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Abstract

Self-assembled peptides and proteins possess tremendous potential as targeted drug delivery 

systems and key applications of these well-defined nanostructures reside in anti-cancer therapy. 

Peptides and proteins can self-assemble into nanostructures of diverse sizes and shapes in response 

to changing environmental conditions such as pH, temperature, ionic strength, as well as host and 

guest molecular interactions; their countless benefits include good biocompatibility and high 

loading capacity for hydrophobic and hydrophilic drugs. These self-assembled nanomaterials can 

be adorned with functional moieties to specifically target tumor cells. Stimuli-responsive features 

can also be incorporated with respect to the tumor microenvironment. This review sheds light on 

the growing interest in self-assembled peptides and proteins and their burgeoning applications in 

cancer treatment and immunotherapy.

Graphical Abstract

Functionalized, self-assembled peptide and protein nanostructures encapsulate therapeutic agents 

for targeted cancer therapy.
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Introduction

Proteins are building blocks for all known living organisms and comprise different amino 

acids that are linked together via peptide bonds. By definition, peptides are composed of 

short sequences of amino acids and these macromolecules may be further connected 

together to form proteins [1–3]. Peptide and protein self-assembly offers a wide range of 

applications in the biomedical sectors. During the self-assembly process, well-defined, 

highly-ordered structures are created permanently from peptides and proteins. Some of the 

most famous examples of natural peptide and protein self-assembly include the self-

assembly of four polypeptide chains, each attached to a heme group, to produce hemoglobin, 

and the self-assembly of ribosomal RNA molecules and proteins into ribosomes [4,5]. Self-

assembly of proteins and peptides is a field of escalating importance, allowing the 

generation of nanosized particles for carrying, protecting and controlling the release of 

biotherapeutics for anti-tumor therapy [6].

Cancer is one of the most lethal diseases worldwide, with increasing numbers of new cases 

every year [7–10]. Nevertheless, cancer fatality has diminished by 29% from 1991 to 2017 
[11]. This is attributed to better comprehension of tumor biology, which has enabled the 

advancement of diagnostic techniques and anti-cancer therapeutics [12–15]. An integral part 

of anti-cancer treatment is chemotherapy. However, “drug resistance” is a new emerging 

problem in field of cancer chemotherapy. Frequent application of a chemotherapeutic agent 

leads to ignorance of cancer cells towards its inhibitory effects. To overcome this issue, high 

doses of chemotherapeutic agent is applied to suppress cancer progression. However, 

chemotherapeutic agents have dose-dependent side effects that is a limitation towards using 
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high doses [16,17]. To address this issue, peptide and protein nanovehicles have been used for 

the preparation of targeted drug delivery systems for anti-cancer treatment. These 

nanocarriers help to minimize the side effects of anti-cancer therapy by targeting only tumor 

cells and leaving healthy cells relatively unharmed, thereby resulting in higher therapeutic 

efficacy [17–20].

Cancer immunotherapy is emerging as an effective approach to fight cancer by activation 

and potentiation of immune cells using cancer vaccines, checkpoint inhibitors, or adoptive T 

cell transfer [22]. However, there remain problems for current immunotherapeutic approaches 

due to presence of immune-related adverse effects, low specificity in tumour cell targeting 

and rapid elimination and degradation issues. In these regards, nanotechnology offers a wide 

range of platforms for targeted delivery and controlled release of cancer 

immunotherapeutics. Peptide and protein-based nanostructures offer several advantages to 

the field: their small dimensions can promote penetration through the venous endothelium 

and allow the nanocarriers to reach the antigen-presenting cells (APCs), with consequent 

improvement of the activation of the immune responses [23]. Moreover, the potential intrinsic 

immunostimulating effects of peptide and protein-based nanomaterials and biocompatibility, 

together with the possibility of co-delivery of antigens, adjuvant and targeting molecules, 

allow nanosystems to play a growing role in the field of cancer immunotherapy [24,25].

Initially, the structural features and functions of peptides and proteins are described in the 

present review followed by a presentation of the self-assembled nanostructures derived from 

them in the last 3 years. Targeted delivery and stimuli-responsive self-assembly of peptide 

and protein nanoplatforms are highlighted, including a discussion on immunotherapy. 

Finally, the development of vaccine formulations using self-assembling nanomaterials to 

deliver tumor antigens with the aim of strengthening the immune system and directing the 

immune response toward cancer cells, is extensively appraised.

Structural features and functions of peptides and proteins

Proteins and peptides are fundamental components of cells that exert and support an 

enormous range of vital biological functions. Proteins can, for instance, even influence the 

configuration of cells; another duty of proteins is the transformation of extracellular stimuli 

into signals. Peptides play an indispensable role in regulating the activities of molecules 
[25,26]. Structurally, proteins and peptides are rather alike, as one might expect given that 

both are formed from sequences of amino acid residues held together by peptide bonds. 

Traditionally, peptides are smaller, containing 2–50 amino acid residues, while proteins 

encompass more than 50 amino acid residues. Peptides have specific structural 

characteristics that can also make it possible to form complex confirmations recognized as 

secondary, tertiary, and quaternary structures. In general, peptides may be divided into two 

main categories: oligopeptides that include relatively few amino acids (i.e. 2 – 20), or 

polypeptides that have a long sequence of amino acids. Proteins are, in fact, formed by one 

or more polypeptides linked together that ultimately give rise to higher order structure and 

function [27].
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Peptides—Peptides, short sequences of amino acid residues connected by peptide (amide) 

bonds naturally occur in living organisms, responsible for the execution of important 

biological functions [28]. Both peptides and proteins are formed by translation of the genetic 

code sequence, deoxyribonucleic acid (DNA). During transcription, a DNA gene sequence is 

copied into messenger ribonucleic acid (mRNA) that contains information for producing a 

specific peptide or protein [29]; translation of the mRNA yields a chain of amino acids linked 

together via peptide bonds. Polymerization of peptides under particular conditions leads to 

the formation of dipeptides, tripeptides, tetrapeptides, etc. Peptides and proteins are 

generally differentiated based on their size and structure as a function of their amino acid 

sequence. Differences between peptides and proteins contribute to their functional diversity 
[30].

Peptides are fundamental components of cells and tissues, play key roles in nearly all 

biological activities, and their functionality is determined by 3 parameters: the identity of 

amino acids, the sequence of amino acids and the shape of the peptide. Peptides such as 

hormones act as biologic messengers in the blood by carrying information from one tissue to 

another. To exert their effects, peptides must bind to highly-specific cognate receptors which 

are present on the membrane of the destined cells (Figure 1). Upon binding, the peptides are 

dragged into the cell membrane by receptors which consist of two domains: the extracellular 

domain where the peptides are located, and the intracellular domain through which the 

peptides exert their functions after penetrating the cell membrane [28,31].

Proteins—Protein function is intimately related to its structure. Proteins are biological 

polymers consisting of a sequence of amino acid residues connected via peptide bonds to 

form polypeptide chains. There are four orders of protein structure: primary, secondary, 

tertiary and quaternary structures (Figure 2). Primary structure is the simplest level of 

protein structure; it is simply the sequence of amino acid residues of a protein [32]. Since the 

DNA of the gene encoding a protein determines its sequence of amino acid arrangement, any 

alteration in the DNA sequence of a gene may lead to changes in the amino acid sequence of 

a protein, potentially impacting the overall structure and function of the protein [33]. 

Secondary structure contains internal folding of the protein structure that is caused by 

atomic interaction of its amino acid moieties. The α helix and β pleated sheet are the most 

common secondary structures, which are formed by hydrogen bonds between different 

amino acids [34]. Tertiary structure refers to the complex, three-dimensional arrangement of 

amino acid moieties within a protein and its formation is due to R group interactions of 

amino acid residues that form the protein. There are different types of R group interactions, 

such as hydrogen bonding, ionic bonding, dipole-dipole interactions and London dispersion 

forces [35]. In the protein tertiary structure, hydrophobic amino acid residues cluster together 

on the inside of the protein, while hydrophilic amino acids on the external surface interact 

with the adjacent water molecules as part of the free energy minimization assembly process 
[32]. When a protein is formed from multiple polypeptide chains by similar types of 

interactions that create the tertiary structure, the protein displays a quaternary structure. 

Quaternary structure is unnecessary for most proteins; many proteins are formed from a 

single polypeptide chain representing only three orders of structure [36].
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Because proteins are responsible for the functioning of all living organisms, understanding 

of proteins’ structures and how they function is critical. Likewise, it is important to clearly 

understand how biological activities occur at the molecular level. This, in turn, supports the 

development of precision medicine and novel therapeutics [37,38]. The discovery of new 

proteins with unknown functions is increasing exponentially because of the rise in the 

number of sequenced genomes. The identification and characterization of this diverse set of 

protein functions via manual techniques is highly challenging because of their sheer 

numbers. Computational automated prediction and identification of protein function is a 

burgeoning field toward a reliable and convenient approach that saves time, resources, and 

expense [39–41]. To date, several methods are available to predict protein function. Important 

basic protein information can be identified with the use of conventional techniques, such as 

amino acid sequence, genomic contextual data and protein-protein interactions. Advanced 

computational approaches with higher efficacy and precision are currently employed for 

prediction of many protein functions. Continuing technological developments in this 

exciting field are increasing our understanding of the biological processes and functions of 

proteins [42]. It has long been known that protein 3D structure is directly related to their 

biochemical functions. Thus, for a protein to maintain its structural and/or functional 

properties, there are limitations on the amino acid substitutions imposed by different 

locations of a protein’s 3D structure [43].

Proteins can evolve via a complex process that is realized in the emergence of a novel gene 

in a sequence of DNA found, for instance, in newly discovered species or in disease states. 

