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Abstract: Self-assembled peptides have been shown to form well-defined nanostructures 
which display outstanding characteristics for many biomedical applications and especially in 
controlled drug delivery. Such biomaterials are becoming increasingly popular due to routine, 
standardized methods of synthesis, high biocompatibility, biodegradability and ease of 
upscale. Moreover, one can modify the structure at the molecular level to form various 
nanostructures with a wide range of applications in the field of medicine. Through 
environmental modifications such as changes in pH and ionic strength and the introduction of 
enzymes or light it is possible to trigger self-assembly and design a host of different self-
assembled nanostructures. The resulting nanostructures include nanotubes, nanofibers, 
hydrogels and nanovesicles which all display a diverse range of physico-chemical and 
mechanical properties. Depending on their design, peptide self-assembling nanostructures can 
be manufactured with improved biocompatibility and in-vivo stability and the ability to 
encapsulate drugs with the capacity for sustained drug delivery. These molecules can act as 
carriers for drug molecules to ferry cargo intracellularly and respond to stimuli changes for 
both hydrophilic and hydrophobic drugs. This review explores the types of self-assembling 
nanostructures, the effects of external stimuli on and the mechanisms behind the assembly 
process, and applications for such technology in drug delivery. 
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1. Introduction 
 The search for new, more effective drug delivery mechanisms is a fundamental issue 
of great interest [1]. The limitations of current drug delivery systems include inadequately 
effective targeting, suboptimal bioavailability, potential cytotoxicity and complicated 
administration routes and regimens [2]. The aim to improve the pharmacological and 
therapeutic efficacy of a drug molecule, increase patient convenience and reduce side effects 
using traditional drug delivery systems proves a challenge to the pharmaceutical industry [3]. 
 Peptides are essentially ‘building blocks’ of the human body’s proteins, which are 
imperative for normal functioning of the immune system, cellular signaling and the formation 
of new tissue, skin and hormones. They have proven antimicrobial properties due to an 
optimal hydrophobic/charge balance that exists within their primary structure and they exist 
as defensive weapons against infection throughout nature [4]. They fight infections using 
self-assembly, which is a natural process where the body creates potent membrane-targeting 
antimicrobial peptides as part of an innate immune response [5].  
 Self-assembly is defined by the spontaneous diffusion and specific association of 
molecules controlled by non-covalent interactions [6]. Self-assembling peptides are exciting 
leads for novel biocidal agents in modern society where traditional antibiotics are under 
immense pressure from emerging pathogenic bacterial resistance and successes in antibiotic 
research and development deteriorate [7]. 



