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Abstract
This work is focused on the development of a plant virus-based carrier system for cargo delivery,
specifically 30 nm-sized cowpea mosaic virus (CPMV). Whereas previous reports described the
engineering of CPMV through genetic or chemical modification, we report a non-covalent
infusion technique that facilitates efficient cargo loading. Infusion and retention of 130–155
fluorescent dye molecules per CPMV using DAPI (4’,6-diamidino-2-phenylindole
dihydrochloride), propidium iodide (3,8-diamino-5-[3-(diethylmethylammonio)propyl]-6-
phenylphenanthridinium diiodide), and acridine orange (3,6-bis(dimethylamino)acridinium
chloride), as well as 140 copies of therapeutic payload proflavine (PF, acridine-3,6-diamine
hydrochloride), is reported. Loading is achieved through interaction of the cargo with the CPMV’s
encapsidated RNA molecules. The loading mechanism is specific; empty RNA-free eCPMV
nanoparticles could not be loaded. Cargo-infused CPMV nanoparticles remain chemically active,
and surface lysine residues were covalent modified with dyes leading to the development of dual-
functional CPMV carrier systems. We demonstrate cargo-delivery to a panel of cancer cells
(cervical, breast, and colon): CPMV nanoparticles enter cells via the surface marker vimentin, the
nanoparticles target the endolysosome, where the carrier is degraded and the cargo released
allowing imaging and/or cell killing. In conclusion, we demonstrate cargo-infusion and delivery to
cells; the methods discussed provide a useful means for functionalization of CPMV toward its
application as drug and/or contrast agent delivery vehicle.

Introduction
The application of nanomaterials as carrier systems to deliver imaging reagents and/or drugs
has gained momentum in the medical field. Nanoparticles are advantageous because their
large surface-area-to-volume ratio allows functionalization with multiple different payloads
and ligands. Nanoparticles are used to partition cargos between diseased and healthy tissue,
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ideally avoiding healthy tissues or at least minimizing the accumulation of toxic substances
in healthy organs. Disease targeting, such as cancer, is achieved making use of the unique
biological features that distinguishes the tumor microenvironment from healthy cells. For
example, based on their size, nanoparticles home to solid tumors based on leaky tumor
blood vessels and the resulting enhanced permeability and retention effect [1,2]. Other
targeting strategies include the use of receptor-specific ligands to direct the nanocarrier to
receptors selectively over-expressed at the target disease site [3].

When it comes to cargo-loading and cargo-release, many different chemistries and
mechanisms have been developed that control loading efficiency, affinity, and release rates;
the choice of chemistry typically depends on the disease profile, cargo molecule, and carrier
system of choice. Many different carrier systems are currently under investigation and
development for drug delivery and tissue-specific imaging; each system has its advantages
and disadvantages with regard to physiochemical properties, biodistribution and clearance,
pharmacokinetic behavior, immunogenicity, and toxicity. Our research focuses on the
development of bionanoparticles derived from plant viruses, also termed viral nanoparticles
(VNPs).

The development and application of virus-based materials in medicine is a growing field
with a strong potential impact [4–6]. There are many novel types of VNPs under
development, with those based on bacteriophages and plant viruses favored because they are
considered safer in humans than mammalian viruses [7]. Preclinical studies in mice have
shown that plant viruses can be administered at doses of up to 100 mg (1016 VNPs) per kg
body weight without signs of toxicity [8,9]. Like other protein-based nanomaterials they are
immunogenic. However, strategies such as PEGylation can be used to overcome the
immunogenicity of VNPs [10–15]. VNPs are genetically encoded and self-assemble into
discrete and monodisperse structures with a precise shape and size. Many virus structures
are understood at atomic resolution, allowing the development of protocols for high-
precision VNP tailoring. This level of quality control cannot yet be achieved with synthetic
nanoparticles. VNPs can be modified with targeting ligands and/or cargos using at least five
approaches: genetic engineering, bioconjugate chemistry, self-assembly, mineralization, and
infusion techniques [16].

In this work, we sought to develop the cowpea mosaic virus (CPMV) platform as a tool for
cargo-delivery. CPMV is a plant picornavirus typically produced in black-eyed pea plants.
CPMV capsids measure 30 nm in diameter and are comprised by 60 copies each of a small
(S) and large (L) protein encapsulating a bipartite, single stranded, positive-sense RNA
genome. CPMV has been extensively studied, developed, and tested for applications in the
medical field. Bioconjugate chemistries on CPMV’s exterior and interior surfaces are well
established [16–21] and its in vitro and in vivo properties are well understood. CPMV
naturally is taken up by mammalian cells through interactions with surface-expressed
vimentin [22]. This unique property can be used to target CPMV to endothelial cells for
vascular imaging and tumor vessel mapping [23], targeting vimentin-expressing cancer cells
in vitro or in vivo [24,25], as well as targeting and imaging sites of inflammation, such as
atherosclerotic plaques or infections of the central nervous system [26,27]. Re-targeting of
CPMV to receptors of interest can also be achieved through tailoring the surface chemistry
with appropriate targeting ligands [28–31].

More recently, we turned toward the application of CPMV as a carrier for drug delivery and
demonstrated cell toxicity of CPMV nanoparticles chemically modified with multiple copies
of the chemotherapeutic drug doxorubicin [32]. Multistep chemical modification procedures,
however, can be cumbersome, low yielding, and costly. We therefore sought to explore non-
covalent cargo-loading strategies making use of the natural cargo, the nucleic acids. We
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tested the hypothesis that the encapsidated nucleic acids could act as a “sponge” to load
imaging agents and drugs based on electrostatic interactions and/or affinity (Scheme 1). We
discuss the loading of several fluorophores and therapeutic molecules. Furthermore, we
report cargo-delivery in tissue culture and demonstrate imaging and treatment using a panel
of cancer cell lines.

