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es based on plant viruses and
bacteriophages: emerging strategies for the
delivery of nucleic acid therapeutics

Dajeong Kim, †abc Bryan Duoto,†abc Meghana Varanasi,bcd George Goldenfeld abc

and Nicole F. Steinmetz *abcdefgh

Nucleic acids have emerged as a robust modality for the treatment of various diseases that are considered

undruggable in the context of small-molecule therapeutics. However, their clinical translation is hindered

by the lack of safe and effective delivery across extracellular and intracellular barriers. Mammalian viral

vectors and synthetic non-viral carriers have long dominated the delivery landscape, but these raise

concerns about safety and immunogenicity, driving the search for alternative strategies. Recently, non-

mammalian viral vectors (based on plant viruses or bacteriophages) and virus-like particles (VLPs) derived

from them have gained attention as bioinspired platforms for nucleic acid drug delivery. Their well-

defined architecture, scalable production, and ability to encapsulate or display drug cargoes offer

versatility for drug delivery. This review highlights recent progress in the engineering of plant viruses and

bacteriophages for nucleic acid delivery, emphasizing their potential as non-infectious viral scaffolds for

next-generation therapeutic platforms.
1. Introduction

Over the past decade, nucleic acid therapy has expanded to offer
new opportunities for the prevention and treatment of infec-
tious diseases, genetic disorders and cancer.1,2 The success of
mRNA-based COVID-19 vaccines brought unprecedented
attention to the eld, demonstrating the feasibility, scalability
and rapid adaptability of nucleic acids.3 More than 20 nucleic
acid drugs have been approved thus far, including chemically
modied antisense oligonucleotides (ASOs), N-acetylgalactos-
amine (GalNAc) ligand-conjugated small interfering RNAs
(siRNAs), and adeno-associated virus (AAV)-based gene
therapy.4–6 For example, patisiran was the rst approved siRNA
therapeutic and was encapsulated in lipid nanoparticles
ical and Nano Engineering, University of
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(LNPs),7 tusiran is a GalNAc-siRNA drug targeting anti-
thrombin,8 and zolgensma is an AAV-based gene therapy vector
carrying the survival motor neuron 1 transgene for the treatment
of spinal muscular atrophy.8 This versatile class of medicines is
therefore reshaping the therapeutic landscape across a wide
range of human diseases.

Progress in nucleic acid therapy has been accompanied by
parallel advances in delivery strategies, including mammalian
viruses and non-viral vectors.9 Traditionally, mammalian
viruses have been regarded as the most efficient gene delivery
vehicles because this is their natural function, with lentiviral,
adenoviral and AAV vectors in particular achieving efficient
gene delivery, transduction, stable gene expression, and tissue
specic tropism.10–12 However, the limitations of such vectors
include their immunogenicity,13 potential integration into the
host genome,14,15 and cargo size restrictions.16 The immune
system responds to viral vectors in the same manner as live
viruses, leading to safety risks for patients undergoing gene
therapy.17 Several fatalities have been reported during gene
therapy clinical trials, including pediatric patients.18,19 More-
over, pre-existing immunity against mammalian viruses
reduces the transduction efficiency of viral vectors.13,20,21

Concerns associated with mammalian viruses as vectors have
prompted the search for safer alternatives. Non-viral delivery
systems such as LNPs, polymeric carriers, and inorganic struc-
tures are less immunogenic, cannot integrate into host DNA,
have a larger cargo capacity, and are easy to functionalize by
chemical modication.22–24 However, transfection efficiency is
oen poor and they tend to show physicochemical instability
© 2026 The Author(s). Published by the Royal Society of Chemistry
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and heterogeneity.24–26 Serum-induced destabilization, ineffi-
cient endosomal escape, and rapid reticuloendothelial clear-
ance underlie these limitations.24,27–29 In addition, concerns
remain regarding the immunogenicity and toxicity of the
synthetic components, including ionizable lipids and cationic
polymers,30,31 while the lack of comprehensive in vivo studies for
the most recent nanostructured materials creates uncertainty in
terms of pharmacokinetics, long-term safety, and overall
effectiveness.25,26

Naturally occurring non-mammalian viruses, particularly
plant viruses and bacteriophages, overcome the disadvantages
of both mammalian viruses and synthetic particles.32,33 Since
the discovery of tobacco mosaic virus (TMV) in 1898, structural
biology has been guided by plant viruses, inspiring the eld of
nanobiotechnology.34,35 Their biocompatibility, stability, scal-
able production, and robust nucleic acid encapsidation capa-
bilities make such viruses highly attractive for biomedical
Fig. 1 The engineering of plant viruses, bacteriophages and their derived
of capsid structures, encapsulation of nucleic acid cargo, and external disp
mottle virus, TMV = tobacco mosaic virus, CPMV = cowpea mosaic virus
oligodeoxynucleotide, siRNA= short interfering RNA, mRNA=messenge
BioRender.com.

© 2026 The Author(s). Published by the Royal Society of Chemistry
use.36–38 Importantly, they are non-infectious in mammals,
eliminating the safety concerns associated with human
viruses.39,40 Plant viruses and bacteriophages have genetically
programmable capsids that can be engineered for targeting,
immunomodulation, or multicomponent assembly.32,35,38,41

Virus-like particles (VLPs), which resemble the parent viruses
but lack the functional viral genome, can be produced on a large
scale by molecular farming or bacterial fermentation because
the individual coat proteins assemble spontaneously, offering
a cost-effective, reproducible and stable platform for nucleic
acid delivery.42,43 These attributes position plant viruses and
bacteriophages as the next-generation of virus-inspired nano-
carriers for nucleic acid therapeutics.

In this review, we summarize the development of plant virus
and bacteriophage platforms for nucleic acid therapeutics
(Fig. 1). We focus on their unique molecular architectures and
tunable structures, which enable the efficient encapsidation,
virus-like particles (VLPs) for nucleic acid delivery by the reconstitution
lay of targeting ligands and other functions. CCMV= cowpea chlorotic
, cssDNA = circular single-stranded DNA, miRNA = microRNA, ODN =

r RNA, AAV= adeno-associated virus. Figure was created using https://
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protection and transfer of nucleic acid cargoes. Furthermore,
we highlight their emerging potential as safe, scalable and
multifunctional delivery vehicles in mammals. We also discuss
their immunogenicity and consider potential safety issues that
must be addressed to ensure successful clinical translation.
2. Non-infectious viral vectors for
nucleic acid delivery

Plant viruses and bacteriophages are natural, self-assembling
nanostructures whose native hosts are non-mammalian
organisms. Unlike mammalian viral vectors, they are non-
infectious to mammalian cells but nevertheless offer
a dened and genetically programmable capsid architecture as
an ideal template for nucleic acid encapsulation.44 Moreover,
their self-assembled protein shells are monodisperse and
structurally precise, including icosahedral, rod-like and la-
mentous geometries. Their assembly is primarily driven by
electrostatic and steric interactions between coat proteins (CPs)
and the viral genome, which enables controllable in vitro
reconstitution and loading with heterologous nucleic acid
cargoes. Furthermore, facile disassembly and reassembly allow
the encapsulation and protection of diverse nucleic acid cargoes
including messenger RNA (mRNA), siRNA, microRNA (miRNA),
ASOs and DNA (Fig. 1).45

Plant viruses possess several key advantages as delivery
vehicles for nucleic acids. First, their inability to replicate in
mammalian cells offers intrinsic safety.46,47 Second, production
is highly scalable and cost-effective by molecular farming in
plants or heterologous expression in bacteria.48,49 For example,
plant viruses and VLPs can be produced with a yield of ∼5 g per
kg of infected leaves or up to ∼7 g per kg of total protein in
cultures of Escherichia coli.48,50–52 Third, their ability to encap-
sidate a nucleic acid genome allows the efficient packaging of
heterologous nucleic acid cargoes, providing high loading
capacity and protection from enzymatic degradation.53,54

Fourth, they demonstrate excellent long-term stability, main-
taining structural integrity and therapeutic efficacy when stored
in infected plant tissues or as puried particles.55,56 Fih, plant
viruses are biocompatible and stable in serum-containing
media, which offers a particular advantage over many
synthetic nanoparticles.57 Finally, their surfaces can be engi-
neered by genetic and chemical functionalization, enabling the
display of targeting ligands, imaging probes, or immunogenic
antigens.58,59

Similarly, bacteriophages are regarded as biologically safe
materials due to their inability to infect or replicate in
mammalian hosts. They are produced in bacteria at excep-
tionally high titers of up to ∼1.2 × 1016 plaque-forming units
(PFU) per mL in a 5-L batch, enabling industrial-scale produc-
tion.60 Like plant viruses, bacteriophages are remarkably stable
during storage, remaining intact for extended periods without
the need for ultralow-temperature preservation.61–63 Filamen-
tous bacteriophages such as M13 have been widely used in
phage display technologies to present peptide or protein
libraries on their surface.64 Bacteriophage T4 has a DNA cargo
Chem. Sci., 2026, 17, 3908–3935 | 3911
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capacity of up to ∼170 kbp, which is packaged by an ATP-driven
motor.65 With comprehensive insights into their structure and
genome-packaging mechanisms, bacteriophages are amenable
to rational customization of both internal and external surfaces,
allowing the design of multifunctional delivery systems.