 Peptides are made from several amino acids (monomers) that have been joined via a 
condensation reaction. Amino acids contain an amine group (N), a carboxylic acid group (-
C=O) and an ‘R’ (aliphatic or aromatic) side chain, that can have numerous physiochemical 
functionalities which mean that the function of the peptide sequence can be tailored as per 
demand depending on the side chains incorporated. Depending on the nature of side chain, 
amino acids can be hydrophobic, hydrophilic or charged (basic or acidic) [8]. There are 
twenty naturally occurring amino acids with versatile properties that can be used to 
synthesise a plethora of different peptide sequences. Peptide sequence design plays a key role 
in its usage. Variation of the amino acids incorporated in the sequence can be used to develop 
self-assembled systems. Self-assembly occurs when the interactions of attraction and 
repulsion within a molecule alter a disordered system into one that is more ordered, using a 
‘bottom-up’ approach [9]. This process is known to occur in nature, for example, in the 
assembly of cell membranes by phospholipids for the development of a bilayer, and in DNA 
double helix production. Self-assembly is reliant on non-covalent interactions, such as 
hydrogen bonds, Van der Waals forces, electrostatic interactions and hydrophobic and 
hydrophilic interactions [10, 11]. 
 Recently many self-assembling nanostructure systems have been synthesized from 
biomaterials like carbohydrates, nucleic acids, and peptides for various biomedical 
applications such as tissue engineering, drug delivery and in the development of biosensors. 
Self-assembling peptides remain the most promising soft biomaterial due to following 
reasons: 
(i) Peptides can be synthesized using well-established, routine solid-phase synthesis methods 
affording high yields and the synthesis process itself enables sequence-specific modifications 
at the molecular level [12]. 
(ii) Further functionalization of peptides can be achieved by simple addition of compounds 
such as drugs, antibodies, enzymes, magnetic particles and fluorescent compounds for 
visualization of the peptide structure [13]. 
(iii) Naturally occurring self-assembly motifs present in proteins such as α-helices, β-sheets, 
and coiled coils can be used to derive the self-assembly process [14]. 
(iv) The main signaling language in the extracellular matrix (ECM) is mediated via peptide 
epitopes which is the main advantage of peptide biomaterials in regenerative scaffolds [15]. 
(v) The charge on the peptide helps to carry drugs across cell membranes and enables the 
translocation of genes inside the nucleus [16]. 
 There are many physiological factors that can affect the stability and self-assembly of 
peptides. Changes in the environmental conditions can be harnessed to offer control over the 
formation of nanostructures with the desired characteristics being developed according to the 
preferred function, such as drug delivery. Stimuli which can be used to drive the self-
assembly process include pH, ionic strength, temperature and specific enzyme availability 
[17]. Substances that contain hydrophobic tails and hydrophilic heads, such as phospholipids, 
will aggregate in aqueous environments. Hydrophobic interactions within the peptide 
sequence and hydrophilic interactions between the aqueous environment and the peptide will 
promote the self- assembling process [17, 18]. Dehsorkhi and co-workers (2013) studied the 
effect of changing the pH on the assembly process of a peptide amphiphile and found that 
under different pH values, different structures were produced, including flat and twisted 
structures. This demonstrates the importance of pH and provides opportunities for producing 
various polymorphic structures of the same molecule by altering the conditions in which it is 
made to assemble [18]. Temperature was also shown to affect the structures formed during 
self-assembly. At low temperatures hydrogen bonding increased the stability of the β-sheet, 
whereas at higher temperatures, hydrogen bonding was disturbed [9]. 
 



 
 
2. SELF-ASSEMBLED PEPTIDES 
     Self-assembled peptides have been of great interest due to their biocompatibility in vivo, 
the wide variety of products that can be formed for numerous functions and the 
biodegradable nature of the peptides. It is relatively cheap to synthesize peptides if they are 
ultrashort, that is, less than seven amino acids in length which means such sequence lengths 
are more attractive for upscale. Ultrashort sequences can be used to construct numerous 
nanostructures, including nanotubes, hydrogels and nanofibers, as shown in Figure 1, which 
are all in the nanometer scale of 1x10-9 m. Different types of peptides such as dipeptides, 
cyclic peptides, amphiphilic peptides, α-helical peptides and β-sheet peptides have been 
utilized as self-assembled nanostructures [19]. Each of these has great potential in drug 
delivery to treat several different conditions including cancer, infections and wounds. 
 
