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Abstract 

Nanoparticle-based therapeutics have been applied in a broad range of clinical and pre-clinical 

applications from diagnosis to treatment for cancer. A wide range of synthetic and naturally 

occurring materials such as polymers, metal oxides, silicate, liposomes, and carbon nanotubes have 

been developed to overcome key barriers in small molecule therapeutics including intracellular 

trafficking, cell/tissue targeting, poor biodistribution, and low efficiency. Virus like particles 

(VLPs)—engineered and non-infectious self-assembling systems based on viral nanostructures—

are new approach toward overcoming these limitations, as they are a protein-based nanomaterial 

that closely mimics the highly symmetrical and polyvalent conformation of viruses while lacking 

the viral genomes. Their innate biocompatibility, biodegradability, monodispersity, mild 

immunogenicity, and safety combined with the capacity to chemically modify the interior and 

exterior surfaces of these systems offer scientists a highly customizable tool to design and engineer 

multi-component therapeutic agents. In this review, we discuss how these systems have been used 

in a wide array of cancer treatments including phototherapy, immunotherapy, gene therapy, and 

chemotherapy. 
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1. Introduction 

Over the last few decades, nanotechnology has been used increasingly in biomedicine, 

including applications for disease diagnosis and treatment [1, 2]. Tremendous effort has been 

devoted to designing a variety of organic and inorganic nanomaterials such as polymeric micelles 

[3], liposomes, dendrimers [4], carbon nanotubes [5], metal-organic frameworks [6, 7], and metal 



 
 

nanoparticles [8] to achieve safe and protected cargo for targeted delivery [9-11]. The appeal of 

these artificially engineered materials is based particularly on their versatile synthetic strategies, 

which give them physical and chemical properties such as shape, size, charge, surface patterning, 

biocompatibility, and the ability to selectively interact with distinct cells and tissues [12, 13]. These 

properties allow them to resolve the main obstacles encountered with existing pharmaceutical 

treatments — poor bioavailability, rapid clearance, and uncontrollable release of drugs [14, 15]. 

However, despite advances, constructing simplistic and optimized synthetic nanostructures with 

low toxicity, multivalency, water solubility, functionalizability, and therapeutic loading 

capabilities, it challenging and complex process that limits the therapeutic application of these 

materials [13, 16, 17]. In the past three decades, biomolecule-based nanostructures — such as 

supramolecular self-assembled proteins, peptides, lipids, cellulose, and others — have paved a 

new way toward the design of sophisticated multimodal nanomaterials [17-19]. Supramolecular 

chemistry benefits from the nature of non-covalent interactions to integrate molecules such as 

proteins, small molecules, polysaccharides, and polymers in a dynamic and reversible state, which 

gives rise to multifunctional platforms with high sensitivity to bioenvironmental changes such as 

pH, ionic strength, temperature, and oxidation [20-24]. This bottom-up approach elaborates upon  

structural and functional diversity, which offers suitable shapes, inner structure, organized 

architectures, and high biocompatibility and bioavailability. However, one key problem that these 

systems face is low biostability under physiological conditions, arising from the non-covalent 

linkage that hold the building blocks [25, 26]. Therefore, there is an effort to identify systems that 

not only overcome design barriers associated with synthetic materials, but also provide the desired 

features of self-assembled nanostructures with integrated stability. Virus-like particles (VLPs) 

have attracted significant attention as self-assembled supramolecular systems that imitate the 

highly symmetrical, polyvalent, and monodisperse conformation of real viruses while lacking a 

viral genome (DNA or RNA), which render them noninfectious [27-29]. These proteinaceous 

materials offer advantages over the above-mentioned synthetic nanostructures by being 

biodegradable and biocompatible, as viruses are nature’s tool to carry and deliver delicate genetic 

materials under adversarial physiological conditions [30, 31]. Many VLPs follow suit by being 

exceptionally stable and robust against harsh conditions such as high pH and temperature [10].  

 

 



 
 

 
Figure 1. The structure function relationship of VLPs and their associated cellular uptake is 

innately related to their shape (noted by the arrows) while the chemical modification and loading 

capacities allow access to further targeted delivery of drugs, therapeutics, and biomaterials to 

specific cell types, such as cancer cells and immune cells, and regions, such as tumor 

microenvironments and passage to the blood brain barrier. 

 

The synthesis and growth of VLPs has been reported in mammalian and insect cells [32, 33], 

bacteria, yeast [34], and transgenic plants [35]. With many regenerable sources like plants and 

bacteria, the harvesting of VLPs has ultimately led to the notion of VLP “farming” and large-scale 

production. The synthesis techniques for VLP generation have become quite sophisticated. 

Medicago, a Canada-based biotechnology company, has multiple plant-produced VLP-based 



 
 

vaccines under clinical investigation that are produced at a large scale [36]. The different sources 

of virus production result in the isolation of VLPs with different sizes (20–300 nm) and shapes 

(icosahedral, sphere, and rod) [37]. The variety of shapes and sizes afforded from VLPs allow 

different cellular interactions, uptake, and immune system activation in various biological 

environments e.g., tumor microenvironments, which provide various therapeutic applications such 

as imaging, immune cell targeting, and cargo delivery (Figure 1). For example, small-sized VLPs 

that range from 20–200 nm, are taken up by antigen presenting cells (APC) such as dendritic cells 

(DCs) and round VLP particles such as CCMV can reach secondary lymphoid organs better than 

rod like structures, resulting in a 100-fold increase in immune response in some cases [38]. 

