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Abstract

Platform technologies based on plant virus nano-particles (VNPs) and virus-like particles (VLPs)
are attracting the attention of researchers and clinicians because the particles are biocompatible,
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biodegradable, noninfectious in mammals, and can readily be chemically and genetically
engineered to carry imaging agents and drugs. When the Physalis mottle virus (PhMV) coat
protein is expressed in Escherichia coli, the resulting VLPs are nearly identical to the viruses
formed in vivo. Here, we isolated PhMV-derived VLPs from ClearColi cells and carried out
external and internal surface modification with fluorophores using reactive lysine- /-
hydroxysuccinimide ester and cysteine-maleimide chemistries, respectively. The uptake of dye-
labeled particles was tested in a range of cancer cells and monitored by confocal microscopy and
flow cytometry. VLPs labeled internally on cysteine residues were taken up with high efficiency
by several cancer cell lines and were colocalized with the endolysosomal marker LAMP-1 within
6 h, whereas VLPs labeled externally on lysine residues were taken up with lower efficiency,
probably reflecting differences in surface charge and the propensity to bind to the cell surface. The
infusion of dye and drug molecules into the cavity of the VLPs revealed that the photosensitizer
(PS), Zn-EpPor, and the drugs crystal violet, mitoxantrone (MTX), and doxorubicin (DOX)
associated stably with the carrier via noncovalent interactions. We confirmed the cytotoxicity of
the PS-PhMV and DOX-PhMV particles against prostate cancer, ovarian and breast cancer cell
lines, respectively. Our results show that PhMV-derived VLPs provide a new platform technology
for the delivery of imaging agents and drugs, with preferential uptake into cancer cells. These
particles could therefore be developed as multifunctional tools for cancer diagnosis and therapy.

Graphical abstract
PhMV-based nanotechnology

Znliphor

INTRODUCTION

Nanocarrier platforms based on natural biological building blocks offer new opportunities in
the biomedical and materials sciences.! Virus nanoparticles (VNPs) are self-assembling
supramolecular systems that can be used to develop bioinspired nanomaterials and
nanocarriers due to their simple and inexpensive production, well-defined structural features,
unique shapes and sizes, genetic programmability, and robust chemistries.1~8 VVNPs based on
plant viruses are particularly advantageous in medicine because they are biocompatible and
biodegradable, but the plant viruses do not infect humans and other mammals. Such VNPs
can carry drugs, imaging agents, and other nanoparticles in their internal cavity by assembly,
infusion, or internal surface modification, and the external surface can be chemically or
genetically engineered to attach targeting ligands for tissue-specific delivery.”~13 Plant VNPs
have already overcome many of the challenges of hanoparticle delivery, such as low stability
in biological fluids, and in some cases, targeting specificity.12-15 We and several others have
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established a broad range of plant VNPs such as those based on Cowpea mosaic virus
(CPMV), Cowpea chlorotic mottle virus (CCMV), Brome mosaic virus (BMV), Potato virus

X (PVX), and Tobacco mosaic virus (TMV), and further viruses are also being tested.
6,12,13,16

Virus-like particles (VLPs) are a subset of VNPs that lack the viral genome and assemble
spontaneously from virus structural proteins into noninfectious protein cage-like structures.
Many different virus structural proteins form VVLPs when expressed in standard heterologous
expression systems such as Escherichia coli (E. coli),X" yeasts,'® plants,1® mammalian cells,
20-22 and insect cells.23 Such VLPs tend to be structurally and morphologically similar to
the wild-type virus particles and demonstrate similar cell tropism, uptake, and intracellular
trafficking.3-13.24-27 Protein engineering can be used to introduce new functionalities at three
distinct interfaces of VLPs: internal, external, and intersubunit. This allows the fine-tuning
of surface charge, drug encapsulation, ligand display, and particle stability.28 VVLPs have
been developed as targeted delivery vehicles for drugs, sSiRNAs, RNA aptamers, proteins,
and peptides, and as scaffolds to present epitopes in subunit vaccines.28-36 However, despite
their advantages, few examples of plant VVLPs have advanced through the development
pipeline, and more work is required to make these structures amenable for specific
biomedical applications.37-45

It is important to expand the library of VLPs under investigation from the current small
collection of model viruses to facilitate the selection of useful properties for the delivery of
drugs and imaging reagents. Although the list of VLPs under development is expanding,
much less data are available compared to the myriad examples of synthetic nanoparticles
including those made from lipids, polymers, and metals. Given the limited data available for
VLPs, it is not yet possible to predict the /n vivo fates of such particles using structural
information and /n silico approaches. For example, CPMV enables high-resolution vascular
imaging when administered intravenously to mouse and chicken embryos,*6 and this
property was later attributed to interactions between the VLPs and vimentin.#” Whether
other VLPs exhibit similar /n vivo properties must be determined empirically until the
volume of data is sufficient to make rational predictions. We decided to expand the VLP
library by the investigation of VLPs based on Physalis mottle virus (PhMV) as a platform
for imaging and drug delivery. PAMV was selected based on the availability of recombinant
expression systems, its known stability in a range of aqueous environments, and its well-
characterized structure, which is described below.

PhMV (Tymovirus, Tymoviridae) has a ~30 nm icosahedral capsid with 7= 3 symmetry,
containing a single-stranded, plus-sense RNA genome of 6.67 kb.#8 The genome is
encapsidated in a protein shell comprising 180 chemically identical 21 kDa coat protein
subunits, with three distinct bonding patterns (A, B, and C). The A type subunits form 12
pentamers at the icosahedral five-fold axes (60 subunits), whereas the B and C type subunits
form 20 hexamers at the icosahedral three-fold axes (120 subunits). The multiple copies of
the asymmetric unit provide regularly spaced attachment sites on both the internal and
external surfaces of the PhMV capsid. In earlier studies, the PAMV coat protein expressed in
E. coliwas shown to self-assemble into stable VVLPs that were nearly identical to the viruses
formed /n vivo.*® These VLPs can be purified in large quantities (50-100 mg/L) and are
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exceptionally robust, maintaining their integrity within the pH range 4.2-9.0 and in the
presence of up to 5 M urea. They are monodisperse, symmetrical, and polyvalent.® Neither
the deletion nor the addition of amino acids at the N-terminus of the PhMV coat protein
hinders capsid assembly, making this an ideal site for modifications.>? The three-
dimensional crystal structures of PhAMV and its empty capsid have been determined to 3.8
and 3.2 A resolution, respectively.?152 The structures indicate that the empty shells
correspond to the “swollen state” of the virus, with increased disorder in the N-terminal
segments as well as some positively charged side chains lining the internal cavity.>2

In earlier studies, PhMV-derived VLPs were genetically engineered to display diagnostic
and immunogenic epito-pes.38:53:54 Here, we investigated the internal and external surface
chemistries of PhMV and developed protocols to achieve the specific functionalization of
these surfaces with different reagents. A library of functionalization protocols, including
bioconjugation and noncovalent infusion was used to modify PhMV with dyes, drugs, and
photosensitizers. These functionalized PhMV nanoparticles were then characterized by flow
cytometry and confocal microscopy, and their cytotoxic efficacy was tested in a range of cell
lines.

