and its analogues 

self-assemble into various nanostructures, including nanotubes that offer sustained drug release, 

particularly in acidic environments [88]. 

Xu et al. synthesised a novel peptide analogue, Fc-FFRGD, consisting of a ferrocene group (Fc), 

an FF dipeptide, and an RGD motif. This molecule could form stable nanostructures and hydrogels 

in an aqueous environment thanks to its amphiphilic properties and strong non-covalent interactions. 

It shows great potential as a biomimetic material for cell adhesion and growth and as a nanocarrier 

for drug encapsulation and delivery through integrin-dependent interactions [89]. Both linear and 

cyclic peptides can form nanotubes, with cyclic peptides offering precise diameter control [90]. 

Additionally, peptide nanorods and chimeric peptides have been developed for targeted and 

synergistic cancer therapies, offering improved cellular uptake and nuclear localisation upon light 

irradiation [91] 

Self-assembled peptide nanosheets can improve the pharmacokinetic and pharmacodynamic 

properties of entrapped drugs. pH-sensitive tetrapeptides have been synthesised to form nanosheets, 

which exhibit safe internalisation and shape-dependent cytotoxicity in cancer cells [92]. The co-

assembly of peptides with other molecules can result in supramolecular peptide nanoparticles for 

enhanced photodynamic therapy. Peptide hydrogels formed through self-assembly offer higher 

biodegradability, low toxicity, and high drug-loading capacity. They can enhance direct contact of 

chemotherapeutic drugs with targeted cancer tissues, improving therapeutic efficacy. Hydrogels can 
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be stabilised through ionic interactions, hydrogen bonding, and pH-responsive assembly, providing 

stimuli-responsive drug release [12]. 

 

Figure 5. Advantages of the peptide biomaterials used for delivery of molecules of different scales. 

7. Self-Assembling Peptides as Matrix Mimetics in Pharmaceutical Market and Clinical Trials 

Several self-assembling peptides have successfully transitioned from research and development 

into the clinical setting, demonstrating their efficacy in the pharmaceutical market. These products 

are notable for their ability to improve drug delivery, enhance therapeutic efficacy, and offer more 

patient-friendly dosing regimens. With their 3D fibrous networks, peptide-based self-assembled 

materials are utilised in commercial products, such as Matrixyl in dermatological formulations and 

C16-GHK for addressing skin ageing issues. PuraMatrix, another commercially available peptide gel, 

is used in 3D tissue cultures, promoting tissue growth with biodegradable and nonimmunogenic 

properties [93]. Recognising the significance of self-assembled peptide-based materials, 

understanding the self-assembly process and relevant techniques becomes crucial. While short 

peptides are economically viable and easily manufacturable, ultrashort peptides (up to seven amino 

acids) also exhibit self-assembly capabilities, offering the advantage of prompt sequence fine-tuning 

for specific requirements. [94] Ultrashort peptides have applications that extend beyond biology, 

including toxic metal detection, wastewater treatment, crop protection, and green energy generation. 

Their diverse physicochemical properties in different organic solvents make them useful for 

compound purification and as platforms for chemical catalysis. With their mild and rapid synthesis, 

along with the ability to be fine-tuned through modifications, functionalisation, and self-assembly, 

ultrashort peptides are versatile biomaterials suited for a wide range of applications [95]. 

Other examples of peptide materials on the market include the well-studied sequences 

lanreotide or RADA16. Lanreotide is a synthetic octapeptide analogue of somatostatin, a natural 

compound that typically regulates growth hormones and inhibits the secretion of other hormones 

such as serotonin, gastrin, and pancreatic polypeptide [96]. Due to its rapid degradation in the body, 

lanreotide has been explored for its self-assembly behaviours. The peptide was engineered as a more 

pharmacologically stable form. This compound emulates the inhibitory effects of somatostatin on 

hormone release, including growth hormone and insulin-like growth factor-I (IGF-I), positioning it 

as a key therapeutic agent in the management of acromegaly and certain gastroenteropancreatic 

neuroendocrine tumours (GEP-NETs) [97].  The development of lanreotide started with the 

sustained release (lanreotide SR) formulation using a microparticle-based drug-delivery system to 

enhance patient adherence, which required intramuscular injections every 7 to 14 days [98]. Later, in 