However, even larger and rod-shaped viruses like the tobacco mosaic virus (TMV), have shown 

an order of magnitude increase in circulation time in the blood stream when coated with serum 

albumin, improving its therapeutic effect [39]. In all cases, the surface of these VLPs have a 

repetitive structure with solvent-exposed amino acids that allow for both genetic and chemical 

modification leading to a high density of functional groups. This unique and intrinsic feature of 

VLPs provides a large toolbox for chemists to construct bioconjugation schemes for adaptive 

functionality [40]. Many VLPs, including icosahedral Qβ and MS2, allow access to their interior 

cavity through their pores or disassembly/self-assembly processes can be utilized to create a 

reaction environment, load cargo, and/or provide a protective shield. For example, the plant-based 

viruses cowpea chlorotic mottle virus (CCMV), cucumber mosaic virus (CMV), and cowpea 

mosaic virus (CPMV) provide repeating functional handles for modification along both their 

interior and exterior surfaces for drug loading. The discrete “inner and outer” surfaces of VLPs 

provide a unique platform for concealing drug payloads within a VLP while modifying the outer 

surface for targeting. Therefore, VLPs offer a unique opportunity to combine benefits of the 

multiple surfaces and supramolecular self-assembly of liposomes with the polyvalency and 

robustness of polymers, while also coming in a variety of shapes and sizes that provide a unique 

versatility over most other materials [41]. They are so diverse that their innate substructures have 

therapeutic applications for a multitude of cancer treatment such as chemotherapy, phototherapy 

[42], immunotherapy [43] and combinations with imaging.  All these unique abilities of VLP 

nanoparticles to self-assemble, and for multifaceted functionalization, biocompatibility, 

immunogenicity, and high stability, create an ideal material for designing many therapeutic agents 

[27, 37, 40]. 



 
 

In this review, we will discuss strategies involved in the surface modification, selective 

encapsulation of therapeutics, and exploitation of the versatility of VLPs to generate an effective 

cancer therapeutic platform in photothermal, immune, gene, and chemotherapies [44, 45]. 

 

2. Surface Modification 

 

The intricate and repetitive design of virus-like particles allows for fabrication of highly tunable 

nanostructures for many therapeutic applications such as imaging, cancer therapy and drug 

delivery [46-48]. The high-density presentation of tumor antigens/epitopes [49], anti-cancer drugs 

[50], and targeting ligands [51] in a precise manner is possible by decorating the surface of VLPs 

using bioconjugation reactions. The surface of VLP capsids is typically populated with lysines 

[52], cysteines [53], and glutamic acids that allow for chemical attachment via bioconjugation for 

surface decoration with proteins, epitopes, antigens, and small molecules. Further, certain amino 

acids like methionine [54] can often be substituted for more nucleophilic or functionalizable amino 

acids by modifying the DNA used for capsid expression [55]. Active research in the field since the 

1990s has helped develop an ever-expanding library of available chemical reactions that allow 

researchers to incorporate a larger repertoire of protein-VLP combinations to suit various cancer 

therapeutic needs. 

 

Exploiting the already-present amino acids on the surface of a VLP is a very direct and effective 

approach for conjugation of various ligands, peptides, and small molecules for functionalization 

through several bioconjugation strategies (Figure 2). The VLPs CPMV, Qβ, and MS2 have surface 

lysine groups that serve as reaction centers that can react through N-hydroxysuccinimide (NHS) 

ester chemistry for amide bond formation. This strategy is highly used for targeting many types of 

cancer cells known to overexpress folate receptors such as colorectal, ovarian, breast, and lung 

cancer. The decoration of drug carrying VLPs with a dense folic acid exterior promote targeting 

and efficiency of particle delivery, useful for delivering drugs like doxorubicin and cisplatin [56]. 

Destito et al. attached [57] a high density of folic acids (FA) — about 100 folic acid moieties — 

on the surface of CPMV through the reaction of FA-NHS with solvent-exposed lysine groups to 

target cancer cells. Another example that further show cancer therapeutic applications of VLPs 

after lysine modification is reported by Aljabali et al.; in this work, the anticancer drug doxorubicin 

covalently attached [58] to the exterior of CPMV by EDC/NHS chemistry yields significant 

cytotoxicity to HeLa cells in vitro compared to free drug, owing to the concentrated presentation 

of drug into cancer cells. Cysteine groups on the VLP surface also offer a great platform for  



 
 

 
Figure 2: Common strategies employed for surface modification of VLPs associated with various 

natural and non-natural amino acid residues. The schematic represents an icosahedral VLP.  

 

modification of various kinds, out of which the maleimide-thiol conjugations have been a popular 

approach and are hence extensively reported in literature.[59] However, free cystines are not 

common and instead are typically found as disulfide bonds, which are important for the structural 

stability of most proteins and VLPs [60, 61]. The more recent development of disulfide-bridging 

maleimides — first described [62] by Jones et. al. — has allowed for disulfides to be used as 

bioconjugation handles without losing the covalent character. For example, Chen et al. 

Synthesized [63] a library of dibromo maleimide derivatives and attached them by Michael 

addition to the 180 available cysteine residues on the surface of Qβ (Figure 3A). The disulfide 

bridge first was reduced and then crosslinked with dibromo functionalized maleimides to from 

Qβ−maleimide conjugates. The developed modification was further used as a fluorescent probe 

for cell imaging.[64] 

 

Strable et. al. demonstrated the Cu(I)-catalyzed, azide-alkyne cycloaddition (CuAAC) strategy on 

Hepatitis B virus-like particle (HBV) and Qβ (Figure 3B) by conjugating 50% of the azide 

positions available on the VLP surface with fluorescein alkyne dye [65, 66]. A very novel twist on 



 
 

click chemistry, which avoids the use of copper altogether, was demonstrated by Finbloom et. al. 

who showed [65] that cucurbit[6]uril (CB6) — traditionally used in rotaxane synthesis — could 

catalyze triazole formation between two modified proteins. They demonstrate this by first using 

an NHS ester to install azide groups onto TMV, followed by the addition of propargylamine in the 

presence of CB6 to form a triazole product (Figure 3C). This reaction exploits the aqueous 

environment by entropically driving the hydrophobic azide and alkyne into the inner cavity of 

CB6, which is further stabilized by the protonated amines. Confined inside the macrocycle, the 

alkyne and azide undergo a traditional Huisgen 1,3-dipolar cycloaddition. 