They are created by processes such as gene duplication, incorporation of mobile elements, 

domain shuffling, de novo acquisition and gene fission and fusion [44]. The majority of novel 

genes are created via gene duplication processes [45]. During this process, one copy of a 

gene resides in a new piece of DNA. The new copy of the duplicated gene, under different 

environmental circumstances, undergoes certain modifications that create a new adaptive 

function [46]. The manner in which orphan genes are formed in primate genomes is of 

increasing interest [47]. Orphan genes are a specific gene type with no recognizable 

similarities to other species. They are lineage-specific, with a strong tendency to undergo 

rapid acceleration in their evolution. The majority of orphan genes originate from 

transposable Alu elements (short stretches of DNA) that move or “jump” from one place on 

the genome to another [48]. The duplicated genes split into two categories in terms of 

functionality. The first category of duplicated genes is highly specialized and their functions 

can only be altered after significant modifications. The second category of duplicated genes 

are not very specialized and include enzymes such as esterases, cytochrome P450 and 

glutathione S-transferases and interact with a wide range of different substrates and exhibit 

better adaptation with a single substrate over time [49]. There is no set constant rate for 

protein evolution and the process occurs under specific environmental conditions at any 

given time. Different parameters may be involved in the evolution of proteins, such as 

functional promiscuity, conformational plasticity and protein fold modularity. For screening 

the rate of evolution of proteins, the most reliable technique is to perform deep comparison 

analysis on the changes in amino acid sequence or composition within the related genes [50].
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Fundamental Principles and Mechanism of Self-assembly

Self-assembly of peptides and proteins is a powerful phenomenon and its process includes 

assembly of these macromolecules into an ordered structure. A comprehensive 

understanding of the hierarchical self-assembly mechanism of peptides and proteins would 

include knowledge of the kinetic and thermodynamic factors and reaction intermediates of 

spontaneous self-assembly processes. Insights into the mechanisms of these dynamic 

processes is essential to ensure control over these interactions [51–53]. The self-assembly 

process is primarily influenced by thermodynamics, which also helps controls the kinetics, 

and which is in turn crucial to structural changes and functions [51]. In fact, molecules in this 

process spontaneously organize upon near-thermodynamic equilibrium conditions and 

convert into structurally well-defined and stabilized arrangements via noncovalent 

interactions [54]. Molecules with varied multimeric structures may assemble into well-

defined architectures through chemical bonds between their surfaces and form novel shapes 

with diverse functions (Figure 3). The most well-known self-assembled structures in 

biological systems are proteins [56], peptides [57], and RNA and DNA complexes [58].

The peptide and protein self-assembly process is influenced by solution conditions (e.g., 

ionic strength, pH, and assembling rate), as well as a variety of driving forces (e.g., weak 

non-covalent bonds such as electrostatic interactions (ionic bonds), van der Waals 

interactions, hydrophobic and hydrophilic interactions, hydrogen bonds, and water-mediated 

hydrogen bonds) [53,55–59]. While it is true that these forces are weak when they are 

considered alone, a mixture of different interaction types can form structurally- and 

chemically-stable structures. Non-covalent interactions have synergistic effects that 

determine thermodynamic stability and the minimum energy state to control and understand 

the self-assembly of peptides and proteins [60]. Solution properties (e.g., hydrogen-bonding 

ability and polarity) precisely affect peptide self-assembly local interactions at the molecular 

level. As shown in Figure 3B, hydrogen-bond-forming solvents perform a crucial role in 

forming fibrils in dichloromethane [61].

Nature has exploited the self-assembly of proteins and peptides to produce many molecules 

with well-defined structures, such as collagen fibrils, keratin, coral, pearl and shell [64]. 

Common structured shapes formed by the self-assembly of peptides and proteins include 

nanotube, spherical micelle, lamellar sheet, and vesicle structures (Figure 4) [65].

The process of peptide and protein self-assembly and their resultant sizes are strongly 

affected by the amino acid sequence and physicochemical parameters such as pH (from 

acidic to mildly alkaline), temperature (4–95 °C), metal ion concentration (e.g. calcium, 

potassium, magnesium and sodium) and salt concentration (Figure 5) [66]. Once the 

environmental parameters are set, self-assembled particles become structurally stable under 

the same conditions. Scientists have also exploited the self-assembly of proteins and 

peptides in designing nanoparticles for biomedical applications [67–69]. For example, bovine 

carbonic anhydrase (BCA) linked with a P114 peptide (BCA-P114) nanoparticles are 

formed via self-assembly process, and this is by alteration of MgCl2 concentration. 

Nanoparticles are obtainable using as low as 5 mM MgCl2 and 10 mM Tris-HCl at pH 8.0 

(Figure 5B). The maximum size of these nanoparticles is realized when the MgCl2 
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concentration is 25 mM; particle size decreases when the concentration of MgCl2 exceeds 

25 mM (Figure 5C) [66].

Peptides and proteins are naturally functional individually and are prone to self-assembly by 

hydrogen bonding, hydrophobic interaction, π-π stacking, and other non-covalent bonding 

forces under specific conditions to perform distinct coding functions [74,75]. Self-assembly of 

proteins and peptides can improve their stability [70] (i.e. thermal stability, enzyme stability), 

selectivity [71] and tunable mechanical strength (by tuning both the final ionic strength and 

the rate of pH change) [72], and impart new functionalities.

Lytic peptides were prepared with the ability to self-assemble into peptide fibrils, which 

confers improved enzyme stability and selectivity. Lytic peptides in self-assembled peptide 

fibrils lose their cell lysis activity but become resistant to enzymatic degradation [76]. Self-

assembled peptide fibrils also gain a new function: resistance to enzymatic degradation by 

restricting enzyme access [71]. Self-assembly can also increase the thermal stability of 

protein fibers [70]. The thermal stability of second-generation protein fibers was greater (TM, 

49 °C) than pre-assembled fibers.

The functions of self-assembled peptides/proteins are usually reflected in three aspects: i: 
functional improvement by enhancing collective behavior. For instance, polyoxometalates 

can drive the self-assembly of short peptides with hydrophobic and/or p-p interactions, 

which are sufficiently strong to improve their stability in situ [73]. ii: Gain of new functions 

that the individual building blocks do not have. For example, self-adjuvanting MUC1 

glycopeptide vaccines with Tn glycosylation in the PDTRP domain elicited significant 

immune response [74]. iii: Gain of even more functions via the incorporation of functional 

molecules, e.g., incorporation with phototherapeutic agents for photodynamic therapy (PDT) 

and photothermal therapy (PTT) [75,76].

Nanoparticle architectures of a wide variety of shapes have been fabricated via self-assembly 

for the delivery of therapeutic agents. For example, tubular nanoparticles have been 

generated by self-assembly from camptothecin (CPT), a small molecule, hydrophobic anti-

cancer drug derived from the bark and stem of the Camptotheca acuminata tree, conjugated 

to a β-sheet-forming peptide sequence derived from the Tau protein through the reducible 

disulfylbutyrate (buSS) linker (Figure 6). The nanostructures were well-defined and stable 

under physiological conditions, with high drug loading capacity. These nanoarchitectures 

demonstrated excellent killing efficacy against different cancer cell lines in vitro. Apart from 

protecting CPT from the external deterioration during drug delivery, the nanostructures also 

control CPT release in a dose-dependent manner [77].

Self-assembly enables the production of molecular templates and supramolecular structures 

using nanoengineering techniques [78]. Macromolecules undergo self-assembly to form 

nanostructures such as nanofibers, nanotubes, vesicles, helical ribbons and fibrous scaffolds 
[79,80]. An amphiphilic molecule is composed of a nonpolar hydrophobic region(s) and a 

polar hydrophilic region(s). In aqueous solutions, the polar hydrophilic regions of 

amphiphilic molecules undergo self-assembly to form unique structures such as micelles, 

vesicles and tubules. In contrast, the nonpolar hydrophobic regions of the amphiphilic 
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molecules attract each other to avoid interactions with the surrounding water molecules 

(hydrophobic effect) [81]. An interesting example is the design of the octahedral cage protein 

O3–33, a 24 subunit, 13 nm diameter complex structure with octahedral symmetry. The 

architecture of self-assembled O3–33 was predicted by computational techniques. A high-

resolution crystal structure of protein O3–33 revealed the backbone root mean square 

derivation (RMSD) of all 24 subunits. Low-energy protein-protein self-assembly was driven 

by the designed interface between the building blocks (Figure 7) [82].

Self-assembled peptides and protein nanostructures appear to be suitable candidates for 

improving conventional anti-cancer treatments because of their unique features, including 

capability for precise targeting and selectivity, low toxicity, excellent scalability, and the ease 

of synthesis [83]. Nanostructures formed by self-assembled peptides and proteins may be 

used for holding drugs, other bioactive molecules, and imaging agents. They may also be 

functionalized to increase targeting efficacy (Figure 8) [84,85]. In the following sections, the 

applications of self-assembled peptides and proteins in anti-cancer therapy are highlighted.

Peptides and proteins in drug delivery: an overview on the affecting parameters

Many studies have been devoted to exploring the relationship between antitumor effects and 

the size of nanocarriers [86–91]. Logically, the selection of peptides and proteins (and 

nanostructures thereof) for cancer therapy could be made based on analysis of the pore size 

of leaky tumor vasculature [92]. Nevertheless, leaky vasculature is heterogeneous [4], and 

differences often occur with respect to various tumor models, tumor stage, and site in the 

body. Notably, pore sizes tend to decrease in tumors that grow in the cranium, e.g., glioma 
[93]. Therefore, peptide and protein size should be considered owing to the special structure 

and environment of tumor tissues. There is a general principle, as part of the enhanced 

permeation and retention (EPR) effect, on the size of nanocarriers that suggests that larger 

nanoparticles are more likely to be retained in tumor tissue, while smaller nanostructures 

exhibit improved ability to penetrate in tumor tissues [94–97].

For drug delivery purposes, chemical modifications of proteins and peptides are a highly 

promising approach for improvement of their enzymatic stability and/or membrane 

penetration, as well as reducing immunogenicity [98,99]. Advantageously, peptides and 

proteins include key chemical functional groups and moieties that enable facile 

modification. There are different potential pathways to exert these modifications. For 

example, mutations of peptides and proteins using site-directed mutagenesis can 

significantly alter the physiological properties and, subsequently, increase the efficacy of 

peptide and protein applications [100]. Another strategy is to increase the hydrophobicity of a 

peptide or protein via surface modification by lipophilic moieties. This can generate a great 

advantage specifically for transcellular passive or active absorption by membrane 

penetration or attachment, respectively. It could also simply increase the stability of the 

peptides or proteins for a wide range of physicochemical conditions [101,102].

Multifunctional materials may be integrated into a single nanoparticle type to produce 

targeted drug delivery nanocarriers [103–105]. The most important advantage of self-

assembled peptides and proteins in preserving the biologic functions of multifunctional 

nanostructures is their spontaneous assembly from disordered entities into ordered structures 
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[106]. The key characteristics of these multifunctional nanostructures include their 

mechanical properties, responsiveness, capacity for biomimicry, and lack of toxicity [107]. 

The basic requirements for using nanomaterials for drug delivery are high efficacy, 

biocompatibility, reproducibility, non-cytotoxicity, and biodegradability [108]. The 

mechanism of drug loading and release by nanocarriers typically involves: (1) the 

nanocarriers encapsulating the desired biomolecules with high loading capacity; (2) 

protecting the encapsulated biomolecules from degradation during the delivery journey; and 

(3) release of the biomolecules in a controlled and prolonged manner [109–111]. However, to 

improve drug delivery efficacy and decrease toxicity, self-assembling nanomaterials should 

also contain specific domains for targeting and/or sensing the environment at the ultimate 

targets [112].

