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Abstract

There are a wide variety of synthetic and naturally occurring nanomaterials under development for 

nanoscale cargo-delivery applications. Viruses play a special role in these developments, because 

they can be regarded as naturally occurring nanomaterials evolved to package and deliver cargos. 

While any nanomaterial has its advantage and disadvantages, viral nanoparticles (VNPs), in 

particular the ones derived from plant viruses and bacteriophages, are attractive options for cargo-

delivery as they are biocompatible, biodegradable, and non-infectious to mammals. Their protein-

based structures are often understood at atomic resolution and are amenable to modification with 

atomic-level precision through chemical and genetic engineering. Here we present a focused 

review of the emerging technology development of plant viruses and bacteriophages targeting 

human health and agricultural applications. Key target areas of development are their use in 

chemotherapy-, photodynamic therapy-, pesticide-delivery, gene therapy, vaccine carriers, and 

immunotherapy.

Introduction

Advances in nanotechnology have allowed development of nanoscale materials that can be 

tailored for delivery of medical cargo to molecular signatures on specific cells or tissues. 

Nanoparticles also improve drug stability and pharmacokinetics, and the formulation of 

therapeutics into nanoparticles often leads to reduced toxicity due to favorable 

biodistribution. While the development pipeline is moving rapidly with many novel 
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chemistries and (bio)materials emerging, only a few nanoparticles have been approved for 

clinical use. Translation of novel drug carriers from bench-to-bedside is a long and costly 

process; challenges in toxicology and large-scale manufacture remain hurdles to success. 

Addressing the latter point, biologics offer a promising alternative to synthetic materials, 

because the genetically controlled design and manufacture provides a high degree of quality 

control and assurance and scale-up can be achieved through fermentation or production in 

plants [1]. Here, we highlight the development of plant viruses and bacteriophages (i.e., 

viruses that infect bacteria) as an emerging class of biologics for use in drug delivery.

Viruses can be regarded as natural carrier systems; they have evolved to package, protect, 

and deliver nucleic acid cargo to host cells. A number of mammalian viral vectors are under 

development for gene therapy [2,3]. Glybera, a viral vector derived from adeno-associated 

virus (AAV) was the first gene therapy approved for clinical use in Europe in 2012 for the 

treatment of lipoprotein lipase deficiency [4]. Plant viruses and bacteriophages may offer 

safety advantages as these systems are non-integrating and non-replicating in mammalian 

systems. Furthermore, because viruses are protein-based, they are biodegradable and thus 

have a lower risk of tissue persistence compared to some synthetic materials [5,6]. Plant 

viruses and bacteriophages can be produced and engineered as viral nanoparticles (VNPs) 

and non-replicative, virus-like particles (VLPs). VLPs are a subclass of VNPs and in the 

remainder of this article we will refer to viral or virus-like systems as VNPs.

Because viruses comes in many shapes, sizes, and surface properties, the nanomedical 

engineer can pick and choose the most appropriate platform for a given application (Figure 

1) [1,7,8]. For example, higher aspect ratio materials have propensity to marginate and target 

the diseased vessel wall [9], while flexuous rods allow penetration deep into tumor tissue 

[10]; and low aspect ratio materials or icosahedrons interact effectively with the immune 

system [11]. Many platforms are known to atomic resolution; the well-characterized surface 

groups on the exterior and interior capsid surfaces allow genetic and chemical tailoring in a 

predictable way [12]. Additionally, the multidendate nature of the capsids offers an array of 

surface resides making it possible to introduce multiple ligands and cargos, including 

therapeutic compounds, contrast agents, and targeting ligands into a single formulation 

[13,14]. Functionalization can be achieved through genetic programming, for example 

amino acids can be introduced to function as conjugation handles (e.g. [15]) or peptides with 

specificity for cell surface receptors can be added to give the particle directions to target 

cancer cells (e.g. [16]). Some viruses are also amenable to physical modifications; tobacco 

mosaic virus (TMV), for example, can be transformed from its native rod-shape to a 

spherical form through heating [17].

For implementation in nanomedicine, the therapeutic cargo is loaded either into the interior 

cavity of the capsid or conjugated the capsid’s interior or exterior surfaces. Targeted delivery 

of the cargo is then achieved through a combination of carrier shape and surface chemistry. 