When the natural surface of a VLP lacks available functional handles, amino acid analogues prove 

to be useful as they can be swapped out for their native amino acid, populating the exterior with 

suitable groups allowing further conjugation. For example, by optimizing the concentrations of 

tyrosine analogues like p-proparglycoxy-phenylalanine and p-azido-phenylalanine and methionine 

analogues like homopropargylglycine and azidohomoalanine respectively during protein 

expression, the native amino acid can be replaced by its analogue and providing the appropriate 

platform for suitable click chemistry conjugations [54].  Similar to the overexpression of folate 

receptors, prostate cancer cells are observed to have an overexpression of the membrane protease 

glutamate carboxypeptidase II (GPC II). Neburkova et. al. demonstrated [67] how click chemistry 

finds its application in prostate cancer therapeutics through conjugation of GPC II inhibitors onto 

several VLPs including Qβ. Non-natural amino acids are often employed in the straightforward 

CuAAC strategy to achieve surface modifications of VLPs like Qβ and MS2 [54]. These residues 

are often azide or alkyne functionalized — or phosphines, but less popularly so — since they can 

undergo chemistry that works well in water and are orthogonal to bioconjugation strategies that 

depend on generating an electrophilic center. 

 

A relatively newer approach for conjugation is chemoenzymatic strategies, where the coat proteins 

of the VLPs are genetically engineered to incorporate amino acids that can act as recognition 

sequences; these recognition sequences selectively bind with peptides to incorporate in a 

composite [68, 69]. A special use case for this technique in therapeutic applications where the 

epitope/antigen to be delivered is a larger protein framework, and shorter peptide sequence derived 

from the antigen do not provide satisfactory amounts of antibody stimulation [70]. Several papers 

have used a sortase-mediated protein ligation strategies to achieve specific antigen binding [69, 

70]. This ligation technique — also known as sortagging — employs the sortase enzymes present 

in the cell wall of gram-positive bacteria, which is known for its function of facilitating the 

anchoring of surface proteins with an LPTEG recognition sequence. The sortagging ability of 



 
 

bacteriophages is used to employ this enzymatic pathway for conjugating sequences of choice, that 

we can modify with an LPTEG sequence prior to the reaction [71]. 

 

 
Figure 3. A) Reduction of disulfide bonds with TCEP and addition of dibromo maleimide to form 

maleimide conjugates demonstrated on icosahedral Qβ [63]. B) Cu-catalyzed azide-alkyne click chemistry 

demonstrated in fluorescein alkyne dye conjugation to icosahedral Qβ [66]. C) Functionalization of the rod-

like VLP, TMV, with CB6 through reaction with formed triazole [65]. 

 

Addition of spacers to the VLP surface is a popular method for controlling the distance of 

attachment of peptides and epitopes to the surface, which can promote more efficient conjugation 

by eliminating steric congestion at the protein surface and allows more tunability in how dense the 

functionalization becomes. One end of these polar or non-polar flexible linkers are functionalized 

with azide or thiol groups depending on the chemistry required. Some of the more popular flexible 

linkers are found in the –(Gly)n–Ser– form and are known for providing an added flexibility to the 

structure [72]. J. Park et. al. showed [43] the use of GGGS linker to modify their peptide of choice 

with thiol and azide groups for conjugation via thiol-maleimide chemistry and azide-alkyne click 

chemistry respectively. Poly(ethylene)glycol (PEG) linkers are popular amongst several 

nanocarrier platforms for providing structural stability and improving circulation half-time [73]. 

PEGylation can help ensure the VLPs do not induce any unwanted immune responses and can 

promote extended circulation times.  Bacteria-infecting viruses (phages), such as pseudo-spherical 

icosahedral structures Qβ and MS2, can evade endosomal degradation through surface 

modification with ligands such as poly(lysine)-DNA complexes and SP94 peptides, which protect 

the VLP from unwanted biological activity [74, 75]. 



 
 

 

VLPs allow for a high amount of precision in the practice of surface modification, giving one the 

ability to vary the epitope density on a virus-like particle by exercising control over the VLP-to-

cargo ratio in the coupling reactions [76]. Apart from that, the hollow structure of VLPs offer 

excellent control towards functionalizing the exterior and interior surfaces selectively using some 

of the aforementioned orthogonal reaction methodologies for dual modification [63, 77]. The 

advantages of using VLPs as a therapeutic platform are only further enhanced by their ability to 

be surface functionalized. We have discussed some popular approaches that have shown success 

in a variety of applications. With respect to cancer research, these surface functionalized VLPs 

serve as promising nanocarriers for non-invasive treatment strategies like phototherapy and 

immunotherapy. Their ability to deliver and present materials like chromophores and peptides is 

compounded by all the immunogenic benefits of using a non-synthetic biomaterial. 

 

3. Phototherapy 

Phototherapy, including photodynamic therapy (PDT) and photothermal therapy (PTT), has 

attracted extensive attention as a noninvasive, selective, and efficient cancer treatment strategy 

[78-80]. This method works based on interaction of light with chromophores that can then undergo 

different photochemical reactions or transformations to exert a therapeutic effect. PTT, which 

converts light into heat, utilizes the thermal sensitivity of cells to destroy tumors through 

converting light in the near infrared (NIR) region (700–1100 nm). The NIR spectrum has low 

absorption/scattering in biological systems from water and biomolecules like hemoglobin and 

melanin, giving it improved penetration depth through skin and tissues [81, 82]. To date, the most 

efficient converters of NIR radiation into heat have been inorganic materials including metal 

nanoparticles, carbon nanotubes, sulfide nanomaterials, and metal oxides; however there are 

concerns over possible term toxicity and slow or absent biodegradability. This pushes the need for 

organic molecules such as indocyanine green (ICG) and heptamethine dyes as alternative PTT 

materials.  Organic-based PTT agents permit photophysical tunability, higher safety, and cell 

targeting abilities, thus improving photothermal conversion efficiency and photostability. In 

contrast to PTT, PDT converts light into reactive oxygen species (ROS), which are toxic to cells, 

by using the interaction of specific wavelength (within 600–800 nm) of light with a photosensitizer 