2.1. Nanotubes 
Nanotubes are a type of nanostructure that are formed with a definite hollow centre. As the 
name suggests, they are long tube-like materials [20]. There are numerous types of nanotubes 
which can each be used for various functions. In 1993, Ghadiri et al. reported the production 
of nanotubes [21]. Cyclic peptides were used and the D- and L- form of amino acids in these 
peptides were interchanged. A planar ring was formed, protonated and crystallised and by the 
process of self-assembly a cyclic peptide nanotube was formed. This self-assembly was 
controlled by the acidic environment which formed the ordered, tightly packed nanotube. 
This type of nanotube showed great potential due to the simplicity associated with changing 
its structure, for example, changing the side chains on the amino acids would change the 
functionality and therefore the potential application of the nanotube. Ghadiri and researchers 
(2001) found that when this structure formed hydrogen bonds, the cyclic peptides stacked to 
form the characteristic β-like tube structures with the internal hole. The antibacterial 
properties of cyclic D, L-α-peptides were examined for selective targeting and self-assembly 
in the membranes of bacteria [22]. These peptides increased the membrane permeability, 
eradicating ion potentials and eventually caused cell death. This research highlighted the 
potential of cyclic peptides to be used clinically in the treatment of bacterial infections. One 
example of cyclic peptide nanotube used clinically today is lanreotide. This is a synthetic 
hormone of somatostatin, which is a growth hormone-inhibiting hormone used in the 
treatment of acromegaly and can be administered both intramuscularly and subcutaneously to 
patients [23]. It is an octapeptide salt which self-assembles when in water by hydrophobic 
and aromatic bonding, to form a well-ordered nanotube structure [3]. Amyloid fibrils are 
aggregates of peptides or proteins that can cause neurotoxicity. They are implicated in 
numerous conditions, such as Alzheimer’s disease and Parkinson’s disease [24, 25]. These 
aggregates are insoluble, resist degradation and have a distinctive β-sheet conformation 
which led to the examination into their potential application in the field of nanotechnology 
[26]. As shown by Rambaran et al. (2008), Aβ amyloid protein plaques known to be involved 
in Alzheimer’s disease could be made to form amyloid-like fibrils. Gazit and co-workers 
(2003) found that diphenylalanine, which is the shortest core recognition motif for the 
Alzheimer’s β-amyloid polypeptide, can self- assemble into nanotubes [27]. It was found that 
these nanotubes were hollow, stiff and have a long persistence length. The stability of these 
nanostructures enables their use in long term nanodevices, such as biosensors, which 
transform a biological component into an electrical signal that can be analysed [28]. 
Amphiphiles are molecules that have both hydrophilic and hydrophobic properties, for 
example, a hydrophobic tail and hydrophilic head in which the peptide is located. Peptide 
amphiphiles are considered a very prosperous structure as under certain physiological 



conditions they can self-assemble to form well-ordered nanostructures, including nanotubes. 
Hamley et al. (2013) found that temperature and pH can affect which nanostructure is formed 
[29]. It was observed that at room temperature and under aqueous conditions nanotubes are 
formed, but at higher temperatures of 55oC, twisted tapes are formed. These nanotubes have 
the potential of releasing encapsulated products which could be used in drug delivery. 
 
2.2. Nanofibers 
     Nanofibers differ from nanotubes in the that they lack the hollow central pore. Peptide 
amphiphiles have the ability to self-assemble and by the process of micellization, the 
formation of β-sheets and micelles joining together, cylindrical nanofiber structures can be 
formed [30]. An example of this is the peptide, RAD16-II-AcetylN-(RA- RADADA)2-CNH2, 
which is being tested for use in myocardial infarction [3]. Self-assembling peptides that form 
nanofibers are preferred to carbon nanofibers, as the manufacturing costs are considerably 
lower making these more suitable for large scale production. In addition, peptide nanofibers 
are considered more biocompatible and modifications can be made at the molecular level, as 
previously mentioned, thereby tailoring the sequence which can result in many variations and 
uses. Nanofibers have the capacity to form hydrogels by entrapping solvent molecules within 
the three-dimensional matrix formed by the nanofiber structure. 
 
2.3. Hydrogels 
     Self-assembling peptides can form hydrogels which could be used for drug delivery. They 
possess the ability to form or break down in response to specific stimuli, allowing for 
selective targeting. Peptides that have α-helical, β-helical and amphiphilic properties can self-
assemble to form hydrogels. In addition, it has been found that certain soluble peptides can 
form a β-hairpin under physiological ionic strength and pH, to self-assemble into rigid and 
stable hydrogels. Using peptides to form hydrogels is ideal since it enables alterations of the 
molecular structure to vary the final hydrogel product and therefore it’s function [31, 32]. 
Octreotide, like lanreotide, is used clinically to treat growth hormone hypersecretory 
conditions and forms a hydrogel when administered subcutaneously [3]. When at a 
physiological pH of 7.4, β-hairpin structures are formed which can assemble into a 
supramolecular hydrogel [3]. Bing Xu (2011) discusses possible applications of self-
assembling hydrogels [33]. Additionally, McCloskey et al. (2016) examined the 
antimicrobial and anti-inflammatory effects of non-steroidal anti-inflammatory drug 
(NSAID)-conjugated ultrashort cationic self-assembled peptide hydrogels. It was found that 
these hydrogels showed potential for the treatment of chronically infected wounds, where 
major inflammation as a result of infection was prolonging the healing process and that they 
could also be valuable in preventing antibiotic resistance [34]. 
 
