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Multifunctional nanoparticles hold promise as the next generation of therapeutic delivery and imaging agents.
Nanoparticles comprising many types of materials are being tested for this purpose, including plant viral capsids.
It has been found that Red cloVer necrotic mosaic Virus (RCNMV) can be loaded with significant amounts of
therapeutic molecules with molecular weights of 600 or even greater. Formulation of RCNMV into a plant viral
nanoparticle (PVN) involves the loading of cargo and attachment of peptides. In this study, we show that targeting
peptides (less than 16 amino acids) can be conjugated to the capsid using the heterobifunctional chemical linker
sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-SMCC). The uptake of both native
RCNMV capsids and peptide-conjugated RCNMV was tested in the HeLa cell line for peptides with and without
fluorescent labels. Uptake of RCNMV conjugate with a CD46 targeting peptide was monitored by flow cytometry.
When formulated PVNs loaded with doxorubicin and armed with a targeting peptide were delivered to HeLa
cells, a cytotoxic effect was observed. The ability to modify RCNMV for specific cell targeting and cargo delivery
offers a method for the intracellular delivery of reagents for research assays as well as diagnostic and therapeutic
applications.

INTRODUCTION
The development of nanoparticles as drug carriers has been
studied extensively (1, 2). These nanoparticles include liposomes, dendrimers, and polymeric and inorganic nanoparticles,
and have each demonstrated unique properties that are advantageous for drug delivery. The amphiphilic character of liposomes
enables them to package both hydrophilic and hydrophobic drug
molecules (3). The polymer branches of dendrimers create a
large surface area for the attachment of different functional
components (4). Biodegradable polymeric nanoparticles such
as chitosan (5) not only managed to overcome the toxicity
problem attributed to synthetic polymers, but also have been
demonstrated to be efficient carriers for DNA-based vaccines
(6, 7). Silica nanoparticles carrying plasmid DNA have been
demonstrated to have the advantage of inorganic nanoparticles:
stability under a range of pH and temperature conditions,
providing good protection for the encapsulated cargo (8). While
each of these nanoparticle vectors has shown promise, there is
still a need for vectors that can carry a therapeutic cargo, target
cells, and carry a convenient label for biodistribution studies
and in vivo imaging. Plant viruses have recently shown promise
for vascular imaging (9), drug loading (10-12), and targeting
(13-15). In this report, we explore the advantages of the Red
cloVer necrotic mosaic Virus (RCNMV) for drug loading and
cell targeting applications (16).
Virus particles are self-assembled nanoparticles with unique
features that can be exploited for medical applications (17). The
symmetrical outer surface of a virus is a versatile platform that
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can be used to display various signals such as peptides, protein,
fluorescent labels, or chelating groups (18-22). These display
signals can be developed as cell-targeting or bioimaging agents
by appropriate modification with organic dyes or inorganic
complexes (23-25). For example, the fluorescently labeled
Cowpea mosaic Virus (CPMV) has been used for intravital
vascular imaging in mouse and chick embryos (9), as well as a
template for synthesis of magnetic particles (26). The conjugation of CD46 (cellular receptor of measles virus) to CPMV was
shown to function as an antiviral agent to inhibit the measles
virus infection efficiently in vitro (27). Moreover, the rigidity
and robustness of the virus capsids can be exploited as a
container for encapsulation of other nanoparticles (28, 29), as
well as drug molecules (10, 30). Other protein cages such as
the human ferritin cage have also been demonstrated to package
magnetic nanoparticles along with an externally conjugated
RGD peptide, for cell-specific targeting (24). The ability to
impart functionality to the outer surface, together with the
loading capacity, have combined to make protein cages a tool
for development as drug delivery vectors.
RCNMV belongs to the DianthoVirus genus and TombusViridae family. RCNMV is a T ) 3 icosahedral soil-transmitted
virus with a diameter of 36 nm. The capsid of RCNMV consists
of 180 copies of capsid protein that assembles to package either
1 copy each of a 3.9 kb single-stranded RNA-1 and a 1.5 kb
RNA-2 or 4 copies of RNA-2 (31). The RCNMV capsid has
been demonstrated as a versatile container to package various
composites of nanoparticles in the diameter range 3-15 nm
using RNA-dependent packaging (32) based on the origin of
assembly of RCNMV (33, 34). The opening of surface pores
under control of the Ca2+ and Mg2+ concentrations has been
demonstrated as a method to package molecules inside the
RCNMV capsid. Cryo-electron microscopy provides a molecular-level description of the mechanism whereby the RCNMV
capsid undergoes a structural transition in response to divalent-
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Table 1. Sequences and Fluorophores for Peptides Used in Cell
Uptake Studies
peptide abbreviation
rev

