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Abstract

Nanoparticles hold great promise for delivering medical cargos to cancerous tissues to enhance 

contrast and sensitivity of imaging agents or to increase specificity and efficacy of therapeutics. A 

growing body of data suggests that nanoparticle shape, in combination with surface chemistry, 

affects their in vivo fates, with elongated filaments showing enhanced tumor targeting and tissue 

penetration, while promoting immune evasion. The synthesis of high aspect ratio filamentous 

materials at the nanoscale remains challenging using synthetic routes; therefore we turned toward 

nature’s materials, developing and studying the filamentous structures formed by the plant virus 

potato virus X (PVX). We recently demonstrated that PVX shows enhanced tumor homing in 

various preclinical models. Like other nanoparticle systems, the proteinaceous platform is cleared 

from circulation and tissues by the mononuclear phagocyte system (MPS). To increase 

bioavailability we set out to develop PEGylated stealth filaments and evaluate the effects of PEG 

chain length and conformation on pharmacokinetics, biodistribution, as well as potential immune 
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and inflammatory responses. We demonstrate that PEGylation effectively reduces immune 

recognition while increasing pharmacokinetic profiles. Stealth filaments show biodistribution 

consistent with MPS clearance mechanisms; the protein:polymer hybrids are cleared from the 

body indicating biodegradability and biocompatibility. Tissue compatibility is indicated with no 

apparent inflammatory signaling in vivo. Tailoring PEG chain length and conformation (brush vs. 

mushroom) allows tuning of the pharmacokinetics, yielding long-circulating stealth filaments for 

applications in nanomedicine.

Introduction

The development of nanoparticles for drug delivery and imaging is a rapidly growing area 

with many novel platform technologies in the pipeline. For example, nanoparticles 

engineered with appropriate surface chemistries and equipped with therapeutics allow 

targeting of toxic payloads to cancerous tissues through passive or active targeting 

mechanisms. This partitioning toward the diseased tissues increases payload delivery and 

reduces systemic side effects often associated with potent chemotherapies or toxins. 

Commonly used nanoparticles include lipid-based micelles, polymeric capsules, iron oxide 

nanoparticles, gold nanoparticles, carbon nanotubes, and protein-based particles and 

nanocages; each system has its advantages and disadvantages in terms of 

nanomanufacturing, engineerability, and in vivo properties. Surface chemistries, such as 

modification with stealth coatings or targeting ligands, and nanoparticle shape are handles to 

tailor tissue specificity and bioavailability.

Mounting evidence suggests advantageous behaviors of elongated, filamentous 

nanomaterials: i) non-spherical materials show increased margination toward the vessel wall 

and increasing tumor homing;[1–7] ii) elongated materials present ligands more effectively 

to the larger and flat vessel wall or target cells compared to their spherical counterparts;[8–

10] and iii) elongated materials have increased immune evasion and reduced macrophage 

uptake, therefore further contributing to synergistic target enhancement.[11, 12] Most 

platform technologies currently under development are spherical or elongated low aspect 

ratio materials (AR < 5). Exemptions are carbon nanotubes and filomicelles; however 

carbon-based materials have low biocompatibility[13] and filomicelles are in the micron-

size regime.[14] Synthetic approaches to high aspect ratio materials remain challenging 

because of polydispersity. Synthetic chemistry and nanotechnology seek to mimic what 

nature has achieved, i.e. self-assembly and programmability at the atomic level. Therefore, 

we turned toward a bio-inspired approach and are studying and developing filamentous plant 

viruses for nanomedical applications. Mammalian virus-based nanoparticles for gene 

therapy and oncolytic virotherapy are in clinical investigations,[15–17] so the potential of 

virus-based materials for medical applications has clearly been recognized. There are many 

novel viruses in the development pipeline including bacteriophages and plant viruses; these 

non-mammalian pathogens may be advantageous because they are non-infectious toward 

humans.

Specifically, we turned toward the filamentous plant virus potato virus X (PVX), which 

measures 515 nm in length and 13 nm in width. The filaments can be obtained in gram 
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scales through farming in plants using N. benthamiana plants as the production species. The 

proteinaceous scaffold is amenable to chemical modification and genetic engineering. For 

example, we recently demonstrated expression of green fluorescent protein (GFP) and other 

fluorescent proteins as genetic coat protein fusions.[18] Furthermore, solvent-exposed lysine 

side chains offer a convenient means of modification with non-peptide-based ligands (e.g. 

therapeutics or contrast agents) via chemical bioconjugation.[19]

We have shown that plant virus-based materials accumulate in tumors; targeting is achieved 

based on passive accumulation via the enhanced permeability and retention (EPR) effect[20] 

or active receptor targeting of cancer signatures.[21–25] Data indicate that filaments show 

more efficient passive tumor partitioning compared to spherical nanoparticles; this shape-

mediated enhanced tumor homing and penetration is reproducible in a variety of models, 

including human tumor xenografts of fibrosarcoma, squamous cell sarcoma, colon cancer, 

and breast cancer.[20, 26] Together, these data provide strong support for the further 

development and investigation of filamentous plant viruses for biomedical applications.

Like other nanomaterials, the proteinaceous carriers are cleared by the mononuclear 

phagocyte system (MPS).[26] Conjugation of stealth polymers to coat the nanocarriers 

allows to reduce interaction with the MPS. The most extensively studied stealth polymer is 

polyethylene glycol (PEG).[27–31] PEG is a non-charged, hydrophilic polymer with low 

toxicity and immunogenicity; a wide-variety of functionalized PEG monomers and chains 

are available for nanoparticle modification. The hydrophilic shield provided by the PEG 

coating of nanoparticles decreases serum protein adsorption, resulting in the “stealth” 

properties commonly reported for PEGylated nanoparticles (e.g. increased circulation time, 

decreased accumulation in liver and spleen).[27–31]

In the present studies, we set out to develop and study stealth filaments using PVX-PEG 

hybrids. While we previously reported the in vivo properties of PEGylated PVX modified 

with linear PEG chains of 5,000 Da [20], this study set out to determine whether the 

pharmacokinetic profiles could be further optimized to generate long-circulating stealth 

filaments with favorable properties for tumor targeting and payload delivery. To do this, we 

considered PEG chains of various molecular weights and conformations using linear and 

branched PEGs with molecular weights of 5,000 Da and 20,000 Da. The biological fate of 

stealth filaments as a function of surface coating was analyzed in vitro and in vivo to study 

pharmacokinetics, biodistribution, immunogenicity, and immune cell interactions.

Materials and Methods

PVX propagation

PVX was propagated in Nicotiana benthamiana and purified using previously described 

procedures.[19] Purified PVX was stored in 0.1 M potassium phosphate buffer pH 7.0 at 

4°C. PVX concentration was determined by UV/visible spectroscopy (εPVX= 2.97 mL mg−1 

cm−1 at 260 nm).
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Bioconjugation of PVX with fluorophores and PEG

PVX was modified with Alexa Fluor 647 (A647) or VivoTag-S 750 and/or polyethylene 

glycol (PEG) using N-hydroxysuccinimide (NHS)-activated esters. First, PVX (at 1–2 mg 

mL−1 in 0.1 M potassium phosphate buffer, pH 7.0) was reacted with a 2,000 molar excess 

of NHS-A647 (Life Technologies) or VivoTag-S 750 (Perkin-Elmer) at a 10% (v/v) final 

concentration of DMSO. PVX has a molar mass of 35x106 g mol−1. The reaction was 

allowed to proceed for 2 hours at room temperature, with agitation, and purified using 10-

kDa cut-off centrifugal filters (Millipore). Second, A647-modified PVX (A-PVX) or 

VivoTag-S 750-modified PVX (V-PVX) was reacted with linear or branched PEG-NHS 

with molecular weights of 5,000 Da (P5L and P5B) or linear PEG-NHS with a molecular 

weight of 20,000 Da (P20) (Nanocs). PEG was added at a molar excess of 10,000 in a 10% 

(v/v) final concentration of DMSO and incubated overnight at room temperature, with 

agitation. PVX-A647-PEG (A-PVX-PEG) and PVX-VivoTag-PEG (V-PVX-PEG) were 

purified using 10- and 100-kDa-cut off centrifugal filter units (Millipore). A-PVX-PEG and 

V-PVX-PEG filaments were stored in 0.1 M potassium phosphate buffer, pH 7.0 at 4°C and 

characterized using a combination of UV/visible spectroscopy, denaturing gel 

electrophoresis, and transmission electron microscopy (TEM).