Materials and Methods
CPMV propagation and purification

Black-eyed peas #5 (Vigna unguiculata) were inoculated with 20 ng/μ1 CPMV in 0.1 M
potassium M phosphate buffer (pH 7.0) and propagated for 18–20 days using established
procedures [33]. Virus concentration in plant extracts was determined by UV/visible
spectroscopy and virus integrity was determined by size exclusion chromatography and UV/
visible spectroscopy. A pure CPMV preparation has an absorbance ratio of A260 nm:A280
nm of 1.7±0.1. Empty CPMV (eCPMV) were provided by courtesy of Prof. Lomonossoff,
John Innes Centre, Norwich, UK [34].

Cargo-loading via infusion
A solution of CPMV (at 1 mg mL−1 in 0.1 M potassium phosphate buffer pH 7.4, in the
following referred to as KP buffer) was mixed with a 10,000-fold molar excess of the
desired cargo molecule (see below) for 1 hour at room temperature in the dark. (The
molecular weight of CPMV is 5.6x106 g mol−1.) Concentration curves were evaluated to
determine the optimal excess to achieve efficient loading; CPMV was incubated with a
molar excess 1,000, 2,000, 5,000, 10,000, and 50,000 cargo molecules per one CPMV. Time
course studies were also conducted and it was found the loading does not improve after one
hour of incubation. The following cargo molecules were studied: DAPI (4’,6-diamidino-2-
phenylindole dihydrochloride, MP Biomedicals). Propidium iodide (3,8-diamino-5-[3-
(diethylmethylammonio)propyl]-6-phenylphenanthridinium diiodide, Sigma Aldrich),
acridine Orange (3,6-bis(dimethylamino)acridinium chloride, MP Biomedicals), and
proflavine (PF, acridine-3,6-diamine hydrochloride, Sigma Aldrich). The reaction was then
purified to remove cargo-loaded CPMV from excess reagents through extensive dialysis
(Spectra/Por2, MWCO 12–14 KDa, Spectrum Laboratories) and multiple rounds of
centrifuge filtration using spin columns (Amicon, MWCO 10 KDa). The cargo-loaded
CPMV product was characterized using a combination of SEC, UV/Visible spectroscopy,
and native and denaturing gel electrophoresis.

Covalent bioconjugation of CPMV
CPMV was labeled at surface-exposed lysine residues using N-hydroxysuccinimide (NHS)
active AlexaFluor 555 (A555, Invitrogen) or NHS-activated Oregon Green 488 (O488,
Invitrogen). Chemical modification was performed as a subsequent step, after cargo
infusion. NHS-A555 or O488 in DMSO was added to CPMV (at 2 mg mL−1 in KP buffer)
at a molar excess of 2000 NHS-A555/O488: 1 CPMV; the final DMSO concentration was
adjusted to 10% by volume, the protein concentration was kept at 1 mg mL−1. The mix was
reacted for two hours at room temperature with agitation in the dark. The reaction mix was
purified through dialysis and spin filters as described above.

Size exclusion chromatography (SEC)
All CPMV nanoparticle preparations were analyzed by SEC using a Superose6 column on
the ÄKTA Explorer chromatography system (GE Healthcare). Samples (100 μl of 1 mg
mL−1) were analyzed at a flow rate of 0.5 mL min−1, using 0.1 M potassium phosphate
buffer (pH 7.4).
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UV/visible spectroscopy
A NanoDrop Spectrophotometer was used to measure the UV/visible spectra of native and
modified CPMV nanoparticles. The degree of dye-loading was determined based on the
concentration of dye:CPMV making use of Beer Lambert law and the dye and CPMV-
specific extinction coefficients: CPMV: ε(260 nm)=8.1mL mg−1 cm−1, molecular weight of
CPMV = 5.6x106 g mol−1, DAPI: ε(358 nm)=24,000 M−1cm−1, PI: ε(493 nm)= 5,900
M−1cm−1, AO: ε(470 nm)=43,000 M−1cm−, PF: ε(445 nm)=40,000 M−1cm−1, A555: ε(555
nm)=155,000 M−1cm−1, O488: ε(496 nm)=75,000 M−1cm−1. (It should be noted that the
extinction coefficients may change in different chemical environments; degree of dye-
loading is thus an approximation.)

Native and denaturing gel electrophoresis
CPMV nanoparticles were analyzed on native and denaturing gels. 5–10 μg sample was
analyzed on 1.2% agarose gel in 1x TBE buffer, running buffer was 1x TBE. TBE = 45mM
Tris, 45mM boric acid, 1.25 mM EDTA in MilliQ water. Protein subunits were analyzed on
denaturing 4–12% NuPAGE gels (Invitrogen) using 1x MOPS buffer (Invitrogen). 10 μg
sample (added SDS loading buffer; Invitrogen) was analyzed. If indicated, ethidium bromide
was also used in gel staining for native gel samples. Otherwise, gels were photographed
before and after staining with Coomassie Blue using AlphaImager (Biosciences) imaging
system and UV or white light.

Tissue Culture
HeLa cells (cervical cancer) were obtained from ATCC®, and cultured and maintained in
Minimum Essential Media (MeM) supplemented with 10% (v/v) FBS, 1% (w/v) penicillin-
streptomycin, 1% (w/v) glutamine at 37°C and 5% CO2. PC-3 cell line (prostate cancer) was
obtained from ATCC® and maintained in Dulbecco’s modified Eagle medium-F12 (DMEM/
F12) that contained 10% (v/v) FBS, 1% (w/v) penicillin-streptomycin, 1% (w/v) glutamine
at 37°C and 5% CO2. HT-29 cells (colon cancer) were obtained from ATCC®, and cultured
and maintained in RPMI 1640 medium supplemented with 10% (v/v) FBS, 1% (w/v)
penicillin-streptomycin, 1% (w/v) glutamine at 37°C and 5% CO2. All culture media
reagents were purchased from Invitrogen.