The structural predictability, modular design and program-
mable reassembly of plant viruses and bacteriophages make
them highly versatile as scaffolds for the construction of
tailored nanocarriers with diverse morphologies. However, they
lack inherent tropism for mammalian cells, which is needed for
the intracellular delivery of nucleic acids. Research has there-
fore focused on improving their transduction efficiency as well
as establishing cargo-specic encapsulation strategies while
retaining their intrinsic advantages of biosafety, scalability and
programmability. Below, we discuss the characteristics of plant
viruses and bacteriophages that position them as ideal scaffolds
for next-generation nucleic acid delivery platforms (Fig. 1).
Representative studies of nucleic acid drug delivery by plant
viruses and bacteriophages are summarized in Tables 1 and 2,
respectively.
3. Plant viruses as vehicles for nucleic
acid delivery
3.1. The cowpea chlorotic mottle virus system

Cowpea chlorotic mottle virus (CCMV) is a member of the
family Bromoviridae and has a positive-sense multipartite
single-stranded RNA (ssRNA) genome66 encapsulated within an
icosahedral capsid 28 nm in diameter and 3 nm thick,
comprising 180 CPs arranged with T = 3 symmetry.67 The
production of CCMV is scalable in black-eyed pea plants, with
yields of 0.5–1 g kg−1 leaf tissue,52 but the CCMV CP can also be
produced in bacteria with yields of up to 2.6 g L−1.68 CCMV
disassembles and reassembles under specic buffer conditions
(pH and salt concentration) without the need for initiation
sequences, enabling the formation of empty VLPs based on
strong CP–CP interactions (Fig. 2a).45,69 During assembly,
heterologous RNA can be packaged by electrostatic interactions
with CPs (Fig. 2a).70–72 RNA encapsidation is a length-
dependent, cooperative process, so assembly with ssRNAs
shorter than the viral genome requires the co-packaging of
additional RNAs to achieve fully ordered VLPs.71,73 Even naked
RNA anti-sense oligonucleotides (ASOs) and chemically modi-
ed RNA ASOs can be encapsulated into CCMV VLPs and pro-
tected by CPs.74 For example, VLPs containing anti-miR-181a
ASOs achieved the efficient knockdown miR-181a in three
cancer cell lines, effectively blocking their proliferation and
inhibiting their invasiveness.74

Similarly, 15-nt locked nucleic acids (LNAs) were loaded into
CCMV VLPs enabling the silencing of miR-23 as a treatment for
age-related macular degeneration (AMD).76 LNAs are bicyclic
oligonucleotide analogs with a methylene bridge linking the 20

oxygen and 40 carbon to improve binding affinity.77 The VLPs
achieved a loading efficiency of 87% for anti-miR-23 LNAs,
remaining at 79% aer further stabilization by cross-linking
CPs using 3,30-dithiobis(sulfosuccinimidylpropionate)
3912 | Chem. Sci., 2026, 17, 3908–3935
(DTSSP). The cross-linked VLPs improved capsid stability,
allowing miR-23 knockdown even in the absence of a trans-
fection agent.76 Notably, the chemical modication of nucleo-
bases has a negligible impact on the encapsulation
process.72,74,76

The assembly of VLPs based on electrostatic interactions
between CCMV CPs also allowed the encapsulation of single-
stranded DNA (ssDNA) (Fig. 2a and b).72,75,76,78,79 The assembly
of CCMV VLPs containing ssDNA requires a minimum length of
14 nt, but longer DNAs (∼20 nt) promote faster and more effi-
cient packaging.80 The encapsulation of CpG oligonucleotides
(CpG ODNs) into CCMV VLPs triggered antitumor responses
(Fig. 2c).72 CpG ODNs are immunostimulatory molecules that
activate innate immune cells by signaling through Toll-like
receptor 9 (TLR9).81,82 VLPs containing CpG ODNs were struc-
turally similar to native CCMV but enabled delivery to (and the
subsequent activation of) tumor-associated macrophages.72

CCMV has also been used to deliver regulatory miRNAs and
siRNAs.83–86 CCMV VLPs can encapsulate 22-bp miRNAs at
a capacity of ∼16 molecules per VLP.84 The resulting miR-26a-
carrying VLPs were internalized by human mesenchymal stem
cells (hMSCs) and efficiently released their miRNA cargo into
the cytoplasm, promoting osteogenic differentiation compa-
rable to that achieved with Lipofectamine-mediated delivery.84 A
25-bp siRNA targeting eGFP could also be assembled into CCMV
VLPs with CP conjugated to the L17E variant of M-lycotoxin,
a cell penetrating peptide (CPP).85 The VLPs displaying L17E
outperformed native VLPs, enabling transfection reagent-free
delivery and gene silencing.85

Interestingly, the shape of assembled CCMV CP nano-
structures can be altered by the type of nucleic acid cargo.
Whereas ssRNA, short double-stranded RNA (dsRNA) and
ssDNA make icosahedral particles, long double-stranded DNA
(dsDNA) redirects their assembly into tubular nanostructures
(Fig. 2d and e).75,78,79 The tube length can be controlled by
altering the dsDNA : CP ratio, as shown with dsDNA molecules
of 1, 7.3 and 23 kbp.78 The tube has a uniform diameter of
17 nm, in some cases with hemispherical caps showing T = 1
symmetry.79 The packaging of a 563-bp dsRNA yielded long,
curved nanorods with a diameter of ∼21 nm.87 The ssDNA-
containing icosahedral VLPs were internalized mainly by
clathrin-mediated endocytosis, whereas dsDNA-containing rods
were taken up by micropinocytosis, highlighting the structure-
dependent cell uptake of VLPs.75 These ndings emphasize
the exibility and versatility of the CCMV-mediated nucleic acid
delivery system.

The intrinsic ability of CCMV to encapsidate the native ∼3.1-
kb genome implies the potential to package even longer heter-
ologous nucleic acids.53,88,89 CCMV VLPs have been shown to
encapsulate an in vitro transcribed 1800-nt heterologous RNA
cassette derived from Sindbis virus (SINV) (Fig. 2f).53 While
retaining the 50 and 30 untranslated regions (UTRs) as cis-acting
elements for replication, the nonstructural coding region of
SINV was modied to express the enhanced yellow uorescent
protein (eYFP), creating a defective-interfering RNA template
(DI-eYFP).53 In proof-of-concept experiments, CCMV VLPs could
be induced to express eYFP following Lipofectamine-mediated
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Applications of CCMV VLPs for delivery of nucleic acid therapeutics. (a) Schematic showing the disassembly and reassembly of empty
CCMV VLPs and CpG oligonucleotide (ODN)-encapsulating CCMV VLPs (CCMV-ODN). (b) Transmission electron microscopy (TEM) micro-
graphs of empty CCMV and CCMV-ODN. Scale bars: 100 nm. (c) Survival of CT26 cells after co-culture with bonemarrow-derivedmacrophages
(BMDMs) stimulated with the ODN or VLPs showing anti-tumor activity of stimulated BMDMs. Reproduced from ref. 72 with permission from
JohnWiley and Sons, copyright 2020. (d) Encapsulation of ssDNA or dsDNA into CCMV VLP by assembly with CCMVCPs. (e) TEMmicrographs of
CCMV VLPs encapsulating DNA strands of different length or structures, showing the resulting morphological differences among the VLPs.
Reproduced from ref. 75 with permission from Elsevier, copyright 2019. (f) Lipofectamine-mediated delivery of CCMV VLPs encapsulating
heterologous mRNA into mammalian cells and subsequent induction of protein expression. (g) Expression of enhanced yellow fluorescent
protein (eYFP) in mammalian cells following transfection with nakedmRNA (RNA) or mRNA encapsulated in CCMV VLPs (VLP). Reproduced from
ref. 53 with permission from Elsevier, copyright 2013.
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transfection followed by the introduction of SINV-like particles
to initiate the replication of DI-eYFP (Fig. 2g).53 More recently,
a self-amplifying mRNA (saRNA) was encapsulated in CCMV
VLPs by using RNA-dependent RNA polymerase (RdRp) to
maximize and prolong protein expression.89,90 CCMV CP was
used to encapsulate a ∼3200-nt replicon encoding Nodamura
virus RdRp in conjunction with a downstream transgene,
enabling a 150-fold increase in transcription compared to
a non-replicating mRNA.89 Further studies with a replicon
3916 | Chem. Sci., 2026, 17, 3908–3935
encoding the MHC class I epitope SIINFEKL as a model antigen
showed that the CCMV VLP stimulated dendritic cell activation
and T-cell priming.89 Also, mouse footpad injections resulted in
the robust expression of eYFP in the draining lymph nodes,
showing that CCMV VLPs are suitable candidates for mRNA
vaccine design.90