UV/visible spectroscopy

The number of A647 or VivoTag molecules per PVX filament was determined by UV/

visible spectroscopy using a NanoDrop 2000 spectrophotometer (Thermo Fisher). Dye 

number was determined by the ratio of fluorophore-to-PVX concentration, using the Beer-

Lambert law and the fluorophore and PVX-specific extinction coefficients: εPVX = 2.97 mL 

mg−1 cm−1 at 260 nm, εA647 = 270,000 M−1 cm−1 at 650 nm, and εVivoTag = 240,000 M−1 

cm−1 at 775 nm.

Denaturing gel electrophoresis

SDS-PAGE was used to determine the number of PEG molecules per PVX filament. 15 µg 

of denatured protein samples were loaded and run on 4–12% NuPage gels (Life 

Technologies) in 1x MOPS SDS running buffer (Life Technologies). Protein bands were 

visualized under white light before and after staining with Coomassie blue (0.25% w/v).

TEM

A-PVX-PEG filaments (20 µL, 0.1 mg mL−1) were negatively stained with 2% (w/v) uranyl 

acetate for 5 min on a carbon-coated copper grid (Ted Pella). Samples were analyzed using a 

Zeiss Libra 200FE transmission electron microscope operated at 200 kV.

Animals

All experiments were carried out in accordance with Case Western Reserve University’s 

Institutional Animal Care and Use Committee. Balb/C mice (Charles River) and C57/BL6 

mice (Taconic) were used.
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Pharmacokinetics

Pharmacokinetics and biodistribution (see below) were evaluated in healthy Balb/C mice 

(Charles River) (n=3). Animals were maintained on an alfalfa-free diet (Teklad) for two 

weeks prior to the administration of fluorescently labeled PVX filaments to reduce tissue 

autofluorescence. A-PVX, A-PVX-P5B, or A-PVX-P20 formulations were injected via the 

tail vein (at 100 µg in 100 µL sterile PBS) and blood was collected into heparin-coated tubes 

(Fisher) using retro-orbital bleeding; time course studies were conducted and samples were 

collected up to 36 hours post-administration. Serum was isolated from samples by 

centrifuging at 14,500 g for 10 minutes. Fluorescence was read (λEx = 600 nm, λEm = 660 

nm) using a Tecan microplate reader, and the fluorescence reading was correlated to a 

standard curve normalized for each particle formulation to determine the amount of particle 

(in µg) at each time point. Percent injected dose was determined based on the fluorescence 

reading and amounts of PVX per 50 µL of serum from each time point and assuming a total 

blood volume of 1.5 mL.

Biodistribution using fluorescence molecular tomography (FMT)

Biodistribution and clearance were evaluated using healthy Balb/C mice with FMT imaging 

as well as immunofluorescence microscopy (see below). Animals were maintained on an 

alfalfa-free diet (Teklad) for two weeks prior to the study to reduce tissue autofluorescence. 

For FMT imaging, mice were injected with V-PVX (n=2, one animal died prior to the start 

of the experiment), V-PVX-P5B (n=3), or V-PVX-P20 (n=3) via the tail vein (at 100 µg in 

100 µL sterile PBS) and imaged using a FMT 2500 quantitative tomography in vivo imaging 

system (Perkin-Elmer) at 0 minutes (pre-scan), 10 minutes, 30 minutes, 1 hour, 2 hours, 4 

hours, 6 hours, 8 hours, 24 hours, 32 hours, and 52 hours post-administration. For each 

image, regions of interest (ROIs) were chosen for the whole body, liver and spleen, and 

bladder. Fluorescence intensity was calculated using the normalized total fluorescence 

within each ROI (based on the number of dyes per particle).

Immunofluorescence microscopy

Biodistribution and clearance were evaluated using immunofluorescence microscopy. Mice 

were sacrificed at 0 hours, 6 hours, 24 hours, 52 hours, 72 hours, 96 hours, and 7 days post-

administration of A-PVX-P20 (via the tail vein at 100 µg in 100 µL sterile PVX), and livers 

and spleens were harvested. Ten µm thick tissue sections were prepared using a Leica 

CM1850 cryostat. Slides were fixed in 95% (v/v) ethanol for 20 minutes on ice and 

permeabilized using 0.2% (v/v) Triton X-100 (EMD Chemicals) in PBS for 2 minutes. 

Slides were blocked using 10% (v/v) goat serum (GS) (Life Technologies) in PBS. PVX 

staining was carried out using a rabbit anti-PVX antibody (Pacific Immunology, at 1:250 in 

1% (v/v) GS in PBS), followed by Alexa Fluor 488-labeled goat anti-rabbit secondary 

antibody (Life Technologies, 1:500 in 1% (v/v) GS in PBS); each step was carried out for 1 

hour at room temperature and slides were rinsed three times in PBS in between each step. 

Slides were mounted with Fluoroshield with DAPI (Sigma Aldrich) and stored at −20°C 

until imaged. Analysis of sections was performed on an Olympus Fluoview FV1000 

confocal microscope.
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Immunogenicity

Antibody titers were evaluated in healthy male Balb/C mice after repeated administration of 

PVX, PVX-P5L, PVX-P5B, or PVX-P20. PVX-based formulations were administered 

intravenously via tail vein injections at 100 µg protein in 100 µL sterile PBS at days 0, 5, 10, 

and 66. Blood was collected on days 0 (pre-bleed), 5, 10, 18, 24, 66, 74, 85, and 97 using 

heparin-coated tubes (Fisher Scientific) and retro-orbital bleeding. On days on which both 

blood collection and particle injection were carried out, blood was collected first. Serum was 

isolated by centrifuging samples at 10,000 g for 10 minutes and analyzed using enzyme-

linked immunosorbent assay (ELISA) as follows: 96-well Nunc Polysorp Immuno plates 

(Thermo Scientific) were coated with 10 µg/well of either PVX in coating buffer (0.05 M 

Na2CO3, 0.05 M NaHCO3, 0.015 M NaN3 in dH2O, pH 9.6) and incubated overnight at 

4°C. After coating, wells were blocked using 200 µL/well blocking buffer (2.5% (w/v) milk, 

25% (v/v) FBS in 1x PBS, pH 7.4) at 37°C for 1 hour. After blocking, 100 µL sera (at 

various dilutions in blocking buffer) were added to the wells and incubated at 37°C for 2 

hours. After serum incubation, 100 µL of alkaline phosphatase-labeled goat anti-mouse IgG 

(Life Technologies, at 1:3,000 in blocking buffer) was added and incubated at 37°C for 1 

hour. In between each step, plates were washed four times with washing buffer (0.1% (v/v) 

Tween 20 in PBS, 200 µL/well). Wells were developed by adding 100 µL of 1-step PNPP 

substrate (Fisher) for 10 minutes at 4°C. The reaction was stopped using 100 µL of 2M 

NaOH. Absorbance was read at 405 nm using a Tecan microplate reader.