2.4. Nanovesicles  
     Self-assembled peptides can form nanovesicles when in aqueous environments. Song 
(2005) found that when nanotubes were diluted by adding 0.1 mL of water at physiological 
pH, the nanotubes which were previously formed transitioned into nanovesicles [35]. Yan et 
al. (2007) used this feature to observe delivery into cells (36). Nanovesicles could be used to 
encapsulate drugs and deliver their cargo to target sites, for example intracellularly, for 
therapeutic effect. 
 
2.5. Dipeptides 
     Short chain peptides are gaining interest as viable self-assembled nanostructures for 
various biomedical applications including drug delivery [37, 38]. Dipeptides have been 
studied extensively for drug delivery applications. The first reported dipeptide 



diphenylalanine, Phe-Phe (FF), which has been used for the self-assembly of different 
nanostructures, is a core motif of the amyloid-β polypeptide segment used to drive self-
assembly in Alzheimer’s disease [39]. Many research groups have been developing self-
assembling FF dipeptides into nanostructures such as nanoparticles, nanotubes, nanovesicles 
and nanowires as shown in Figure 2 [40-45]. 
 
The unique property of FF nanotubes is thermal stability, high yield and controlled length of 
the tube which is dependent on monomer concentration [41, 46]. There are several other short 
linear peptides which can form self-assembled nanostructures for biomedical applications, 
especially drug delivery [47, 48]. For instance, KLVFF, a short peptide derived from the 
amyloid-β peptide self-assembly mechanism could also self-assemble into nanofibrous 
structures and then hydrogel forms in a concentrated phosphate buffered saline solution. The 
physical and chemical characterisation of linear short peptides indicates that self-assemble of 
short peptides changes into β-sheet structures and then form nanofibrillar hydrogel structures 
through electrostatic interactions [47]. Other short linear peptides like DFNK and DFNKF 
have both been shown to form self-assembled nanofibril structures depending on the pH of 
the solution. These peptide sequences have both aromatic rings and charged side chains 
which help to drive the assembly process to form nanostructures [48]. 
 
2.6. Cyclic peptides 
     The first cyclic peptides were developed by altering D- and L- form amino acids in 
peptide sequences that could self-assemble into nanotubes [49]. However, in 1993, the first 
cyclic peptide nanotube was developed using same theory [21]. The basic principle behind 
cyclic peptide self-assembly is through aggregating cyclic peptides as building blocks where 
the amino and carbonyl groups are arranged perpendicular to the ring [50]. Also, by altering 
D- and L- type amino acids in the peptide sequence, the peptide side chains can be arranged 
on the outside of the ring which can create nanotube structures which are stabilized by 
hydrogen bonding [51]. In comparison with other self-assembling nanotubes, cyclic peptide 
self-assembled nanotubes have several distinct advantages such as the precise diameter of the 
structure is dependent on the length of peptide chain employed which enables the user to 
design the sequence for different applications. For example, if you increase the peptide length 
from 4 amino acids to 12 amino acids, the internal diameter of cyclic peptide changes from 2 
oA to 13 oA [52, 53]. Moreover, by varying formulation parameters cyclic self-assembled 
nanotubes can convert to self-assembled nanoparticles as shown in below Figure 3 [54]. 
 
2.7. α-Helical peptides  
     It has been well documented that biological and physical properties can enhance the self-
assembly of peptides into helical structures. α-helical peptides have particularly attracted the 
attention of researchers mainly due to the ability to form nanostructures that are akin to the 
cytoskeleton and extracellular matrix in biological systems [55]. For instance, peptides which 
are 25-50 amino acids length can form α-helical peptides [56] and these α-helical peptides 
with 2-5 helices can aggregate around each other to form nanofibers [57, 58]. Hydrogels with 
coiled-coil blocks could also be self-assembled from helical peptides with triblock motifs 
[59]. α-helices can form by altering repeated hydrophobic and charged amino-acids in the 
sequence via coiled-coil structures [60]. Moreover, the hydrogel properties can be tuned by 
varying the length and structure of the basic coiled-coil units [61]. Therefore, these materials 
could be used as potential controlled drug delivery devices. 
 