METHODS
Expression and Purification of PhMV VLPs

The 564-bp PhMV coat protein gene (GenBank S97776)°° was prepared as a synthetic
construct by Invitrogen GeneArt, with Xhol and Hindlll sites at the 5° and 3" ends,
respectively, for insertion into pRSET-A (Invitrogen) at the same sites. The integrity of the
recombinant vector (pR-PhMV-CP) was confirmed by automated DNA sequencing before
the transformation of ClearColi BL21(DE3) cells. The expression and purification of PhMV
VLPs were carried out as previously described*® with modifications. Briefly, a single colony
carrying pR-PhMV-CP was inoculated into 50 mL of lysogeny broth (LB) containing 100
mg/mL ampicillin and was incubated for 20 h at 37 °C. We then used 5 mL of the preculture
to inoculate 500 mL of LB with ampicillin as above. After 4-5 h of growth (ODggg nm =
0.6), expression was induced with 0.5 mM isopropyl-$-D-1-thiogalactopyranoside (IPTG),
and the cells were incubated at 30 °C overnight. The culture was centrifuged (6000 rpm
using a JLA 16.500 rotor, Beckman Coulter Inc., 10 min, 4 °C), and the pellet was
suspended in 50 mM sodium citrate buffer, pH 5.5 (SCB). The suspension was then
sonicated and centrifuged at 12 000 rpm using a JLA 16.200 rotor (Beckman Coulter Inc.) at
4 °C for 15 min. The supernatant was centrifuged at 35 000 rpm using a Ti 50.2 rotor
(Beckman Coulter Inc.) at 4 °C for 3 h. The pellet was resuspended in SCB and layered onto
a 10-40% linear sucrose gradient and centrifuged at 28 000 rpm in an SW 32 Ti rotor
(Beckman Coulter Inc.) at 4 °C for 3 h. The light scattering zone was collected with a
Pasteur pipet, diluted with SCB, and centrifuged at 42 000 rpm using 50.2 Ti rotor at 4 °C
for 3 h. The final pellet was resuspended in SCB and stored at 4 °C. The protein
concentration was measured using Bradford reagent (BioRad).
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Bioconjugation Reactions

External lysine residues were conjugated to sulfo-Cy5 NHS ester (Lumiprobe), whereas
internal cysteine residues were conjugated to Cy5.5-maleimide (Lumiprobe). The dyes were
added to PhMV at a concentration of 1 mg/mL in KP buffer (0.01 M potassium phosphate
buffer pH 7.0) at a molar excess of 900 Cy5 molecules per particle (five molecules per coat
protein) and 360 Cy5.5 per particle (two molecules per coat protein). The final DMSO
concentration was adjusted to 10% (v/v). The reaction was left for 2 h (Cy5) or overnight
(Cy5.5) at room temperature with agitation in the dark. Both reaction mixtures were purified
over a 30% (w/v) sucrose cushion by ultracentrifugation at 52 000 rpm using a TLA 55 rotor
(Beckman Coulter Inc.) for 1 h. Pellets containing dye-labeled particles were resuspended in
KP buffer overnight at 4 °C. For PhMV-Kg-Cy5 particles, 10 kDa molecular weight cutoff
(MWCO) centrifugal filters (Millipore) were also used to remove excess dye molecules. Any
aggregates were removed by a clearing spin at 12 000 rpm for 10 min using a table-top
centrifuge. For the biotin conjugation reactions, the VLPs were used at a final concentration
of 1 mg/mL in KP buffer and were incubated with a 360-fold molar excess of biotin (biotin-
NHS ester or biotin-maleimide) at room temperature overnight, with agitation. The final
DMSO concentration was adjusted to 10% of the reaction volume. Particles were purified
using 10 kDa MWCO centrifugal filter units (Millipore).

Infusion Protocol

The VLPs were loaded with rhodamine B, fluorescein, crystal violet, MTX dihydrochloride
(all Sigma—Aldrich), PS (cationic zinc ethynylphenyl porphyrin, full name 5-(4-
ethynylphenyl)-10,15,20-tris)4-methylpyridin-4-ium-1-yl)porphyrin zinc(ll) triiodide), or
DOX hydrochloride (Indofine Chemical Company). The VLPs (1 mg/mL in KP buffer) were
incubated with a molar excess of 500, 2500, 5000, or 10 000 cargo molecules per particle
overnight at room temperature in the dark, before purification over a 30% (w/v) sucrose
cushion to remove excess reagents by ultracentrifugation at 52 000 rpm using a TLA 55
rotor (Beckman Coulter Inc.) at 4 °C for 1 h. PS-PhMV and DOX-PhMV were synthesized
for further characterization using a 5000-fold molar excess.

UV-visible Spectroscopy

A NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific) was used to characterize
the UV/visible spectra of native and modified VLPs. The dye load was determined using the
protein concentration (measured using the Bradford assay), the Beer—Lambert law and the
following dye-specific extinction coefficients: rhodamine B, £(553 nm) = 116 000 M~1 cm
~1: DOX, £(496 nm) = 11,500 M~1 cm™1; crystal violet, £(590 nm) = 87 000 M~ cm~1; PS,
£(450 nm) = 195 000 M~ ecm™1; MTX, £(622 nm) = 25 000 M~ cm™1; sulfo-Cy5 NHS
ester, £(646 nm) = 271 000 M~ cm~1; Cy5.5-maleimide, £(673 nm) = 209 000 M~ cm1.
The following molecular weights were used: PhMV = 4.7 x 108 g mol~L; rhodamine B =
479.02 g mol~1; DOX = 579.98 g mol~1; crystal violet = 407.98 g mol~; PS = 1130 g mol
~1: mitoxantrone = 517.4 g mol~1; Cy5 = 777.95 g mol~1; Cy5.5 = 741.36 g mol~1; biotin
NHS ester = 341.38 g mol™1; biotin maleimide = 451.54 g mol~1.
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Native and Denaturing Gel Electrophoresis

Intact VLPs (10-20 1 per lane) were analyzed by 1% (w/v) agarose native gel
electrophoresis in 0.1 M Tris-maleate running buffer (pH 6.5) as previously described.4®
Denatured protein subunits (10 /g per lane) were analyzed by polyacrylamide gel
electrophoresis using 4-12% NuPAGE gels and 1x MOPS buffer (Invitrogen). Samples were
denatured by boiling in SDS loading dye for 10 min. Gels were photographed under UV or
white light before staining with Coomassie Blue, and under white light after staining, using
an Alphalmager system (Biosciences).

Size Exclusion Chromatography (SEC)

VLPs were analyzed by SEC using a Superose-6 column on the AKTA Explorer system (GE
Healthcare). The column was loaded with 100 1 samples (1 mg/mL) at a flow rate of 0.5
mL min~1 in KP buffer.