Sandwich ELISA

Sandwich ELISAs were performed using sera collected from mice treated with various PVX 

formulations on day 85 (see above). 96-well Nunc Polysorp Immuno plates were coated 

overnight at 4°C with a rabbit anti-PVX antibody (Pacific Immunology, 1:500 in 150 µL 

coating buffer (15 mM Na2CO3, 35 mM NaHCO3 in dH2O, pH 5.6)). After coating, wells 

were blocked using 150 µL/well blocking buffer (1.5% (w/v) BSA in coating buffer) for 1 

hour at 37°C. After blocking, 5 µg of PVX, PVX-P5B, or PVX-P20 in 150 µL incubation 

buffer (0.5% (w/v) BSA and 0.5% (v/v) Tween 20 in PBS, pH 7.4) was added and incubated 

for 1 hour at 37°C. Next, 150 µL of PVX serum were added at a dilution of 1:25,000 in 

incubation buffer and incubated for 1 hour at 37°C. Then, 150 µL of alkaline phosphatase-

labeled goat anti-mouse IgG (Life Technologies, 1:3,000 in incubation buffer) was added 

and incubated for 1 hour at 37°C. After each incubation step, plates were washed four times 

with washing buffer (0.5% (v/v) Tween 20 in PBS, pH 7.4, 200 µL/well). Wells were 

developed by adding 100 µL of 1-step PNPP substrate (Fisher) for 10 minutes at 4°C. The 

reaction was stopped using 100 µL of 2 M NaOH. Absorbance was read at 405 nm using a 

Tecan microplate reader.

Tissue Culture

RAW264.7 macrophages (ATCC) were cultured in Dulbecco’s Minimum Essential Media 

(DMEM, Life Technologies), supplemented with 10% (v/v) FBS, 1% (v/v) penicillin-

streptomycin (PenStrep), and 1% (v/v) L-glutamine and cultured at 37°C and 5% CO2. Bone 

marrow derived dendritic cells (BMDC) were isolated from wild-type C57/BL6 mice 

(Taconic) as described previously.[32] Briefly, mice were euthanized by CO2 inhalation and 
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femurs and tibiae were collected and sterilized in 70% (v/v) ethanol. Marrow cavity plugs 

were washed out using PBS. BMDC were resuspended in DMEM (Sigma Aldrich) and 

supplemented with 10% (w/v) bovine calf serum, 100 unit/mL penicillin, 100 µg/mL 

streptomycin, 2 mM L-glutamine, and 15 ng/mL granulocyte macrophage colony-

stimulating factor (GM-CSF), plated onto 150-mm dishes and cultured at 37°C and 10% 

CO2. Three days post-isolation, 80% of the non-adherent cells were removed and 

centrifuged at 300 g for 5 minutes at room temperature and fresh medium was added. Five 

days post-isolation, loosely adherent BMDC were collected and resuspended at 1x106 

cells/mL. Cells were used between 7 and 10 days post-isolation.

Flow Cytometry

RAW264.7 were grown to confluency, washed three times with PBS, and collected using 

enzyme-free Hank’s based cell dissociation buffer (Fisher). Cells were added to 96-well v-

bottom plates (1x106 cells/200 µL/well) and incubated with 10,000 or 100,000 PVX 

particles/cell, in triplicate, using A-PVX, A-PVX-P5L, A-PVX-P5B, or A-PVX-P20 for 

either 20 minutes or 2 hours at 37°C and 5% CO2. BMDC were removed from plates using 

Lidocaine-EDTA (40 mg/mL Lidocaine, 10 mM EDTA in PBS, pH 7.4), added to 96-well 

v-bottom plates (1x106 cells/200 µL/well) and incubated for 2 hours with 10,000 particles/

cell of A-PVX, A-PVX-P5L, A-PVX-P5B, or A-PVX-P20 at 37°C and 5% CO2. Following 

incubation, cells were washed twice in FACS buffer (1 mM EDTA, 25 mM HEPES, 1% 

(v/v) FBS in PBS, pH 7.0) and fixed in 2% (v/v) paraformaldehyde (Electron Microscopy 

Sciences) in FACS buffer for 10 minutes at room temperature. Cells were washed twice 

after fixation, resuspended in 400 µL FACS buffer, and stored at 4°C until analysis. Cells 

were analyzed using a BD LSRII Flow Cytometer and 10,000 gated events were recorded. 

Data were analyzed using FlowJo 8.6.3 software.

Cytokine Activation

BMDC were seeded onto treated plates at a concentration of 1x106 cells/mL and allowed to 

grow for 7 days. Before the start of the assay, plates were centrifuged at 400 g for 5 minutes. 

Culture medium was aspirated and fresh complete high glucose DMEM (HG-DMEM) was 

added. PVX, PVX-P5B, or PVX-P20 was added to the cells at a concentration of 100,000 

particles/cell for 6 or 24 hours. Media was collected by centrifugation and analyzed for 

TNFα, IL-6, or IL-12 using ELISA kits (Biolegend mouse ELISA MAX Standard (TNFα 

and IL-6); R&D Systems mouse IL-12/IL-23 p40 Non Allele-specific DuoSet (IL-12)). IL-6 

activation was analyzed following 6-hour treatment with cytochalasin D (CytoD, Sigma 

Aldrich). CytoD (10 µg/mL final concentration) was added 10 minutes prior to addition of 

PVX formulations. Lipopolysaccharide (LPS) (30 ng/mL final concentration), Pam3Cys 

(200 ng/mL final concentration), and PolyI:C (25 µg/mL final concentration) were used as 

positive controls. Untreated media was used as a negative control. All methods were 

performed as described by the manufacturer’s instructions. Concentration of cytokine for 

each sample was determined using a standard curve of TNFα, IL-6, or IL-12 of known 

concentration supplied with each kit.
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Inflammasome Activation

BMDC were prepared as described above. Following 8 days of growth, cells were divided 

into two groups. All groups were treated with PVX, PVX-P5B, or PVX-P20 (100,000 

particles/cell) for 6 hours. Group 1 was untreated, except for PVX stimuli. Group 2 was 

primed with LPS (1 µg/mL final concentration) for 4 hours prior to addition of stimuli. 

Alum (480 µg/mL final concentration), LPS (1 µg/mL final concentration), Nigericin (10 

µM final concentration), and untreated media were used as controls. Media was collected as 

described above and analyzed for IL-1β using mouse IL-1β/ILF2 DuoSet ELISA kit (R&D 

Systems). All methods were performed as described by the manufacturer’s instructions. 

Concentration of IL-1β for each sample was determined using a standard curve of IL-1β of 

known concentration supplied with the kit.

Chronic Inflammation

Sera were collected from mice on days 66 and 87 post treatment with PVX formulations (see 

immunogenicity study) and subsequently analyzed for IL-6 content using mouse IL-6 

ELISA MAX standard (Biolegend), as described above. Pooled sera were analyzed and 

analysis was performed in triplicate.

Statistical analysis

Statistical analysis was calculated in Microsoft Excel using a two-tailed Student’s t-Test, 

assuming unequal variances between the two data sets. Each data set contained a minimum 

of n=3. Specific n are indicated for each experiment.

Results

Synthesis and characterization of fluorescently labeled and PEGylated PVX filaments

PVX was produced through farming in N. benthamiana plants using previously established 

protocols and extracted at yields of 20 mg of pure PVX from 100 grams of infected leaf 

material.[19] PVX filaments were chemically modified with fluorescent dyes and PEG at 

solvent-exposed lysine side chains.[33] Chemical conjugation was achieved using N-

hydroxysuccinimide (NHS)-activated esters of Alexa Fluor 647 (A647), VivoTag-S 750, 

and/or PEG (conjugated particles denoted A-PVX or V-PVX depending on dye). 

Specifically, we set out to determine the impact of PEG chain length and conformation on 

the biological fate of PVX; therefore we considered coating PVX using PEG with a 

molecular weight of 5,000 Da in linear or branched conformation (P5L and P5B) or linear 

PEG with a molecular weight of 20,000 Da (P20). Three particle configurations were 

prepared: PVX-P5L, PVX-P5B, and PVX-P20; for some assays fluorophores were added to 

allow direct detection of the nanoparticles in cells, blood, or tissues. PEG was added using 

10,000 molar excess per PVX and incubated overnight to force maximum coverage. The 

reaction mixtures were purified by dialysis and the final products were characterized by UV/

visible spectroscopy, SDS-PAGE, and TEM (Figure 1).