Confocal Microscopy
Cellular uptake of CPMV—HeLa, PC-3, or HT-29 cells (25,000 cells/well) were grown
for 24 hours on glass coverslips placed in an untreated 24-well plate in 200 μL media (see
above) at 37°C, 5% CO2. Cells were washed and O488-CPMV, O488-CPMV-PF, O488-
CPMV-CP (at 10 μg/well) were introduced in 100 μL of corresponding media, incubated for
three hours, and then washed with saline to remove any unbound particles. Cells were fixed
for five min at room temperature using DPBS containing 4% (v/v) paraformaldehyde and
0.3% (v/v) glutaraldehyde. Cell membranes were stained using 1 μg/mL wheat germ
agglutinin (WGA) conjugated with AlexaFluor-555 (WGA-A555; Invitrogen) in 5% (w/v)
goat serum (GS) for 45 min at room temperature in dark followed by subsequent washing
with DPBS (Invitrogen). Nuclei were stained with DAPI (MP Biomedicals, 1:7500) for five
min. Cells were washed with DPBS in between each staining step. Coverslips were then
mounted onto glass slides using mounting media (Permount, Fisher Chemicals) and sealed
using nail polish. Confocal images were captured on Olympus FluoView™ FV1000 LSCM
and data processed using Image J 1.44o software (http://imagej.nih.gov/ij).

Co-localization of CPMV with endolysosomes—Native CPMV was used and stained
using CPMV-specific antibodies. After incubation of HeLa cells with CPMV (as described
above), cells were incubated with anti-CPMV antibodies (rabbit IgG, Pacific Immunology)
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at 1:200 dilution for 60 min at room temperature. Endolysosomes were stained using a
mouse anti-human LAMP-1 antibody (Biolegend, 1:200; 5% GS) for 60 min. Secondary
antibodies, goat anti-mouse-AlexaFluor 488 (secondary to LAMP-1 Ab) and goat anti-
rabbit-AlexaFluor 555 (secondary to anti-CPMV Ab) at 1:500 dilutions (mixed together)
were then used to label the primary antibodies for 60 min. DAPI staining and imaging was
as described above.

Cellular uptake of CPMV-DAPI—HeLa cells (25,000 cells/well) were grown for 24
hours on glass coverslips placed on an untreated 24-well plate in 200 μL medium (see
above) at 37°C, 5% CO2. Cells were washed and (A555)-CPMV-DAPI (1.7 nM CPMV,
0.233 μM DAPI /well) introduced in 100 μL medium, and cells were incubated for one to
three hours at 37°C or 4°C, and then washed to remove any unbound CPMV particle with
saline. Cells were fixed and stained with WGA-A488 (Invitrogen) as described above.
CPMV was visualized either based on covalently-attached A555 dye or stained using anti-
CPMV specific antibodies (see above). Confocal images were captured and analyzed as
described above.

Fluorescence activated cell sorting (FACS)
HeLa and HT29 cells were grown to confluency, and collected using enzyme-free Hank′s
based Cell Dissociation Buffer, and distributed in 200 μL aliquots at a concentration of 5 x
105 cell/mL in V-bottom 96-well plates. Cargo-loaded and dye-labeled CPMV samples (3
μg and 15 μg/ per well) were added to cells and incubated for 3 h at 37°C, 5% CO2. The
cells were washed two times in FACS buffer (PBS solution of 1 mM EDTA, 25 mM HEPES
at pH 7, 1 % FBS (v/v)) and fixed in 2% (v/v) formaldehyde in FACS buffer for 10 minutes
at room temperature. Cells were washed and resuspended in FACS buffer and analyzed
using a BD LSR II flow cytometer. At least 10,000 events (gated for live cells) were
recorded. Experiments were repeated at least twice and triplicates of each sample were
measured. Data were analyzed using FlowJo 8.6.3 software.

Cell viability assay
XTT Cell Proliferation Assay Kit (ATCC®) was used to determine cell viability. For XTT
assay, HeLa, HT-29, and PC-3 cells were seeded on a 96-well plate (25,000 cells/well; 100
μl MEM/well), incubated for 24 h at 37°C, 5% CO2, washed twice, and then incubated in
100 μl MEM containing varying concentrations of cargo-loaded CPMV samples and
respective controls (free CPMV and free drug). Time course studies were conducted: cells
were treated with candidate formulation for 1 day, washed with saline to remove any
unbound particles and drug, and placed in fresh medium for further incubation for 24 hours,
72 hours, and five days, prior to measuring cell viability. At the end of each incubation
period, 50 μl of XTT reagent (reconstituted as per instructions in the kit) was added to each
well and the plates were incubated for another 2–3 h for color development. The absorbance
at 450 nm and 650 nm was then recorded on TECAN Infinite® 200 PRO multimode plate
reader; data were analyzed as recommended by the supplier. All assays were analyzed in
triplicates and repeated at least twice, data were analyzed using Microsoft Excel software.

Results
Loading CPMV nanoparticles with fluorescent dyes through infusion and nucleic acid-
mediated retention

CPMV was propagated in Vigna unguiculata plants and purified using previously described
procedures [35]. Typical yields were 100 mg of pure CPMV from 100 g of infected leaf
material. The purity of CPMV preparation was assessed using size exclusion
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chromatography (SEC) and transmission electron microscopy (not shown). Samples were
stored in 0.1 M potassium phosphate buffer pH 7.0 at 4°C.