CCMV can also be used to present CP-nucleic acid hybrid
origami structures.91–93 For example, rectangular DNA origami
has been wrapped into rolled-tube and fully coated sheet
© 2026 The Author(s). Published by the Royal Society of Chemistry
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structures via electrostatic interactions with increasing
amounts of CP, resulting in enhanced delivery to HEK 293
cells.91 Taking advantage of programmable DNA nanotech-
nology, the nely tuned DNA origami structures could be coated
with CCMV CPs.92 Although there was a preference for tubular
structures such as six-helix bundles (6HB), all tested structures
were successfully coated with CCMV CPs, including the toroidal
13-helix ring (13HR) and brick-like 60HB with low aspect ratio,
as well as DNA-RNA hybrid 6HB.92 This unique origami-coating
strategy was expanded to deliver mRNA into cells.93 The
encapsulation of mRNA-DNA origami encoding enhanced green
uorescent protein (eGFP) by CCMV CPs conferred stability
against nucleases and increased uptake efficiency without Lip-
ofectamine, although eGFP was only expressed in the presence
of Lipofectamine.93

Although Lipofectamine has been widely used for gene
delivery and expression in vivo, more recent studies have shown
that transfection agents are not required.90 Further research is
required to understand the trafficking of plant VLPs in cells.
CCMV is taken up mainly by clathrin-mediated or caveolae-
mediated endocytosis, or in some cases by micropinocytosis,75

but the endolysosomal escape of VLPs and the release of RNA
cargo into the cytoplasm is not fully understood. This founda-
tional knowledge is needed to rene VLP designs and to
determine whether CPPs or specic RNA release mechanisms
must be included to maximize gene delivery and unlock the full
potential of this gene delivery technology.
3.2. The tobacco mosaic virus system

TMV is a rod-shaped Tobamovirus with a 6.4-kb positive-sense
ssRNA genome.94,95 Each TMV particle is composed of 2130
identical CP subunits that form a rigid, hollow nanotube
300 nm in length and 18 nm in diameter.96 The helical structure
of TMV comprises 16.3 CP subunits per turn, with a pitch of
2.3 nm, forming an internal channel 4 nm in diameter.96,97Wild-
type TMV can be produced in infected leaves with a yield of 1–
5 g kg−1 leaf tissue.50 TMV VLPs encapsulating heterologous
RNA can be produced in planta using plasmids expressing TMV
CP and the heterologous RNA cargo,98 in E. coli,51 and by in vitro
assembly from individually puried CP and RNA components,
achieving assembly yields of ∼60% relative to input TMV CP.54

Among the limited studies available, the predominant strategy
for the preparation of TMV VLPs involves the in vitro self-
assembly of disassembled CPs and synthetic RNA templates,
particularly for applications in mammals.90

The reconstitution of TMV involves the polymerization of
pre-formed CP disks together with RNA.99,100 The TMV genome
has a 30 origin of assembly sequence (OAS) that initiates the
assembly of TMV CPs using viral RNA as the template
(Fig. 3a).101,102 Tubular TMV VLPs can encapsulate heterologous
ssRNA by direct self-assembly if an OAS-containing RNA strand
is used, and the length of the tube is dependent on the length of
the ssRNA (Fig. 3a and b).103–105 For example, TMV CPs have
been shown to encapsulate synthetic mRNA encoding chlor-
amphenicol acetyltransferase (CAT) linked to the TMV OAS.103

This non-viral 1.2-kb transcript was successfully assembled into
© 2026 The Author(s). Published by the Royal Society of Chemistry
TMV VLPs 60 nm in length, consistent with the theoretical
size.103,105 The expression of CAT was conrmed in animal cells
by microinjection, demonstrating that TMV VLPs are di-
sassembled to release encapsidated foreign mRNA.103 OAS-
containing RNA scaffolds of different lengths allow the
production of TMV VLPs with tunable aspect ratios and distinct
biodistribution proles, depending on their shape and surface
coating.105 In particular, a 130-nm TMV VLP coated with the
integrin binding cyclic peptide RGD showed high tumor-
targeting efficiency due to tumor-specic binding and
enhanced diffusion.105

TMV has been used as an RNA vaccine carrying a trans-
encapsidated viral genome cassette encoding RNA replicase and
a target protein.107–109 A 13.6-kb vector was developed by linking
the Semliki Forest virus (SFV) replicon to a lacZ reporter gene
and TMV OAS, which was then packaged in vitro with TMV
CPs.107 The SFV-TMV pseudovirus was 600 nm in length and
enabled b-galactosidase (b-Gal) expression in vitro.107 Successful
mRNA delivery and transgene expression in C57BL/6 mice was
demonstrated by b-Gal-specic immune responses, conrming
the co-translational disassembly of pseudovirus particles.107 The
immune response was similar for VLPs assembled from wild-
type CP or CP fused to the RGD peptide, indicating that TMV
VLPs entered immune cells in vivo.107 This result agreed with
studies showing that TMV is taken up efficiently by dendritic
cells and can activate dendritic cells and macrophages.110–112

More recently, TMV was also used to encapsidate the small
RNA genome of Flock House virus (FHV), which is known for its
rapid replication and inability to trigger apoptosis, in contrast
to the 11.5-kb SFV replicon.108,109 The 3.8-kb construct consisted
of FHV RNA1 containing a 3.1-kb RdRp gene linked to eGFP and
the TMV OAS. The RNA cargo was then encapsidated by in vitro
assembly or synthesis in Nicotiana benthamiana plants.109

Testing in mice revealed that particles assembled in planta eli-
cited a stronger immune response than those assembled in
vitro, possibly due to inefficient in vitro 50 capping resulting in
low transgene expression.109

TMV VLPs were recently used for saRNA vaccine
delivery.54,90,113 A 4-kb RNA replicon cassette including the eYFP
reporter gene and Nodamura virus RdRp gene was encapsulated
efficiently, and VLPs carrying the saRNA remained stable and
enabled reporter protein expression in lymph nodes following
injection into mouse foot pads.90 By replacing the reporter with
a mutated a human papillomavirus (HPV)-16 E7 oncogene,
a VLP vaccine candidate was constructed for the treatment of
HPV+ tumors.113 The VLP induced the production of E7-specic
IgG and IgM, conrming an effective humoral immune
response.113 Additionally, the mutant E7 protein induced näıve
T cells to proliferate and differentiate into E7-specic effector T
cells and produce signicant levels of interferon g (IFNg) and
interleukin (IL)-4, indicating priming of the memory T cell
response in vaccinated mice.113 The saRNA cassette was devel-
oped as a COVID-19 vaccine by replacing the E7 oncogene with
the receptor binding domain (RBD) of SARS-CoV-2 (Fig. 3c).54

The resulting VLP induced the production of RBD-specic
neutralizing IgG antibodies (Fig. 3d).54
Chem. Sci., 2026, 17, 3908–3935 | 3917
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Fig. 3 Self-assembly and application of TMV VLPs for nucleic acid therapeutics. (a) Production of TMV VLPs by assembly of TMV CPs. Origin of
assembly sequence (OAS)-containing RNA-directed assembly of VLPs (i). TEM micrographs of short TMV VLPs (ii) and long TMV VLPs (iii).
Reproduced from ref. 101 with permission from John Wiley and Sons, copyright 2019. (b) Schematic and TEM micrograph of star-like structure
made of gold nanoparticle core and TMV VLP arms. Reproduced from ref. 106 with permission from JohnWiley and Sons, copyright 2013. (c) Full
mRNA construct encoding Nodamura RNA-dependent RNA polymerase and Omicron receptor-binding domain (RBD) with TMV OAS (top) and
TEMmicrographs of TMV, TMVCPs and reassembled TMV VLPs containingmRNA encoding RBD (RBD.OAS VLPs; bottom). (d) Immunizationwith
TMV VLP carrying RBD-encoding mRNA (left) and endpoint antibody titers of anti-Omicron RBD elicited by VLP-mediated immunization (right).
Reproduced from ref. 54 with permission from Elsevier, copyright 2025.
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RNA-directed polymerization can generate programmable
TMV-based VLPs.101 TMV CPs can self-assemble into diverse
structures, including star-like and boomerang forms via OAS-
containing RNA-guided assembly (Fig. 3b).106,114 Only ssRNA is
encapsidated, so DNA-RNA hybrid structures can be used as
stop signs to control the polymerization of TMV CPs.115 CPs with
3918 | Chem. Sci., 2026, 17, 3908–3935
different functionalities can be mixed in a single TMV
particle.116 TMV-based VLPs can be modied by genetic and
chemical engineering to facilitate applications in MRI imaging,
vaccine development, and drug delivery.117–119 Finally, the
nucleoprotein components of TMV or its CPs can be heat-
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc02211h