UV/visible spectroscopy was used to determine the degree of fluorescent labeling. Beer-

Lambert law and the fluorophore- and PVX-specific extinction coefficients were used 

determine the concentration of fluorophores and PVX in solution. (The PVX-specific 
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extinction coefficient is εPVX = 2.97 mL mg−1 cm−1 at 260 nm with PVX molecular weight 

MW = 35 MDa; and the fluorophore-specific extinction coefficients are εA647 = 270,000 

M−1 cm−1 at 650 nm, and εVivoTag = 240,000 M−1 cm−1 at 775 nm). The ratio of 

fluorophore:PVX concentration was used to determine the number of dyes per particle 

formulation (Figure 1A). On average 20–50% of the surface lysine side chains were 

modified with fluorophores; the dye concentration was kept constant or was normalized 

between particle formulations for various assays (see Supporting Information Table S1). For 

dual-labeled PVX, i.e. PVX filaments with dyes and PEG, dyes were conjugated prior to 

addition of PEG. We tested the conjugation of PEG with and without fluorophores and 

found that the presence of dyes did not reduce the PEG conjugation efficiency (see below).

SDS-PAGE and lane analysis tool using ImageJ software was used to determine the number 

of PEG chains per particle (Figure 1B). Higher molecular weight bands indicated successful 

PEGylation; in addition to the PVX coat protein band at ~25 kDa, bands corresponding to 

coat proteins modified with PEG of molecular weights of 5 or 20 kDa were detected (i.e., 

~30 kDa and ~45 kDa). Dimers and oligomers of PEGylated PVX coat proteins were also 

apparent. The degree of coat protein oligomerization for each sample was calculated using 

band density analysis tool and ImageJ software to determine the percentage of PVX coat 

proteins in dimers and/or oligomers versus coat protein monomers. Unmodified coat 

proteins (MW ~25 kDa) and coat proteins modified with a single PEG (MW ~30 kDa or ~45 

kDa) were considered coat protein monomers. Any additional higher molecular weight 

bands were considered dimers or oligomers of PVX-PEG. We determined that 6%, 17%, 

and 35% of the coat proteins were present as dimers or higher order oligomers for the A-

PVX-P5L, A-PVX-P20, and A-PVX-P5B, respectively. Formation of oligomers may be 

explained by the entangling of the PEGylated coat proteins during the process of denaturing 

and electrophoresis. A significantly increased number of oligomers was observed for the A-

PVX-P5B formulation; in this case, it is possible that multiple coat proteins are entangled or 

covalently linked together since the branched PEG presents four NHS groups, one at each 

distal end, therefore possibly interlinking adjacent coat proteins (see Figure 2). Interparticle 

crosslinking or aggregation was not observed for any of the formulations (Figure 1C).

To estimate the degree of PEGylation (number of PEG chains per PVX particle), band 

density analysis was performed and the number of modified PEG coat proteins was 

compared to total number of coat proteins. Data indicate that on average 25–50% of the coat 

proteins (i.e., up to ~600 coat proteins per PVX filament) were modified with PEG, 

independent of molecular weight or conformation (see Supporting Information Table S1 for 

a detailed analysis of PEG-per-particle ratios). The batch-to-batch variation may be 

explained with the inherent instability of the NHS-functional group, which is prone to 

hydrolysis in aqueous buffer conditions; fresh aliquots were prepared and data were 

normalized to keep the formulations as consistent as possible.

TEM imaging confirmed that all particle formulation were structurally sound post-chemical 

modification. Elongated filaments of approximately 515x13 nm were observed in TEM 

imaging (Figure 1C). While the addition of PEG would increase the hydrodynamic radius of 

PVX, this was not detectable in TEM imaging using negatively-stained samples.
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PEG conformation

Immobilized PEG molecules exist in different conformations based on their grafting density 

and chain length; one differentiates the brush versus mushroom conformation (as well as 

various intermediates).[34] We estimated the conformation of the PEG chains grafted to 

PVX based on the grafting density (PEG chains per PVX particle), the resulting distance 

between conjugated PEG chains (D), and the Flory dimension (RF) of the various PEG 

chains. If RF < D, PEG is assumed to exist in a mushroom conformation, and if RF > D, 

PEG is assumed to exist in a brush conformation.[34]

RF for each PEG was calculated using the following equations:

(1)

(2)

where a = length of one monomer (0.35 nm for PEG), N = fn (total number of monomers), n 

= number of monomers (for linear polymers) or number of monomers per branch (for 

branched polymers), and f = number of branches. For P5L and P20, n is 110 and 440, 

respectively. For P5B, f is 4 and N is 110. Based on these equations, we calculated RF for 

P5L, P5B, and P20 to be 5.87 nm, 3.37 nm, and 13.49 nm.

Distance (D) was calculated considering the available surface area of PVX and numbers of 

PEGs per PVX; we assumed a statistically random distribution and homogenous distribution 

of PEGs on the PVX surface and considered a ratio of CP:CP-PEG of 3:1, or one PEG for 

every 3 coat protein residues (Supporting Information, Table S1). The 515x13 nm PVX 

filament has a surface area of APVX = 21,033 nm2 with each of the 1270 identical coat 

proteins (CP) providing a surface area of ACP =16.6 nm2 of space. If the PVX CP is 

assumed to be a square, we determine the distance between two lysines to be 4.1 nm. Since 

one PEG is found per every three lysine residues, each PEG is 12.2 nm apart (therefore 

D=12.2 nm).

From these calculations, it appears that for the PVX formulations with short PEG chains, i.e. 

PVX-P5B and PVX-P5L, the PEG chains are likely to exist in a mushroom conformation (D 

> RF) and a brush conformation is achieved for the PVX formulations with higher molecular 

weight PEG, PVX-P20 (Figure 2), however it is also possible that the PEG chains exist in a 

more complex conformation. For the branched PEG formulation PVX-P5B, as discussed 

above, it is possible some PEG chains are attached to multiple adjacent coat proteins due to 

the presence of an NHS group on each arm. In a fully extended conformation, the distance 

between NHS groups is 19 nm, while considering a more relaxed configuration, the 

estimated distance would be on the order of 6 nm. The helical pitch and the center-to-center 

distance of PVX is 2.3 nm. Therefore, in either configuration, it would be feasible for the 

branched P5B to interlink PVX coat proteins within a single particle. If multiple coat 

proteins are interlinked, the PEG chains may be presented closer to the PVX surface (Figure 

2).
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It should be noted that the proposed conformations are models based on theory and 

mathematical assumptions; there is currently no direct measurement available to probe, 

measure, or visualize the conformation of PEG chains attached to the (virus-based) 

nanoparticle.

Pharmacokinetics of PEGylated PVX

The conjugation of PEG to nanoparticle carriers is known to reduce non-specific interactions 

with tissues, cells, and blood components, therefore increasing nanoparticle bioavailability. 

We thus set out to investigate how the different PEG configurations affect the PVX 

pharmacokinetic properties. In this study, we determined the plasma half-life of A-PVX, A-

PVX-P5B, and A-PVX-P20. We previously reported the pharmacokinetics of A-PVX-P5L;

[35] for comparison these data are shown as a grey line in Figure 3.

PVX-based formulations were administered intravenously in the tail vein of Balb/C mice, 

and blood was collected prior to injection and up to 36 hours post-administration. Sera were 

collected and the percent injected dose (%ID) was determined based on fluorescence 

obtained in each sample (normalized against a standard curve based on A-PVX samples of 

known concentration). Data were fitted for one-phase decay or two-phase decay using 

GraphPad Prism to determine the circulation time and half-life (Figure 3). Data indicate that 

non-PEGylated PVX exhibited a one-phase decay, while PEGylated PVX formulations 

follow a two-phase decay. Data indicate that PVX has a half-life of t1/2 = 19 minutes. A-

PVX-P5L, A-PVX-P5B, and A-PVX-P20 all showed two-phase decay, which is 

characterized by an initial fast clearance rate, up to 100 minutes, and a slower clearance for 

the remaining time: A-PVX-P5B had a fast initial half-life of tI1/2 = 14 minutes and a slower 

second half-life of tII1/2 = 1142 minutes, while A-PVX-P20 had a fast half-life of tI1/2 = 27 

minutes, and a slower second half-life of tII1/2 = 231 minutes. Previously reported,[35] A-

PVX-P5L had a tI1/2 = 11 minutes and a tII1/2 = 409 minutes.