2.8. β-Sheet peptides 



     The β-sheet conformation is one of the most common motifs that can be used for peptide 
self-assembly [62]. It consists of alternating hydrophilic and hydrophobic amino acid units in 
the peptide sequence, which can provide amphiphilic properties that drive the formation of 
self-assembled β-sheets [63]. These β-sheets may be formulated into various nanostructures 
such as nanotubes, nanoribbons and monolayers in the nanoscale range [64-68]. For example, 
the β-sheet peptide QQRFEWEFEQQ can self-assemble to form a pH responsive hydrogel 
using peptide ionizable side chains from glutamine and arginine amino acids. These peptides 
are soluble in neutral pH conditions and transform to a hydrogel structure under low pH 
conditions [64]. 
 
3. FACTORS THAT CONTROL SELF-ASSEMBLY 
     One of the major challenges in self-assembly is the ability to control the process itself. 
Many of the systems that self-assemble suffer from the issue that once the material is placed 
into water or buffer, the self-assembly process is initiated immediately and is therefore poorly 
controlled [69]. Due to this, there has been considerable interest in developing methods that 
are in command of the assembly process. There are many ways to drive the self-assembly 
process, which include changes in pH and ionic strength, enzymatic triggers and light, each 
of which are discussed in more detail. 
 
3.1. pH/Ionic strength 
     One approach to directly control the self-assembly process of peptide systems is by the 
application of a pH switch [64]. pH switching offers a way of directly controlling the self-
assembly of monomeric peptides, while avoiding any structural traps. Additionally, it 
provides a pathway for encapsulation and controlled release of large biomolecules from the 
resultant structures [64]. A pH switch can be introduced by the incorporation of either 
complimentary or opposed charges in the peptide design [70]. Aggeli et al. studied how the 
incorporation of glutamic acid (Glu) or ornithine (Orn) into the primary structure of a peptide 
can lead to the reversible control of self-assembly by altering the pH. They discovered that 
self-assembly could be controlled by appropriately incorporating these side chains, which 
resulted in the peptide-peptide free energy of interactions being directly affected by 
electrostatic forces between ƴ-COO- in Glu- or δ-NH+ in Orn+. Therefore, self-assembly 
could be smoothly and continuously altered by varying the pH. By increasing the pH the 
peptide could be switched from its supramolecular to monomeric state with the converse 
happening when the pH was decreased [64]. 
 
3.2. Enzymes 
     One of the more challenging aspects in molecular self-assembly is the ability to control 
the self-assembly of nanostructures under physiological reaction conditions. The design of 
peptide structures that are responsive to enzymes is an area that has attracted considerable 
interest. Enzyme-assisted nanofabrication can be achieved by catalysing the synthesis of a 
self-assembled molecule, or by removing a blocking group from a molecule to permit 
nanofabrication [71]. Enzyme-assisted self-assembly can take place via reverse hydrolysis, 
which involves a protease driving the assembly of peptide hydrogelators by coupling of non-
assembling precursors. Ulijn and Smith discussed the use of Fmoc-amino acids to synthesize 
Fmoc-tripeptide derivatives. This reaction is a fully reversible pathway which plays an 
important role in controlling the self-assembly process and has been applied in wound care 
and biosensing [72]. 
 
3.3. Light 



     In this method an external stimulus i.e. light is used to drive the self-assembly process. 
Light provides a non-invasive stimulus to trigger the process. To facilitate the self-assembly 
process Cui et al. incorporated a photo acid generator (PAG) into liposomes which acted to 
lower the pH upon exposure to light. This was a successful approach in triggering the self-
assembly of peptides by light activation within a spatially confined acidic environment [73]. 
Schneider and Pochan have also developed a light triggered β-hairpin system wherein a 
cysteine residue was introduced into the hydrophobic face of the peptide and a ‘photo cage’ 
(α-carboxy-2-nitrobenzyl) was then attached to this cysteine. Self-assembly was controlled 
since the ‘photo cage’ prevented the folding of the peptide into a β-hairpin structure until 
exposed to UV light which resulted in ‘de-caging’ and enabled the self-assembly of the 
peptide [74]. Using light to drive the assembly process has the advantage that it does not 
perturb the solution but interacts with the material, this means that it does not cause localized 
changes in the environment [52]. 
 