2007, the FDA approved lanreotide autogel (ATG) (marketed as Somatuline® Depot), an advanced 
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formulation containing lanreotide acetate in a supersaturated aqueous solution, delivered as a deep 

subcutaneous injection every four weeks, significantly reducing the treatment frequency [99]. The 

self-assembly characteristics of lanreotide are integral to its controlled-release mechanism. Its cyclic 

structure, stabilised by disulphide bridges, facilitates the formation of dimers that subsequently 

arrange into β-sheet-rich filaments through non-covalent forces, such as hydrogen bonding and π–π 

interactions [100]. These filaments then form nanotubes, forming a hydrogel structure in aqueous 

environments. This unique hydrogel slowly disassembles at low concentration solutions, enabling a 

slow and controlled release profile for drug delivery. Additionally, the formulation incorporates 

acetic acid (AcOH) as a counterion, which plays a crucial role in modulating the self-assembly 

behaviours of lanreotide containing two basic amino acids [99]. 

RADA16 is a synthetic ion-complementary self-assembling peptide designed after EAK16 and 

has been extensively studied for its unique properties and diverse biomedical applications. The 

peptide consists of alternating hydrophilic and hydrophobic amino acids with charged distribution 

as + - + - + - + -, allowing it to self-assemble into β-sheet nanofibrous structures in physiological 

environments. This self-assembly results in the formation of hydrogels, which possess high stability 

and mimic natural ECM. Due to its biocompatibility, low immunogenicity, and ability to support cell 

attachment and proliferation, researchers and surgeons have utilised the distinctive features of 

RADA16 in various experimental and clinical settings [101,102]. Commercialised as PuraMatrix™ 

(1% RADA16), RADA16 functions as an ECM substitute for investigating cell adhesion, chemotaxis, 

proliferation, and development in laboratory settings, and as a 3D scaffold for in vitro and preclinical 

in vivo studies on wound healing, and tissue engineering [103]. Another application of RADA16 is 

as a hemostatic agent marketed as PuraStat® (2.5% RADA16), which is a CE-marked class III medical 

device used to control bleeding during surgeries by forming a physical barrier that stabilises clot 

formation [104]. PuraStat® has gained approval in several regions, including Europe and Asia, for 

use in gastrointestinal endoscopic procedures and surgeries to prevent delayed bleeding. It offers a 

safe profile with minimal side effects, making it a widely accepted solution in clinical settings. 

Additionally, RADA16 has found utility in wound care, marketed as PuraDerm® in the United States 

for treating complex wounds, including diabetic and surgical ulcers [105]. Another formulation 

approved by the FDA in 2019, PuraSinus® (2.5% RADA16), is designed to prevent adhesions 

following nasal surgery and promote wound healing in the sinus cavity [106]. 

8. Sheets of Peptidomimetics 

Natural and synthetic peptides, including peptoids and other peptidomimetics, are gaining 

significant attention in materials science, nanotechnology, and biomedical engineering for their stable 

and intriguing self-assembled structures. Inspired by natural proteins, these peptides emulate the 

functions and structures of proteins like silk, ECM, fibronectin, and collagen, with potential 

applications in biotechnology and medicine. Leveraging their biological qualifications including 

biocompatibility, bioactivity, and microporous structure, peptidomimetic molecules show promise 

in various fields, including drug delivery, optical waveguides, photothermal conversions, and 

photocatalysis. 

The Zuckermann group at Lawrence Berkeley National Laboratory has probed the physical 

properties of peptoid monolayers influencing nanosheet collapse by employing interfacial 

dilatational rheology. Peptoid analogues were compared to assess their nanosheet-forming abilities. 

Using small sample volumes, rapid and convenient rheological studies provided insights into 

molecular-level processes crucial for designing nanosheets with advanced functionality. 