Overall, the half-life of PVX is significantly improved upon PEGylation. After a fast initial 

clearance rate (~10–30 minutes), particles remained in circulation for several hours with 

tII1/2 of reaching up to 19 hours for the A-PVX-P5B formulation.

Biodistribution and clearance

Fluorescence molecular tomography (FMT) was used to observe biodistribution of V-PVX, 

V-PVX-P5B, and V-PVX-P20 up to 52 hours post intravenous administration into the tail 

vein of Balb/C animals. (We previously reported the biodistribution of PVX-P5L[26] and 

therefore evaluated only the new formulations. The PVX-P5L biodistribution and clearance 

is discussed in the context of this new data; see Discussion section). For all PVX 

formulations, fluorescence signals were no longer detectable at 52 hours post-administration 

using FMT imaging, indicating clearance from the body (Figure 4A). Images were analyzed 

and the following regions of interest (ROIs) were considered: whole body, liver and spleen, 

and bladder. Data were normalized to number of dyes per particle for each formulation 

(Figure 4B).

V-PVX (shown in blue) showed maximum fluorescence intensity at one hour post-injection; 

by 24 hours the fluorescence intensity had dropped below 10% of that maximum. V-PVX 
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showed relatively consistent levels of accumulation in the liver and spleen until 8 hours, at 

which point the fluorescent signals dropped significantly (which is in agreement with the 

whole body ROI). At early time points, up to 2 hours post-administration, V-PVX showed 

increased fluorescence intensity in the bladder compared to the liver and spleen. These data 

are in good agreement with the pharmacokinetics study, with the one-phase decay for PVX 

indicative of renal clearance.

It was apparent that V-PVX-P5B and V-PVX-P20 showed much lower tissue accumulation 

(as indicated by lower fluorescence intensities) overall, with whole body fluorescence 

intensity levels being about 3-fold lower compared to signals observed for the non-

PEGylated PVX formulation. This reduced tissue accumulation is a desired outcome 

consistent with conjugation of PEG. PEGylation of nanocarriers reduces interaction with 

blood components, cells, and tissues, and therefore results in a longer circulation time for 

PEGylated versus native PVX. It should be noted that the threshold of the FMT instrument 

was set to measure particles deposited in tissues; signals from particles diluted in circulation 

are not detected. Overall, V-PVX-P5B and V-PVX-P20 showed similar trends. Both 

formulations accumulated in the liver and spleen until approximately 6 to 8 hours post-

administration, and neither showed significant accumulation in the bladder. These data also 

are in good agreement with pharmacokinetics studies, which indicated a two-phase decay for 

the PEGylated formulations. The increased diameter of the PEGylated filaments (see Figure 

2) may reduce renal filtration, leading to the two-phase pharmacokinetics inherent with 

combined renal and mononuclear phagocyte system (MPS) clearance.

Immunofluorescence imaging was used to confirm that fluorescence signals detected in 

FMT correlated with the presence of PVX particles. The possibility exists that the 

fluorophores would be cleaved in vivo, resulting in imaging of free dye and not PVX 

particles. To evaluate co-distribution of fluorescent cargo and PVX carriers, confocal 

microscopy studies were carried out using the PVX-P20 formulation. FMT imaging 

indicated maximum accumulation of PVX-P20 in liver and spleen sections at 6 hours post-

administration and clearance at 52 hours post-administration. Imaging of tissue sections 

using fluorescence microscopy indicated colocalization of PVX-specific antibodies with the 

conjugated A647 dye (Figure 4C), which suggests that the fluorescent cargo remains 

attached to PVX in vivo.

We have previously shown that PVX accumulated in liver macrophages and in the white 

pulp of the spleen, where it colocalizes with the B cell marker B220;[26] this general pattern 

is consistent with the present study. While PVX-derived signals were no longer detectable in 

liver sections 24 hours post-administration, PVX remained detectable in the spleen for up to 

96 hours, indicating that imaging of tissue sections is more sensitive than FMT imaging.

Immunogenic properties of PEGylated PVX

Like other viruses, protein-based formulations, or other nanoparticles, plant viruses interact 

with immune cells and are cleared from the body via the MPS (see Figure 4). In addition, a 

recent study suggested prevalence of anti-tobacco mosaic virus (TMV) antibodies in 

humans.[36] Therefore, we set out to determine the IgG titers after repeat administration of 
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various PVX-based formulations and to test whether produced antibodies would recognize 

the stealth PVX-PEG filaments.

Balb/C mice were treated with PVX-based carriers on days 0, 5, 10, and 66. The initial 5-

day interval was chosen because this would follow a typical chemotherapy schedule (the 

long-term goal is to develop PVX as a drug delivery vehicle), while the late time point (66 

days) was chosen as a secondary booster. Blood and sera were collected over a 3-month 

time frame (see immunization schedule, Figure 5A). The sera were analyzed for IgG content 

specific for PVX using ELISA in which sera were probed against PVX-coated plates. Data 

indicate that for each formulation analyzed, PVX-specific IgG antibodies were raised. It was 

interesting to note that the overall IgG titers were lower for animals treated with PVX-P20 

compared to all other PVX-based formulations (Figure 5A). Future studies will set out to 

determine the antibody titers to make quantitative comparisons between the formulations.

It was found that PVX-specific antibodies were raised in mice regardless of shielding. 

Therefore we sought to address whether these antibodies would recognize the stealth 

filaments. A sandwich ELISA was performed, in which plates were coated with an anti-PVX 

antibody produced in rabbits immunized with native PVX, and native and PEGylated PVX 

particles were subsequently captured. The captured PVX samples were then probed with the 

sera from immunized mice and detection was carried out using an anti-mouse secondary 

antibody. Data indicate a significant decrease in particle recognition for both PEGylated 

samples studied, PVX-P5B and PVX-P20, compared to non-PEGylated PVX (Figure 5B), 

with PVX-P20 being more efficiently shielded compared to PVX-P5B. This data indicates 

that when covering a sufficiently large surface area with stealth coatings, effective shielding 

from antibodies is indeed achieved.

To further test this, we synthesized a PVX modified with 4-arm branched PEG but with a 

molecular weight of 10,000 Da to increase surface coverage and therefore minimize 

antibody recognition. PVX-P10B was synthesized with 609 PEG chains; based on the RF = 

5.11 nm for P10B, and the number of PEG chains attached per PVX, the PEG chains are 

likely displayed in a mushroom conformation (D = 8.14 nm, and therefore D > RF) covering 

the entire surface area of the filamentous particle (Supporting Information Figure S3 and 

Table S1). Sandwich ELISA to probe for antibody recognition indicated that PVX-P10B 

was indeed effectively shielded from antibody recognition: immune recognition of all 

PEGylated samples was significantly reduced with PVX-P10B and PVX-P20 only showing 

5% of the signal while PVX-P5B showed 40% of signal compared to non-shielded PVX 

(Figure 5B).

PVX–cell interactions

To correlate the in vivo properties, PVX uptake by immune cells was studied. RAW264.7 

macrophages (ATCC) and primary bone marrow derived dendritic cells (BMDC) were used. 