To investigate the possibility and efficiency of dye-loading into the CPMV carrier system
through infusion, we chose the following fluorophores: DAPI (4’,6-diamidino-2-
phenylindole dihydrochloride), propidium iodide (PI, 3,8-diamino-5-[3-
(diethylmethylammonio)propyl]-6-phenylphenanthridinium diiodide), and acridine orange
(AO, 3,6-bis(dimethylamino)acridinium chloride), all of which are cationic, nucleic acid
intercalating, fluorescent stains.

Intact CPMV nanoparticles were incubated in a bathing solution containing the fluorophores
(DAPI, PI, or AO, Figure 1A) at various molar excesses (1,000, 2,000, 5,000, 10,000, and
50,000 dyes per 1 CPMV), incubation times were varied between one hour to overnight
reactions. After completion, the reaction mix was extensively purified through several
rounds of dialysis and spin filter centrifugation to remove excess reagents and dyes were
quantified based on UV/visible absorbance spectroscopy (see materials and methods).
Overall, we found that an excess of 10,000 dyes:1 CPMV nanoparticle and incubation for
one hour gave most reproducible results in terms of yield of recovered CPMV and dye-
loading efficiency. Recovery of purified, dye-loaded CPMV was 50–70% of the starting
material. Structural integrity and loading with dye was confirmed using SEC, UV/visible
spectroscopy, and native gel electrophoresis (Figure 1B-D).

SEC using FPLC and a Superose6 column showed the typical elution profiles for intact
CPMV nanoparticles: CPMV loaded with DAPI, PI, and AO elute at 17.9 min, 17.5 min,
and 17.6 min (Figure 1B), respectively, which is in agreement with elution profiles for
native CPMV (not shown). The ratio of A260 nm:A280 nm provides additional information
of the integrity of CPMV preparations, the peak at 260 nm is from the absorbance of
encapsulated nucleic acids and absorbance at 280 nm reflects the protein capsid. Pure and
intact CPMV preparations have a A260 nm:A280 nm ratio of 1.7±0.1 [dpv.web.net].
CPMV-DAPI, CPMV-PI, and CPMV-AO, each show A260 nm:A280 nm ratio of 1.7. For
CPMV-AO, SEC elution profiles indicate a shoulder at 15.7 min, indicating that some
aggregation occurred. Although a small fraction of the CPMV-AO formulation appeared to
aggregate, the main peak is indicative of non-aggregated CPMV-AO nanoparticles. The
latter was also confirmed by native agarose gel electrophoresis (see below).

FPLC elution profiles indicate successful loading of dyes: co-elution of the DAPI, PI, and
AO as measured at 358 nm, 493 nm, and 470 nm, respectively, indicates loading of the dyes
into the CPMV nanocarrier (see also UV and native gel data below). PI absorbance is low,
which is reflected by its low extinction coefficient with εPI(493 nm)= 5,900 M−1cm−1,
compared to DAPI and AO, which have extinction coefficients with values of εDAPI(358
nm)=24,000 M−1cm−1 and εAO(470 nm)=43,000 M−1cm−1.

The degree of dye-loading was quantified using UV/visible spectroscopy and the
concentration ratio of dye:CPMV (see materials and methods). We found that CPMV could
be loaded with 130±10% DAPI or PI and 155±10% AO; the increased AO ratios may be due
to an overestimate based on the aggregated fraction in the preparation. Longer incubation
times or larger excess of dye:CPMV did not yield more efficient loading, thus indicating that
CPMV is saturated with dyes at a loading capacity of 130–155 dyes per CPMV nanoparticle.

Loading of the fluorescent cargos inside the CPMV carrier was further confirmed using
native gel electrophoresis. RNA-containing CPMV and RNA-free empty eCPMV [34]
nanoparticles were incubated with dyes, purified to remove unbound dyes, and then
analyzed using agarose gels under native conditions. After separation of the intact (e)CPMV
dye complexes, gels were visualized under UV light or stained with Coomassie and imaged
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under white light (Figure 1D). CPMV nanoparticles appear as double-band on native
agarose gels; this band pattern reflects a proteolytic cleavage of the small (S) coat protein:
CPMV particles with cleaved S have a higher mobility in the gel compared to fractions that
contain the full length S protein. Depending on the preparation, the double bands may be
more or less profound on the gel [36]. The overall band pattern is consistent with intact
(e)CPMV nanoparticles. Furthermore, native gel electrophoresis data indicate that dyes
DAPI, PI, and AO were successfully loaded into the CPMV capsids. Uptake of dye into
RNA-free eCPMV nanoparticles was not apparent, thus indicating that the loading is
dependent on the RNA molecules (see also discussion).

Chemical reactivity of dye-loaded CPMV nanoparticles
Next we sought to investigate the chemical reactivity of the CPMV surface lysine side
chains after cargo-loading. Bioconjugation and addressability of the exterior CPMV surface
is well known. CPMV nanoparticles display 300 reactive Lys side chains; all of which can
be labeled using N-hydroxysuccinimide (NHS) active chemical modifiers and forcing
conditions (high excess and long incubation periods) [37]. Using standard labeling
protocols, typical labeling efficiency lies between 60–120 labels per CPMV. Here we used a
standard labeling protocol (see methods), a NHS active ester of the fluorophore
AlexaFluor555 (A555), and DAPI-loaded CPMV or native CPMV. We found that native
and DAPI-loaded CPMV nanoparticles showed similar reactivity resulting in covalent
display of 80±10% A555 dyes per CPMV and CPMV-DAPI nanoparticle, respectively. The
degree of labeling was determined using UV/visible spectroscopy and the A555 specific
extinction coefficient (Figure S1).