CD46 -F
RME-F
IBD-R
CD46-F

sequence
CGGFSTSLRARKA
CKKKKKKSEDEY
CKKKKKKGGRGD
AKRARLSTSFGGC

fluorophore peptides/PVN
fluorescein
fluorescein
rhodamine
fluorescein

115 ( 8
146 ( 19
224 ( 40
100 ( 20

cation concentration, leading to the formation of surface pores
extending through the capsid (35). The transition in virus
structure in response to cytoplasmic levels of these divalent
cations is associated with the release mechanism of the bipartite
RNA genome in vivo.
Cell targeting for gene therapy and for drug delivery depends
upon recognition of cell surface receptors. In this study, we have
used adenoviral sequences for an initial screen of internalization
in cells. The adenoviral fiber targets cell surface receptors in a
serotype-dependent manner (36, 37). In nature, the fiber protein
of adenovirus serotypes subgroup C and subgroup B bind to
CAR (38) and CD46 (39) receptors, respectively, followed by
interaction of the RGD (Arg-Gly-Asp) sequence from the penton
base with the integrins on the cell surface for internalization
(40). In an attempt to mimic the internalization of an adenovirus,
synthetic peptides consisting of the RGD sequence or peptides
that bind to CAR or CD46 receptors have been conjugated to
liposomes (41) or nanoparticles (42). Targeting of cancer cells
depends on the determination of a specific cell surface receptor
that is overexpressed. The fact that adenovirus targets healthy
cells, and that certain receptors such as CAR are actually
repressed in the cancer cell phenotype, has led to a search for
targeting motifs that are more specific (43, 44). In this study,
we used an N-cadherin targeting sequence in cell targeting
studies as a demonstration of the potential of such specific
uptake for increased delivery of a doxorubicin payload to a
cancer cell (45). The switch from E-cadherin to N-cadherin
expression is a phenotype transition common to many cancers,
especially in advanced cancers, that presents a possible target
for selective delivery to these cancer cells (46).
The use of RCNMV to prepare a PVN formulation to target
cancer cells involves two steps. First, the capsid must be infused
with a chemotherapeutic cargo. We previously demonstrated
that RCNMV has a specific and high loading density when
doxorubicin is used as the cargo (11). In the present study, we
show that PVN loaded with doxorubicin can also be functionalized to targeting peptide using heterobifunctional linkers.
Furthermore, the cytotoxic effect when such formulations are
incubated with HeLa cells can be used as a measure of the
specificity of cell targeting. In these studies, we find that
N-cadherin targeting peptides provide a significantly greater
cytotoxic effect than the RME, IDB, and CD46 (Table 1)
peptides previously used in targeting studies of HeLa cells (47,
48). To test this, a linear peptide was employed that contains
the HAV sequence, an essential sequence for N-cadherin
targeting (45). The combination of infused cargo and surfaceattached targeting peptides is a step toward a multifunctional
plant virus nanoparticle capable of targeting cancer cells.

EXPERIMENTAL PROCEDURES
Nomenclature. The term PVN will be used to denote
formulated RCNMV particles. The following nomenclature will
be used to denote the different PVN formulations. A cargo
internalized in the PVN will precede the PVN as a superscript,
e.g., DoxPVN for doxorubicin-loaded PVN. Any surface formulation will be denoted as a superscript following the PVN term,
e.g., PVNCD46 for a PVN labeled with CD46 targeting peptide.
A PVN that contains doxorubicin in the interior and has a CD46
targeting peptide on the surface will be denoted as DoxPVNCD46.