Self-assembled nanovehicles for chemotherapy and gene delivery

This section deals with the application of self-assembled peptides and proteins to 

encapsulate biotherapeutic agents and their delivery to a targeted site. We first introduce 

non-responsive self-assembled cargos to deliver drug and gene in targeted fashion. 

Subsequently, we review stimuli-responsive platforms that respond to internal or external 

triggers.

Targeted nanoplatforms

Drug delivery: Many studies have been conducted in recent years to design platforms with 

targeted delivery capability [69,113–117]. Amphiphilic peptides produce promising 

nanoparticles that enhance the targeting efficacy of the loaded anti-cancer drug [69]. Peptide 

ligands are highly esteemed in anti-cancer chemotherapeutics because of their low 

immunogenicity, excellent biodegradability and ease of modification of the nanostructure 

sizes by changing the peptide composition to cater to different drug loading capacities [118].

Examples of targeting ligands for nanoarchitectures commonly used in chemotherapeutic 

delivery systems include cyclic arginyl glycyl aspartic acid (RGD) peptide, cell-surface 

hormone receptor (LHRH), granulocyte colony stimulating factor (G-CSF) and tumor 

vasculature antigen [85,119–121]. The amphiphilic peptide RGD possesses cell adhesion 

properties that enable it to mimic extracellular matrix (ECM) proteins [122]. RGD binds to 

upregulated αvβ3 and αvβ5 integrins (transmembrane glycoproteins) on the surface of 

vascular endothelial cells and tumor cells during tumor growth and metastasis. This provides 

rationale for utilizing RGD to activate endocytosis and help penetrate cells [123]. The RGD 

sequence is handy for the design of peptide amphiphiles for targeted anti-cancer drug 

delivery of cytotoxic therapeutics to the tumor region [124]. For example, a bioresponsive gel 

delivery system has been designed by the self-assembly of cisplatin (cis-dichlorodiamine 

platinum (II)) in a 4% aqueous solution of palmitic acid-GTAGLIGQRGDS at 37 °C [125]. 

The delivery system assembled into a nanofiber gel by forming complexes of platinum with 

the carboxylic acid groups of the adjacent nanofibers. The nanofiber gel displayed RGD 

ligands on its surface, which could be used to target the integrin receptors that are 

overexpressed on certain cancer cells. The anti-cancer agent could then be released directly 

into the tumor via cleavage by high local matrix metalloproteinase-2 concentrations which 

accelerated biodegradation of the gel [126]. In another example, the self-assembling dipeptide 
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LeuΔPhe (containing an α,β-dehydrophenylalanine residue) can spontaneously form a stable 

hydrogel suitable for the entrapment of anti-cancer drugs. The chemotherapeutic drug 

mitoxantrone (MT) was incorporated into the gel via hydrophobic interactions during 

formation. The hydrogel was administered intraperitoneally in tumor-bearing mice, releasing 

MT to reduce tumor growth. MT entrapped in the hydrogel showed higher efficacy and 

lower toxicity than MT alone, suggesting suitability of the hydrogel for in vivo applications 
[127].

A colloidal suspension can be produced using a mixture of two peptides, EAK16-II and 

EAK16-IV, in the presence of ellipticine, an anti-cancer agent [128–130]. Nanoparticles with 

protonated ellipticine were efficient in treating both human breast cancer cells (MCF-7) and 

alveolar basal epithelial adenocarcinoma cells (A549) [131]. Increasing the hydrophobicity of 

the EAK16-II peptide augmented the hydrophobic interactions between the drug and the 

peptide. This, in turn, enhanced the formulation’s stability in aqueous environments [129].

Biotherapeutic peptides may under certain conditions form clusters with metal ions or 

nanoparticles. For example, certain β-catenin/Bcl9 inhibitors, known as anti-cancer peptides, 

can copolymerize with Au ion and assemble into a nanocomposite (Figure 9); these 

nanodevices have size- and charge-switching capabilities in acidic microenvironments such 

as tumor. The small, positively-charged nanoparticles exhibited excellent cellular penetration 

and can realize drug release in acidic intracellular microenvironments (Figure 9A and B), 

thereby contributing to tumor growth inhibition (Figure 9C and D) [132].

A tumor-selective cascade activatable self-detained system (TCASS) was designed to 

accommodate a tumor-specific recognition motif. The peptide molecule 

(AVPIAQKDEVDKLVFFAEC(Cy)G) contained both self-assembly and recognition motifs. 

The recognition motif identified the inhibitor of apoptosis protein (XIAP) that undergoes 

upregulation during cancer progression. Downstream caspase-3/7 was activated during the 

recognition process, which initiated self-assembly of the peptide into fibrous nanostructures 

(Figure 10A). Mouse models were employed to monitor peptide accumulation and 

penetration into tumors, as well as its organ biodistribution. The accumulation of the peptide 

within tumors was significantly higher than other typical soft/hard nanoparticles such as 

liposomes and SiO2. The nanostructures exhibited increased accumulation in tumor regions 

through recognition-induced self-assembly effects (Figure 10B). Additionally, the platform 

showed comparable clearance pathways to that of small molecules, which are excreted from 

reticuloendothelial system organs (e.g., liver) and kidneys, whereas they are rather slowly 

removed from tumor tissues (Figure 10C). Adding an anti-cancer agent such as doxorubicin 

to TCASS can improve the anti-cancer treatment efficacy without concomitantly increasing 

toxicity. Ex vivo use of TCASS demonstrated high specificity and sensitivity in screening 

human bladder cancer (Figure 10E), showing potential clinical translatability [133].

A delivery peptide hydrogel (VKVKVKVKVDPLPTKVKVKVKV-NH2) for curcumin was 

produced via gelation in response to an increase in the ionic strength of the medium. 

Curcumin is a hydrophobic polyphenol drug derived from rhizome of Curcuma longa. It 

possesses anti-oxidant, anti-inflammatory and anti-tumorigenic properties. The lysine-

associated charges in the peptide were first neutralized. Neutralization induced self-
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assembly of the peptide, both laterally (via intermolecular H-bonds and van der Waals 

interactions) and facially (i.e., the hydrophobic face of the peptide). The self-assembly 

process of the peptide resulted in a β-sheet hairpin structure [134]. The peptide hydrogel was 

used for sustained release of curcumin for over two weeks. The shear-thinning properties of 

the peptide increased drug stability under physiological conditions while retaining the 

bioactivity of the loaded curcumin [135].

It is important to point out that tumor cells rely on various molecular pathways and 

mechanisms to drive their uncontrolled growth and migration. Hence, eradication of tumor 

cells is generally enhanced using a combination of anti-tumor drugs and genetic tools. Each 

of these strategies can disrupt a certain oncogene pathway. Further studies should be focused 

on using self-assembled peptides for co-delivery of anti-tumor drugs and genetic tools. Table 

1 summarizes the use of self-assembled peptides and protein nanostructures as drug delivery 

systems in anti-cancer therapy.

Gene delivery: In addition to drug delivery, peptide-based nanoscale delivery systems can 

be utilized for gene delivery. The need for gene delivery emanates from a variety of 

drawbacks associated with anti-tumor compounds including the resistance of cancer cells to 

chemotherapies [149]. It is thus important to also develop gene delivery nanoparticles for 

cancer therapy. To date, a number of genetic tools such as small interfering RNA (siRNA) 

and CRISPR/Cas9 have been developed for cancer therapy [150]. However, these tools have 

been limited to pre-clinical studies in cancer therapy, with more efficacy in vitro compared 

to in vivo due to different conditions in animal models. In this section, we provide a 

mechanistic discussion of the use of self-assembled peptide nanocarriers for gene delivery in 

cancer therapy.

In pre-clinical cancer therapy, gene delivery has shown higher efficacy in comparison to 

conventional anti-cancer drugs because of the presence of a certain type of cells in the tumor 

microenvironment, known as cancer-associated fibroblasts (CAFs) [151]. These fibroblasts 

are abundant in the tumor microenvironment and can enhance the migration of cancer cells 

to neighboring and distant sites via induction of angiogenesis [152–154]. There are, however, 

controversies regarding targeting CAFs in anti-cancer therapy. Recent work indicates that 

CAF depletion is correlated with enhanced cancer metastasis [155]. Accordingly, inactivation 

of CAFs is likely a better strategy versus depletion. Although anti-cancer drugs are capable 

of eliminating CAFs, siRNAs are capable of inactivating CAFs without their depletion, 

thereby minimizing the risk of metastasis. Oncogenes that are responsible for sending 

signals to CAFs and increasing cancer progression should be identified in the future to 

support the development of effective cancer therapies. The chemokine C-X-C Motif 

Chemokine Ligand 12 (CXCL12) is essential for oncogenic communication of tumor cells 

with their stroma, which results in increased metastasis [156]. A recently published study 

revealed the efficacy of a peptide assembly-based nanosystem for the delivery of siRNA-

CXCL12. To selectively target CAFs, the self-assembled nanosystem was equipped with 

fibroblast activation protein-α antibody. After penetrating into CAFs, siRNA-CXCL12 was 

released to downregulate the CXCL12 gene, resulting in CAF inactivation. Consequently, 

cytokines and other factors required for angiogenesis were not secreted by the CAFs, giving 

rise to decreased invasion and migration of the cancer cells [157]. This study demonstrated 
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how self-assembled peptides may be deployed for selective targeting of important cells in 

the tumor microenvironment for the delivery of certain siRNAs (Figure 11) [157].

SiRNA has emerged as a relatively new class of gene therapeutics for the treatment of 

various diseases including viral infections and cancer [158,159]. SiRNA has been one of the 

most important gene editing tools over the last couple decades; it degrades and ‘silences’ 

specific mRNA in a highly sequence-specific manner. It has been employed to down-

regulate various oncogenes in anti-cancer therapies [160]. Nevertheless, a number of 

impediments exist that challenge the efficacy of siRNA for in vivo gene editing. Although 

siRNA is capable of effectively knocking-down or knocking-out target genes in in vitro 
experiments, less success has been encountered when siRNA is applied for gene editing in 
vivo. This is because siRNAs circulating in the blood must evade elimination by kidney 

filtration, phagocytosis, precipitation by serum proteins, and perhaps most importantly 

enzymatic degradation before they can reach their targeted sites [161,162]. In addition, 

siRNAs are generally not easily taken up by cells, due to their anionic and hydrophilic 

features. These barriers necessitate the use of carriers to successfully deliver siRNAs for 

gene silencing in living subjects [163,164]. Self-assembled proteins/peptides have been used 

to deliver siRNAs for cancer treatment [165,166]. For example, siRNA was encapsulated by 

diphenylalaninamide-based nanoparticles to silence human epidermal growth factor 

receptor-2 (HER2), an oncogene that plays a role in the development of some breast cancers. 