Concentration- (10,000 vs. 100,000 particles per cell) and time-dependent studies (20 

minutes vs. 2 hour incubation) were performed and cell interactions were quantified using 

flow cytometry (Figure 6 and Supporting Information Figure S1).
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Data indicate that immune cell uptake of PVX is concentration- and time-dependent. Overall 

PEGylated PVX particles are less prone to macrophage and BMDC uptake; i.e. uptake of 

PEGylated PVX formulations are delayed and reduced as a result of PEG coating and 

shielding (Figure 6). While 29.0% of macrophages and 19.4 of BMDC stained positive for 

A-PVX, only 8.1%, 6.0%, and 6.3% of macrophages and 11.7%, 6.9%, and 6.0% of BMDC 

stained positive for A-PVX-P5L, A-PVX-P5B, and A-PVX-P20, respectively. No 

significant differences in cell uptake were observed between any particles (native and 

PEGylated) when incubated for 20 minutes at a concentration of 10,000 particles/cell; at 

early time points and low particle concentrations, PVX–cell interactions are negligible 

(Supporting Information Figure S1). Similarly, no significant differences were observed 

when particles were incubated with cells for 2 hours at a concentration of 100,000 particles/

cell; at longer time points and high concentration all PVX formulations are taken up by 

macrophages (Supporting Information Figure S1). Differences between PEGylated and 

native PVX became apparent when particles were incubated for 20 minutes at a 

concentration of 100,000 particles/cell and when particles were incubated for 2 hours at a 

concentration of 10,000 particles/cell. Under these conditions, statistically significant 

decreases in percent cell uptake for PEGylated particles were detected compared to native 

PVX. However, there were no differences in percent cell uptake comparing the different 

PEGylated formulations, A-PVX-P5L, A-PVX-P5B, and A-PVX-P20. PVX–cell 

interactions in macrophages and BMDC showed similar trends (Figure 6). (The two 

populations observed using BMDC maybe explained by a mixture of non-activated and 

activated cells; cells were not sorted for the uptake studies). Overall, these data indicate that 

PEGylation results in a decreased rate of cell uptake in immune cells.

Cytokine activation in vitro and in vivo

Knowing that PVX interacts with macrophages and BMDC, we studied whether PVX–cell 

interactions would trigger inflammatory cytokine signaling. To do this, we incubated PVX, 

PVX-P5B, or PVX-P20 with BMDC for 6 or 24 hours and analyzed the media for TNFα, 

IL-6, or IL-12 using ELISA kits.

Treatment with non-PEGylated PVX resulted in the largest amount of TNFα activation, with 

detectable levels of 2,834 pg/mL at 6 and 24 hours post-treatment. PEGylated PVX-P5B and 

PVX-P20 showed significantly reduced amounts of TNFα activation compared to PVX after 

both 6 and 24 hours of incubation (2,057 and 1,330 pg/mL, respectively at 6 hours and 2,146 

and 2,269 pg/mL, respectively at 24 hours). There were no differences comparing the two 

PEGylated formulations (Figure 7A). Reduction of cytokine activation is in agreement with 

reduced cell interactions of PEGylated PVX.

Treatment of BMDC with PVX, PVX-P5B, and PVX-P20 induced IL-12 production. 

However, modest levels of 939 pg/mL and 756 pg/mL of IL-12 were reached when treated 

with PVX and PVX-P20, respectively (Figure 7B). Treatment of PVX-P5B resulted in 

elevated levels of IL-12 production, reaching levels of 2734 pg/mL at 24 hours post-

treatment, which is a threefold increase compared to IL-12 levels from cells treated with 

PVX or PVX-P20. These data indicate that the branched PEG may be processed differently, 

which may be a result of interparticle crosslinking (see Figures 1 and 2).
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PVX, PVX-P5B, and PVX-P20 triggered production of IL-6, reaching levels of up to 4,000 

pg/mL (Figure 7C). To determine whether cytokine activation is correlated with cell uptake, 

we studied different cell uptake mechanisms. BMDC were treated with cytochalasin D 

(CytoD) to block actin polymerization, therefore preventing phagocytosis.[37] In all cases, 

IL-6 production was reduced upon CytoD treatment, with statistically significant differences 

observed for the PEGylated PVX formulations: IL-6 production was reduced by 23% and 

45% when cells were treated with CytoD prior to treatment with PVX-P5B and PVX-P20, 

respectively (Figure 7C).

Although both PVX-P5B and PVX-P20 showed statistically significant decreases in IL-6 

production after treatment with CytoD, a complete knockdown of IL-6 production was not 

achieved. This indicates that multiple cell entry mechanisms may play a role and that IL-6 

production is not solely linked to phagocytosis. PVX-induced IL-6 activation may be a 

result of either particle interaction with cell surface receptors or non-phagocytosis cellular 

uptake.

In addition to studying inflammatory cytokine signaling, we also set out to determine 

whether PVX-treatment would result in inflammasome-mediated cytokine expression, since 

activation of the inflammasome has been linked to nanoparticles;[38–40] specifically we 

studied IL-1β activation (Supporting Information Figure S2). Prior to incubation with PVX 

formulations, samples were primed with lipopolysaccharide (LPS) for 4 hours to increase 

the amount of pro-IL-1β available; alum treatment was used as a positive control for 

inflammasome activation. Data indicate that IL-1β is not produced in BMDC after PVX 

treatment. No significant differences were observed comparing non-PEGylated and 

PEGylated PVX formulations, and there was no difference comparing non-primed and LPS-

primed BMDCs. Overall, these results indicate that PVX, PVX-P5B, and PVX-P20 do not 

activate inflammasome-mediated cytokine, IL-1β.

Data from in vitro studies suggest that PVX-based formulations are taken up by 

macrophages and dendritic cells, with PEGylated formulations showing reduced cell uptake 

rates. Further data suggest that PVX–BMDC interactions trigger expression of pro-

inflammatory cytokines when incubated with BMDCs in vitro (Figure 7A–C). Therefore, we 

studied whether repeated treatment of mice resulted in chronic inflammation; this was 

assessed by analyzing IL-6 levels from sera collected from immunized mice during the 

immunogenicity studies on days 66 and 97 (Figure 7D). By day 66, the mice had received 

three treatments of PVX (on days 0, 5, and 10), and by day 95, the mice were treated with 

the initial three injections followed by an additional booster on day 66 (see Figure 5A). 

Elevated levels of IL-6 were not detectable for any of the sera analyzed (Figure 7D), 

therefore indicating that chronic inflammation is not induced.

Discussion

In summary, we synthesized stealth filaments using the PVX platform modified with PEG. 

Pharmacokinetics, biodistribution, as well as potential immune and inflammatory responses 

were evaluated in response to stealth filaments coated with PEG chains of varying length 

and conformation. PEGylation effectively reduces (but does not prevent) interaction with 
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immune cells in vitro and in vivo. While stealth coatings do not eliminate production of 

antibodies against the carrier (future studies will set out to determine antibody titers as a 

function of PEG coating), immune recognition and antibody neutralization can be overcome 

upon polymer coating. Stealth filaments show rapid tissue clearance through combined renal 

and MPS clearance mechanisms. Further, tissue compatibility was indicated, with no 

apparent inflammatory signaling in vivo. Furthermore, stark differences were noted in the 

pharmacokinetic properties; tailoring PEG chains length and conformation (brush vs. 

mushroom) allows tuning of the pharmacokinetics, yielding long-circulating stealth 

filaments for applications in nanomedicine.