(PS) [83, 84]. A photosensitizer at ground state (S0) absorbs light energy and lifts an electron to an 

excited singlet state (S1) where it undergoes an intersystem crossing by inverting the electron spin 



 
 

to the T1 state. While in a T1 state, the photosensitizer can abstract an electron from reducing 

molecules, such as tyrosine in a protein, to create a pair of radical anions (PS-∙), which further 

donate their extra electrons to O2, producing superoxide anion radicals (O2
-∙) or other small 

molecule radicals to produce potentially toxic cell-damaging products. Alternatively, it can 

transfer its energy directly to molecular oxygen in triplet ground state (3O2), which converts ground 

state molecular oxygen into singlet oxygen (1O2), which readily undergoes irreversible addition to 

nucleic acids.  

PTT and PDT not only kill irradiated tumor cells but can also stimulate a series of immune 

responses by releasing damage-associated molecular patterns (DAMPs) related to apoptotic or 

necrotic tumor cells and inflammatory cells [85, 86]. VLPs have been used in phototherapy — 

specifically PDT — for more than a decade. They have shown promising results thanks to their 

multivalency allowing them to carry photosensitizers/photo-absorbers along with cancer targeting 

moieties [87-89]. Generally, the efficiency of this strategy relies on the power of photoactive 

agents to trigger heat- or ROS-based cellular death, as well as initiating immunological cell death. 

One example of using VLPs to carry and locate high concentration of photosensitizer to the cells 

of interest for PDT is reported [90] by Rhee et al., where Qβ was modified with a metalloporphyrin 

derivative for PDT and a glycan ligand that can specifically target CHO-CD22 receptor cells. The 

dual surface modification of Qβ was performed through a CuAAC between azide-tailed zinc 

tetraaryl porphyrin (Figure 4A) ligand with alkyne-derivatized Qβ (Figure 4B). The functionality 

of VLP-mediated PDT was tested by treating CHO-CD22 cells with different concentrations of 

modified Qβ, followed by exposure to radiation (Figure 4C). The metabolic cell viability results 

showed modified Qβ construction could specifically kill CHO-CD22 cells through a dose 

dependent manner after photoactivation, whereas, cells incubated with unmodified Qβ remained 

viable after radiation. In addition, cytotoxicity was compared between CD22-positive and negative 

CHO cells after incubation with the same amount of conjugated Qβ to show selectivity of attached 

ligands on cell surface receptors. Phase contrast and fluorescent microscope images show the 

selective nature of the modified Qβ for CHO-CD22+ cells by comparison to CHO-CD22- cells 

(Figure 4E). Therefore, VLPs offer great potential for targeted delivery of photosensitizing 

compounds and provide a promising scaffold for photodynamic cancer treatment that results in an 

improved therapeutic index. 



 
 

Figure 4. A) Azide-functionalized metalloporphyrin derivatives 1 and 2 and glycan ligands 3 and 4 for B) 

surface functionalization onto alkyne-modified Qβ VLPs through CuAAC. C) Dose-response phototoxicity 

induced by zinc porphyrin-loaded Qβ particles on CHO-CD22 cells, under full-spectrum irradiation (IC50 

≈ 80 nM in porphyrin, 1.6 nM in particle) (top) and with filtered irradiation (430±10 nm, IC50 ≈ 230 nM 

in porphyrin, 4.6 nM in particle) (bottom). D) Comparison of CD22-negative and positive cells at 10 nM 

particle concentration (0.5 μM in porphyrin), under full-spectrum irradiation (top) and with 50 nM particles 

(2.5 μM in porphyrin), under irradiation at 430±10 nm (bottom). The MTT assay was performed 24 h after 

light exposure. E) Phase contrast and fluorescent microscope images of CHO (a, c and e) and CHO-CD22+ 

cells (b, d and f) incubated with PBS (a and b), 9@GFP16 (c and d), and 8@GFP16 (e and f) at 37 °C for 

4 hours. Each particle was used at 1 nM (50 nM in porphyrin); the @ symbol denotes the encapsulation of 

multiple copies of GFP inside the particle. Reproduced with permission from reference 90.  



 
 

 

Figure 5: A) Experimental design of synergistic immunophotothermal therapy. B) Tumor growth 

curves of 4T1 tumor-bearing mice treated with PBS, Qβ, Croc, and PTPhage with and without 

laser radiation showing the most effective therapeutic approach is attributed to PTPhage, which 

exhibited the greatest restriction to tumor growth. C) Tumor weight as a representation of tumor 

suppression verified high antitumor performance of PTPhage compared to Croc, Qβ, and PBS 

groups. D) Survival study of 4T1 tumor-bearing BALB/c mice (n = 5). E) Number of lung nodules 

after India ink staining showed PTT modified VLP has significant effect in controlling metastasis. 

F) Representative images of India ink-infused lungs of irradiated Croc, PTPhage, and PBS mice 

with white spots clearly demonstrate number of metastatic nodules per each group. Reproduced 

with permission from reference 42. 