Functionalized diphenylalaninamide-based nanoparticles (FFANPs) were prepared using 

layer-by-layer polyelectrolyte deposition. Because FFANPs degrade at low pH, coating them 

with poly-L-lysine via cation-dipole interactions promoted their stability, with 

diphenylalaninamide as a dipole with zero net charge. Coating diphenylalaninamide with 

poly-L-lysine resulted in a net positive surface charge crucial for the encapsulation of siRNA 

due to its anionic nature. After formation of the FFANP-poly-L-lysine/siRNA complex, 

another coating is required to protect the siRNA against degradation by nucleases. The self-

assembled peptide-based nanoparticles were capable of effectively delivering and releasing 

siRNA for silencing HER2 in breast cancer cells [165]. This study provided evidence that the 

anionic nature of siRNAs prevented them from penetrating into the cell membrane and 

escaping from endosomes, a problem that was solved using poly-L-lysine. Because siRNA 

can also affect other genes apart from the targeted gene, the use of self-assembled peptides 

can help to prevent off-target uptake and undesirable toxicity.

Stimuli-responsive devices—Non-specific distribution of drugs in cells and tissues, and 

consequent off-target issues of currently-applied genetic tools have driven many scientists to 

use nanoscale delivery systems in cancer therapy. Importantly, the potential of nanoparticles 

for drug and gene delivery in cancer can be improved by exploiting distinct features of 

cancer cells. A key difference between cancerous and normal cells includes the expression 

of certain surface receptors as well as secreted enzymes. Furthermore, the tumor 

microenvironment generally displays a mildly acidic pH that can be exploited for developing 

smart nanostructures. Due to the presence of such differences between diseased and normal 

tissues, stimuli-responsive nanoparticles have been designed based on two distinct types of 

stimuli: endogenous and external physical stimuli. Glutathione concentration, levels of 

enzymes such as matrix metalloproteinases, and pH can be utilized to intelligently design 
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stimuli-responsive devices. For instance, nanoparticles can be synthesized from polymers 

that degrade at the mild acidic pH of the tumor microenvironment, releasing drug or genes at 

the tumor site, but are stable at neutral pH such as that found within blood and normal 

tissues. The second type of stimuli-responsive devices involve those that respond to energy 

that is externally applied. For example, magnetically-guided delivery can be controlled using 

ultrasmall iron oxide-based nanoparticles; there also exist a growing variety of thermo-, 

light- and ultrasound-sensitive nanoarchitectures to treat disease [167,168].

Mesoporous silica nanoparticles (MSN) have been used as carriers for targeted drug delivery 

in anti-cancer therapy, with high responsiveness toward hyaluronidase. For the formation of 

a drug delivery system, biotin (or desthiobiotin) binds to the external surface of MSN, 

followed by decoration of the created nanoparticle by hyaluronic acid for drug release 

control on cancerous cells. Uptake by cancer cells was mediated via CD44 receptor-

mediated endocytosis (Figure 12A and B). The drug delivery system released doxorubicin 

rapidly in vitro in the presence of biotin and hyaluronidase at pH 6.5 in PBS (Figure 12C). 

The MSN-hyaluronic acid/doxorubicin nanoparticles displayed good biocompatibility in 
vitro and in vivo and inhibited tumor growth (Figure 12D). pH-responsive MSN were 

capable of delivering doxorubicin to improve the efficacy of chemotherapy at a mild acidic 

pH near the tumor microenvironment [169].

Previous studies have highlighted the importance and potential of pH-sensitive peptide 

nanocarriers in cancer therapy. Surface functionalization of peptide nanocarriers should 

further improve their selectivity toward cancer cells. Surface modification of nanoparticles 

with hyaluronic acid is important for selectively targeting CD44-overexpressing cancer cells. 

Self-assembly, however, does not occur, due to the hydrophilic nature of hyaluronic acid 
[170–172]. In light of this, studies were conducted to functionalize hyaluronic acid with 

hydrophobic segments to produce amphiphilic hyaluronic acid. Such strategies have led to 

the fabrication of hyaluronic acid-modified nanoparticles for the encapsulation of 

hydrophobic anti-tumor agents such as doxorubicin. Alternatively, hyaluronic acid-based 

nanoparticles could be prepared without using hydrophobic groups by electrostatic self-

assembly of hyaluronic acid and ε-polylysine, and subsequently, in-situ crosslinking by 

disulfide bonds. The release of chlorin e6 (Ce6) from nanovehicles was based on alterations 

in pH and glutathione; in particular, addition of glutathione to pH 7.4 promoted the release 

of Ce6 from these nanocarriers. Apart from their biocompatibility, the self-assembled 

nanoparticles demonstrated excellent cellular uptake, with marked improvement in the 

photodynamic therapeutic efficacy [173].

Smart nanoscale delivery systems based on various endogenous stimuli can be developed for 

cancer therapy. For example, a photosensitive drug delivery system was designed for 

photodynamic therapy using dipeptide or amphiphilic amino acid-tuned self-assembly of 

photosensitizers (Figure 13). Self-assembly was attributed to the presence of opposite 

charges on the two moieties (i.e. the photosensitizer bearing negative charge and the 

dipeptide bearing positive charge) (Figure 13A). These nanodrugs displayed valuable 

characteristics for therapeutic efficacy, such as changeable size, high loading capacity and 

drug release in response to pH, surfactant and enzyme stimuli (Figure 13B and C). These 

features significantly increased the effectiveness of the photosensitizers in vitro and in vivo. 
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Tumor eradication was achieved in mice using a single drug dose and a single light exposure 

(Figure 13D and E) [174].

The efficacy of co-delivered anti-tumor drugs by self-assembled peptides, mentioned in the 

previous section, has been investigated using stimuli-responsive self-assembled peptide 

nanocarriers. Small hydrophobic molecules were encapsulated with hydrophobic L-

tryptophan-D-leucine repeating units isolated from a truncated sequence of gramicidin A. To 

endow electrostatic affinity to the nucleotides, the latter were mixed with a hydrophilic 

moiety of histidine. An artificial amino acid bearing a disulfide functional group (H3SSgT) 

was used to link the hydrophilic and hydrophobic sequences, and to render the nanoparticles 

stimuli-responsive and functional. The small size of self-assembled peptide nanoparticles 

(100–200 nm) made them ideally suited for evading phagocytosis and kidney filtration [175]. 

In cancer therapy, the self-assembled peptide nanoparticles effectively encapsulated drugs 

and genes, as well as provided targeted delivery, significantly suppressing the proliferation 

and invasion of cancer cells [132].

It is clear that using stimuli-responsive devices could be a turning point in disease therapy, 

since far less than 50% of systemically-administered drug typically reaches the tumor site, 

resulting in poor bioavailability and restricting therapeutic impact. Moreover, genetic 

therapies can be degraded by enzymes while circulating in blood, and they can potentially 

affect the expression of other genes when delivered to off-target sites that may cause 

unexpected impacts. Consequently, smart and stimuli-responsive devices have been 

developed for gene and drug delivery in cancer therapy and self-assembled peptide 

nanocarriers may be ideal candidates for drug and gene delivery at the tumor site. Surface 

modification of self-assembled nanoparticles can promote their selectivity towards cancer 

cells, and they can be designed to be pH-sensitive to release cargo within tumors. Important 

barriers to clinical translation of these peptide-based nano-based delivery systems in cancer 

therapy include complexity of design and difficulties in scaling up production as well as 

biocompatibility issues.

Self-assembled peptides/proteins nanoplatforms for cancer immunotherapy

Cancer immunotherapy aims to stimulate the body’s immune responses to combat disease. 

Despite its successes, cancer immunotherapy has encountered many problems including 

immunotolerance induction, tumor escape, as well as tumor metastasis and recurrence 
[176,177]. While these issues have been addressed to some degree by developments in 

checkpoint blockade and adoptive cell therapy, the application of immunotherapy remains 

limited to certain types of cancer. The use of antibodies to block the interaction of 

programmed death-ligand 1 (PDL-1) in tumors containing programmed death-1 (PD-1) 

expressed on T cells is a thus-far successful application of cancer immunotherapy, directed 

to avoid T cell inhibition of proliferation and activity. However, some tumors do not express 

PDL-1 or can downregulate its expression under certain conditions. Tumors lacking PD-L1 

expression generally show poor clinical outcomes in response to PD-1/PD-L1 checkpoint 

inhibitors [178]. Mutations in key intermediate components of interferon signaling pathways 
[179] as well as immunosuppressive factors and cells in the tumor microenvironment or 

upregulation of alternative inhibitory proteins [180] can contribute to adaptive resistance to 
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immune checkpoint blockade. On the other hand, despite encouraging results in leukemia 

treatment, the treatment of solid tumors is still limited with respect to the application of 

chimeric antigen receptor (CAR)-T cell therapy: the loss of antigen expression due to 

selection pressures that favor tumor escape, off-target toxicity effects, and poor clinical trial 

outcomes [181–184] suggest that there remain many challenges to overcome for successful 

CAR-T cell therapies. [185].

Anti-cancer vaccines and platforms for antigen delivery to induce T cell priming and 

effector functions are promising approaches for cancer treatment [186–188]. Cancer 

prevention vaccines may be given to healthy animals (or humans, if the vaccine is clinically 

approved) to prevent development of certain types of cancers. In contrast, cancer treatment 

vaccines, also called therapeutic vaccines, are a form of immunotherapy. These vaccines 

work by boosting the body’s natural defenses to combat cancer by recognizing and 

destroying antigens expressed on cancer cells. Cancer cells contain molecules that are 

known as cancer-specific antigens, or sometimes neoantigens, on the surface that healthy 

cells do not display or are relatively under-expressed. When these molecules are given to an 

animal or human, the molecules act as antigens. They stimulate the immune system to 

recognize and destroy cancer cells expressing these molecules on their surface. Most cancer 

vaccines also contain adjuvants, which are substances that help to boost the immune 

response.

Tumors evade immunosurveillance by playing an active role in the downregulation of 

antigen presentation, by reducing expression of major histocompatibility complex I (MHC-I) 

and of costimulatory molecules and by enhancing expression of inhibitory receptors [189]. 

Moreover, central immunotolerance to tumor self-antigens represents a barrier for anti-tumor 

immunity. In addition, tumor-induced immunosuppression by regulatory T cells and 

myeloid-derived suppressor cells within the tumor microenvironment results in damped, 

inefficient immune responses. As a result, the immunogenicity of a vaccine compromised 
[190]. For these reasons, highly effective vaccine formulations are required. These vaccines 

should be capable of inducing a strong and sustained immune response and to overcome 

immunotolerance [191].

Self-assembling biomaterials represent a promising cancer immunotherapeutic approach. 