Native and denaturing gel electrophoresis techniques were used to confirm that DAPI was
non-covalently loaded into the interior cavity of CPMV, complexed with the nucleic acids,
and that A555 was covalently linked to the CPMV coat proteins (Figure 2). Gels were
visualized under UV light and under white light after Coomassie staining. In denaturing
gels, CPMV coat proteins are separated and visualized. The process of denaturing releases
the encapsulated cargo (here DAPI), which is, based on its small molecular weight (MW =
277.324 gmol−1), detectable in the buffer front at the bottom of the gel (Figure 2A, lanes 2
and 4). The fluorescent appearance of coat proteins for A555-CPMV and A555-CPMV-
DAPI (Figure 2A, lanes 3 and 4) indicates covalent modification of both the small (S, 24
kDa) and large (L, 42 kDa) coat protein of CPMV.

In native agarose gels, intact CPMV nanoparticles are analyzed. DAPI-loaded and A555-
labeled CPMV formulations appear fluorescent under UV light; free dye is not detected for
any of the preparations; indicating that DAPI is stably encapsulated and not released during
migration in the gel matrix (Figure 2B). The migration pattern toward the anode differs for
the DAPI-loaded versus A555-labeled CPMV: DAPI is encapsulated on the interior of the
CPMV particles, and alters the electrophoretic mobility only minimally. In contrast, A555, a
non-charged molecule, is covalently attached to surface lysines. The A555-CPMV
formulation displays fewer positive charges on its surface compared to native CPMV, and
thus has enhanced mobility toward the anode.

CPMV particles have two electrophoretic forms; this is due to cleavage of the highly
charged C-terminus of the S protein [36,38]. In denaturing gels this can be observed by the
double band that appears for the S protein (Figure 2A). In the native gel both electrophoretic
forms are detected for the native CPMV preparation (Figure 2B, lane 1). For DAPI-loaded
and chemically-modified A555-labeled CPMV preparations, only the fast electrophoretic
form appears (Figure 2B). We have observed this phenomenon previously; it is possible that
labeling and purification conditions, further promote cleavage of the S protein.
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Overall, data indicate that the chemical addressability for cargo-loaded CPMV nanoparticles
is similar to that of native CPMV, allowing for the production of dual-modified CPMV
carrier systems.

Cargo-delivery to cells
For a proof-of-concept study, we chose DAPI-loaded CPMV nanoparticles to study their
fate in vitro and evaluate cargo delivery to cells. DAPI is a dye commonly used in tissue
culture to stain the cell nuclei. The molecule is cell membrane permeable; it diffuses into the
nucleus where it intercalates into the DNA. When bound to DNA, DAPI produces a blue
fluorescence with excitation at about 360 nm and emission at 460 nm [39]. We hypothesized
that CPMV carrying DAPI would bind and internalize into cells via endocytosis to localize
within the endolysosomal compartment, where the CPMV carrier is degraded, and DAPI
released to target the nucleus.

For our studies, the human cervical cancer cell line HeLa was used. CPMV-HeLa cell
interactions are well characterized: We and others have previously reported that CPMV
nanoparticles interact with mammalian cells via interaction with surface-expressed vimentin
[22,40]. This property can be utilized to target cancer cells, e.g. cervical, colon, and prostate
cancer cells [24,25]. (It should be noted that in addition to vimentin-mediated
internalization, other endocytotic pathways also could play a role in CPMV-cell
interactions). CPMV binds and internalizes into cells via energy-dependent endocytosis and
translocates into the endolysosomal compartment [21,32,41].

Time and temperature-dependent cargo-delivery studies were performed: CPMV
nanoparticles loaded with DAPI and covalently-labeled with A555 were incubated with
HeLa for 10 min versus 60 min and at 4°C versus 37°C. CPMV uptake was not apparent at
4°C (Figure 3, panel E-H); this is consistent with previous studies reporting that CPMV
uptake is an energy-dependent process [21,41]. At 37°C CPMV uptake was detectable after
60 min incubation with HeLa cells and accompanied by DAPI fluorescence from the nucleus
(Figure 3, panel A-D). DAPI-fluorescence from the CPMV carriers is not detectable, which
can be explained by the fact that the DAPI is only weakly fluorescent when incorporated
into RNA structures [39]. Fluorescence from the nuclei indicates that DAPI is released from
the CPMV carrier inside the cells allowing DAPI to diffuse into the nucleus, where it
intercalates into the genomic DNA.

To confirm that DAPI is indeed released inside the cells as opposed to leaking out of the
CPMV carrier in medium during the 60 min incubation time; we conducted a concentration-
dependent study: a typical cell nuclei staining protocol makes use of DAPI at 20 mM
concentration or higher (Figure 3, panel J). For delivery studies, the DAPI concentration was
five magnitudes lower measuring only 0.2 μM DAPI (see methods). Cells incubated with
free DAPI at 0.2 μM do not show any apparent fluorescent signals from the nuclei. In stark
contrast, 0.2 μM DAPI delivered to cells via the CPMV carrier shows fluorescent signals
from the nuclei within 60 min of incubation (Figure 3, panel I-L). This indicates, that even
though DAPI is a cell permeable dye, it enters cells more efficiently when delivered through
the CPMV nanocarrier. Colocalization studies confirmed intracellular localization and
translocation of CPMV into the endolysosomal compartment; this is indicated by co-
localization with Lamp-1 marker (Figure 3, panel M-P).