Transmission Electron Microscopy (TEM)

VLPs suspended at 1 mg/mL in 20 gL of KP buffer were deposited onto Formvar carbon
film coated copper TEM grids (Electron Microscopy Sciences) for 2 min at room
temperature. The grids were then washed twice with deionized water for 45 s and stained
twice with 2% (w/v) uranyl acetate (UAC) in deionized water for another 30 s. A Tecnai F30
transmission electron microscope was used to analyze the samples at 300 kV.

Zeta Potential Analysis

The zeta potential (¢) of the VLPs was determined by placing 0.25 mg/mL solutions of each
VLP in a 90Plus Zeta potential analyzer (Brookhaven Instruments) and conducting five
measurements, each comprising six runs.

Avidin Agarose Affinity Binding Assay
Biotinylated VLPs and controls were tested for their ability to bind avidin agarose resin
(Pierce). The batch method provided by the supplier was used, with some modifications: 100
g samples in 100 zA of binding buffer (PBS with 0.1% SDS and 1% NP-40) were added to
100 4L of the resin, and the resulting 200 zL of slurry was mixed for 1 h at room
temperature. The supernatant was then recovered and the resin washed six times in 100 s
of binding buffer. Bound VVLPs were eluted in 100 s of 0.1 M glycine-HCI buffer (pH 2.8),
and the pH was immediately adjusted with 10 L of 1 M Tris buffer (pH 7.5). Samples of the
wash fractions and the eluate were analyzed by denaturing gel electrophoresis, 30 L per
lane.

Tissue Culture

All cell lines were obtained from the American Type Culture Collection (ATCC). HelLa
(cervical cancer), RAW264.7 (leukemic macrophages), A2780 (ovarian cancer), MDA-
MB-231 (breast cancer), and U87 (brain cancer) cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS,
Atlanta Biologicals), 1% (w/v) penicillin/streptomycin (pen/strep, Thermo Fisher Scientific),
and 1% (w/v) glutamine at 37 °C and 5% CO,. HT1080 (fibrosarcoma) cells were
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maintained in Minimum Essential Medium (MEM) supple mented with 10% (v/v) FBS, 1%
(w/v) pen/strep, and 1% (w/v) glutamine as above. PC-3 cells (prostate cancer) were
maintained in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with
10% (v/v) FBS, 1% (w/v) pen/strep, and 1% (w/v) glutamine as above. NIH3T3 murine
fibroblasts were maintained in DMEM/F12 medium containing 10% (v/v) newborn calf
serum, 1% (w/v) pen/strep, and 1% (w/v) GlutaMax as above.

Confocal Microscopy

Cell lines were grown for 24 h on glass coverslips (25 000 cells per well) placed in an
untreated 24-well plate in 200 wL of the appropriate medium. The cells were washed twice
with Dulbecco’s PBS (DPBS) before addition of the PhMV-Kg-Cy5 or PhMV-C,-Cy5.5
particles (2.5 x 108 particles per cell, corresponding to ~0.5 zg/well) and incubation for 6 h.
The cells were washed twice in DPBS to remove unbound particles and fixed for 5 min at
room temperature in DPBS containing 4% (v/v) paraformaldehyde and 0.3% (v/v)
glutaraldehyde. Cell membranes were stained with 1 zg/mL wheat germ agglutinin
conjugated to AlexaFluor-555 (Invitrogen) diluted 1:1000 in DPBS containing 5% (v/v) goat
serum, and the cells were then incubated for 45 min at room temperature in the dark. Finally,
the cells were washed three times with DPBS, and the coverslips were mounted on glass
slides using Fluoroshield with 4’,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) and
sealed using nail polish. Confocal images were captured on a Leica TCS SPE confocal
microscope, and the images were processed using ImageJ v1.440.

For colocalization studies, A2780 and MDA-MB-231 cells were incubated for 6 h with
PhMV-C,-Cy5.5 particles, then blocked in 10% (v/v) goat serum for 45 min to reduce
nonspecific antibody binding. Endolysosomes were stained using a mouse antihuman
LAMP-1 antibody (Biolegend) diluted 1:250 in 5% goat serum for 60 min, with DAPI
staining and imaging as described above. VLPs were visualized by detecting the covalently
attached Cy5.5 maleimide dye as described above.

Fluorescence-Activated Cell Sorting (FACS)

Cells were grown to confluency, collected in enzyme-free Hank’s-based cell dissociation
buffer, and distributed in 200 z1_ aliquots at a concentration of 2 x 10° cell/mL in V-bottom
96-well plates. Dye-labeled VVLPs (100 000 particles per cell, corresponding to ~1.6 pg/well)
were added to the cells and incubated for 6 h. The cells were washed twice in FACS buffer
(0.1 mL of 0.5 M EDTA, 0.5 mL of FBS, and 1.25 mL of 1 M HEPES, pH 7.0 in 50 mL of
PBS without Ca2* and Mg?*) and fixed in 2% (v/v) formaldehyde in FACS buffer for 10 min
at room temperature. Cells were washed and resuspended in FACS buffer and analyzed
using a BD LSR 11 flow cytometer. Triplicates of each sample were maintained, and at least
10 000 events (gated for live cells) were recorded. Data were analyzed using FlowJo v8.6.3.

LIVE/DEAD Assay

PC-3 cells were seeded (20 000 cells/500 gL RPMI/well) in a 24-well plate overnight. The
cells were washed twice in PBS and incubated for 8 h in triplicates with 5.0 /M PS, 5.0 Vi
PS-PhMYV, or the corresponding concentration of unloaded VLPs (236.70 t/M or ~0.19 mg/
mL). After washing twice in PBS, 500 L of RPMI medium was added. Photodynamic
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therapy was then applied using a white light source (Phillips Silhouette High Output
F39T5/841 HO, Alto collection, ~10 mW cm~2) for 30 min (18.1 J cm~2 at 430 nm), and
cells were incubated for a further 48 h in the dark. Cell viability was determined using a
LIVE/DEAD assay for mammalian cells (Thermo Fisher Scientific) following the
manufacturer’s procedures for cell staining, and cells were observed under a Zeiss Axio
Observer Z1 motorized FL inverted microscope.