4. MECHANISMS OF SELF-ASSEMBLY 
The key contributors to peptide self-assembly include hydrogen bonding, π-π stacking, 
electrostatic interactions and hydrophobic interactions. The nature of the interactions is 
dependent on the amino acids incorporated in the sequence, for example, non-polar amino 
acids (aromatic or aliphatic) are responsible for hydrophobic aggregation through π-π 
stacking and hydrophobic interactions whereas polar amino acids generate either electrostatic 
or hydrogen bonding depending on the charge on the residues [75]. 
 
4.1. Electrostatic interactions 
     The attractive and repulsive forces between charged residues on amino acids or sometimes 
those between the amino acid side chains and drugs result in electrostatic interactions within 
the peptide self-assembly processes. After assembly, they form stable nanostructures that 
could be used for various applications such as drug delivery and tissue engineering. For 
instance, a multifunctional peptide self-assembly nanostructure was designed and formulated 
using RALA/pDNA or RALA-bisphosphonates cell-penetrating peptide nanoparticles 
through electrostatic interactions. These nanoparticles have been used for the condensation of 
DNA or bisphosphonate material into nanoparticulate form and have demonstrated successful 
delivery of this cargo intracellularly [76, 77]. 
 
4.2. Hydrophobic interactions 
     One of the most important effects among non-covalent interactions in the peptide self-
assembly process is hydrophobic interactions. Amphiphilic peptides can be readily harnessed 
because of the coexistence of both hydrophobic and hydrophilic regions within the peptide 
sequence. In general, under polar conditions, the hydrophobic units collapse and cluster 
together to hide from water, meanwhile the hydrophilic region expands to interact with water 
[78, 79]. For instance, amphiphilic drugs composed of a tau protein derived peptide 
conjugated to the hydrophobic anticancer drug camptothecin were used to generate a fibril 
structure through hydrophobic interactions and intermolecular hydrogen bonding [80]. 
 
4.3. Hydrogen bonding 
     Hydrogen bonding is the electrostatic attraction between hydrogen atoms and nearby 
highly electronegative atoms such as nitrogen and oxygen atoms. Most self-assembling 
peptide sequences to date have been designed based on naturally occurring hydrogen bonding 
patterns which can be found in α-helices, β-sheets, and coiled coils. Hydrogen bonding plays 
an important role in the formation and stabilization of the secondary structure of the peptide 
and protein folding. The interaction between amide and carbonyl groups of the peptide back 



bone increases the stability of peptide self-assembly. Based on that, β-sheet structure 
formation is either parallel or antiparallel in nature depending on the peptide sequence 
directions. Usually self-assembling peptide sequences consist of repeating units of amino 
acids containing both hydrophobic and hydrophilic regions which will orientate themselves 
within the self-assembled nanostructure depending on surrounding environment. For 
example, in aqueous media, hydrophobic regions will be buried inside the structure to enable 
the hydrophilic regions to interact with the surrounding aqueous system [81]. Whereas in α-
helices the individual peptide chains form intramolecular hydrogen bonds with backbone 
amide components. In this arrangement, side chains from the amino acids present on the 
surface of each helix and further facilitate the accessibility of them in the solvent. 
 
4.4. π-π Stacking 
     π-π stacking can encourage the peptide self-assembly process and directional growth for 
peptide sequences containing aromatic groups. π-π stacking is very robust in water due to 
solubility [82]. Whereas in organic solvents only toluene and trifluoroacetic acid show more 
distinct advantages for forming π-π stacking [43]. For example, in the FF dipeptide self-
assembly process, π-π stacking and hydrogen bonding of aromatic groups stabilizes the self-
assembled nanostructure which has been demonstrated in various drug delivery applications 
[46, 83]. 
     In the overall self-assembly process these non-covalent interactions play a vital role. Also, 
these interactions may vary in strength and nature depending on the external stimuli applied 
such as pH, temperature and solvent polarity which are all capable of triggering self-
assembly and the development of the final nanostructure. Especially when charged amino 
acids are incorporated within the sequence such as glutamic acid, lysine, aspartic acid, 
histidine and arginine it is important that a controlled pH environment is used to trigger the 
assembly process for consistent results [54]. For drug delivery the physical and biological 
properties of peptide nanostructures play an important role in their successful application. 
One should consider, while designing the peptide sequence for self-assembled nanostructures 
for drug delivery, the nature of non-covalent interactions as well as peptide types and 
structures. 
 