Apart from their use as drug delivery systems, they may be used as anti-cancer vaccines for 

active immunization. Self-assembly of proteins and peptides to form micrometric and 

nanometric blocks enable scientists to generate systems that can be drained to lymph nodes, 

to be captured by immune cells, and to initiate a cascade of signals that leads to the 

activation of immune responses [192]. Protein and peptide-based nanostructures can exert 

different effects as a function of their dimensions and of appropriate targeting of immune 

cells. Nanocarriers of size >100 nm employed in prophylactic and therapeutic 

immunotherapy are mostly taken up by local antigen presenting cells (APCs) at the site of 

injection or tend to accumulate in the highly-permeable tumor tissue. Smaller nanostructures 

(~40–50 nm) instead tend to enter the lymphatic vessels and reach the lymph nodes (LNs); 

they can be internalized by the LN-resident dendritic cells with higher efficiency, eliciting an 

effective and long-lasting immune response against cancer cells [193,194].
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Several characteristics of self-assembling peptide/protein nanostructures improve their 

superiority compared to other types of vaccines: they show higher stability than lipid-based 

delivery systems [195,196] and they are generally considered less toxic than synthetic 

nanoparticle carriers and polymer-based nanosystems due to their breakdown into purely 

biological constituents [197]. Their typical size range favors efficient uptake by dendritic 

cells, while systemically-administered peptide-based cancer vaccines often end up being 

internalized by non-professional antigen presenting cells, leading to sub-optimal antigen 

processing and presentation [198]. Moreover, prolonged retention time in tissue can limit the 

number of boosting doses needed, often with a consequent decrease in toxic effects observed 

with soluble immunotherapeutic molecule administration [199]. Finally, these nanostructures 

display unique advantages like self-adjuvanting properties, structural versatility, and the 

possibility of rapid production of large quantities through existing expression systems [200]. 

In recent years, self-assembly of peptides and proteins has received increasing attention due 

to the unique traits, e.g., physical, chemical, biological, and electronic properties, that self-

assembled peptides and proteins offer [201–204]. Peptides and proteins are often assembled 

into ordered structures such as nanofibers, nanowires, nanotubes, films, networks, and other 

nanostructured materials on surfaces of inorganic, organic, and biological compounds as 

substrates [203,205,206]. In the peptide and protein self-assembly process, various key 

physicochemical parameters including pH, temperature, ionic strength, solution, molecular 

sequence, and molecular concentration exert a great impact on the kinetics and morphology 

of nanostructure formation. Therefore, the kinetics and morphologies of the created 

nanomaterials can be controlled by intelligent adjustments of these parameters [207,208]; 

moreover, it also follows that these nanostructures are affected by physicochemical 

properties of surface and interface characteristics of substrates, e.g., hydrophobicity, 

hydrophilicity, and surface charge. It is thus of great importance to have a full understanding 

of the interactions between peptides/proteins and their substrates [59]. Table 2 summarizes 

self-assembling peptide- and protein-based structures recently employed for cancer 

immunotherapy and vaccinations.

6.1. Self-assembling proteins

6.1.1 Virus-like particles: One successful example of self-assembling proteins used for 

immunotherapeutic approaches is virus-like particles (VLPs). These structural viral proteins 

self-assemble to form particulate protein scaffolds and resemble viral particles in terms of 

structure (mainly icosahedral or rod-shaped), size and antigenic composition, but do not 

carry the viral genome. Hence, VLPs possess a high safety profile and are incapable of 

replicating within host cells [231].

VLPs may be produced in multiple cell culture systems ranging from bacteria to yeast, plant 

and mammalian cells. The choice of the expression system is dependent on cost, yield and 

the need for post-translational modifications [231]. Many VLPs are developed as an 

alternative to attenuated or inactivated pathogen-based vaccines. These VLPs have the 

authentic structure of proteinaceous viral capsids but lack the DNA or RNA genome, 

avoiding any of the risks associated with replication or inactivation by the original virus. 

Currently, vaccines licensed for human use and based on VLPs are against human 

papillomavirus (Cervarix®, Gardasil® and Gardasil9®) and against hepatitis B virus, 
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including the 3rd generation Sci-B-Vac™ [232]. The nanometer-scale dimensions, the 

symmetrical and highly organized structure formed by repeated monomers, and the 

presentation of antigens in the same conformational structure as native proteins are 

characteristics that maximize immunogenicity [233,234]. Because of these highly desirable 

traits, VLPs have been used extensively for vaccination. In addition, VLPs mimic the 

geometry, size, and shape of the natural pathogens and can be sensed by innate immune cells 

through recognition of the viral repetitive subunits, producing strong cellular and humoral 

immune responses [234,235].

Virus-like particles may also be used as platforms for foreign antigen delivery by 

constructing chimeric particles with surface-exposed heterologous peptides or proteins 
[236,237]. Using recombinant DNA technology, it is conceivable to engineer genes encoding 

viral structural proteins. Such techniques produce self-assembling proteins that can fuse with 

exogenous fragments encoding multiple copies of the designated antigen for inducing 

immune responses against that antigen. In addition, chemical modifications may be 

exercised to functionalize the structural proteins of the scaffold, enabling the conjugation of 

chemical compounds, cell ligands, carbohydrates, antibodies or imaging agents [232,237–239] 

(Figure 14).

A number of viruses have been used to generate heterologous VLPs, such as adeno-

associated virus-2 [240], human papillomavirus (HPV) [241], rabbit hemorrhagic disease virus 
[242], human hepatitis B virus (HBV) [243,244], and human hepatitis C virus [244]. To 

maximize safety and reduce production times and costs, plant-derived viruses have also been 

used, such as cowpea mosaic virus (CPMV) [245], alfalfa mosaic virus [246], tobacco mosaic 

virus and potato virus X (PVX) [247]. Bacterial viruses have also emerged as promising 

scaffolds under VLP development, including the bacteriophage Qbeta [248] and the fd 

filamentous bacteriophage [217].

One of the most widely used VLP platforms is based on the hepatitis B core antigen (HBc) 

of HBV. This scaffold was used to express heterologous sequences derived from different 

antigenic proteins, such as HPV E7 [209], HBV PreS1 envelope protein [249] or fibroblast 

growth factor (FGF)-2 [211]; successful results have been reported in preclinical studies. By 

using a tandem-core modification, it is possible to covalently assemble two copies of the 

HBc protein by inserting a flexible peptide linker. This modification enables the optimal 

folding of viral particles, maximizing the efficacy of assembly and permitting the insertions 

of larger exogenous proteins on the exposed surface [250]. Large proteins, containing 

important epitopes requiring three-dimensional structure, can be exposed efficiently by HBc 

VLPs. For instance, recombinant HBc was covalently fused to the full-length mature form of 

the cytokine interleukin-33 (IL-33), resulting in VLPs that expose IL-33 on the surface, and 

have been utilized in vivo to re-modulate the tumor microenvironment and to promote anti-

tumor immunity [210].

Compared to vaccines based on mammalian viruses, VLPs built on plant viruses offer 

advantages in terms of antigen stability, ease of manipulation, safety, enhanced speed of 

production and high yield [251]. The administration of PVX in conjunction with doxorubicin 

increased the survival rate of B16 melanoma-bearing mice compared with doxorubicin 
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alone. This was attributed to enhancement of the drug effects by cytokine/chemokine release 

induced by activation of the innate immune response by the carrier. Using a multiplex assay, 

the authors demonstrated that PVX administration induces release of proinflammatory 

cytokines such as interleukin-1® and Macrophage Colony-Stimulating Factor (M-CSF). 

This release is activated by Pathogen Associated Molecular Patterns (PAMPs) of the PVX 

and is enhanced by DOX co-administration [212]. Both CPMV and PVX have been used as 

platforms for HER2-based vaccines for prophylaxis and treatment of HER2+ malignancies, 

with the capability to rapidly activating antigen-presenting cells (APCs) [213]. Of the two 

platforms, CPMV demonstrated superior capability for uptake by APCs, which resulted in a 

stronger HER2-specific antibody response. The CPMV VLPs were used to immunize mice 

intranasally and reduced B16F10 lung metastatic melanoma in vivo by inducing systemic 

anti-tumor immunity [214].

Bacterial viruses offer distinctive advantages as antigen delivery systems for vaccine 

formulations due to their ease of manufacture, safety, inability to infect mammalian cells and 

low production costs [252]. Because bacteriophages generally resemble PAMPs, these 

bacterial viruses show intrinsic adjuvant activity, facilitating the activation of innate immune 

responses [252–254]. A filamentous bacteriophage fd scaffold containing > 2700 copies of the 

major coat protein pVIII was engineered for the delivery of short tumor-associated antigens 

(TAAs) in high copy number.

Mouse intratumoral vaccination with fd bacteriophages, delivering a tumor-associated 

epitope and conjugated to the natural killer T cell-immunostimulating lipid alpha-

galactosylceramide, potently boosted adaptive CD8+ T cell responses and delayed tumor 

progression [217].

Another bacterial virus, the bacteriophage Qbeta, was used as a carrier for tumor-associated 

carbohydrate antigens (TACAs). The Tn TACAs (αGalNAc-O-Thr and αGalNAc-O-Ser) 

were chemically conjugated on the Qbeta coat and exposed in around 370 copies per virion 

in an organized manner on the virion surface. Vaccination of mice with Qbeta-TACAs 

elicited robust antibody response toward the delivered TACAs [216]. Qbeta scaffold was also 

employed for the delivery of MART-1 TAA in combination with CpG ODN and imiquimod. 

The system induced both memory and effector CD8+ T-cell responses in a Phase IIa clinical 

study [215]. MS2 bacteriophages displaying HPV peptides triggered immune responses 

toward several HPV strains and demonstrated similar protection against human cervical 

cancer as commercially available Gardasil-9 [218]. Bacteriophage-based vaccine 

encapsulation into biodegradable nano/microsystems can further increase their stability and 

provide improved pharmacokinetics [255].

A further implementation of self-assembling protein-based vaccines consists of chemically 

attaching a designated antigen to a preformed protein nanocarrier via conjugation methods. 

Such an approach is particularly useful for the insertion of antigens that interfere with the 

self-assembly of the nanostructure [256].

6.1.2 Protein nanocages: Apart from virus-derived proteins, non-structural proteins 

derived from bacteria or from eukaryotic origin that possess self-assembling properties may 
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be used for preparing protein nanocages. The virus-like structure endowed the nanocages 

with symmetry, highly-organized architecture and a size range that is optimal for them to be 

trapped by immune cells [236]. The E2 protein of the multi-enzyme complex pyruvate 

dehydrogenase, derived from Geobacillus stearothermophilus, self-assembles into an 

icosahedral scaffold that is similar to a VLP. Antigenic determinants can be implemented on 

the scaffold surface to produce multivalent nanoparticles that resemble virons in size and 

complexity. This delivery system generated potent antibody response toward the displayed 

proteins and a Th2-oriented T cell response [257] Engineered E2 scaffolds designed for the 

simultaneous delivery of two different TAA antigens, in conjunction with a CpG stimulus, 

induced antigen-specific IFN-γ secretion and cytotoxic T cell responses in transgenic mice 

that expressed a human HLA-A2 gene [220].