MTT Cell Viability Assay

PC-3 cells were seeded (5000 cells/100 (L RPMI 1640/well) in a 96-well plate overnight.
After two PBS washes to remove unbound and dead cells, free PS or PS-PhMV was added
to the cells in triplicate at concentrations of 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 1, 2.5, and 5.0
MM PS and incubated for 8 h. Untreated cells and cells treated with unloaded VLPs at the
equivalent protein concentration to PS-PhMYV particles at the highest dose of PS were also
used as controls. Free particles were washed with PBS, and 100 y4 of fresh medium was
added. The cells were then illuminated with white light for 30 min as above. In parallel, a
duplicate plate was prepared and kept in the dark as a negative control. Following
phototherapy, cells were incubated for another 48 h in the dark, and their viability was
subsequently measured using an MTT cell proliferation assay kit (ATCC) based on the
manufacturer’s instructions. A Tecan Infinite 200 PRO multimode plate reader was used to
measure absorbance at 570 nm, and the percent cell viability was normalized to the
untreated control. All assays were carried out at least three times. The efficacy of DOX-
PhMV was tested by seeding A2780 and MDA-MB-231 cells as above (5000 cells/100 gL
DMEM/well) and treating triplicate wells with free DOX or DOX-PhMV at concentrations
of 0.01, 0.05, 0.1, 0.5, 1, 5.0, and 10.0 ¢M DOX for 24h. Untreated cells and cells treated
with unloaded VLPs at a concentration equivalent to the highest dose of DOX-PhMV were
used as controls. Washing steps and the MTT assay were then carried out as above.

RESULTS AND DISCUSSION

Purification and Characterization of PhMV-Derived VLPs Produced in ClearColi Cells

PhMV-derived VLPs were purified from ClearColi cells to avoid endotoxin contamination.
The coat protein gene (564 bp) was inserted into the vector pPRSET-A and expressed in
ClearColi BL21(DE3). Optimum expression was achieved by inducing the culture with 0.5
mM IPTG and cultivating at 30 °C overnight. SDS-PAGE analysis confirmed the presence of
the coat protein in total and soluble cell protein extracts (Figure S1A, lanes 1, 2), and VLPs
were purified from the soluble fraction.#® A single light-scattering zone was observed in a
10-40% (w/v) linear sucrose density gradient (Figure S1B) and the VLP yield was 40-50
mg per liter of culture medium, as determined using the Bradford assay. Previous studies
indicate that PhMV-derived VVLPs expressed in £. coli contain nucleic acids and encapsidate
mRNAs encoding the PhMV coat protein.*® To investigate whether PAMV VLPs used in this
study contained RNA, we analyzed VLPs after electrophoretic separation on agarose gels
stained with GelRed stain followed by visualization under UV light; indeed, the nucleic acid
stain indicated that the VLPs contained nucleic acids (presence of the protein capsid was
confirmed by Coomassie staining and visualization under white light, Figure S2).
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The denatured VLP preparation revealed a single 26 kDa band corresponding to the coat
protein (Figure S1C). Size exclusion chromatography (SEC) analysis confirmed that the
particles eluted as a single peak at 7.5 mL, indicating they were intact and stable (Figure
S1D). Transmission electron microscopy (TEM) revealed that the VLPs were approximately
spherical and 29 + 2 nm in diameter (Figure S1E), indicating that recombinant PhMV coat
proteins are indeed capable of self-assembly. The zeta potential of the VLPs was +4.20

+ 0.46 mV (Table 1).

Structure-Based Design of PhMV-Derived VLPs To Carry Dyes and Drugs

A reliable PhMV-based platform for chemical modification requires the identification of
attachment sites on the capsid that do not compromise the structure of the asymmetric unit
and its native biological functions but nevertheless allow for efficient bioconjugation
reactions. The bioconjugation sites on the internal and external surfaces of the VLP were
chosen by studying the structural contribution of each residue. Nine lysine residues are
present on each PhMV coat protein subunit, four of which (K62, K143, K153, and K166)
are exposed on the exterior, resulting in 720 addressable lysine residues per VLP that can be
used for bioconjugation based on lysine/ A-hydroxysuccinimide (NHS) ester chemistry
(Figure 1A). The coat protein contains only a single cysteine residue (C75), and this is
presented on the internal surface, resulting in 180 addressable cysteine residues per VLP
potentially suitable for bioconjugation using thiol-maleimide chemistry (Figure 1A). As well
as the development of bioconjugation protocols (Figure 1B, C), we also considered the
encapsulation of cargo molecules in the cavity. The encapsulation of dyes and drugs via
particle disassembly and assembly is not possible in the case of PAMV because the virus is
stabilized predominantly by protein—protein interactions.>® We therefore developed an
infusion protocol to load the VLPs with cargo (Figure 1D,E).

Bioconjugation of PhMV-Derived VLPs with Dyes

Surface-exposed lysine residues were conjugated to NHS-activated esters of sulfo-cyanine 5
succinimidyl ester (Cy5) by incubating for 2 h with a 900-fold molar excess of the dye,
equivalent to five dye molecules per coat protein (Figure 1B). Similarly, the thiol groups on
the internal cysteine residues were conjugated overnight using Cy5.5-maleimide (Cy5.5) at a
360-fold molar excess, equivalent to two dye molecules per coat protein (Figure 1C). The
resulting VLP-dye conjugates (PhMV-Kg-Cy5 and PhMV-C;-Cy5.5, where Kg = external
lysine and C; = internal cysteine) were purified by ultra-centrifugation, and PhMV-Kg-Cy5
was purified further by ultrafiltration to remove free dye molecules. The Bradford protein
assay was used to estimate the concentration of PhAMV-Kg-Cy5 and PhMV-C-Cy5.5
particles. UV-visible spectroscopy was used to determine the number of dye molecules per
particle based on the Beer—Lambert law and dye-specific extinction coefficients, revealing
that the PhMV-Kg-Cy5 particles contained 160-180 Cy5 molecules and the PhMV-C-Cy5.5
particles contained 40-60 Cy5.5 molecules. The higher labeling capacity using lysine-NHS
chemistry was expected due to the presence of 720 surface-exposed lysine residues
compared to 180 internal cysteine residues.

Increasing the molar excess of Cy5.5-maleimide did not increase the internal labeling
density, and maximum labeling efficiency was achieved with two dye molecules per coat
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protein. It may be possible to increase interior conjugation capabilities of the PhMV VLPs
further by removing the nucleic acids (coat protein mRNA from the expression host, Figure
$2),52:51 put this was not investigated in the present study. In contrast, we achieved a greater
density of external labeling when the molar excess of sulfo-Cy5 was increased to 20 dye
molecules per coat protein (Figure S3) but further increases were not tested because the dye
aggregated at higher concentrations. For imaging applications, the spatial distribution of dye
molecules is important, so we measured the distance between the surface-exposed lysine
side chains using Chimera software and found the spacing lies between 1 and 5 nm (Table
S1). However, if we assume random distribution of the Cy5 molecules conjugated to the
external lysine side chains, the average distance between two fluorophores would be 2—4 nm
assuming 1-2 dyes per coat protein. On the basis of the Foerster radius, which suggests
quenching generally occurs when dyes are <10 nm apart, we would expect quenching to
occur for the labeled VLPs due to cross-talk between the fluorophore centers.>7-59
Nevertheless, we experienced no fluorescence detection issues, and in any case the dyes on
these particles are likely to be cleaved from the VLP when taken up by cells, as previously
shown.89 Further structure—function studies would be required for the development of
fluorophore-labeled PhMV VLPs as optical probes.