Carrier size and shape dictate passive targeting to tissues making use of physiopathological 

features, e.g. enhanced permeability and retention effect observed in some tumors [18]. 

Moreover, active targeting is achieved making use of naturally occurring VNP–cell/tissue 

interactions (i.e. tropism of cowpea mosaic virus (CPMV) to target and bind to cell-surface 

vimentin [19]), or active targeting strategies achieved by incorporation of antibodies [20], 
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aptamers [21], or peptides [22] into the capsid scaffold. With increasing understanding of the 

underlying biology of diseases, there is an ever-expanding capability to target diseased tissue 

allowing the development of personalized medicine.

Drug delivery

Chemotherapy

VNPs have been explored as nanocarriers for a number of clinically approved and 

experimental chemotherapeutics. Conjugation or complexation of the therapeutic compound 

to VNPs can have several advantages including improvement of pharmacokinetics and 

advantageous biodistribution enabling enhanced drug delivery to disease sites while 

overcoming off-target effects. Passive and active targeting strategies as mentioned above 

allow tailored tissue specificity. Several VNP platforms have been developed as a carrier for 

the anthracycline doxorubicin. In the clinic doxorubicin is used to treat a variety of cancer 

types including breast, ovarian, prostate, and thyroid, among others. High off-target toxicity 

of the drug however, limits the administered dose reducing treatment efficacy [23]. 

Liposomal formulation of doxorubicin is one of the few examples of nanoparticle-based 

drugs used in the clinic today [24]. Examples of VNP-doxorubicin complexes include high 

aspect ratio TMV-based nanotubes as well as TMV-derived disk-shaped nanoparticles, both 

of which have been conjugated with doxorubicin through covalent attachment [25–27]. 

Spherical TMV nanoparticles have also been infused with doxorubicin through mixing of 

doxorubicin and TMV during the heat-mediated rod-to-sphere shape transition. Either 

method yielded doxorubicin-loaded TMV formulations that exhibited potent cytotoxicity 

against cancer cells when tested in vitro [25]. Another example is cucumber mosaic virus 

(CMV); here doxorubicin was infused and trapped inside the capsid through non-covalent 

loading into the encapsidated RNA genome, leading to increased drug concentration in 

ovarian cancer tissue and decreased cardiotoxicity in a mouse model [28]. Similarly, the 

reversible pore-opening process of the red clover necrotic mosaic virus (RCNMV) capsid 

allowed loading and release of doxorubicin (as well as other drugs) in a pH- and divalent 

cation-dependent manner [29]. More recently, we also demonstrated the non-covalent 

complexation of doxorubicin to high aspect ratio, flexuous potato virus X (PVX); the 

formulation exhibited enhanced efficacy vs. free drug in a mouse model of triple negative 

breast cancer [30].

While doxorubicin is a good entry point to the field of drug delivery, allowing comparison of 

the different platform technologies, newer approaches and alternate nanoparticle-drug 

formulations delivering more potent drugs are urgently needed to overcome drug resistance. 

Toward this goal, we recently demonstrated TMV-assisted delivery of the drug candidate 

phenanthriplatin (Figure 2). Phenanthriplatin is a cisplatin derivative up to 40× more potent 

than contemporary platinum therapeutics, including among platinum resistant cell lines [31]. 

To enable its delivery to tumors, we established a non-covalent drug loading protocol 

yielding therapeutic TMV carrying ~2,000 phenanthriplatin moieties in its central channel. 

Loading was achieved through electrostatic-driven assembly (the dication of 

phenanthriplatin interacts with the negatively-charged interior of TMV). Phenanthriplatin-
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loaded TMV outperformed both free phenanthriplatin and the current standard of care, 

cisplatin, when used to treat a mouse model of triple negative breast cancer [32].

Photodynamic therapy

Another avenue is the use of VNPs for the delivery of photodynamic therapies (PDT), an 

emerging therapeutic regimen used to treat infectious disease and cancer. PDT relies on 

photosensitizers, often derived from porphyrins, which produce reactive oxygen species 

following activation by specific wavelengths of light. Targeted delivery of PDT allows for 

increased clinical applications through reduction of host-cell/non-target tissue damage. 