5. SELF-ASSEMBLED PEPTIDE NANOSTRUCTURES FOR DRUG DELIVERY 
     The nanotechnology revolution has led to the introduction of a range of different 
nanomaterials for drug delivery. In particular, the use of peptide-based nanomaterials has 
received interest due to the inherent merits of such structures, as discussed in this review, 
including chemical versatility, biocompatibility, biodegradability, self-assembly and tunable 
immunogenicity [84]. These advantages have generated significant interest in the field of 
drug delivery with peptides being utilized as functional components and novel singular 
agents in a range of different applications including as therapeutics for cancer, HIV and 
wound healing [34, 85, 86]. A range of peptide sequence lengths have been investigated 
within the context of drug delivery with long sequences through to dipeptides demonstrating 
potential. 
 
5.1. Anticancer drug delivery 
     Cancer is the second leading cause of death globally and was responsible for an estimated 
9.6 million deaths worldwide in 2018 [87]. Conventional chemotherapy remains the 
cornerstone of treatment, however, non-specific distribution in vivo often leads to severe and 
debilitating side effects. Nano-based therapeutics are gaining momentum within the field of 
anticancer therapeutics boasting increased targeting ability and therefore reduced systemic 
side effects, high drug loading capacity and improved stability [88]. There are already several 



peptide therapeutics in use for the treatment of cancer including buserelin and goserelin 
employed in the treatment of prostate and breast cancers [89]. Self-assembling peptide 
nanostructures have attracted significant attention in the field of anticancer therapeutics. This 
is largely due to the ability to self-assemble to form a range of structures, for example, 
nanotubes, nanovesicles and nanofibers to generate hydrogels, each suitable for the delivery 
of a specific anticancer agent [90]. To date, several self-assembling peptide structures have 
been employed to deliver anticancer agents such as doxorubicin, paclitaxel and curcumin 
with investigations entering both preclinical and clinical studies [91-93]. Recent notable 
advances in the area of anticancer drug delivery includes using peptides as active 
therapeutics. For example, the Xu group presented the ultrashort sequence NapFF which 
could selectivity inhibit the growth of glioblastoma cells via nanofiber formation which 
resulted in disruption of microtubules and tubulins [94]. In addition to this, a greater 
understanding of self-assembly process itself has enabled the development of novel 
therapeutics with enzymatic self-assembly triggers. The Xu group demonstrated the use of 
enzyme-instructed intracellular self-assembly to enhance the activity of cisplatin in drug-
resistant ovarian cancer. Ultrashort peptide precursors were designed as the substrates of the 
enzyme carboxylesterase. This enzyme cleaved the precursor to enable peptide self-assembly 
into nanofibers. The precursor was demonstrated to be innocuous to normal cells yet doubled 
the activity of cisplatin against drug resistant ovarian cancer cells [95]. This work illustrates 
the shift in the field of chemotherapeutic drug delivery which aims to harness simple, yet 
novel mechanisms to introduce cytotoxic components without increasing the systemic burden 
or side effects. 
 
5.2. Targeted drug delivery  
     Targeted drug delivery refers to therapeutic agents which, upon administration, have the 
capacity to specifically transport to the required site of action [96]. Such delivery can 
overcome the issues with non-specificity of traditional therapeutics. Cell-penetrating peptides 
are cationic in nature and typically comprise less than thirty amino acids and are often 
employed to circumvent the cell membrane thereby facilitating targeted drug or gene delivery 
[96]. Work by Boekhoven and colleagues described the use of microparticles with a 
doxorubicin conjugated alginate core and a shell of peptide amphiphile nanofibers 
functionalised to target the folate receptor and demonstrated a 60-fold higher cytotoxicity 
against MDA-MB-231 breast cancer cells in vitro compared to non-targeting particles [97]. A 
significant advantage of using self-assembling peptides in this manner is the scope to produce 
a range of different nanostructures to enable highly specific targeting and the ability to 
chemically or physically conjugate various drugs to offer several different therapeutic 
applications using the same technology. 
 