RCNMV Propagation and Purification. Growth in host
plants and subsequent purification of RCNMV were carried out
as described previously (35). In brief, RCNMV RNA transcripts
were inoculated on Nicotiana cleVelandii plants and maintained
under standard greenhouse conditions for 7 to 10 days. Virions
were collected from infected leaves and purified. The concentration of virus was determined by absorbance measurement at
260 nm with an extinction coefficient of 6.46 mL mg-1 cm-1.
Preparation of RCNMV-Infused Doxorubicin (DoxPVN).
Native RCNMV, stored in 200 mM NaOAC pH 5.5, was diluted
to 5 mg/mL in water. 2 M Tris-HCl and 1 M EDTA were added
to bring final buffer concentration to 50 mM NaOAC, 50 mM
TRIS-HCl, and 50 mM EDTA at pH 8.0. The virus suspension
was incubated in buffer for 30 min at room temperature.
Doxorubicin (500 µM) was infused into RCNMV (5 mg/mL)
overnight at room temperature. After overnight incubation, 1
M sodium acetate, 25 mM CaCl2, and 25 mM MgCl2 were added
to the virus suspension and incubated for an additional 30 min
at RT. Excess molecules were removed by NAP 25 columns,
pre-equilibrated with 50 mM HEPES, pH 7.2. Absorbance at
260 nm was measured from 0.5 mL fractions. The fractions
with the highest absorbance value were collected and pooled.
Loading of doxorubicin in RCNMV as high as 1000 molecules
per virion has been reported (11). Routine and highly reproducible loadings of ∼900 were achieved in these studies. Samples
were syringe filter sterilized (0.2 µm Whatman) prior to use in
cell culture media.
Conjugation of Fluorescently Labeled Peptide to RCNMV
(PVNpeptides). Fluorescently labeled peptides were custom-made
at the UNC Microprotein Sequencing & Peptide Synthesis
Facility (Chapel Hill, NC). Each peptide contained a cysteine
at the N-terminal and was fluorescently labeled with fluorescein
or rhodamine at the N-terminus. One milligram per milliliter
of RCNMV was incubated with sulfosuccinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate (Sulfo-SMCC) (Pierce)
at a mole ratio of 1:300 (RCNMV-to-Sulfo-SMCC). The
solution volume was brought up to 1 mL with 1× Dulbecco’s
phosphate buffered saline with calcium and magnesium (DPBS)
and incubated for 30 min at room temperature. Excess SulfoSMCC was removed by centrifugation at 13 200 rpm for 10
min with a Microcon-30K (Millipore, Billerica, MA). RCNMVSMCC conjugates were then incubated with fluorescently
labeled peptide at a mole ratio of 1:300 (RCNMV-SMCC
conjugates-to-peptide) and DPBS added to achieve a final
volume of 1 mL, followed by incubation for 6 h at room
temperature. Excess peptides were removed using a Microcon30K filter (Millipore, Billerica, MA) via centrifugation at 13 200
rpm for 10 min, and this step was repeated until the filtrate was
devoid of fluorescence. Standard curves of fluorescently labeled
peptides were generated to quantify the number of peptides per
PVN. Conjugation of peptide ligands to proteins is typically
achieved by chemical ligation to solvent-accessible lysine or
cysteine residues. The sequence of the RCNMV capsid protein
(CP) has 16 lysine and 5 cysteine residues as potential targets
for peptide conjugation (35). Inspection of the cryo-EM
reconstruction model of the RCNMV CP subunit reveals that
each subunit contains two lysine residues and one cysteine
residue (colored red and blue, respectively; see Figure 1A) that
are located within the protruding domains on the capsid exterior
and appear most accessible for peptide conjugation (35). In this
study, we conjugated fluorescently labeled peptides to the PVN
using Sulfo-SMCC to monitor uptake into HeLa cells using flow
cytometry, and we used nonfluorescently labeled peptides in
order to determine the cytotoxic effect of doxorubicin-infused
PVN in vitro. The fluorescently labeled peptides were designated
RME-F, IBD-R, CD46-F, and the reverse of CD46-F, which is
CD46rev-F (See Table 1). The CD46rev sequence is the reverse
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with an argon laser (488 nm) using Cell Quest software. Cells
suspended in media were introduced into the flow stream at a
flow rate of ∼120 µL/minute. Results were based on the signal
acquisition corresponding to 10 000 cells. The relative fluorescence intensity was calculated by dividing the mean fluorescence
intensity of treated sample with the mean fluorescence intensity
of untreated sample. Data are represented as the mean of
triplicates with the error bars representing the standard deviation.