Several VNP platforms are undergoing development of PDT. For example, Staphylococcus 
aureus, an infectious agent that can cause persistent biofilms, was treated using cowpea 

chlorotic mosaic virus (CCMV) dual-functionalized with a photosensitizer and a targeting 

ligand [33]. PDT has also been loaded into the tumor cell-targeted bacteriophages Qβ and 

MS2. In brief, aptamer-targeted MS2-delivered PDT allowed for preferential killing of the 

Jurkat leukemia cell line [21]. Similarly, glycan-conjugated Qβ delivered PDT enabled 

highly specific CD22+ B cell lineage targeting and killing. Potential applications are 

lymphoma chemotherapy and certain immune disorders [34].

Two recent examples used TMV and CPMV to target PDT agents to melanoma. TMV was 

loaded with cationic photosensitizers using the electrostatically-driven loading protocol 

described above (see Figure 2) [32]; the resultant PDT-carrier system showed increased cell 

uptake and cell killing efficiency when tested with melanoma cells in vitro [35]. CPMV 

modified with a corona of negatively charged dendrons was used to complex and load 

positively charged PDT agents. This VNP-synthetic hybrid material was effective in killing 

both a melanoma cell line as well as macrophages – the combined efficacy on cancer cells 

and tumor-associated macrophages could be a powerful strategy for cancer therapy [36].

Pest control

VNPs can also be used to improve pesticide delivery for agriculture. Currently, tobacco 

mottle green mosaic virus (TMGMV) is approved by the EPA as a biopesticide for control of 

the weed tropical soda apple, demonstrating the potential utility of plant virus-based pest 

control [37]. In another example, a plant VNP was used to target pesticides to parasitic 

nematodes. Nematodes cause an estimated $157 billion in crop damage annually and, while 

abamectin is effective in killing these pests, it has poor mobility in the soil, leading to a 

limited zone of protection. To overcome this challenge, abamectin was loaded into RCNMV 

through a pH- and salt-dependent gating mechanism (Figure 3); the RCNMV carrier was 

shown to be more effective than free abamectin in nematode killing protecting plant roots 

from disease [29,38].

Gene therapy

While mammalian viral vectors are already established for gene delivery newer approaches 

include the development of plant viruses and bacteriophages targeting diverse applications. 

A prominent example is the development of CCMV to deliver mRNA cargos. CCMV, like 

other VNP platform technologies, has the capability to package non-native RNA of a range 
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of lengths and sequences. In a proof-of-concept study, VLPs consisting of a CCMV capsid 

containing heterologous RNA were delivered to cells using lipofectamine; upon cell entry 

packaged nucleic acids were released in the cytoplasm of mammalian cells leading to 

expression of the reporter enhanced yellow fluorescent protein. Loading of these RNAs into 

the VNP carrier protects the genetic material from degradation during storage and delivery 

[39]. Bacteriophage M13 has also been used as a nanocarrier for genetic material; through 

genetic engineering the bacteriophage was modified to carry a transgene cassette for herpes 

simplex virus thymidine kinase, a conditionally lethal enzyme that causes cell death when 

expressed in the presence of the pro-drug ganciclovir. This M13 gene delivery vector was 

also modified to express a RGD4C peptide on its surface to enable cancer cell targeting. By 

combining this targeted bacteriophage with a cationic polymer, cell delivery and efficacy 

was demonstrated in vitro [16]. Another area of development is the delivery of mRNAs for 

vaccination, a topic discussed in the next section (Immunotherapies and vaccines).

Bacteriophages have also been developed for gene-silencing applications. For example MS2 

has been developed as a carrier for micro-RNAs (miRNAs). Like the plant virus CCMV, the 

bacteriophage has not developed a natural mechanism for trafficking in mammalian cells; 

however targeting of the nucleic acid cargo to the cytoplasm was achieved through 

conjugation of the cell penetrating peptide Tat (trans-activator of transcription) from human 

immunodeficiency virus 1. In vivo administration of this nanocarrier in a murine model of 

systemic lupus erthythematous achieved a significant increase in the expression of miR146a, 

a miRNA involved in regulation of the innate immune response and found to be a regulator 

of autoimmune disorders, myeloproliferation, and cancer. Delivery of the MS2 encapsulated 

regulatory miR146a was found to have a therapeutic effect as it reduced the total antibody 

production [40].