 

VLPs also offer great potential for displaying photo absorbers such as organic based NIR 

molecules on their exterior surface. High density of photoabsorbers on surface of VLPs along with 

their high thermal stability turn them to a highly stable and efficient photothermal agent more 

powerful than most common inorganic and organic PTT agents. More recently, Shahrivarkevishahi 

et al. designed [42] a photothermal and immunogenic VLP-based PTT agent called Photothermal 



 
 

Phage (PTPhage) through conjugation of hundreds of croconium dyes onto the solvent-exposed 

amine groups on the surface of Qβ through EDC/NHS chemistry. The formulation showed 

significant enhancement in photothermal performance over free dye, and photothermal conversion 

efficiency, exceeding even gold nanorods. The cellular uptake and photothermal cytotoxicity of 

PTPhage was compared with free dye after incubating with identical concentrations of NIR dye 

with 4T1 breast cancer cells. High cellular uptake and 48% more cellular toxicity after 808 nm 

laser radiation was observed for PTPhage compared to the free dye. The in vivo photothermal 

antitumor response was also assessed after treating 4T1 tumor-bearing female BALB/c mice with 

the VLP formulation. As shown in Figure 5, the PTT-mediated VLP showed significant tumor 

volume suppression, longer survival time, and significant prevention of lung metastases. The study 

further tested immunological responses triggered by the PTPhage as an immuno-photothermal 

combinational treatment compared to a monotherapy design (VLP and Free dye) where the data 

clearly proved higher activation of CD8+ and CD4+ T cells and dendritic cells, along with a 

significant reduction in immunosuppressive T-regulatory response. The implicit immunogenicity 

of Qβ adds to the functionalization ability of VLPs and shows a great promise for designing highly 

effective immunotherapeutic agents that can promote therapeutic efficiency across the field of 

cancer immunotherapy. 

4. Immunotherapy 

Cancer immunotherapy works by stimulation of the immune system and is a strong method for 

inducing effective cellular and humoral immune responses, through vaccine and T cell infusion 

technologies, or through activating inhibitory antibodies on cancer cells [91, 92]. Virus like 

particles mimic the structure of viruses and their repetitive, highly-ordered antigenic structure can 

be recognized as a pathogen associated molecular patterns (PAMPs) by immune cells [93]. VLPs 

can directly interact with pathogen recognition receptors (PRRs), which are expressed on the cell 

surface and in endosomes of antigen presenting cells (APCs) — most notably dendritic cells (DCs) 

— and thus have been successfully used as adjuvants to elicit an immune response [94]. Activated 

DCs can process antigens into peptides for presenting on major histocompatibility complex class 

I/II (MHC-I/II) molecules that result in the creation of B7-1/CD80 and B7-2/CD86 costimulatory 

molecules and express pro-inflammatory cytokines that are necessary to prime the development of 

T cell and B cell immune responses [95]. The size distribution of VLPs is also within the optimal 

particle size range (20–200 nm) allows for drainage to lymph nodes for distribution throughout the 

lymphatic system to initiate a robust immune response by interaction with different cell types in 



 
 

the secondary lymphoid organs [94, 96, 97]. Therefore, VLPs are able to induce T cell activation, 

which is related to antigen interaction of a T lymphocyte with APCs in secondary lymphatic tissue. 

T cells, including CD8+ cytotoxic T lymphocytes (CTLs) and CD4+ helper T cells, are key effector 

cells for anti‐cancer immunity [98]. CTLs are able to kill tumor cells and activate APCs, following 

cytokine production, and creating a pro‐inflammatory environment. CD4+ T cells, that are divided 

into different subtypes TH1 and TH2, induce cytokines that assist CTLs in killing tumor cells [99]. 

However, it is usually difficult to induce efficient CTL responses because of inefficient access of 

exogenous antigens to the MHC class I pathway [93, 100]. VLPs are capable of entering into both 

MHC I and MHC II presentation pathways and can therefore activate CD8+ T cells and direct them 

against cancer cells. VLPs with packed RNA during production can engage toll-like receptors 

(TLRs) including TLR7/8 and TLR3 and trigger innate immune responses [101]. While the ability 

of VLPs to produce a cellular response has been confirmed by several clinical and preclinical 

studies, the power to amplify and provoke a specific type of immune response shows how VLPs 

are a powerful and flexible platform that can be chemically or genetically functionalized with 

innate stimuli such as antigens and epitopes of interest. Decorating surface of VLPs with different 

ligands including peptides, proteins, nucleic acids, and small molecules have shown promising 

results for applications in cancer immunotherapy and developing cancer vaccines [102]. 

The main strategy for the presentation of these targeting moieties is through bioconjugation with 

exposed amino acid residues on VLPs, addressed by various chemistries such as click chemistry, 

NHS ester acylation, and coupling reactions [103]. One interesting example of using VLPs for 

cancer immunotherapies is conjugation of PD-1 peptide SNTSESF, known as AUR7, to the 30 nm 

icosahedral, plant-based CPMV [104]. It is reported that CPMV itself can be recognized by TLR2 

and TLR4 to activate the innate immune system while the RNA inside CPMV can activate TLR7 

[105, 106]. As shown in Figure 6, a two-step bioconjugation strategy is used to couple the PD-1 

peptide to CPMV, by first attaching a bi-functional (NHS)-PEG8-maleimide (SM-PEG8) linker to 

the lysine groups on the surface of CPMV through NHS-amine chemistry for amide formation. 

The second reaction is between the cysteine-terminated peptide and the maleimide on the linker, 

which resulted in the decoration of the surface of CPMV with 25 peptides. Therefore, the 

multivalent display and high concentration delivery of SNTSESF combined with the intrinsic 

immunogenicity of CPMV showed a promising synergistic effect in the treatment of mice bearing 

serous ovarian tumors. Data showed mice treated with several doses of peptide decorated CPMV 

had prolonged survival time significantly compared to free peptide and to a physical mixture of 

CPMV and peptide, demonstrating the enhanced effect of multivalent presentation combined with 

the immunogenicity of the formulation. Another example of using a VLP in cancer immunotherapy 

combined with their functionalizability was reported [107] by Wu et. al. They generated a library 

of 20 peptides of mucin‐1 (MUC1), which is highly expressed by many types of cancer cells. The 



 
 

peptides were fused to the surface of Qβ through an alkyl amide linker. They immunized mice 

with three different tumor models: B16 melanoma cells, MCF‐7 breast cancer cells, and a 

metastasis model. Results showed the Qβ-immunized mice had a significant reduction in the 

number of metastases in the lung. 