While the development pipeline of nanoparticle-based nanomedicines is moving rapidly, a 

fundamental understanding of the in vivo biology of various systems is lacking. Recent 

research has shown cell target specificity results from a combined contribution by particle 

morphology and surface chemistry.[11, 12] Stealth coating is an accepted technology to 

increase the bioavailability of inorganic and organic nanoparticle formulations. Increased 

plasma circulation is a result of PEG conjugation to nanoparticles and has been observed for 

various synthetic platforms,[41, 42] and this in agreement with the data presented in this 

study (Figure 3). Previous studies have shown that protein adsorption is impacted by PEG 

density and molecular weight on both 2D surfaces and 3D nanoparticle surfaces and 

increased pharmacokinetics is explained by the fact that the hydrophilic PEG shell reduces 

the rate of formation of the so-called ‘protein corona’, which consists of plasma proteins 

(opsonins, complement, albumin, fibrinogen, immunoglobulins, etc.[43–46]) surrounding 

the nanocarrier, which in turn results in reduced uptake by immune cells and diminished 

deposition in non-target organs.[42, 47–49] Indeed, we show that PEGylation of PVX 

results in decreased liver and spleen deposition in vivo (Figure 4) and reduced uptake in 

mononuclear phagocytotic cells in vitro (Figure 6). These findings are in good agreement 

with reports on other PEGylated plant viruses, such as cowpea mosaic virus (CPMV),[50] 

mammalian viruses, including adenoviruses under development for gene therapy 

applications,[51] as well as synthetic nanoparticles.[52–55]

Pharmacokinetic data indicate that the addition of PEG induced a switch from one-phase to 

two-phase plasma clearance kinetics: native PVX exhibited a one-phase clearance, which is 

indicative of clearance by primarily renal filtration. Upon PEGylation, PVX exhibited a two-

phase clearance pattern, which is due to combined renal filtration and MPS clearance 

(Figure 3); these findings are in agreement with other reports.[56] Biodistribution profiles of 

PVX-PEG stealth filaments reflect the pharmacokinetic studies. As predicted by 

pharmacokinetics, injection of native PVX is followed by rapid renal clearance. The size 

cut-off for glomerular filtration is sub-20 nm;[57] therefore, PVX aligned in the flow is 

theoretically thin enough to pass through the renal filtration system. Indeed, others have 

reported that carbon nanotubes are cleared through renal filtration,[58, 59] supporting the 

hypothesis that elongated, rod-shaped nanomaterials with diameters less than 20 nm can be 

cleared by renal filtration. PEGylation of PVX increases its hydrodynamic radius (Figure 2), 

thereby reducing but not completely eliminating renal filtration. Reduction in renal 

clearance rates leads to MPS clearance; however, it should be noted that liver and spleen 
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deposition of stealth PVX-PEG particles is generally reduced compared to naked PVX 

(Figure 4).

Whole mouse imaging using FMT indicates rapid tissue clearance of stealth filaments 

(within 3 days, Figure 4). Sectioning and immunofluorescence also confirm rapid tissue 

clearance of the filamentous nanoparticles from the liver, while small quantities of particles 

were still detectable in the spleen at 96 hours post-administration, most likely as a result of 

less metabolic activity in the spleen. Within the spleen, PVX-PEG particles travel through 

the red pulp (~6 hours post-administration) and then accumulate within the white pulp of the 

spleen (at ~24 hours post-administration), where the B cells reside. This pattern is in 

agreement with our previous observation of PVX[26] and TMV,[60] and it is also consistent 

with the deposition of gold nanoparticles within the spleen.[61]

Overall, biodistribution of native and PEGylated PVX is consistent with trends seen for a 

wide range of other nanoparticles, including various viral nanoparticle systems.[60, 62–65] 

For example, 30 nm-sized icosahedrons CPMV and phage Qβ predominantly accumulate in 

the liver, while 300x18 nm rod TMV, 30 nm-sized phage MS2, and 900x6 nm filamentous 

phage M13 were found in both the liver and spleen.[60, 62–65] Of note, a different 

biodistribution pattern was observed for the 30 nm-sized plant virus cowpea chlorotic mottle 

virus (CCMV) with much of the administered dose accumulating in the thyroid.[66]

While the overall biodistribution of PVX-PEG stealth filaments is consistent with synthetic 

nanocarriers, it is of importance to note that compared to synthetic nanoparticles, several of 

which persist within the body for weeks and longer, virus-based materials are biodegradable 

and thus are removed from the body within days (Figure 4). For some nanoparticles, such as 

gold, silica, and carbon nanostructures, clearance by the MPS, and ultimately from the body, 

can be slow. Synthetic materials, such as gold,[67, 68] polymeric materials,[69] iron oxide 

nanoparticles,[70] and carbon nanotubes,[71] may persist in the liver for months after 

injection, which may lead to long-term adverse effects. Fast breakdown and clearance of the 

protein-based stealth filaments may be explained by the fact that the cellular machinery such 

as proteases, hydrolyases, and other enzymes are naturally trained to break down 

proteinaceous materials. In addition, some synthetic nanoparticles have previously been 

reported to accumulate in lungs, heart, and skin.[68, 72–74] PVX-based stealth filaments 

were not detected in any of these tissues. It is especially interesting to note that lung 

deposition did not occur, because other elongated, synthetic systems commonly accumulate 

in the lungs.[72, 74] A main difference is the flexible nature of the soft, PVX-based 

nanomaterial vs. rigid hard materials such as carbon nanotubes or silica-based nanorods.

Our data show that PEGylation successfully reduces the immunogenic properties of 

filamentous PVX, including reduced uptake in immune cells and overcoming antibody 

recognition (Figures 5 and 6). Since most foreign nanomaterials, including synthetic 

nanoparticles, are immunogenic, leading to production of carrier-specific antibodies,[66, 75–

79] it is most important to understand whether stealth particles are recognized and 

potentially neutralized upon repeated administration. PEGylation indeed significantly 

reduced immune recognition of PEGylated stealth filaments (Figure 5). This is consistent 

with reports on adeno-associated viruses and adenoviruses, both of which are protected from 
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neutralizing antibodies in vitro and in vivo upon PEGylation.[80–83] The stealth filaments 

therefore provide an attractive platform for drug delivery applications, overcoming immune 

recognition opens the door for repeat administration, a requirement for treatment of 

oncological diseases.

To gain insight into the potential inflammatory response, we investigated in vitro uptake by 

immune cells and cytokine activation, both in vitro and in vivo. As with other stealth 

nanomaterials,[50–55] PEGylated PVX showed a decreased rate of uptake into immune 

cells, and this correlated to reduced production of inflammatory cytokines, such as TNFα, 

IL-12, and IL-6, which also is in agreement with previous reports investigating the in vivo 

biology of other virus-based platforms.[51, 84] Most interesting, neither native nor 

PEGylated PVX induced activation of the inflammasome-mediated cytokine, IL-1β; this is 

in contrast to many synthetic nanoparticles.[72, 74, 76, 85–87] It is also important to note 

that while in vitro induction of inflammatory signaling was observed, no chronic 

inflammation was observed in vivo after repeat administration of naked or stealth filaments, 

as monitored by IL-6 levels (Figure 6); this is in contrast to mammalian virus-based gene 

delivery vectors, where elevated IL-6 levels have been reported.[51] The plant pathogen is 

less likely to trigger adverse side effects because it is less likely to interact with the 

mammalian cell machinery or receptors triggering signal transduction events.

A common challenge for nanoparticle-based delivery systems is to determine the correct 

balance between circulation time, targeting, and clearance. Tailoring PVX with various PEG 

coatings, we were able to tune the pharmacokinetic properties of stealth PVX. For the linear 

PEG formulations we found that higher molecular weight PEG increases circulation time 

more significantly[48, 88] than lower molecular weight PEG. Biochemical data (Figure 1) in 

combination with modeling (Figure 2) indicates that PVX-P20 presents the PEGs in a brush-

like conformation, while PVX-P5L presents PEG chains in a mushroom conformation. More 

efficient surface coverage in combination with the brush conformation of the higher 

molecular weight PEGs results in a more efficient stealth effect. This is consistent with other 

reports that demonstrate that a brush-like conformation of PEG is most effective to decrease 

clearance by immune cells.[89]

Furthermore, our data indicate that branched PEG (PVX-P5B) proved more effective than 

linear PEG (PVX-P5L) in increasing circulation time. Based on Flory Dimension and 

grafting distance along PVX, both P5L and P5B present in a mushroom conformation. 

However, P5B is more densely packed and closer to the surface of PVX due to simultaneous 

binding of multiple coat proteins, therefore potentially shielding the particle more 

efficiently. While modeling indicates that the PEG arms of the P5B formulations are folded 

into a mushroom-based conformation, it is also possible that the non-conjugated PEG arms 

are presented as a brush-like structure, extending off the surface and leading to the highly 

increased pharmacokinetic profiles observed, with a phase II half-life of almost 20 hours. In 

ongoing studies we are developing novel imaging methods to directly visualize the PEG 

chains immobilized on the particle surface to validate or refine the proposed structural 

models.