The highly-conserved intracellular protein ferritin is capable of self-assembly into a 

nanostructure with octahedral symmetry. The nanostructure may be used for the display of 

heterologous proteins. Ferritin nanoparticles have been developed as delivery agents of 

tumor-specific antigen. The system was retained in vivo for a prolonged period [221], with 

the delivered antigen presented by dendritic cells (DC), especially the CD8α+ DC 

subpopulation [222]. Ferritin-based nanoscaffolds offer several advantages as a delivery 

vehicle, such as high biocompatibility, biodegradability, remarkable thermal stability, and 

ease of manipulation. However, some concerns must still be addressed, such as the possible 

immunogenicity of ferritin derived from non-human origins. Possible strategies to avoid this 

drawback include the substitution of immunogenic residues to generate partial or total 

“humanized” ferritin scaffolds, or the development of more efficient and targeted systems 

that can reduce administered doses [258]. For instance, Archaeoglobus fulgidus ferritin 

scaffold was recently modified to incorporate the human transferrin receptor 1 on its surface 

for selective targeting of human acute lymphoid leukemia cells [259].

Among self-assembling proteins, heat shock proteins (HSPs) remain of high interest due to 

their high binding affinity to certain peptides or proteins, and their capacity to stimulate anti-

tumor immune responses either as antigen delivery systems or as natural immunogens. HSPs 

are intracellular chaperone molecules that get upregulated under stress conditions. They 

form stable spherical complexes with proteins. The latter bind to the internal central cavity 

of the chaperone structure [260,261]. Heat shock proteins are overexpressed in several cancer 

types, including breast [262], lung [263], prostate [264] and gastrointestinal tumors [265]. 

HSP70 and HSP90 are the most successful and widely used HSPs used in immunotherapy. 

They have been complexed with tumor antigens extracted from tumors and used for 

immunization with promising results [266,267].

Increased DC uptake and activation of CD8+T cell responses were attributed to the intrinsic 

immunomodulatory properties of HSPs [268]. In fact, HSPs alone or in combination with 

immunogenic peptides have induced dendritic cell maturation, stimulated proinflammatory 

cytokine release, activated NK functions [269], and promoted antigen cross-presentation of 

exogenous antigens in the MHC-I pathway for the induction of optimal CD8+ T cell 

responses [270].
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Because HSPs have the capability to form complexes with proteins, they have been used as 

carriers of antigens or genetic materials. An example of recombinant HSP chaperone vaccine 

was prepared by complexing large Hsp110 and glucose-regulated protein 170 (Grp170) to 

tumor protein antigen Gp100 in a baculovirus system. This chaperone-based vaccine 

efficaciously induced anti-tumor immunity by enhancing DC cross-presentation and IFN-γ 
release by CD8+ T cells [271]. Recombinant small HSP nanocages fused to tumor peptides 

were successfully employed to inhibit tumor growth in tumor-bearing mice via activation of 

a Th1 oriented response, with high levels of secreted IFN-γ and IL-12 proinflammatory 

cytokines. [223].

One of the key characteristics of protein nanocages is their internal cavity, which governs the 

number and the size of the molecules that can be incorporated. Protein vaults are natural, 

self-assembling, multi-ribonucleoproteic structures with an octagonal barrel shape and a 

hollow cavity that makes them attractive as delivery system for a huge number of molecules 
[272]. With as-yet unidentified function, they are found in eukaryotic cells. Recombinant 

vaults can be produced (often using baculovirus-insect cells or yeast expression systems) 

and effectively exploited to package proteins and antigen for delivery. Several proteins have 

been genetically fused to the interaction domain of the major vault protein, enabling their 

spontaneous encapsulation into recombinant vaults [272]. Recombinant vaults have many 

desirable nanocarrier proprieties, such as nanometric size, safety, biodegradability, a large 

inner space (with volume of approximately ~5 × 104 nm3) for molecular packaging, and 

tunable release of the cargo. This latter property can be enhanced through amino acid 

substitution of the vault interaction domain by histidine. The modification leads to a longer 

retention of molecular cargoes within the vault hollow cavity, resulting in a prolonged cargo 

release [273]. The vault structure demonstrated innate immunostimulatory properties, with 

the ability to induce cellular instead of humoral responses [274] and to induce DC maturation 
[275]. Packaging of CCL21 chemokine into vaults had been used for chemokine-based 

immunotherapy in a mouse model of glioblastoma. When injected intratumorally, the 

CCL21-containing vaults induced recruitment of T cells and dendritic cells, as well as tumor 

regression [224].

VLPs and protein nano-cages can be internalized by cells of the immune system, such as 

DCs, and be cross-presented. This enables the delivered antigen to enter the class I pathway 

for priming CD8+ T lymphocytes. In addition, these nanoparticles can present antigens at 

high density and repetition, enabling B cell receptor signaling and B cell activation [276].

Inclusion of an appropriate adjuvant or a maturation stimulus in the internal space of these 

nanoparticles could lead to a successful anti-cancer response. Toll-like receptor (TLR) 

ligands have high safety profiles and possess the capability to activate antigen presenting 

cells [277]. The TLR7/8, TLR3 and TLR9 ligands (ssRNA, synthetic dsRNA sequence poly 

I:C, or unmethylated CpG ODN) have been incorporated into VLPs in association with 

target antigens; promising results were achieved in preclinical studies [215,278]. The 

recognition of TLR ligands by pattern recognition receptors (PRRs) initiates signal cascade 

pathways that lead to upregulation of CD80 and CD86 on the surface of the antigen 

presenting cells, suggesting activation. Further stimulation of the secretion of 

proinflammatory cytokines such as IL-6, IFN-γ and TNF-α strongly potentiates the immune 
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responses [234]. The incorporation of TLR ligands into VLP-based vaccines results in early 

TLR-mediated transcriptional signature activation in DCs, inducing Th1-polarized CD4+ 

and CD8+ T cell responses [279,280] (Figure 15).

VLPs and nanocages provide the opportunity to engineer vaccine formulations in both the 

inner and outer portions of a scaffold. For example, VLPs prepared from rabbit hemorrhagic 

disease virus (RHDV) delivering tumor antigen gp100(25–33) were functionalized to 

express an epitope-processing linker. The functionalized VLPs were subsequently 

mannosylated to enhance uptake by immune cells expressing mannose receptors. The 

mannosylated VLPs demonstrated anti-tumor response in a murine model and enhanced 

animal survival.[219] Engineering the surface of VLPs with antibodies (e.g., anti-CD11c, 

anti-CD40, anti-Fc receptors or anti-C-type lectin receptors) can enable specific cell 

subpopulations to be targeted for cross-presentation to DCs. Such a process further enhanced 

vaccine uptake and antigen presentation to T cells [281].

6.2. Self-assembling Peptides—Self-assembling peptides form nanometer-scale 

supramolecular structures that are suitable for vaccine design. Peptide self-assembly is a 

naturally occurring process in which peptides spontaneously form ordered aggregates. This 

process is affected by ionic strength, pH, temperature, and interaction with cargos. Peptides 

can self-assemble to form nanofibers, nanotubes, nanoribbons and nanovesicles that can be 

loaded with drugs. Alternatively, these nanostructures may be chemically or covalently 

bonded to short antigenic peptides derived from TAAs, in conjunction with adjuvant and 

cell-targeting ligands [282]. Small self-assembling peptides are biocompatible, safe, and offer 

enhanced stability compared to free peptides. The possibility of guiding the self-assembly 

process by acting on the biochemical environment to promote formation of structures of 

various size and morphology represents a further advantage of these nanocarriers [283,284]. 

The self-assembling property of peptides may be acquired by engineering a peptide 

sequence to contain β-sheet or α-helix conformations; examples include non-immunogenic 

fibrillating domain Q11 [(Ac-QQKFQFQFEQQ-Am) [74,225] KFE8 (FKFEFKFE) [226] or 

Coil29 (QARILEADAEILR-AYARILEAHAEILRAQ)]. [227] These short peptides can be 

appended with T cell or B cell epitopes to form self-assembled peptide nanofibers which 

induce humoral, CD4+ and CD8+ T cell response in vivo [225,227,285].

Besides the strategy of increasing peptide antigenicity via conjugation to a particulate 

nanocarrier, self-assembling structures can also be obtained wherein the building blocks 

themselves are formed by antigenic peptides. Peptide nanoclusters are subunit peptide 

vaccine formulations formed by cross-linked peptides. Antigenic peptides may be used to 

form the nanoclusters, with the advantage of maximizing antigen delivery. This is because 

the same antigenic determinants are C-terminus modified and cross-linked for the structure 

assembly. Peptides derived from oncofetal antigen forming nanoclusters of ~ 150 nm in 

diameter were experimentally used as a peptide subunit vaccine. Peptides were rapidly 

internalized by DCs and enhanced antigen presentation resulted with improved 

immunogenicity. The peptide nanocluster showed high in vivo retention at the injection site, 

suggesting lower clearance, augmented antigen persistence, and increased interactions with 

resident DCs with subsequent prolonged immune activation [228].
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Self-assembled nanogel vaccines offer the advantage of an antigen delivery system with a 

modulable size that is conjugable to any type of protein. Nanogels may serve as superb 

platforms for drug delivery thanks to their excellent biocompatibility and stability [286]. 

Poly(hydroxyethyl methacrylate) (pHEMA) was functionalized with a hydrophobic side 

chain of pyridine and further complexed with ovalbumin (OVA) to form a nanogel which 

was rapidly taken up by DCs and induced DC maturation. The activation of PRRs was 

attributed to the hydrophobic characteristic of the nanogel, enabling activation of OVA-

specific T cells [287].

Peptide hydrogels may be used for the encapsulation of antigens together with adjuvants, 

drugs, antibodies or cells. For example, autologous tumor cells and a programmed death-

ligand 1 (PDL1) blocking agent were incorporated into an Fmoc-KCRGDK (FK) peptide 

hydrogel, together with ICG thus producing a personalized cancer vaccine (PVAX). 

Activation of the PVAX by near-infrared irradiation enabled release of both antigen and 

immune checkpoint blockade. This promoted DC maturation and enabled tumor infiltration 

by cytotoxic T lymphocytes to prevent tumor relapse (Figure 16) [230]. Memory immune 

responses could be elicited toward a patient’s tumor cells, which can, in turn, prevent 

metastasis and tumor recurrence.

The RADA16 amphiphilic peptide, consisting of periodically alternating hydrophilic and 

hydrophobic amino acids, was employed for the self-assembly of a nanofibrous hydrogels. 