RESULTS

Figure 1. Conjugation of fluorescently labeled peptides onto the
RCNMV capsid. (A) Subunit ribbon diagram. Two lysine residues,
indicated in red, and one cysteine appear to be exposed on the outer
surface of the capsid. (B) The Optiprep gradient centrifugation of a
conjugation reaction suggests peptide conjugation to the PVN.
Table 2. Effect of Number of Peptides Per Capsid and Average
Fluorescence
peptides per PVN

control

8

12

20

40

60

mean cell fluorescencea

14.5

25

36.6

39.6

46.7

55.6

a

Mean for 10 000 events.

of the CD46 sequence and was discovered to have similar uptake
(see Supporting Information).
Conjugation of Nonfluorescently Labeled Peptides to
Doxorubicin-Loaded PVN (DOXPVNpeptides). Nonfluorescently
labeled peptides were obtained from Genscript, Inc. The
CD46_1 peptide (AKRARLSTSFC) differed from the fluorescently labeled peptide in that it also lacks two glycines, serving
as a spacer in the peptide sequence shown in Tables 1 and 2.
Bioconjugation protocols using Sulfo-SMCC were conducted
as above for the fluorescently labeled peptides. The coupling
of nonfluorescently labeled peptides was established by polyacrylamide gel electrophoresis of the 37 kDa capsid protein
(Supporting Information Figure S7). In addition to the CD46
sequence, as is reported in Table 1, the ADH304 sequence, AcFHLRAHAVDINGNQVC-NH2, was used to target HeLa cells.
The target for the ADH304 sequence is N-cadherin, which is
present on many cancer cells that have undergone the
epithelial-mesenchymal transition, also known as the Ecadherin to N-cadherin switch, a change that leads to loss of
cell adhesion and greater migration potential (47, 48). This
transition is an essential step in metastasis, and ADH304 was
chosen to bind to a specific test target for the delivery of
doxorubicin. The gel in Supporting Information Figure S7 shows
that the heterobifunctional coupling yield of the CD46 and
ADH304 peptides is greater than one per capsid, which implies
>180 per PVN.
Cell Culture. HeLa (human cervical cancer) cells were
purchased from American Type Culture Collection (Rockville,
MD). Minimum Essential Medium Eagle (EMEM), fetal bovine
serum (FBS), DPBS, T-25, and T-75 cell culture flasks were
purchased from Bio-Whittaker, Inc. (Walkersville, MD). HeLa
and HepG2 cells were cultured in Minimum Essential Medium
Eagle (EMEM) media containing 10% fetal bovine serum and
1% penicillin-streptomycin at 37 °C in an atmosphere containing 5% CO2. To plate the cells into a well plate, the culture
media was removed, and cells were washed with DPBS twice
before harvesting using 5% trypsin (Gibco Laboratories, Gaithersburg, MD) solution. Then, cells were seeded ∼10 000 cells/
well in a 6-well plate and incubated at 37 °C for 24 h before
experiments were performed.
Flow Cytometry. Cells were analyzed by a fluorescenceactivated cell sorter (Becton Dickinson, FACScalibur) equipped