 
Figure 6: A) The amino acid sequence of the anti-PD-1 peptide SNTSESF with carboxy-terminal 

cysteine residue. B) Bioconjugation is formed first by attaching a bi-functional NHS-SM-PEG8 

linker to a solvent-exposed amine group from lysine residues on CPMV, which provide maleimide 

groups for subsequent reaction with cysteine side chain of anti-PD1-peptides. Adapted from 

reference 110. 

 

VLPs have also demonstrated increased humoral or antibody-mediated immunity by displaying 

foreign antigens on their surface. Humoral immunity begins with antigen engulfment by naïve B 

cells followed by transportation of the antigen to the lymph nodes. Through the production of 

cytokines, B cells differentiate into antibody secreting plasma cells, some of which are deemed as 

long-living plasma cells or memory B cells [108]. VLP-based humoral immunity such as cellular 



 
 

response is attributed to the size, repetitive geometric shape, and their TLR-agonizing ability. They 

are taken up by DCs or pass directly through lymphatic tissue, allowing for their downstream 

interaction with B cells. The highly ordered and repetitive structure of VLPs is recognized by B 

cell receptors (BCRs) and leads to a Th-dependent humoral immune response [93]. The use of a 

VLP as an epitope scaffold has shown to produce a higher antibody titer response. Literature has 

reported covalently attaching epitopes to the surface of VLPs can enhance antibody response 

significantly [109].  However, self-immunity — specifically in cases of cancer-related neoantigens 

— remains a large challenge in immunotherapy. The use of highly repetitive structure, which can 

be decorated with a multitude of neoantigens, overcomes the self-immunity associated with many 

previous vaccination strategies. For example, Palladini et al. demonstrated [110] with membrane 

protein HER-2 (Figure 6A) that is overexpressed in breast cancer cells, displayed on a VLP 

(Figure 6B) was able to induce a specific antibody response. The HER-2 VLP vaccination 

prophylactically reduced spontaneous tumor occurrence in HER-2 transgenic mice by 50-100%. 

Also, the HER-2 VLP vaccination significantly reduced tumor growth and survival in wild-type 

mice injected with HER-2 expressing carcinoma. 

 

VLPs, such as Qβ and MS2, are also often employed as cargo-loaded scaffolds for various 

immunological agents such as CpG or anti-cancer drugs, like doxorubicin, or modified with 

antigens/targeting linkers, such as macrolide antibiotics [111] for lung cancer targeting or peptide 

p33 [112] for melanoma tumor cells. The functional properties of VLPs can be further developed 

by not only antigens and targeting ligands but also encapsulating genetic materials, such as mRNA 

and siRNA. VLP capsids protect these materials from enzymatic degradation and detection by the 

body’s immune system, resulting in sufficient delivery and therapeutic response [113]. 

  

5. Encapsulation 

 

In addition to modifying the exterior surface of VLPs, the interior of icosahedral capsids can also 

be exploited for the delivery of various cargo. Three main methods exist for loading cargo into 

icosahedral VLPs. The first is to disassemble the VLP into its subunit proteins and reassemble the 

capsid in the presence of the cargo (Figure 7) [114-117]. During disassembly, the VLP is 

incubated with a chelating agent, such as egtazic acid (EGTA) or ethylenediaminetetraacetic acid 

(EDTA), to destabilize the capsid and a reducing agent, such as dithiothreitol (DTT), to break the 

disulfide bonds that bridge the pores. A denaturing agent, such as urea or glacial acetic acid, can 

also be used to help break down the capsid into individual coat proteins. This disassembly is done 

in a high salt solution to precipitate the RNA, which can be aided by the addition of nucleases and 

metal salts. The precipitated RNA is pelleted, and the coat protein solution is dialyzed and purified 



 
 

by size exclusion chromatography — usually Sephadex gel filtration — to remove excess salts and 

provide a pristine solution of VLP coat proteins. The coat proteins are then combined with the 

cargo of interest and dialyzed against a stabilizing high salt solution for reassembly. If needed, 

hydrogen peroxide can be added to help promote reformation of the disulfide bonds. It should be 

noted that the ratio of coat protein to cargo should be optimized to achieve maximal loading 

efficiency [118, 119]. 

 

 
Figure 7: Encapsulation of cargo — e.g., protein, nucleic acid, and/or small molecules — into the 

interior of an icosahedral VLP via disassembly/reassembly method. 

 

This method was inspired by the inherent action of VLPs to spontaneously assemble around 

nucleic acids and is driven by favorable interactions between coat protein-coat protein, coat 

protein-cargo, and cargo-cargo. Two proposed methods exist to detail the VLP assembly around a 

negatively charged cargo; (1) coat proteins assemble as a group in a disordered fashion and 

cooperatively arrange themselves to form an ordered capsid or (2) the coat protein-coat protein 

interactions are stabilized by the nucleic acid and instigate a nucleation growth mechanism with 

the sequential addition of coat proteins [120]. The preferred method of assembly is determined by 

the ionic strength of the solution; the former occurs primarily at low ionic strength whereas the 



 
 

latter occurs at higher ionic strength. Furthermore, individual coat proteins may electrostatically 

interact with an RNA motif that signals packaging of the viral genome during VLP expression 

[121-124]. Ashley et al. exploited [75] this trait by conjugating pac site RNA to quantum dots, 

drugs, and ricin toxin A-chain to mediate encapsulation of these cargo in the interior of the MS2 

capsid during reassembly. 