RADA16 peptide scaffold was used for simultaneous delivery of exogenous DCs, OVA 

antigen and anti-PD-L1 antibody, combining DC vaccination with immune checkpoint 

therapy (Figure 17) [229]. Upon injection, the peptide hydrogel formed a nodule that 

promoted DC maturation and CD8+ effector T cells infiltration in the tumor bed. The 

combination with anti-PD-L1 enhanced the T cell response via inhibition of the PD-1/PD-L1 

axis. This resulted in significant enhancement of vaccination effects in vivo, with 

suppression of tumor growth and survival improvement of the experimental animals [229].

Vaccination strategies focused on self-assembling peptides shed a new light on the use of 

peptide-based vaccination, usually defined poorly immunogenic. The development of 

vaccines based on short antigenic peptides is improved by the delivery of antigenic epitopes 

in high copy number on a particulate structure that needs to be processed by APCs, thus 

enhancing peptide immunogenicity and strengthening the immune responses [288]. Peptide 

assembly in supramolecular structures can deliver antigens in a controllable manner. 

Development of multivalent self-assembling structures grounded on newly identified 

antigens are likely to improve cancer immunotherapy [289,290].

Conclusions and outlook

Self-assembling peptides and proteins have immense potential to be leveraged in drug 

delivery. Some of these nanomaterials are capable of combining several functions into a 

single nano-formulation [103,291,292] to facilitate precision targeted drug delivery[293]. 

Efficient tumor therapy requires potent interaction of drugs/bioactive molecules at the 

cellular level, so that the released drug may disseminate to all areas within a tumor. The 

elimination of only the outer cells of a tumor will leave the overall tumor machinery intact. 

Partial peripheral treatment results in tumors that are resistant to the medication [288,294,295].
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Self-assembled peptides and proteins with tunable size are promising vehicles for 

encapsulation of therapeutic agents to preserve them against degradation in delivery transit. 

The surface of the nanoparticles can be adorned with functional proteins and other bioactive 

molecules for extracellular delivery with higher targeting efficacy [296]. Some self-assembled 

peptides and proteins have already been clinically applied in different targeted anti-cancer 

drug delivery systems. Examples include cyclic arginylglycylaspartic acid (RGD) peptides 
[120,121,297,298], mixtures of two peptides, EAK16-II and EAK16-IV [128,129] and M-ΔF 

peptide [299].

Immunity against carriers, which limits the effectiveness of vaccination, is a limiting factor 

in the development of VLP-based vaccines. This limitation may be circumvented by 

choosing viral vectors of non-human origin such as bacterial- or plant-derived viruses. The 

other limiting factor is the high manufacturing cost of VLP. Eukaryotic cells such as yeast, 

mammalian or insect cells often must be used for VLP manufacturing because of the need 

for post-translational modifications, a requirement that cheaper bacterial systems cannot 

fulfill.

Self-assembling peptide-based materials typically offer the advantage of biocompatibility 

and biodegradability. However, their in vivo application can be limited by the complex 

chemical modifications usually required which may adversely alter biocompatibility by 

inducing inflammation or other side effects. Peptide assembly can develop unwanted 

immune responses as a result of the change in size, valence and deposition of the 

nanomaterial. Undesirable immunogenicity may be attenuated by deleting residues 

recognized by T cells or by altering key amino acids in self-assembling domains [226].

A second issue pertains to stability of self-assembled platforms. Potential structural 

disassembly in physiological environments can reduce the efficacy of drug delivery. For self-

assembling nanomaterials to be clinically acceptable, it is necessary to further improve their 

safety and efficacy profiles. Moreover, efforts should be devoted to the development of 

controllable, reproducible and scalable production of self-assembling platforms. The 

efficacy of self-assembled vaccines is highly dependent on the selection of tumor antigens. 

Selection of highly immunogenic scaffolds, conjugation or co-administration of antigens 

with adjuvants or other immunostimulatory molecules is likely to lead to more efficacious 

therapeutics. The establishment of the factors that maximize immunogenicity, such as 

optimal antigen number, spacing and orientation, together with understanding the factors 

that facilitate the extravasation, targeting and penetration of vaccines into the tumor 

microenvironment, will contribute to success in clinical translation. It is thus highly likely 

that self-assembling materials will be used as prophylactic and therapeutic regimes against 

cancer in the near future [300].
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Highlights

• Self-assembled peptide and protein nanostructures deliver therapeutics to 

cancer cells

• Stimuli-responsive nanoarchitectures of peptide/protein respond to tumor 

microenvironment

• Self-assembled peptide and protein nanomaterials are employed for cancer 

therapy

• Virus-like nanoparticles are used for immunotherapeutic approaches
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Figure 1. 
Schematic representation of the penetration of a peptide into the internal milieu of a cell. (A) 

The peptide binds to the receptor located on the receptors’ extracellular domain. (B) 

Receptor activation. (C) Penetration of a peptide through the cell membrane.
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Figure 2. 
A schematic depiction of primary, secondary, tertiary and quaternary protein structures.
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Figure 3. 
Strategies for thermodynamically favorable protein self-assembly. (A) Scanning electron 

microscopy (SEM) images and schematic depiction of structural transitions and free energy 

changes during the phase transition observed in the N-tert-butoxycarbonyl- diphenylalanine 

(Boc-FF) system. Scale bars represent 1, 1, and 10 μm. Reprinted with permission from [62]. 

(B) Schematic depiction of a phase transition induced by trace amounts of solvent. 

Hydrogen-bond-forming solvents, such as ethanol, Dichloromethane (DCM, CH2Cl2), and 
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acetone can induce diphenylalanine (FF) to form fiber structures. Reprinted with permission 

from [63].
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Figure 4. 
Examples of self-assembled structures derived from peptide amphiphiles. Amphiphilic 

peptides assemble into secondary structures via intramolecular and intermolecular 

interactions to form larger self-assembled structures. The scheme of sheet, tube, and micelle 

reprinted with modification from [65].
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Figure 5. 
Schematic illustration and data on the preparation of self-assembled protein nanoparticles. 

(A) Fabrication of protein-peptide nanoparticles (bovine carbonic anhydrase (BCA)-P114 

(BCA-P114) by changing pH from 8.0 to 5.6 or adding metal ions (MgCl2). (B) 

Transmission electron microscopy (TEM) of the prepared peptide nanoparticles in 5 mM 

MgCl2 at pH 8.0. Scale bar represents 200 nm. (C) Effect of metal ion (MgCl2) 

concentration on the size of peptide nanoscale particles. Parts B and C reprinted with 

permission from [66].
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Figure 6. 
Drug encapsulation in self-assembled peptides. (A) Schematic illustrating the effect of self-

assembly on the susceptibility of drug amphiphiles to degradation, in their capacity as 

reservoirs for long-term drug release. The species shown in red are hydrophobic drugs, blue 

are β-sheet peptides, and green are linkers. (B) Low magnification transmission electron 

microscopy (TEM) image of the nanostructure. (C) High magnification TEM confirms the 

tubular morphology of the nanostructures. Reprinted with modification from [77].
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Figure 7. 
Structure of the octahedral cage protein O3–33. (A) A representative negative-stained TEM 

micrograph of O3–33. Particles shown in the white boxes (enlarged at right) correspond to 

nanoparticles along their four-fold, two-fold and three-fold rotational axes, as depicted 

schematically in (B). (B) The O3–33 design model, represented in ribbon format. Each 

trimeric building block is shown in a different color. (C) The density map from a 20 Å 

resolution cryo-EM reconstruction of O3–33 clearly recapitulates the architecture of the 

design model. (D) The crystal structure of O3–33 (R32 crystal form). Reprinted with 

permission from [82].
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Figure 8. 
Schematic of surface-functionalized, self-assembled peptide and protein particles carrying 

therapeutic agents for targeting tumor and tumor-associated cells.
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Figure 9. 
Anti-cancer effects of peptide cluster nanoparticles. (A) Depiction of the function of a 

peptide cluster (pCluster). (B) Schematic illustrating the changes in size and charge of a 

pCluster. (C) Changes in tumor volume over time after administration of the pCluster. (D) 

Photographs of tumors collected from mice 12 days after administration of the pCluster. 

Reprinted with permission from [132].
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Figure 10. 
Schematic presentation of a tumor-selective cascade activatable self-detained system 

(TCASS). (A) The underlying pathways involved in molecular recognition, molecular 

cleavage, and in-situ self-assembly of molecules. (B) Representative near-infrared (NIR) 

fluorescence images of molecules 1, 2 and 3 on H460 tumor-bearing nude mice. The sign to 

show the use of recognition or self-assembly nanoparticles is presented by “+” and without 

them is by “−”. (C) Molecular uptake of molecules 1, 2 and 3 by the tumor and major organs 

in H460 tumor-bearing nude mice. (D) Schematic illustrating the procedure of intravesicular 
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instillation of the TCASS using intact human bladder. (E) NIR fluorescence imaging of 

human bladder tumor tissues of a patient. TCASS: tumor-selective cascade activatable self-

detained system. Molecules 1, 2 and 3 are three different synthesized peptides including 

peptide molecule 1 (AVPIAQKDEVDKLVFFAEC(Cy)G) contained both recognition and 

self-assembly motifs; peptide molecule 2 (MDEKAQKDEVDKLVFFAEC(Cy)G) contained 

the self-assembly motif alone; peptide molecule 3 (AVPIAQKDEVDEC(Cy)G) contained 

the recognition motif alone. Reprinted with permission from [133].
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Figure 11. 
Anti-tumor activity of self-assembled peptide nanoparticles. (A) Preparing the PNP/

siRNA/mAb nanoplatform via self-assembly. (B) Suggested pathway of PNP/siCXCL12/

mAb-induced metastasis suppression and CPP-mediated transfection of CXCL12 siRNA in 

CAFs. (C) Tumor progression curves determined by quantification analysis of the in vivo 
bioluminescence signal. (D) Images of prostate tumors with testicles. Yellow dashed lines 

represent the locations of the primary tumor. (E) Weight of isolated tumors (without prostate 

and testicles) in each group. CAF: cancer-associated fibroblasts; CPP: cell-penetrating 
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peptide; CXCL12: C-X-C Motif Chemokine Ligand 12; mAb: monoclonal antibody; PNP: 

peptide nanoparticle; SiRNA: small interfering RNA. Reprinted with permission from [157].
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Figure 12. 
Self-assembly of biotin on silica nanoparticles for tumor therapy. (A) Preparation of MSN-

HA/Dox delivery system. MSN: mesoporous silica; HA: hyaluronic acid; Dox: doxorubicin. 