Fig. 4 Applications of CPMV and PVX VLPs for the delivery of RNA therapeutics. (a) HER2-binding Affimer-mediated intracellular gene delivery
and expression of CPMV VLPs carrying eGFP mRNA. (b) HER2-targeted delivery of CPMV VLPs to HER2+ AU565 and SKBR3 cells using Affimers.
VLP-to-Affimer ratio-dependent eGFP expression (top) and fluorescence images showing higher eGFP expression in HER2+ cells compared with
HER2− MDA-MB-231 cells (bottom). Reproduced from ref. 129 with permission from Elsevier, copyright 2024. (c) Full mRNA construct for PVX
VLP assembly and production process of PVX VLP by assembly of PVX CPs with mRNA scaffold containing SL1 sequence. (d) Size controlled
fabrication of VLPs depending on the length of RNA scaffolds and the TEM micrographs of resulting VLPs. (e) TEM micrographs of circular RNA
and PVX VLPs containing circular RNAs. Reproduced from ref. 131 with permission from Springer Nature, copyright 2025. eGFP = enhanced
green fluorescent protein, SL1 = stem loop 1, gRNA = genomic RNA, circRNA = circular RNA, circPVX = circular RNA-encapsulating PVX VLP.
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annealed at spherical nanoparticles that can package small
molecule drugs or nucleic acid therapeutics.120–123
3.3 The cowpea mosaic virus system

Cowpea mosaic virus (CPMV) is a member of the family Como-
viridae and has a bipartite positive-sense ssRNA genome
© 2026 The Author(s). Published by the Royal Society of Chemistry
comprising 6-kb RNA-1 and 3.5-kb RNA-2.124,125 The CPMV
particle is composed of 60 copies each of large (L) and small (S)
CP subunits that assemble into a 30-nm icosahedral capsid.126

Native CPMV can be produced in planta with a yield of 0.5–2 g
kg−1 of infected leaf tissue.127 CPMV VLPs encapsidating
heterologous mRNA can be generated in planta by inltrating
leaves with Agrobacterium tumefaciens carrying the pEAQ (“easy
Chem. Sci., 2026, 17, 3908–3935 | 3919
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and quick”) transient expression vector, with a typical yield of
∼1 g kg−1 leaves.128,129 A three-component system has been
developed for in planta VLP assembly, comprising RNA-1, the CP
precursor VP60, and a target gene inserted in the RNA-2
cassette, based on the nding that encapsidation is depen-
dent on RNA replication.128,129

Using the pEAQ system, ∼5% of VLPs were shown to
encapsulate eGFPmRNA (Fig. 4a).129 By conjugation to a dimeric
Affimer targeting human epidermal growth factor receptor 2
(HER2) and CPMV, the VLP achieved the HER2-specic inter-
nalization and expression of eGFP (Fig. 4b).129 Notably, the
three-component VLP production system allows CPMV VLPs to
encapsulate ssRNAs ranging from 1.4 to 7.6 kb, exceeding the
size of CPMV genomic RNA.130 CPMV VLPs could be developed
as vaccine candidates by encapsidating mRNAs that encode
antigens such as the SARS-CoV-2 spike protein or the full-length
glycoprotein of Ebolavirus.130

Besides its use as a gene delivery vehicle, CPMV has found
application in cancer therapy: The immunomodulatory activity
of CPMV facilitates cancer immunotherapy,132–134 with potent
efficacy demonstrated in mouse tumor models52,133–141 and
canine cancer patients.142–147 Mechanistically, the nucleoprotein
complex of CPMV acts on innate immune cells to modulate the
tumor microenvironment (TME); the packaged RNA activates
toll-like receptor (TLR)-7 and the capsid protein activates TLR-2
and -4. While the RNA is not expressed it plays a central role in
the mechanism of action of CPMV as an immunotherapy
candidate for cancer therapy. Intratumoral CPMV activates and
recruits innate immune cells, thereby initiating a cascade of
tumor killing mechanisms, resulting in the efficient presenta-
tion of tumor-associated and neoantigens, and the elicitation of
adaptive anti-tumor immunity via tumor antigen-specic CD4+

and CD8+ effector and memory T cells.135,148 Intratumoral CPMV
thus induces an antitumor response against not only the treated
tumor but also untreated distant tumors.149
3.4. Other plant viruses

Potato virus X (PVX) is a exuous lamentous virus containing
a 6.4-kb positive-sense ssRNA genome with a 50 cap and 30

polyadenylate tail.150 The PVX particle contains 1300 25-kDa CP
subunits that self-assemble into lamentous structure 515 nm
in length and 13 nm in diameter with 8.9 CPs per helical turn.151

RNA encapsulation requires a stem loop 1 (SL1) RNA sequence
to bind CP and initiate VLP formation in vitro.152,153 We recently
developed PVX VLPs as an RNA delivery platform131 and showed
that PVX VLPs can encapsidate ssRNA molecules over a broad
size range, including linear and circular RNA, as long as the SL1
sequence is present (Fig. 4c–e). The surface of PVX can be
modied by incorporating His-tagged CPs, and the ability of
PVX VLPs carrying the eGFP gene to express the corresponding
protein highlights their versatility for the delivery of RNA
therapeutics.

Physalis mottle virus (PhMV) is another positive-sense ssRNA
virus with an icosahedral capsid ∼30 nm in diameter.154 The
PhMV particle comprises 180 identical CP units that display 720
surface lysine residues, enabling customization for applications
3920 | Chem. Sci., 2026, 17, 3908–3935
in drug delivery and imaging.155,156 VLPs of PhMV are readily
obtained through expression of the CP in E. coli.157 PhMV VLPs
have been developed as cancer vaccine candidates by incorpo-
rating CpG ODNs as an adjuvant to boost immune responses,
while displaying the HER2-derived CH401 epitope.158 CpG
ODNs did not signicantly enhance the immunogenicity of the
particles but the study nevertheless demonstrated the potential
of PhMV to encapsulate therapeutic DNA.

Brome mosaic virus (BMV), like CCMV, is a member of the
family Bromoviridae.159 It has a tripartite positive-sense ssRNA
genome and forms icosahedral particles 28 nm in diameter
composed of 180 copies of a 20-kDa CP.159,160 Like CCMV, BMV
can be disassembled into protein dimers and then reassembled
as empty or cargo-packaged VLPs.86,161 One study showed that
BMV CPs can self-assemble with siRNA into icosahedral VLPs
under the conditions used to prepare CCMV VLPs.86 BMV can
encapsulate ∼66 siRNA molecules per VLP, corresponding to
the overall negative charge of the wild-type BMV.86 BMV VLPs
encapsulating anti-cancer siAkt1 delayed tumor growth with an
efficacy comparable to CCMV VLPs without inducing immune
responses, highlighting their potential as platforms for nucleic
acid therapy.86
4. Bacteriophages as vehicles for
nucleic acid delivery
4.1 The bacteriophage MS2 system

Bacteriophage MS2, a member of the family Leviviridae,
contains a 3.57-kb positive-sense ssRNA genome encapsulated
in a 27-nm icosahedral capsid composed of 180 identical CP
subunits.162 The assembly of the MS2 capsid in vitro and in vivo
is initiated when a CP subunit binds to the pac site at the 50 end
of the viral genome.163 By including a pac site, MS2 VLPs can
encapsulate heterologous ssRNA molecules.164,165 The affinity
between the pac site and MS2 CPs can be increased by replacing
the uridine residue with cytidine at position −5 in the pac
site,166 allowing the packaging of long heterologous RNAs up to
3000 nt length.167 A second pac site increases CP binding affinity
even further through cooperative binding.168 The genetic or
chemical modication of MS2 CPs allows protein and peptide
display, making the VLPs versatile platforms for vaccine devel-
opment and targeted drug delivery.169–171

MS2 VLPs encapsulating therapeutic mRNAs and vaccines
can be produced in E. coli and yeast.163,165,172–175 For example,
MS2 CPs have been engineered to encapsidate a 1.5-kb ASO
targeting the 50 region of the hepatitis C virus (HCV) genome.165