We characterized the PAMV-Kg-Cy5 and PhMV-C,-Cy5.5 particles using a combination of
native and denaturing gel electrophoresis, zeta potential analysis, FPLC, and TEM. Native
and denaturing gel electrophoresis followed by visualization under white light before
Coomassie staining confirmed the covalent attachment of the dyes (Figure 2A,B; lanes 2, 3).
The charge of the PhMV-Kg-Cy5 particles was altered following bioconjugation, as evident
from the mobility shift toward the anode during native electrophoresis (Figure 2B, lane 2).
This was anticipated because the addition of the noncharged dye removes positive amines
from the particle surface and thus reduces the overall positive surface charge. Accordingly,
zeta potential measurements revealed that the PhMV-Kg-Cy5 particles were negatively
charged (-7.92 mV), whereas native PhMV particles were positively charged (+4.20 mV)
(Table 1). In contrast, the mobility of the PhMV-C,-Cy5.5 particles was the same as wild-
type PhMV because cysteine residues are uncharged (Figure 2B, lane 3). Zeta potential
measurements nevertheless indicated a reduction in the net positive charge of the PAMV-C;-
Cy5.5 particles (+0.38 mV), probably reflecting changes in surface charge distribution.

FPLC and TEM analysis indicated that the dye-labeled VVLPs were intact. Dye-labeled
particles eluted as a single peak from the Superose-6 column at an elution volume of 7.5 mL,
the same as wild-type particles, and the fluorophore coeluted with the PhMV-Kg-Cy5 and
PhMV-C,-Cy5.5 particles at 646 and 673 nm, respectively (Figure 2C; top panel). TEM
analysis revealed that the labeled particles remained monodisperse, with a diameter of 28-29
nm based on ImageJ analysis (Figure 2D; top panel). Finally, the labeled particles remained
stable when stored at 4 °C in KP buffer for several months (Figure S4A, B).

Spatial Distribution of Biotin in VLP-Biotin Conjugates

To confirm the position of the bioconjugation sites, we modified each site with biotin labels
and mapped them using an avidin bead assay. This was necessary because although
maleimide chemistry is thiol selective, some reports indicate cross-reactivity with lysine
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residues.*! External lysine residues were therefore labeled using a 360-fold molar excess of
a NHS-reactive biotin probe to generate PhMV-Kg-bio particles, and internal cysteine
residues were labeled using a 360-fold molar excess of a maleimide-reactive biotin probe to
generate PhMV-C,-bio particles. The resulting particles were analyzed by native and
denaturing gel electrophoresis. As expected, we observed no difference in mobility between
labeled and unlabeled particles in the denaturing gels (Figure 3A), whereas the mobility of
PhMV-KEg-bio but not PhMV-C,-bio differed from the unlabeled particles in the native gels
due to the elimination of positive surface charges, consistent with the behavior of the dye-
labeled particles above (Figure 3B).

The avidin bead assay was used to selectively capture VVLPs displaying biotin on the external
surface. The avidin agarose beads were mixed with unlabeled VVLPs, PhMV-Kg-bio
particles, or PAMV-C,-bio particles. The beads were then washed, and the particles were
eluted in acidic buffer to disrupt avidin-biotin binding. The flow through from the washing
steps and the eluent after acid treatment were collected and analyzed on a denaturing gel
(Figure 3C). As expected, unlabeled VLPs and PhMV-C-bio particles were detected in the
flow through, indicating these formulations did not interact with the avidin agarose beads
(Figure 3C, lanes 4, 6), whereas the externally labeled PhMV-Kg-bio particles were not
detected in the flow through (Figure 3C, lane 5) but were detected in the eluate (Figure 3C,
lane 8). These data confirm that maleimide chemistry was selective in our experiments and
that biotin labels in the PAMV-C;-bio particles were attached solely to the internal cysteine
residues.

Cellular Internalization

The PhMV-Kg-Cy5 particles were incubated with ovarian cancer (A2780), breast cancer
(MDA-MB-231), and prostate cancer (PC-3) cell lines. Qualitative data were acquired by
confocal microscopy (Figure 4A) and quantitative data by fluorescence activated cell sorting
(FACS) (Figure 4B). We found that the PhMV-Kg-Cy5 particles were internalized by all
three cell lines with high efficiencies, given that the mean fluorescence intensity (MFI) of
cells after incubation with the VLPs increased by more than three-fold (see inset in Figure
4B). The PhMV-C,-Cy5.5 particles were then incubated with a panel of cancer cell lines (as
well as macrophages and fibroblast cells), and data were acquired as above. Again, we found
that particles were taken efficiently up by most of the cancer cell lines, with the MFI
increasing by 10-46-fold after VLP exposure. Although most of the cell lines efficiently
internalized the VLPs, no internalization was observed for the HT1080 fibrosarcoma cells
(Figure 4D) perhaps due to differences in cell surface proteins or metabolic rates compared
to the other cells. The fibroblast cell line NIH/3T3 also showed inefficient particle uptake
(Figure 4D). Particle uptake was also observed in RAW 264.7 macrophages as expected
given their function as phagocytic cells.

Cellular uptake was confirmed by confocal microscopy and cell surface staining using
Ab555-labeled wheat germ agglutinin. The analysis of confocal images using ImageJ
software confirmed the internalization of PhMV-C,-Cy5.5 particles (Figure S5). In A2780
and MDA-MB-231 cells, we confirmed that the internalization of PhMV-C-Cy5.5 particles
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involved endocytosis, and the particles colocalized with the endolysosomal marker LAMP-1
(Figure 4C).

These results indicate that PhMV-C,-Cy5.5 particles are the most suitable candidates for
future /n vivo imaging and tumor homing studies among the particles we tested. The
efficient internalization of these particles by cancer cells probably reflects the retained
positive surface charge (+0.38 mV) as revealed by native gel electrophoresis (Figure 2B,
lane 3). In contrast, PhAMV-Kg-Cy5 particles are taken up less efficiently due to the
neutralization of positively charged lysine residues by NHS esterification (Figure 2B, lower
panel, lane 2), resulting in a net negative charge of —7.92 mV lower panel, lane 2), resulting
in a netthat would repel like charges on the cell membrane.

VLP Infusion and Characterization of Loaded Particles

The potential of the VLPs to encapsulate cargo molecules was tested using the tracer dye
rhodamine B, fluorescein, the cancer drug doxorubicin (DOX), the anthelmintic drug crystal
violet,%1 the photodynamic therapeutic photosensitizer (PS) cationic zinc ethynylphenyl
porphyr-in,%2:63 and the cancer drug mitoxantrone (MTX), most of which are positively
charged and fluorescent (exceptionally, fluorescein is neutral), allowing quantification by
UV-visible spectroscopy based on absorbance.