Formulation of PVN Using Fluorescently Labeled Peptides. Conjugation of targeting peptides to the capsid, listed in
Table 1, was confirmed using fluorescence, gel electrophoresis,
and Optiprep step gradient centrifugation. Centrifugation through
a 0-60% Optiprep step gradient shows a visibly colored band
(Figure 1B) at the approximate density of RCNMV. The colored
band is just below the native control sample, indicating a slight
increase in density, possibly due to the increase in mass from
the conjugated peptides. An additional confirmation of peptide
conjugation to the PVN was found when formulated material
was introduced to a 25 kDa molecular weight cutoff Microcon
filter. The PVN remained in the retentate and could be washed
until no fluorescence was observed in the filtrate. Following
collection of the retentate, the number of peptides conjugated
per PVN was calculated by dividing the peptide concentration
by the PVN concentration determined by fluorescence and
UV-vis absorbance, respectively. Table 1 contains a summary
of the conjugation efficiency for the fluorescent peptides. In
general, an average of somewhat less than one peptide per CP
subunit was observed. To determine if the combination of
infusion of molecules and peptide conjugation disrupted the
capsid integrity, additional characterizations by transmission
electron microscopy (TEM) and dynamic light scattering (DLS)
were performed (see Supporting Information). The images of
the native RCNMV and the PVN obtained by TEM show little
change in the particle morphology (Supporting Information
Figure S3). Comparison of the average particle size found by
DLS showed a small increase in diameter from 34.0 ( 3 nm
(32) to 37.6 ( 4 nm, which may reflect the addition of the
peptide lengths to the overall diameter of the PVN (Supporting
Information Figure S3).
PVNs with Conjugated Peptides Are Internalized by
HeLa Cells in a Peptide-Dependent Manner. PVN uptake in
cells was quantified using flow cytometry. It was determined
at an early stage that the PVNCAR-F and PVNIBD-F formulations
were not internalized to a significant extent (see Supporting
Information). Therefore, a more detailed comparison was made
of the PVNCD46-F and PVNCD46rev-F formulations with controls
(Figure 2). Cells, grown in a 24 well plate to near confluency,
were dosed with PVN over a concentration range of 1 × 10-7
M to 4 × 10-9 M for a 3 h exposure. Cells were removed from
the plate by treatment with trypsin and analyzed within one hour.
Figure 2A shows cell fluorescence histograms, and the number
of cells per cell fluorescence intensity for both PVNCD46rev-F and
PVNCD46-F, at 3 h postdosing, show an upward shift in average
fluorescence. This shift was not seen in nondosed or RCNMV
and PVNFITC dosed controls. The shift in the fluorescence signal
measured by flow cytometry was dependent on both the number
of peptides conjugated per PVN and the concentration of PVN.
When a serial dilution of a PVNCD46-F was performed and tested,
the fluorescence histograms exhibited a concentration-dependent
shift, indicating that PVN uptake was dose-dependent (Figure
2B). Uptake also was found to depend on the number of CD46
targeting peptides conjugated to the PVN (Table 2).
Testing the Bioavailability of Doxorubicin Infused in a
Targeting PVN. To determine whether the formulated PVN
could deliver a payload to a cell, PVNs were formulated with
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Figure 2. Flow cytometry plots. (A) Cell fluorescence histograms show
increases for cells dosed with PVNCD46rev-F and PVNCD46-F but not for
nonformulated RCNMV or PVNFITC. (B) A histogram for cells dosed
with different concentrations of PVNCD46-F shows a dose-dependent
fluorescence shift.

Figure 3. Cell targeting survivability of HeLa cells after 72 h of
continuous exposure in the presence of various DoxPVNpeptide formulations.

a doxorubicin cargo and two targeting peptides, CD46 and
ADH304, providing: DoxPVNCD46 and DoxPVNADH304, respectively. The formulated PVN were delivered to HeLa cells grown
to near-confluency in a 96 well plate. Cells were dosed using
PVN concentrations that ranged from 1 × 10-12 to 1 × 10-7
M. For the purpose of clarity, the dosage will be reported based
on the doxorubicin concentration to enable easy comparison to
the free drug control. After 72 h of continuous exposure, the
viability of the dosed cells was measured with an alamarBlue
assay. Figure 3 shows the dose response of the cells to increasing
concentrations of doxorubicin. In addition, two formulation
intermediates: infused only (DoxPVN) and PVN with SMCC only
(PVNSMCC) were also tested (see Supporting Information). The
EC50 for doxorubicin was observed to be 1.02 ( 0.5. Although
an increase in cytotoxicity was observed in the formulations
with targeting peptides, this increase was time-dependent (Figure
3). Moreover, the behavior of the PVN formulations is not nearly
as well-defined as in a typical dose-response curve. For
Dox
PVNCD46, free doxorubicin, and PVNSMCC, detectable toxicity
was observed. The toxicity of the DoxPVNCD46 was greater than
that for the free doxorubicin and PVNSMCC.