Plasmid constructs encoding MS2 structural proteins and the
HCV ASO plus pac site, respectively, were introduced into E. coli
to produce the VLPs.165 Chemical modication with the cell-
penetrating TAT (transactivation of transcription) peptide acti-
vated human immunodeciency virus 1 (HIV-1) and enhanced
delivery to cancer cells, resulting in the inhibition of HCV
translation in Huh-7 cells.165 Similarly, MS2 CP was co-
expressed with a heterologous mRNA in yeast to yield engi-
neered MS2 VLPs encapsulating the mRNA cargo (Fig. 5a).175

Adding more pac sites to the mRNA signicantly enhanced the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Application of MS2 VLPs for the delivery of nucleic acid therapeutics. (a) Production of MS2 VLPs encapsulating eGFP mRNA by the co-
expression of MS2 CP and eGFP mRNA with different numbers of pac sites in yeast. (b) The number of mRNA copies encoding eGFP or CP
encapsulated in 1000 VLPs depended on the number of pac sites. Reproduced from ref. 175 with permission from American Chemical Society,
copyright 2025. (c) The fabrication of MS2 VLPs by reassembly of MS2 coat proteins with dsDNA conjugated with pac site. Reproduced from ref.
176 with permission from Springer Nature, copyright 2015.
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selective packaging of the target mRNA while minimizing the
incorporation of host or viral RNA (Fig. 5b).175

An early application of MS2 VLPs was the delivery of mRNA
encoding human growth hormone (hGH) to CHO-K1 cells.173

VLPs with heterologous mRNA could be prepared by self-
assembly in the yeast Saccharomyces cerevisiae carrying two
plasmid vectors for the MS2 CP and cargo mRNA.173 This was
extended to a VLP-based mRNA vaccine platform for HIV-1 by
packaging mRNA encoding the HIV-1 Gag protein, which was
achieved by in situ packaging in yeast.174 The VLP-based mRNA
vaccine induced Gag-specic antibody production in vivo.174

MS2 VLPs have also been developed as prophylactic cancer
vaccines.177 An mRNA vaccine against prostate cancer was
developed by transforming yeast with plasmids encoding MS2
CP and GM-CSF linked to the prostate-extensive antigen (PAP)
and a C-variant pac site.177 Systemic delivery of these MS2 VLPs
elicited strong anti-tumor immunity characterized by delayed
tumor progression and protection against tumor rechallenge.177

MS2 VLPs carrying miRNAs have been used for gene
silencing.172 In the initial report, a ∼93-nt pre-miR146a was
encapsulated during VLP synthesis in E. coli.172 Chemical
© 2026 The Author(s). Published by the Royal Society of Chemistry
conjugation with the cell-penetrating TAT peptide enhanced the
delivery and expression of miR146a by up to 14-fold in vitro and
2-fold in vivo.172 TAT-conjugated MS2 VLPs with pre-miRNA146a
inhibited disease progression in lupus-prone mice and sup-
pressed osteoclast differentiation, offering a new treatment for
osteoporosis.178,179 Similarly, MS2 VLPs displaying the
epidermal growth factor receptor (EGFR) ligand GE11 achieved
the targeted delivery of miRNAs to hepatocellular carcinoma
cells (HCCs).180 Co-packaging miR-122 with miR-21-sponge
enabled the simultaneous delivery of both RNA molecules,
resulting in the repression of HCCs.180 Surface display has also
been used to expose the TAT peptide, showing that the MS2-
based RNA delivery platform can be functionalized by genetic
and chemical modication.181

The MS2 capsid disassembles when exposed to acetic acid
and reassembles into empty or packaged VLPs when the pH is
neutral.182–184 Thus packaging of cargoes through dis- and
reassembly can be achieved: the linkage of anti-Bcl2 siRNA with
a 50 pac site resulted in the formation of VLPs, and targeted
delivery to HeLa cells was achieved by the display of human
transferrin, resulting in Bcl2 knockdown and apoptosis
Chem. Sci., 2026, 17, 3908–3935 | 3921
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comparable to a commercial transfection reagent.183 It was also
shown that siRNAs are easily encapsulated during in vitro capsid
assembly even in the absence of the pac site, resulting in more
than 80 siRNA molecules encapsulated in a single VLP.184

Even ssDNA and dsDNA can be encapsulated in MS2 VLPs.
For example, the 30 end of a 20-nt ODN targeting p120, an
abundant nucleolar protein in leukemia cells, was attached to
the TR region using a U4 linker.185 The ODN was packaged into
VLPs by in vitro assembly with MS2 CPs, enabling efficient
delivery and demonstrating enhanced cytotoxicity in leukemia
Fig. 6 Applications of Qb VLPs for the delivery of nucleic acid therapeu
RNAi) in E.coli by co-expression of Qb CP, RNAi scaffold, and fluorescen
with CPP and ApoEP (dP@gVLP/RNAi). Reproduced from ref. 209 with p
matic illustration of Qb VLP-mediated RNAi therapy for enhancing gliob
carrying anti-EGFR siRNA and miRNA Let-7g, together with broccoli apta
TAT peptide (TrQb@b-3WJLet-7g

siEGFR). (c) TEM micrographs showing m
(rQb@3WJ). (d) Tumor growth after treatment. Reproduced from re
creativecommons.org/licenses/by-nc-nd/4.0). CED = convection-enha

3922 | Chem. Sci., 2026, 17, 3908–3935
HL-60 cells compared to naked ODN.185 MS2 VLPs have been
shown to encapsulate dsDNA in the size range 1.3–6.5 kbp
without changes in capsid morphology or size despite being
a native ssRNA virus (Fig. 5c).176,186 Other non-RNA cargoes have
been encapsulated in MS2 VLPs by chemical conjugation to the
pac site, including quantum dots, drugs and toxins.184,187 This
greatly extends the applications of MS2 VLPs, which can be
considered as multidrug delivery platforms.

Recent advances in the production and purication of MS2
VLPs include the use of sodium nitrate and pH to inuence
tics. (a) Production of Qb VLPs encapsulating RNAi molecules (gVLP/
t proteins followed by self-assembly and further surface modification
ermission from Royal Society of Chemistry, copyright 2019. (b) Sche-
lastoma radiotherapy. Qb VLPs encapsulate 3WJ RNA nanostructures
mer (rQb@b-3WJLet-7g

siEGFR). The Qb VLP was further conjugated with
orphologies of wild-type Qb (WT-Qb) and Qb VLP containing 3WJ

f. 211 under the terms of the CC-BY-NC-ND 4.0 license (https://
nced delivery, TrQb VLPs = TAT-conjugated red-fluorescent Qb VLPs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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particle size, uniformity and stability.188 By varying these
conditions, VLPs could be prepared with a size range of 27–
30 nm and a minimum stability of 12 months at 4 °C.188 The
larger VLPs were able to carry more cargo as well as displaying
more external peptides.189,190 The insertion of a 13-amino-acid
SpyTag peptide into an external loop of the MS2 CP increased
the VLP diameter by ∼4.4 nm and altered its geometry, favoring
T = 4 symmetry.189 The larger particles were able to load ODNs
and mRNAs with or without a pac site by diffusion through
pores into the enlarged lumen, which remained fully protected
from nuleases.190 The exposed SpyTag binds strongly to the
SpyCatcher ligand, enabling the display of complex proteins
such as trimeric RBD.190

More recently, MS2 CPs have been used to encapsulate
mRNA, guide RNA (gRNA) and ribonucleoprotein (RNP) mole-
cules into synthetic VLPs derived from retroviruses191,192 or
lentiviruses.193–195 For example, mRNA encoding Cas9 plus a pac
site was co-expressed in host cells with a gRNA cassette in the
integration-defective lentiviral vector (IDLV) and Gag proteins
linked to the MS2 CP.193 Given the high affinity between MS2 CP
and the stem loop site, this resulted in the co-packaging of the
cas9 mRNA and gRNA cassette in all-in-one lentiviral parti-
cles.193 The same group also developed gRNA-Cas9 RNP-
encapsulating synthetic VLPs.194 The gRNA (plus pac site) and
Cas9 protein can assemble into RNPs that are co-packaged in
the Gag-based VLPs, achieving efficient delivery and gene edit-
ing.194 This highlights the adaptability and translational
potential of MS2-based systems as next-generation platforms
for nucleic acid therapeutics.
4.2. The bacteriophage Qb system

Bacteriophage Qb, a member of the Leviviridae family like MS2,
contains a ∼4.2-kb positive-sense ssRNA genome encapsulated
in a 28-nm icosahedral capsid composed of 180 identical CP
subunits stabilized by disulde bonds.196,197 Qb VLPs can be
produced in E. coli by expressing the full-length Qb CP, and the
genomic RNA can be removed by RNase A treatment, allowing
replacement with alternative cargo.198,199 Qb has shown partic-
ularly promising results for the delivery of CpG ODNs.198,200,201