Overall, this proof-of-concept study indicates that cargo infused into CPMV, bound to the
viral nucleic acid, can be efficiently delivered into cells. We hypothesize that structural
changes and degradation of the CPMV carrier within the endolysosomes triggers release of
the cargo allowing for endolysosomal escape and targeting of the nucleus. These studies
thus laid the foundation for drug delivery (see below).
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Loading of drug molecules via infusion and nucleic acid retention
Next, we sought to investigate drug loading into CPMV followed by drug delivery to cancer
cells. We chose proflavine (PF, acridine-3,6-diamine hydrochloride) (Figure 4) for a proof-
of-concept study. Proflavine is mostly known as a bacteriostatic with applications as topical
antiseptic. Cytotoxic activity of proflavine and its derivatives, e.g. proflavine diureas, in
cancer cells and tumors has also been reported: the antiproliferative activity has been related
to proflavine intercalation into DNA [42–45]. Although the use of proflavine, as well as
other acridine derivatives, for modern chemotherapy may be controversial based on their
inherent mutagenic properties [46], we reasoned that proflavine would be a reasonable guest
molecule for our studies.

First, loading of proflavine into RNA-containing CPMV and RNA-free eCPMV
nanoparticles was studied: intact (e)CPMV nanoparticles were incubated in a bathing
solution containing the drugs at various molar excesses ranging between 1,000–50,000 drugs
per 1 CPMV (Supporting Figure S2). After completion, the reaction mix was extensively
purified through several rounds of dialysis and spin filter centrifugation to remove excess
reagents. Proflavine loading was quantified based on UV/visible absorbance spectroscopy
(Figure 4A). According to results obtained from dye-loading, we found that an excess of
10,000 proflavine:1 CPMV nanoparticle gave most reproducible results in terms of yield of
recovered CPMV (50–70% of starting materials) and drug-loading efficiency of 140±10%
proflavine.

To confirm intactness of the preparation and analyze drug loading further, SEC and native
gel electrophoresis was performed. Proflavine loading was studied by native gel
electrophoresis and imaging gels under UV light (detection of the fluorescent proflavine
compound) and under white light after Coomassie blue staining (detection of the protein-
based viral nanoparticles). Loading of proflavine was only observed using RNA-containing
CPMV nanoparticles (fluorescent bands on UV light, Figure 4B), non-specific uptake or
interactions of proflavine with RNA-free eCPMV was not detectable by native gel
electrophoresis (Figure 4B). Overall data indicate that proflavine diffuses inside the CPMV
carrier where it is retained through interaction with the encapsulated nucleic acids.

Drug delivery, release, and cell killing
Next, we evaluated proflavine delivery to cancer cells. A panel of cancer cells was used for
these studies: HeLa (cervical cancer cells), HT-29 (colon cancer cells), and PC-3 (prostate
cancer cells). Drug delivery and cell killing was evaluated (Figure 5). CPMV-PF
formulations show drug efficacy similar to that observed for free proflavine (Figure 5). In
HeLa cells, free proflavine and CPMV-PF showed response with IC50 between 1.8 μM and
2.9 μM proflavine concentration. In HT-29 and PC-3 cells, the IC50 was determined at 6.13
μM for free and delivered drug. The CPMV carrier itself is not toxic to cells (Figure 5).
Proflavine is an intercalating agent and this process is reversible; our data indicate that after
the CPMV-PF complex enters the cells, the drug is released inducing cell toxicity (Figure 5).

Flow cytometry and confocal microscopy was used to confirm uptake of drug-loaded CPMV
in HeLa, HT-29, and PC-3 cells. For these studies, dual-modified drug-loaded and dye-
labeled CPMV nanoparticles were produced. First, the drug was loaded through infusion;
second, A555 was covalently attached using an NHS ester and targeting lysine side chains.
SEC, UV/visible spectroscopy, and native gels confirmed the integrity of dual-modified
CPMV; 100±10% A555 were attached per CPMV-PF (not shown). Cell data confirmed
binding (Figure 6A) and uptake of CPMV into HeLa, HT-29, and PC-3 cells (Figure 6B),
this is consistent with previous reports: HeLa, HT-29, and PC-3 express surface vimentin,
allowing CPMV to target, bind and get taken up into the cells [24,25]. In summary, we
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demonstrate that CPMV nanoparticles can be efficiently labeled with therapeutic cargos, and
the natural CPMV-vimentin specificity enables targeting, uptake, and cargo delivery.

Discussion
Nanoparticles in drug delivery

Nanoparticles are potentially useful for medical applications because they can be tailored to
partition cargos between diseased and healthy cells and tissues. Diverse classes of materials
are currently being considered; these include synthetic, man-made materials as well as
natural nanomaterials, e.g. protein cages and capsids formed by viruses. Each class of
nanomaterial offers distinct advantages and disadvantages. CPMV has many favorable
properties for use as nanocarrier:

• CPMV nanoparticles are non-pathogenic, non-toxic, and biodegradable in
mammals at dosages of up to 100 mg (1016 CPMVs) per kg body weight [9].

• CPMV nanoparticles are 30 nm in size; this size regime is ideal for cell targeting
and uptake [47]. Furthermore, based on their small size, CPMV has high likelihood
to penetrate tissues more effectively compared to larger micelles or liposomes [2].

• CPMV is monodisperse, and its structure known to atomic resolution. CPMV can
be engineered with targeting ligands, drugs and/or imaging molecules at the
exterior and interior surface using genetic engineering or bioconjugation protocols
[20].

• CPMV nanoparticles are stable under various solvent, pH, and temperature
conditions.

• We demonstrate in this work, that cargos are released efficiently upon targeting of
the endolysosome; this is consistent with a previous study in which we delivered
the chemotherapeutic molecule doxorubicin; in this case the drug was covalently
introduced into the nanocarrier [32]. It appears that CPMV is metabolically cleared
from cells within a few days [21,48]. The slow processing of the CPMV
nanoparticles inside the endolysosome results in delayed drug release when the
cargo is conjugated via a covalent mechanism [32]. In contrast, we report here, that
cargos stably loaded via infusion technique were released quickly upon cell entry.
For example, DAPI delivered by CPMV was detectable in the nucleus after 60 min
exposure. It is possible that conformational changes in the capsid structure are
induced upon entry into the acidic environment of the endolysosomal compartment,
and thus inducing cargo release and eventual degradation of the carrier material.