5.3. Stimuli-responsive drug delivery 
     The ability to trigger the self-assembly process in response to a range of physiological 
stimuli has significant benefits for both controlled and targeted drug delivery. Hydrogels are 
gaining recognition as a class of therapeutics within this area since the stimuli-responsive 
nature of the assembly process enables ‘programmable’ release of therapeutics [98]. Indeed, 
the formation of the three-dimensional fibrous network can entrap the active therapeutic 
thereby controlling the rate of release. The process of self-assembly eliminates the need for 
toxic cross-linking agents commonly required to produce hydrogels composed of polymers 
[90]. One example of this is the ability to use injectable hydrogel formulations which can be 
inserted in direct contact with tumour tissue in order to provide a local effect thereby 
reducing toxicity and improving efficacy of cancer therapeutics. Yishay-Safranchik et al. 
developed an injectable in situ forming hydrogel based on the self-assembling peptide motif 



KLD to control delivery of doxorubicin or a pro-apoptotic peptide for localised cancer 
treatment. At higher peptide concentrations self-assembly was achieved within seconds and 
the hydrogel network was demonstrated to be effective at controlling the release of both 
therapeutic agents and inhibiting tumour cell growth in vitro [99]. This study demonstrates 
the potential for stimuli responsive drug delivery and highlights the advantages to such 
technology including the ability to achieve depot formation at the tumour site without 
surgery, simple drug loading and no requirement for organic solvents. It is possible to 
physically encapsulate or chemically conjugate drugs within the hydrogel matrix. Studies 
have been conducted by various groups within this field including the Xu group who have 
introduced a range of supramolecular hydrogels with chemically conjugated drugs which 
demonstrate favourable release profiles [100]. 
 
6. CONCLUSIONS 
     There is increasing demand for efficiently designed, controlled and biodegradable delivery 
systems to target release for therapeutics with reduced side effects. A major advantage of 
using self-assembled peptide delivery systems is that the carrier itself can act as a therapeutic 
enabling the development of a ‘one design, one carrier’ motif with multiple functionalities 
including targeted delivery, cell penetration, endosomal escape motifs, release-responsive 
characteristics and efficient binding with therapeutic payloads. Many peptides have been 
studied both in in vitro and in vivo model systems for a range of biological medical targets as 
building blocks in nanomedical applications. Also, peptide self-assembling systems are 
biocompatible, responsive to environmental changes and possess the ability to be conjugated 
with targeted drugs for various drug delivery applications. However, some key studies still 
need to be performed and factors developed before commencing clinical studies such as the 
ability to precisely control size during formulation, stability and investigations into the 
prolonged effect on cells. Changes in fabrication parameters or the use of templates will 
improve formulated self-assembled peptides size and provide more consistent results. 
Peptides have been synthesized mainly via the routes of recombinant technology and solid 
phase chemical methods. Even small scale GMP grade synthesis by fermentation of a 
recombinant technology costs around US$ 1 million. Still the manufacturing method of 
choice for peptide production is solid-phase synthesis. Some other challenges to upscale 
include synthesis on a large scale, efficient purification, and achieving high yields. In the 
future, peptides could act as “add-ons” for other pharmaceutical agents to direct them to their 
targets, carry them across the cell membrane and improve biological action. In conclusion, 

we anticipate that with multi-disciplinary efforts, 
peptide self-assembled nanostructures have much 
potential for drug delivery applications and 
present a promising route to treat human diseases. 
 
 
 
 
 
 
 
 

 
 
 
 



 
Figure 1. Various forms of self-assembled peptides. Reproduced from J.J. Panda et. al. with 
permission from the Royal Society of Chemistry [19].  
 
 

 
Figure 2. Various nanostructures formed as a result of self-assembly of the dipeptide FF. 
Reproduced from Marchesan et al. with permission from the Creative Commons Attribution 
License [40]. 
 

 
Figure 3. Schematic of the eight-residue cyclic peptide cyclo-[(L-Gln-D-Ala-L-Gu-D-Ala-)2] 
and the tunable parameters responsible for its self-assembly to form nanotubes and 
nanoparticles. Reproduction from Sun et al. with permission from the Royal Society of 
Chemistry [54]. 
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