Intact VVLPs were incubated in a bathing solution containing the guest molecule at various
molar excesses (500, 2500, 5000, and 10 000 molecules per VLP) in KP buffer with 10%
(v/v) DMSO overnight at room temperature. After the reaction, excess guest molecules were
removed by ultracentrifugation and the amounts of protein and cargo were quantified using
the Bradford assay and by UV-visible spectroscopy, respectively. We applied the Beer—
Lambert law and the specific extinction coefficient of each guest molecule to determine the
number of cargo molecules per VLP (Figure 5). The VLPs showed the greatest affinity for
crystal violet (2000 molecules per particle) and the lowest affinity for rhodamine B,
fluorescein, and PS (~200 molecules per particle). The VLPs showed intermediate affinities
for DOX and MTX, with 750 DOX and 450 MTX molecules per particle, respectively
(Figure 5). The differences in loading probably reflect the density and distribution of
charged and hydrophobic groups on the guest molecules. Furthermore, PhAMV VLPs contain
nucleic acids (coat protein mRNA packaged from the expression host, Figure S2) so
differences in loading efficiency may also reflect the different affinities of the cargo
molecules for nucleic acids.

Purification of the drug-loaded VLPs achieved 50-60% recovery. Two formulations (PS-
PhMV and DOX-PhMV) were taken forward for complete characterization and testing for /n
vitro cargo delivery and cytotoxic efficacy. We used a 5000-fold molar excess of PS or DOX
per particle for further experiments because this facilitated efficient loading without
significant aggregation. Extending the incubation time did not increase the loading
efficiency at this molar ratio (data not shown). We consistently observed the loading of 160—
180 PS molecules and 600-800 DOX molecules per VLP (Figure 5).

A combination of denaturing and native gel electrophoresis and FPLC was used to confirm
that PS and DOX were loaded into the cavity of the VLPs noncovalently. Gels were
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visualized under UV light before Coomassie staining and under white light afterward. In
native gels, the PS-PhMV and DOX-PhMV coat proteins comigrated with the native PAMV
coat protein. In contrast, denaturation released the encapsulated cargo (PS or DOX), which
has a high mobility due to the low molecular weight of each molecule (PS = 1130 g mol™1,
DOX = 579.98 g mol~1) resulting in a fluorescent buffer front (Figure 2A, lanes 4, 6).
However, the DOX-PhMV coat proteins (~26 kDa) also showed evidence of fluorescence,
indicating that some DOX remained associated with the protein even under denaturing
conditions within the electrophoretic field (Figure 2A, lane 6). This may reflect hydrophobic
interactions between DOX and aromatic amino acids on the VVLP internal surface.
Anthracycline drugs such as DOX bind to proteins such as human serum albumin and human
a-1 acid glycoprotein via hydrophobic interactions that are stabilized by hydrogen bonds.
64.65 We have previously proposed that DOX associates with PVX particles via hydrophobic
interactions, specifically involving r—r stacking between the benzene rings of DOX and
nonpolar aromatic amino acids such as phenylalanine, tyrosine, and tryptophan.®® Likewise,
DOX can also interact via —r stacking with other DOX molecules. After Coomassie
staining, the PS-PhMV and DOX-PhMYV coat proteins appeared as two bands representing
the monomer and a dimer, indicating some degree of aggregation (Figure 2A, lanes 4, 6).
However, interparticle aggregation was not apparent during FPLC and TEM analysis (see
below).

Native agarose gel electrophoresis was used to confirm that PS and DOX were associated
with the VLPs. After separating the loaded particles, the gels were visualized under UV
light, stained with Coomassie, and imaged under white light (Figure 2B). Both particles
showed fluorescence under UV light, indicating stable association with PS and DOX.
Notably, trace amounts of free PS and DOX were apparently detected in the native gels
whereas no free cargo was detected by FPLC (Figure 2B,C). We attribute this phenomenon
to the electrophoretic separation of the cargo and carrier, followed by their independent
migration through the electric field. The FPLC analysis of freshly prepared samples as well
as samples that had been stored for weeks or months indicated that the compounds were
indeed stably associated with the particles; therefore, no free PS or DOX was detected by
this method (Figures 2C and S4).

Size exclusion chromatography (SEC) using FPLC and a Superose-6 column showed the
typical elution profiles for intact drug-loaded VLPs, consistent with the elution profile of
native PhMV (Figure 2C; bottom panel). The FPLC profiles also indicated the coelution of
PS and DOX at 450 and 496 nm, respectively, confirming the successful loading of these
molecules. Finally, TEM analysis confirmed the integrity of the particles after loading with
PS or DOX. The TEM images clearly showed that the approximately spherical structure of
the wild-type particles was unchanged after loading, and there was no significant change in
size from the wild-type particle diameter of 28-29 nm (Figure 2D; bottom panel). The
stability of the loaded VLPs was tested again by FPLC after storage for several weeks or
months in KP buffer at 4 °C. The elution profiles did not change after storage, confirming
that the cargo was stably encapsulated, and there was no evidence of particle aggregation
(Figure S4C,D). Infusion therefore appears to be a suitable approach for the loading of cargo
molecules into PhMV-based VLPs.
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Efficacy of Photodynamic Therapy Using PS-PhMV Particles against PC-3 Cells

The delivery of PS-PhMV particles and their cytotoxic efficacy /in vitro were evaluated in
PC-3 cells because efficient internalization had already been demonstrated in these cells
(Figures 4D and S5) and photodynamic therapy is a promising approach for the treatment of
prostate cancer.8” To evaluate the efficacy of PS-PhMV compared to free PS, we incubated
the cells with each reagent for 8 h, with concentrations of PS ranging from 0.01-5.0 x/M.
Treatment was induced by exposing the cells to white light, whereas controls were kept in
the dark. Unloaded VLPs were used as additional controls, at the same protein concentration
as the highest dose of drug-loaded particles. Cell viability was measured using an MTT
assay to assess metabolic activity. We found that the efficacy of free PS (1Cgsq = 0.05 1M)
was not significantly affected by encapsulation: the ICsg value of the PS-PhMV particles
was 0.03 zM (Figure 6A). PS-PhMV controls maintained in the dark showed no evidence of
cytotoxicity, nor did the unloaded VLPs, demonstrating the biocompatibility of the PhMV
platform technology. The performance of the PS-PhMYV particles was confirmed by setting
up a LIVE/DEAD cell viability assay in 24-well plates. As above, confluent PC-3 cells were
incubated for 8 h with 5.0 /M free PS or PS-PhMV (or corresponding controls), a
concentration that achieved maximum cytotoxicity in the MTT assay. After any remaining
extracellular PS/PS-PhMV was removed, white light was applied for 30 min. The cells were
incubated overnight in the dark, then stained with a combination of calcein-AM and
ethidium homodimer-1 to detect living and dead cells, respectively (Figure 6B). As above,
PS and PS-PhMV controls maintained in the dark remained 100% viable, as did untreated
cells and illuminated cells exposed to unloaded VLPs. In contrast, illuminated cells exposed
to 5.0 M PS or PS-PhMV showed 0% viability.