• Based on its biology and natural affinity to surface expressed vimentin, CPMV
provides an interesting carrier system to deliver cargos to vimentin-positive
(cancer) cells [22].

• Besides all its advantages it should be noted, that a potential disadvantage of the
protein-based carrier systems is that the repetitive coat proteins can induce
immunogenicity, but this can be overcome by PEGylation [15].

Modification of virus-based materials
Based on the versatility of virus-based materials as carrier systems, we and others have
reported various modification techniques to functionalize the carriers with cargos and/or
targeting ligands. A majority of efforts have focused on genetic and chemical modification
[16]. Non-covalent techniques such as infusion have several advantages:
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• While genetic engineering is only applicable to amino acid-based compounds,
infusion-based cargo-loading is, at least theoretically, applicable to any material,
including peptides, organic fluorophores, contrast agents, or chemotherapeutic
drugs.

• Infusion-based methods do not alter the composition or structure of the cargo; in
contrast covalent modification can introduce alternations to the cargo rendering it
less or non-active. Metabolic degradation and/or structural changes of the CPMV
carrier within the endolysosomal compartment allow cargo-release without the
need of introduction of release mechanisms, which could further hamper the
functionality of the cargo.

• Some genetic and/or chemical modifications can destabilize the protein structure.
Modifications are not required for infusion-based cargo loading. Intact and native
CPMV nanoparticles are used; which means that no structural changes are made to
the virus-based carrier.

A few non-covalent VNP modification strategies have been developed and tested, for
example cowpea chlorotic mottle virus (CCMV) was used to complex lanthanides at the
interface of coat protein subunits. Under physiological conditions Ca2+ ions are bound to
these sites. Ca2+ ions can be replaced with Gd3+ or Tb3+ cations; resulting in binding of 180
lanthanides [49,50]. These complexes could be potentially useful for magnetic resonance
imaging applications. Similarly, the lanthanides Gd3+ and Tb3+ were infused and entrapped
into CPMV particles making use of the encapsidated nucleic acids. Around 80 ± 20 Gd3+

and Tb3+ ions can be stably bound and trapped inside CPMV based on RNA interactions
[9,51].

Using red clover necrotic mosaic virus (RCNMV), it was demonstrated that fluorescent dyes
and doxorubicin could be infused making use of RCNMV’s pH- and metal ion-dependent
reversible gating mechanism; at low pH the particles are in a compact conformation, upon
increase of pH a structural transition leads to a swelling and pore-opening [52] In the
swollen, open conformation and in the presence of RNA molecules, small positively charged
molecules can freely diffuse into the interior cavity of the particles, where they bind to the
negatively charged viral nucleic acids via electrostatic interactions. Lowering of the pH
reverts the structural transitions; the particles appear in the compact, closed conformation
and the infused molecules are trapped [53]. Making use of this gating mechanisms has also
been shown a feasible approach to entrap negatively-charged polymers within the RCNMV
nanoparticle [54].

Another approach was developed studying bacteriophage MS2: MS2 phages contain a
translational repression (TR) operator that binds to a TR RNA stem loop. TR operator
proteins can be chemically engineered and small drug molecules can be covalently attached.
When intact MS2 particles are exposed to such TR operators the proteins diffuse inside the
VNPs and bind stably to the 90 RNA stem loops. Therapeutic molecules such as plant toxin
ricin A chain or 5-fluorouridine have been successfully incorporated into MS2 using these
design principles. In vitro cell studies confirmed cargo delivery and successful cell killing of
target cells [55,56].

Infusion of small guest molecules into CPMV, as we report here, presents a convenient
means of loading cargos into RNA-containing CPMV nanoparticles. The requirement for the
cargo is that is has positive charges and/or affinity toward nucleic acids. To enable release,
the interaction with nucleic acids must be reversible (see Figure 5). Our data indicate that
nucleic acid intercalating molecules such as DAPI and proflavine bind to CPMV carriers via
a reversible mechanism and thus can be released inside cells (see Figures 3 and 5).
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We demonstrated that cargo molecules were stably bound inside RNA-containing CPMV
nanoparticles; non-specific loading into eCPMV nanoparticles was not observed (see
Figures 2 and 4). The formulations remained structurally sound and the guest molecules
were stably encapsulated for several weeks upon storage in the fridge in phosphate buffered
saline solution at physiological pH. Cargo release in medium and during electrophoresis was
not observed. Upon entry into the endolysosome, efficient release over relatively short time
scales is triggered: it was indicated that DAPI was released within 60 min of exposure (see
Figure 3). Further, the IC50 of CPMV-PF was comparable to that of free proflavine, further
indicating efficient release (see Figure 5).

RNA-containing CPMV nanoparticles are non-infectious toward mammalian cells, and
therefore can be considered as safe. From an agricultural point of view, of course, RNA-
containing nanoparticles are infectious toward legumes, such as black-eyed peas. To
produce cargo-loaded CPMV-based nanoparticles that are safe from an agricultural point of
view, one could consider the following strategy: three forms of CPMV nanoparticles can be
isolated from infectious leaves by isopycnic centrifugation on density gradients. The three
components have identical protein composition but differ in their RNA contents [57–59].
The particles of the top (T) component are devoid of RNA, while the M and B components
each contain a single RNA molecule, RNA-2 and RNA-1, respectively [60]. While RNA-1
encodes the replication machinery, RNA-2 encodes the coat proteins. The presence of both
RNA molecules is required to yield an infection and production of intact CPMV particles in
the plants. One could consider separating B and M components for downstream medical
applications to avoid any potential agricultural safety issues.