Lee et al. Page 18

Acta Biomater. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The ability to tailor circulation times based on surface chemistry is interesting and allows 

customization of PVX-PEG filaments for specific desired applications. For example, longer 

circulation times may be desirable for therapeutic applications and passive tumor targeting 

(Figure 9),[90] while shorter circulation times are advantageous for receptor-targeted 

contrast agents or to reduce adverse systemic effects when highly toxic payloads are 

delivered.[91, 92]

Understanding the in vivo properties of nanoparticles is important for translation, and it is 

equally important to understand efficacy and sensitivity, as well as clearance profiles. In 

addition to safety and biocompatibility considerations, another important point to consider 

for a nanoparticle formulation’s foray into the clinical world is its reproducibility and the 

completeness of the material’s characterization. In particular, it is important that each 

compound/nanoparticle is the same. The nano-manufacturability and engineerability of plant 

virus-based materials is a strength of the material, as size and monodispersity impact in vivo 

distribution. Therefore, the goal must be to make protocols for the synthesis of uniform 

nanoparticle formulations. Since they are genetically controlled, to a first approximation, 

every particle is identical. Furthermore, genetic engineering provides a means of controlling 

the formulation with atomic precision. Most chemical modifications are stochastic, but it is 

relatively straightforward to determine concentrations of the protein-based carrier along with 

how many sites are conjugated per nanoparticle through the use of colorimetric assays, gel 

electrophoresis, UV/visible spectroscopy, and/or other methods. The same level of 

quantification is difficult to achieve with liposomes or any other nanoparticle, as it is 

challenging to determine the number of nanoparticles in solution.

Conclusions

Filamentous plant viruses, such as PVX, present a novel class of nanom aterials with 

potential applications in drug delivery and tissue-specific imaging. We previously showed 

that filamentous plant virus-based nanoparticles home to tumor tissues, extravasate, and 

penetrate into the cancerous tissue; data indicate that this passive tumor accumulation is 

shape-mediated.[35] Recent data indicating advantageous behaviors of elongated 

nanomaterials for in vivo medical applications have instigated the search and development 

for novel chemistries and synthetic routes to yield high aspect ratio nanomaterials. Produced 

by nature, the highly symmetrical and proteinaceous filaments offer an ideal scaffold for the 

manufacturing of such materials. In this paper, we discuss the development of stealth 

filaments by grafting PEG chains to the 515x13 nm PVX-based protein scaffold. We 

demonstrate increased bioavailability with pharmacokinetics tunable through PEG chain 

length and conformation. Polymer coating using PEG effectively reduced interaction with 

immune cells and limited immune recognition by antibodies. The stealth filaments were 

found to be compatible with tissues and did not induce extended inflammatory responses 

upon repeat administration in animals. Further improvements may be achieved through 

incorporation of alternative polymers, such as zwitterionic species. Furthermore, higher 

polymer densities and favorable brush conformations may be achieved using higher-order 

branched PEG molecules (e.g. 8-arm PEGs vs. 4-arm PEGs; as an alternative one might 

consider grafting polymers from the protein scaffold rather than grafting-to).[93] Further 

surface chemistry optimization and a more comprehensive understanding of the 
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biocompatibility of this filamentous platform technology will pave the way for potential 

translational research in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterization of A-PVX-PEG. A) UV/visible spectroscopy of A-PVX-PEG particles. B) 

SDS-PAGE after staining with Coomassie blue. Ladder = SeeBlue Plus2 protein standard, 

numbers represent MW in kDa. C) Negatively stained TEM images of A-PVX-PEG 

particles. Scale bar = 100 nm. (Double bands for the PVX CPs at ~ 25 kDa can be explained 

by a proteolytic cleavage that can occur during purification – this cleavage does not effect 

the reactivity of the particles nor does it compromise the structural integrity of the samples.)
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Figure 2. 
Schematic (drawn to scale) showing the various PEG conformations presented on the PVX 

filament. The distance between PEG molecules was estimated based on the grafting density 

and the dimensions of PVX. The conformation and inter-PEG spacing (D) was determined 

based on the Flory dimension (RF) of the various PEGs under consideration.
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Figure 3. 
Pharmacokinetics of A-PVX-PEG. A-PVX-PEG particles were administered intravenously 

into Balb/C mice (100 µg/mouse); plasma was collected and analyzed at various time points 

over 2160 minutes (inset). Percent injected dose (%ID) was determined based on a standard 

curve of known PVX concentration. GraphPad Prism software was used to analyze and fit 

the data; plasma half-lives are shown in the Table. PVX = light blue line, data points as 

circles, A-PVX-P5L = grey line, previously reported in the literature,[35] A-PVX-P5B = red 

line, data points as squares, A-PVX-P20 = purple line, data points as triangles, A-PVX-P5 = 

red line, data points as squares.
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Figure 4. 
Biodistribution of native and PEGylated PVX. A) FMT imaging of Balb/C mice following 

intravenous tail vein injection of V-PVX, V-PVX-P5B, or V-PVX-P20. B) Quantification of 

FMT signal for the regions of interest (ROIs): whole body (top), liver/spleen (middle), or 

bladder (bottom); V-PVX (n=2, one animal died prior to start of this study, in blue), V-

PVX-P5B (n=3, in red), or V-PVX-P20 (n=3, in purple). C) Fluorescence microscopy tissue 

sections of liver (left) and spleen (right) from mice post A-PVX-P20 administration 

(intravenous in the tail vein). Sections were stained with a rabbit anti-PVX antibody and 
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secondary Alexa Fluor 488-labeled antibody (green); the antibody staining colocalized with 

A-PVX-P20 (red, signals derived form conjugated A647 dye). Nuclei were stained with 

DAPI (blue). Arrows indicate A-PVX-P20 in liver. Scale bar is 100 µm.
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Figure 5. 
Anti-PVX IgG titers and antibody-to-PVX binding. A) Timeline of treatment schedule; time 

points of PVX administration and blood collection are indicated. Anti-PVX IgG titers of 

sera from mice treated with PVX, PVX-P5L, PVX-P5B, and PVX-P20. B) Sandwich ELISA 

testing the reactivity of anti-PVX antibodies against PVX, PVX-P5B, PVX-10B, and PVX-

P20. All data were analyzed using Excel software and Student’s t-test * p < 0.001; Ab = 

antibody; AP = alkaline phosphatase.
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Figure 6. 
A-PVX-PEG–cell interactions measured by flow cytometry. A-PVX-PEG formulations were 

incubated with RAW264.7 and BMDC at a concentration of 10,000 particles/cell for 2 

hours. There are approximately 1x106 circulating monocytes (macrophage precursors) in a 

mouse. For in vivo studies, we injected 100 µg of PVX per mouse, resulting in 

approximately 1,000,000 particles/cell immediately after injection. 10,000 and 100,000 

particles/cell (see Figure S1) therefore reflects in vivo conditions. A) Histograms of A647 

signal versus count for A-PVX-PEG particles in RAW264.7 (top) and BMDC (bottom). 

Gray = cells only, light blue = A-PVX, orange = A-PVX-P5L, red = A-PVX-P5B, purple = 

A-PVX-P20. Any counts within the indicated gate represent positive cells. At least 10,000 

events were considered; all studies were done in triplicate and data were analyzed using 

FlowJo software. B) Statistical analysis and quantitative data showing percent cell uptake of 

A-PVX-PEG particles in RAW264.7 or BMDC. * p<0.05.
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Figure 7. 
Cytokine activation in BMDC induced by PVX-PEG particles. Induction of A) TNFα or B) 

IL-12 after 6 (solid) or 24 hour (striped) incubation with PVX-PEG formulations. C) IL-6 

production after 6 hours in the absence (solid) or presence (striped) of cytochalasin D. D) 

Analysis of mouse sera for IL-6 after repeat intravenous administration of the PVX-PEG 

particles. * p<0.05.
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