 

A second method to introduce cargo inside of a VLP — also possibly the simplest — is via 

diffusion through surface pores. VLPs often have small pores and if the cargo of interest is a small 

molecule, it can simply enter the interior of the capsid through these pores. For the icosahedral 

viruses, the surface pores are ~2 nm in size [76]. Small molecules can diffuse into the interior of 

the capsid where they weakly bind to the charged coat protein or RNA, forming a low leakage 

drug carrier. For example, Franke et al. electrostatically immobilized the cationic anticancer drug 

(cisplatin) on the anionic inner surface of TMV [125]. Similarly, RNA-free capsids can be 

produced and then loaded with foreign genetic material via a “soaking” method that allows DNA 

to enter the interior of the capsid through the pores of the VLP, followed by binding of the stem 

loop to interior residues for oligodeoxynucleotide (ODN) retention [126]. In order to generate 

RNA-free capsids, the VLP is dialyzed against a high salt solution of physiological pH which 

causes the capsid to swell and become susceptible to nuclease action [127, 128]. Treatment with 

nucleases results in degradation of the RNA, and after purification by density gradient 

centrifugation, RNA-free VLPs are obtained [114]. 

The third method is to design a recombinant plasmid containing the coding sequence of the VLP 

coat protein, the mRNA sequence of interest, and the RNA motif sequence that binds the interior 

residues of the capsid. When this plasmid is expressed in a host system, the mRNA is encapsulated 

in the VLP during capsid formation by exploiting the interaction between the interior residues of 

the capsid and the RNA motif [129-134]. A dual plasmid expression system can be used if the 

promoters are compatible. This method has also been adapted to encapsulate proteins in the VLP 

capsid during expression. Fielder et al. used [124] a dual plasmid expression system to co-express 

the VLP Qβ coat protein, a Rev-tagged cargo enzyme, and a bifunctional mRNA aptamer. The α-

Rev tagged aptamer binds to the Rev-tagged protein and the interior residues of the capsid through 

a hairpin loop resulting in enzyme encapsulation during in vivo assembly. These methodologies 

can be employed for the delivery of various cancer therapeutics including nucleic acids for gene 

therapy and small drug molecules for chemotherapy. 

  

6. Gene Therapy 

Gene therapy is a new technology being developed for the treatment of a wide variety of diseases, 

including cancer. This treatment method focuses on the delivery of foreign genetic material into 



 
 

cells to produce a therapeutic effect through the replacement or inactivation of a disease-causing 

gene [135]. For example, the p53 tumor suppressor gene that regulates cell division and cell death 

is mutated in over 50% of human cancers [136]. If this gene was replaced in cancer cells, the 

growth and spread of the cancer could be slowed. The first gene therapy product was actually a 

recombinant human p53 adenovirus for the treatment of head and neck cancer that was approved 

by the China Food and Drug Administration (CFDA) in 2003 and hit the market in 2004 [137]. In 

2017, the first gene therapies were FDA approved and as of now, there are ~20 FDA approved 

gene therapies, with thousands in clinical trials [138-140]. With this exploding technology, there 

is a significant amount of ongoing research dedicated to developing new and improved gene 

therapies. 

The main obstacles facing gene therapies center around the fact that genetic material (DNA/RNA) 

is easily degraded by nucleases, is not targeted or efficiently taken up by cells, and can be degraded 

by lysosomes upon endocytosis [141, 142]. As a result, several methods have been developed to 

improve the efficiency of intracellular gene delivery including cell stressing (electroporation, heat 

shock), physical methods (injection, biolistic), nanoparticle-mediated delivery (liposomes, 

polymers, and nanoparticles), and viral vector delivery [143]. Of these methods, viral vector 

delivery is most commonly employed with adenovirus vectors used to deliver DNA and lentivirus 

vectors to deliver RNA [144]. However, these vectors lack a targeting mechanism and sometimes 

result in side effects [145, 146]. As compared to other nanoparticle delivery systems, VLPs are 

more robust, biocompatible, monodisperse, and functionalizable and better suited for this task. 

Icosahedral VLPs (CCMV, MS2, and Qβ) have been favored for gene therapy applications because 

of their small size (~28 nm) as they can carry genetic material in their internal cavity, providing 

protection against nucleases. The positive surface charge of these VLPs means they can be readily 

taken up by cells and have the potential to shield the strong negative charge of the nucleic acid 

cargo.  Furthermore, the surface of these VLPs can be functionalized with ligands for targeted 

delivery of genes to reduce off-target effects, and for endosomal escape to protect cargo from 

lysosomal degradation. The chemical modifiability of VLPs have made them strong candidates for 

gene delivery formulations with the means to overcome the current challenges facing the field 

today. 

 

Each of the above methods have been used to efficiently encapsulate genetic cargo in VLPs for 

gene therapy [147], however dual plasmid [130] and disassembly/reassembly [119] are most 

commonly employed. For example, Lam et al. used [113] a disassembly/reassembly method 

(Figure 8A) to encapsulate siRNA targeting FOXA1 in the cowpea chlorotic mottle virus (CCMV) 

for the treatment of breast cancer. Initially it was found that the CCMV-siRNA was unable to 

silence the expression of FOXA1 in the breast cancer cell line MCF-7. However, after modifying  



 
 

 

 

Figure 8. A) Disassembly of CCMV into coat proteins and subsequent reassembly in the presence 

of the siRNA to make CCMV-siRNA. B) FOXA1 expression levels in MCF-7 breast cancer cells 

following treatment with siRNA as determined by real time PCR. Reproduced with permission 

from reference 113. C) Encapsulation of MEG3 in MS2 by dual plasmid expression and 

subsequent modification with GE11 targeting peptide to make GE11-VLPs-MEG3. This 

formulation represses tumor growth by upregulating p53 expression and downregulating MDM2 

expression. D) Proliferation of HepG2 hepatocellular carcinoma cells following treatment with 

GE11-VLPs-MEG3 as measured by CCK-8 viability assay. Reproduced with permission from 

reference 148.  