Understanding the self-assembly mechanism and its tolerance to chemical modifications is crucial for 

designing nanosheets with advanced chemical functionality. While monolayer adsorption at the air-

water interface is necessary for nanosheet formation, it is not the sole limiting factor. A set of design 

rules for peptoid sequences forming collapse-competent monolayers was established by 

characterising peptoid monolayers using surface dilatational rheology. Monolayer fluidity, 

represented by the residence time (τD), correlates with the ability to collapse into bilayer nanosheets. 

Nanosheet-forming monolayers exhibit solid-like behaviour with strong interchain interactions (τD > 
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5000 s), while non-forming monolayers are fluid-like with weaker interactions (τD < 500 s). Small 

chemical modifications to peptoid chains directly impacts rheological behaviour, offering insights for 

sequence design and rapid screening for nanosheet-forming ability. This understanding enhances the 

potential applications of peptoid nanosheets in diverse fields. Zuckermann introduces an innovative 

approach centred on the design and synthesis of antibody-mimetic materials utilising functionalised 

peptoid nanosheets. While antibodies hold promise for molecular recognition in chemical and 

biological sensors due to their high specificity and affinity for various analytes, challenges such as 

poor stability and high production costs limit their widespread use in sensing devices. In addressing 

these challenges, this group presents a novel strategy involving the utilisation of peptoid nanosheets. 

These nanosheets feature a high density of conformationally constrained peptide and peptoid loops 

on their free-floating surfaces, creating a chemically and biologically stable, extended, multivalent 

two-dimensional material. Serving as a robust scaffold with a large surface area, the nanosheet 

facilitates the presentation of diverse functional loop sequences. [107] Characterisation methods such 

as atomic force microscopy, X-ray diffraction, and X-ray reflectivity measurements have highlighted 

the potential of the functionalised nanosheets. These nanosheets are particularly effective as 

substrates for enzymes like protease and casein kinase II and templates for the controlled growth of 

specific inorganic materials, such as gold. This novel approach shows promise in addressing the 

stability and cost issues commonly encountered with traditional antibodies in sensing applications. 

9. Conclusions and Future Vision 

Peptides hold immense potential in the development of advanced biomaterials. Their unique 

properties, including self-assembly, responsiveness to biological stimuli, and selective binding to 

specific tissues or cells, position them to drive significant advancements in scaffold design for tissue 

engineering, improved drug delivery systems, and enhanced coatings for medical implants that 

promote integration while minimising infection risks. Additionally, with our increasingly deeper 

understanding of disease pathways, peptides can be modified to carry small molecules or receptor 

domains, further improving therapeutic outcomes. These biomaterials can be customised to respond 

to environmental changes within the body, allowing for on-demand and targeted drug release and 

dynamic adjustments in their physical properties to better integrate with surrounding tissues. 

Synthetic peptides demonstrate exceptional versatility in their conjugation chemistry and can be 

engineered to replicate the active amino acid sequences of various proteins, thereby enhancing their 

binding affinity for specific targets. Furthermore, chemical modifications such as cyclisation and the 

use of peptoids can improve peptide stability, making them even more suitable for clinical 

applications. 

Peptides present promising solutions to several pressing medical challenges, including tissue 

regeneration, infection control, and targeted drug delivery. A notable example, PuraMatrix, 

exemplifies the practical potential of peptide-based biomaterials in clinical settings. However, 

transitioning these innovations from laboratory research to clinical applications requires long effort 

and interdisciplinary collaboration between materials scientists, chemists, biologists, and clinicians. 

Despite the significant advances reported here, a substantial knowledge gap persists in this field. 

Further research is needed to expand the repertoire of peptides suitable for biomaterial development. 

Moreover, future investigations should explore combinatorial peptide approaches to uncover 

potential synergistic effects. Challenges remain including ensuring the stability of three-dimensional 

structures in self-assembled peptide hydrogels. Additionally, establishing comprehensive 

monitoring systems is essential, especially when integrating self-assembled peptides with other 

materials or drugs, and in tissue regeneration, where precise control over repair processes is critical. 

Addressing these challenges will be pivotal for driving further progress. As research advances, 

peptides are expected to play a crucial role in significantly enhancing the specificity and functionality 

of biomaterials, potentially transforming the landscape of biomedical engineering. 
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