These data are consistent with our previous reports in which CPMV or TMV were used to
deliver PS.62.63 Other examples include dual-surface modified bacteriophage MS2 capsids
encapsulating PS and carrying an external Jurkat-specific aptamer, resulting in the selective
killing of Jurkat leukemia T cells.58 Similarly, the simultaneous modification of
bacteriophage QS VLPs with a metalloporphyrin-based PS and a glycan ligand achieved the
specific targeting of CD22* cells.59

DOX-PhMV Delivery to Breast and Ovarian Cancer Cells

Finally, we investigated whether DOX retained its cytotoxic activity in the context of DOX-
PhMV particles by exposing A2780 ovarian cancer cells and MDA-MB-231 breast cancer
cells to a range of concentrations of free DOX (0.1 to 10 M) and equivalent concentrations
of DOX in the context of DOX-PhMV particles. We chose breast cancer and ovarian cancer
cells because DOX chemotherapy is used for first-line and adjuvant treatment in women
with breast or ovarian cancer.’% We found that the cytotoxicity of free DOX was not
significantly affected by encapsulation. The ICsq value of the DOX-PhMV particles was 0.3
LM in the breast cancer cells and 0.04 4M in the ovarian cancer cells, equivalent to the
corresponding values for the free drug (Figure 6C,D). In both cell lines, the unloaded VLPs
showed no apparent cytotoxicity, as determined using an MTT assay, at the protein
concentration corresponding to the highest dose of DOX-PhMYV, confirming the
biocompatible nature of the VLP delivery platform. On the basis of the cell uptake and
imaging data, we propose that PhMV is taken up by endocytosis and is trafficked to the
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lysosome where the protein carrier is degraded,28 thus releasing the guest molecule (DOX in
this case) that diffuses into the cytosol and Kills the cell.

DOX is a highly potent drug used for cancer treatment, but delivery vehicles are required to
overcome its dose-limiting toxicity toward healthy cells. Nonviral and viral delivery systems
are undergoing preclinical and clinical testing.36.71 Although each carrier system has
advantages and disadvantages, VLPs are robust, monodisperse, easy and inexpensive to
produce, biocompatible, biodegradable, and noninfectious; they are also readily engineered
for the site-specific introduction of new functionalities by genetic modification or
bioconjugation, which can increase their solubility, reduce their immunogenicity, allow
specific cell targeting, increase the efficiency of internalization, and increase their potency.
36,72 several plant viruses have been used to encapsulate DOX by infusion though gating or
simple diffusion and caging mechanisms. For example, the depletion of divalent cations
(Ca%* and Mg?*) induces significant conformational changes in the Red clover necrotic
mosaic virus (RCNMV) capsid, leading to the reversible formation of pores that allow the
ingress of dyes and DOX molecules into the internal cavity, where they bind to the
negatively charged virus genome.”3 RCNMV was thus loaded with DOX and armed with
targeting peptides as a multifunctional tool to target and deliver cargo to cancer cells.”
Another example is encapsulated DOX nanoconjugates targeted to folate-expressing cancer
cells 7n vivo using the Cucumber mosaic virus (CMV) platform. The authors demonstrated
reduced cardiotoxicity and increased antitumor responses compared to the free drug.”® We
have demonstrated that CPMV, PV X, and TMV achieve the efficient delivery of DOX and
targeted cell killing using bioconjugation and encapsulation protocols.66:76.77

Although the reports discussed above used replication-competent viruses that retain their
genomic RNA, VLP platforms lack an infectious genome and thus offer a safer alternative.
For example, the disassembly and reassembly of Hibiscus chlorotic ringspot virus (HCRSV)
facilitated the encapsulation of anionic polyacids and polyacid-conjugated DOX in which
loading was dependent on electrostatic interactions, generating HCRSV-derived VLPs
suitable for drug delivery.37:78

Animal virus-based VLPs have also been studied and developed for DOX delivery. Self-
assembled VVLPs based on the rotavirus structural protein VP6 were chemically conjugated
with DOX and lactobionic acid to specifically target the hepatoma cell line HepG2.7° VLPs
based on Rous sarcoma virus displaying the single chain fragment variable (scFv) antibody
hcc49 were produced in silkworm larvae and loaded with DOX and demonstrated the ability
to kill colon carcinoma cells Jin vitro.8° Truncated hepatitis B virus core protein (tHBcAQ)
loaded with DOX and poly(acrylic acid) demonstrated a sustained drug release profile /n
vitro in colorectal cancer cells, leading to enhanced antitumor effects.81 Again, the studies
described here and the growing body of data in the literature support the further
development and testing of virus-based drug carriers.

CONCLUSIONS

In summary, we have developed bioconjugation chemistries and infusion protocols that
enable the functionalization of PhMVbased VLPs, thus providing multiple approaches to
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modify the behavior and properties of the corresponding particles. The PhMV-derived VLPs
are stable and inexpensive to produce, allowing their development as nanocarriers for /in
vitro drug delivery applications. The physical stability and batch-to-batch consistency are
advantageous because the functionalized VLPs remain stable for long periods in storage.
The production of PhMV-based VLPs could be scaled up by increasing the capacity of
bacterial fermentation, but even greater scalability could be achieved by expression in plants.
PhMV does not replicate in mammals, but is biocompatible and biodegradable, adding a
layer of safety compared to mammalian virus-based systems. In future studies, the PhMV
particle surface will be decorated with shielding molecules that prevent immune clearance or
targeting ligands to direct the particles to specific cells and tissues. The PhMV platform is a
welcome new addition to the current array of plant virus-based nanotechnologies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Structure of PAMV and the strategies used for the functionalization of PhMV-derived VLPs.
(A) Ribbon diagram of the PAMV VLP icosahedral asymmetric unit consisting of A, B, and
C subunits. Five A subunits make up pentameric capsomeres at the icosahedral five-fold
axes, whereas B and C subunits form hexamers at the icosahedral three-fold axes. The A
subunit is shown in black, the B subunit is shown in red, and the C subunit is shown in pink.
Representation of internal and external surfaces (with 180° rotation) of the PhMV
asymmetric unit, highlighting surface-exposed (K62, K143, K153, and K166) and buried
(K8, K10, K76, K182, and K127) lysine residues (blue), and the single cysteine residue
(C75, green). PhMV forms from 180 identical coat protein subunits arranged ina 7=3
icosahedral structure. Images created using UCSF Chimera (PDB: 1E57). The capsid is
characterized by prominent protrusions of pentamers and hexamers. (B) Schematic of PhMV
labeling with sulfo-Cy5 NHS ester (blue) using lysine-NHS ester chemistry. (C)
Conjugation of Cy5.5-maleimide (pink) to internal cysteine residues using maleimide-thiol
chemistry. (D) DOX (red) infusion into PhMV, leading to cargo-loaded particles. Washing
and ultracentrifugation are used to remove excess DOX, yielding intact PhMV with infused
DOX (DOX-PhMV). (E) Schematic of PS (blue) loading into PhMV via infusion, yielding
PS-PhMV particles.
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16