It would be interesting to conduct future loading experiments on separated B and M
components. RNA-1 is 5889 nucleotides long and thus 1.7 times longer compared to RNA-2
that consists of 3481 nucleotides [61,62]. It is possible that more efficient cargo loading
could be achieved by using purified B components that contain the longer RNA-1 polymer,
however, this will also largely depend on the secondary structure of the encapsidated RNA
molecules. Generally, we observed reproducible labeling from batch-to-batch with some
variation between different compounds tested, resulting in infusion of 130 and 155 dye/drug
molecules per CPMV nanoparticle (see Figures 2+4).

The chemical reactivity of cargo-loaded CPMV nanoparticles appears to be non-altered (see
Figure 2), which provides a foundation for the synthesis of dual-modified nanoparticles, e.g.
encapsulating a therapeutic cargo while displaying contrast agents on the exterior surface
toward the development of theranostic devices.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) Structure of DAPI (4’,6-diamidino-2-phenylindole dihydrochloride), propidium iodide
(PI, 3,8-diamino-5-[3-(diethylmethylammonio)propyl]-6-phenylphenanthridinium diiodide),
and acridine orange (AO, 3,6-bis(dimethylamino)acridinium chloride). B) Size exclusion
chromatography of CPMV-DAPI, CPMV-PI, and CPMV-AO shows the typical elution
profile of intact CPMV, co-elution of the dyes indicates loading. C) UV/visible spectra of
CPMV-DAPI, CPMV-PI, and CPMV-AO showing the CPMV typical peak at 260 nm and
the dye-specific absorbance peak at 358, 493, and 470 nm, respectively. D) Native agarose
gel electrophoresis of CPMV and eCPMV after incubation with DAPI, PI, AO. The gels
were visualized and documented under UV light and then stained with Coomassie blue and
photographed under white light.
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Figure 2.
Electrophoretic separation of CPMV-DAPI and their coat proteins. A) Denaturing gel
electrophoresis using a NuPAGE gel and B) native gel using an agarose gel. 1 = CPMV, 2 =
CPMV-DAPI, 3 = A555-CPMV, 4 = A555-CPMV-DAPI, M = molecular weight standard;
the bands are labeled in the center of the gels (in kDa). Gels were visualized under UV light
and under white light after Coomassie blue (CB) staining.
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Figure 3.
The fate of CPMV-DAPI in HeLa cells. Time and temperature-dependency: CPMV-DAPI
was incubated with HeLa cells at 4°C versus 37°C for 10 min versus 60 min. A, C, E, G =
CPMV channel (in green), B, D, F, H = overlay of CPMV channel (in green), cell membrane
stain (WGA, in red), and DAPI in blue. Concentration dependence: I-L showing cells after
incubation with different concentrations of free DAPI versus CPMV-DAPI, cell membrane
in red, DAPI in blue (no CPMV staining). Colocalization: M = overlay of DAPI in blue
(note in this experiment cells were stained using free DAPI, and not DAPI delivered through
CPMV), endolysosomes (Lamp-1 marker) in red, and CPMV in green, N = Lamp-1 only in
red, O = CPMV only in green, P = colocalization analysis using ImageJ and colocalization
highlighter plug-in, colocalized signals are shown in white. The scale bars are 50 μm in
length.
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Figure 4.
Characterization of drug-loaded CPMV. A) UV/visible spectroscopy of CPMV-PF showing
the CPMV and proflavine-specific absorbance maxima at 260 nm and 450 nm. B) Native gel
electrophoresis of CPMV and eCPMV with and without proflavine (PF) (it should be noted
that non-purified samples were analyzed on the gel to show the migration pattern of free PF
versus (e)CPMV); gels were documented under UV light, and then stained with Coomassie
blue and photographed under white light. The bright bands in proflavine-positive samples
indicate free dye that migrates towards the cathode in the electrophoretic field (on top).
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Figure 5.
Cell viability assays. HeLa (in black) were exposed to proflavine and CPMV-PF at 0.3 μM,
0.6 μM, 1.8 μM, and 2.9 μM concentration of proflavine (equates to a CPMV concentration
of 0.002 μM, 0.004 μM, 0.012 μM, and 0.02 μM) for 24 h, and washed, and incubated for
further 24 h in tissue culture medium, prior to analysis of cell viability using XTT assay. C =
untreated control cells. HT-29 (in white) and PC-3 (in grey) were exposed to proflavine and
CPMV-PF at 1.46 μM, 3.07 μM, 6.13 μM, and 16.06 μM concentration of proflavine
(equates to a CPMV concentration of 0.010 μM, 0.021 μM, 0.042 μM, and 0.11 μM) for 24
h, and washed, and incubated for further 24 h in tissue culture medium, prior to analysis of
cell viability using XTT assay. C = untreated control cells.
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Figure 6.
A) Cell binding of A555-CPMV-PF to HeLa and HT-29 cells after 60 min exposure. For
these experiments cells were collected using non-enzymatic cell dissociation buffers to
avoid the natural CPMV receptor being cleaved off the cell surface; we have not achieved
collection of PC-3 cells using this method. B) Confocal microscopy images of HeLa, HT-29,
and PC-3 cells after incubation with A555-CPMV-PF. Red = cell membrane (WGA
staining), blue = nuclei (DAPI staining), and green = CPMV (from A555 dye). The scale bar
is 20 μm.
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Scheme 1.
Cartoon of CPMV with its single stranded RNA molecule (in red), CPMV is exposed to a
bathing solution containing the cargo of interest (in blue), washing and dialysis is used to
remove excess cargo yielding intact CPMV with infused cargo.
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