DISCUSSION
In this report, we describe an approach to use RCNMV capsid
to target and deliver molecules into cancer cells. When modified
by infusion of a drug or cargo and conjugation of targeting
peptides, the resulting modified virus is termed a PVN. On the
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basis of cross-linking chemistry, the capsid of RCNMV was
conjugated with targeting peptides, with average numbers of
peptides ranging from 100 to 220 per PVN for the fluorescently
labeled peptides used to test for internalization in HeLa cells.
Although the quantification is less precise using gel electrophoresis, we have observed higher levels of loading using
nonfluorescently labeled peptides infused with doxorubicin.
These results indicate that a targeting peptide is required in order
to facilitate internalization or cytotoxic effect. This is advantageous as the targeting peptide confers specificity of intracellular
uptake to the PVN. This type of uptake can be contrasted with
the internalization of CPMV, which has the natural ability to
bind to 54 kDa and 47 kDa membrane proteins on mammalian
cells resulting in localization in vascular endothelial cells (49).
RCNMV has no known uptake mechanism in cells unless a
targeting peptide is chemically attached to its surface. The
present work suggests the advantage of introducing targeting
capability onto the surface of a plant virus nanoparticle that
lacks intrinsic targeting ability.
Nanoparticles are ideal drug carriers because the diameters
on the nanometer scale promote tumor permeability and
retention (50). The size of a drug carrier not only affects the
intracellular uptake, but also the efficiency for drug encapsulation or attachment (51). Although the synthesis of inorganic
nanoparticles can be carried out in high yield, it remains a
challenge to obtain a narrow size distribution (52). A number
of variables such as solvent composition, pH, and temperature
determine the size and polydispersity of nanoparticles in such
preparations. As opposed to inorganic nanoparticles, the homogeneity in size and shape as well as the ease of production
of RCNMV are advantageous for biomedical applications.
The structural model of RCNMV based on the cryo-EM
structure suggests that two surface-exposed lysines per CP, a
total of 360 per PVN, should be accessible for conjugation. The
observed peptide conjugation numbers were significantly less
than this value, likely due the limited reactivity of the two most
solvent-accessible lysines on the surface of RCNMV (K209 and
K218). The positions of these lysines were determined by
homology modeling of the X-ray crystal structures for Carnation mottle Virus (53) and Tomato bushy stunt Virus (54) into
the electron density determined in the cryo-EM structure of
RCNMV (35). These two lysines are near the base of the
P-domain, which is not the optimal location for peptide binding,
but nonetheless surface exposed and somewhat elevated relative
to the capsid shell. The reactivity of solvent-accessible lysine
on a plant viral capsid can vary significantly. An extensive
characterization of the reactivity of the surface lysines of CPMV
found that the reactivity of any individual residue can range
from less than 10% to greater than 90% (55), which led to the
genetic modification to create reactive lysine positions on the
capsid (56). Engineering or sometimes fortuitous positions, e.g.,
at the N-terminus, can promote highly efficient heterobifunctional cross-linking by SMCC (57). The approach used here
can be extended to a large number of different targeting peptides
and ligands for specific cell types with a coupling efficiency of
approximately 28-33% (i.e., 110-120 peptides conjugate per
360 lysines). Other targeting signals including folic acid (13),
HER-2, and Large T (47) are likely to be effective in facilitating
RCVNV uptake.
Despite its ease of use and reasonable yield, Sulfo-SMCC
has several disadvantages that were encountered in the present
study. First, there was some evidence for cross-linking of capsid
proteins in RCNMV based on gel electrophoresis (Supporting
Information Figure S7). Although a relatively small fraction of
the total coat proteins is affected, cross-linking is nonetheless
undesirable since it reduces peptide conjugation yield and may
prevent cargo release in cells. A second disadvantage is the
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uptake of Sulfo-SMCC-labeled PVNs, PVNSMCC. Although the
maleimide should hydrolyze to a significant extent during the
process of the cell delivery, any unreacted site on a Sulfo-SMCC
conjugated PVN can potentially give rise to nonspecific cell
adhesion and uptake. This experience suggests that “click”
chemistry or genetic modification may provide more viable