(B) Schematic of CD44 receptor-mediated endocytosis and trigger of drug release in tumor 

cells. (C) Drug release at pH 6.5 in PBS was performed to simulate the condition of the 

tumor microenvironment. Under different stimuli, biotin (2 mmol/L), hyaluronidase (HAase; 

150 U/mL) or both were added to the MSN-HA/Dox solution. MSN-Dox was employed as 

the control. (D) Representative photos of tumor tissues obtained from tumor-bearing mice 

treated for 18 days with saline (control), MSN-HA, free Dox or MSN-HA/Dox. Reprinted 

with permission from [169].

Delfi et al. Page 50

Nano Today. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 13. 
Self-assembly of photosensitizers bearing negative charge and a dipeptide bearing positive 

charge. (A) Fabrication of photosensitive nanoparticles by amphiphilic dipeptide- or amino-

acid-tuned self-assembly. (B) Cell internalization of the assembled nanoparticles in vitro. 

Fmoc-l-Lys/Ce6 nanoparticles (FCNPs) were incubated with MCF7 cells for 24 h at 37 ˚C. 

Nuclei were stained blue by Hoechst 33342. The cell membrane was stained green by Alexa 

488. Red staining is indicative of FCNPs. (C) Cytotoxicity of FCNPs and free Ce6 at 

different Ce6 concentration after co-culturing for 24 h, with or without irradiation. (D) 
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Whole body fluorescence images of MCF7-tumor-bearing nude mice intravenously injected 

via the tail vein with FCNPs and free Ce6 (equivalent Ce6 4.0 mgkg−1 body) at different 

times. Black circles indicate tumor sites. (E) Measured tumor growth for 20 days. Ce6: 

Chlorin e6, Fmoc-l-Lys: Fluorenylmethoxycarbonyl-l-lysine. PS: photosensitizers. Reprinted 

with permission from [174].
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Figure 14. 
Schematic representation of multifunctional self-assembling virus-like particles (VLPs). 

Particulate structure of nanometric size (20–200 nm) to be efficiently taken up by APC; 

well-defined geometry and highly organized structure composed of repeated subunits; high 

safety profile due to lack of viral genetic material; delivery of foreign proteins, chemical 

compounds or peptides on the viral surface; entrapment of drugs or pattern recognition 

receptors (PRR) ligands (i.e. unmethylated CpG sequences) to activate both innate and 

adaptive immunity; possibility of specific cell targeting and enhanced internalization by co-

delivery of molecules to target cell surface receptors (i.e. antibodies, cell ligands or 

carbohydrates).
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Figure 15. 
Schematic of virus-like particle (VLP)-based vaccine’s cellular immune response against 

cancer. VLPs can cross blood vessels and be captured by antigen presenting cells such as 

dendritic cells (DCs) via micropinocytosis. Alternatively, VLPs can target DCs and be taken 

up via receptor-mediated endocytosis. Following uptake, VLPs are degraded and release the 

antigen and adjuvant. The adjuvant can be recognized by pattern recognition receptors such 

as toll-like receptors (TLRs). TLRs stimulate the maturation of DCs, upregulate co-

stimulatory molecules (CD40, CD80/86) and secrete cytokines. The delivered cancer 

antigens are processed and presented as major histocompatibility complexes (MHCs) to T 

cells. The presented antigens enable activation of CD4+ T helper and CD8+ T lymphocytes. 

Upon activation and recognition of tumor cells, cytotoxic T lymphocytes induce cancer cell 
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death via different pathways, including perforin/granzyme B, Fas-Fas ligand interaction, or 

the release of pro-inflammatory cytokines.
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Figure 16. 
Schematic of the fabrication of a personalized cancer vaccine (PVAX) for cancer 

immunotherapy. (A) Autologous tumor cells, a PD-L1 molecular inhibitor (JQ1) and 

indocyanine green (ICG) were incorporated into a peptide hydrogel. (B) Simplified 

mechanism of PVAX-mediated cancer immunotherapy to prevent post-operative tumor 

recurrence and metastasis. Upon near-infrared laser irradiation, the ICG causes temperature 

elevation and releases the tumor-specific antigens and JQ1. (C) Therapeutic schedule for 

PVAX-mediated inhibition of post-surgical tumor metastasis, simulated by injection of 
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circulating tumor cells (CTC). (D) Representative photographs of lung tissue. White arrows 

indicate pulmonary metastasis. Reprinted with permission from [230].
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Figure 17. 
Self-assembly of RADA 16 peptide and its anti-cancer effect. (A) Assembly and mechanism 

of action of a DC-based vaccine module engineered in a peptide nanofibrous hydrogel. 

Tumor antigen was incorporated into a self-assembled peptide nanofibrous hydrogel, 

together with DCs and anti-PD-1 antibody. The vaccine module was subcutaneously injected 

into mice. The released antigen recruited and activated host DCs, while immune checkpoint 

blockade by anti-PD-1 antibody contributed to tumor immunosuppression. (B) 

Representative tumors observed at day 14 after different treatments. (C) Schematic of the 
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protocol employed for tumor cell inoculation and vaccine injection. (D) Tumor volume 

changes within 28 days after different treatments. Digital images (E) and mass weight (F) of 

excised tumors determined with different treatments at day 28. Reprinted with permission 

from [229]. Copyright © 2018, American Chemical Society

Delfi et al. Page 59

Nano Today. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Delfi et al. Page 60

Table 1

Self-assembled peptide and protein nanostructures as drug delivery systems in anti-cancer therapy.

Materials composition Architecture Size 
(nm) Cargo Remarks Reference

Protein-functionalized silica Spherical 
nanoparticles

20 Doxorubicin Breast tumor size decreased 3 times 
compared with free doxorubicin. 
Targeting protein on the surface of 
nanosilica enhanced tumor internalization.

[136]

C12-PPPPRRRR-NH2 peptide Nanofibers - Doxorubicin and 
paclitaxel

Increased liposomal uptake because of 
arginine-rich peptide. Enhanced efficacy 
of the drugs combined with 
peptidefunctionalized liposomes.

[137]

mPEG-b-P(Glu-co-Phe) 
poly(ethylene glycol)-b-poly(L-
glutamic acid-co-L-
phenylalanine)

Micelle-type 
nanoparticles

140 Doxorubicin Superior drug-loading capacity and pH-
triggered drug release. Excellent 
antitumor activity with negligible side 
effects compared to free doxorubicin.

[138]

VVVVVVKK peptide Spherical 100 Doxorubicin and 
paclitaxel

Potent toxicity against breast cancer cells 
when compared to free doxorubicin with 
negligible side effects.

[139]

RADA16 peptide Nanofibers 22 Paclitaxel High efficiency in inhibiting the growth of 
breast cancer cell line MDA-MB-435S in 
vitro. Strong control of drug release.

[140]

E3PA (AAAAGGGEEE) peptide Nanofibers 12–13 Camptothecin Anti-tumor activity against human breast 
cancer cells in vitro.

[141]

cRGDfK peptide conjugated 
with dextran

Micellar-type 
nanoparticles

230 Paclitaxel High drug loading efficacy. The conjugate 
enabled formation of a nanodrug with 
surface targeting property.

[142]

P4 (LDLKLELKLDLKLELK) 
peptide

Nanofibers 5 Ellipticine Stabilized ellipticine, a hydrophobic anti-
cancer agent, in aqueous solution. 
Reduced the viability of two cancer cell 
lines, SMMC7721 and EC9706.

[143]

GTAGLIGQRGDS peptide Nanofibers 8–10 Cisplatin Bioresponsive drug release capability for 
targeted anticancer drug delivery.

[144]

H3SSgT peptide Micelles ~140 Anthraquinone High cellular uptake, providing enhanced 
permeability and retention, targeted 
delivery and cytotoxicity against cancer 
cells.

[145]

RGDSEEEEEEEEEEK peptide Micelles 255 Doxorubicin pH-responsive. Reduced cancer cell 
proliferation of cancer cells.

[146]

Cyclodextrin B Hydrogel 100 Arylazopyrazole Photodynamic therapy. Reduced viability 
of cancer cells.

[147]

NapFFKY peptide Micelles 192 Doxorubicin Glutathione responsive, tumor growth 
inhibition and synergistic chemotherapy.

[148]
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Table 2.

Self-assembling proteins and peptides for antigen and/or drug delivery and used for cancer vaccine 

formulations.

Protein/peptide 
system

Antigen Adjuvant/drug combination Cancer Type of study Reference

HBcAg HPV E7 - cervical cancer mouse [209]

HBcAg IL-33 - 4T1 breast cancer mouse [210]

HBcAg FGF-2 - TC-1 lung cancer mouse [211]

PVX - doxorubicin B16 melanoma mouse [212]

PVX HER2 - Her2+ cancer mouse [213]

CPMV - - B16 melanoma, 4T1 breast 
cancer, CT26 colon cancer

mouse [214]

Qbeta Melan-A/MART-1 CpG, IFA, imiquimod melanoma human [215]

Qbeta TACAs CFA/IFA; MPLA, 
cyclophosphamide

TA3H adenocarcinoma mouse [216]

Fd phage OVA galactosylcera amide B16-OVA melanoma mouse [217]

MS2 phage HPV-L2 alum cervical cancer mouse [218]

RHDV Gp100 mannosylation B16.gp33 melanoma mouse [219]

E2 NY-ESO, MAGE-A3 CpG A375 melanoma MCF-7 breast 
cancer

mouse [220]

Ferritin RFP - B16-RFP melanoma mouse [221]

Ferritin HPV16 E7; MC38 anti -PD1 antibody TC1-E7 lung, MC38 colon 
adenocarcinoma

mouse [222]

HSP65 STEAP1 - RM-1 prostate cancer mouse [223]

Vault - CCL21 chemokine GL261 glioblastoma mouse [224]

Q11 MUC-1 - MCF-7 breast cancer human, mouse [74]

Q11 OVA - - mouse [225]

KFE8 OVA - - mouse [226]

Coil29 EGFRvIII, PADRE, 
OVA

CFA/IFA glioblastoma mouse [227]

Coil29 MUC1 - breast cancer human [227]

PNC OFA - - mouse [228]

RADA16 OVA DC/anti PD-L1 EG7-OVA (lymphoma) mouse [229]

FK Autologous tumor 
cells PD-L1 inhibitor JQ1 4T1 breast cancer mouse [230]

Abbreviations: HBcAg, hepatitis B core antigen; FGF-2, fibroblast growth factor; Qbeta, bacteriophage Qbeta; CFA/IFA, Freund’s complete/
incomplete adjuvant; TACAs, tumor-associated carbohydrates; OVA, ovalbumin; RFP, red fluorescent protein; STEAP1, six transmembrane 
epithelial antigen of the prostate 1; PNC, peptide nanoclusters; OFA, oncofetal antigen; DC, dendritic cells; FK, Fmoc-KCRGDK
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