Cytos Biotechnology AG (Switzerland) reported that CpG ODNs
can be encapsulated into Qb VLPs by diffusion, achieving
a loading capacity of up to∼85 DNAmolecules per particle.200 In
mice treated with these VLPs, CD8+ T cell activation was
comparable to that induced by live vaccines, without the side
effects associated with free CpG.200 In a clinical trial, Qb VLPs
encapsulating CpG ODNs (vidutolimod) covalently coupled to
a Melan-A antigen fragment for melanoma treatment induced
both memory and effector CD8+ T-cell responses in combina-
tion with imiquimod.202 These VLPs also enhanced antitumor
immune responses in combination with an anti-PD-1 antibody
in metastatic and high-risk melanoma patients, and in mice
with head and neck squamous cell carcinoma (HNSCC).203–205

The opsonization of Qb particles carrying CpG ODNs by anti-Qb
antibodies is needed to activate immune cells and induce pro-
inammatory immune responses.206
© 2026 The Author(s). Published by the Royal Society of Chemistry
Qb VLPs can be used as a vaccination platform without an
adjuvant.207,208 Qb VLPs chemically conjugated to RBD or enve-
lope protein domain III (EDIII) of Zika virus elicited neutral-
izing antigen-specic antibodies that conferred protective
immunity.207,208 Nonspecic bacterial RNA could be encapsu-
lated as a TLR7/8 agonist, enabling the Qb VLP to function as
a self-adjuvanted vaccine together with antigen display.207,208

Besides its use as an adjuvant (making use of packaged CpG
ODNs or RNA), the loading of Qb VLPs with RNA during reas-
sembly has been demonstrated for siRNAs targeting c-MET
(encoding a receptor tyrosine kinase) linked to a CP-binding
hairpin sequence at the 50 end.209 The siRNAs were co-
expressed with Qb CP and GFP in E. coli, increasing the
stability of the siRNA molecules, and were efficiently delivered
to glioblastomas by displaying a CPP and blood–brain barrier-
penetrating apolipoprotein E peptide on the VLP surface
(Fig. 6a).209 Disassembled Qb CPs have also been reassembled
with anti-luc siRNA, resulting in successful cytosolic delivery
and knockdown (targeting mitochondria by conjugating a lipo-
philic triphenylphosphonium cation).210 Qb VLPs have also
been engineered to encapsulate therapeutic RNAs using the 429
three-way junction (3WJ) nanostructure, enabling the co-
delivery of functional RNA modules such as siRNA, miRNA
and aptamers, which synergistically enhanced therapeutic effi-
cacy (Fig. 6b and c).211 Notably, Qb VLPs achieved potent ther-
apeutic efficacy (>70% tumor growth inhibition) and
signicantly prolonged survival in glioblastoma-bearing mice
while minimizing systemic toxicity by favoring localized
convection-enhanced delivery (Fig. 6d).211 These ndings high-
light the versatility of Qb VLPs as a multifunctional platform for
vaccine development and nucleic acid delivery.
4.3. The bacteriophage M13 system

M13 is a lamentous bacteriophage of the family Inoviridae
with a 6407-bp ssDNA genome packaged into a capsid 880 nm in
length with a diameter of 6.6 nm.212 The M13 capsid is mainly
composed of the major coat protein (pVIII), which accounts for
∼98% of the structure, but also contains four minor proteins
(pIII, pVI, pVII and pIX) at the termini of the lament.213 The
genetic amenability of M13 has led to its widespread use as
a phage display library for peptides and proteins, enabling the
discovery of target-specic ligands for therapeutic and diag-
nostic applications.41,214

The ability of M13 to encapsulate DNA also makes it suitable
for gene delivery to mammalian cells, which was rst demon-
strated using phagemid vectors (plasmids containing an M13/f1
origin of replication) and helper phage.215 These M13 VLPs
carried phagemids containing GFP or lacZ genes under the
control of a cytomegalovirus (CMV) promoter for expression in
mammalian cells, an M13/f1 origin for viral replication and
packaging, and a plasmid origin for replication in E. coli.215 The
surface of the M13-like particles was modied by biotin–avidin
conjugation to display broblast growth factor 2 (FGF2) to
enable the FGF2 receptor-specic transduction.215 Similarly,
genetic modication of the M13 CP to display antibodies ach-
ieved targeted DNA delivery.216,217 Decoration with a HER2-
Chem. Sci., 2026, 17, 3908–3935 | 3923
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specic antibody fused to pIII promoted the internalization of
M13 VLPs by endocytosis, followed by robust gene expression.216

To overcome safety concerns reecting the presence of
bacterial sequences in the phagemid vector backbone,218,219

unnecessary bacterial elements have been removed.220–223 For
example, the phagemid was miniaturized by splitting the f1
origin with the transgene cassette, resulting in a so-called
miniphagemid.220 During helper phage-mediated replication,
M13 CPs could selectively replicate and package only the ori-
anked expression cassette, excluding bacterial backbone
sequences without compromising rescue efficiency.220 The
miniphagemid-based M13 particles enabled targeted gene
delivery and expression by displaying EGF to facilitate receptor-
mediated internalization.221

The length of recombinant M13 VLPs is dependent on the
size of the packaged cargo, and transduction efficiency is
inversely correlated with length.222,223 A minimal M13 vector
(TransPhage) carrying a 2384-nt transgene encoding
membrane-bound Fc inhibited tumor growth in a xenogra
model by triggering CD16+ natural killer (NK) cells via a mech-
anism resembling antibody-dependent cell-mediated cytotox-
icity (ADCC).222 Key factors that increased transduction
efficiency included upregulated PrimPol and downregulated
DMBT1 gene expression, achieving a remarkable ∼95% trans-
duction efficiency with the minimal vector.222 Further reduction
to 285 nt enabled the production of VLPs with precisely
controlled lengths of 50 nm.223 By fusing pIII to chlorotoxin
(CTX), a scorpion venom peptide that specically targets
gliomas, the miniaturized CTX-VLP penetrated deeply into
brain tumors and accumulated there.223

Despite the advances discussed above, M13-mediated gene
delivery is hindered by inherently low transduction efficiencies
inmammalian cells. A hybrid system combining AAV and phage
(AAVP) has been developed by inserting the AAV inverted
terminal repeats (ITRs) and a transgene cassette to the M13
Fig. 7 Application of M13 VLPs for gene delivery. (a) Constructs for tran
transgene cassette flanked by inverted terminal repeats ITRs (top), RG
phages (bottom). (b) Production of transgene-carrying TPA displaying RG
phage expressing RGD-4C on coat protein pIII in E. coli. (c) Bioluminesc
post-treatment showing in vivo anti-tumor efficacy of IL-12-encoding T
228 with permission from Springer Nature, copyright 2022. CMV = cyto

3924 | Chem. Sci., 2026, 17, 3908–3935
genome to facilitate genomic integration.224–226 A chimeric AAVP
carrying an ITR-GFP transgene cassette induced stronger GFP
expression in HEK 293 cells by targeting av integrin via an RGD-
4C peptide displayed on pIII.224 Intravenous administration of
AAVPs carrying the herpes simplex virus (HSV) thymidine
kinase (tk) gene, which acts as a suicide gene when combined
with ganciclovir, resulted in targeted delivery and the suppres-
sion of tumor growth.224,227 The same approach was used to
deliver the tumor necrosis factor gene (TNFa) to human glio-
blastoma cells, again by targeting integrin av, inducing
apoptosis and tumor reduction.227 The recruitment of
streptavidin-binding peptides to pVIII can generate multifunc-
tional AAVPs, such as the addition of pH-sensitive fusogenic
H5WYG peptides to promote endosomal escape and enhance
gene delivery in vitro and in vivo.226

The AAVP system has been optimized in terms of vector size,
AAVP length and transduction efficiency to facilitate clinical
applications by minimizing the structural genes and utilizing
helper phages (Fig. 7a and b).227–230 The resulting transmorphic
phage/AAV particles (TPAs) are 50% shorter than AAVP,228,229

which enabled faster delivery and higher transduction and
diffusion efficiencies in an in vitro glioblastoma multiforme
spheroid model compared to AAVP.228 The systemic delivery of
TPA displaying RGD-4C and carrying an IL-12 transgene
induced tumor-localized IL-12 expression to suppress tumor
growth and increase survival (Fig. 7c).228 Similarly, a TPA
carrying the TRAIL gene (encoding TNF-related apoptosis-
inducing ligand) was able to selectively transduce HCC cells
and induce apoptosis.230