Immunotherapies and vaccines

Vaccination by means of gene expression

Plant virus- and bacteriophage- derived VNPs are well suited to use as vaccines and 

immunotherapy because they are capable of stimulating the immune system without the risk 

of integration or replication – the latter remain safety concerns for attenuated or inactivated 

vaccines. The size and multivalent nature of VNPs allows for increased immune stimulation, 

including enhanced B cell activation and uptake by antigen presenting cells. Additionally, 

even viruses which do not infect mammalian cells stimulate pathogen associated molecular 

patterns receptors thus priming the innate immune system, resulting in chemo/cytokine 

profiles that also stimulate T cell activation [8]. Building on their ability to interact 

efficiently with immune cells and their natural capacity to encapsulate nucleic acid cargo, 

VNPs are undergoing development for delivery and expression of immunogenic transgenes 

in host cells as a vaccination strategy. In particular, RNA viral vectors have the advantage of 

inducing high levels of epitope expression in target cells without integration into host DNA. 

By inducing expression of an antigen, a high level of long-lasting cellular immunity can be 

achieved. Nevertheless, based on the inherent instability of RNA a delivery system is 

required. Based on their natural interaction and priming of immune cells, plant-based VNPs 

provide an intriguing platform for vaccine applications. In one example, a RNA vaccine 
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system was created using a combination of modified RNA-1 from insect virus Flockhouse 

virus and coat proteins from plant virus TMV. In brief, a TMV origin of assembly was 

inserted into the target RNA sequence containing open reading frames of the gene of 

interest. The presence of the origin of assembly triggered assembly of TMV coat proteins 

allowing for production of hybrid VNPs in planta. In a proof-of-concept study using the 

model immunogen enhanced green fluorescent protein, this VNP-delivered vaccine strategy 

yielded an effective humoral response against the immunogen when tested in mice [41].

Vaccination by means of epitope delivery

In addition to their capability to deliver the coding sequences of immunogens, peptide 

antigens can also be directly displayed on the surface of VNPs either through genetic fusion 

or chemical bioconjugation to the coat proteins. The multivalent display of epitope in 

combination with the immunogenic nature of the carrier helps to boost epitope-specific B 

and T cell responses. Developments of VNPs epitope display platform are wide-ranging and 

applications include vaccination against infectious disease, cancer, chronic diseases and 

addiction. For a comprehensive review on this topic, we would like to refer the reader to the 

following review [42]. Here we will highlight two recent examples.

First, in the setting of infectious disease, the bacteriophage P22 has been explored as a 

platform for a universal influenza vaccine. Influenza nucleoprotein (NP), a protein that is 

conserved among different strains, was incorporated into the VNP through genetic 

engineering. Immunization of mice with purified resultant VNPs elicited a humoral and 

cellular response with anti-NP antibodies and CD8+ T cells specific to NP produced, 

resulting in protection of immunized mice against both H1N1 and H3N2 influenza strain 

intranasal challenges [43].

Second, efforts have also focused on the development of VNPs displaying tumor-associated 

antigens to elicit therapeutic and prophylactic immunity. One example is the display of an 

epitope for the idiotypic (Id) immunoglobulin from B-cell lymphoma using the PVX 

platform technology. Conjugation of the Id epitope to PVX through biotin-streptavidin 

interactions allowed for a multivalent presentation of the epitope. The multivalent display 

alongside with immune-stimulation through toll-like receptor-7 activation based on the 

encapsidated ssRNA genome of PVX led to enhanced immune stimulation, increased 

production of anti-Id antibodies, and improved resistance to Id-expressing BCL1 lymphoma 

challenge when compared to Id-streptavidin alone [44].

In situ vaccines

In situ vaccination is a technique where an immune-stimulatory agent is introduced directly 

into an identified tumor or metastatic site to overcome the immunesuppressive tumor 

microenvironment and mount an anti-tumor response [45]. With this approach the tumor 

itself is used as the antigen source and what is introduced is an adjuvant. In situ vaccination 

with mycobacteria has been used over 40 years for bladder cancer [46]. Recently FDA-

approved, is TVEC [Amgen], an oncolytic viral therapy based on an attenuated herpes 

simplex virus engineered to express granulocyte-macrophage colony-stimulating factor 