()
uv Ccs

1. PhMV 6. DOX-PhMV 7. DOX

PhMV-C-Cy5.5

DOX-PhMV

Characterization of fluorophore-labeled and drug-loaded VLPs. (A) SDS-PAGE analysis of
PhMV-Kg-Cy5, PAMV-C|-Cy5.5, PS-PhMYV, and DOX-PhMV visualized under UV light
(UV), white light (WL) before staining, and under white light after Coomassie blue staining
(CS). M = SeeBlue Plus2 molecular weight (kDa) standard; 1 = Native PhMV; 2 = PhMV-
Kg-Cy5; 3 = PhAMV-C|-Cy5.5; 4 = PS-PhMV; 5 = PS; 6 = DOX-PhMV; 7 = DOX. (B)
Agarose gel electrophoresis of PhMV-Kg-Cy5, PAMV-C,-Cy5.5, PS-PhMV, and DOX-
PhMV visualized under UV light and white light before, and under white light after
Coomassie blue staining (CS). Functionalized particles loaded in each lane was as described
above for SDS-PAGE analysis (note: the white marks in the center of the gel are the pockets
into which the samples were loaded prior to electrophoretic separation). (C) Size exclusion
chromatograms of PhMV-Kg-Cy5 [monitored at 260 nm (blue), 280 nm (red), and 646 nm
(green), sulfo-Cy5 NHS ester absorbance], PhMV-C,-Cy5.5 [monitored at 260 nm (blue),
280 nm (red), and 673 nm (green), Cy5.5-maleimide absorbance], PS-PhMV [monitored at
260 nm (blue), 280 nm (red), and 450 nm (green), PS absorbance] and DOX-PhMV
[monitored at 260 nm (blue), 280 nm (red), and 496 nm (green), DOX absorbance]. (D)
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Transmission electron micrographs of negatively stained (UAc) PhMV-Kg-Cy5, PhMV-C,-
Cy5.5, PS-PhMV, and DOX-PhMV.
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Figure 3.
Characterization of PhMV-biotin conjugates. (A) Biotinylated PhMV particles separated by

denaturing SDS-PAGE visualized after staining with Coomassie. M = SeeBlue Plus2
molecular weight marker. (1) Native PhMV; (2) PAMV-C,-bio; (3) PhMV-Kg-bio. (B)
Biotinylated PhMV particles separated by agarose gel electrophoresis visualized after
Coomassie staining. (C) Flow through and eluted biotinylated particles from avidin bead
binding assay separated by SDS-PAGE and stained with Coomassie. (4) Native PhMV flow
through; (5) PhMV-Kg-bio flow through; (6) PhMV-C;-bio flow through; (7) bound native
PhMV; (8) bound PhMV-Kg-bio; (9) bound PhMV-C)-bio. (D) Avidin bead assay: PhMV
samples are exposed to avidin-coated beads; only particles with biotin on the external
surface bind to the beads.
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Figure 4.
Cell uptake studies with fluorescence-labeled PhMV analyzed by confocal microscopy and

FACS. (A) Confocal images representing the internalization of PhMV-Kg-Cy5 by A2780,
MDA-MB-231, and PC-3 cells. PnMV was tagged with sulfo-Cy5 NHS ester (pseudo
green), the cell membrane was stained with wheat germ agglutinin (WGA)-Alexa Fluor 555
(pseudo pink), and the nucleus was stained with DAPI (blue). Scale bars = 25 ym. (B) Flow
cytometry of A2780, MDA-MB-231, and PC-3 cells following 6 h incubation with PhMV-
Kg-Cy5 particles. Inset provides mean fluorescence intensities (MFIs) of cells for each
sample quantified from three replicates with standard deviations (z) in the corresponding
cell panels; blue = cells only, red = after incubation with VLPs. (C) Confocal imaging of
A2780 and MDA-MB-231 cells showing colocalization of PAMV-C;-Cy5.5 particles with
the endolysosomal marker LAMP-1 after 6 h. Nuclei are shown in blue, endolysosomes are
stained with mouse antihuman LAMP-1 antibody (red) and PhMV-C,-Cy5.5 (pseudo green).
Colocalization signals are shown in white (overlay, bottom panel). Scale bars = 25 ym. (D)
FACS quantification of PhMV-C,-Cy5.5 uptake using A2780, MDA-MB-231, PC-3, Hela,
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U87, HT1080, RAW 264.7, and NIH/3T3 cells. Inset provides mean fluorescence intensities
(MFIs) of cells for each sample quantified from three replicates with standard deviations (z)
in the corresponding cell panels; blue = cells only, red = after incubation with VVLPs. All
samples were measured in triplicates and analyzed using FlowJo software.
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Figure5.
Number of dye/drug (guest) molecules loaded per VLP via infusion at different molar

excesses (averaged data from two experiments are shown). The number of guest molecules
per particle was determined by UV/vis absorbance and the Bradford assay was used to
determine the protein concentration. The chemical structure of each guest molecule is
depicted with their corresponding charge. The amine group of DOX is annotated with
asterisks to indicate a site of protonation (positive charge) under physiological conditions.
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Figure6.
Evaluation of the cytotoxic efficacy of drug-loaded PhMV particles. (A) MTT cell viability

assay of PC-3 cells using PS-PhMV. Cell viability was measured following 8 h incubation
with varying concentrations of PS or PS-PhMV and 30 min illumination with white light (no
cytotoxicity was observed when cells were incubated in the dark, not shown). (B) LIVE/
DEAD assay of PC-3 cells showing representative images after photodynamic therapy of
cells incubated with PS-PhMV or free PS and LIVE/DEAD cell staining. Calcein-AM
staining of live cells is shown in green, and ethidium homodimer-1 staining of dead cells is
shown in red. Scale bar = 100 gm. Illuminated cells incubated with PS-PhMV showed a
slight increase in cytotoxic efficacy (ICgg = 0.03 M) compared to free PS (IC5g = 0.05 ¢M).
Dark controls show no cytotoxicity with PS-PhMV or PS. Scale bar = 100 gm. (C, D)
Efficacy of DOX-PhMV (red line) versus DOX (blue line) using A2780 (human ovarian
cancer) and MDA-MB-231 (human breast cancer) cells as determined by MTT assay. Cells
were treated with DOX or DOX-PhMV corresponding to 0, 0.01, 0.05, 0.1, 0.5, 1, 5, and 10
LM for 24 h. ICgq values were determined using GraphPad Prism software.
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Table 1

Zeta Potential Measurement of Functionalized PhMV Particles

sample zeta potential (standard error in parentheses)
native PhMV +4.20 mV (0.46 mV)
PhMV-Kg Cy5 -7.92 mV (2.49 mV)
PhMV-C, Cy5.5 +0.38 mV (3.32 mV)
DOX-PhMV +9.38mV (1.93 mV)
PS-PhMV -0.81 mV (3.08 mV)
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