The M13 genome contains unmethylated CpG motifs that
can induce an innate immune response via TLR9 signaling,
supporting its potential as a vaccine platform.231–233 The
immunogenicity of M13 can be enhanced by incorporating
more CpG sequences, particularly CpG hexamers.232 These
reprogrammed phages (RPs) were used as a vaccine against MC-
smorphic phage/AAV particles (TPA) production: constructs encoding
D4C-conjugated pIII (middle) and structural coding genes for helper
D-4C at pIII using TPA plasmid with ITR-transgene cassette and helper
ence imaging of luciferase-expressing CT26 tumors on days 0 and 5
PA (NT) and RGD-4C-displaying TPA (RGD4C). Reproduced from ref.
megalovirus promoter region.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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38 colon cancer by encoding neoantigen ADPGK fused to pVIII.
The RP phages accumulated in and activated antigen-
presenting cells (APCs), followed by the activation of ADPGK-
specic CD8+ T cells, showing potential for the development
of personalized cancer vaccines.232

The large surface area of M13 can incorporate other func-
tional biomaterials or nanoparticles for further customization.
For example, the negatively charged M13 capsid has been
complexed with a positively charged polymer to enhance
delivery.234 A positively charged polymer coating was shown to
increase the accessibility of M13 displaying RGD peptides,
boosting the expression of luciferase (Luc) in cancer cells by
∼10-fold without disrupting av integrin-specic delivery.234 The
decoration of AAVPs carrying a hemagglutinin (HA) transgene
with MnO2 nanoparticles facilitated the development of an
inuenza vaccine by the co-delivery of antigen and adjuvant in
a single particle.235

Finally, M13 has also been used for gene silencing and
genome editing in bacteria.236,237 Phagemids encoding 24-nt
RNA ASOs targeting ribosomal protein genes needed for
bacterial growth were encapsulated in M13 particles and were
shown to reduce the viability of multidrug-resistant bacteria,
demonstrating their potential as antibacterial therapeutics.236

Moreover, phagemids carrying cas9 and gRNA genes have been
packaged in M13 particles to enable selective genomic deletions
in target species of the gut microbiome via oral gavage in
mice.237 These ndings highlight the versatility and broad
applicability of M13 as a gene therapy platform, also extending
its applications to antibacterial therapeutics.
4.4. The bacteriophage T4 system

Bacteriophage T4 is a classic coliphage of the family Strabovir-
idae, containing a∼170-kbp dsDNA genome packaged in a large
Fig. 8 Application of T4 AAVP VLPs for gene delivery. (a) Packaging of
cationic lipid coating. (b) DNA construct encoding 20-kbp polygene of 4
gene expression in HEK293T cells by T4 AAVP encapsulating dystrophin a
permission from Springer Nature, copyright 2023.

© 2026 The Author(s). Published by the Royal Society of Chemistry
prolate capsid (115 nm x 85 nm) appended to a ∼100-nm
contractile tail with bers for host recognition.238,239 The capsid
features more than 40 structural proteins, including two
accessory proteins on the surface: highly immunogenic outer
capsid protein (Hoc) and small outer capsid protein (Soc).238,239

It rapidly packages its genomic DNA through the portal vertex of
the empty prohead via ATP hydrolysis-driven translocation
mediated by the ATPase of gp17.240

T4 particles have been engineered for the simultaneous
delivery of genes and proteins as an advanced vaccine plat-
form.65,241 The neckless and empty T4 heads produced in E. coli
can rapidly package single or multiple dsDNA molecules
ranging from 2.3 to 170 kbp in the presence of gp17 ATPase and
ATP (Fig. 8a).65,242 A single dose of T4 particles decorated with
the DEC205 antibody fused to Hoc and the F1-V antigen fused to
Soc elicited strong and sustained T cell stimulation.65 This
platform has also been used to develop a universal SARS-CoV-2
vaccine carrying multiple antigens on its surface and within the
capsid structure, including RBD, nucleoprotein, and the 6.5-kb
spike protein gene.241 This vaccine candidate elicited robust,
antigen-specic and balanced Th1/Th2 immune responses,
providing complete protection against viral challenge even
without adjuvant.241

Despite its natural specicity for bacteria, T4 has been
engineered for efficient gene delivery to mammalian cells. For
example, it has been decorated with 25-nm AAV particles using
avidin–biotin conjugation to Soc.243 These AAV-tethering T4
particles were able to encapsulate nine copies of the 6.2-kbp luc
gene anked by AAV ITRs, enabling the co-delivery and co-
expression of genes and proteins carried by T4 and AAV,
enhancing T4 transduction into mammalian cells by ∼40 000-
fold.243 Moreover, cationic lipid coating also enhanced cargo
gene expression by ∼1 00 000-fold compared to uncoated T4
phages (Fig. 8a).242 Notably, 2.5 molecules of a ∼20-kbp
DNA into neck-less and tail-less T4 head by gp17 ATPase followed by
27-kDa human dystrophin protein and reporter proteins. (c) Reporter
nd reporter proteins. Scale bar: 50 mm. Reproduced from ref. 242 with

Chem. Sci., 2026, 17, 3908–3935 | 3925
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polygene encoding the 427-kDa human dystrophin protein and
a reporter protein was encapsulated in T4 heads, even though
this is too large to be encapsulated in AAV (Fig. 8b and c).242

Cationic lipid coated T4 particles also allow the delivery of RNP
complexes to human cells, including a Soc-fused Cas9 protein
with gRNA, mRNA or siRNA, which can be mixed and matched
for combinatorial and multifunctional use.242

T4 has also been used to deliver therapeutic genes to bacteria
in the gut microbiome, enabling the production of target
proteins in situ.244 Initially, the super-fold GFP gene (sfGFP) was
placed under the control of early T4 promoters that are highly
active during viral infection, resulting in signicant sfGFP
production in vitro and in vivo.244 The oral delivery of T4
encapsulating the gene encoding satiety-inducing endogenous
chaperone protein (ClpB), a conformational mimetic of the
human appetite-regulating hormone a-MSH, resulted in strong
gene expression in the gut, leading to reduced weight gain in
a mouse diet-induced obesity model.244 T4 has also been used to
deliver plasmid DNA based on electrostatic interactions with
poly-L-lysine-modied T4 capsids containing multiple drugs for
enhanced chemodynamic therapy.245 In this system, the engi-
neered T4 particles were loaded with lactate oxidase fused to
Soc and dextran iron-based Fenton catalysts together with
hypoxia-responsive DNA encoding Keap1, enabling the modu-
lation of the TME.245 These studies demonstrate that T4 can be
used to reprogram mammalian cells or bacteria by controlling
gene expression.
4.5. The bacteriophage l system

Bacteriophage l has a similar morphology to T4, with a 48.5-kbp
dsDNA genome packaged in a 60-nm icosahedral capsid
appended to a 150-nm tail structure for host cell recognition
and viral genome delivery.246 Given its natural ability to infect E.
coli, l has been widely used for genome editing in the gut
microbiome.247–249 However, its stability and ability to package
substantial amounts of heterologous DNA provide an ideal
platform for eukaryotic gene and vaccine delivery.250,251

The delivery of genes to mammalian cells by bacteriophage l
was demonstrated rst in 1971 by expressing a galactose trans-
ferase transgene in human broblasts.252 With advances in l

engineering, cell targeting has been improved by decorating the V
protein with RGD peptides or the D protein with the integrin-
binding penton base of adenovirus.253–255 Later, bacteriophage l

was used to deliver antigen genes under the control of the CMV
promoter for immunization in mice and rabbits.256–258 The
expression of eGFP driven by the CMV promoter elicited
a stronger antibody response than naked DNA even when the
number of DNA copies was 200-fold lower, indicating the efficient
targeting and activation of APCs.256 Bacteriophage l has been
explored as a vaccine for hepatitis B, showing a high antigen-
specic antibody production in rabbits following vaccination
with particles carrying the hepatitis B surface antigen.257,258

Similarly, bacteriophage l has been developed as an HPV
vaccine to prevent cervical cancer. The HPV-16 E7 oncogene was
cloned in the vector lZAP-CMV and packaged into VLPs.259

Injecting the VLPs induced an anti-tumor response, but wild-
3926 | Chem. Sci., 2026, 17, 3908–3935
type bacteriophage l also showed immunostimulatory
effects.259 VLPs containing a lZAP-CMV-apoptin expression
cassette induced apoptosis in breast cancer cells but not in
normal cells, even without tumor-targeting ligands.260
4.6. Other bacteriophages

Several other bacteriophages, such as Tan2, have been used to
deliver CRISPR/Cas9 components into bacteria for genome
editing by encapsulating phagemid vectors and using helper
phages.261–263 Focusing on mammalian cells, PP7 (carrying an
ssRNA genome) has been shown to package and protect heter-
ologous RNA, allowing the development of VLPs displaying the
TAT peptide and encapsulating pre-miR-23b linked to a pac
site.264 The pre-miR-23b was delivered to and processed in
human cells, successfully inhibiting genes involved in cell
mobility.264 Bacteriophage P22 has been used to encapsulate
gRNA-Cas9 RNPs by fusing Cas9 to a P22 scaffold protein.265