methods for future experiments (58-61).
The capability to modify the RCNMV capsid both internally
and externally while maintaining capsid integrity indicates the
robustness of RCNMV as a nanoparticle vessel for the transport
of therapeutic cargo. It is critical to protect the cargo during
endocytosis in order to maintain the drug’s therapeutic activity
during the delivery process. In comparison, one major concern
of liposomes as drug carriers is the instability of liposomal
formulation due to oxidation and hydrolysis of lipids, as well
as aggregation or fusion of particles (62). The use of poly(ethylene glycol) (PEG) on liposomes has been reported to minimize
plasma clearance and further increase the circulation time (63).
However, drug leakage was reported for liposomal doxorubicin
formulation (64), which may influence the therapeutic index of
the drug formulation. It is desirable to overcome these obstacles
with pH-dependent triggered release, as has been demonstrated
using modified lipids (65). RCNMV is a soil-borne virus with
a capsid that has evolved to package and protect the viral
genome against the harsh environment found in soils at low
pH. This virus is equipped with a natural pH and ion sensor
that enables it to release its RNA genome in the pH and ionic
conditions of cytosol. These features have been used to control
the synthesis of PVNs and also to facilitate the transport of
molecules into the cytosol as demonstrated in Figures 2 and 3.
The sensitivity of RCNMV to divalent cation concentration
is a unique advantage for drug delivery applications. Divalent
ions act as a switch to open and close surface pores (35). In
blood, where the Ca2+ and Mg2+ concentrations are in the
millimolar range, the capsid stays intact with the cargo package.
In the endosome where the pH is low (<6.0), RCNMV is also
stable. Only in the cytosol, where the Ca2+ and Mg2+ concentrations are sufficiently low, do the surface pores open with
concomitant release of the cargo. In comparison, drug released
from most polymeric micelles or liposomes often involves the
assistance of physical fields such as low-frequency ultrasound
(66) or irradiation with light (67). Clever synthetic strategies
can also provide pH-triggered release in the endosome (65). In
contrast to these release mechanisms, RCNMV has a natural
release mechanism that is required for RNA release from the
capsid as part of the viral life cycle. The low toxicity of DoxPVN
control suggests that leakage in growth media is not significant
for the nontargeting doxorubicin formulation.
Aggregation and precipitation are recurring problems in
complex PVN formulations that involve an infused drug, SulfoSMCC, and conjugated peptides. Avoiding precipitation is a
key aspect of process optimization for the preparation of PVNs
in high yield. Aside from consideration of the need to keep ionic
strength low, one must be mindful that the isoelectric point of
RCNMV is ∼6.4. Since this is relatively close to neutral pH,
aggregation and precipitation are often observed in this pH
range. Despite these issues, PVNs are almost entirely organic
(aside from bound Ca2+ and Mg2+) and consequently have
relatively small van der Waals interactions. PVNs have significantly greater colloidal stability than gold, metal oxide, or II-VI
semiconductor nanoparticles. We have observed that presentation of targeting peptides in PVNs permits targeting similar to
that observed in gold nanoparticles (47, 48, 68), with the added
advantage of an ability to load a chemical cargo in the PVN
interior (11). This approach is superior to attachment of cargo
to the surface of solid nanoparticles, which has been shown to
result in loss of function of the cargo in some cases (69).
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In summary, we have demonstrated that the RCNMV capsid
can be employed as a multifunctional tool to target and deliver
chemotherapy agents. The modification of the RCNMV capsid
to provide a nanoparticle loaded with cargo and armed with
targeting peptides has been demonstrated in the ability to deliver
cargo to cancer cells. The combination of drug sequestration in
the interior and targeting peptides on the exterior has only
recently been realized in nanoparticle formulations. While
synthesis of modified copolymers or lipids containing a targeting
agent has permitted targeting in those systems, plant virus
nanoparticles offer the advantage of small diameter (36 nm),
uniformity of size and shape, and the potential for natural
triggered release due to cytosolic conditions. It is not yet clear
whether these advantages will compete with the well-established
methods, but this study demonstrates the viability of plant
viruses for cell targeting.
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