 

the surface with the cell penetrating peptide, M-lycotoxin peptide L17E, the formulation was able 

to escape the endolysosomal compartment and achieve silencing that was comparable to 

lipofectamine delivery (Figure 8B). On the other hand, Chang et al. packaged [148] the long non-

coding RNA tumor suppressor gene, maternally expressed gene 3 (MEG3), in MS2 via a dual-

plasmid expression system. After purifying the VLPs-MEG3, the surface was crosslinked with the 

dodecapeptide YHWYGYTPQNVI (GE11) to target the epidermal growth factor receptor (EGFR) 

that is overexpressed on many carcinoma cells (Figure 8C). With this targeted formulation, the 

authors were able to demonstrate hepatocellular carcinoma (HCC) tumor suppression in vitro and 



 
 

in vivo (Figure 8D). With the help of VLPs, researchers have been able to overcome the main 

challenges facing gene therapy today by providing a multivalent system that can both protect 

genetic cargo from nuclease degradation and offer targeted, efficient delivery. In addition to 

encapsulating genetic materials, VLPs can carry a high dose of various anti-cancer drugs and 

improve chemotherapy treatments by targeting delivery to cancer cells and minimizing the side 

effects on healthy cells.  

 

7. Chemotherapy 

Chemotherapy is the most common anti-cancer treatment. Chemotherapeutic agents are small 

molecules that kill and inhibit the growth and spread of cancer cells, typically by targeting fast 

growing cells. Common therapeutic agents such as doxorubicin, cisplatin, and 5-fluorouracil tend 

to be broadly cytotoxic, and when introduced systemically, they cause harsh side effects [149]. 

The use of chemotherapeutics to effectively fight cancer while minimizing the systemic side 

effects remains an issue in anti-cancer research [150]. The use of nanocarriers such as VLPs is one 

way to effectively target tumors while minimizing toxicity in healthy tissues [151]. Some 

advantages of VLPs over traditional nanoparticles as drug vehicles include their biocompatible 

and biodegradable nature, straight-forward production, and enhanced cellular uptake [152]. 

Importantly, the ability of VLPs to effectively deliver therapeutic agents is attributed to the 

enhanced endocytic uptake of the capsid over the free drug. Once endocytosed and trafficked into 

the lysosome, the capsid is degraded, releasing the anti-cancer drug. 

As previously discussed, there are multiple methods to encapsulate cargo inside VLPs. VLPs 

possess a natural affinity for encapsulating anionic moieties, which mimic their native viral 

genome, making them well-suited for RNA delivery [153-155]. Similarly, encapsulation of 

therapeutics can be achieved through the denaturation of the coat protein followed by the 

renaturation of the capsid around the negative charge of new cargo or by taking advantage of the 

RNA stem loop (pac site) that mediates coat protein self-assembly [121, 130]. Many VLP capsids 

are porous in nature to protect their encapsulated genome while allowing the diffusion of water 

and ions. These porous capsids allow for the infusion or diffusion of small molecules such as 

chemotherapeutic agents across the VLP [156]. Yildiz et al. loaded [157] CPMV with proflavine 

by utilizing the affinity of the drug towards the interior, negatively charged RNA. It was 

demonstrated the CPMV lacking RNA was not able to load the drug cargo. This method resulted 

in anti-cancer activity across several cancer cell lines. Introducing “smart” behavior into VLPs to 

control drug release has also been developed. Benjamin et al. loaded [89] doxorubicin non-

covalently into Qß through infusion of the drug. Doxorubicin — which is positively charged and 

hydrophobic — weakly binds to the single-stranded RNA inside Qß. Following drug loading, 



 
 

photolytically active gold nanoparticles were grown onto the pores, guided by disulfide residues, 

effectively capping the pores of the VLP (Figure 9A). Using nanosecond laser irradiation, the 

group was able to target drug release in specific locations resulting in cell death. Upon irradiation, 

AuNPs converted the light energy to heat, causing the breakdown of the capsid. Doxorubicin was 

then released from the capsid and shows cytotoxic effects in cells only in the laser pathway. This 

specificity is attributed to the nanosecond irradiation, which prevented the heating of the bulk of 

the solution. Upon incubation alone, AuNP@Qβ (Dox) showed high cell viability after 4 h 

incubation with RAW macrophages, whereas free Dox showed a significantly lower cell viability 

(Figure 9B).  The in vitro release of Dox in A549 lung cancer cells was observed only after 

irradiation, as demonstrated below through live cell fluorescent imaging (Figure 9C-E).  

 

  

Figure 9. A) Qß possesses 32 pores (1.5 or 3.0 nm) allowing for the diffusion of doxorubicin in or out of 

the VLP. Pores are then capped with 6 nm AuNPs. B) Cytotoxicity analysis after 4 h incubation of 

AuNP@Qβ nanoparticle composites. C-E) Wide-field live cell images depicting Dox release post 

irradiation, right side depicts laser treated: C) bright-field, D) nuclear stain, Hoechst 34442 nuclear dye, 

and E) doxorubicin (excitation 470 nm, emission 560 nm). Reproduced with permission from reference 89. 



 
 

 

8. Conclusion 

Virus-like particles are self-assembled from viral structural proteins with incredibly organized 

scaffolds. These biocompatible and nontoxic particles are widely used in nanomedicine and show 

special promise for cancer therapies. Their capabilities to be modified genetically and chemically 

on their outer surface and inner cavities through amino acid chemistries and self-assembly 

processes offer specific targeting, stability, and solubility. They are considered not only as 

excellent packaging and delivery tools for anti-cancer drugs and genetic materials, but also a 

powerful platform to display antigens, epitopes, PT agents, surfactants, polymer coatings, and 

ligands in a dense repeating array to improve therapeutic efficiency. Moreover, VLPs can engage 

both the innate and adaptive immune systems even without any adjuvants in a similar way to 

pathogens. These smart multifunctional nanocarriers can act as potential combinational 

therapeutics with existing strategies such as phototherapy, immunotherapy, gene therapy, and 

chemotherapy. The success of these protein-based nanoparticles with well-designed structures 

offer a more powerful toolbox for clinical cancer treatment in the near future. 
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