These studies highlight the vast and still-expanding potential of
bacteriophages as customizable and multifunctional delivery
vehicles for nucleic acid therapeutics.
5. Safety and immunogenicity of
plant viruses and bacteriophages

Although plant viruses and bacteriophages do not infect
mammalian cells, successful clinical translation requires the
assessment of toxicity and immunogenicity.266 The latter is
a double-edged sword because it enhances the efficacy of
vaccines but can reduce the efficacy of therapeutics.267,268

Plant viruses and related VLPs have shown favorable safety
proles in multiple studies.39,269,270 For example, CPMV particles
were cleared from plasma within 20 min aer a single injection
and no toxicity was observed even at doses up to 100 mg
kg−1.271,272 Similar, PVX showed no evidence of inducing
hemolysis, teratogenicity or lethal effects in early embryo
assays, supporting the biocompatibility of plant viruses as
nanocarriers.273 Even aer repetitive injections, plant viruses
are well tolerated.46,139,274

Unmodied plant viruses are known to be immuno-
genic,111,134,275 and this may be exploited therapeutically in
vaccine and immunotherapy development. As discussed above,
CPMV has a potent immunostimulatory effect that has been
exploited in the context of intratumoral immunotherapy.133,134 It
has also been shown that TMV can induce the polarization of
macrophages to an M1 phenotype by activating TLR4 signaling,
as well as stimulating dendritic cells and T cell responses.111,112

However, the immunogenicity may be a hurdle for systemic
application of plant viral gene delivery vectors, and more
research is required to delineate the best application areas.

Like other nanoparticles, VLPs are cleared by immune cells
and organs of the reticuloendothelial system (RES). Non-
specic scavenging by macrophages, induced by the protein
corona, can be reduced signicantly by surface coating with
stealth molecules such as polymers and serum albumin.57,276–278

These coatings also shield the vectors from anti-carrier antibody
recognition. Antibodies against the VLPs may be elicited during
© 2026 The Author(s). Published by the Royal Society of Chemistry
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treatment – but there is also prevalence of anti-plant viral
antibodies, likely due to exposure through the food chain. In
a test of serum samples from 50 de-identied patients, 52%
were positive for CPMV, 92% for TMV, 18% for PVX, and none
for CCMV.

When the target are immune cells, i.e. for intratumoral
immunotherapy, pre-existing anti-CPMV antibodies are not
neutralizing and can even enhance therapeutic efficacy via
opsonization.139 However, if the target are non-immune cells,
careful testing and engineering will be needed to shield the VLPs
from opsonization and premature immune cell clearance.279

Clinical trials have demonstrated the safety of bacteriophages,
with most patients showing no adverse effects.280 Although
bacteriophages do not infect mammalian cells, they can interact
with them, adhere to the surface, enter and accumulate within
them.175,281,282 Bacteriophages also induce immune responses
based on their capsid, viral genome and/or host bacterial
components.207,208,283 More than 80% of human serum samples
contain antibodies against the T4 major capsid protein and 60%
contain antibodies against Qb.139,284 The bacterial RNA loaded
into VLPs during assembly triggers TLR7 and TLR8
signaling.207,208 Bacteriophage DNA has been detected in the
blood of a chickenmodelmore than 5 weeks aer administration
by oral gavage, but did not induce a strong immune response.283

In contrast, unmethylated CpG motifs in bacteriophage M13
DNA induced the production of IgG, pro-inammatory cytokines,
and interferons.231,285,286 Similarly, dsRNA isolated from MS2-
infected bacteria elicited interferon production.287 Moreover,
high titers of antibodies against bacteriophage l were detected
during the development of a specic peptide-targeting
vaccine.256–258 These immunostimulatory effects can improve
vaccine efficacy but could be reduced for therapeutic nucleic acid
delivery by removing vector backbone sequences.220 Increasing
the number of pac sites in cargo RNA molecules enhances
encapsulation while reducing the packaging of host RNA.222 Low-
immunogenicity bacteriophages could be selected for thera-
peutic nucleic acid delivery in the future.288

Plant viruses and bacteriophages (and corresponding VLPs)
have shown favorable safety proles and controllable immu-
nogenicity in various preclinical models, with rapid plasma
clearance and no systemic toxicity even at high doses. Their
inability to replicate and broad biocompatibility support their
translational potential. These ndings suggest that plant
viruses, bacteriophages and their VLPs are safe and adaptable
vehicles for nucleic acid delivery. Their future clinical trans-
lation will depend on the development of application-specic
design strategies to maintain or enhance immunogenicity for
vaccine platforms while suppressing it for therapeutic gene
delivery, achieving an optimal balance between safety, efficacy
and immunomodulation.
6. Conclusions and future
perspectives

Nucleic acid therapy has moved from concept to clinical reality,
but progress has been hindered by inefficient delivery
© 2026 The Author(s). Published by the Royal Society of Chemistry
platforms.2 This review has considered plant viruses, bacterio-
phages and their VLPs as emerging platforms that overcome the
drawbacks of both mammalian viruses and synthetic carriers:
they are intrinsically unable to infect or replicate in mammalian
cells, reducing risks of insertional mutagenesis;39 they possess
genetically and chemically modiable capsids with well-dened
geometries, achieving precise modular surface functionaliza-
tion and multivalent display;44,289 and they enable scalable
manufacturing in plants, bacteria or yeast.241 As such, they are
versatile platforms for the delivery of siRNA, miRNA, mRNA,
saRNA and DNA.

Despite this promise, several challenges must be overcome
before broad clinical deployment becomes possible. Most plant
viruses and bacteriophages lack tropism for mammalian cells
and tissues, and thus require rationally designed mechanisms
for internalization and cargo release.226,243 Moreover, despite
favorable safety and clearance proles in vivo, the immunoge-
nicity of plant viruses and bacteriophages must be controlled
for applications such as immunotherapy and gene silencing.
Recent strategies to address this include stealthing via surface
coating with polymers or serum albumin, and genome
miniaturization.57,220,276–278 The dosage, pharmacokinetics, bi-
odistribution, administration route, and breadth of immune
responses of nal formulations must be understood in detail to
meet regulatory requirements.

The use of VLPs must be expanded to realize their full
potential as nucleic acid therapeutics. Thus far, the delivery of
genome editing components has relied mainly on mammalian
viruses290–292 or synthetic vectors.293–295 Mammalian VLPs have
been shown to efficiently package and deliver Cas9 RNPs, base
editors, and prime editors in vivo, achieving high-efficiency
genome editing.296–298 These studies also introduced a directed
evolution approach to mutate and select optimized VLP vari-
ants, thus improving yields and transduction efficiency.298

Mammalian VLP platforms therefore represent a major advance
toward genome-free delivery systems suitable for the clinic and
provide a blueprint for the future engineering of non-
mammalian VLPs.

Synthetic VLPs derived from retroviruses and lentiviruses
have been used to encapsulate gRNA and Cas9 mRNA linked to
a pac site and MS2 CP-linked structural proteins.192,193 Cas9
RNPs have also been used as a universal drug-catching linker on
the head of bacteriophage T4.242 Bacteriophage M13 has been
shown to deliver genome editing components to bacteria but
not yet to mammalian cells.236 Given the remarkable diversity of
bacteriophages and plant viruses, these systems hold great
promise as versatile carriers for a wide range of nucleic acid
cargoes.

Non-mammalian viruses as delivery systems remain largely
preclinical but there is steady progress in several therapeutic
areas.299 CPMV nanoparticles have shown preclinical safety and
efficacy in animal models, including canine cancer patients,
demonstrating potent immune activation and tumor
regression.142–147 A VLP based on papaya mosaic virus was
recently tested in a phase I clinical trial as a TLR7 adjuvant for
an inactivated trivalent inuenza vaccine.300 Bacteriophage Qb
VLPs encapsulating CpG ODNs have shown potent antitumor
Chem. Sci., 2026, 17, 3908–3935 | 3927
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efficacy in clinical trials, particularly when combined with
monoclonal antibody therapy or TLR7 agonists.202–204

Looking forward, we anticipate that the convergence of
structural virology, synthetic biology, nucleic acid nanotech-
nology, and computational design will enable the rational
design of a new generation of non-mammalian viral carriers
incorporating targeting ligands and endosome-escape peptides,
allowing the co-delivery of nucleic acids and proteins. Impor-
tantly, molecular farming in plants and high-titer bacterial
fermentation offer practical manufacturing routes that are
modular, inexpensive, and globally scalable. Plant viruses,
bacteriophages and their VLPs thus represent a rapidly
maturing platform with the potential to reshape nucleic acid
drug delivery, paving the way toward safe, tunable, and clini-
cally adaptable nucleic acid delivery vehicles.
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