(GM-CSF) [47,48].
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We and others have recently demonstrated that plant VNPs also induce an anti-tumor 

immune response when applied as in situ vaccine. First, CPMV has been found to be 

effective in stimulating an anti-tumor immune response when administered into the tumor 

microenvironment – efficacy was demonstrated in mouse models of metastatic melanoma, 

breast cancer, ovarian cancer, and colon cancer. The in situ vaccination using CPMV 

stimulates the innate immune system, in particular CPMV triggers activation and infiltration 

of neutrophils, resulting in a chemo/cytokine profile that leads to activation of adaptive 

immunity. Data indicate that CPMV in situ vaccination of dermal melanoma in mice elicits a 

durable anti-tumor response: treated animals were protected from tumor re-challenge 

(Figure 4) [11]. Similarly to our finding, others have shown that filamentous papaya mosaic 

virus (PapMV) also exhibited efficacy in treating a mouse model of melanoma when 

administered intratumorally. The efficacy of PapMV was further improved by synergistic co-

administration with dendritic cell vaccination and programmed death ligand 1, a checkpoint 

inhibitor [49].

Conclusion

It is clear that there are many exciting opportunities for potential applications of VNPs in 

medicine and biotechnology. The field has grown out of its infancy: through collaboration 

between structural biologists, chemists, physicists, and bioengineers a toolbox of 

engineering principles has been developed and we are beginning to understand the 

underlying design concepts to tailor VNPs as cargo-delivery vehicles. Multiple platform 

technologies are being developed with translational and/or commercial applications on the 

horizon. Yet there is much work to do to realize the bench-to-bedside/field application. First, 

many works are still being carried out in tissue culture or small animal models, which may 

not mimic human disease in a realistic fashion and therefore do not always provide a 

realistic and predictive testbed, in particular for toxicology assessment. As for any biologic 

(as well as synthetic nanomaterials) immunogenicity needs to be carefully evaluated – while 

a desired property for immunotherapies, immune surveillance must be overcome for 

therapeutic delivery in which immune-targeting is not desired (e.g. chemotherapy delivery). 

To some extent, pharmacokinetics and immunogenicity of VNPs can be tailored through 

conjugation of a polymer stealth coating such as polyethylene glycol or polyoxazoline 

[18,50] or a camouflage coating such as albumin [51]. Yet newer and more modern 

approaches are required to make an impact in the clinic. Another consideration is the 

manufacture of ever more complex formulations harboring cargos, targeting ligands, and 

stealth/camouflage coatings. Any functionalization applied post-harvest will lower the yield, 

increase manufacturing costs, and add the risk of batch-to-batch variability [52]. As the field 

matures and translation/commercialization become targets in reach, careful design 

considerations must be taken to yield products that are effective and safe and that have a 

realistic and cost-effective path of nanomanufacture.
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Highlights

• Plant viruses and bacteriophages can be regarded as natural nanoparticles.

• Viral nanoparticles are utilized in nanotechnology targeting diverse 

applications.

• Viral capsids offer a scaffold to be modified using a multitude of approaches.

• We highlight developments of viral nanoparticles for applications in human 

health and agriculture.
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Figure 1. 
Plant viruses and bacteriophages come in a variety of shapes, sizes, and surface properties 

and have been explored for a number of biomedical and biotechnology applications. Here 

we show a number of plant viruses and bacteriophages with elongated and spherical 

structures and a range of sizes.
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Figure 2. 
Schematic for loading of phenanthriplatin into TMV. Reprinted with permission from 

Czapar et al.: Tobacco Mosaic Virus Delivery of Phenanthriplatin for Cancer therapy in ACS 
Nano [32]. Copyright (2016) American Chemical Society.
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Figure 3. 
Loading of RCNMV with abamectin for nematode control. Reprinted with permission from 

Cao J, et al.: Development of Abamectin Loaded Plant Virus Nanoparticles for Efficacious 

Plant Parasitic Nematode Control in ACS Appl. Mater. Interfaces [38]. Copyright (2015) 

American Chemical Society.
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Figure 4. 
eCPMV administered at the site of the tumor was shown to be effective in treating mouse 

models of (a) metastatic breast, (b) colon, and (c) ovarian cancer. Reprinted with permission 

from Macmillan Publishers Ltd: Nature Nanotechnology [11], copyright 2016.
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